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CHAPTER 1

Cell Signaling: Yesterday, Today,
and Tomorrow

Ralph A. Bradshaw and Edward A. Dennis

Cell signaling, which is also often referred to as signal
transduction or transmembrane signaling, is the process by
which cells communicate with their environment and
respond temporally to external cues that they sense there.
All cells have the capacity to achieve this to some degree,
albeit with a wide variation in purpose, mechanism, and
response. At the same time, there is a remarkable degree of
similarity over quite a range of species, particularly in the
eukaryotic kingdom, and comparative physiology has been
a useful tool in the development of this field. The central
importance of this general phenomenon (sensing of external
stimuli by cells) has been appreciated for a long time, but it
has truly become a dominant part of cell and molecular biol-
ogy research in the past ten years, in part because a descrip-
tion of the dynamic responses of cells to external stimuli is
in essence a description of the life process itself. This
approach lies at the core of the new field of proteomics, and
its importance to human and animal health is already plainly
evident. Here, we briefly consider the origins of cell signal-
ing, broadly summarize the current state of the art, and spec-
ulate on future directions with an eye toward what questions
must be answered and which ones likely will be answered in
the near future.

Origins of Cell Signaling

Although cells from polycellular organisms derive sub-
stantial information from interactions with other cells and
extracellular structural components, it was humoral compo-
nents that first were appreciated to be intracellular messengers.
This idea was certainly inherent in the “internal secretions”
initially described by Claude Bernard in 1855 and thereafter,
as it became understood that ductless glands, such as the
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spleen, thyroid, and adrenals, secreted material into the
bloodstream. However, Bernard did not directly identify
hormones as such. This was left to Bayliss and Starling and
their description of secretin in 1902 [1].

Recognizing that it was likely representative of a larger
group of chemical messengers, the term hormone was intro-
duced by Starling in a Croonian Lecture presented in 1905.
The word, derived from the Greek word meaning “I excite or
arouse,” was apparently proposed by a colleague, W. B. Hardy,
and was adopted, even though it did not particularly connote
the messenger role but rather emphasized the positive
effects exerted on target organs via cell signaling (see
Wright [2] for a general description of these events). The
realization that these substances could also produce
inhibitory effects, gave rise to a second designation,
“chalones”, introduced by Schaefer in 1913 (see Schaefer [3]),
for the inhibitory elements of these glandular secretions.
The word autocoid was similarly coined for the group as a
whole (hormones and chalones). Although the designation
chalone is occasionally applied to some growth factors
with respect to certain of their activities (e.g., transforming
growth factor B), autocoid has essentially disappeared.
Thus, if the description of secretin and the introduction of
the term hormone are taken to mark the beginnings of molec-
ular endocrinology and the eventual development of cell
signaling, then we are at or near the 100th anniversary of this
field.

The origins of endocrinology, as the study of the glands
that elaborate hormones and the effect of these entities on
target cells, naturally gave rise to a definition of hormones
as substances produced in one tissue type that traveled sys-
temically to another tissue type to exert a characteristic
response. Of course, initially these responses were couched in
organ and whole animal responses, although they increasingly

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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were defined in terms of metabolic and other chemical
changes at the cellular level. The early days of endocrinol-
ogy were marked by many important discoveries, such as
the discovery of insulin [4], to name one, that solidified the
definition, and a well-established list of hormones, composed
primarily of three chemical classes (polypeptides, steroids,
and amino acid derivatives), was eventually developed. Of
course, it was appreciated even early on that the responses in
the different targets were not the same, particularly with
respect to time. For example, adrenalin was known to act
very rapidly while growth hormone required much longer
time frames to exert its full range of effects. However, in
the absence of any molecular details of mechanism, the
emphasis remained on the distinct nature of the cells of
origin versus those responding and on the systemic nature of
transport, and this remained the case well into the 1970s.
An important shift in endocrinological thinking had its
seeds well before that, however, even though it took
about 25 years for these “new” ideas that greatly expanded
endocrinology to be enunciated clearly.

Enter Polypeptide Growth Factors

Although the discovery of polypeptide growth factors as
a new group of biological regulators is generally associated
with nerve growth factor (NGF), it can certainly be argued
that other members of this broad category were known
before NGF. However, NGF was the source of the name
growth factor and has been in many important respects a
Rosetta stone for establishing many of the principles that are
now known to underpin much of signal transduction. Thus,
its role as the progenitor of the field and the entity that keyed
the expansion of endocrinology, and with it the field of cell
signaling, is quite appropriate. There are numerous accounts
of the discovery of NGF [5-8] and how this led directly to
identification of epidermal growth factor (EGF), another
regulator that has been equally important in providing novel
insights into molecular endocrinology and signal transduc-
tion. However, it was not till the sequences of NGF and EGF
were determined [9,10] that the molecular phase of growth
factor research truly began. Of particular importance was
the suggestion that NGF and insulin were related entities
[11], which suggested a similar molecular action (which,
indeed, turned out to be remarkably clairvoyant) and was the
first indication that the identified growth factors, which at
that time were quite limited in number, were hormonal like.
This hypothesis led quickly to the identification of receptors
for NGF on target neurons, using the tracer binding technol-
ogy of the time (see Raffioni ef al. [12] for a summary of
these contributions), which further confirmed their hormonal
status. Over the next several years, similar observations
were recorded for a number of other growth factors that in
turn led to the redefinition of endocrine mechanisms to
include paracrine and autocrine interactions (see Section V
Introduction — Bradshaw/Thompson).

Cell Signaling at the Molecular Level

At the same time that the growth factor field was under-
going rapid development, major advances were also occur-
ring in studies on hormonal mechanisms. In particular,
Sutherland and colleagues [13] were redefining hormones as
messengers and their ability to produce second messengers.
This was, of course, based primarily on the identification of
cyclic AMP (cAMP) and its production by a number of clas-
sical hormones. However, it also became clear that not all
hormones produce this second messenger nor was it stimu-
lated by any of the growth factors known at that time. This
enigma remained unresolved for quite a long time until tyro-
sine kinases were identified, and it was shown, first with the
EGF receptor [14], that these entities were responsible for
the signal transduction for many of those hormones and
growth factors that did not stimulate the production of
cAMP. Aided by the tools of molecular biology, it was a
fairly rapid transition to the cloning of the receptors (for all
hormones and growth factors) and the subsequent develop-
ment of the main classes of signaling mechanisms. These
include, in addition to the receptor tyrosine kinases described
above, the G-protein receptors (including the receptors that
produce cAMP and probably constituting the largest class
of cell surface receptors); cytokine receptors, which recruit
soluble tyrosine kinases; serine/threonine receptors; the
tumor necrosis factor (TNF) (TRAF) receptors that activate
nuclear factor kappa B (NFxB), among other pathways;
guanyl cyclase receptors and nuclear receptors utilized by
steroids; and other signaling entities. Structural biology
has not maintained the same pace and there are still both
ligands and receptors for which we do not have full three-
dimensional information as yet, but this gap is rapidly closing
and it may be anticipated that the full catalog of these struc-
tures will soon be available. Of particular importance will be
the anticipated first structure of a full-length transmembrane
receptor with a regular ligand bound. That would certainly
provide important insights into signal transmission that cur-
rently are lacking.

In parallel with the development of our understanding of
ligand/receptor organization, structure, and general mecha-
nism, an equally important advance has occurred in the
appreciation of the intracellular events that these various
receptor classes initiate. Indeed, the very substantial reper-
toire of molecules includes effectors (kinases of various
types, phospholipases, etc.), scaffolds, adaptors, and regula-
tory proteins (see Section B and multiple entries therein).
Many are quite common and are activated by several types
of receptors in a variety of cell types while others are quite
narrow in specificity and distribution. That different recep-
tors can cross-activate other receptors and/or signaling
systems adds considerably to the complexity of cellular
responses and in turn leads to an even broader array of cellu-
lar and organ responses. Indeed, today’s endocrinology is a
far cry from the simple pathways envisioned by the early phys-
iologists who define this field a century ago. They would be
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amazed indeed to read this Handbook and see where their
early seminal observations have gone.

Lipid Signaling

The elucidation of cell signaling mechanisms and the
variety of molecules that are employed in these myriad of
processes is particularly well exemplified by the lipid mes-
sengers. Except for the above mentioned steroid hormones,
lipids have long been thought to function mainly in energy
metabolism and membrane structure. This last decade has
culminated in the broad recognition that membrane phos-
pholipids provide many of the important cell signaling mol-
ecules via phospholipases and lipid kinases. Key is the role
of phospholipase C in hydrolyzing phosphatidylinositol bis-
phosphate (PIP2) to release diglyceride that activates protein
kinase C (PKC) and inositol triphosphate (IP3), which
mobilizes intracellular Ca*, central to so many regulatory
processes (see Section II X-Berridge). The phosphorylation
of PIP2 at the 3-position to produce PIP3 promotes vesicu-
lar trafficking and other cellular processes. Phospholipase D
releases phosphatidic acid, and phospholipase A2 provides
arachidonic acid, which is converted into prostaglandins,
leukotrienes, and lipoxins; these ligands in turn bind to
unique families of receptors as does platelet activating fac-
tor (PAF). The more recent recognition of the importance of
sphingolipids and ceramide in signaling and the discoveries
of the unique lysophosphatidic acid and sphingosine phos-
phate families of receptors has sparked the search for other
new receptors for lipids. It is clear that the search for new
lipid second messengers and their receptors and functions
will continue unabated into the future.

Cell Signaling Tomorrow

As the humane genome and importantly the genomes of
several other key research paradigms reach completion in
terms of sequence, interpretation, and full annotation, it will
be possible to know, in a general sense, the complete com-
plement of proteins, involved in cell signaling. Of course,
this “signaling proteome” will contain a vast number of vari-
ants arising from message splicing and posttranslational
modification. Appreciating how all of these variants interact
as a function of time in response to stimulation will be
a mammoth if not an infinite task. But, this level of knowl-
edge will not be required to make considerable advances
over what we know at present. Indeed, we can expect
that “expression proteomics,” which some really define as

“systems biology,” will provide much insight in the coming
years, particularly through the clever applications of
advances in separations methodology, mass spectrometry,
and hybridization assays. Both protein and nucleic acid
arrays have already demonstrated their worth, and much more
information will be obtained from these powerful techniques.
Of utmost importance will be the application of quantifica-
tion to all types of measurements so that these data can
eventually be accurately modeled to produce a true picture
of signal fluxes through cells as they undergo their tran-
scriptional, phenotypic, and ultimately cell and organ
responses. Although one cannot accurately predict over
the next ten years what discoveries will be made, other than
that there will be many and some of them will be quite
unexpected, it seems certain that cell signaling will remain
one of the primary areas of expanding biological research. It
also seems safe to predict that many singularly important
findings in terms of human and animal health will be made
and that society, at all levels, will be the better for these
efforts.
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PART 1

Introduction

James A. Wells

Cells within multicellular organisms communicate via
extracellular mediators: either through diffusible molecules
or by direct cell—cell contact. These extracellular signals are
interpreted for the most part by specific membrane receptors
that in turn trigger intracellular machinery that directs the
cellular response. The past decade has seen an explosion in
our understanding of the molecular basis for membrane
receptor signaling. Part I in this Handbook surveys the diver-
sity of mechanisms for membrane receptor signaling.

The first section in Part I, edited by Dr. Ian Wilson, deals
with molecular recognition properties at extracellular
protein—protein interfaces. The first set of chapters shows
how molecular recognition can be studied, ranging from theo-
retical and database analyses to analysis of structures, muta-
tional studies, and thermodynamics. Next, a series of
detailed structural studies are presented to reveal specific
examples of the molecular recognition within immune com-
plexes. These binding surfaces do not appear to be rigid
locks and keys; they are adaptive and capable of flexing to
bind, or evolving to bind, one or more ligands. This section
concludes with a variety of examples of recognition com-
plexes that bind viruses, fibrin, and integrins that mediate
cell-cell adhesion. These fundamental binding events
involve protein—protein interactions that are found in virtu-
ally all steps of cell signaling.

Sections B and C, edited by Drs. Henry Bourne and
Robert Stroud, respectively, deal with the mechanisms of
receptor binding and activation. The activated form of all
known receptors or receptor complexes contain at least two
transmembrane helices, because for signals to be transmit-
ted requires a change in disposition of at least two helical
segments. Membrane receptors can be classified broadly
into two groups depending on whether they are fully assem-
bled prior to ligand binding (such as ion channels and most
G-coupled receptors) or whether they assemble after the
ligand binding (such as most growth factor receptors). The
former group can be referred to as vertical because ligand
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binding immediately transduces a signal vertically through
the membrane via a conformational change in the receptor
that allows it to associate with proteins on the inner mem-
brane leaflet. The latter receptor class can be referred to as
horizontal because ligand binding first facilitates lateral
association (or change in association) of receptor subunits.
This causes a change in the juxtaposition of the intracellu-
lar domains of the receptor and induces further associa-
tion with intracellular signaling molecules. These receptor
classes have very different evolutionary origins and cellular
roles.

The vertical receptors, covered in Section B, contain
multiple membrane-crossing segments and are found in all
organisms from bacteria to eukaryotes. They tend to be
sensors for small molecules (even photons) and peptides,
and in higher eukaryotes they can also bind large proteins
such as glycopolypeptide hormones and chemokines. Some
of these may also undergo lateral association to form higher
order complexes with possible roles in signaling. The verti-
cal receptors often promote immediate and reversible
changes in pH, membrane polarity, calcium flux etc. that
control cellular metabolism or cell migration.

The horizontal receptors, surveyed in Section C, contain
a single helical membrane-crossing segment and are found
in multicellular eukaryotes. These tend to be sensors for
protein signaling ligands such as growth factors and
cytokines. Ligand binding promotes the lateral association of
accessory receptor subunits or, in some cases, a change in the
mode of arrangement of receptor subunits already associated.
The horizontal receptors function to cause slower and irre-
versible changes in the cells such as proliferation, differen-
tiation, or apoptosis.

The final section in Part I, edited by Dr. Tom Alber,
reviews what is known about the cellular machinery proxi-
mal to the inside of the membrane that responds to the acti-
vated receptor complex. Many of the growth factor receptors
have intracellular kinase domains that become activated

Copyright © 2003, Elsevier Science (USA).
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upon ligand binding and lead to phosphorylation, which seeds
growth of larger signaling complexes via adaptor proteins.
The receptors for helical cytokines lack a covalently fused
kinase domain but recruit specific kinases (JAKs) to the
membrane after oligomerization. Still others, such as the
trimeric cytokine receptors (e.g., TNF receptor), provide
oligomerized scaffolds that directly recruit adaptor proteins
to form the intracellular signaling complex. It is also clear
that lipids can play a role in concentrating receptors and
signaling molecules both by covalent modification and by
forming clusters known as lipid rafts. Many of the vertical
receptors, such as the G-coupled receptors and photoreceptors,

have proteins on the inner leaflet of the membrane called
G proteins with which they interact to send the signal on to
the cytosol. Thus, ligand binding to a receptor on the outside
of the cell membrane causes even larger changes in protein
assemblies just inside the cell membrane.

Membrane receptors have long been known to act as the
cellular gatekeepers to the outside world. Work over the past
decade has begun to provide insight into the mechanisms by
which extracellular signaling molecules transmit informa-
tion into the cell without actually passing through the mem-
brane. Part I of this handbook is intended to present the
state-of-the-art information about initiation of cell signaling.

James A. Wells
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CHAPTER 2

Structural and Energetic Basis of
Molecular Recognition

Emil Alexov and Barry Honig
Department of Biochemistry and Molecular Biophysics,
Howard Hughes Medical Institute, Columbia University, New York

Introduction

Molecular recognition can be thought of as the process
by which two or more molecules bind to one another in a
specific geometry. Any binding process requires that the
associating molecules prefer to interact with each other
rather than the alternative, in which the individual binding
interfaces interact with the solvent in which they are found.
The forces that drive binding are reasonably well understood
in a qualitative sense, although the accurate prediction of
binding free energies or the structure of a complex given the
structures of the interacting subunits remain largely unsolved
problems. This chapter will briefly review the physical
chemical principles of binding and summarize what has been
learned so far from the analysis of the three-dimensional
structures of interacting molecules and their complexes. A
number of recent reviews should be consulted for more
extensive discussion of the topics covered here (see, for
example, references [1-4]).

Principles of Binding

What drives proteins to associate with other molecules?
The hydrophobic effect clearly plays a central role, and it is
possible that close packing at interfaces may allow stronger
van der Waals interactions between molecules than either one
undergoes with solvent molecules. Both types of forces, in
general, will increase as the interfacial surface area increases,
and these contributions to binding are often assumed to be
proportional to the surface area of both proteins that is buried
upon binding. In general, there will always be some factors
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that oppose binding, including the loss of translational and
rotational degrees of freedom as two or more species form a
complex [5] and the “strain” induced in each monomer as a
result of complex formation [6]. This can involve an increase
in the conformational energy of each monomer or entropic
losses, such as, for example, side chains in the interface that
lose some configuration freedom upon binding.
Electrostatic interactions [2] also play an important role
in binding; however, the magnitude and even sign of the effect
are more difficult to predict. The complication in predicting
the role of electrostatic interactions is that they generally
reflect a balance between two large and opposing forces. For
example, the formation of an ion pair as a result of complex
formation requires that both charges be removed from the
solvent and be completely or partially buried at an interface.
For a completely buried ion pair, the loss of solvation is
believed to be a larger effect than the gain of Coulomb energy
in the complex so that individual ion pairs and hydrogen bonds
are believed to oppose complex formation. However, ion
pairs close to the surface can remain partially hydrated while
still stabilized by Coulomb interactions. In some cases, these
may provide a favorable driving force for association [7].
Even when charge—charge interactions oppose binding in
a thermodynamic sense, they play a crucial role in specificity,
as it would be extremely unfavorable energetically to remove
a charge from the solvent and not to form any compensatory
interactions. The requirement that buried charges and hydro-
gen bonding groups be satisfied upon complex formation is
fairly strictly observed in known complexes. In some cases,
there appear to be interfaces where networks of hydrogen
bonds and ion pairs are formed [7]. These can result in a
strong enough favorable interaction to compensate for the

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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loss of solvation while at the same time placing fairly strin-
gent specificity requirements on the geometry of the complex.

Overall, the binding of proteins to other proteins, nucleic
acids, and membranes can be thought of as being driving by
hydrophobic interactions (including stacking when nucleic
acids are involved), constrained by the need to minimize the
desolvation of charged and polar groups while optimizing
the favorable interaction of these groups at an interface.
Within the context of these constraints, as well as that of
shape complementarity, the great flexibility in the design of
different interfaces allows for the wide range of regulated
and highly specific interactions that characterize signaling
pathways.

Nonspecific Association with
Membrane Surfaces

The interaction of proteins with membrane surfaces pro-
vides an example of how different combinations of hydropho-
bic and electrostatic interactions are combined to achieve
various specificities. Many biological membranes contain
acidic phospholipids that produce a negative electrostatic
potential that can be used to attract positive charges to the
membrane surface [8]. A number of membrane-binding motifs
are used to anchor proteins to membrane, and these gener-
ally consist of some combination of nonpolar groups and
positively charged amino acids. Some proteins such as Src
use unstructured regions for membrane binding and, in the
case of Src, this binding involves the N-terminal peptide,
which contains basic amino acids and a myristate group [8].
Binding is regulated by phosphorylation, which reduces
the electrostatic attraction between the basic amino acids
and the acidic phospholipids [9]. Other unstructured
regions, such as those of MARCKS and caveolin, use dif-
ferent combinations of aromatic and basic amino acids to
effect membrane binding [10].

The same principles operate for structured proteins that
bind to membrane surfaces. Many proteins involved in
interfacial signaling contain a lipophilic modification (e.g.,
myristate, farnesyl) that contributes to membrane associa-
tion by partitioning hydrophobically into the membrane
interior. In addition, it appears that peripheral membrane
proteins often have positively charged surfaces that provide
an additional attraction to the surface of acidic phospholipids.
In the case of the B,y heterodimer of G proteins, the effect
appears secondary to that of nonpolar penetration [11],
while for many C2 domains electrostatics appears to be the
dominant interaction [12]. For example, the C2 domain from
protein kinase Cf (PKC-B) and the C2A domain from
synaptotagmin I (Sytl) associate peripherally with mem-
branes containing anionic phospholipids driven primarily by
electrostatic interactions. In contrast, the C2 domain from
cytosolic phospholipase A2 (cPLA2) penetrates into the
hydrocarbon core of membranes and prefers electrically
neutral, zwitterionic phospholipids. Other C2 domains may
use a combination of these effects.

Protein-Protein Interactions

Theoretical calculations of electrostatic interactions can
account quantitatively for many of the observed binding
properties of peripheral membrane proteins. This is not the
case for protein—protein association, in part because the
highly specific interactions that characterize protein interfaces
place greater demands on the level of theoretical description.
In addition, binding is often associated with conformational
changes and, possibly, changes in ionization state, and these
are extremely difficult to predict. Much of what we know of
how protein—protein interfaces are designed has been obtained
from the analysis of crystal structures of complexes [13—15].
A somewhat surprising finding has been that protein—protein
interfaces are in general very similar in composition to the
rest of the protein surface, and they tend to be much less
nonpolar than the protein core. Some interfaces may be pri-
marily nonpolar, while others appear to be characterized by
a great deal of electrostatic complementarity [16]. Indeed, the
two factors may well be anti-correlated, with some interfaces
exploiting hydrophobic interactions and incurring a large
electrostatic penalty for binding while others appear to be
designed so as to optimize electrostatic interactions and to
exploit hydrophobic interactions to a much lesser extent [7].

Given the knowledge of the structures of the isolated
monomers it would be extremely useful to be able to predict
the structure of the complex they form. This problem is
known as the docking problem (see Smith and Sternberg [3]
and Camacho and Vajda [4] for recent reviews), and it has
been widely studied with the goal of predicting the binding
modes of small molecules to proteins. The docking problem
is frequently divided into two steps. One involves a geomet-
ric matching of the interacting molecules and the other
involves “scoring” the model complexes generated in the first
step. Scoring functions based on the principles discussed
above, maximizing surface area and geometric complemen-
tarity while optimizing electrostatic interactions, appears to
work quite well. Indeed, assuming that one knows the struc-
ture of the monomers as they exist in the complex, it gener-
ally appears possible to reproduce the correct complex
geometry (see, for example, Norel et al. [17]). This suggests
that the physical basis of binding is reasonably well under-
stood. Of course, the more meaningful problem is to predict
the structure of a complex based on the structures of the free
monomers; however, this problem is far from being solved
due to unknown conformational changes that accompany
complex formation. In general, the larger these changes, the
less accurate the result.

Prospects

Although the accurate prediction of binding free energies
remains an unsolved problem, the current level of understand-
ing of molecular recognition is such that computational meth-
ods can be extremely useful in the design and interpretation
of experimental results. Moreover, the use of bioinformatics
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tools can significantly expand the range of problems that can
be addressed. For example, evolutionary information can be
used to map regions on a protein surface involved in binding
[18,19]. Moreover, once the binding properties of a few
members of a protein family have been determined, it should
be possible to understand the behavior of many other family
members through a combined analysis of sequence, structure,
and energetics. Comparing multiple sequence alignments,
multiple structure alignments, and the physicochemical
properties of protein surfaces can provide a great deal of
information as to how binding affinity and specificity are
coded onto the three-dimensional structures of proteins.
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CHAPTER 3

Computational Genomics:
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THE RAPIDLY GROWING GENOMIC SEQUENCE DATABASES ARE CREATING NEW CHALLENGES CON-
CERNING HOW TO USE GENOMIC DATA TO LEARN ABOUT THE FUNCTIONS OF PROTEINS AND THEIR
FUNCTIONAL RELATIONSHIPS WITH EACH OTHER IN THE CELL. A VARIETY OF EXPERIMENTAL AND
COMPUTATIONAL APPROACHES ARE EMERGING FOR DECIPHERING WHICH PROTEINS ARE WORKING
WITH WHICH OTHERS AS PARTS OF FUNCTIONAL NETWORKS IN THE CELL. HERE, WE REVIEW SOME
OF THE VARIOUS NEW COMPUTATIONAL TECHNIQUES THAT ARE ABLE TO DRAW CONNECTIONS
BETWEEN DISTINCT BUT FUNCTIONALLY LINKED PROTEINS BASED ON CERTAIN PATTERNS OF OCCUR-
RENCE OR ARRANGEMENT ACROSS MULTIPLE FULLY SEQUENCED GENOMES.

Introduction

In the last few years, advances in genomic and proteomics
technologies have produced an explosion of raw data on bio-
logical systems at the molecular level. The rapidly growing
number of organisms for which the genomes have been com-
pletely sequenced serves as a dramatic example. At the time of
this writing, the genome sequences of more than 100 organ-
isms are publicly available [1], including a draft sequence of
the human genome released last year [2,3]. As a result, the
speed with which protein sequences are being acquired has
vastly outpaced our ability to assign functions to them directly
by experimental (e.g., biochemical and genetic) methods. This
growing disparity between known sequences and known func-
tions for these proteins has created a unique challenge. How
can we infer the functions of proteins on the genomic scale?
A variety of methods have been devised to meet this post-
genomic challenge. While some genome-wide analyses are
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mainly experimental in nature, others are predominantly com-
putational, and some combine aspects of both approaches. In
this chapter, we touch first on experimental approaches to
genome-wide analysis (covered in more detail in Chapter I1.C)
and then focus on computational analyses of whole genomes.

Approaches to Analyzing Protein Functions on a
Genome-Wide Scale

One theme emerging from recent work is that considera-
tion of the genomic context of a protein can provide valu-
able information about the function of a protein, even in the
absence of experimental studies. Analyses of various kinds
of patterns across the burgeoning genomic databases can
provide insight into functional relationships among distinct
(nonhomologous) protein sequences. Consequently, this has
led to a natural shift from asking what a particular protein

Copyright © 2003, Elsevier Science (USA).
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does to asking what other biomolecules that protein inter-
acts with or, to use a broader phrasing, is functionally linked
to. This expanded perspective of protein function within the
context of pathways and networks forms the basis for many
of the recent developments in genomics.

Experimental Data on a Genome-Wide Scale

Some experimental genomic approaches make direct
observations of functional linkages, while others require
subsequent computational analyses to make statistical infer-
ences about the existence of such linkages. Two techniques
for making direct observations of physical protein—protein
interactions are the yeast two-hybrid methods [4-6] and
mass-spectrometry methods [7,8]. Both approaches are being
applied on a genome-wide scale to generate maps of physical
protein—protein interactions. Another genome-wide experi-
mental approach, the synthetic genetic array [9], makes
observations of functional linkages among proteins at the
genetic rather than physical level.

Some genome-wide studies combine experimentation
and subsequent computational analysis. One example of this
combined approach is the inference of functional linkages
from mRNA expression data obtained from DNA microar-
rays. In these studies, computational analysis of the raw
expression data produces functional linkages between genes
for which expression patterns vary in correlated ways with
respect to changes in variables such as time, growth condi-
tions, or tissue type [10-14].

Functional Linkages from Genome Sequence Data:
Nonhomology Methods

The traditional computational method for inferring the
function of an uncharacterized protein relies on establishing
a statistically significant similarity between the sequence of
the uncharacterized protein and that of a protein whose
function has already been experimentally determined. The
vast majority of entries in the sequence databases have
acquired their functional annotations via this technique.
Here, we refer to this large family of sequence-based
approaches as the homology method because they assign
functions to proteins based on homology. While this classi-
cal approach has played a major role in shaping molecular
biology, its limitation is clear. It can only infer relationships
between similar sequences. The homology approach does
not shed light on functional linkages between different (non-
homologous) proteins. In one situation of special interest,
typically accounting for a third to half of the open reading
frames in a newly sequenced genome, a protein sequence
from one genome may have homologs in other genomes, but
it may be that none of these proteins has ever been charac-
terized experimentally. Sequence comparison would tell us
that these proteins are all evolutionarily related to each
other, but nothing more.

A series of recent computational innovations (reviewed in
references [15—18]), denoted here as nonhomology methods,
utilize patterns discovered at the higher level of genomic

organization to infer functional linkages between nonho-
mologous proteins. Such linkages provide a rich source of
functional information, even for the problematic situation of
proteins without any characterized homologs. We describe
three different nonhomology methods followed by an illus-
tration of their application.

PROTEIN PHYLOGENETIC PROFILES

Two or more proteins that act together in the cell as part of
the same complex or pathway should all be present in any
organism that uses that complex or pathway. Conversely, it is
natural to expect them all to be absent from organisms that do
not use that complex or pathway. A protein phylogenetic pro-
file is a vector that describes the presence or absence of a par-
ticular protein across a set of genomes. Two or more different
(nonhomologous) proteins that share very similar phylogenetic
profiles are likely to be functionally coupled. Pellegrini ef al.
[19] developed the phylogenetic profile method to establish
functional linkages among proteins on the genomic scale. Related
ideas and data structures were also discussed by others [20].
Statistical treatments have improved the original calculations
[17], and the profiles have been used in other applications such
as predicting the subcellular localization of proteins [21].

THE ROSETTA STONE METHOD

Two proteins, A and B, that are separate entities in one
organism are sometimes found fused together in a single
larger protein A-B in the genome of another organism. The
evolutionary fusion of these two proteins is taken as evi-
dence that they are functionally linked. The fusion protein is
dubbed a Rosetta Stone because it allows a functional link-
age to be drawn between the two separate proteins A and B.
This idea was first applied on a genome-wide scale by
Marcotte et al. [22] and then by others [23].

CONSERVED GENE CLUSTERS

Especially in prokaryotic organisms, functionally linked
proteins are sometimes encoded near each other on the
chromosome (e.g., as in operons). When two or more pro-
teins tend to be encoded in proximity, especially in relatively
divergent microorganisms, this argues strongly for a func-
tional linkage between the proteins. The information
embodied in conserved gene order or proximity was first
applied on a genome-wide scale to establish possible func-
tional linkages by Overbeek and coworkers [24,25].

AN EXAMPLE RELEVANT TO CELL SIGNALING

To illustrate the ideas here, algorithms based on the three
methods discussed above were applied to the genome of
Escherichia coli, and the results for a well-known cell sig-
naling pathway were investigated. The protein flgE was cho-
sen as a somewhat arbitrary starting point for investigating
the bacterial flagellar complex. Using the multiple methods,
high confidence links were established for this protein.
Subsequently, high confidence links were established to
those proteins first connected to flgE. This process was
repeated until links of third order from the central protein
were included. The results are shown in Fig. 1. Many of the
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Figure 1 An illustration of functional linkages inferred by computational analysis of genomic
data (nonhomology methods). The flagellar protein figE was taken as a query protein. Computational
methods were used to predict functional linkages between fIgE and other proteins in the E. coli
genome. Subsequent links (of second and third order) were generated from these to others. (A) This
procedure produced the network shown, which includes many proteins known to participate
in motility and chemotaxis. The computed functional links include proteins involved in various
aspects of this biological system, from signal transduction to flagellar assembly and regulation.
Each link is coded according to the computational method by which it was inferred. Links
from the method of phylogenetic profiles are in solid lines, gene neighbor links are dashed, and
Rosetta stone links are dotted. In some instances (not illustrated), multiple methods produced the
same link. The three methods are shown at the bottom. Each panel illustrates the pattern in the
genomic data that allowed one of the inferences at the top to be made. (B) The gene neighbor
method draws a functional linkage between two proteins if they tend to be encoded in adjacent
or nearby positions on the chromosomes of multiple organisms [25,26]. (C) In the method of pro-
tein phylogenetic profiles [16], the presence or absence of a protein across a set of genomes is
analyzed. The two linked proteins shown have profiles for which the similarity is statistically sig-
nificant. (D) In the Rosetta Stone method, the two separate proteins from one genome are function-
ally linked because they are found in some other genome as combined parts of a single larger
protein [23,24].
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proteins involved in flagellar biosynthesis and assembly
(figA, figB, figC, figD, figE, figF, figG, figH, flgl, figJ, figK,
figL, thiA, fliE, fliF, flip, fliR), export (flhA, flhB, fliH), and
motor switching (fliG, fliM, fliN) were recovered. Links
emanating from these flagellar proteins established connec-
tions to the chemosensing proteins (cheA, cheB, cheR,
cheY, cheW, tap, tar, trg, tsr) whose signals ultimately drive
the flagella, to the transcriptional proteins (fliA, rpoN) that
regulate the production of flagellar proteins, and to the
ATPase complex (flil, atpA, atpB, atpC, atpG) that supplies
energy for the flagellar motion. The illustration of the chemo-
taxis system in E. coli shows that in favorable cases these
computational nonhomology methods not only can recover
links among proteins involved in a complex or pathway but
also can reveal higher order functional relations among the
complexes and pathways.

MISCELLANEOUS METHODS

Other methods for inferring functional linkages have also
been explored. For instance, mRNA expression data have
been combined with promoter motif detection algorithms
to identify regulatory networks [26,27]. In contrast to the
analysis of large sets of experimental measurements,
another computation approach seeks to distill large volumes
of experimental results through the mining of the published
literature [28-31]. These methods attempt to ascertain, in an
automated fashion, the existence of experimentally estab-
lished functional relationships among proteins from compu-
tational analysis of millions of biomedical literature
abstracts. Efforts involving some amount of manual curation
have also been conducted. The Database of Interacting
Proteins (DIP) [32] is the result of one such effort.

QUALITY CONTROL BY BENCHMARKING

Computational methods like those discussed here provide
only circumstantial evidence that various proteins are actu-
ally functionally linked in the cell. This makes quality con-
trol a particularly important problem. Two complementary
approaches to this problem are the development of proba-
bilistic models to evaluate statistical significance and the use
of known functional relationships for benchmarking.

Statistical approaches for assessing inferences made by
nonhomology methods have only begun to be addressed.
One of the statistical difficulties that has not been explored
deeply concerns how to handle correlated observations. For
example, among the organisms whose genomes have been
sequenced, some are much more closely related than others.
This complicates the probabilistic treatment of features such
as conserved relative positions (or presence versus absence)
of proteins across the known genomes. Suppose for example
that two (or more) proteins exhibit some genomic pattern
that is evident only among very closely related organisms.
Such a pattern has not survived over a long evolutionary
time scale and so may not indicate a significant functional
linkage between the proteins in question.

Regardless of the simplicity or sophistication of the statisti-
cal analyses performed, experience has shown that the various

computational methods must be calibrated by examining
how well they perform on proteins whose functions are
already known. One reasonable benchmarking approach is
to measure the fraction of predicted functional linkages that
are corroborated by the linked proteins having similar func-
tional categories or keywords in annotated protein databases
(e.g., SWISS-PROT, MIPs, KEGG) [33-35]. A related strat-
egy is to use the inferences from one computational method
to evaluate another. The general idea of using multiple meth-
ods to generate linkages with higher confidence was
first applied by Marcotte et al. [36]. Multiple sources of
experimental measurements have also been used to similar
effect [37].

Current Issues and Future Prospects for Computing
Functional Interactions

Current and future investigations into the problem of
computing functional interactions will address some of the
following questions:

* Can probabilistic models be developed to overcome the
problem of correlated data in order to give accurate sig-
nificance scores for inferred linkages?

e Can the methods that work so powerfully on prokaryotic
and lower eukaryotic genomes be extended fruitfully to
higher organisms? How many eukaryotic genomes must
be completed to make this possible?

* How can functional linkages from various methods be
combined and visualized in the best way [38]?

* What are the large-scale properties of the biological net-
works that arise from these computations [39], and how
can true pathways be extracted from them?

Solutions to these problems will bring a richer under-
standing of biological pathways and networks in the coming
years.
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Transmembrane Signaling Paradigms

The initiation of a cell signaling event relies primarily on
interactions between molecules in the extracellular and cell-
membrane space. Different types of molecules can serve
as extracellular signals (Fig. 1a) [1]: hormones, cytokines,
growth factors, and neurotransmitters secreted from distant
or neighboring cells; antigens or antibodies free in solution
or attached to (migrating) leucocytes or foreign (e.g., virus)
cells; small soluble molecules (i.e., <1000 Da; ions, metabo-
lites); and the extracellular matrix. Except for lipid-soluble
signaling molecules that can migrate through the lipid
bilayer (e.g., steroid hormones and NO gas), transmembrane
proteins are involved in transferring the molecular signal into
the target cell. Small soluble molecules can be transported
across the plasma membrane by channel and carrier proteins
or cell-cell GAP junctions, which provide an electrical and
metabolic coupling with the extracellular space and neigh-
boring cells, respectively. Larger soluble or tethered mole-
cules, including filaments from the extracellular matrix,
require a specific interaction with a transmembrane (co-)
receptor for signal transduction across the membrane.

The transmembrane protein undergoes an intramolecular
conformational change or change in the quaternary structure
(e.g., dimerization) upon binding of the extracellular molec-
ular signal. It is noncovalently or covalently linked either to
an ion channel that allows the change of the ion traffic across
the membrane or to intracellular membrane-proximal com-
ponents that are activated to induce an intracellular signal-
ing cascade. In the latter case, the receptor can contain
intrinsic enzyme (e.g., phosphorylation) activity, such as the
receptor tyrosine kinases; recruit relevant intracellular
enzymes; or associate with G proteins, which in turn activate

Handbook of Cell Signaling, Volume 1

kinases or ion channels. While the transmembrane signaling
process mediated by (ion) channels is immediate and brief,
enzyme-linked receptors manifest a slow and more complex
molecular mechanism but can achieve a great amplifying
signaling effect. Subsequently, gene expression in the
nucleus or other cell activities are affected. Recent studies
have shown that endocytosis of transmembrane receptor
complexes can be used to deliver the complex and affect
activities at distant locations in the cell [2].

A careful regulation and coordination of the communica-
tion within the molecular signaling society is essential to
the initiation of a signaling event, especially in the more com-
plex multicellular organisms. Any molecular interaction, such
as that between a receptor or receptor subunits and ligand
molecules, is determined by the effective local molecular con-
centrations and (apparent) dissociation constants. The con-
centrations of the signaling and receptor molecules can be
controlled by various factors at different stages along the path
toward an encounter (Fig. 1b). After synthesis or secretion,
enzymatic degradation or temporary storage can influence the
concentration of the signaling molecule, whereas lateral cap-
ping and endocytosis can alter the density of receptor mole-
cules at the membrane surface. A rapid turnover of signals and
receptor molecules is required to respond to fast changes in
the environment. Signaling molecules may have to travel far
(e.g., endocrine signaling) and depend on fluid streams of the
vascular system and diffusion to enable an encounter with
their target. The gel-like layer of proteoglycans in the extra-
cellular matrix can serve as a selective molecular sieve to reg-
ulate the traffic of migrating cells and signaling molecules.

The local environment at the cell membrane can play an
important role in controlling the receptor—ligand interaction
(Fig. 1b). By interacting with the ligands, membrane-associated

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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molecules can localize and/or immobilize extracellular sig-
nals for internalization and degradation or present them for
receptor binding (e.g., growth factors and cytokines local-
ized by proteoglycans). The physicochemical and geometri-
cal properties of the molecular interface that determine the
(apparent) dissociation constant of the signal binding can be
altered by interaction with the local environment. A change
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molecule from the cytosol, membrane, or extracellular
space (e.g., ion, metabolite, other protein) can dramatically
change the affinity of a receptor-ligand complex by altering
the conformation or electrostatic potential at the signal—
binding interface. Individual receptor-ligand interactions
may be stabilized or activated by effector binding or multiple
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Figure 1 Transmembrane signaling paradigms: (a) molecular interactions and mechanisms, and
(b) control of an interaction between a (oligomeric) receptor and (oligomeric) ligand. Extracellular sig-
naling molecules are yellow; channels or carrier proteins and receptors are blue and red, respectively.
Lipid soluble molecules comprise hydrophobic or small uncharged polar molecules; small water-soluble
molecules comprise inorganic ions, sugars, amino acids, nucleotides, and vitamins. ELR =enzyme-
linked receptor, GCR =G-coupled receptor, ICLR =ion-channel-linked receptor, PK=protein kinase,
GP=G protein, Ab=antibody, MHC=major histocompatibility complex, TCR=T cell receptor,
FCR =Fc receptor, cR =coreceptor, cRL =coreceptor ligand, CAR =cell adhesion receptor.
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Figure 1 (continued)

interactions, (e.g., clustering of receptor—ligand complexes).
Some complexes may be very weak on their own and require
accessory proteins or coreceptors for stability or activation;
for example, CD4 and CD8 coreceptors in the major histo-
compatibility complex (MHC) multicomponent complexes
help to strengthen the adhesion between a T and antigen-
presenting cell. Also, low-affinity antibody—antigen interac-
tions may be amplified by multivalent cross-linking.
Furthermore, the apparent affinity for the extracellular
signaling ligand can be decreased when another molecule
(i.e., antagonist) competes for the same target-binding site.
These control mechanisms that regulate the signaling interaction
network are similar to those that control other biomolecular
interactions such as enzyme—substrate interactions. However,
altering the affinity of an assembly by covalent modifica-
tions (e.g., phosphorylation) is more common in intracellular
signaling, where a large repertoire of modifying enzymes is
available.

Structural Basis of
Protein-Protein Recognition

A specific interaction between a signaling and membrane
receptor molecule is critical to obtain a well-directed signal-
ing event. The molecular recognition process that underlies

Intracellular
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lateral diffusion
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from local molecular
environment:
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a specific interaction is provided by the complementarity of
the physicochemical and geometrical properties of the two
protein surfaces to obtain an energetically favorable complex.
This is determined by the hydrophobic effect, close packing
with favorable van der Waals interactions, and the formation
of hydrogen and ionic bonds. Computational analyses of
atomic structures of protein—protein complexes have identi-
fied the structural and physiochemical properties of these
interfaces [3-5] (see Kleanthous [6] for reviews). Structures
of various extracellular molecular signaling complexes have
been elucidated so far: the extracellular domains of recep-
tors complexed with hormones and cytokines, the major his-
tocompatibility complex with diverse peptides (pMHC) in
association with the T-cell receptor (TCR), and antibody
(Fab fragments)—antigen complexes [6]. For the majority of
these complexes, the individual components form homo- or
hetero-oligomers by itself or upon ligand binding. Table I
summarizes the receptor-ligand complexes and their
oligomeric disposition [7].

In general, protein-protein interfaces exhibit a mixture of
apolar and polar interactions scattered over the binding sur-
face with the polar residues providing fine specificity. The
interfaces of non-obligate complexes (i.e., between mole-
cules that also exist on their own), such as extracellular
signalling and enzyme-inhibitor complexes are generally more
polar than homodimers (Fig. 2), because of the solubility
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Table I Current Receptor—Protein Signaling Complexes in the Protein Data Bank

Proteinl Protein2 pdbcode(s) (resolution in A) Oligomeric State! Receptor Activity Ref.
Growth hormone Somatotropin 3hhr (2.8)%, 1hwg (2.5) 2:1 Receptor Non-protein kinase, 12
receptor (growth hormone) dimerization associated jak kinases
Gh antagonist g130r 1hwh (2.9)3, 1a22 (2.6) 1:1 upon ligand
remodeled interface: 1:1 binding
laxi (2.1)3
Prolactin receptor Somatotropin 1bp3 (2.9) 1:1 Non-protein kinase, 13
(growth hormone) associated JAK kinases
Placental lactogen 1f6f (2.3) 2:1
Erythropoietin Erythropoietin lcn4 (2.8)3, leer (1.9) 2:1 Non-protein kinase, 14
receptor associated JAK kinases
Interleukin- 1 Interleukin-1 lira (2.7) 1:1 Non-protein kinase, 15
receptor receptor antagonist associated accessory
protein
Interleukin-1 Interleukin-1 beta litb (2.5) 1:1 Non-protein kinase, 16
receptor associated accessory
protein
Interleukin-4 Interleukin-4 liar (2.3) 1:1 Non-protein kinase, 17
receptor o chain associates with common
7Y chain, associated JAK
kinase
Granulocyte G-csf Ipgr (3.5)3, 1cd9 2:2-1 Non-protein kinase, 18
colony-stimulating (2.8) associated JAK kinases
factor receptor
Interleukin-6 Interleukin-6 lilr (2.4) 2:2-1 Non-protein kinase, 19
receptor GP130 common [ chain
chain (e.g., Gp130), associated
JAK kinase
Trka receptor Nerve growth factor Twww (2.2) 2:2-11 Tyrosine kinase 20
Bone Bone les7 (2.9) 2:2-11 Serine-threonine kinase 21
morphogenetic morphogenetic
protein protein-2
receptor la
Interferon-gamma Interferon-y 1f29 (2.9)3, 1fyh 2:2-11 Non-protein kinase, 22
receptor o (2.0) associated JAK kinases
Interleukin-10 Interleukin-10 1j7v (2.9) 2:2-1IT or Non-protein kinase, 23
receptor 4:42 associated JAK kinases
Fibroblast growth Fibroblast growth levt (2.8) 2:2-1 Homo-and Tyrosine kinase 24
factor receptor 1 factor-1 heterodimerization,
Fibroblast growth Fibroblast growth levs (2.8), 1fq9 2:2-1 interdomain ligand
factor receptor 1 factor-2 (3.0; heparin bound) binding; heparin
Fibroblast growth Fibroblast growth 1djs (2.4) 2:2-1 involved
factor receptor 2 factor-1
Fibroblast growth Fibroblast growth lev2 (2.2) 2:2-1
factor receptor 2 factor-2
Fibroblast growth mutant: 1iil (2.3)3, 2:2-1
factor-2 apert 1ii4(2.7) 3
syndrome variant
Death receptor 5 TRAIL 1dOg (2.4) 3, 1d4v 3:3 Non-protein kinase, 25
2.2) associated TRAF
Tumor necrosis Tumor necrosis 1tnr (2.9) 3:3; dimerizes without Non-protein kinase, 26

factor receptor

factor

ligand;
trimerizes upon
ligand binding

associated TRAF

IThere are differences in the literature about the nomenclature used to describe receptor—ligand complexes. Here, we use the stoichiometry of the complex
(i.e., the number of protomer chains of the receptor and ligand, respectively, involved in the complex). We identify two types of 2:2 complexes: the 2:2-I type,
where each receptor chain contacts both monomeric ligands, and the 2:2-1I type, where each receptor chain contacts both protomers of the dimeric ligand.

2The 2:2 complex is thought to form an intermediate receptor—ligand complex, whereas the 4:4 is the active receptor-ligand complex. Structural
parameters (Fig. 2) have been computed for the former.

3These entries have not been included in the computational analysis shown in Fig. 2.
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Figure 2 Correlation between the contact area of the interface and the percentage of the contact area
that involves polar atoms for extracellular signaling complexes, diverse other nonobligate complexes,
and homodimers. Structures used in this analysis are those studied previously [3,5] and more recent
solved structures. Parameters have been calculated as described in Jones et al. [27]. When one or both
of the proteins involved in the complex are multimers, the contact area is summed over all receptor—lig-
and interfaces to give a total for the complete assembly and the percentage polarity has been averaged

respectively.

requirements of the individual molecules. Whereas the
percentage of polar atoms in the interface is variable in the
receptor—ligand and pMHC-TCR complexes, the antibody—
antigen complexes consistently have more than 40% polar
atoms in the interface and have a relatively small contact
area (i.e., interface smaller than 1500 A2). The surface area
buried in the specific non-obligate protein-protein associa-
tions is also highly variable. Large contact areas up to
5000 A2 are found for homodimers and various nonobligate
complexes, such as multimeric receptor—ligand and large
enzyme-inhibitor complexes (Fig. 2).

Structural rearrangements upon protein—protein associa-
tion have been identified for many complexes, such as
enzyme-inhibitor (e.g., thrombin—hirudin), intracellular sig-
nalling (e.g., G,~Gg, protein) and receptor-ligand (e.g.,
receptor—human growth factor) complexes. Remarkably,
protein—protein complexes that wundergo structural
rearrangements usually have large interfaces (i.e., >1500 A2).
They involve disorder-to-order transitions, small changes in
side-chain conformations (i.e., translational, rotational, and
side-chain degrees of freedom), or gross conformational
changes such as loop or domain movements. The monomeric
human growth factor, for example, shows large helix move-
ments upon binding into a cleft formed by the two subunits
of the homodimeric receptor. Conformational changes are
expected to play a major role in the transmembrane signal-
ing process. Upon receptor-ligand complexation, side-chain
flexibility may facilitate finding the complementary fit [8],
whereas larger conformational changes may reveal hydropho-
bic surfaces or propagate a long-range structural rearrange-
ment of the monomeric or oligomeric transmembrane
receptor required for signal transduction. Residue spacing

and molecular flexibility have been demonstrated to be
important for protein—carbohydrate recognition in signalling,
as well [9].

The structural basis of conformational flexibility is diffi-
cult to assess experimentally, as the current available exper-
imental methods in structural determination (i.e., X-ray
crystallography, nuclear magnetic resonance spectroscopy,
electron microscopy) require a stable structure. Capturing
the structures under different conditions (e.g., free and
bound) or having thermodynamic and mutagenesis data can
help to identify these changes or relate them to signal trans-
duction activity. The current structural data in the Protein
Data Bank (PDB) and a computational analysis of these
protein—protein complexes in the PDB (Fig. 2) are probably
biased toward structures that form stable structures. The
atomic structures of many transmembrane domains or pro-
teins have yet to be determined, which leaves the molecular
mechanisms responsible for the signal transduction across
the membrane still largely unknown.

Conclusion

The biology of signaling features a whole range of inter-
actions, from weak to strong. Dissociation constants are
found in the nM to mM range [10]. Both the complementar-
ity of the physicochemical and geometrical properties of the
interface and the flexibility of the surfaces of the receptor
and signalling molecule contribute to the binding free
energy. Structural data and currently available computa-
tional methods appear inadequate to estimate the binding
energy or specificity of an interaction. The interaction
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between molecules has usually been optimized throughout
evolution to tune specificity and affinity to function and
physiological environment (Fig. 1b). For example, high
local concentrations of neurotransmitter can be reached in
a chemical synapse that allows a low-affinity receptor—
neurotransmitter interaction. Also, adjacent helper molecules
or multiple interactions allow reduced affinity of isolated
complexes by adding up weak interactions, generating a
strong multicomponent complex. In comparison to other
(cytosolic) protein—protein complexes, the anchoring of
molecules in or at the membrane site is advantageous to
localizing target subunits and substrate. In contrast, immune
response complexes, such as antigen—antibody assemblies lack
an extended period of a selective evolutionary optimization
toward their physiological environment. Consequently, they
exhibit a poorer shape complementarity than other molecular
protein—protein associations [11]. In summary, proteins are
versatile and the recognition process is different and unique
to each molecular complex. Some of these will be discussed
in more detail in the following chapters of this section.
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Introduction

Specific protein—protein interactions provide a major part
of the basic organization of living cells. Analysis of the
structure of the complex provides a high-resolution static
picture of the complex, while the affinity allows us to analyze
the equilibrium thermodynamics of the interaction. However,
understanding biological processes requires information on
the nature of the full energy landscape of the complexation
reaction. Analysis of the kinetics of association and dissoci-
ation allows characterizing the landscape in more detail. In
combination with computational methods, the free energy
landscape can be reconstructed based on kinetic data, as well
as the transition state and intermediates along the pathway.
Of special interest in analyzing the free energy landscape are
“hot spot” residues, which make an outstandingly large con-
tribution toward binding. The thermodynamics and kinetics
of protein—protein interactions and the free energy land-
scape connecting the free and bound proteins are the subject
of this chapter.

Thermodynamics of Protein-Protein Interactions

Specific protein—protein interactions provide a major part
of the basic organization of living cells. The structure of a
protein complex embeds the information about the relative
mutual organization of two proteins in a frozen state; however,
it does not intuitively provide information on the affinity
between two proteins or the time-dependent process of
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complex assembly and dissociation. For a mechanistic
understanding of biological processes and for engineering
proteins that fulfill specific therapeutic tasks, we require
physicochemical observables that describe the pathway of
protein—protein interactions in detail. The binding affinity
between proteins,

K, =1ABL )

[Al[B]
given by the equilibrium concentrations of the proteins [A]
and [B] and the complex [AB], is directly related to
the free energy of interaction AG°=—RTInK,. Thus, com-
plex formation only takes place if AG°<0. The free energy
of the complex formation can readily be analyzed by meas-
uring K, (Fig. 1); for example, the energetic contributions
AAG/, of individual residues can be determined by measur-
ing changes in the K, upon mutation. According to the
Gibbs—Helmholtz relation AG°=AH°-TAS®°, both the
enthalpy AH® and the entropy AS° of the complex forma-
tion contribute to AG°. AH® reflects the strength of the
interactions between two proteins (e.g., van der Waals,
hydrogen bonds, salt bridges) relative to those existing with
the solvent molecules, which are excluded from the binding
interface. AS°, on the other hand, mainly reflects two contri-
butions: changes in solvation entropy and changes in confor-
mational entropy. Upon binding, the water released from the
binding sites leads to a gain in solvent entropy. This gain is
particularly important for hydrophobic patches on the protein
surface (hydrophobic effect). At the same time, the proteins

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 Free energy profile describing the pathway for the formation of a protein—-protein com-
plex (AB) from the free proteins A and B via the encounter complex AB*, the transition state AB¥,
and the intermediate AB**. Comparison of the profiles for the wt proteins (—) with a mutant affect-
ing long-range electrostatic interactions (-----) and a mutant affecting short-range interactions (------ ),
respectively. The free energies, AG, are indicated for both the complex formation AG® and the tran-
sition state, as well as the changes in free energy of the encounter complex.

and individual residues within the proteins lose conforma-
tional freedom, resulting in a negative change in conforma-
tional entropy. The loss of conformational freedom was
estimated to be on the order of 15 kcal/mol at 25° C, but val-
ues between 0 and 30kcal/mol have been cited as well [1].
What do we know about the contributions toward entropy
and enthalpy on the molecular level? Dehydration of non-
polar residues during association is always entropically
favorable, while that of polar residues is unfavorable. The
enthalpies are nevertheless negative, as they represent the
energy of interaction of atoms at the interface relative to
their interactions with water. As several partially canceling
factors contribute toward the entropy and enthalpy of inter-
action, it is not surprising that for most mutant complexes
the difference in free energy of binding is much smaller
than the accompanying changes in AH° and AS°. This has
been emphasized by theoretical studies showing that, on
forming a cavity in water to accommodate a solvent mole-
cule, the change in the enthalpy of water (solvation) is
exactly balanced by the entropy of the cavity; thus, changes
in AH® and AS° cancel out each other in AG® [2]. Enthalpy—
entropy compensations, then, seem to be a characteristic of
weak noncovalent interactions, including protein—protein
interactions.

Interaction Kinetics

While analysis of the K, can provide an extensive ther-
modynamic picture of the complex, it does not allow any

conclusion about the pathway that leads to the formation of
the complex from the individual proteins. This is entirely
determined by the shape of the full free energy landscape
given by all possible states between the free proteins and the
complex, most of which are not accessible experimentally.
On this free energy landscape, the reaction itself most likely
follows the pathway requiring the least free energy. This
pathway is called the reaction coordinate and can be studied
experimentally through the rates of association and of disso-
ciation. Analysis of these kinetic parameters for several struc-
turally and physicochemically well-defined protein—protein
interactions allowed for establishing basic concepts of how
proteins form complexes. In the following, we will give an
overview about how kinetics can be used for analyzing the
interaction pathway through the free energy landscape and
how this can be understood on the molecular level.

In a general term, association of a protein complex (AB)
from the unbound components (A +B) can be best described
using a four state model:
ky ky ks

AB* AB**

, [ X

A+B AB (scheme 1)

In this scheme, A and B are two proteins in solution,
forming the complex AB. The reaction diagram of this inter-
action (Fig. 1) resembles that of protein folding, with the
transition state being the most unstable species along the
reaction pathway, which occurs at the highest peak of a reac-
tion coordinate diagram. Two pre-complex states are formed
along the reaction pathway. The encounter complex is posi-
tioned before the transition state for association (AB*) and
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the intermediate complex (AB**), which is between the
transition state and the final complex. In physical terms, the
encounter complex tends to dissociate readily (with k_; >> k),
while the intermediate is already committed to form the final
complex (thus, k3 >>k ). It has to be emphasized that experi-
mentally one often observes only the transition between A +B
to AB and that the equilibrium dissociation constant (Kp)
equals k.4/k . Yet, under certain experimental conditions, the
pre-complexes are observable. A good example for such a
case is the interaction between Ras and the Ras-binding
domain of c-Rafl. Here, a two-step association process was
suggested, with an initial rapid equilibrium step followed by
an isomerization reaction occurring at the rate of several
hundreds per second [3].

The intermediate (AB™") is formed after the rate-limiting
step for association, (k;>>k_,); therefore, it does not affect
the overall rate of association. The intermediate can be envi-
sioned as a partially formed complex that has to reorganize
to form the final complex. This reorganization step can be
fast, such as for the interaction between cystatin A and
papain (230 s, or slow, such as for the interaction between
lysozyme and HyHEL-10 and HyHEL-26 (~1073 s7!) [4,5].
A major problem in investigating this intermediate is to
find a probe that can monitor independently the formation
of the intermediate versus the formation of the final
complex.

The Transition State

In the transition state, noncovalent bonds are in the
process of being made and broken. At least one encounter
complex can be found prior to the transition state, with addi-
tional intermediates occupying the energy landscape past the
transition state. What is the molecular basis of the transition
state for protein—protein interactions? The bound state of
two proteins is characterized by local specific interactions
(e.g., van der Waals, electrostatic) between widely desolvated
binding sites, whereas the unbound state is characterized by
complete solvation and higher translational and rotational
freedom. During formation of the complex, the proteins have
to pass through a free-energy maximum where translational—
rotational entropy is reduced and the binding sites are par-
tially desolvated, but short-range interactions and precise
structural fitting have not yet been attained. This state is
naturally the transition state. The transition state can be
approached from the unbound state (association) and from
the bound state (dissociation). Yet, by the principle of macro-
molecular reversibility, the nature and structure of the tran-
sition state should be the same.

The free activation energies required f+or reaching the
transitior}r state from the free proteins, AGy,, and the com-
plex AGZ; (Fig. 1) are related to the rate constants of com-
plex formation and complex dissociation, respectively. Thus,
experimental information on the nature of the transition
state is obtained from the rate constants of the interaction.
Absolute values from bimolecular reactions are difficult to

interpret; however, relative values of changes in the rate con-
stants of association &, or dissociation k& upon mutation of
individual amino acid residues allow for characterizing the
features of the transition state. Mutation studies conducted
on many protein interactions have clearly shown that rates of
association are mostly affected by mutating charged
residues [6]. Moreover, it is possible to introduce charge
mutations at the periphery of the binding site that will affect
only association, but not dissociation [7]. Mutations, which
are neutral in respect to their charge, potently affect the dis-
sociation rate constants. Masking electrostatic interactions
between proteins by increasing the ionic strength has con-
firmed this observation; while the rate of dissociation is only
marginally affected, the effect on the rate of association can
be very large and is directly related to the electrostatic
energy U of interaction between the two proteins according
to Eq. (1):

. U1
I kon = lnkon =2\ T e @

where In kgn is the basal rate of association in the absence
of electrostatic forces, k is the inverse Debye length, and a
is the minimal distance of approach [6,7].

Direct information on the properties of the transition
state could be obtained by double mutant cycle analysis of
changes in activation free energies AAG,,, which are calcu-
lated from the association rate constants according to van’t
Hoff’s isotherm:

+ kWZ‘
AAG}, = RTIn—~on 3)
b I I b
AAGint(on) = AAG()n(mutl,mutZ) - AAGon(mutl) - AAGon(mutZ)
(4)

If the AAG:fn invoked by two individual mutations on
each protein are additive, the two residues do not interact
during the transition state; however, if the change is less or
more than additive, one may assume that these two residues
interact at the transition state. Probing the structure of the
transition state of barnase/barstar and thrombin/hirudin by
this method has shown that only charged residues, which are
in close proximity in the final complex, already interact in
the transition state. No significant interaction was measured
between uncharged residues at this stage [8,9]. A somewhat
different approach to probe docking trajectorie& experimen-
tally uses the analysis of @ values (®=AAG, /AAGp). A
@ value close to one indicates that a specific interaction is
formed at the transition state, while a @ value close to zero
indicates that the interaction is formed after the transition
state. In a study of the HyHEL-10 Fab complex, multiple
replacements were made in two positions, with most of
the replacements having @ values close to zero. This was
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interpreted as the transition state being early along the reac-
tion trajectory, before short-range interactions (which have
the largest contribution on AAGp) are formed [10]. The
notion that short-range interactions affect k4, while long-
range electrostatic interactions affect k,, was directly tested
by introducing charged mutations at the vicinity, but outside
the binding site of TEM1-BLIP. These mutations did increase
specifically k., by 250-fold but did not affect kg (thus, the
increase in k,, equals the increase in K and ®=1) [7].
These data suggest that long-range electrostatic interactions
increase the rate of association by lowering the free energy
of the transition state by the same magnitude as the equilib-
rium constant (see Fig. 1). While mutations of non-charged
residues do not significantly affect the transition state for
association, they can significantly alter k4 and Ky,. These
data imply that the transition state is stabilized by electro-
static interactions and its structure already resembles that of
the final complex, but the proteins are not yet close and ori-
ented enough for short-range interactions.

Association of a Protein Complex

While the major part of the activation free energy is
required for desolvation of the binding interface as a prereq-
uisite for the formation of specific short-range interactions,
further intermediate states are postulated to occur on the
pathway of complex formation (Fig. 1). Prior to the transi-
tion state, the two proteins diffuse in solution statistically
until they enter a steering region, in which the progression
along the association pathway is actively steered toward
complex formation (Fig. 2). The forces important within this
region are mainly electrostatic in nature, with nonspecific
hydrophobic interactions contributing as well to steer associ-
ation. Analysis of the contribution of electrostatic forces to
the rate of association clearly indicates that their contribution

AU (Kcal/mol)

steams from guiding the two proteins toward the transition
state; from stabilizing the pre-transition-state encounter
complex, in which the binding interface is still largely sol-
vated; and from lowering the free energy of the transition
state. Calculations of a three-dimensional energy landscape
of these forces shows electrostatic steering by charged
residues, which provides an energy funnel directed toward
formation of the final complex [6]. At physiological salt
concentrations this funnel extends to less then 20 A of inter-
protein distance and fades rapidly upon rotation (at 60° rota-
tion from the bound conformation, all electrostatic steering is
lost; see Fig. 2). It was shown that charged “hot spot” residues
have the largest effect on the size and depth of these energy
funnels. Potential “hot spot” residues can now be identified
computationally, making it possible to engineer pairs of pro-
teins with much higher rates of association and affinity.

A second mechanism that potentially steers association is
a partial desolvation of inter-protein hydrophobic surfaces.
This effect plays a significant role in all association processes,
but becomes particularly dominant for complexes, in which
one of the reactants is neutral or weakly charged. The inter-
action provides a slowly varying attractive force over a small
but significant region of the molecular surface. In complexes
with no strong charge complementarity, this region surrounds
the binding site, and the orientation of the ligand in the
encounter conformation with the lowest desolvation free
energy is presented in a conformation similar to the formed
complex. While the electrostatic contribution toward faster
association can be easily verified from mutational studies
and the effect of the ionic strength on &, the contribution of
desolvation effects can be assessed only from theoretical
calculations [11]. The reason that mutation studies rarely
identify noncharged residues, which significantly contribute
to k,,, may be attributed to the small contribution of indi-
vidual side chains to desolvation-induced association, as this
is more of a global effect of the protein.

Figure 2 Three-dimensional energy landscape of the association between wt TEM1-B-lactamase with wt
BLIP (A) and a much faster binding mutant (B). For demonstration, only the z-angle rotation is shown. The
magnitude of the Debye-Hiickel energy of interaction (AU) is plotted in three dimensions versus the distance
and the relative rotation angle between the proteins. The arrows point at the 0° rotation angle, which is the
X-ray crystallographic structure of the TEM1/BLIP complex. For details on the calculations employed, see

Selzer and Schreiber [6].
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Dissociation of a Protein Complex

Dissociation is a first-order reaction, the rate of which is
independent of the concentration of the proteins. While the
rate of association is a function of a fixed basal rate and a
variable contribution of electrostatic nature, the rate of disso-
ciation depends on the simultaneous breaking of many short-
range interactions forming the protein—protein interface. These
include hydrophobic and van der Waals interactions, H bonds,
and salt bridges. The importance of the different interactions
toward stabilizing the bound conformation depends on the
location within the interface and its specific environment.
Thus, individual charge—charge interactions seem to contribute
little, as the gained interactions only barely compensate the
free energy required for desolvation of the charged groups.
However, if a network of charge—charge interactions is
formed, a positive contribution toward binding is regained.
H bonds seem to have a relatively small, but constant, con-
tribution toward binding [12,13]. The effect of hydrophobic
and van der Waals interactions was estimated from the buried
surface area (nonpolar and total). However, no good absolute
estimations have been obtained. The most intriguing question
relates to the nature of “hot spots,” which are residues that,
upon mutation, cause a large shift in complex stability (reduc-
ing binding affinity by up to 10,000-fold). While no clear
physical definition for “hot spot” residues has been formu-
lated, they seem to be located at positions that are not water
accessible [14,15]. Thus, the interface can be crudely divided
into an outer ring of residues, which form some kind of a seal,
and inner residues, which are fully stripped from solvent mol-
ecules. However, only a few of these fully buried residues are
“hot spots,” and the structural and energetic bases of “hot
spot” residues are not yet clear.

Summary

This chapter discusses the energy landscape separating
the unbound from the bound state of protein—protein inter-
actions. Along the association pathway, an unstable diffu-
sion encounter complex is formed prior to the transition
state. Long-range electrostatic forces play a major role in
stabilizing both the encounter complex and the transition
state, thereby effectively steering the association process. In
the transition state, the two proteins are correctly orientated
toward each other and the interface is just being desolvated,
so that subsequent short-range interactions can be formed
to stabilize the complex. Accordingly, the free activation

energy required to reach the transition state mostly stems
from the energetically costly process of surface desolvation
(especially of charged residues). Additional intermediates
are located past the transition state. For these intermediates,
part of the protein—protein interface is already formed, and
the proteins are committed to evolving into the final complex.
These pre-complexes are often difficult to track experimen-
tally, thus it is reasonable to assume that they are more abun-
dant than what has been reported so far.
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Introduction

Our understanding of the structural aspects of the recog-
nition of antigens by antibodies has grown rapidly since the
first structure of an antibody Fab fragment was determined in
1973 [1]. As of January, 2003, the Brookhaven Protein Data
Bank [2] had 384 entries for X-ray or nuclear magnetic reso-
nance (NMR) structures of antibodies, Fab, Fv, V|, or Vi
fragments. Of these entries, 197 are for Fab or Fv fragments
bound to their antigens, and 43 of the Fab or Fv structures are
available in both their free and antigen-bound forms. Five
structures are now available for intact immunoglobulins
[3-71, two of which contain visible electron density for the
highly flexible hinge region [6,7]. Structures have been deter-
mined for antibodies derived from humans, mice, rats,
camels, and llamas, as well as for genetically modified anti-
body fragments that have been “humanized,” “camelized,” or
engineered as single-chain Fv fragments. The antigens rec-
ognized by these antibodies include small haptens, peptides,
DNA, carbohydrate, and protein. Some of these antibodies
are of chemical or medical importance, such as those that cat-
alyze chemical reactions [8—11], neutralize viruses
[7,12—24], or recognize tumors [25-31]. This wealth of struc-
tural information has proven invaluable in the fields of anti-
body engineering and catalytic antibody generation and in
the development of effective antibody-based drug therapies.

Antibody Architecture

Antibodies can be rapidly tailored to accommodate almost
any foreign antigen by a remarkable process whereby a very
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large number of different light and heavy chains are formed
and then paired to generate the intact antibody. The antibody
heavy-chain genes are created by V(D)J recombination [32],
where the gene is generated by the recombination of the
variable (Vy), diversity (D), and joining (J;;) segments. Extra
nucleotides (N and P) can also be added at each recombina-
tion site. The light-chain genes are assembled in a similar
fashion from a V| and a J; segment, with further N addi-
tions. For humans, there are 51 Vy;[33,34], 6 J; [35], and
27 D [36,37] segments, resulting in over 8000 different pos-
sible heavy-chain gene combinations. There are 40 Vi [38],
5Jx [39], 30 VA [37], and 4 JA [40] genes, plus N additions,
that can be combined for at least 200% and 120A chain com-
binations. These heavy and light chains can then be further
modified by somatic mutations. The immunoglobulin G
(IgG) class of antibodies is the best studied structurally of
all the different antibody classes, although IgA and IgM Fab
fragments have also been structurally elucidated.

In the IgG antibody, the light (~25,000 kDa) and heavy
(=50,000 kDa) chains pair to form three distinct protein
domains: the Fc fragment and two Fab fragments (Fig. 1).
There is a high degree of mobility between these three mod-
ules, which has led to some difficulty in the crystallization
of intact antibodies, although, as discussed previously,
some progress has been made in the crystallization of these
molecules. Most of the structures currently available are for
Fab or Fv fragments. Within the Fab fragment, mobility is
also possible between the variable (V; —V};) and the constant
(C;—Cyl) domains around the “elbow angle.” This angle
can vary between at least 127° and 224° [41]. There can
also be some variability in how the V; and Vy domains
pair with each other [41]. The constant domain region of

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 Crystal structure for the intact, HIV-1 neutralizing, human antibody
b12 [7] (PDB code 1HZH). The two light chains are colored cyan, and the two
heavy chains are colored blue and yellow; carbohydrate in the Fc portion is
colored red. The two Fab domains are shown at the top of the figure (V, Vy, C,,
Cyl), connected to the Fc domain (Cy,2, Cy3 dimer) by flexible protein linkers
that allow the two Fab arms a great deal of flexibility with respect to each other
and the Fc domain. All figures were prepared with MOLSCRIPT [70] and ren-
dered with Raster3D [71,72]. For color figures, see CD-ROM version of

Handbook of Cell Signaling.

the Fab fragment is fairly rigid, but the Fc fragments can
show intra-fragment mobility (see Chapter 8). The Fab frag-
ment is the portion of the antibody that recognizes antigen,
and it does this via six loops termed the hypervariable or
complementarity-determining region (CDR) loops. These
loops can vary in sequence and length in order to optimize
their specificity and affinity for antigen. Some studies have
suggested that different size antigens may be recognized
preferentially by distinct combinations of CDR loops that
result in different binding site topologies [42,43]. For exam-
ple, small haptens are frequently bound into deep pockets,
peptides are bound in grooves, and large proteins usually
bind a relatively flat binding site, but many examples exist
that are exceptions to these broad generalizations. Although
the CDR loops are the most variable portion of the Fab
fragment, the structures of the L1, L2, L3, H1, and H2 loops
have been classified into a limited number of defined or
canonical conformations that can be predicted by the occur-
rence of particular amino acids at key structural positions
[44—-47]. The conformation of the base of the H3 loop can
also be predicted with some reliability [46,48]; however, the
portion of H3 that extends beyond the framework region
of the Fab is too variable in sequence and structure to be
predicted yet.

Conformational Changes

Examination of Fab or Fv structures in both the bound
and free forms shows that, in some but not all antibodies,
conformational changes accompany antigen binding. It is

not known for certain whether these changes are always
induced by antigen binding, or whether the unliganded Fab
fragment can exist in multiple conformations in solution, with
the binding of antigen stabilizing one of these already pre-
ferred conformations. Kinetic stopped-flow fluorescence
experiments support the theory of a flexible antigen com-
bining site [49], although no evidence for multiple confor-
mations of unliganded antibodies has been observed yet in
crystal structure analyses. The conformational changes can
consist of side-chain rearrangements, CDR main-chain
rearrangements, segmental movements of the CDR loops,
changes in the relative orientation of the V; -V domains,
and combinations of some or all of the above.

Side-Chain Rearrangements

An interesting example of a side-chain rearrangement is
seen in the anti-progesterone Fab DB3 [50-52]. In this anti-
body, the TrpH!% side chain occupies the antigen-binding
site in the unliganded Fab and then moves out of the way in
order to allow progesterone to bind (Fig. 2a). Here, this Trp
side chain acts as a “surrogate” ligand for this antibody in
the absence of progesterone, and its movement completely
alters the shape of the binding site when comparing the free
and bound forms (Fig. 3).

Main-Chain Rearrangements and
Segmental Shifts

Main-chain CDR movements have been seen in all CDR
loops with the exception of L2. These main-chain movements
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Figure 2 Side-chain and main-chain conformational changes in antibodies. (a) Superposition
of the native and antigen-bound coordinates for the anti-progesterone Fab DB3 [50-52] (PDB
codes 1DBA, 1DBB). The view is looking down into the antigen-binding site, with the Fab light
chain on the left, the unliganded DB3 in light gray, and the liganded DB3 in darker gray. The
CDR loops for the antigen-bound Fab are colored in red, while the CDR loops for the unliganded
Fab are colored by CDR, with CDR L1, L2, L3, H1, H2, and H3 being colored blue, purple, green,
cyan, pink, and yellow, respectively. The progesterone antigen is shown in a red CPK rendering.
In DB3, there are no significant main-chain movements upon antigen binding; however, TrpH!00
is located in the binding site in the unliganded Fab (yellow), while it rotates out of the binding
site when progesterone is bound (red). (b) Superposition of the native and antigen-bound coordinates
for the anti-tumor Fab BR96 [28,30] (PDB codes 1UCB, 1CLY). The view and coloring for this and
all the panels are as for (a). The bound antigen (red CPK) is the Lewis Y nonoate methyl ester.
BR96 shows large conformational changes in both the L1 (blue) and L3 (green) CDR loops. (c)
Superposition of the native and antigen-bound coordinates for the anti-ssDNA Fab BV04-01
[55] (PDB codes INBYV, 1CBV). The bound antigen (red CPK) is tri-thymidine. BV04-01 shows
large conformational changes in the L1 (blue) and H3 (yellow) CDR loops. (d) Superposition
of the native and antigen-bound coordinates for the catalytic antibody CNJ206 with antigen
para-nitrophenyl methyl-phosphonate [59,65] (PDB codes 2GFB, 1KNO). This Fab shows large con-
formational changes in CDRs L3 (green) and H3 (yellow). (e) Superposition of the native and
antigen-bound coordinates for the mature catalytic antibody 48G7 [60] (PDB codes 1AJ7, 2RCS).
The bound antigen (red CPK) is 5-(para-nitrophenyl-phosphonate)-pentanoic acid. H2 (pink)
undergoes large conformational changes. (f) Superposition of the native and antigen-bound
coordinates for the anti-lysozyme antibody HyHEL-63 [64] (PDB codes 1DQQ, 1DQJ). The
lysozyme antigen is shown as a transparent CPK model in order to see the footprint of the protein
on the CDR loops underneath. This Fab has conformational changes in the H2 (pink) and H3
(yellow) loops.
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DB3 - liganded

DB3 - unliganded

Figure 3 Topographical changes in antigen binding sites due to confor-
mational changes. Fab 50.1 (top panel) is shown before (left) and after (right)
antigen binding. The view is that looking down into the antigen binding
site, as in Fig. 2. The peptide binding site is highlighted in purple on the lig-
anded antibody surface, with peptide antigen omitted from the figure for
clarity. The combination of an H3 rearrangement and a large V;—V, domain
rearrangment have combined to substantially lengthen and widen the
groove for peptide binding. Fab DB3 (bottom panel) is shown before (left)
and after (right) antigen binding. The approximate binding site for proges-
terone is highlighted in purple. The structural change required for
its small hapten to bind is the opening of a small pocket for the binding
or steroids such as progesterone. This change is mainly due to a tryptophan
residue that fills the pocket in the unliganded Fab but then moves out of
the way to allow steroids to bind. Solid surfaces were calculated with
GRASP [73].

can either consist of a rearrangement of CDR conformation,
or a simple rigid-body, segmental shift of the CDR loop. The
largest conformational changes in L1 are seen for BR96
[28,30], where the L1 CDR loop moves as much as 10 A at the
tip as it folds toward the antigen (Fig. 2b). Other Fabs show-
ing L1 CDR loop movements upon antigen binding include
the anti-hemaglutinin peptide antibody 17/9 [53,54], the anti-
DNA antibody BV04-01 [55] (Fig. 2c), the anti-myohemery-
thrin peptide antibody B13I2 [56], the anti-HIV protease
antibody F11.2.32 [57], and the anti-rhinovirus antibody 17-IA
[18]. These antibodies all have rather long L1 CDRs (inserts
after residue 27 of 4-6 residues), with the exception of 17-1A,
which has no inserted residues. Small changes have been seen
in the L3 CDR loops, where again BR96 shows the largest
movement (up to 2.6 A for the main chain; Fig. 2b), with the
anti-hapten B1-8 [58] and catalytic antibody CNJ206 [59]
(Fig. 2d) also showing conformational changes here. The
largest changes in the H1 CDR loops are observed in the cat-
alytic antibody 48g7 [60] in both its germline and mature
forms (Fig. 2e), and also in the anti-HIV-1-peptide antibody
50.1 [61] (Fig. 4). The largest H2 changes are seen for the
germline catalytic antibody AZ-28 [62], the anti-lysozyme
antibodies HuLys11 [63] and HyHELG63 [64] (Fig. 2f), and the
feline peritonitis virus antibody 409.5.3 [13]. The largest and

Figure 4 Conformational changes in Fab 50.1 [20,61] (PDB codes
1GGI, 1GGB). The unliganded and liganded Fab 50.1 structures are super-
imposed using Vy; framework residues. The view is looking down into the
antigen-binding site, with the Fab light chain on the left and the unliganded
and liganded Vy; domains in light and dark gray, respectively. CDR loops
for the Vi; domain are colored by CDR as in Fig. 2. The V| domains from
the liganded and unliganded Fabs are colored blue and cyan, respectively.
The V| domains differ in their relative orientation to the Vy domain by
about 15°. Large conformational changes in the H3 CDR loop (yellow and
red) are also visible. These combined conformational changes serve to
widen and lengthen the binding groove for the peptide antigen.

most frequent CDR conformational changes are found in
CDR H3. In an analysis of the 36 Fab or Fv fragments that
exist in both free and bound forms, out of 115 total compar-
isons (some Fabs or Fvs have more than one molecule in the
crystallographic asymmetric unit or have been solved in mul-
tiple crystal forms) 13,5, 9, 13, and 38 pairs of structures were
shown to have significant conformational changes (total rmsd
for CDR residues >1.0 A) in CDR loops L1, L3, H1, H2, and
H3, respectively. The largest H3 movement seen thus far is for
the catalytic antibody CNJ206 [65], where the tip of the H3
loop has a main-chain rearrangement of about 16 A. Catalytic
antibody 5C8 [66] and the anti-HIV-1-peptide antibody 50.1
[61] also show large changes in this CDR loop. The H3 CDR
loops of CNJ206, 5C8, and 50.1 are not long; CNJ206 and
5C8 both have only two amino-acid inserts after residue H100,
while 50.1 has a three amino-acid deletion in this region.

V-V Rearrangements

Rearrangements are also observed in the relative orienta-
tion of the V| to the V;; domains upon antigen binding. The
largest seen thus far is for Fab 50.1 [61], with a change of
around 15° (Fig. 4). Other large changes are seen for CNJ206
(6.8°) [65], BV04-01 (7.5°) [55], and 13B5 (8.1°) [67]. The
domain rearrangements, in combination with the changes in
CDR conformation discussed in the previous section, can
combine to create changes in the size and shape of the antigen-
binding site (Fig. 3). These changes can be small, such as the
creation of a small binding pocket for progesterone in DB3
[50-52], or larger, such as the elongation and widening of a
binding groove for the HIV-1 V3 loop peptide in 50.1 [20, 61].
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Conclusion

Antibodies are wonderfully malleable molecules that can
vary in both their sequence and structure in order to recog-
nize an infinite number of potential antigens. The extensive
diversity of the V(D)J recombination along with the fixed
pool of variable genes leads to a sufficient number of differ-
ent specificities to bind almost any antigen with high
affinity. Structural studies of these molecules have led to
a better understanding of their mechanism of action and
allowed for improvements in their natural design in order to
produce antibodies that are useful in many fields, such as
catalytic antibody production. Catalytic antibodies are now
available to carry out many different chemical reactions,
some of which have no naturally occurring enzyme catalyst
and are being used more and more widely as tools by syn-
thetic chemists [8-10,68,69].
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Introduction

Antibodies may be regarded as the products of a protein
engineering system developed by nature for generating a
virtually unlimited repertoire of complementary molecular
surfaces and, as such, constitute an excellent model for elu-
cidating the principles governing macromolecular recognition.
We have used X-ray crystallography and site-directed muta-
genesis to understand how structural features contribute to the
affinity and specificity of antigen—antibody binding reactions.

Antibody molecules are composed of two identical polypep-
tide chains of approximately 450 amino acids (the heavy, or
H, chains) covalently linked through disulfide bridges to two
identical polypeptide chains of about 250 residues (the light,
or L, chains). Based on amino-acid sequence comparisons,
the H and L chains may be divided into N-terminal-variable
(V) and C-terminal-constant (C) portions. Each H chain con-
tains four domains (Vy, Cyl, Cy2, Cy3), each of which con-
tains two anti-parallel B-sheets connected by a disulfide, while
each L chain consists of two such domains (V;, C;). These
-sheet domains are structurally very similar and hence have
been termed the immunoglobulin fold [1]. The Vi and V
domains each contain three segments, or loops, which connect
the B-strands and are highly variable in length and sequence
among different antibodies. These so-called complementarity-
determining regions (CDRs) lie in close spatial proximity on
the surface of the V domains and determine the precise con-
formation of the combining site. In this way, the CDRs con-
fer specific binding activity to the antibody molecule. The
central paradigm of antigen—antibody recognition is that the
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three-dimensional structure formed by the six CDRs recog-
nizes and binds a complementary surface, or epitope, on the
antigen.

X-ray crystallographic studies of over 30 antigen—antibody
complexes involving protein antigens [2—12] have provided
much valuable information on the molecular architecture of
protein—protein interfaces, including the identity of contact-
ing residues, the amount of buried surface area, the number
and type of hydrogen bonds, and the magnitude of conforma-
tional changes associated with complex formation. However,
the basic principles governing antigen—antibody and protein—
protein interactions have remained elusive [13-20], with
important fundamental problems relating to the recognition
process still to be solved: What are the relative contributions
of hydrophobicity, surface complementarity, and hydrogen
bonding to the energetics and mechanism of binding? To
what extent do the strengths of individual bonding interac-
tions depend on their local environment and overall location
in the interface? What is the role of solvent in complex
stabilization? What is the contribution of conformational
flexibility, or structural plasticity, in antigen—antibody
recognition? Is productive binding mediated by a distinct
subset of combining site residues, or are complex cooperative
interactions involving both contacting and non-contacting
residues responsible for the observed affinities? What deter-
mines whether an interface residue is a so-called “hot spot”
for ligand binding (i.e., a residue that contributes a dispro-
portionately large fraction of the binding free energy)? How
are potentially disruptive amino-acid changes in the inter-
face (for example, ones that create “holes’”) accommodated?

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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What is the structural basis of affinity maturation, whereby
somatic mutations in antibody genes that confer increased
affinity for antigen are selected? Finally, is it possible to pre-
dict ab initio the effects of a given amino acid substitution on
antibody affinity and specificity? In this review, we describe
recent attempts to construct energetic maps of antigen—
antibody interfaces using X-ray crystallography coupled
with site-directed mutagenesis.

Thermodynamic Mapping of
Antigen-Antibody Interfaces

In contrast to the wealth of structural information on
antigen—antibody and other protein—protein interfaces, the
available data on the thermodynamics of the association
reactions are far more limited. Indeed, our current view of
the energetics of protein—protein association is largely based
on detailed mutagenesis and binding studies of only a few
complexes [15]. We have studied the binding of monoclonal
antibody D1.3 to two structurally distinct ligands: its cog-
nate antigen, hen egg white lysozyme (HEL), and the anti-
D1.3 antibody ES5.2. The crystal structure of the complex
formed by D1.3 with HEL has been determined to a nomi-
nal resolution of 1.8 A [21]. In addition, the structure of the
complex between D1.3 and E5.2 is known to 1.9-A resolu-
tion [12]. Surprisingly, D1.3 contacts HEL and ES5.2 through
essentially the same set of combining site residues (and
most of the same atoms). Thus, of the 18 D1.3 residues that
contact E5.2 and the 17 that contact HEL, 14 are in contact
with both E5.2 and HEL. In this review, we will focus on the
D1.3-HEL and D1.3-E5.2 complexes, as these currently rep-
resent the most extensively studied models for antigen—
antibody recognition.

To evaluate the relative contribution of individual
residues to stabilization in the D1.3-HEL and D1.3-E5.2
complexes, alanine-scanning mutagenesis was performed in
the D1.3 combining site. In total, 16 single alanine substitu-
tions were introduced and their effects on affinity for HEL
and for E5.2 were measured using surface plasmon reso-
nance detection, fluorescence quench titration, or sedimen-
tation equilibrium [22]. Mutagenesis of D1.3 residues in
contact with HEL in the crystal structure of the D1.3-HEL
complex revealed that residues in V;CDR1 and VCDR3
contribute more to binding than residues in V;CDR2,
V;CDR3, V4CDRI1, and VLCDR2. By far the greatest
reductions in affinity (AG, e — AGyiig ype > 2.5 keal/mol)
occurred on substituting three residues: V; Trp92, V3 Asp100,
and VTyr101. By replacing V| Trp92 with residues bearing
increasingly smaller side chains and determining the crystal
structures and thermodynamic parameters of binding for each
of the resulting mutant D1.3-HEL complexes, we demon-
strated a correlation between the binding free energy and the
apolar surface area that corresponds to 21 cal mol~! A=2 [23].
This estimate of the hydrophobic effect in a protein—protein
interface is in excellent agreement with predictions based on
transfer free-energy values for small hydrophobic solutes.

Significant effects on HEL binding (1.0 to 2.0 kcal/mol)
were also seen for substitutions at D1.3 positions V| Tyr32
and V;Glu98, even though the latter is not involved in direct
contacts with HEL. Mutations at nine other contact positions
(V His30, V; Tyr49, V; Tyr50, V; Ser93, Vi Tyr32, Vi Trp52,
VyAsp54, VAsp58, and ViArg99) had little or no effect
(<1.0 kcal/mol). Therefore, the binding of HEL by D1.3 is
largely mediated by only 5 of the 14 residues tested.

For the interaction of D1.3 with E5.2, affinity measure-
ments showed that V{CDR2, V;CDR3, and V; CDR1 of D1.3
are more important for binding E5.2 than V;CDR1, V; CDR2,
and V; CDR3 [22]. Overall, D1.3 Vy residues appear to con-
tribute more to the free energy of binding than V; residues, as
the most destabilizing alanine substitutions (>2.5 kcal/mol)
are located in VLCDR2 (Trp52Ala and Asp54Ala) and
ViCDR3 (Glu98Ala, Asp100Ala, and Tyr101Ala). Significant
effects (1.0 to 2.0 kcal/mol) were also observed for the fol-
lowing contact residues: His30 and Tyr32 in V;CDRI,
Tyr49 in V; CDR2, Tyr32 in V;CDR1, Asn56 and Asp58 in
VHCDR2, and Aeg99 in VLCDR3. Mutations at positions
V Tyr50, V;Trp92, and VyThr30 had little or no effect
(<1.0 kcal/mol). Thus, of the 15 contact residues tested, 12
make significant contributions to binding E5.2.

On the basis of extensive mutational analysis of the com-
plex between human growth hormone and its receptor, Wells
and colleagues [24-26] proposed that the formation of spe-
cific protein—protein complexes is mediated by only a few
productive interactions or “hot spots” that dominate the
energetics of association. Consistent with this idea, our analy-
sis of the D1.3-HEL interaction revealed that only a small
subset of the total combining site residues of D1.3 appears
to account for a large proportion of the binding energy; most
residues (9 of 14) make little or no apparent net contribution
(<1.0 kcal/mol). This contrasts with the interaction of D1.3
with E5.2 in which nearly all the contacting residues play a
demonstrable role in binding ligand (>1.0 kcal/mol), even
though a number of hot spots (AAG > 2.5 kcal/mol) are
clearly present. Therefore, stabilization of the D1.3-ES5.2
complex is achieved by the accumulation of many produc-
tive interactions of varying strengths over the entire inter-
face between the two proteins.

The functional surfaces of D1.3 involved in binding HEL
and E5.2 mapped onto its three-dimensional structure are
shown in Figs. 1A and 1B, respectively. With the exception
of V| Trp92, which lies at the periphery, the residues of D1.3
most important for binding HEL (VTyr101, V3Asp100,
V, Tyr32, and VGlu98) are located in a contiguous patch at
the center of the combining site. Residues at the periphery
make only minor contributions to the binding energy. A sim-
ilar pattern is observed for the D1.3—E5.2 complex, with the
most important residues (VTyr32, VyTrp52, V Asp54,
VyGIu98, VyAspl00, and VyTyrl01) forming a central
band of key contacts. For the most part, however, the hot
spots for the two interactions do not overlap. For instance,
alanine substitution at position V; Trp92 of D1.3 produces
a 100-fold decrease in affinity for HEL but does not appre-
ciably affect binding to E5.2. Conversely, the Vi Trp52Ala
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FvD1.3

AAG (kcal/mol):

Figure 1 Energetic maps of antigen—antibody interfaces. (A) Space-filling model of the surface
of D1.3 (left) in contact with HEL and of the surface of HEL (right) in contact with D1.3. V.
residues are marked with asterisks. The two proteins are oriented such that they may be docked by
folding the page along a vertical axis between the components. Residues are color-coded according
to the loss of binding free energy upon alanine substitution. (B) Model of the surface of D1.3 (left)
in contact with ES.2 and of the surface of ES5.2 (right) in contact with D1.3. Residues are colored

as in (A).

substitution decreases affinity for E5.2 1000-fold but has
virtually no effect on binding to HEL. Only substitutions
V4Aspl100Ala and Vi Tyr101Ala greatly affect the binding
to both HEL and ES5.2. We therefore conclude that a single
set of contact residues on D1.3 binds HEL and FvES5.2 in
energetically different ways. Thus, although D1.3 recog-
nizes these two proteins in ways that are structurally very
similar, this similarity extends only partially to the functional
epitopes.

To probe the relative contribution to binding of HEL
residues in contact with D1.3 in the crystal structure of the
FvD1.3-HEL complex, 12 non-glycine HEL residues were
individually mutated to alanine and their affinities for wild-
type D1.3 measured [27]. Significant decreases in binding
(AAG > 1 kcal/mol) were only observed for substitutions at
four contact positions: Gln121, Ile124, Arg125, and Asp119.
The most destabilizing mutation was at position GInl121
(AAG=2.9 kcal/mol). In the wild-type structure, Glnl21
penetrates a hydrophobic pocket, where it is surrounded by the
aromatic side chains of V; Tyr32, V; Trp92, and Vi Tyr101 [16].

Mutations at the remaining eight contact positions (Aspl8,
Asnl9, Tyr23, Ser24, Lys116, Thr118, Val120, and Leul29)
had little or no effect (AAG < 1 kcal/mol). Therefore, for both
the D1.3 and HEL sides of this interface, only small subsets
of the total contacting residues appear to account for a large
portion of the binding energy.

As shown in Fig. 1A, the residues of HEL most important
for binding D1.3 (Asp119, GIn121, Ile124, and Arg125) form
a contiguous patch located at the periphery of the surface
contacted by the antibody [27]. Hot spot residues on the D1.3
side of the interface generally correspond to hot spot positions
on the HEL side. For example, HEL hot spot residues Gln121
(AAG=29 kcal/mol) and Argl25 (1.8 kcal/mol) contact
D1.3 hot spot residue V; Trp92 (3.3 kcal/mol); in addition,
GIn121yg; contacts V; Tyr32 (1.7 kcal/mol) and VyTyr101
(>4.0 kcal/mol). Similarly, functionally less important
D1.3 and HEL residues tend to be juxtaposed in the antigen—
antibody interface: Aspl8yg; (AAG=0.3 kcal/mol) and
Thr118 (0.8 kcal/mol) interact with D1.3 V,Tyr50 (0.5
kcal/mol) and VTrp52 (0.9 kcal/mol), respectively.
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To investigate the apparent contribution of E5.2 residues
to stabilization of the D1.3—-E5.2 complex, single alanine
substitutions were introduced at 9 of 21 positions in the com-
bining site of ES5.2 involved in contacts with D1.3, and the
affinity of the mutants for wild-type D1.3 [28] was measured.
The most destabilizing substitutions are located at positions
VyTyr98 and V;Arg100b (AAG > 4.0 kcal/mol). Substitutions
at the other 7 positions tested (V| Tyr49, VLys30, VHis33,
VyAspS52, VyAsnS4, Vlle97, and Vi;GIn100) also resulted
in significant effects on binding (1.2 to 2.8 kcal/mol). When
the residues of D1.3 and E5.2 important in complex stabi-
lization were mapped onto the three-dimensional structure
of each antibody, we observed that hot spot positions on
the E5.2 side of the interface generally corresponded to hot
spots on the D1.3 side (Fig. 1B), as in the D1.3—-HEL inter-
face (Fig. 1A). This complementarity of functional epitopes
is in agreement with the observation that energetically criti-
cal regions on human growth hormone match those on its
corresponding receptor [24-26]. In the hormone receptor
case, however, the functional epitopes pack together to form
a hydrophobic core surrounded by hydrophilic residues,
with substantial reductions in affinity occurring only on sub-
stitution of the nonpolar ones. In contrast, our analysis of the
D1.3-E5.2 and D1.3-HEL systems shows that both polar
(e.g., D1.3 residues VyAsp54, ViGlu98, and VAspl100)
and nonpolar residues (e.g., D1.3 residues V;Trp92 and
VyTrp52) play a prominent role in complex stabilization
and that there is not a clear segregation of polar residues
at the periphery of the interface and nonpolar ones at the
core (Fig. 1).

Conclusions

On the basis of these, and related [15,17,20], studies, two
broad categories of protein—protein interfaces may be
defined: (1) ones in which ligand binding is mediated by a
small subset of contact residues, and (2) ones in which the
free energy of binding arises from many productive interac-
tions distributed over the entire protein—protein interface. In
addition, each of these categories may be further subdivided
into: (1) ones that resemble cross-sections through folded
proteins in which hydrophobic residues are in the interior
and hydrophilic ones at the periphery and in which produc-
tive binding is mediated largely by the former, and (2) ones
in which polar and nonpolar residues are evenly distributed
throughout the interface and in which both residue types
make comparable contributions to complex stabilization.

These results demonstrate that considerable caution should
be exercised when attempting to estimate the strengths of
specific interactions in an antigen—antibody (or other) protein—
protein interface on the basis of three-dimensional structures
alone. The simple fact that two residues make direct contacts
in a protein—protein interface does not necessarily imply that
there exists a net productive interaction between them.
Rather, the majority of such contacts may be energetically
neutral, as in the D1.3-HEL complex. Although recent

computational methods for predicting the strengths of these
interactions appear promising [20,29-32], information on
the relative contribution of individual residues to complex
stabilization can only be reliably obtained at the present
time through actual affinity measurements of site-directed
mutants of the interacting species.
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Introduction

Antibodies are multifunctional protein molecules capable
not only of recognizing and binding to foreign antigens
but also activating a range of molecular and cellular
responses in the host that lead to neutralization or destruc-
tion of the invading organism or foreign material. Antibodies,
or immunoglobulins, are built upon a common four-
chain structure of two heavy and two light chains, as exem-
plified by immunoglobulin G (IgG) (Fig. 1A), each chain
consisting of a tandem array of domains. Antigen binding
occurs at the V (variable) domains, which determine the
specificity of the antibody for antigen, but the C (constant)
domains of the heavy chain (in the Fc region; Fig. 1A)
are responsible for the subsequent effector functions of the
antibody.

The five classes of antibody (IgA, IgD, IgE, IgG, and
IgM) are distinguished by the C domain sequences of their
heavy chains (o, 9, €, y, and W), each with a distinct range
of effector functions and a specialized role in the body’s
immune system. Many of the cell-surface receptors for the
Fc regions of these antibodies have been identified, but
here we shall be concerned only with those for which the
three-dimensional structures and their complexes with the
antibody Fc are known, namely IgG- and IgE-receptor
interactions. IgE, the antibody responsible for antiparasitic
responses but nowadays better known for its association
with allergic disease, differs from IgG, the principal serum
antibody responsible for the secondary immune response
to infection, in having an additional pair of domains in its
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Fc region in place of the flexible hinge region of IgG
(Fig. 1B). The Fc regions of IgA and IgM, which can form
dimers and pentamers, respectively, of the basic four-chain
unit (and are stabilized by additional polypeptide chains),
are more complex still, but the three-dimensional structures
of these uncomplexed antibody Fc regions are still
unknown.

To date, structural information is available for three dis-
tinct types of cell-surface Fc receptors. The first of these
is the family consisting of the IgG Fc receptors, FcyRI, 11
(aand b), and III (a and b), as well as the IgE receptor FceRI
and IgA receptor FcoRI. All consist of an o-chain with two
(three for FcyRI) extracellular, Ig-like, ligand-binding
domains, either alone (FcyRIIa and b, IIIb) or associated
with B and/or a pair of y-chains (FcyRI, IIla, FceRI and
FcoRI). (For reviews, see references [1-4].) The single-
chain FcyRIIIb and four-chain FceRI (the two for which
crystal structures of their extracellular domains complexed
with Fc are known) are shown schematically in Figs. 1C
and D. Distinct from this family of receptors, however,
are the neonatal IgG Fc receptor, FcRn, which is responsible
for the transport of IgG across the placenta, and the low-
affinity receptor for IgE, FceRII (or CD23), which is
involved in both allergen uptake by antigen-presenting cells
and regulation of IgE synthesis by B cells. Whereas FcRn
belongs to the class I major histocompatibility complex
(MHC) family (Fig. 1E) [5], FceRII is a trimeric C-type
lectin with a wholly different molecular architecture and
oligomeric structure (Fig. 1F) [6]. The nature of the interac-
tions between these three different types of receptor and

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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FcyRIllb FceRI

Figure 1 Schematic representations, drawn to scale, of the domain
structures of: (A) IgG; (B) IgE; (C) GPI-anchored, low-affinity I1gG recep-
tor FcyRIIIb; (D) high-affinity IgE receptor FceRI; (E) neonatal IgG
receptor FcRn; and (F) low-affinity IgE receptor FceRII (CD23). Molecules
A through D consist of Ig or Ig-like domains, FcRn is class I MHC-like,
and FceRII consists of C-type lectin domains linked to the membrane and
trimerised through an a-helical coiled-coil stalk.

Fc will be discussed first for the IgG and then for the IgE
receptors.

IgG-Receptor Interactions

FcyR

Several crystal structures are now available for the extra-
cellular domains of FcyRII [7-9] and FcyRIII [10,11], which
show (together with FceRI [12,13]) that they are all remark-
ably similar, as expected from their highly homologous
sequences. There is an acute angle between the two Ig-like
domains, which pack against each other around a hydrophobic
interface. In the structure of the complex between FcyRIII
and IgG Fec, first determined by Sondermann et al. in 2000
[10], loops from the a2 domain and part of the linker region
between the two domains of the receptor protrude into the
space between the two Cy2 domains of the Fc just below the
hinge region. Thus, there are two distinct regions of inter-
action, one on each of the heavy chains, which involve
residues of the lower hinge and Cy2 domains (Fig. 2A).
Upon binding, the IgG Fc opens up slightly and the Cy2
domains move apart compared with uncomplexed IgG Fc; at
the same time, the angle between the two receptor domains
increases (from 70 to 80°), compared with the free receptor
structures [10]. The uncomplexed IgG Fc was initially two-
fold symmetric and thus in principle might have been
expected to bind to two receptors, but the distortion of this
symmetry upon binding to the receptor, and the fact that
the receptor lies on the approximate two-fold axis of the
complex (Fig. 2A), ensures a stoichiometry of 1:1. This is
essential if free IgG is not to cross-link receptor in the

absence of antigen [14]. The orientation of the IgG Fc bound
to the receptor clearly implies that the Fab arms of the IgG
molecule must be bent at the hinge; the overall topology is
depicted in Fig. 2A.

The structure of the FcyRIII/IgG Fc complex has subse-
quently been determined by others in a different crystal
form [15], and the structure is virtually identical. In neither
structure do the two N-linked oligosaccharide chains (at
Asn297 in each Cy2 domain) contribute directly to receptor
binding, but they probably serve to stabilize the Fc domains
in the binding region, as removal of carbohydrate from
IgG Fc severely reduces its receptor binding capacity
[16,17].

Because the extracellular Fc-binding domains of the FcyRI
and FcyRII are so similar, (as are the Fc regions of the dif-
ferent subclasses of human IgG), the FcyR/IgG Fc com-
plexes are all likely to be essentially similar in structure [9].
There are however, differences in affinity and binding kinet-
ics between the different FcyR and the various human sub-
classes of IgG [1,2,18], and these presumably result from
minor differences in the nature of the residues at the inter-
face [9]. More intriguing is the striking difference between
the affinity and kinetics of binding of IgE to FceRI com-
pared with IgG to its receptors; we shall return to this issue
later.

FcRn

The neonatal Fc receptor closely resembles a class I
MHC molecule, complete with a B2-microglobulin chain
(B2-m), but the peptide-binding groove formed between the
ol and o2 domains is too narrow and is nonfunctional [5].
In the complex with IgG Fc, recently determined at higher
resolution [19] following an earlier low-resolution study
[20], FcRn interacts through residues of the a2 domain, with
some contacts from B2-m. The region on Fc to which it binds
is the cleft between the Cy2 and Cy3, distant from the FcyR
binding site (Fig. 2B). IgG binds to FcRn with nanomolar
affinity at acidic pH (in transport vesicles), but releases it at
neutral pH (in the blood). The binding interface accounts for
these properties, as it is both very extensive (1870 A2) and
includes four salt bridges, three of which involve histidine
residues on Fc and either aspartic or glutamic residues on
FcRn. At pH<6.5, the histidines are protonated and form
salt bridges, whereas at pH >7.0 they are neutral and the salt
bridges are lost. The crystal structure also appears to show
that quaternary structural differences resulting from binding
to one Fc heavy chain alter the binding site on the other chain,
thus accounting for the observed negative cooperativity in
binding a second IgG molecule to the receptor. A common
feature of IgG binding to both FcyR and FcRn, therefore, is
a distortion of the two-fold symmetry inherent in the Fc
region of the free antibody molecule, resulting in either a
partial (FcRn) or total loss of Fc binding at the second site.
Another similarity is the orientation of the Fc relative to the
membrane (Fig. 2B), again implying a bend between the Fc
and the Fab arms of the antibody.
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Figure 2 (A) IgG Fc/sFcyRIII complex (PDB code 1E4K) and schematic (rotated view) to show the disposition of
the IgG molecule and its Fab arms relative to the membrane. (B) IgG Fc/FcRn complex (PDB code 111A) and schematic
(same orientation) to show the disposition of the Fc relative to the membrane, again implying that the IgG must be bent.
(C) IgE Fce3-4/sFceRla complex (PDB code 1F6A) and schematic (rotated view) to show the complete Fc (with Ce2
domains), the Fab arms, and the conformational change that is proposed to lead to high-affinity binding.

(termed here Fce3-4 to distinguish it from the whole Fc that
includes the Ce2 domains) showed essentially the same topol-
ogy of interaction (Fig. 2C) as seen for the IgG Fc/FcyRIII
complex. The Ce3 domains of Fc open up upon binding to

The crystal structure of the complex between the two the receptor, compared to the uncomplexed state [22,23],
extracellular domains of FceRI o-chain and a subfragment  but there is little change in the angle between the two recep-
of IgE Fc consisting of the Ce3 and Ce4 domains [21] tor domains (refer to previous description of FcyRIII).

IgE-Receptor Interactions

FceRI



48

Part I Initiation: Extracellular and Membrane Events

However, there is movement in one of the B-strands at the edge
of the 02 domain, which moves over from one 3-sheet (as a D
strand alongside E) in structures of the free receptor [12,13,23]
to the other (as a C’ strand alongside C) in the complex.

As in the IgG Fc complex, there are two subsites of inter-
action, one on each heavy chain, and the total buried surface
area is extensive (1850 Az). However, indirect evidence
from kinetic studies comparing the binding of Fce3-4 and
whole Fc to FceRI [24,25] and direct evidence from nuclear
magnetic resonance (NMR) [26] indicate that the Ce2 domains
also contribute to receptor binding. The structure of the
complete IgE Fc has recently been solved [27], revealing
that the Ce2 domains are not only bent back onto the Ce3
domains, away from the receptor binding region, but also
prevent access to one of the two Ce3 subsites required for
receptor binding. The clear inference from this structure and
modelling of the complex between the complete Fc and FceRI
(based upon the crystal structure of the Fce3-4/FceRI com-
plex) is that a substantial conformational change in Fc involv-
ing both Ce2 and Ce3 domains, together with the change in
the CC’ region of the receptor, must accompany receptor
binding (shown schematically in Fig. 2C) [27]. It is these
conformational changes, more extensive than those accom-
panying IgG Fc binding to its receptor, together with the
additional receptor contacts provided by Ce2, which may
account for the significantly enhanced affinity (by several
orders of magnitude) and reduced dissociation rate of IgE
compared to IgG (IgG binding to FeyRIIl: K,=5x10°> M~!
and ky=1s7! [18]; IgE binding to FceRI: K,=1x10° M~ and
ky=2x10"* s7! [26]). A feature in common with the IgG-
receptor interaction, however, is the asymmetry induced in IgE
Fc which, together with steric inhibition across the approxi-
mate local two-fold axis of the Fc, prevents free IgE mole-
cules from activating mast cells by cross-linking receptors
and triggering an immediate allergic reaction.

FceRII/CD23

No crystal structure is yet available for FceRII, but homol-
ogy models have been built for the trimer of C-type lectin
domains, based upon crystal structures of highly homolo-
gous members of this family [28-30]. The interaction site
on IgE Fc is contained within Ce3, but, despite the fact that
this domain is glycosylated and binds to the lectin-like
domain of FceRII, carbohydrate is not involved [31]. The
site in Ce3 is distinct from that of FceRI, and the stoichiom-
etry of binding is 2:1 (sFceRIL:IgE Fc) [32]. It may be that
when an IgE molecule binds to the FceRII trimer at the
cell surface it simultaneously contacts two domains, as ther-
modynamic analysis of the binding identified two distinct
interactions [32], and oligomerization of FceRII enhances
its affinity for IgE tenfold [33,34]. Furthermore, IgE Fc (with
a valency of two) can in principle cross-link FceRII (with a
potential valency of three) at the cell surface, and it may be
that receptor aggregation contributes to the mechanism of
IgE homeostasis, as membrane-bound FceRII is known to
deliver a downregulatory signal for IgE synthesis [35].

Intriguingly, a soluble form of FceRII consisting of the
lectin heads and a part of the o-helical coiled-coil stalk
(refer to Fig. 1F) can upregulate IgE synthesis, presumably
by interacting with surface IgE on B cells committed to IgE
synthesis, in a reversal of the conventional orientation in
which IgE is the soluble ligand (soluble forms of the FcyR
also exist, but their functions are not known) [35].

Summary

The IgG/FcyRIII and IgE/FceRI crystal structures reveal
homologous interactions, and it is likely that the other IgG
receptors, and perhaps also the homologous IgA receptor, will
interact in a similar manner. Within this similar topology how-
ever, the kinetics and affinity of binding can vary over several
orders of magnitude, although the exceptionally slow dissoci-
ation rate of IgE from FceRI is due in part to additional inter-
actions from the Ce2 domain which has no counterpart in IgG.
Thus, IgE bound to mast cells in the tissue has a half-life of
the order of weeks and accounts for the persistent sensitization
that is characteristic of allergic hypersensitivity; the half-life
of IgG bound to its receptors, in contrast, is of the order of
minutes. However, the stoichiometry of both of these interac-
tions is 1:1, thus the trigger for receptor signaling is cross-
linking of the antibody—receptor complex—for example, by a
multivalent or aggregated antigen in an immune complex.

The IgG/FcRn complex presents a different binding topol-
ogy with a potential stoichiometry of 2:1, although the induced
conformational change may limit this to 1:1. However, the role
of this receptor is to transport monomeric IgG as ligand, and
there may be no requirement for receptor aggregation. The
location of the receptor binding site in IgG Fc, between the
Cy2 and Cy3 domains, overlaps remarkably with the binding
sites for a number of other proteins, including the bacterial
Fc-binding proteins A and G, and human rheumatoid factor
autoantibodies (which as surface IgM are in effect B-cell anti-
gen receptors with specificity for IgG Fc). The crystal struc-
tures of these three complexes are known [36-38], and all
display 2:1 stoichiometry; a fourth Fc-binding protein, the
membrane glycoprotein Fc receptor from herpes simplex
virus, binds to this same region but with 1:1 stoichiometry
[39]. It has therefore been proposed that this binding cleft has
particular physicochemical characteristics that render it such
an attractive site [40], and apparently bacteria and viruses have
evolved Fc-binding proteins directed at this region in order to
interfere with antibody-mediated clearance mechanisms.

Finally, FceRII offers yet another topology in which recep-
tor oligomerization in the absence of ligand enhances affin-
ity through an avidity effect, and multivalency in both ligand
(bivalency) and receptor (trivalency) may lead to receptor
aggregation as the trigger for transmembrane signalling.
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CHAPTER 9

Plasticity of Fc Recognition

Warren L. DeLano

Sunesis Pharmaceuticals, Inc., South San Francisco, California

THE HINGE REGION BINDING SITE ON THE IMMUNOGLOBULIN G CONSTANT FRAGMENT (FC)
DEMONSTRATES THE REMARKABLE PLASTICITY THAT SOME PROTEIN SURFACES CAN EXHIBIT IN
THEIR MOLECULAR INTERACTIONS. LOCATED AT THE INTERFACE BETWEEN TWO [-SANDWICH
DOMAINS (Cpy2 AND C;3), THIS BINDING SITE CLOSELY RESEMBLES THOSE FOUND ON MANY EXTRA-
CELLULAR HEMATOPOIETIC CYTOKINE RECEPTORS; HOWEVER, IT IS DISTINGUISHED BY THE LARGE
VARIETY OF UNIQUE PROTEIN FOLDS THAT HAVE EVOLVED TO INTERACT WITH IT. RANDOM DISULFIDE-
CONSTRAINED PEPTIDES SELECTED FROM A PHAGE DISPLAY LIBRARY FOR BINDING TO FC ALSO
SPECIFICALLY SEEK OUT INTERACTIONS IN THIS REGION. THIS INDICATES THAT THE MECHANISM
BEHIND SUCH CROSS-REACTIVE BINDING IS PHYSIOCHEMICAL IN NATURE AND NOT MERELY A
REFLECTION OF THE BIOLOGICAL ROLE OF THE SITE. ANALYSIS OF THE AVAILABLE FC CO-COMPLEX
CRYSTAL STRUCTURES PROVIDES CIRCUMSTANTIAL EVIDENCE THAT CONVERGENT EVOLUTION IN
BINDING TO THE HINGE REGION IS FACILITATED BY ITS HYDROPHOBIC, ACCESSIBLE, AND ADAPTIVE
NATURE. SUCH FEATURES MAY BE GENERAL INDICATORS OF A POTENTIAL FOR PLASTIC BINDING ON

PROTEIN SURFACES.

Introduction

Immunoglobulins play an essential role in targeting the
response of the mammalian immune system to foreign mat-
ter. Free antibodies, such as immunoglobulin G (IgG), pos-
sess a variety of binding sites on their surfaces that directly
link molecular recognition events to specific biological con-
sequences (Fig. 1a) [1]. Most well studied are the antigen
binding sites located within the variable complementarity
determining regions (CDR) present in each Fab fragment.
No less important are the binding sites for complement and
effector activation, which are located on the N-terminal
region of the Cy2 domain of Fc [2,3].

Here, we focus on a third binding site on IgG, the recogni-
tion site for the neonatal Fc receptor (FcRn), which is located
at the C,;2/C;3 hinge region of the Fc fragment (Fig. 1a)
[4,5]. Named for its discovery in neonatal tissues, FcRn
plays an important role in the shuttling of IgGs from mother
to child in development of the immune system. However, the
“neonatal” classification for FcRn now appears overly nar-
row, as it has been implicated in immune system functions
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beyond the fetal stage [6], including being a contributor to
the unusually long serum half life of IgG [7].

Our primary interest in the FcRn binding site, however,
arises not from its biological role, but rather from the great
diversity of other natural molecules that have evolved to rec-
ognize this same region [8]. Specifically, three other geneti-
cally and structurally unrelated protein domains have arisen
independently to interact with this shared surface on Fc.
Two of these are small bacterial binding domains, and the
third is an autoimmune antibody involved in rheumatoid
arthritis.

The Cy2/Cy3 hinge region on Fc is also particularly
interesting from a cell signaling standpoint because of its
structural similarity to a variety of extracellular cytokine
receptors (Fig. 1b), wherein the intra-strand loops of two
Ig-superfamily -sandwich domains [9] comprise a protein-
binding site. Though there is no close sequence homology
between the fibronectin type III domains found in these
receptors and the Ig constant domains found in Fc, the sim-
ilarity in their three-dimensional architecutures is quite
apparent. Thus, the mechanism of plasticity in Fc may be

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 The structure of immunoglobulin G (a) contains several bio-
logically important binding sites on its surface [26]. The neonatal Fc recep-
tor (FcRn) binding site, located at the hinge region of two B-sandwich
domains, is structurally analogous to binding sites found on extracellular
hematopoetic cytokine receptors (b) in that many of these receptors use
loops from two adjacent B-sandwich domains to create a binding site.
Several of these receptors surfaces are known to exhibit binding plasticity,
through binding of symmetric receptors to asymmetric hormones [27,28],
through hormone cross-reactivity [10], or through binding to low-molecular-
weight protein mimetics at the hormone binding site [29].

informative and helpful in understanding the cross-reactive
binding behavior of certain cytokine receptors [10].

Structures of the Natural Fc Binding Domains

Although FcRn is a homolog of major histocompatibility
complex (MHC) class I, the FcRn binding site for IgG is
unrelated to the MHC peptide binding groove. Instead, FcRn
uses a set of loops displayed from its two structural domains
to contact Fc (Fig. 2a). Rheumatoid factors, which are
autoantibodies associated with rheumatoid arthritis, also use
loop regions to interact with Fc and often target the Cy;2/C};3
hinge region [11]. However, as revealed by the structure of
one such antibody in complex with Fc (Fig. 2c) [12], rheuma-
toid factor CDR loops do not resemble the Fc binding loops
found in FcRn. Also unlike FcRn, rheumatoid factors are not
known to have any beneficial role, but are instead thought to
arise as part of the disease pathology [13].

A variety of of infectious organisms have also been found
to express proteins capable of binding human immunoglob-
ulins [14-16]. However, only two such proteins, protein A
and protein G, have been characterized by X-ray crystallog-
raphy. Protein A is found on Staphylococcus aureus [17],

Figure 2 Natural IgG-Fc binding proteins that interact with the Fc Cj;2/
C3 hinge-region binding site include: (a) FcRn [5], (b) rheumatoid factor
[12], (c) protein A [19], and (d) protein G [20]. (Adapted from DeLano
et al., Science, 287, 1279-1283, 2000. With permission.)

whereas protein G is an analogous but structurally unrelated
protein expressed by Streptococcus G148 [18]. Both pro-
teins contain a series of small, repeated protein binding
domains, each capable of binding immunoglobulins. Here,
we focus on domain B1 of protein A and domain C2 of
protein G, both of which exhibit binding affinity for the
Fc fragment of IgG. The structures of the complexes are
shown in Figs. 2c and 2d [19,20]. The Fc binding domain
of protein A consists of three helices, two of which make
direct contact with Fc. In contrast, the protein G binding
domain utilizes a single helix and two strands of a B-sheet to
make such contacts. Neither protein domain shows struc-
tural homology to the Fc binding region of either FcRn or
rheumatoid factor.

With these four Fc co-complexes in mind, it is apparent
that nature has independently solved the same molecular
recognition problem four times and in four different ways.
Other natural solutions are also believed to exist [21] but
have yet to be resolved by X-ray crystallography. Such pro-
found cases of evolutionary convergence are rare at the
molecular level, and they provide a unique opportunity to
study the properties that promote binding on protein surfaces.

The Consensus Binding Site on Fc

Superposition of the binding site footprints of the four
natural IgG—Fc binding domains reveals the presence of a
common surface patch on the Fc surface (Fig. 3a). Just six
side chains are involved in forming this saddle-shaped con-
sensus site between the 250’s loop of the Cy;2 domain and
the 430’s loop of the Cy;3 domain. Together these side chains
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Figure 3 Superposition of the binding site footprints on IgG—Fc for the
natural Fc binding proteins (a). Surface atoms are colored red, yellow, light
blue, and dark blue, reflecting their participation in four, three, two, or one
of these protein interfaces, respectively. Atoms in residues 252 to 254 and
434 to 436 form a nearly contiguous patch of the Fc surface that is common
to all of the crystallographically characterized interactions. The crystal
structure of an Fc-binding peptide (white) is shown in (b), and atoms in the
solvent-protected footprint of the peptide are shown in (c). The peptide
covers the same consensus set of atoms as the natural binding domains.
(Adapted from DeLano et al., Science, 287, 1279-1283, 2000. With
permission.)

account for a contiguous surface patch of approximately
500 A2,

What is the driving force that has led nature to target this
binding site repeatedly with so many diverse molecules?
A trivial explanation would be that an important biological
function of IgG, such as binding of the neonatal Fc receptor,
is innately coupled to these residues. If disruption of this
particular function is somehow beneficial to bacterial infec-
tion, then this hypothesis would explain why protein A and
protein G binding domains have co-evolved to bind this site;
however, it would not explain why rheumatoid factors are
also specifically attracted to the hinge region.

An alternative hypothesis is that the innate physiochemi-
cal composition of this site is inherently “sticky” and pro-
motes binding as well as antigenicity. If the biological role
for protein A and G is primarly to localize IgGs to the bac-
terial surface, perhaps to evade immune system surveillance,
then it might simply be the case that the C2/Cy3 hinge
region was the most evolutionarily efficient IgG surface to
target for binding. Likewise, if this region is an innately
attractive part of the protein surface, then that would explain
the frequent emergence of autoimmune rheumatoid factors
targeting Fc. We chose to evaluate this hypothesis by evolv-
ing novel IgG-Fc binding domains in the laboratory to dis-
cover if molecules selected purely for binding would indeed
target the C;;2/Cy43 hinge region.

Evolution of an Fc Binding Peptide

Phage display of small peptide libraries is a powerful
technique for developing novel binding parters to proteins
of interest [22]. We began with a library of approximately
4 billion random, 20-amino-acid, disulfide-constrained pep-
tides displayed in a multivalent fashion on the surface of
M13 bacteriophage [23]. This library was screened for

binding to an immobilized Fc fragment. After several
rounds of selection and amplification, a dominant peptide,
ETQRCTWHMGELVWCEREHN, emerged from the library.
Repetition of the experiment gave the original peptide and
another with a closely related sequence KEASCSYWL-
GELVWCVAGVE. Both of these peptides were synthesized
and shown to compete with a protein A binding domain for
binding to Fc with dissociation constants of about 5 uM [8].

Two subsequent rounds of monovalent phage-display
optimization, sequence analysis, and manual truncation
led us to identify a smaller 13-amino-acid peptide,
DCAWHLGELVWCT, which bound Fc with a dissociation
constant of approximately 25nM and retained competitive
binding activity with protein A [8]. Because this peptide
shared a highly conserved -C———GELVWC- sequence
pattern with the original peptides, all three peptides were
assumed to bind in a related manner.

We solved the X-ray crystal structure of this 13-mer pep-
tide in complex with Fc (Fig. 3b) [8]. The structure con-
firmed that it interacts with the same hinge region binding
site of Fc as the other proteins, and the B-hairpin conforma-
tion of the peptide itself provides a fifth example of a unique
protein fold capable of binding to the Fc hinge. Remarkably,
the footprint of this small peptide on the surface of Fc cov-
ers virtually all of the consensus atoms derived from the
much larger proteins domains (Fig. 3c). This result supports
the hypothesis that the Fc hinge is attractive and that mole-
cules in search of productive binding interactions will be
drawn to this region, even in the absence of a specific bio-
logical function.

Factors Promoting Plasticity

What is the physiochemical basis for the attractiveness of
this site, and how is it that so many diverse scaffolds are able
to find productive interactions with it? Several characteris-
tics stand out about this region of the Fc molecule. First, this
binding site is located at an adaptive hinge region between
two protein domains which are apparently free to move rel-
ative to one another, as there are no direct contacts between
the protein components of the Cy2 domains observed in
crystal structures of the Fc dimer. Relative rotations of up to
11 degrees between the Cy2 and C3 domains can be seen
across the various structures. Such flexibility makes it pos-
sible for main-chain atoms on one hinge loop to move
through a distance of over 2.5 A relative to the other hinge
loop, and this intrinsic adaptability presumably facilitates
formation of complementary surfaces with several diverse
partners.

A second notable feature is the highly exposed nature of
the residues in this consensus site. The 250’s and 430’s
loops protrude from the protein surface, and the side chains
of [1e253, Ser254, and Asn434 all point outward, making few
intramolecular contacts with other side-chain or main-chain
atoms. Thus, they are highly available to form productive
intermolecular interactions. Indeed, several binding partners
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possess concave pockets on their binding surfaces which
engulf these convex features.

A third aspect is the hydrophobic nature of the Cy2/Cy3
hinge. Quantitative surface patch analysis of the Fc surface
has shown that this region is one of very few highly accessible
hydrophobic regions on the Fc binding site surface [8,24].
Interestingly, one of the other large accessible, hydrophobic
surfaces patches is the shared binding site for the family of
Fcy receptors and for Clq, which lead to effector and com-
plement activation after antigen binding has occurred [1].

Conserved and Functionally Important
Molecular Interactions

Although the Fc hinge region binding proteins are unre-
lated at the secondary and tertiary structural levels, patterns
do emerge when one compares the detailed atomic interac-
tions made by these molecules. Superposition of the available
crystal structures enables identification of a set of conserved
molecular interaction sites in the consensus region (Fig. 4).
Although the overall folds of each of these Fc binding
domains are distinct, there are numerous similarities in the
geometric arrangements of the specific functional groups
presented by each partner (Fig. 5).

Mutagenesis experiments with the Fc binding partners
also support the notion that the consensus binding site
serves as a shared “affinity handle” across the different
receptors. FcRn binding can be disrupted by alanine substi-
tions at positions 252, 253, 435, and 436 [2]. Likewise, the

Figure 4 Topology of converserved interaction sites in consensus bind-
ing region on Fc. The predominantly hydrophobic consensus region is
shaded. The hydrogen bonding sites are shown with diagonal lines, and salt
bridging locations are denoted by open circles. Nitrogen and oxygen are
colored blue or red, respectively, and carbon and sulfur atoms are colored
green. Hydrogens are not shown. (Adapted from DeLano et al., Science,
287, 1279-1283, 2000. With permission.)

Figure 5 Comparison of the Fc binding interactions of (a) the Fc bind-
ing peptide, (b) domain C2 from protein G, (c) rheumatoid factor, and
(d) domain B1 of protein A. Numbers indicate the following conversed inter-
actions: (1) salt bridges with His433, (2) hydrogen bonding to Asn434,
(3) hydrophobic packing onto His435, (4) burial of the hydrophobic “knob”
formed by I1e253 and Ser254, (5) hydrogen bonding to main chain (N-H) of
11e253, (6) hydrogen packing onto Met252 and Tyr436, (7) hydrogen bond-
ing to Ser254, (8) salt bridges with Glu380, and (9) salt bridges with Arg255.
For clarity, only interfacial atoms are shown, and only nitrogen and oxygen
atoms involved in conserved polar interactions are colored blue or red,
respectively. The remaining contacts are colored yellow and green. (Adapted
from DeLano et al., Science, 287, 1279-1283, 2000. With permission.)

binding of many rheumatoid factors is sensitive to trunca-
tion of the side-chain atoms in the consensus binding region
[11,25]. Binding of protein A is disrupted by alanine substi-
tions at positions 253 and 435, and the Fc binding peptide
can be blocked by alanine substitutions at 434, 435, or 436
[8]. In each case, there are functionally important binding
interactions in the consensus region, though the relative
importance of individual residues appears to be non-uniform.

Conclusion

From studying the consensus binding site on Fc, it is
evermore apparent that the complementary “lock-and-key”
model for specific binding events does not apply to protein—
protein interactions in the way it does to interactions between
an enzyme and its substrate. The Fc hinge region teaches us
that there may be many solutions to binding to a protein
surface and that vastly different protein scaffolds can appar-
ently give rise to equivalent sets of molecular interactions.
Given that small peptides can be evolved to bind such a site,
it seems reasonable to think that small drug-like organic
compounds might also be able to bind adaptive protein—
protein interaction surfaces and give rise to news classes of
therapeutics capable of modulating cellular signaling.
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Introduction

The immunoglobulin (Ig)-superfold is one of the most
common structural motifs in the proteins of multicellular
organisms. Typically, this fold mediates specific protein—
protein interactions within the extracellular environment. As
such, it is a hallmark of molecular structures that perform
recognition and signaling functions. In this chapter, the stan-
dard features and variants of the basic Ig-fold are briefly
detailed, and the ways in which this motif is incorporated into
the overall molecular architecture of monomeric and multi-
meric proteins are discussed. The available three-dimensional
structural information is surveyed for complexes involving
Ig-fold interactions, and various examples are compared and
contrasted. These complex structures illustrate the diversity
of the interaction modes by which the Ig-fold can participate
in functional recognition.

The Immunoglobulin Superfamily

The B-sandwich topology, first identified in the domains of
immunoglobulin (Ig) structures and hence termed the Ig-fold,
is one of the most common structural motifs in the proteins
of multicellular organisms. The immunoglobulin superfamily
(IgSF) is comprised of proteins that contain at least one Ig
domain. This motif characteristically occurs within the extra-
cellular portions of proteins and frequently mediates recog-
nition events. Indeed, the evolution of IgSF proteins appears
to be linked to the development of multicellular organisms.

Handbook of Cell Signaling, Volume 1

A dramatic increase in the number of IgSF genes is observed
in vertebrates (for example, more than 750 in the human
genome) when compared to the numbers in flies (140 genes)
and in worms (64 genes) [1].

Ig-Superfold Structures and Assemblies

THE IG-SUPERFOLD

The Ig-superfold is characterized by a primary sequence
motif that spans some 100 amino acids. In three dimensions,
this sequence motif translates into a compact domain struc-
ture that comprised of two anti-parallel B-sheets packed face
to face (Fig. 1). Although there is a defined topology and
connectivity for the Ig-superfold, the number of B-strands
is variable. To take account of this variability Ig-like
domains have been classified into different sets, according
to the number and arrangement of the B-strands [2, 3]. The
nomenclature is standardized with the B-strands labeled
sequentially from A to G, and structurally equivalent -
strands in different sets retain the same letter. The I set is
defined as having strands ABED in one [-sheet and
A’GFCC’ in the other. The V set has an extra C” strand
in the latter B-sheet, while sets C1 and C2 lack strands
A’, and A’ and D, respectively. For all of the sets, primarily
hydrophobic residues form the core of the B-sheet sandwich,
and there is commonly an inter-sheet disulfide bond
present (usually between B-strands B and F) to add extra
stability to the fold. Additional disulfide bonds can also be
present both within an Ig-like domain and between Ig-like
domains.

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Domain 1

Linker region

Domain 2

Figure 1 (a) CD2 structure. An example of the “beads on a string” IgSF
architecture. (PDB code 1HNF [8]), and (b) CD8 structure. An example of
a dimeric IgSF molecule (PDB code 1CDS [12]).

OTHER TOPOLOGICALLY RELATED FOLDS

Several separately cataloged types of structural motif have
a B-sheet sandwich topology similar to that of the Ig-superfold.
These will not be discussed in this chapter, as phylogeneti-
cally they do not appear to be related to the IgSF, but rather
to be the result of different evolutionary paths converging
to the same stable fold topology. They include the motif

characterized by the type III domains of fibronectin (FnlIlII),
the bacterial C3 subset, and the actinoxanthine-like C4
subset [4].

MuLTIPLE IG-LIKE DOMAIN ASSEMBLIES IN
MOLECULAR ARCHITECTURE

IgSF proteins are typically multi-domain structures, and
these domains may or may not be exclusively Ig like. Multiple
copies of the Ig-superfold can occur sequentially within the
same polypeptide chain, resulting in a “beads on a string” type
of linear arrangement of the domains (Fig. 1a); an extreme
example of this molecular architecture is exhibited by the
giant, multidomain muscle protein titin [5]. At the cell sur-
face, the longest of the linear-type IgSF proteins identified
to date is sialoadhesin (siglec-1), with an extracellular region
consisting of 17 Ig-like domains [6]. More typically, the
extracellular regions of IgSF proteins contain 1 to 4 Ig-like
domains, often intermingled with fibronectin type III domains
[7]. The linker regions between domains in the “beads on a
string” type of structures can be short and relatively rigid
(for example, between the two Ig-like domains of CD2 [8])
or longer, introducing more degrees of freedom at certain
points in the molecular structure, as in the link between
domains 2 and 3 of CD4 [9].

For a subset of IgSF cell adhesion molecules, such as
axonin/TAG-1 and hemolin, an extended linker region allows
the molecule to double back on itself, pairing Ig domains
to create an overall horseshoe or U-shaped type of architec-
ture [10,11]. A pair-wise packing of Ig domains is remi-
niscent of the archetypal immunoglobulin structure, and,
more generally, within the IgSF two separate polypeptide
chains bearing Ig-like domains homo- or heterodimerize
(Fig. 1b) to form the stable molecular structure—for example,
CDS [12].

The size of IgSF molecules, their flexibility, the position-
ing of the Ig-like domain(s) within the overall structures, and
the formation or absence of pairwise domain interactions
within the molecules all contribute to the mode of function
of the Ig-superfold in each particular case.

Ig-Superfold-Mediated Recognition

The Ig-superfold provides a stable platform that can be
adapted to mediate a myriad of specific homophilic and het-
erophilic interactions ranging from small molecule recognition
through to recognition of proteins and glycans. For cell—cell
type interactions, the functional capacity of the Ig-like domain
is frequently modulated by its position within the overall
molecular architecture, as well as within any supra-molecular
assemblies at the cell surface.

Modes of Ig-Superfold Interaction

The archetypal Ig-superfold in immunoglobulins medi-
ates specific recognition through the complementarity-
determining region (CDR) loops at one end of the variable
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domain B-sandwich. However, subsequent IgSF structures
and functional studies have highlighted the diversity of
potentially functional surfaces on the Ig-superfold. Ig-like
domains can interact with a ligand via their B-sheets, via
their loop regions, or via a combination of both. A single
Ig-like domain may be functional in isolation or two or
more may be required, either as consecutive domains of the
“beads on a string” molecular architecture or as homo- or het-
erodimers. Finally, the combination of protein—protein con-
tacts mediated by a single IgSF molecule can result in the
formation of extended interaction arrays at and between cell
surfaces.

THE CLASSICAL IMMUNOGLOBULIN TYPE OF
IG-SUPERFOLD INTERACTION

Several IgSF molecules that act as cell-surface receptors
or coreceptors in the immune system employ interaction
modes similar to those used by immunoglobulins for antigen
recognition. One obvious example is the T-cell receptor, an
IgSF molecule that is discussed in detail elsewhere in this
handbook (see Chapter 11). A second, closely related exam-
ple is provided by the cytotoxic T-cell coreceptor CDS. Like
the T-cell receptor, CDS interacts with major histocompati-
bility complex (MHC) class I molecules. Both TCR and
CD8 have an MHC class I binding surface composed of the
two sets of CDR-like loops (BC, C’C”, and FG) from a dimer
of variable domains. The structure of the CD8oia—MHC
class I complex (Fig. 2) for both human and murine molecules
reveals CD8 binds one MHC class I molecule, interfacing
with the MHC o, and o,; domains as well as contacting f3,-
microglobulin [13,14]. The focal point of the interaction is
the DE loop of the MHC class I o; Ig-like domain, which is
clamped between the CDR-like loops of the two CD8 sub-
units. This mode of interaction is analogous to that used by

peptide

Figure 2 The MHC class I-CD8c.. complex (PDB code 1AKJ [13]).

immunoglobulins when binding to antigenic surfaces con-
taining a single prominent loop.

HETEROTYPIC IG-SUPERFOLD INTERACTIONS

Monomeric IgSF cell-surface molecules mediate interac-
tions with a broad spectrum of ligand types, many discussed
in detail elsewhere in this handbook. The diversity of lig-
ands is matched by the diversity of interaction modes. For
completeness, three of the most distinctive interaction
mechanisms are briefly reviewed here.

At present, there is no complex structure to illustrate
definitively the mode of interaction of IgSF members such
as ICAM1 and ICAM2, VCAM, and MadCAM with integrins;
however, the key contribution of an aspartic acid residue that
is prominently exposed on a loop in the N-terminal Ig-like
domain of these molecules is well established [15-20]. It is
believed that this acidic residue may contribute to the coor-
dination of a divalent cation within the integrin structure [21].

Several Ig-superfold-mediated protein—protein interac-
tions involve contributions from the linker region between
two sequential Ig-like domains within a receptor structure.
This mode provides a common theme for the otherwise
diverse interactions of the FGF receptor to the cytokine FGF
[22-24] and the KIR family of natural killer (NK) cell
receptors to MHC class I molecules [25,26]. Both families
of interaction have been characterized by crystal structures
of representative complexes and are discussed in detail in
subsequent chapters.

In addition to mediating protein—protein interactions, the
Ig-superfold can adapt to function in glycan recognition.
This property is exemplified by cell-surface receptors of the
siglec (sialic acid binding IgSF lectin) family [27]. Members
of this IgSF subgroup are characterized by the sialic acid
binding function of their N-terminal, V-set, Ig-like domain.
The key features of the siglec-style binding site for sialic acid
have been revealed by the crystal structure of the N-terminal
domain of sialoadhesin (siglec-1) in complex with 3’ sialyl-
lactose [28]. The binding is centered on the N-terminal por-
tion of B-strand G at the edge of the B-sandwich (Fig. 3) and
utilizes interactions with side chains from three residues (an
arginine and two tryptophans) that are conserved across the
siglec family.

HomorypiC IG-SUPERFOLD INTERACTIONS

trans Interactions Mediating Cell-to-Cell Contacts
Many of the cell adhesion molecules responsible for cell-to-
cell interactions conform to the “beads on a string” type
structure with Ig-like domains arrayed in a linear fashion in
the N-terminal extra-cellular region prior to a single mem-
brane spanning section. For such structures, the functional
Ig-like domains are frequently those most distal to the cell
surface (i.e., the N-terminal domains). Domain 1 of such
molecules usually belongs to the I-set or V-set class of Ig-
superfold and the functional interactive surface commonly
encompasses part of the A’‘GFCC’(C”) B-sheet. This in partic-
ular holds for interactions involving IgSF ligands. Examples
of crystal structures for recognition complexes of this type
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| Carbohydrate

Figure 3 The N-terminal Ig-like domain of sialodhesin in complex
with the carbohydrate 3’ sialyllactose (PDB code 1QFO [28]).

include PO-PO (where molecular contacts within the crystal
lattice are representative of homophilic IgSF-IgSF interac-
tions [29]) and the structures of CD2-CD58 and B7-1-CTLA4
(representative of heterophilic IgSF-IgSF interactions
[30,31]).

The homophilic interactions of the neural cell adhesion
molecules show some variations on the above theme. A
crystal structure of the first two N-terminal Ig-like domains
of NCAM revealed a propensity for this molecular fragment
to interact as a cross-shaped antiparallel dimer with residues
from the B and E B-strands of domain 1 in molecule 1 inter-
acting with those of the FG loop in domain 2 of the second
molecule [32]. Functional data suggest that interactions
mediated by domains 1 and 2 may not represent the whole
story, but this dimer structure does provide a compelling
mechanism for one mode of NCAM-mediated cell-cell
adhesion. The four N-terminal Ig-like domains of chicken
axonin-1 [10], and the distantly related insect protein hemo-
lin [11], form a U-shaped structure due to intramolecular
contacts between domains 1 and 4 and domains 2 and 3 that
acts as the functional interactive unit. Lattice contacts within
the axonin-1 crystals suggest that these U-shaped units
mediate cell-cell interaction via an edge-to-face type of
packing involving the CE loop in domain 3 and the FG loop
in domain 2.

cis Interactions Modulating Avidity In general, cell
adhesion molecule interactions are individually low affinity
interactions. However, several crystal structures have pro-
vided significant evidence for the occurrence of homophilic
cis interactions between IgSF molecules, interactions that
could mediate the formation of stable, zipper-like arrays
in the context of a cell-cell interface. The crystal structure
of PO, the major structural protein of peripheral nerve myelin,
provided one of the first such examples, with crystal lattice
contacts suggesting that cis interactions mediate formation
of PO tetramers that in turn mediate an array of trans inter-
actions to clusters of tetramers on the opposed membrane
[29]. Array-wise interactions have also been proposed
for the neural cell adhesion molecules exemplified by
axonin-1 [10]. Heterophilic examples include the dimeriza-
tion of B7-1 [33], which, when combined with the dimeric
molecular structure of its IgSF ligand CTLA-4, could result
in the formation of extended arrays between T cells and
antigen-presenting cells in the immune system [31,33,34]
(Fig. 4).

IgSF Molecular Architecture and Interactions
in the Context of Function

The Ig-superfold appears to provide a stable structural
platform capable of supporting many variations on the
theme of specific ligand recognition. The interactions it
mediates can be high affinity (nanomolar range, as in
cytokine receptor interactions, such as between FGF and
FGF receptor), medium affinity (micromolar to nanomolar
range, as immunoglobulin—antigen complexes), or weak
affinity (millimolar range, as exemplified by many of the
cell adhesion molecule interactions), but always a high
degree of specificity is retained. For the cell adhesion type
of interaction, it has been proposed that a predominance of
electrostatic, in particular hydrogen-bond-based, binding
provides the mechanism for generating only low affinity
while maintaining specificity [35]. In each case, the binding
affinities, kinetics, and avidity are matched to the requisite
functional role of the interaction.

In addition to the adaptability of the interaction surface
it can provide, the modular nature of the Ig-superfold also
lends itself well to the formation of large multi-domain or
multi-molecular assemblies. Such assemblies provide addi-
tional mechanisms by which to modulate function. For exam-
ple, the 17 Ig-domain extracellular region of sialoadhesin may
serve to present the sialic acid binding N-terminal domain at
sufficient distance above the cell surface that it avoids any
cis-type interactions with glycan ligands on the same cell
surface [6]. Conversely, the closely matched sizes of inter-
action complexes such as CD2-CD58, B7-1-CTLA4, and
MHC-TCR may be integral to the formation of supra-
molecular assemblies between cells [36,37]—for example,
the immunological synapse. Such assemblies increasingly
are perceived as the deciding factor in the biological out-
come of a cell—cell recognition event.
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CTLA-4 homodimer CTLA-4 homodimer

4 i
B7-1 homodimer B7-1 homodimer B7-1 homodimer

Figure 4 Crystal packing contacts for the structure of B7-1-CTLA-4
complex; an example of a zipper-like array compatible with cell—cell inter-
action. (PDB code 118L [31])
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TCR Generation and Architecture

T cells bearing clonotypic T-cell receptors (TCRs) are
generated from a pool of naive progenitor cells by a two-
stage process of positive and negative selection. The TCRs
on these cells must recognize self peptides bound to self, or
syngeneic, major histocompatibility complexes (MHCs)
before they can differentiate from “double positives™ into
CD4*- or CD8"-expressing “single positives.” However,
positively selected T cells that are reactive against self-
pMHC:s are destroyed by negative selection. Positive selec-
tion establishes two subclasses of TCRs that associate with
either of the two coreceptors CDS8 (Fig. 1), and CD4:CD8"
T cells recognize pMHC class T molecules, while CD4*
T cells are activated by peptides bound to MHC class II.

ofy TCRs are heterodimeric cell-surface glycoproteins
that consist of disulfide-linked o and 3 chains and have a
domain organization similar to antibodies (Fig. 2). Each
chain is composed of an immunoglobulin (Ig)-like variable
(V) and constant (C) domain, a transmembrane region, and
a short cytoplasmic tail. The C domains serve to anchor the
TCR in the membrane of the T cell and to interact with
accessory signaling molecules such as CD3. The variable
domains carry the complementarity-determining regions
(CDRs), with which the TCR binds pMHC antigen with a
generally low affinity, but moderate specificity.

Peptide Binding to MHC Class I and II

In the cellular immune response, peptides are displayed to
T cells in complex with class I or class I MHC molecules.
Both classes of MHC are heterodimers of similar structures;
they are composed of three domains, two Ig-like and one
o/ domain (MHC fold) that forms the peptide binding site.

Handbook of Cell Signaling, Volume 1

Whereas in class I MHC molecules, the peptide binding site
is constructed from the heavy chain only, in class I MHC, it
is formed by both chains. A B-pleated sheet forms the floor
of the binding groove, which is flanked by o-helices (Fig. 2).
Polymorphic residues in the o-helices and B-sheet floor clus-
ter at the center of the binding groove and change its shape and
chemical properties, thus accounting for the peptide-specific
motifs that have been identified for each MHC allele [1-3].

Class I MHC molecules bind peptides in an extended
conformation with the C terminus and the other main anchor
residues buried in allele-specific pockets, leaving the
upward-pointing peptide side chains available for direct
interaction with the TCRs. Thus, the peptide lengths are usu-
ally 8 to 10 residues [4,5]; substantially longer peptides can
bind but, due to the fixing of their N and C termini, they
must bulge out of the binding groove [6].

In class I MHC, the peptide termini are not fixed, and the
bound peptides can be significantly longer than in class I
MHC; the peptide backbone is confined to repeating polypro-
line type II, helical, ribbon-like conformations [7]. The pep-
tides also lie slightly deeper in the binding groove. Thus, the
peptide has the potential to dominate the TCR/pMHC inter-
face more in class I due to the ability to bulge out of the groove
depending on the length of the peptide and the pMHC [6].
Additionally, extensive ridges in some MHCs force the pep-
tide to bulge even higher out of the groove and provide more
intimate contact with the TCR [8,9].

TCR/pMHC Interaction

Whereas in humoral immunity antibodies identify anti-
genic molecules as distinct entities, in the cellular response
TCRs recognize antigenic peptide fragments only when pre-
sented by an appropriate MHC molecule. A fundamental

Copyright © 2003, Elsevier Science (USA).
All rights reserved.



64

PART I Initiation: Extracellular and Membrane Events

T-cel membrane

cos *
TCR

pMHC ! !
—

c

Figure 1 Schematic representation of the components in a class I
TCR/pMHC/CD8/CD3 signaling complex. The heavy chain consists of
the o,—0; domains, to which the light chain B,-microglobulin (B,m) is
noncovalently attached. The peptide-MHC (pMHC) complex is anchored
to the plasma membrane of the antigen-presenting cell via its oy
domain while the o,0, super-domain binds the peptide ([J). The
CDR loops of the o TCRs recognize the pMHC complex, while the
coreceptor CD8 binds simultaneously to the o3 domain either as an
oo homodimer or an off heterodimer. The signal from the pMHC complex
(if any) is then transmitted through the T-cell plasma membrane by the
CD3 signaling modules. Phosphorylation of the CD3({ chain by the
ZAP70 kinase (not shown) is an early step in this signal transduction
cascade.

antigen presenting cell
[

difference between antibody/antigen and TCR/pMHC
recognition is that the specificity of the former is dependent
on high affinity (K, is nanomolar) for the free antigen, whereas
in the latter low affinities predominate (K, is ~0.1-500 uM);
thus, specificity must be ensured by a different mechanism.
Possible mechanisms are outlined in the following sections.

Orientation of the TCR in TCR/pMHC Complexes

The seven independent TCR/pMHC complexes deter-
mined to date (reviewed in references [10] to [12]; Table 1)
confirm that the TCR heterodimer is oriented approximately
diagonally relative to the long axis of the MHC peptide-
binding groove [13,14]. The Vo domain is located above the
N-terminal half of the peptide, while the Vf§ domain can
contact the C-terminal portion of the peptide (Fig. 2). The
fluctuation in the TCR orientation has been described gen-
erally as diagonal [13,14] and, in one case, orthogonal [15],
but it appears that the TCR orientation, or twist, on MHC
class I and class II shows a relatively restricted spread of
about 35° (Fig. 3). However, the TCR deviates not only in its
twist, but also in its roll and tilt, which can be gleaned from
the angle of the pseudo two-fold axis between the TCR Vo
and VP domains and the MHC B-sheet floor (Fig. 3). In
addition, the TCRs can differ in their o chain pairings,
such that the pseudo- Va/VP two-fold angle can also con-
tribute to the variation in TCR orientation on the pMHC. As
a result of the various TCR orientations, the buried surface
for the TCR/pMHC complex can vary extensively between
1240 and 1930 A2, with the peptide contributing a relatively
restricted range of 21 to 34% to the pMHC side of that inter-
face. Va can contribute from 37 to 74% (average 57%)
and VP from 26 to 63% (average 43%) of the TCR buried

2C/H-2KP/dEVS
(2ckb)

HA1.7/HLA-DR1/HA
(1fyt)

Figure 2 Similar structural architecture of class I and class II
TCR/pMHC complexes. The Ca. traces of the TCRs [34,51] are shown on
top with the colored CDR loops contacting the pMHC at the complex
interfaces. The V,, and Vg domains are positioned over the N-terminal and
C-terminal halves of the peptide, respectively. The peptides are drawn as
red ball-and-stick representations and have fixed termini in class I MHC but
can extend out of the binding groove in class Il MHC. The CDR loops are
colored as follows: CDR1a (residues 24-31): dark blue, CDR2o (48-55):
magenta, CDR3o (93-104): green, CDRIP (26-31): cyan, CDR2fB
(48-55): pink, CDR3p (95-107): yellow, and HV4 (69-74): orange.

surface. This bias in chain usage has also been noted for
antibodies, where Vi usually provides a larger contribution
to the antibody—antigen interface [16].

Peptide Recognition by the TCR CDR Loops

The suggestion that only a few up-pointing peptide side
chains contribute to the specificity of the TCR/pMHC inter-
action [17] was confirmed by TCR/pMHC crystal structures.
In class I, these interactions are dominated by the peptide
residues that extend or bulge most out of the groove and,
hence, represent functional hotspots [18] in the TCR/pMHC
interface. For nonamer and octamer peptides, these repre-
sent residues P5, P7, and P8 and P4, P6, and P7, respectively.
For class II peptides, the key side-chain contributions are
more uniformly dispersed (P1, P2, P3, PS5, P8). On the other
hand, the contribution of the peptide backbone to TCR inter-
action is very modest for both class I and class II, where none
to only a handful of contacts are made. The only exception
so far is for the HLA-A2/Tax complex, where the large P4-P5
bulge includes a glycine at P4 that enables the TCR to access
the peptide backbone [14,19].

Analysis of the number of contacts reveals that CDR13
and CDR2f often make minimal contact with the pMHC
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Table 1 Overview of TCR/pMHC Complex Structures (1996-2002)

Complex PDB ID Peptide activity Constructs and expression systems Ref.
2C/H-2KP/dEVS 2ckb Weak agonist D. melanogaster, acidic/basic leucine 13, 34
zipper for specific TCR chain pairing
2C/H-2KP/SIYR 1g6r Superagonist? — 18
2C/H-2KPM3/dEVS 1jtr Weak agonist — 39
scBM3.3/H-2K"/pBM1 1fo0 Agonist Myeloma cells for TCR, E. coli for 30
MHC (refolded from inclusion bodies)
B7/HLA-A2/Tax 1bd2 Strong agonist’ E. coli, refolded from inclusion bodies 19
A6/HLA-A2/Tax lao7 Strong agonist E. coli, refolded from inclusion bodies 14
A6/HLA-A2/TaxP6A Igrn Weak antagonist — 21
A6/HLA-A2/TaxV7R 1gse Weak agonist — 21
A6/HLA-A2/TaxY8A 1gsf Weak antagonist — 21
KB5-C20/H-2K"/pKB1 1kj2 Agonist Myeloma cells for TCR, E. coli for MHC 12
(refolded from inclusion bodies)
scD10/I-A¥/CA 1d9k Agonist E. coli for TCR, refolded from inclusion bodies; 15
CHO cells for MHC; peptide covalently connected
to the MHC
HA1.7/HLA-DR1/HA 1fyt Agonist E. coli for TCR, refolded from inclusion bodies; 51
D. melanogaster for MHC; peptide covalently
connected to the TCR
HA1.7/HLA-DR4/HA 1j8h Agonist — 38

2The nomenclature superagonist or strong agonist is equivalent in these instances. Class I and class II complexes are separated by the horizontal
line; sc: single-chain Fv fragment of the TCR. (Adapted from Rudolph, M. G. and Wilson, I. A., Curr. Opin. Immunol., 14, 52-65, 2002.)

compared to CDR3f. In Vo, CDR2a tends to have fewer
contacts with the pMHC than CDR3q., although an excep-
tion is found in the allogeneic BM3.3 complex, where
CDR3a has almost no contacts (see above). However, in
most cases, peptide contacts are made primarily through the
central CDR3 loops, which also exhibit the greatest degree
of genetic variability. In contrast, the majority of conserved
MHC contacts are mediated by the CDR1 and CDR2 loops
[20], particularly in Vo

Discrepancy Between Magnitude of Structural
Changes and Biological Outcomes

ALTERED PEPTIDE LIGANDS: ANTAGONISM
AND SUPERAGONISM

So far, no dramatic structural changes that could account
for the magnitude of the different signaling outcomes of var-
ious altered peptide ligands (APLs) have been observed in the
TCR/pMHC structures, when strong agonist, weak agonist,
and antagonist peptides are presented by the same MHC to
the same TCR [18,21]. Only slight readjustments occur in the
TCR/pMHC interface to accommodate different up-pointing
peptide side chains. In the A6 system, the number of peptide—
TCR contacts does not correlate with the degree of agonism
and antagonism [14,21]. Similarly, in the 2C system, the
buried surface does not change much when weak and strong
agonists are compared, but the complementarity [18] and
the number of TCR/pMHC contacts increases despite the

relatively minor substitution of an arginine (strong agonist)
for a lysine (weak agonist) at P4. Again, no gross confor-
mational changes in the TCR or pMHC are observed, but
slight rearrangements in the CDR loops accommodate the
different peptides [18].

The correlation of complex half life [22] with the degree
of agonism or antagonism is also not clear cut. In both 2C
and A6, the strong agonists (SIYR and Tax) have a longer
half life (9.2 and 7.5 s) than do weak agonists (3.7 s for
H-2K’-dEVS and 1.5's for HLA-A2-V7R). However, by using
surface plasmon resonance, agonists have been found in the
A6 system that have shorter half lives than do antagonists
[23]. An antagonist was converted to an agonist by stepwise
filling of a cavity in the TCR/pMHC interface and the bio-
logical activity paralleled the TCR/pMHC affinity, not the
half life of the complex [23]. Half-lives of TCR/pMHC
complexes on the cell surface could be extended by interac-
tion with the coreceptors CD4 and CD8 [24]. Lateral inter-
actions among the TCR/pMHC signaling complexes or
interactions with other costimulatory or inhibitory receptors,
as in the immunological synapse, may thus form above a
certain threshold of TCR/pMHC complex half life [25].

TCR CONFORMATIONAL VARIATION AND CHANGES

Sufficient numbers of TCR structures are now available
to assess the extent of conformational variation that arises
in their antigen combining sites. As expected, the four TCR
outer CDRs 1 and 2 adopt canonical conformations [26],
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Figure 3 Relative orientation of the TCR on top of the MHC and comparison of peptide conformations in class I and
class I TCR/pMHC complexes. The MHC helices are shown as light and dark gray tubes for class I and class 11, respec-
tively. The CDR loops are colored as in Fig. 2. Lines and axes are colored blue for class II TCRs and orange and red for
human and mouse class I TCRs, respectively. (a) Variation in the diagonal (twist) orientation of the six independent
TCR/pMHC complexes. The projection of a linear least-squares fit through the centers of gravity of the CDR loops is
shown for the six different TCRs. (b) and (c) Variation in the tilt and roll of TCR/pMHC complexes. The pseudo two-fold
axes that relate the Vo, and VP domains of the TCRs to each other are shown for 12 TCR/pMHC structures. This gives a
good estimate of the inclination (roll, tilt) of the TCR on top of the MHC, which is a function of the TCR, not the pMHC
ligand. One extreme case is the allogeneic BM3.3 TCR, which is shown as a transparent Co. trace. Water molecules fill-
ing a large cavity between the TCR and pMHC in this complex are shown as black spheres. (Adapted from Rudolph, M. G.

and Wilson, 1. A., Curr. Opin. Immunol., 14, 52-65, 2002.)

as first described for antibodies [27,28]. A small number of
discrete canonical conformations may be able to describe
most of the known sequences of the ol,2 and 1,2 loops.
At present, three to four canonical structures have been
defined for each of these loops [26]. What makes the TCR
different from antibodies is the enormous variation seen in
both of the central CDR3s (Fig. 3). In antibodies, CDR
L3 adopts a well-defined set of canonical structures, but
the equivalent CDR3a loop is highly variable in the current
set of TCR structures, as well as the CDR3[ loop [12].
Thus, the prediction [29] that these CDRs would be most
variable and adapt to the pMHC primarily (but not
exclusively [30]) through contact with the peptide has been
borne out.

Two examples are available to assess the extent of con-
formational variation in the CDR loops in the presence of
APL. For TCR 2C, only small variations are seen in CDR3f3
but, for TCR A6, these conformational rearrangements are
much larger. Evidence for flexibility in the TCR has also
been derived from kinetic and thermodynamic studies
[31-33]. Whether these data support a model in which flex-
ible CDRs stabilize or rearrange upon pMHC binding remains
an unanswered question. What is consistent so far in both

the structural and kinetic/thermodynamic experiments is that
conformational rearrangements of the CDRs can provide
better complementarity of the TCR to both the MHC [34]
and the peptide [18,21].

ALLOREACTIVITY

Alloreactivity is the phenomenon in which a strong
immune response can be generated against foreign pMHC
molecules to which one’s T cells have not been previously
exposed [35,36]. Thus, an important practical corollary in
defining the structural rules of T cell recognition is to
explain alloreactivity [37]. So far, three complexes have
addressed this issue [30,38,39]. The complex of the BM3.3
TCR with the allogeneic MHC H-2KP" is perhaps the most
structurally distinct so far, but the corresponding syngeneic
complex is currently not known. The BM3.3 TCR tilts sub-
stantially towards the B-chain side (Fig. 3), with the o-chain
making few direct contacts with the MHC. In fact, the long
central CDR3a is flared back such that it makes no contacts
with the peptide and only two with the MHC. The majority
of the interactions are with the B-chain, consistent with that
proposed for the interaction of H-2L4 with TCR 2C, where
an extreme bulge in the C-terminal half of the peptide is
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likely to increase its interaction with the TCR B-chain [9].
Two recent studies [38,39] suggest that subtle changes in
allogeneic MHCs can alter the peptide conformation and
location such that the same peptide is presented differently
to the TCR. Thus, these structural studies conclude that TCR
interaction with the bound peptide strongly affects the
alloresponse.

Role of Bound Water in TCR/pMHC Recognition

Several TCR/pMHC complexes contain bound water
molecules in their TCR/pMHC interfaces. The ability of
water molecules to provide additional complementarity by
filling of cavities in the interface is well documented for
antibodies [40]. The highest resolution TCR/pMHC com-
plexes (2.4-2.5 A) contain 17 (2C/H-2KP™3/dEV8 [39]), 39
(BM3.3/H-2K/pBM1 [30]), and 15 (HA1.7/HLA-DR4/HA
[38]) waters in their interface with 6, 12, and 6, respectively,
mediating contact between the TCR and pMHC. Thus, these
recent higher resolution TCR/pMHC structures indicate a
strong involvement of bound water to provide complemen-
tarity and specificity to the recognition process. Yet, no spe-
cific waters are conserved among these structures, indicating
that their presence is dependent on the individual sequences
of both the TCR and pMHC. In the allogeneic BM3.3 com-
plex, about 30 interfacial waters are sequestered in a cavity
between the Vo and the pMHC, as a result of the TCR Va
domain lifting up from the pMHC surface [30].

Water molecules can also improve complementarity to
(and, thus, stability of) pMHC interactions. Small sequence
and structure changes in either the peptide (APLs) or the
MHC (as in alloreactive complexes) can be amplified on the
pMHC surface by redistribution or acquisition of bound
waters in the TCR/pMHC interface. A good example is the
allogeneic H-2K"™8 complex, where water can partially sub-
stitute for the loss of buried side-chain functional groups
[41]. In addition, such buried MHC substitutions, which
occur frequently in allogeneic MHC, can transmit their effects
by altering the water structure and the electrostatic proper-
ties on the surface, even though their mutated residues are
not directly “seen” by the TCR [39].

Conclusions and Future Perspectives

The evolution of a common docking mode that enables
the oy TCR to survey the contents of the MHC binding
groove is remarkable. However, the seven independent com-
plex structures determined so far have not yet revealed the
basis for this conserved orientation. No absolutely con-
served pairs of interactions are apparent in these different
TCR/pMHC complex interfaces that would account for their
relatively fixed docking orientations. The variability in the
tilt, twist, and roll of the TCR indicates that the docking
problem is solved in detail differently in each case to pro-
vide sufficient complementarity for binding (K, in the
micromolar range). With the exception of the alloreactive

BM3.3 TCR, where most of the interactions with pMHC are
due to the B-chain, the TCR Vo interactions with the pMHC
seem to predominate, providing some basis for a conserved
orientation. Additionally, glycosylation may play a role in
facilitating docking, as both the TCR and MHC are highly
glycosylated and, hence, could sterically restrict the range of
possible orientations [42,43].

Another major unresolved issue is how the exceedingly
small changes in the TCR/pMHC interface in response to dif-
ferent APLs can lead to such drastically different biological
outcomes. Complementarity, buried surface area, or number
of contacts in agonist versus antagonist complexes are very
similar and are difficult to reconcile with the substantial dif-
ferences in T-cell responses. Therefore, differentiation of
strong from weak agonists, or agonists from antagonists, by
visual inspection of the crystal structures seems impossible.
Similarly, while the trend of increased half life for agonist
versus antagonist TCR/pMHC complexes is so far maintained,
exceptions have been found that belie this as a general rule.

In order to extract all of the general principles that
govern TCR/pMHC recognition, further TCR/pMHC com-
plex structures are needed. Although models of the
TCR/pMHC/coreceptor(CD4/CD8) complex can be assem-
bled from the component pieces [42] that include the distal
globular domains of CD8/pMHC class I complexes [44,45],
the recent low-resolution CD4/pMHC class I complex [46],
and the CD3ey NMR structure [47], perhaps the most
important breakthrough would be the determination of a
complete oy TCR signaling complex, that includes the
o TCR, CD3Yydel, pMHC, and CD4 or CD8. This more
complex assembly would lay open any global changes that
may influence TCR signaling events. However, the lack of
the membrane-anchoring domains in the constructs used for
the current structure determinations will remain a problem
until intact membrane proteins can be routinely crystallized.
Future studies will also reveal how bulky ligands, such as
bulged peptides [6], glycopeptides [48,49], or glycolipids
in the case of CDI1 [50] can be accommodated in the
TCR/pMHC interface.
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Living cells constantly interact with their environment.
As a consequence, a number of sensory systems have evolved
for the collection, processing, and integration of a remark-
able range of environmental stimuli arising from cell—cell
and cell-substrate interactions. For instance, developmental
and morphological processes in higher eukaryotes rely on the
orchestrated migration of cells in response to specific physical
and chemical cues; T-cell activation relies on the localization
and compartmentalization of cell-adhesion and signaling
molecules; and adherent cells must respond to a variety of
intracellular and extracellular mechanical forces. All of these
processes rely on the engagement of specific cell-surface
receptors with the appropriate extracellular ligand to report
on the immediate physical environment by transducing
extracellular signals across the plasma membrane. This
review examines the diversity of mechanisms thought to be
involved in adhesion and signaling and highlights some of
the shared principles that must be considered for all signal-
ing pathways utilizing cell-surface receptors.

Mechanosensory Mechanisms

The ability to detect and respond to alterations in applied
mechanical force is required for a number of cellular and
developmental functions. This is particularly critical for
adherent cells that directly contact the extracellular matrix
(ECM) and are subject to considerable physical deformation.
For example, sheer forces associated with blood flow are
major determinants of arterial tone and vascular reorganiza-
tion. At the cellular level, morphology and orientation are opti-
mized to minimize mechanical stress and damage associated

Handbook of Cell Signaling, Volume 1

with variations in flow-related forces (see, for example,
references [1] to [3]). Similarly, fibroblasts must be highly
responsive to the mechanical forces associated with alter-
ations in the ECM (reviewed in Schwartz and Ginsberg [4]).

Considerable evidence points to focal adhesions, the sites
of cell-substrate contact, as the sensors of mechanical force.
Central to focal adhesion assembly and function are the inte-
grins, a family of o—[3 heterodimeric transmembrane glyco-
proteins that provide essential adhesive functions for cell
migration and the establishment and maintenance of normal
tissue architecture. At least 18 and 83 chains allow for the
formation of multiple integrin heterodimers that are able to
display a spectrum of specificities for cell-surface adhesion
molecules and for a range of ECM components, including
laminin, collagen, and fibronectin. The integrin cytoplasmic
domains bind a variety of scaffolding and actin regulatory
proteins, which in turn recruit a large number of adaptor and
signaling molecules. These physical links couple the inte-
grins to the downstream activation of numerous signaling
molecules, including MAP kinase, focal adhesion kinase,
Src, and PI3-kinase (see, for example, references [4] and [5]).
Furthermore, integrin affinity is modulated by the activation
state of the particular cell in question, and this “inside-out”
signaling is thought to control the tertiary and quaternary
structural rearrangements required for high-affinity ligand
binding. The focal adhesion may thus be viewed as a highly
dynamic sensory organelle that exploits the direct linkage
between the ECM and actin cytoskeleton to respond to
mechanical force through a wide range of signaling pathways.

The mechanisms underlying integrin-associated signaling
rely on the determinants of mechanical strain, including tension
provided by cytoskeletal motor proteins, such as myosin-II,

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 Model for the mechanochemical signaling mechanism of integrins at focal adhesions. The extracellular
domain of integrin binds ECM components, such as collagen and fibronectin. The cytoplasmic domain of integrin contacts
a series of scaffolding proteins and cytoskeletal regulatory proteins (pink ellipse), including talin and paxillin, which
provides a direct physical linkage between the ECM and the actomyosin cytoskeleton. Alterations in the ECM generate
tension that may result in tertiary and quaternary structural changes (illustrated here as a scissor-like motion between the
o~ and B-integrin chains). These structural changes are propagated to the cytoplasm, which may uncover cryptic binding and
recruitment sites for additional signaling molecules (blue ellipse). The ability to couple force generation to alterations in the
composition of integrin-associated focal adhesion molecules provides a direct mechanism for mechanochemical signaling.

and the intrinsic mechanical properties of the underlying
ECM (Fig. 1). For example, the growth of cells on soft, or
pliable, surfaces does not support integrin signaling nor the
formation of focal adhesions [6], while “stretching” of these
substrates supports both focal adhesion formation and inte-
grin signaling [7,8], presumably by allowing for a sufficient
level of tension to be achieved. At the molecular level,
mechanical force may be transduced into a cytoplasmic sig-
nal through a number of possible mechanisms. The applica-
tion of force may disrupt or distort various intermolecular
binding interfaces, resulting in the reorganization of focal
adhesions by enhancing the entry or exit of specific signal-
ing molecules through either free or facilitated diffusion.
A related potential mechanism is the force-induced confor-
mational reorganization of integrin-associated focal adhe-
sion molecules, which may uncover cryptic binding and
recruitment sites for additional signaling molecules. This
notion is consistent with the fact that a number of focal
adhesion components, including vinculin and ERM pro-
teins, exist in multiple conformations (see references [9] and
[10] and references therein). Of special note are a series of
structural [11-15] and biochemical studies (reviewed in ref-
erences [12,13,16]) describing the localized ligand-induced
conformational rearrangements and a model for integrin
activation [12,13]. This model suggests that a large-scale
conformational reorganization, including a scissor-like
motion, may be required for high-affinity ligand binding.
Some aspects of this conformational plasticity may also
play a role in transducing mechanical force into cytoplas-
mic signals. These mechanisms, whether affecting the
dynamic assembly/disassembly properties of the focal adhe-
sion as a whole or directing conformational reorganization
of a specific focal adhesion protein, can provide a direct
linkage between cell surface-ECM adhesive interactions,

focal adhesion composition, and cytoplasmic signaling.
Furthermore, recent studies demonstrate a complex rela-
tionship between valency and geometric organization of
the ligand and the strength of integrin-associated signaling
[17], suggesting some mechanistic similarities with the
¢ described below. Thus, integrin-associated signaling pro-
vides one of the clearest couplings of signaling and the
adhesive properties of a receptor-ligand pair.

Cell-Cell Adhesions/Adherens Junctions

The cadherins are a family of cell-surface receptors that
form calcium-dependent homophilic interactions between the
surfaces of adjacent cells. These interactions result in the
formation of intercellular adhesions, adherens junctions,
which play essential roles in the establishment and mainte-
nance of cell polarity and tissue architecture and in the
recognition and migratory events associated with developmen-
tal and morphological processes. These adhesive interactions
are supported by a catenin-mediated linkage to the underly-
ing actin cytoskeleton, as the carboxy-terminal cytoplasmic
tail of cadherin binds B-catenin, and via an interaction with
o-catenin is linked to the cortical actin network (Fig. 2) (see
Conacci-Sorrell et al. [18] and references therein). The impor-
tance of this cytoskeletal connection is highlighted by the
observation that disruption of normal catenin function prevents
the formation of mature adherens junctions and is associated
with increased motility and invasiveness of tumor cells
(reviewed in Okegawa et al. [19]).

B-Catenin plays a dual role in cell physiology, as in
addition to being an essential structural component of the
adherens junction it serves as a transcriptional activator
of several genes involved in cellular proliferation and
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Figure 2 Adherens junctions and cadherin function. (A) Schematic of adherens junction organization and associated signaling pathways. The catenins
provide a direct physical linkage between the homophilic cadherin-mediated cell—cell contacts and the underlying actin cytoskeleton and support the
integrity of the adherens junctions. In turn, the actin cytoskeleton provides B-catenin docking sites that serve to modulate B-catenin signaling by buffering
the soluble concentration of B-catenin. (Adapted from Conacci-Sorrell, M. et al., J. Clin. Invest. 109, 987-991, 2002.) (B) Structure of C-cadherin showing
the arched arrangement formed by the five individual cadherin domains (EC1-EC5) and a model for the trans (cell-cell) interaction from abutting EC1
domains. Two orthogonal views are shown, with the arched nature of the structure evident in the right figure. (C) A model of the trans and cis interactions
at the adherens junction based on contacts present in the C-cadherin crystal structure. In this model, the individual cadherin molecules in the adherens junc-
tion are tilted by ~45° with respect to the plasma membrane, implying an intermembrane separation of ~245 A.

invasion, including Myc, cyclin D1, metalloproteinases, and
fibronectin [18]. A number of regulatory mechanisms mod-
ulate B-catenin signaling. In the absence of Wnt signaling,
cytoplasmically disposed soluble B-catenin is a substrate for
phosphorylation by glycogen synthase phosphorylase,
which serves to mark it for degradation by the 26S protea-
some; however, activation of the Wnt pathway inhibits this
phosphorylation and B-catenin is shunted to the nucleus,
where it forms a complex with the T-cell factor (TCF) to
activate selected genes. The formation of normal adherens
junctions appears critical for control of B-catenin signaling,
as a loss of cadherin expression correlates with increased
nuclear B-catenin. Thus, there appears to be a close link-
age between cadherin-mediated adhesion and B-catenin-
mediated signaling pathways, with the adherens junction
acting as a buffer of soluble B-catenin (Fig. 2) [20].
Structural studies have suggested several models for the
homophilic adhesive interactions formed by the cadherins
at adherens junctions. The recent report of the structure
of the entire extracellular domain of C-cadherin by Boggon,
et al.?! provides new insights into both the cis (intracellular)
and trans (intercellular) interactions that are essential for the
formation and maintenance of adherens junctions (Fig. 2).
The structure shows that the five extracellular cadherin
domains (EC1-EC5) form an arched structure, and the abut-
ment of two N-terminal EC1 domains in the crystal provides
a model for the trans adhesive interaction. Additional crys-
tal contacts suggest a model of the cis contact, and together
the interactions observed in the crystalline state provide a
detailed model for the periodic organization of cadherin
molecules within the adherens junction. Of particular note is
the suggestion that the cadherin molecules in the adherens
junction are tilted by ~45° with respect to the plasma mem-
brane, implying an intermembrane separation of ~245 A.
This feature of the model is particularly noteworthy, as there
is a strong bias to view intrinsic membrane proteins as

projecting perpendicular to the plane of the plasma membrane;
a priori there is no fundamental reason for this assumption.

T-Cell Costimulation

An optimal T-cell response requires the integration of a
number of distinct extracellular signaling and adhesive
events at the T-cell-antigen-presenting cell (APC) interface,
which has been termed the immunological synapse.
Engagement of T-cell receptors (TCRs) on the surfaces of
T cells with major histocompatibility complex (MHC)/peptide
complexes displayed on the surfaces of APCs is essential,
but not sufficient, for complete T-cell activation [22]. The
subsequent engagement of a series of costimulatory recep-
tor-ligand pairs provides the additional signals needed for
efficient T-cell activation, as well as the negative signals
required to attenuate the immune response (Fig. 3) [23-25].
The most extensively characterized T-cell costimulatory
receptors are CD28 and CTLA-4, which share ~30% iden-
tity and bind the B7-1 and B7-2 ligands presented on APCs.
Together with signaling through the TCR, the engagement
of CD28 by the B7 ligands leads to optimal T-cell activation
[22], while the interaction of B7 with CTLA-4 provides
inhibitory signals required for downregulation of the
response.

Initial TCR engagement is followed by a remarkable
reorganization and compartmentalization of signaling and
adhesive molecules at the immunological synapse. The cen-
tral zone of the synapse contains the receptor—ligand pairs,
including the TCR-CD3/MHC-peptide complex, CD28/B7
costimulatory complex, and CD2/CD58 complexes, as well
as noncovalently associated intracellular signaling mole-
cules, such as fyn, Ick, and PKC-theta [26]. The central zone
is bordered by the peripheral zone, which is composed of
large adhesion molecules, including LFA-1 and ICAM-1,
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Figure 3 T-cell activation and the immunological synapse. (A) Schematic of the immunological synapse highlighting the compartmen-
talization of specific signaling components into discrete zones. The central zone is enriched in cell-surface signaling molecules (i.e., TCR,
MHC/peptide complex, and costimulatory receptors and ligands) and cytoplasmically associated scaffolding and signaling proteins (i.e., Src
family kinases, etc.). Surrounding this signaling complex is the peripheral zone, which is composed of large adhesion molecules and cyto-
plasmically associated cytoskeletal components required for the observed pattern of localization. (B) Model for the costimulatory signaling
network at the T-cell-APC interface. The disulfide-linked CTLA-4 dimers are shown in red, while the noncovalent B7-1 dimers are blue.
The interactions between these two dimeric bivalent molecules in the crystal result in a periodic array of CTAL-4 and B7 homodimers with
a characteristic spacing of ~100 A. This periodicity may result in the organized recruitment of signaling molecules (pink and red) and may
in some circumstances provide further adhesive interactions required for productive signaling.

and components of the actin cytoskeleton (Fig. 3) [26]. This
organization appears to be dependent on an uncompromised
actomyosin cytoskeleton, thus providing another example
of the intimate involvement of the actin-based cytoskeleton
in a fundamental signaling pathway. A number of potential
functions have been proposed for the molecular organization
in the synapse, including the polarized secretion of cytokines,
TCR recycling, and the promotion of costimulatory receptor—
ligand engagement [27,28]. In addition, the B7 ligands appear
to control APC function, as crosslinking the B7 isoforms
modulates both B-cell proliferation and antibody production
[22,29-31]. Thus, engagement of the costimulatory receptor—
ligand pairs represents an outstanding example of bidirec-
tional signaling.

Of particular note are the recent structural descriptions of
the CTLA-4/B7 receptor—ligand complexes, which exhibit
an alternating arrangement of bivalent CTLA-4 and B7
dimers (Fig. 3) [32,33]. The observation of this linear periodic
array suggests a model for the organization of these cell-
surface molecules at the immunological synapse. Importantly,
the observed spacing between the extracellular receptor
domains is also imposed on any cytoplasmically associated
signaling molecules, and suggests that the oligomerization
of multiple (i.e., at least two) CTLA-4 dimers may be
required to afford a biologically optimal organization and
local concentration of intracellular signaling molecules.

In considering the types of assemblies that are formed in
vivo by multivalent receptor—ligand pairs, it is essential to
bear in mind the relative concentrations of the binding part-
ners (Fig. 4). For example, a large excess of either receptor
or ligand will favor the formation of “isolated” signaling
complexes. In the case of limiting ligand, a cell-surface
complex composed of two receptor dimers (e.g., CTLA-4)

Limiting Ligand (Excess Receptor)

—>

CTLA-4 .

bl -
CTLA-4 N T -

Limiting Receptor (Excess Ligand)

Figure 4 Effect of stoichiometry on the signaling complexes formed
by multivalent receptor—ligand pairs. (Top) Limiting ligand will favor the
formation of cell-surface complexes composed of two receptor dimers
(e.g., CTLA-4) linked by a single ligand dimer (e.g., B7-1). This assembly
would impose a constraint between the two adjacent receptors and any
associated cytoplasmic signaling molecules (i.e., ~100 A in the case of the
CTLA-4/B7 complex). (Bottom) Excess ligand would favor complexes
composed of a single receptor linking two independent ligand dimers. This
association would not enforce any specific spatial relationship between
individual receptor molecules but would still direct the localization of the
receptor and ligand to the immunological synapse and could result in a
sufficiently high local concentration of individual receptor dimers to sup-
port signaling.

linked by a single ligand dimer (e.g., B7-1) would be
favored, and such an assembly would impose an ~100-A
constraint between the two adjacent receptors and any asso-
ciated cytoplasmic signaling molecules. In contrast, the
presence of excess ligand would favor complexes composed
of a single receptor linking two independent ligand dimers.
This association would not enforce any specific spatial rela-
tionship between individual receptor molecules but would
still direct the localization of the receptor and ligand to the
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immunological synapse and could result in a sufficiently
high local concentration of individual CTLA-4 dimers to
support signaling. Finally, equivalent amounts of receptor
and ligand at a cell—cell interface would favor the formation
of more extensive periodic networks. Importantly, this is
a general consideration relevant to all multivalent receptor—
ligand pairs.

In addition to playing a direct role in signaling, cell-surface
receptor—ligand engagement constrains the approach of the
adjacent plasma membranes (as in the case of the adherens
junction discussed above) and may play a role in directing
the organization of molecules at the cell-cell or cell-ECM
interface. The maximal dimension of the CTLA-4/B7 com-
plexes (~100-140 A) is compatible with those of other
receptor—ligand pairs present in the central zone of the
synapse (i.e., MHC/TCR [34,35] and CD2/CD58 [36]). In
contrast, the adhesive complexes present in the peripheral
zone (e.g., the LFA-1/ICAM-1 complex) are significantly
larger in maximal extent, and this difference has led to the
suggestion that the compartmentalization observed in the
immunological synapse is the consequence of a mechanical
sorting mechanism based on relative molecular dimension
[37,38]. While this is an appealing hypothesis, it is based
on the assumption that intrinsic membrane proteins extend
perpendicular to the plasma membrane and ignores the pos-
sibility that a molecule of large extent can be accommodated
within the central zone by tilting with respect to the plasma
membrane, as was suggested in the model of C-cadherin in
the adherens junction (Fig. 2).

While the adhesive functions of ICAM and LFA-1 are
essential to synapse formation and T-cell function, engage-
ment of these molecules is also likely to play a direct sig-
naling role in T-cell activation and function. Recent studies
have shown that ICAM-1 binding is associated with LFA-1
clustering, enhanced actin polymerization, and F-actin
bundling within T cells [39]. Conversely, crosslinking of
ICAM-1 in lymphocytes stimulates calcium signaling and
PKC activity, which results in cytoskeletal rearrangements
associated with migration [40]. These observations indicate
a strong coupling between adhesive and signaling functions
and suggest that reciprocal bidirectional signaling may be
associated with ICAM/LFA-1 adhesive interactions (see, for
example, Lupher ez al. [41]).

As the localization of adhesive partners at cell-cell and
cell-ECM interfaces necessarily results in the localization
of cytoplasmically associated species, it is relevant to ask
whether situations exist in which adhesive functions are
fully uncoupled from signaling events. For instance, the
one-dimensional lattice observed in the CTLA-4/B7 crystal
structures exhibits considerable similarities to the adhesive
assembly formed by the cadherins (Fig. 2), and on this basis
it is tempting to suggest that costimulatory receptor-ligand
engagement might also provide adhesive interactions
required for efficient T-cell function. Although no data bear
directly on the adhesive properties of CTLA-4, recent studies
indicate that CD28 does not make any significant contri-
butions to the adhesive properties of naive T cells [37].

These results differ from earlier studies indicating that the
CD28/B7 interaction significantly enhanced adhesion.
However, these earlier studies utilized systems in which
either receptor or ligand was overexpressed [42,43], again
stressing the importance of accurately knowing the cell sur-
face densities of the binding partners in order to correctly
predict mechanism. These recent studies also indicated that
only ~30% of the CD28 molecules exhibited free lateral
diffusion in the plasma membrane [37], implying that only
a fraction of the total population may be available to bind
B7 at the immunological synapse. While no evidence
supports limited diffusional freedom as a general feature of
cell-surface proteins, these studies nonetheless stress the
potential importance of considering the “available” receptor
and ligand concentrations, as opposed to total cellular
concentrations.

Axon Guidance and Neural Development

The Eph family of receptor tyrosine kinases and their
associated ephrin ligands play a central role in neural develop-
ment by providing repulsive guidance cues that direct axonal
targeting. Specifically, a migrating growth cone expressing a
given Eph receptor will turn away from cells expressing
cognate ephrin ligands, as a result of the disassembly or
redistribution of filamentous actin networks at the leading
edge [44]. Two classes of ephrins are defined on the basis of
their mode of cell surface attachment. The ephrin A ligands
utilize a glycophosphatidylinositol (GPI) linkage for cell-
surface attachment and bind the EphA receptors, while
ephrinB ligands are transmembrane proteins that bind EphB
receptors.

Recent structural characterization of the ephrin-
B2/EphB2 receptor complex provides new insights into the
potential signaling mechanisms utilized (Fig. 5) [45]. This
structure provides details of the receptor-ligand binding site
and of a “circular” 2:2 receptor—ligand complex that is
thought to be relevant to signaling. The organization observed
in the crystal structure is consistent with ligand-induced
clustering of the EphB2 receptor, resulting in the trans-
autophosphorylation required for activation and subsequent
recruitment of signaling molecules, including src family
kinases and GTP-activating proteins (GAPS) [46].
Engagement also results in clustering of the ephrin ligand,
providing another example of bidirectional signaling, as
the cytoplasmic domain of ephrin-B2 is required for
normal angiogenesis and vascular morphogenesis [46].
Furthermore, consistent with the propensity to form higher
order oligomers, the crystal structure suggests the formation
of an extended two-dimensional signaling complex (super-
cluster) of receptors and ligands at the cell-cell interface
(in contrast to the one-dimensional array proposed for
the CTLA-4/B7 complexes), which might afford enhanced
signaling.

The proposed long-range organization suggests that, in
addition to a direct role in signaling, engagement of the Eph
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Figure 5 Structure of the ephrin-B2/EphB2 receptor complex. (A) Circular tetramer formed by the interaction of two
EphB2 receptors (green) with two ephrinB2 ligands (yellow) thought to represent the favored receptor-ligand organization
in vivo. Note that each ligand contacts two receptor molecules, but there are no ligand-ligand or receptor—receptor contacts.
(B) Crystal packing results in another tetramer (elliptical), in which an extensive interface is formed between two receptor
molecules. The physiological relevance of this binding interaction remains to be proven but may be consistent with the
propensity of Eph/ephrin molecules to form higher order oligomers. (C) A “layer” from the ephrin-B2/EphB2 receptor com-
plex crystal structure showing the long-range, two-dimensional ordered array formed by the combination of both the circular
(highlighted in red) and elliptical (highlighted in blue) tetramers. Such an organized network could potentially play roles in

signaling and/or adhesion.

receptor—ligand pairs may also provide essential adhesive
functions. The first evidence supporting this notion came
from the observation that ~17% of mice defective in ephrinAS
exhibit neural tube defects, which is not consistent with the
classical repulsive effects attributed to ephrin/Eph receptor
function [48]. These studies also revealed that the expres-
sion of splice variants of an ephrinAS receptor (i.e., EphA7)
which lack the intracellular kinase domain support direct
adhesive interactions with ephrinA5-expressing cells*®. This
provides yet another example of the close linkage between
signaling and adhesive interactions.

Conclusions

As illustrated, biology depends on a vast array of infor-
mation processing activities that are coordinated by diverse
cell-surface adhesion receptors and their cognate ligands.
Though these receptor—ligand pairs differ in chemical and
structural terms, there are common principles that must be
carefully considered in order to construct viable molecular
and atomic mechanisms for signaling. The engagement of
receptor—ligand pairs leads to an increase in their local den-
sity/concentration at cell-cell and cell-ECM interfaces, and
in many cases may support a natural coupling between sig-
naling and adhesive function. Of particular importance is the
quantitative understanding of both cell-surface oligomeric
state and the available concentration of receptor and ligand
on their cell surfaces, as they dictate the relative stoichiome-
tries and the type of signaling complexes that can be formed
at cell—cell and cell-ECM interfaces. Finally, as a general
cautionary note, while direct structural information, in the
form of X-ray and nuclear magnetic resonance (NMR)
structures, may provide enormous insights into function and
mechanism, in the absence of confirmatory biochemical
data great care should be exercised in extrapolating inter-
molecular contacts observed in crystal structures to physio-
logically relevant protein—protein interfaces.
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Introduction

The immunological synapse (IS) is a specialized cell—cell
junction between a thymus-derived lymphocyte (T cell) and
an antigen presenting cell (APC) [1,2]. Activation of T cells
is based on the interaction between T cell receptors (TCRs)
and major histocompatibility complex proteins that have
bound antigenic peptides (MHCp) [3,4]. Because the TCR
and MHCp are attached to the surface of the T cell and anti-
gen-presenting cell (APC), respectively, the initiation of
an immune response requires a molecular grasp between the
T cell and APC—a synapse. A current focus of research on
the IS is to determine how this supramolecular structure
contributes to T-cell sensitivity and the fidelity of the T-cell
response. Four areas in which the IS concept is contributing
to our understanding of T-cell activation are (1) coordination
of antigen recognition and T-cell migration, (2) role of the
cytoskeleton in T-cell activation, (3) mechanism of sensitive
antigen recognition by T cells, and (4) integration of the
adaptive and innate immune responses.

Migration and the Immunological Synapse

T-cell activation requires a sustained signal. The duration
of signaling required to initiate proliferation of T cells is a
minimum of 2 hr [5-7], but it may be much longer to achieve
appropriate helper T-cell differentiation [8]. T cells migrate
continually between the blood and the secondary lymphoid
tissues where they encounter APCs. In the absence of an
immune response, the T cell completes this cycle about once
a day. During the initiation of an immune response, the
T cells are held in the antigen-exposed lymph nodes or the
spleen for 2 to 3 days, and then effector cells are released

Handbook of Cell Signaling, Volume 1

after the third day. In vitro T-cell recognition of agonist
MHCp in the context of the adhesion molecule ICAM-1
delivers a stop signal to migrating T cells [9]. This stop sig-
nal is the first stage in forming an IS [2]. The signaling path-
ways required for the stop signal may include the adapter
protein ADAP [10,11]. The environment of the T-cell/APC
interaction regulates the stop signal. One example of this is
that APCs with agonist MHCp do not stop T cells in three-
dimensional collagen gels in vitro [12]. The mechanism of
this effect is not known but may involve chemokine gradi-
ents [13] or interactions with extracellular matrix that pre-
vent T-cell polarization toward the APCs. In lymph nodes,
however, T cells are not exposed to extracellular matrix,
which is sequestered in reticular fibers [14]. This non-
adhesive reticular scaffold is decorated with APCs and
defines corridors through which the T cells migrate. Based on
the lymph node environment and in vitro data, it is most likely
that the IS coordinates T-cell migration and the antigen-
recognition process to allow full activation of T cells by
small numbers of APCs that express the appropriate MHCp.
Having the APCs with agonist MHCp stop the T cell is more
efficient than the movement of the T cell from APC to APC
when the number of APCs with agonist MHCp is small
because the interactions with irrelevant APCs are minimized
in the former. This view is supported by in vivo data demon-
strating clustering of polarized T cells around dendritic cells
[15,16].

The Cytoskeleton and the Immunological Synapse

Our expectations about molecular interaction in the IS have
been shaped by early molecular definition of the molecules
involved in this process [17]. The complex of the LFA-1

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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with ICAM-1 (~48 nm) is larger than the complex of the
TCR with MHCp (~15 nm) by over threefold [18-20].
Therefore, the LFA-1/ICAM-1 and TCR/MHC interactions
segregate into different compartments within the contact
area [21]. This receptor segregation forms receptor aggre-
gates with the size and organization determined by the rigid-
ity of the membrane, the kinetics of the interactions, and the
degree of differences in molecular size of the participating
receptor-ligand pairs [22]. This immediate segregation may
be the initial trigger of receptor clustering and signaling in
the nascent IS [23]. These events happen in seconds and set
the stage for mature synapse formation.

The formation of the IS has been followed over time in
live T cells [2] and studied at specific time points in fixed
cell—cell conjugates [24]. The T cell forms an adhesion zone
with the antigen-presenting bilayer, which is then surrounded
by areas of close contact where TCR can reach the MHCp.
If the TCR engagement exceeds a threshold rate and level,
the T cell stops migrating and forms a ring of engaged TCR
at the periphery of the nascent IS (Fig. 1A). This pattern takes
about 30 sec to form and corresponds to the peak of TCR-
associated tyrosine phosphorylation and Ca** mobilization.
Within a few minutes, the sites of TCR engagement move
from the periphery of the contact area to the center of the
contact area to form the mature IS (Fig. 1B). During this time,
the disk-like region of LFA-1/ICAM-1 interaction appears
to give way to the centrally moving TCR, but the LFA-1/
ICAM-1 interactions maintain the contact area and evolve into
aring of ~5-um outer diameter (Fig. 1C). This last pattern can
be stable for hours. The central region of TCR engagement is
defined by Kupfer ef al. [24] as a central supramolecular acti-
vation cluster (¢cSMAC) and the ring of LFA-1 engagement

Seconds Minutes Hours
pSMAC: cSMAC:
LFA-1-ICAM-1 TCR-MHCp
talin PKC-q
ADAP? ADAP?

Figure 1 Development of the immunological synapse. Images are
based on fluorescence microscope images of T-cell interaction with agonist
MHC-peptide complexes (green) and ICAM-1 (red) in a supported planar
bilayer with a T cell. The accumulation of fluorescence represents interac-
tions in different time frames. Within seconds the T cell attaches to the
substrate using LFA-1/ICAM-1 interactions in the center based on TCR
signaling triggered at the periphery of the contact area (A). Over a period
of minutes, the engaged TCRs are translocated to the center of the contact
area (B). The final pattern with a central cluster of engaged TCR sur-
rounded by a ring of engaged LFA-1 is stable for hours (C). Molecular
markers for the cSMAC and pSMAC are indicated. For scale, the pPSMAC
is ~5 pm across. (Adapted from Grakoui, A. et al., Science, 285, 221-227,
1999.)

is defined as a peripheral supramolecular activation cluster
(pSMAC). The other defining marker for the cSMAC is pro-
tein kinase C-60, and an additional defining marker for the
PSMAC is the cytoskeletal protein talin. The adapter protein
ADAP links TCR signaling to LFA-1 activation so it may be
expected to span these structures, but its physical location in
the IS is not currently known. It is not clear if the same
TCRs move from the outside to the center or if new TCRs
are continually recruited. The interaction of the TCRs with
agonist MHC-peptide complexes has a short half life
(=5 sec) [25], and it is known that TCRs are degraded fol-
lowing effective engagement [26]. However, at some point
in IS formation the interaction of the TCRs and the
MHC-peptide complexes changes so they no longer dissoci-
ate. Thus, while serial engagement might dominate in the
nascent IS, parallel engagement of at least 50 TCRs is a char-
acteristic of the center of the mature IS. These observations
have emphasized the concept that biochemical reactions are
highly compartmentalized in the IS such that the location of
receptor and signaling molecules must be considered to
understand the biochemical basis of T-cell activation [27].
The formation of the synapse is highly active and
depends on an intact actin cytoskeleton. The formation of the
central cluster of TCR has a superficial similarity to antibody-
mediated capping in that it requires an intact actino—-myosin
cytoskeleton. A plausible model based on this similarity has
been proposed and initial results support some aspects of the
model [28]. However, the IS has many elements that are
completely absent in capping of cross-linked antigen recep-
tors. For example, capping is based on a network of bivalent
interactions on a cell surface that leads to extensive crosslink-
ing, whereas receptor aggregation in a cell-cell contact is
more likely to result from membrane fluctuations, receptor—
ligand size differences, and interaction kinetics. These com-
ponents have been incorporated in a physical model by
Chakraborty and colleagues [22]. The predictions of this
model are remarkably similar to the observations on the for-
mation of the IS. This more physical view is compatible with
an active role for the cortical cytoskeleton, because signaling-
induced changes in cytoskeletal dynamics in activated T cells
will profoundly regulate the Brownian bending movements
of the membrane that are required for movement of the recep-
tor interactions. This model could be described as a physical
and mathematical elaboration on the kinetic-segregation
model [23]. Thus, the early signals from the TCR that trig-
ger increased actin polymerization may induce the mem-
brane fluctuations that drive the maturation of the IS. Both
the capping and the kinetic-segregation models predict that
cytoskeletal dynamics are critical for IS formation.

The Role of Self MHCp in T-Cell Sensitivity to
Foreign MHCp

Any single TCR interacts with a degenerate spectrum of
MHCp. One way to study this spectrum is through altered
peptide ligands in which an agonist peptide is mutated and
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tested for biological activity: Null MHCp alone do not
activate T cells, and agonist MHCp, the model foreign
MHCp, induce full T-cell activation. Weak agonists induce
a subset of T-cell responses, and antagonists interfere with
T-cell responses to agonists. Approximately half of the
TCR/MHCp binding energy comes from the TCR contacts
with the MHC molecule [29]. Thus, the remaining peptides
can be further divided. Naught peptides actively interfere
with the TCR interactions and thus allow no interaction of
the TCRs with MHC, while null peptides are neutral and
allow the TCRs to interact with MHC. The interaction of
null MHCp is too fast to induce a response in mature T cells
[30]. Self MHCp that are agonists, weak agonists, or antag-
onists all induce apoptosis of immature T cells in vivo [30].
In contrast, null MHCp enhance positive selection. Thus,
most mature T cells face APCs that are loaded with a mix-
ture of null peptides (self). These mature T cells are trig-
gered by APCs bearing a few agonist/weak agonist MHCp
mixed with diverse null MHCp. Naive T cells respond to
approximately 300 agonist MHCp on APCs, while memory
T cells require only 50 agonist MHCp [31]. A single agonist
MHCp is sufficient to trigger cytotoxic T-cell killing [32].
How is the high sensitivity of immune recognition
achieved? Can a single agonist MHCp achieve T-cell activa-
tion, or do other MHCp promote this process? Wiilfing e? al.
tested the hypothesis that null (self) MHCp contribute to
T-cell activation through analysis of proliferation and for-
mation of the IS [33]. They demonstrated that null MHCp
with a lysine-to-alanine mutation at a key TCR contact con-
tributes to IS formation and T-cell activation triggered by
subthreshold amounts of agonist MHCp. It was demon-
strated that fluorescently labeled null MHCp were accumu-
lated in the center of the IS and synergized with trace levels
of agonist MHCp for T-cell activation. This was not true of all
null MHCp, as a similar peptide with a lysine-to-glutamate
mutation at the same TCR contact, most likely precluding
TCR approach to the MHCp, did not have this coagonist
activity. Therefore, the “null” classification of altered pep-
tide ligands can be divided into coagonists, which synergize
with agonist MHCp, and null peptides, which have no activ-
ity. Based on this result it can be proposed that agonist
MHCp do not have to go it alone; they may be substantially
helped by coagonist MHCp in the self peptide repertoire.
The degree of help may vary with the specific TCR and
MHC molecules and may have a role in autoimmune dis-
eases. Help from coagonist MHCp may account for the
remarkable sensitivity of T cells to agonist MHCp.

Integration of Adaptive and Innate Responses

The IS is not limited to adhesion molecules and
MHC-peptide complexes. The process of naive T-cell activa-
tion involves a system of checks and balances that are inte-
grated to make activation decisions. An important aspect of
this integration is that T cells test both the MHC—peptide com-
plex and the status of the innate immune response in the APC.

In response to evolutionarily conserved microbial products
such as lipopolysaccharide, the APC is activated. This
increases expression of a number of molecules including the
MHCp, adhesion molecules, and ligands for costimulatory
receptors. Ligands for costimulatory receptors include
CD80 and B7-DC (also know at PDL2) [34]. CD28 is the
receptor for CD80 and by binding CD80 it indirectly trans-
duces an innate immune system signal that can be integrated
with the TCR signal. CD28/CD80 interactions are very inef-
ficient due to the low density of CD28 and its low lateral
mobility on naive T cells [35]. Upon immunological synapse
formation CD28/CDS80 interactions are facilitated and
focused in the central region of the immunological synapse,
very close to the site of TCR engagement. However,
CD28/CDS80 interaction does not help the TCR/MHCp
interaction, which sets it apart from adhesion molecules
such as LFA-1 and CD2 [35]. This suggests a sequential
model for T-cell response to TCR and innate signals. The
formation of the IS corresponds to the antigen signal. It is
only when this signal is received that the T cell becomes
competent to receive the signal through CD28. This is the
first analysis of receptor interactions in adaptive—innate sig-
nal integration in the IS. It will be important to determine if
other secondary signals are dependent on IS formation.

Summary

In summary, the IS concept provides a number of insights
into the T-cell activation process. First, it provides a stop
signal that coordinates antigen recognition and T-cell migra-
tion. Second, the essential role of the actin cytoskeleton in
T-cell activation is related to the role of actin in IS forma-
tion. Third, the sensitivity of T cells to agonist MHCp is
related to the role of weakly interacting, but probably more
abundant, self MHCp in promoting IS formation. Finally,
the IS provides a framework for orderly integration of the
TCR and innate immune signals, such as in the case of
CD28/CD80 interaction.
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Introduction

Analogous to T cell receptors (TCRs) on the surface of T
lymphocytes, natural killer (NK) cells function through cell-
surface receptors (NCRs) that, unlike TCRs, can be any of a
diverse array of molecules, either immunoglobulin-like or
C-type lectin-like in structure. NCRs specific for classical
and nonclassical major histocompatibility complex (MHC)
class I proteins, expressed in complex patterns of inhibitory
and activating isoforms on overlapping but distinct subsets
of NK cells, play an important role in immunosurveillance
against cells that have reduced MHC class I expression as a
result of infection or transformation. Another NCR, NKG2D,
an activating NCR first identified on NK cells but subse-
quently found on macrophages and a variety of T-cell types,
is implicated in direct, antiviral, and antitumor immune
responses. Recent crystallographic analyses of NCRs and
NCR/ligand complexes reveal a range of recognition mech-
anisms that can be either similar to or quite distinct from
TCR-mediated events.

Immunoreceptors

Recognition events between o3 T cell receptors (TCRs),
expressed on the surface of T cells, and processed peptide
fragments of endogenous proteins, presented on target cell
surfaces as complexes with major histocompatibility com-
plex (MHC) class I proteins, ultimately mediate activation
of T-cell cytotoxic responses by the cellular arm of the
adaptive immune system [1]. MHC class I proteins are inte-
gral-membrane, heterodimeric proteins with ectodomains
consisting of a polymorphic heavy chain, comprising three
extracellular domains (o1, o2, and o3), associated with a
non-polymorphic light chain, B,-microglobulin (B,-m) [2].
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The a1 and a2 domains together comprise the peptide- and
TCR-binding “platform” domain; the a3 and ,-m domains
have C-type immunoglobulin (Ig) folds. Crystal structures
of TCR/MHC complexes show that the TCR variable domains
sit diagonally on the MHC platform domain, making contact
with the peptide and the MHC ol and o2 domains [3] (see
Fig. 1). Binding studies show that the dissociation constants
for these interactions range from one to tens of micromolar
(see Table 1). Analysis of the kinetics of binding suggest that
TCR/MHC binding is accompanied by a reduction in flexi-
bility at the receptor/ligand interface [4].

Natural Killer Cells

Surveillance against cells undergoing tumorigenesis
[5-9] or infection by viruses [10,11] or internal pathogens
[12,13] is provided by natural killer (NK) cells, components
of the innate immune system, thus helping to provide “cov-
ering fire” during the period that responses by the adaptive
immune system are gearing up [14]. NK cells also act to reg-
ulate innate and acquired immune responses through the
release of various immune modulators, chemokines, and
cytokines, such as tumor necrosis factor o, interferon v,
MIP-1, and RANTES. Unlike T cells, NK cells function
through a diverse array of cell-surface inhibitory and acti-
vating receptors.

Many NK cell surface receptors (NCRs) are specific
for classical (such as HLA-A, -B, and -C in humans) and
nonclassical (such as HLA-E in humans) MHC class I pro-
teins and occur in paired activating and inhibitory isoforms
[15-17]. Different NCRs, with different MHC class I speci-
ficities, are expressed on overlapping, but distinct, subsets of
NK cells in variegated patterns—where the strength of the
inhibitory signals may be stronger than stimulatory signals.

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 Schematic representations of structurally characterized NK
receptor—ligand complexes. Each row shows two views of a receptor—ligand
complex, first showing the organization of domains in the complex (recep-
tor domains in black, labeled where a distinction between domains is sig-
nificant; MHC class I ligand heavy chains in white and B,-m in vertical
stripes). The arrangement of domains in the ligands is detailed in the inset;
the approximate solvent-accessible surface area of the bound peptide, if
present, is shown as a cross-hatched area. The right-most columns show
approximate footprints of receptors and coreceptors on the ligands as black
patches, labeled by receptor component, subsite, or domain, as appropriate.

Thus, NK cell effector functions are regulated by integrating
signals across the array of stimulatory and inhibitory NCRs
engaged upon interaction with target cell surface NCR lig-
ands [16,17], resulting in the elimination of cells with reduced
MHC class I expression, a common consequence of infection
or transformation [18]. Other NCRs, such as human and murine
NKG2D, recognize divergent MHC class I homologs (ULBPs
[19], MICA, and MICB in humans [20], and RAE-1 and H60
in mice [21,22] not involved in conventional peptide antigen
presentation. Inhibitory receptors transduce signals through
recruitment of tyrosine phosphatases, such as SHP-1 and SHP-2,
and contain immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) in their cytoplasmic domains [23,24]. Activating recep-
tors associate with immunoreceptor tyrosine-based activation
motif ITAM)-bearing adaptor proteins, either DAP12 [25] or
DAPI10 [26,27], through a basic residue in their transmem-
brane domain.

Natural killer cell surface receptors can be divided into
two groups based on structural homologies [28,29]. The first
group includes the killer cell Ig receptors (KIRs) and consists
of type I transmembrane glycoproteins with ectodomains con-
taining tandem Ig domains. The second group, including the
rodent Ly49 receptor family and the CD94/NKG2 and
NKG2D receptor families found in primates and rodents, com-
prises homo- and heterodimeric type II transmembrane gly-
coproteins containing C-type lectin-like NK receptor domains
(NKDs) [30]. NCR/ligand dissociation constants range from
a hundred micromolar to tens of nanomolar (see Table 1). A
series of recent results from X-ray crystallographic analyses
detail the interactions for a number of NCR/ligand complexes.

Table I Immunoreceptor Affinities

Receptor Ligand Kp (uM) Ref.
TCR MHC class 1 1-90 4,36
NKG2A-CD9% HLA-E 11.23 37
KIR MHC class I ~10 38
huNKG2D MICA 0.3 34
muNKG2D H60 0.0189 39
muNKG2D RAE-10, B, v, & 0.345-0.726 39

Ig-Type NK Receptors: KIR

Two crystal structures of complexes between inhibitory
KIR family NCRs and their MHC class I ligands, KIR2DL2/
HLA-Cw3 [31] and KIR2DL1/HLA-Cw4 [32], show that
the receptor binds in a 1:1 complex with HLA-C, making con-
tact with both the ol and o2 platform domains and the
carboxy-terminal end of the bound peptide (see Fig. 1). (KIR
receptor nomenclature identifies the number of Ig domains
[2D(omains) or 3D, specific for HLA-C or HLA-B respec-
tively], and whether the receptor is a long [L] form, containing
ITIM repeats, or a short [S] form, interacting with ITAM-
containing adaptor proteins.) Both complexes have interfaces
showing both significant shape and charge complementarity,
with the N-terminal KIR domains interacting primarily with
the ool domains of HLA-C, the C-terminal KIR domains con-
tacting the 02 domains, and additional contacts provided by
the interdomain KIR linker peptides (the “elbow”). The kinet-
ics of binding, rapid on and off rates, are consistent with
interactions dominated by charge—charge interactions.

Despite a high degree of conservation of binding surface
residues between both KIR2DL2 and KIR2DLI1, and
HLA-Cw3 and -Cw4, few actual intermolecular interactions
are conserved. This recognition flexibility is accomplished
through altered side-chain conformations. KIR2D receptors
distinguish between HLA-C allotypes on the basis of the
residue at position 80; KIR2DLI1 recognizes lysine and
KIR2DL2 recognizes asparagine, and this specificity is con-
ferred by the identity of the residue at position 44 in the
receptor. In KIR2DL1, Lys80 is shape and charge matched
to a distinct pocket on the surface of the receptor; while Asn80
is sensed through a direct hydrogen bond in the KIR2DL2
complex.

C-Type Lectin-Like NK Receptors: Ly49A

Ly49A is a disulfide-linked, symmetric, homodimeric,
NKD-type NCR that is specific for the murine MHC class |
protein H-2D9 (the human ortholog is nonfunctional). The
crystal structure of the DY/Ly49A complex [33] shows D4
homodimers binding to two distinct sites on the MHC pro-
tein (see Fig. 1). The first binding site positions Ly49A on
the D4 platform domain, contacting both ol and 2 and the
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N-terminal end of the bound peptide—the opposite end
from where KIR2D binds. The second binding site positions
Ly49A in the cleft between the underside of the platform
domain (the top being the peptide and TCR binding surface),
the o3 domain and 3,-m. The second site is considerably
more extensive than the first site, though less shape comple-
mentary and less dominated by charge—charge interactions,
and is likely to be the immunologically relevant interaction on
the basis of subsequent mutagenesis studies. The second site
also overlaps the CDS binding site on MHC class I proteins. As
predicted, Ly49A clearly displays a C-type lectin-like fold,
though failing to retain any remnant of the divalent cation or
carbohydrate binding sites conserved in true C-type lectins.
While the simplest binding mode for a symmetric homodimer
is to interact with two monomeric ligands through two identi-
cal binding sites, each Ly49A interaction with DY is with a
single monomer because binding of ligand at one site steri-
cally blocks binding at the second, homodimer-related site.

C-Type Lectin-Like NK Receptors: NKG2D

NKG2D is an activating, symmetric, homodimeric,
NKD-type NCR. While highly conserved between primates
and rodents, its ligands include very different molecules,
both in humans and rodents. Crystal structures of two com-
plexes, human NKG2D/MICA [34] and murine NKG2D/
RAE-1 [35], show that NKG2D interacts with its MHC class I
homologous ligands in a manner very similar to the way in
which TCRs interact with classical MHC class I proteins
(see Fig. 1), even though NKG2D contains NKDs while
TCRs contain Ig domains. NKG2D retains the C-type lectin-
like fold seen in Ly49A, with few variations, although the
binding surface of NKG2D is much more curved than in
Ly49A, matching the more curved surface of its ligands (which
do not bind peptides), where the Ly49A and NKG2D binding
surfaces encompass overlapping surfaces on the receptors.
The interaction surfaces bury considerable solvent-accessible
surface area and are highly shape complementary, but the
human NKG2D/MICA interaction is markedly more so than
the murine NKG2D/RAE-1 interaction. The reason that the
human complex does not bind considerably more tightly
than the murine complex (see Table 1) is likely due to the
necessity of ordering a large loop on the surface of MICA
concurrent with complex formation, reflected in the unusu-
ally slow on-rate for the human complex. Unlike KIR and
Ly49A interactions at the first site, the NKG2D binding sites
are much less dominated by charge—charge interactions. The
stoichiometries of the NKG2D complexes are one homod-
imer binding to one monomeric ligand; however, unlike
Ly49A, both homodimer-related binding sites on NKG2D
contribute approximately equally to the interactions in both
complexes, reflecting a binding site that has evolved to bind
multiple target sites without the degree of side-change
rearrangements seen in the KIR interactions. It has also been
proposed that the NKG2D/MICA complex is likely a good
model for the CD94/NKG2A/HLA-E complex.
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Introduction

The recognition of extracellular and cell surface carbo-
hydrates by specific carbohydrate-binding proteins, or
lectins, is an important component of many biological
processes. Here, we review the main principles of protein—
carbohydrate recognition with particular reference to exam-
ples where structural data are available and signaling is
known to be important. In conclusion, we explore the sug-
gestion that carbohydrate-mediated interactions provide
unique cell-signaling mechanisms.

Biological Roles of Carbohydrate Recognition

Carbohydrates, in the form of oligosaccharides or glyco-
conjugates, are found on the cell surfaces and extracellular
proteins of virtually all living organisms. Although roles for
carbohydrates in endogenous physiological interactions had
long been suspected, it was not until the 1970s, with the dis-
covery of the hepatic asialoglycoprotein receptor and Man-
6-phosphate-mediated intracellular protein targeting, that
firm evidence for such roles began to emerge. Since then, a
number of animal lectin families have been identified [1,2]
and their functions, in processes ranging from protein fold-
ing and quality control to leukocyte homing, have been the
subject of considerable study.

The cloning of glycosyltransferases and the generation of
null-mutant mice have also provided further clear evidence

Handbook of Cell Signaling, Volume 1

of roles for endogenous carbohydrate recognition in the
development and functioning of the immune and nervous sys-
tems [3-5]. In addition, mutations affecting the elaboration of
complex carbohydrates are now known to be the basis for a
growing number of human diseases collectively known as
the congenital disorders of glycosylation (CDGs) [6]. The
discovery that aberrant glycosylation of dystroglycan results
in various forms of muscular dystrophy provides the most
recent example [7-9].

Perhaps most surprising has been the finding that carbo-
hydrates are also involved in the regulation of a number of
signaling pathways. Fringe, for example, is a 1,3 N-acetyl-
glucosaminyltransferase [10,11] whose action modulates
the interaction of the Notch receptor with its ligands, and
mutations in Brainiac, a glycolipid-specific f1,3 N-acetylglu-
cosaminyltransferase [12,13], effect oogenesis. Genetic stud-
ies have also shown that proteoglycans/glycosaminylglycans
play key roles in development, and, in Drosophila and
Caenorhabditis elegans, they have been shown to be involved
in regulating the fibroblast growth factor, Wnt, transforming
growth factor-P, and Hedgehog signaling pathways [14].

Carbohydrate Structure and Diversity

The structural diversity characteristic of the oligosaccha-
rides found in nature stem principally from three sources:
(1) a large number of monosaccharide types, (2) the
multiple ways in which the monosaccharides can be linked

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1  Structural representation of the sulfated sialyl Lewis x tetrasac-
charide, NeuAco2-3Galf1-4[Fucol-3](6-sulfo)GlcNAc. NeuAc, Gal,
GlcNAc, and Fuc label the monosaccharide moieties N-acetylneuraminic
acid, galactose, N-acetylglucosamine, and fucose, respectively.

together, and (3) the fact that oligosaccharides can be further
modified chemically (e.g., sulfate, phosphate, and acetyl). The
basic themes are illustrated in Fig. 1, which shows the struc-
ture of sulfated sialy Lewis X, a tetrasaccharide important in
selectin-mediated recognition. Because most monosaccharides
have more than one hydroxyl group available for glycosidic
bond formation, oligosaccharides, unlike their peptide coun-
terparts, can form branched structures. The oligosaccharide
structures linked to lipid or to protein, through Ser/Thr
(O-linked) or Asn (N-linked), typically contain between 1 and
20 monosaccharide moieties and may be branched or linear.
The much longer linear glycosaminylglycans, either in iso-
lation or as the oligosaccharide chains of proteoglycans, are
found on cell surfaces and in the extracellular matrix.

In vivo, oligosaccharides are synthesized by glycosyl-
transferases, each of which typically has a unique donor,
acceptor, and linkage specificity. As such, a very large number
of glycosyltransferases and related enzymes are required to
generate the oligosaccharide diversity seen in nature.
Although the basis for this diversity is not fully understood,
general themes are beginning to emerge. The so-called ter-
minal elaborations (e.g., sialic acid, galactose, and sulfate)
typical of the N-linked oligosaccharides of multicellular
organisms, for example, seem to have appeared as part of
the machinery required to mediate cell-cell and cell-matrix
interactions [15]. In addition, it seems likely that oligosac-
charide diversity has also been driven by evolutionary
pressures arising from the need to differentiate self from
nonself [16].

Lectins and Carbohydrate Recognition

Carbohydrate-binding proteins or lectins, like their sac-
charide counterparts, are also found in organisms ranging
from microbes to humans [1]. The canonical carbohydrate
recognition domain (CRD), characteristic of a given lectin
type, can be found either in isolation or in conjunction with
other protein domains, including coiled-coil domains and
membrane-spanning motifs. Although many of the known
CRD types are completely unrelated at the protein structural
level [17-19], they can be grouped into two broad classes [20].
The type I CRDs are typified by the bacterial carbohydrate

transporters and are characterized by deep carbohydrate-
binding sites that essentially envelop their small saccharide
ligands. In type II CRDs, the carbohydrate-binding sites are
more shallow in nature and the saccharide remains relatively
exposed to solvent, even when bound to the CRD. As a result,
the dissociation constants (K,) for small mono- or disaccha-
rides can approach 0.1 uM for the type I CRDs, while the
type II CRDs tend to bind small saccharides with K, in the
range of 0.1 to 1.0 mM.

Despite their relatively weak affinities for small saccharides,
type II CRDs often show a strict mono- or disaccharide
binding specificity. From a structural standpoint, this is
achieved by a complementarity of fit between the CRD and
the saccharide moiety which includes both hydrogen bond
and van der Waals interactions. The structural and thermo-
dynamic basis for this specificity has, in fact, been well
studied and reviewed in detail elsewhere [17-23].

Given that the type II CRDs bind small saccharides relatively
weakly, most of these lectin types have employed multivalency
as a means of conferring additional affinity and specificity on
their binding interactions with larger oligosaccharides [17].
In addition to the monosaccharide in the primary site, the
CRD may possess subsites for interaction with other mono-
saccharides of the oligosaccharide. Alternately, many lectins
cluster their CRDs as a means of making multivalent interac-
tions with larger oligosaccharides or other extended structures
such as cell surfaces. Members of the C-type lectin family, for
example, are known to form monomers, trimers, tetramers,
pentamers, and hexamers, as well as higher order oligomers,
and in some cases a single polypeptide chain will possess
more than one canonical CRD.

Carbohydrate-Mediated Signaling

Lectins as Receptors

Most of the current evidence for the biological roles of
complex carbohydrates comes from systems where they act
as ligands for membrane-bound receptors that are lectins.
Typically, these receptors have one or more extracellular
CRDs, a single transmembrane-spanning region, and a rela-
tively short cytosolic tail. In most cases, they are probably
activated by receptor cross-linking mechanisms.

L-, P-, and E-selectin are cell-surface, C-type lectins
responsible for leukocyte homing [24]. Unlike other members
of the family, they do not possess a monosaccharide binding
specificity. They require at least a tetrasaccharide, sialyl
Lewis x (Fig. 1) for binding, and specific sulfation further
enhances binding to L- and P-selectin [25]. The crystal struc-
tures of P- and E-selectin, in complex with oligosaccharide/
glycopeptide ligands, have shown the importance of electro-
statics in these interactions, a factor thought to be important
in the rapid binding kinetics required for leukocyte rolling
[26]. Moreover, the structures have provided a rationaliza-
tion for the specificity differences that ensure that lympho-
cytes target to lymph nodes and neutrophils reach sites
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of inflammation. Although the selectins are not known to
form oligomers, E-selectin-mediated clustering at contact
points between interacting cells has been shown to activate
the ERK1/2 signaling pathway [27].

DC-SIGN and DC-SIGNR are also C-type lectins, but in this
case they are involved in dendritic cell/T-cell interactions [28],
as well as the promotion of HIV-1 infection [29]. These
lectins possess a mannose-binding specificity, but in addi-
tion show a marked increase in affinity for high mannose
oligosaccharides [30]. The crystal structures of their CRDs
in complex with a mannopentasaccharide show that the
increased affinity arises from a further set of interactions in
addition to those made with the mannose in the primary
binding site [31]. Because these lectins also possess a-helical
tetramerization domains, it seems likely that they would be
capable of making high-affinity interactions with ICAM-3
and HIV gp120, two of their natural ligands. In fact, it has
been suggested that the cross-linking of DC-SIGN
tetramers, by the highly multivalent high mannose oligosac-
charide containing HIV virus, provides the signal required
to promote transport of HIV from the periphery to the
T-cell-containing lymph nodes [29].

The hepatic asialoglycoprotein receptor, a member of the
C-type lectin family, provides a well-characterized example
of the interplay between structure, specificity, and receptor
cross-linking. Although an isolated CRD of this receptor binds
galactose with a K, in the millimolar concentration range, the
cell-surface form of the receptor can bind the appropriate
triantennary N-linked oligosaccharide with nanomolar affin-
ity. Cross-linking studies have shown that the HL-1 subunit
forms trimers on the cell surface and that recruitment of an
additional HL-2 subunit(s) generates the high-affinity recep-
tor. The galactose terminii of the triantennary oligosaccha-
rides (separated by 15 to 25 A) are found to interact with
both the HL-1 and HL-2 subunits [32]. Linking receptor speci-
ficity to receptor cross-linking in this way may be important
for both receptor uptake and signal transduction [33].

The targeting of lysosomal enzymes is also dependent on
receptor-mediated endocytosis. In this case, the cation-
dependent mannose 6-phosphate receptor (CD-MPR) and
the insulin-like growth factor Il/cation-independent man-
nose 6-phosphate receptor (IGF-II/CI-MPR) specifically
recognize the mannose-6-phosphate moiety on acid hydro-
lases destined for lysosomes [34]. Again, multivalency is
important; CD-MPR binds mannose 6-phosphate with a dis-
sociation constant in the micromolar concentration range,
while the dimeric receptor binds tetrameric B-glucuronidase
with nanomolar affinity. Both dimeric and tetrameric forms
of the receptor are found in the Golgi membrane, and, based
on the crystal structure of the dimeric CD-MPR, a model for
its high-affinity interaction with B-glucuronidase has been
proposed [35]. The IGF-II/CI-MPR receptor contains two
canonical CRDs presumably capable of promoting high-
affinity interactions with multivalent lysosomal enzymes,
and together with CD-MPR these receptors are responsible
for targeting over 50 structurally distinct lysosomal
enzymes. Dimerization of the IGF-II/CI-MPR receptor by

B-glucuronidase binding increases receptor internalization
at the cell surface [36].

The siglecs are a family of sialic acid binding lectins whose
canonical CRD is a member of the immunoglobulin (Ig)
superfamily. They are particularly important in the immune
system, where they function in processes ranging from leuko-
cyte adhesion to hemopoiesis [37]. Members of the family
show specificity differences for o2,3- versus 02,6-linked
sialic acids, as well as for sialic acids modified with respect
to O-acetylation. The crystal structure of the CRD of siaload-
hesin in complex with 3’ sialylactose shows that interactions
with the bound oligosaccharide are mediated primarily with
the terminal sialic acid moiety [38]. Of particular interest are
the roles played by cis interactions. CD22 (Siglec-2), for
example, is a B-cell-specific receptor which, through inter-
action with 2,6-linked sialic acid containing glycoproteins
on its own cell surface, inhibits B-cell receptor signaling.
This stable inhibition can be broken by the addition of exter-
nal competing saccharide and in vivo may be controlled by
the regulation of sialytransferases and/or sialidase expression
levels [39]. The cloning of several CD33-related receptors
expressed on myeloid cell progenitors suggests new insight
into the significance of their sialic acid binding properties. In
all cases, these receptors possess cytoplasmic immunorecep-
tor tyrosine-based inhibitory motifs (ITIMs), elements now
known to be hallmarks of inhibitory receptors central to the
initiation, amplification, and termination of immune
responses [40]. Through interactions with sialic acid con-
taining self determinants, these receptors may play roles in
the control of innate immunity [41].

Serum mannose binding protein (MBP), a component of
the vertebrate innate immune system, is also a C-type lectin.
Although not membrane bound, it signals activation of the
complement cascade though a conformational change initi-
ated by binding the cell surface of a foreign pathogen [42].
Like the asialoglycoprotein receptor, the CRD of MBP also
recognizes only a terminal monosaccharide moiety, in this
case mannose. The CRDs are also found to form trimers;
however, in MBP they are mediated by long, triple-helical,
coiled-coil domains that in addition promote the formation
of trimer clusters containing 18 CRDs in total [43]. The
crystal structures of truncated forms of the trimer show that
the mannose binding sites are separated by 45 and 53 A,
respectively, in human [44] and rat [45] MBP. Thus, unlike
the asialoglycoprotein receptor, which is designed to recog-
nized the closely spaced galactose determinants of a single
N-linked oligosaccharide, MBP is designed to bind the
widely spaced mannose determinants typical of the cell sur-
faces of pathogenic microorganisms [46].

Glycoproteins as Receptors

It has long been known that certain multivalent, soluble
plant lectins (e.g., PHA and Con A) can induce mitosis in
lymphocytes and oxidative burst in neutrophils. The mecha-
nism for initiation of these signals has generally been assumed
to result from the cross-linking of cell-surface glycoproteins.
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More recently, soluble animal lectins of the galectin type
have also been found to induce a variety of signals, including,
among others, apoptosis, oxidative burst, cytokine release,
and chemotaxis in immune cells [47]. In structural terms, the
galectins are either dimeric or contain more than one CRD
on a single polypeptide chain and as such they are capable of
cross-linking receptors [48]. Recent studies aimed at under-
standing T-cell homeostasis have suggested that CD45, CD43,
CD7 [49], and the TCR—CD3 complex [50] are physiologi-
cally relevant cell-surface receptors for galectins-1 and -3,
respectively.

Glycolipids as Receptors

The role of glycolipids as receptors for microbial lectins
has been well studied. Bacterial AB toxins possess a pen-
tameric arrangement of B-subunit lectins which, through mul-
tivalent interactions, promote high-affinity binding with host
cell-surface gangliosides [51]. In the case of cholera toxin,
binding to Gy, on the cell surface is followed by retrograde
transport and translocation across the ER membrane [52].
Once in the cytosol, the Al fragment of the A subunit catalyzes
the ADP ribosylation of the heterotrimeric Gos protein,
leading to the characteristic chloride and water efflux. In
what is a fundamentally different type of interaction, the
lectin subunits of the Escherichia coli P-fimbriae bind gly-
colipids in uroepithelial cells leading to ceramide release,
activation of ceramide signaling pathways, and ultimately
cytokine release through a process that also appears to involve
activation of the TLR-4 receptor pathway [53-55]. Although
not yet fully characterized, the interactions of glycosphin-
golipids with various adhesion and signaling receptors found
in cell-surface microdomains are being found to mediate
signaling events important in cell—cell interactions [56].

Proteoglycans and Glycosaminoglycans

Proteoglycans contain long linear oligosaccharide chains
(glycosaminoglycans) made up of disaccharide repeats
containing acidic monosaccharides and variable degrees of
sulfation. They are found at the cell surface and in the extra-
cellular matrix, where they interact with a wide variety of
molecules, including, among others, signaling receptors,
growth factors, chemokines, and various enzymes [57-59].
In the well-characterized fibroblast growth factor (FGF)—
fibroblast growth factor receptor (FGFR) interaction,
heparin/heparan sulfate serves as coreceptor. Two recent
crystal structures of ternary complexes have begun to shed
light on how the intrinsically multivalent oligosaccharide
serves to promote receptor cross-linking in this system
[60,61]. Recent evidence from studies on hepatocyte growth
factor/scatter factor suggests that heparan and dermatan sul-
fate binding serves to promote a conformational change in
the growth factor that promotes receptor binding [62]. In
some cases, specific sulfation patterns appear to be impor-
tant determinants of specificity [58,63]. The syndecans
are cell-surface proteoglycans whose core proteins contain

cytoplasmic signaling motifs. They have been implicated in
the formation of focal adhesions, where interactions with
heparin binding domains and other receptors are proposed to
lead to adhesion, cross-linking, and signal transduction [64].

Small Soluble Saccharides

Small nutrient saccharides are often sensed by the receiv-
ing cells after entry through a transporter. In mammals, for
example, glucose is sensed by an alteration in the adenosine
triphosphate (ATP)/adenosine diphosphate (ADP) ratio result-
ing from glucokinase-initiated glucose metabolism. In
microbes, small saccharides are often sensed by specific,
non-enzyme cytosolic binding proteins that in turn regulate
gene expression (e.g., the Lac-repressor of E. coli). In plants,
nutrient sugars are also known to be important mediators of
signal transduction [65], and the recognition of small solu-
ble oligosaccharides by membrane and cytoplasmic recep-
tors is important in plant host defense [66]. Although these
examples are beyond the scope of this review, it is worth
noting that these carbohydrate-mediated signaling mecha-
nisms may be operative in systems yet to be characterized.

Carbohydrates and Lectins in the
Nucleocytosolic Compartment

The O-linked glycosylation of serine and threonine residues
of nuclear and cytoplasmic proteins by N-acetylglucosamine
(O-GlcNACc) is involved in signal transduction in multicellu-
lar organisms [67]. This dynamic modification occurs at sites
of protein phosphorylation and may serve to transiently block
sites of phosphorylation. Although its roles are not yet fully
characterized, O-GlcNAc has been found to modulate a wide
range of cellular functions, including transcription, transla-
tion, nuclear transport, and cytoskeletal assembly [68].

Galectins are also cytosolic and nuclear proteins, but they
are not known to bind carbohydrates in these compartments;
however, galectins 1 and 3 have been implicated in pre-mRNA
splicing, a process inhibited by oligosaccharide binding [69].
The galectins are also secreted from the cytoplasm (by non-
classical pathways), and it is at the cell surface that they perform
the carbohydrate-mediated processes discussed previously.

For the sake of completeness it is worth noting that well-
known second messengers such as cyclic AMP, GDP, GTP,
etc. are ribose-containing glycoconjugates and that even more
complex saccharide second messengers may be operative in
insulin signaling [70].

Conclusions

The interactions between lectins and carbohydrates are
relatively weak in nature and, as such, carbohydrate-mediated
interactions may play important roles where weak interac-
tions are required—the leukocyte rolling phenomenon perhaps
providing a good example. In many cases, however, type 11
lectins have employed multivalency as a means of conferring
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increased affinity and specificity on their binding interactions.
The structures of the asialglycoprotein receptor and MBP
provide important examples of this principle. Because recep-
tor cross-linking or clustering is a natural outcome of such
multivalent interactions, it is clear that lectin—oligosaccharide
interactions are inherently well suited to mediating signal
transduction by the so-called horizontal mechanisms. In con-
trast, the higher affinity type-I lectins, typified by the bacte-
rial transport/chemosensory receptors, appear to employ a
mechanism more akin to vertical signaling where ligand-
induced conformational changes in the receptor lead to signal
transduction [71]. Interestingly, the affinity of these recep-
tors for their carbohydrate ligands is close to the minimum
affinity (K;~107® M) thought to be required for vertical sig-
naling though 7TM receptors.

Although similar in some ways, it is clear that protein—
carbohydrate interactions differ from protein—protein inter-
actions in ways that might confer on them unique signaling
roles or properties. Because glycosylation is a posttransla-
tion modification capable of modifying any molecule with
the appropriate acceptor, the subsequent recognition of car-
bohydrate determinants differs fundamentally from that
involving specific protein—protein interactions. The galectins
and siglecs, for example, bind 3-galactosides and sialic-acid-
containing ligands, respectively, and either of them might be
expected to interact with more than one receptor type. As
such, carbohydrate-mediated interactions may enable the acti-
vation of multiple signaling pathways or networks, as described
by Bhalla and Iyengar [72]. Alternately, if carbohydrate-
mediated interactions lead to heterogeneous cross-linked
receptor arrays, this might result in spatial/geometric associ-
ations, where the triggering of one receptor type leads to the
activation of another [73,74]. Brewer and colleagues [75]
have also provided evidence for the ability of multivalent
lectins to form homogeneous cross-linked arrays or lattices,
even in the presence of competing ligands. In fact, in recent
in vivo studies they have shown that galectin-1-induced
apoptosis is accompanied by the redistribution and segregation
of CD45 and CD43 on T-cell surfaces. Galectin-3-mediated
cross-linked arrays have also been recently invoked in a
model for T-cell receptor activation [50]. In a similar vein, it
seems likely that the highly multivalent proteoglycans provide
scaffolds upon which interacting molecules can be assembled
and organized.

In addition to the potential for triggering signaling
events, the formation of carbohydrate-mediated cross-linked
arrays may also be important in receptor turnover, one way
in which signaling events are modulated [76]. In fact, evi-
dence already exists for the ability of galectin-3 to both
accelerate [77] and retard the turnover of cell surface recep-
tors (J. Dennis, personal communication). In what might be
a variation on this theme, the priming of neutrophil leuko-
cytes with lipopolysaccharide (LPS) leads to galectin
responsiveness by inducing the transfer of receptor contain-
ing vesicles to the cell surface [78,79].

Our knowledge of lectin and glycoprotein structures
shows that multivalent interactions are a recurring theme.

Many lectins are oligomeric and/or membrane bound, and
many glycoproteins (and certainly proteoglycans) possess
multiple glycosylation sites. Their inherent ability to medi-
ate cross-links make it certain that new examples of signal-
ing roles will follow from the study of these complex and
diverse molecules.
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CHAPTER 16

Rhinovirus-Receptor
Interactions
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The attachment of a virus to specific cell-surface recep-
tors is a key event in the life cycle of animal viruses. It
determines the host range and tropism of infection and initi-
ates delivery of the genome into the cell. Once bound to a
receptor, the non-enveloped viruses such as the rhinoviruses
must then transfer their genome directly across a membrane
into the cytoplasm for reproduction [1].

Human rhinoviruses (HRVs) are a major cause of the
common cold. They are small, icosahedral viruses, 300 Ain
diameter, and belong to the Picornaviridae family, which
includes Rhinovirus, Aphthovirus, Enterovirus, Cardiovirus,
etc. Their capsid is composed of 60 copies each of four viral
coat proteins, VP1, VP2, VP3, and VP4, on a T=1 (or pseudo
T=3) icosahedral lattice [2]. The three major capsid proteins
VP1, VP2, and VP3 all have the same basic eight-stranded
B-barrel fold and a molecular weight of around 30 kDa. VP4
is a small protein located inside the capsid. The capsid encloses
a single positive RNA strand of about 7000 bases. The HRV
capsid has a star-shaped dome on each of the five-fold axes
surrounded by a shallow depression or “canyon” and a trian-
gular plateau centered on each three-fold axes and around
each five-fold axes (Fig. 1).

A distinctive feature of VP1 is that it has a “pocket” or
hollow within the 3-barrel that is accessible from the exterior
of the capsid. This hydrophobic pocket located at the base of
the canyon is frequently occupied by a natural pocket factor,
a fatty-acid-like molecule. This pocket factor is believed to
stabilize the virus during its spread from cell to cell [3].

With one exception, HRVs are classified into a major group
and a minor group based on their specificity for cell recep-
tors (Fig. 2). The major group HRVs bind to the intercellu-
lar adhesion molecule-1 (ICAM-1) [4], which belongs to the
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immunoglobulin superfamily. [CAM-1 plays an important role
in cell—cell interactions and contains five immunoglobulin-
like domains. The minor group HRVs bind to members of
the low-density lipoprotein receptor (LDL-R) family [5,6],
which internalize LDL particles but also mediate the trans-
port of macromolecules into cells by receptor-mediated
endocytosis (Fig. 3). The ligand-binding amino terminus of
the LDL receptors all contain various numbers of imperfect
repeats of approximately 40 amino acids. These rigid ligand-
binding domains are linked by four to five amino acids which
confer some flexibility. Both ICAM-1 and the LDL recep-
tors appear to bind their ligands by electrostatic interactions.
HRVS87 alone uses an unidentified sialoprotein as receptor
[7] for which the receptor site is unknown. The major group
HRV89 has the capacity to evolve under the pressure of pas-
sage in vitro to use an alternative receptor and even to infect
cells devoid of its normal ICAM-1 receptor [8].

There is a remarkable difference in the location and acces-
sibility of the receptor sites of the two groups of HRV. The
major group HRV receptor site lies at the base of a depres-
sion or canyon around each five-fold axis [9] (Figs. 1 and 4).
In contrast, the minor group HRV receptor binds to the star-
shaped dome on the five-fold axis [10] (Figs. 1 and 4). The
canyon hypothesis [1] proposed that the major group HRVs
protect their receptor sites from immune surveillance by
effectively hiding their receptor sites at the base of the canyon.
The antibodies, being much larger than the ICAM-1 receptor,
were supposed to be unable to reach the base of the narrow
canyon. However, it was later shown that key viral amino acid
residues involved in binding ICAM-1 are also accessible to
antibodies [11]. Effectively, the receptor binding site is indeed
accessible to antibodies but is flanked by residues capable of

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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HRV14-Type 1ICAM-1 HRV16-Type 1 ICAM-1

Figure 1 Surface views of the reconstructed cryo-electron microscopy
maps of (A) the minor group HRV2 and (B) the complex of HRV2 and a sol-
uble fragment of the VLDL receptor where a “crown” of receptor molecules
is seen on each five-fold axis. The icosahedral axes of one asymmetric unit
are indicated in (A). Similar views show the major group HRV14 (C) and
HRV16 (D) complexed with a soluble fragment of ICAM-1. All recon-
structions are viewed down a two-fold axis. (Figures 1A and B are adapted
from Hewat, E. A. et al., EMBO J., 19, 6317-6325, 2000; Figs. 1C and D
are reproduced from Kolatkar, P. R. et al., EMBO J. 18, 6249-6259, 1999.
With permission.)

mutating to give a viable virus that escapes immune surveil-
lance [12]. This is an interesting example of a highly plausible
hypothesis that is not quite correct.

Binding of ICAM-1 to major group HRVs, such asHRV 14,
initiates rapid uncoating at physiologic temperature without
the need of any cellular machinery [13]. In contrast, binding of
LDL receptors to minor group HRVs, such as HRV2, does not
directly catalyze decapsidation [5], and the subsequent inter-
nalization into acidic endosomal compartments is required for
the transfer of the viral RNA into the cytosol [14] (Fig. 3).

The difference in the stability of the virus—receptor com-
plexes and in the receptor binding sites of the major and
minor group HRVs correlate with differences in their
uncoating mechanisms. Rossmann and colleagues [9] have

rOQOV@®
J)|

VLDL-receptor

Figure 2 Schematic representation of the two proteins known to act as
rhinovirus receptors. ICAM-1 contains five immunoglobulin-like domains
and attaches to the major group HRVs by the N-terminal domain depicted
in black. The ligand-binding amino terminus of the VLDL receptor (one of
the LDL receptor family) contains eight imperfect repeats; two of these
repeats bind to the minor group HRV2.
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Figure 3 Schemas for attachment of soluble receptors to major and minor group HRVs and for the infection of cells by HRV.
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Figure 4 Schematic representation of the two step binding mechanism
between ICAM-1 and the major group HRVs proposed by Kolatkar et al.
[9]. See the text for a description of the first step shown in (A) and the sec-
ond step in (B). Only two of the five ICAM-1 domains are shown. Part (C)
shows how the VLDL receptor attaches to the minor group HRV2. Only
three of the VLDL-R domains are shown. (Figures 4A and B are repro-
duced from Kolatkar, P. R. et al., EMBO J., 18, 6249-6259, 1999; Fig. 4C
is adapted from Hewat, E. A. et al., EMBO J., 19, 6317-6325, 2000. With
permission.)

proposed that ICAM-1 binds to the major group HRVs in a
two-step process, as shown in Fig. 4. In the first step, [CAM-
1 binds essentially to the base and one side of the canyon in
the conformation as observed in cryo-electron microscopy
reconstructions. The second step would then consist of
expulsion of the natural pocket factor, as the ICAM-1 mole-
cule binds to the other side of the canyon. This would induce

the VP1 to flex at the canyon, moving away from the
five-fold axis and thus opening the pentameric vertex. Because
the binding site of the HRV2 receptor lies entirely on the
dome on the five-fold axis and does not overlap the canyon
or the pocket in the canyon at all, the mechanism must be
quite different. The binding of VLDL-R to HRV2 as seen by
cryo-electron microscopy is probably also the first step in a
two step process [10]. The first step of receptor binding sim-
ply ensures that the HRVs are anchored to the membrane.
The second step (i.e., expulsion of the pocket factor and
flexing of VP1 to open a passage for the exit of the molecule
of RNA) is then triggered by the low pH (5.6) in the endo-
some (Fig. 4). It is generally believed that the RNA exits
along one of the five-fold axes. As the capsid opens, the VP4
and the N-terminus of VPI are externalized. It has been
hypothesized that both VP4 and the N-terminus of VP1 are
inserted into the membrane in order to facilitate passage of
the RNA across the membrane [1].

Antiviral compounds, such as the “WIN compounds” pro-
duced by the former Sterling Winthrop Research Institute,
bind in the VP1 pocket. In many major group viruses, this
induces a deformation of the canyon which causes a loss of
receptor binding. It also stabilizes the capsid; however, in
minor group viruses these antivirals do not affect receptor
binding [15], and their antiviral effect is based on their sta-
bilizing effect only. This behavior is in accord with the fact
that the binding site of LDL-R on minor group viruses does
not overlap the pocket at the base of the canyon.
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CHAPTER 17

HIV-1 Receptor Interactions

Peter D. Kwong
Vaccine Research Center, NIAID,
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Bethesda, Maryland

Viral recognition of host receptors forms a special subset
of molecular recognition. Unusual properties arise from the
exceptional constraints that viruses encounter during infection.
Although each virus is unique, examination of the human
immunodeficiency virus type 1 (HIV-1) illustrates some of
these special viral features.

Molecular Interactions

Human immunodeficiency virus type 1 is an enveloped
retrovirus that infects CD4* T lymphocytes [1,2]. T lympho-
cytes are mobile and, once infected, live only a few days [3].
Thus, HIV must not only find the proper cell, but it must do
so repeatedly over the hundreds of cycles of lymphocyte
turnover that typify its persistent infection. The combined
function of finding host cells and of properly initiating the
viral fusion machinery is accomplished by the HIV-1 gp120
exterior envelope glycoprotein (reviewed by Wyatt and
Sodroski [4]). The gp120 glycoprotein is initially synthesized
as part of a trimeric gp160 glycoprotein, which is cleaved by
cellular proteases into gp120 (N-terminal portion, roughly
500 amino acids, highly glycosylated) and gp41 (C-terminal
portion, roughly 350 amino acids, transmembrane spanning)
components. Noncovalent interactions keep this trimer of het-
erodimers associated as the biologically active viral spike.

The gp120 glycoprotein binds to the N-terminal membrane
distal domain of the cellular CD4 receptor [5-8]. This interac-
tion triggers conformational changes in gpl20 that induce
the formation of a binding site for the coreceptor, a member of
the chemokine receptor family, either CCRS5 or CXCR4 [9,10].
Binding by coreceptor initiates additional conformational
changes that trigger the gp41 fusion machinery, leading to a
fusion of the viral and cellular membranes and entry of the
HIV-1 genome into the host cytoplasm (Fig. 1).

Handbook of Cell Signaling, Volume 1

Although the small size of the virion (approximately
1000 A in diameter) enhances diffusion, HIV virions are
cleared rapidly from serum, and HIV gp120 employs several
means to enhance receptor encounters. First, nonspecific
electrostatic interactions generate binding to cell-surface
polyanions such as heparin sulfate [11,12]. This electrostatic
adhesion allows two-dimensional cell-surface scanning,
enhancing the probability of gp120/cell-surface CD4 encoun-
ters. Second, it abducts innate immune responses on dendritic
cells to promote infection in trans [13]. The gp120 glycopro-
tein displays high mannose N-linked glycans that bind to
DC-SIGN and other dendritic cell receptors [14]. These recep-
tors are used in innate immunity to scavenge for microbial
invaders and to activate immune recognition, but binding to
HIV gp120 results in the efficient presentation of the virus to
suitable target cells (reviewed by Pohlmann ef al. [15]).

These molecular interactions highlight several unique fea-
tures of viral interactions. First, the ingenious manner by which
the virus usurps host systems, with a redundancy of mecha-
nisms to ensure viral propagation. Second, virions are not meta-
bolically active, which has several diverse implications: highly
specific recognition must occur without metabolic activation or
proofreading; viral motion is propelled solely by Brownian
forces; and large thermodynamic barriers (such as membrane
fusion) must be overcome by using only energy stored in folded
proteins. Third, HIV viral proteins function under severe con-
straints on genome size. The entire HIV genome is only 10
kilobase-pairs. These genome constraints are reflected at the
DNA level by overlapping reading frames. On the protein level,
they lead to a condensed multifunctionality. While eukaryotic
recognition often involves a number of different proteins, each
performing a specific task, the entire HIV recognition and entry
procedure is accomplished with only two proteins. Multiple
functionalities are encoded by different subunits as well as by
different conformational states of the same polypeptide (Fig. 1).

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 Molecular interactions and conformational states of the HIV-1 envelope glycoproteins. The top panel of figures illustrates the
molecular interactions of the HIV-1 envelope glycoproteins. In the leftmost figure, a schematic of the biologically active viral spike is depicted,
with gp120 molecules attached to the gp41 ectodomain. The subsequent figures diagram binding of CD4, followed by co-receptor (gray ovals),
which initiates the gp41 fusion machinery: the N-terminal fusion peptide of gp41 is thrown into the target cell, and dramatic refolding of gp41
results in a final coiled-coil structure, with gp41 N- and C-ectodomain termini proximal. (For clarity, only the gp41 ectodomain is depicted.
Thus the gp41 “C” corresponds to the membrane proximal portion of the gp41 ectodomain.) The boxed panel of figures illustrates these
changes in the context of a single gp120 protomer. The leftmost figure shows the quiescent gp120. Basic surfaces (++) and high mannose
N-linked glycan (o o) enhance cell-surface attachment and presentation to CD4" lymphocytes. In this quiescent state, the CD4 binding site is
occluded by the V1/V2 variable loop, and the co-receptor binding site is not formed. Upon binding to CD4 (second figure), the inner and
outer domains reorganize, forming both the Phe-43 cavity (at the center of gp120) and the bridging sheet and partially destabilizing quater-
nary interactions. Chemokine receptor binding (third figure) to the newly formed bridging sheet and V3 loop (light gray) trigger the gp41
fusion machinery. (Boxed panel adapted from Kwong, P. D. et al., Nature, 393, 648—659, 1998, Fig. 5.)

Atomic Details

The X-ray crystal structure of core gp120 in complex with
CD4 and a neutralizing antibody permitted one of these
conformations to be examined at the atomic level (Fig. 2)
[16,17]. The core gpl20 construct used for crystallization
contained deletions at the gp4l-interactive region (at the
gp120 N/C termini) as well as tripeptide substitutions for two
loop regions. The crystal structure showed that core gp120
has two domains: an “inner” domain containing the N and C
termini and a heavily glycosylated “outer”” domain containing
approximately 15 sites of N-linked glycosylation. Extensions
emanating from B-hairpins of these two domains combine to
form a four-stranded ‘“bridging sheet” minidomain. This
minidomain rests on hydrophobic residues contributed by the
outer surfaces of the underlying inner and outer domains;
thus, the integrity of the bridging sheet is intimately depend-
ent on the precise alignment of the underlying domains.

The CD4 receptor binds at the nexus of the inner domain,
outer domain, and bridging sheet. A total of ~1600 A2 of
surface is buried in the interaction (~800 A2 from both CD4
and gp120), which is in the range typical for protein—protein

interactions with nanomolar affinity. The interface itself
is unusual. Two large interfacial cavities are present, and
the gp120 component is contributed by mostly back-bone
interactions from six separate sequence stretches.
Thermodynamic studies indicate that gp120 undergoes sig-
nificant conformational change upon binding to CD4. The
gp120 glycoprotein appears to fold around CD4, with a
coordinated alignment of the inner and outer domains and a
reorganization of the bridging sheet [18].

The neutralizing antibody, 17b, captured in the ternary
crystal complex binds to the gp120 bridging sheet, to a sur-
face proximal but distinct from that bound by CD4. Sequence
analysis shows that this relatively flat surface is highly con-
served between different HIV-1 strains, although it appears
to be conformationally masked prior to CD4 interaction.

The site of coreceptor binding overlaps with the 17b
epitope. Mutational analysis shows that the coreceptor bind-
ing surface includes the bridging sheet and part of a variable
surface loop, called the V3 loop [19]. Thus, the ternary
structure provides a snapshot of the constant regions bound
by both CD4 and coreceptor.

The bridging sheet is roughly 50 A distal from the gp120 N
and C termini, which interact with gp41. The manner in which
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Figure 2 Atomic structure of the ternary complex of core gpl120, CD4, and 17b neutralizing
antibody. The N-terminal two domains of CD4 are shown in light gray, and the antigen-binding frag-
ment of 17b in dark gray. For the gp120 core of the HXBc2 isolate, a carbon-alpha (Co.) worm rep-
resentation is shown with inner domain in black, bridging sheet in light gray and outer domain
in gray. The protein proximal pentasaccharide for each N-linked glycan is shown in gray all atom
representation. The approximate positions of the V1/V2 and V3 variable loops are shown as semi-
transparent surfaces. (To aid in orienting the viewer, a small boxed inset is shown which depicts
gpl120 and CD4 in the context of virus and cell surface, respectively. The orientation of gp120
and CD4 in this insert is related to the larger ribbon/atomic depiction by a 90° rotation about a
vertical axis.)

a signal from coreceptor binding at the bridging sheet/V3 loop of various neutralizing ligands. While these intermediate
is transmitted to gp41 to trigger the fusion machinery is unclear. structures are currently under investigation, the final fusion-
What is clear is that a number of intermediate conformational activated, coiled-coil structure of gp41 has been determined
steps occur, differentiated antigenically and by accessibility at the atomic level by a number of groups (Fig. 1) [20,21].
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Figure 3 Mechanisms of humoral immune evasion. The trimeric structure of gp120 is depicted in
the orientation obtained by optimization of quantifiable surface parameters [26]. The orientation of the
right most protomer is related to the orientation of Fig. 2 by a ~90° rotation about a horizontal axis. This
orientation depicts the trimer from the viewpoint of the target cell membrane. The shading scheme for
the core gp120 is the same as in Fig. 2 (black Co. worm, inner domain; light gray Co. worm, bridging
sheet; gray Co. worm, outer domain; all atom representation, carbohydrate; and semitransparent sur-
faces, variable loops). Oligomeric shielding of the inner domain by neighboring protomers is apparent,
as is the extensive carbohydrate masking of the outer domain surface. The potential shielding of the
CD4 binding site by the V1/V2 variable loop is shown with an arrow. The bridging sheet is not formed
until CD4 binds; potential conformational alterations in outer domain and V1/V2 loop are highlighted.

Recognition in the Context of a Humoral
Immune Response

An understanding of the parameters governing the HIV-1
receptor interactions would be incomplete without an under-
standing of the context in which this recognition occurs.
While all recognitions pit specific versus non-specific inter-
actions, HIV-1 receptor recognition occurs in the context of
a persistent infection. In order to bind to receptor while
simultaneously eluding neutralization by the humoral immune
system, gp120 has evolved sophisticated strategies of evasion
(Fig. 3) [17,22,27].

Three primary mechanisms protect the envelope protein
surface not involved in receptor recognition: sequence vari-
ation, oligomerization, and carbohydrate masking. The small
size of the HIV genome, coupled to high rates of replication
error and recombination, facilitates rapid antigenic escape.
Oligomerization uses protein—protein interfaces to sterically
block access to conserved epitopes. This protects conserved
epitopes that are involved in the gp120—gp120 interface as

well as the gp120—gp41 interface. Antibodies directed against
these epitopes are usually non-neutralizing and recognize
only separate gp120 or gp41 components, not the oligomeric
gp120/gp41 viral spike.

Carbohydrate masking involves covering exposed protein
surfaces with a dense array of N-linked glycans. Because these
glycans are derived from host biochemical pathways, they are
interpreted as “self” by the immune system and do not elicit
antibodies. In addition, the carbohydrate sterically inhibits
access to the underlying protein surfaces. Epitopes protected
by carbohydrate masking are thus immunologically “silent.”

In terms of the potentially vulnerable receptor binding
surfaces, the virus must recognize receptor, while at the
same time eluding an ever-adapting immune response. The
surfaces on gpl120 that interact with cellular receptors are
not only larger than the typical antibody footprint (600 A2),
but they also must be functionally conserved and exposed.

HIV-1 receptor surfaces are partially protected by vari-
able loops. These loops have little structural restraint, and
sequence variation can occur at a rate roughly 1,000,000
times faster than the human genome [23]. The CD4 binding
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site is protected by the V1/V2 variable loop. This loop
emanates from the bridging sheet, is approximately 70 amino
acids in length, and contains several sites of N-linked gly-
cosylation. Both by steric occlusion and by antigenic varia-
tion, the loop shields the CD4 binding site from antibody
recognition.

Another highly variable structure, the V3 loop, resides on
the other side of the bridging sheet. This loop contains a
conserved element at its tip that is required for chemokine
receptor binding. The placement of a conserved functionally
crucial element amidst a highly variable region allows pro-
tection to be conferred by the surrounding antigenic varia-
tion. A variation of this anti-“hot spot” mechanism of
immune evasion is seen in the CD4 binding site itself.
Analysis of a number of tight protein—protein interfaces
shows that most have good complementary of fit, although
only a small portion of the binding surface generates most of
the binding energy (at an interaction hot spot) [24]. With
CD4, the gpl120 hot spot of interaction involves residues
Phe-43 and Arg-59. The rest of the surface, however, does
not show a nice complementarity of fit. A substantial portion
of the interactive surface is buffered by a water-filled cavity.
Residues on gp120 that contribute to this outer cavity are
relatively variable in sequence. Such variation permits gp120
to escape from antibodies directed at the CD4 receptor bind-
ing surface. A similar cavity-filled interface is seen in the
adenovirus interaction with its receptor, CAR, which like
CD4 is a member of the immunoglobulin superfamily [25].

The most conserved exposed surface on gpl20 is the
bridging sheet, which mutational data show to be part of the
chemokine receptor binding surface [19]. HIV hides this
surface though another innovative means—conformational
change [27]. Thus, this surface is not formed until cellular
CD4 induces the appropriate conformational reorganization
in gp120. Such conformational masking serves not only to
reduce the elicitation of antibodies against the chemokine
receptor binding site but also to prevent neutralization.
Within the oligomeric viral spike, quaternary interactions
oppose the conformational changes induced by CD4. Such
opposition decreases the efficiency of both CD4 binding as
well as of antibodies against the receptor binding region that
require conformational change in order to bind. The degree
of opposition is controlled by variable loop elements
involved in quaternary contact [16]. Extensive variation
within these loops allows this opposition to be modulated.
With primary isolates, humoral pressures select the degree
of opposition to permit only highly avid binding. Because
such avidity is available for cell-surface receptors, but not
for most antibodies, conformational masking allows HIV-1
to resist neutralization while simultaneously permitting
receptor binding.

Analysis of the HIV-1 receptor interactions illustrates
some of the unique features associated with viral receptor
recognition. Not only is there the problem of specific bind-
ing to receptors, but there is also the complementary prob-
lem of avoiding specific recognition by the immune system.
Compressed into the 500 amino acids of the HIV-1 gp120

are complex mechanisms of evasion and recognition. HIV-1
receptor recognition thus provides an example of a system
driven to an extraordinary level of sophistication by the
incredible evolutionary speed of HIV-1 opposed by the equally
remarkable adaptive capabilities of the immune system.
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Introduction

Two inhibitors of the influenza virus neuraminidase (NA)
are currently licensed as drugs for the treatment of influenza:
Relenza® (GlaxoSmithKline) and Tamiflu® (Roche). Several
other companies are developing similar inhibitors. All were
developed with the aid of structure-based drug design
(SBDD), following elucidation of the X-ray structure of the
influenza virus NA in 1983. Here, we will review the devel-
opment of these compounds which represents one of the
successes of SDBB.

Flu Virus: Role of NA

Influenza remains a major cause of mortality and mor-
bidity worldwide. Vaccination affords some protection but
must be reformulated each year based on a prediction of
the most likely strains circulating in the coming flu season. The
antigenic drift and shift characteristic of the virus limits the
effectiveness of the vaccine, and some warn of a re-emergence
of a catastrophic pandemic strain such as occurred in 1918—
the so called Spanish flu [1]. Two antiviral drugs (amanta-
dine and rimantadine) have existed for some time that target
the viral ion-channel protein M2 [2], but these are ineffec-
tive against the type B influenza virus and cause unwanted
side effects. Of the several influenza virus proteins, the sur-
face glycoprotein neuraminidase (NA) has emerged as the
most successful target for antiviral development, although
other work has been carried out on the hemagglutinin (HA)
[3,4] and endonuclease [5].

Handbook of Cell Signaling, Volume 1

The influenza virus NA exists as a mushroom-shaped
tetramer on the surface of the virus; a typical virus carries
around 100 copies of NA and 400 copies of the other surface
glycoprotein HA. HA contains domains that recognize sialic
acid receptors (NeuSAc, NANA) (Fig. 1, structure 1), the
very sugar that NA hydrolyzes. NA catalyzes the cleavage of
the o-ketosidic linkage between sialic acid and the adjacent
sugar residue, which lowers membrane viscosity and per-
mits entry of the virus into epithelial cells. NA also destroys
the HA receptor on host cells, allowing the emergence of
progeny virions from infected cells and presumably also
removing sialic acid from the HA and NA of such virions to
permit cell-to-cell spread of the virus [6,7]. Inhibitors of NA
can therefore reduce this spread of the virus from the site
of infection.

The first inhibitors were made in the 1960s through an
attempt to understand the catalytic mechanism, which resulted
in analogs of 2,3-didehydro-2-deoxy-N-acetylneuraminic acid
(Neu5Ac2en, DANA) (Fig. 1, structure 2a) [8,9]. These com-
pounds inhibited influenza virus NA with a K; =4 uM, as they
do most neuraminidases found in nature. Neuraminidases,
or sialidases, are found in many pathogenic and nonpatho-
genic bacteria, where they are largely secreted and provide
primarily a nutritional role, although in the case of Vibrio
cholerae, for example, the enzyme plays a defined role in
pathogenesis [10-12]. Animals possess neuraminidases
(three are encoded in the human genome) identified by char-
acteristic sequence fingerprints (the so-called bacterial neu-
raminidase repeats, or BNRs) not found in the viral enzyme
[12]. Certain parasites possess the enzyme GPI-linked to their
surface, and in the case of Trypanosoma cruzi the enzyme

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 Influenza virus NA ligands.
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serves as a more efficient frans-sialidase rather than a sialidase
[13,14]. Finally, paramyxoviruses possess surface glyco-
proteins (HNs), which embody the functions of both hemag-
glutinin and neuraminidase and appear to have a combined,
single sialic acid recognition site [15-17]. Any influenza
virus inhibitors must therefore avoid inhibiting the endoge-
nous human enzymes which play key roles in modulating
cell-surface sialic acid in events from immune response to
apoptosis [17,18].

Structure of NA

The tetrameric NA of the influenza virus contains a
head of four roughly spherical catalytic domains and a stalk
that is anchored in the viral membrane via a hydrophobic
N-terminal tail. The crystal structure of the protease-released
head region revealed a six-bladed B-propeller structure, and
a complex with Neu5Ac2en identified the active site sitting
roughly at the center of the propeller (Fig. 2a) [19,20]. There
is extensive sequence variation among the various influenza
virus NAs, for which nine immunologically distinct sub-
types have so far been identified (N1 to N9) for the type
A virus, with sequence identities as low as 40%. Even within
a subtype, the variation is extensive, as illustrated in Fig. 2b.
The residues within and surrounding the active site remain
constant, however, and present an Achilles heel of the
virus [21].

Active Site

The crystal structure of NA complexed with sialic acid,
which is itself a weak inhibitor of influenza NA with a K;=
1 mM, revealed sialic acid in a strained conformation with its
hexose ring in a half-chair rather than a chair conformation
(Fig. 3) [22]. Neu5Ac2en represents a transition-state analog,
and its interactions with the active site are shown in Fig. 4a.
A trifluoroacetyl derivative of Neu5Ac2en, FANA (Fig. 1,
structure 2b), was the best inhibitor of the influenza NA for
some years, with a K;=0.8 uM [9]. Comparison of the several
influenza NA structures now available reveal a relatively rigid
active site, and so the challenge in inhibitor design has been
to exploit the largely immobile features of this site [19,22-24].
The most effective inhibitors that have been developed to
date include Relenza® (SKB) [25], Tamiflu® (Roche), BCX-
1812 (Biocryst Pharmaceuticals) [26], and A-315675 (Abbott)
[27]. Compound A-192558 from Abbott has been less suc-
cessful [28], as have derivatives of benzoic acid [29]. Table 1
lists the K| and ICs of several ligands.

The sialic-acid-binding active site is a deep pocket,
mainly acidic in nature, but with a basic side to it (Fig. 3).
The four characteristic features of the site are:

1. A basic pocket formed by an arginine triad (Argl18,
Arg292, Arg371) that interacts with the carboxylic acid
of the ligand; this feature is a key determinant of the

Figure 2 The influenza virus NA. (Top) Schematic drawing of the
influenza virus NA tetramer, as if looking down onto the virus surface.
Coloring is from blue at the N terminus to red at the C terminus. (Bottom)
Surface representation of the same tetramer, showing the location of
Neu5Ac2en bound in the active site. The yellow coloring shows amino
acids that vary within the N8 subtype, revealing the antigenic drift that the
virus undergoes.

binding, and all inhibitors developed to date preserve the
carboxyl moiety.

2. An acidic pocket formed by glutamates (Glu276, Glu277);
Glu277 forms a strong H-bond with Tyr406, and together
these residues are thought to stabilize an oxocarbonium
ion intermediate in the reaction [30,31]. Glu276 interacts
with O8 and O9 of the glycerol moiety of sialic acid and
Neu5Ac2en, and Relenza preserves this interaction. Other
inhibitors have placed a hydrophobic moiety at this position
to improve the lipophilicity of the compounds, which



108 Part I Initiation: Extracellular and Membrane Events

(il;llg‘i\."j kmgils

/
lyrdD6 /
yr =-.—..j' VA
, /

k‘Asp .l 5 I\\&:

Arg224

_/ Glee

N\ J\
-

Figure 3 Stereo views of the active site with sialic acid bound (tern N9 influenza neuraminidase, PDB code IMWE). (Top) Colored by
electrostatic potential: blue positive, red negative. (Bottom) Hydrogen bonding interactions shown as dotted green lines; W denotes a water
molecule.

Arg224 i 3
o d G276 bpid
%
K \

e Ny

Table I Inhibition Parameters for Ligands of Influenza Virus Neuraminidase

Influenza A Virus Influenza B Virus
K| 1G4, K| 1Cs, Refs.

Sialic acid 1 mM —_ 1 mM _
DANA 4 uM 0.015 mM 4 uM 0.015 mM
FANA 0.8 uM — 20 uM —
Relenza 0.06-1.3 nM 0.3-2.3 nM 0.09-0.27 nM 1.5-17 nM 46
Tamiflu 0.10-1.3 nM 0.01-2.2 nM 1.1-2.1 nM 5.0-10.4 nM 49
BCX-1812 0.014-1.1 nM 0.1-1.4 nM 0.21-0.96 nM 0.6-11 nM 46
A-192558 — 0.28 uM — 8 uM 27

A-315675 0.024-0.21 nM 0.4-5.9 nM 0.14-0.31 nM 6.7-14.1 nM 49
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subsequent crystal complexes have shown are accommo-
dated by a movement of Glu276 to extend a hydrophobic
pocket.

3. A hydrophobic pocket formed by Trp178, 1le222, and the
methylene elements of the side chains of Argl52 and
Arg224, all residues that are conserved across influenza
viruses. This pocket accommodates the methyl group of the
acetamido moiety of sialic acid and NeuSAc2en. The oxygen
of the acetamido group hyrodgen bonds to the guanidinium
group of Argl52, and the acetamido nitrogen hydrogen
bonds to a buried water molecule, which in turn interacts
with Glu276 and Glu227. Most inhibitors have preserved
the acetamido group or a triflouroacetamido group, such as
in FANA and the Abbott A-192558 compound.

4. An acidic pocket formed from Glull9, Glu227, and
Aspl51, the latter residue being most likely to be involved
in hydrolysis via a water molecule [30]. The two gluta-
mates are conserved, yet play no obvious role in substrate
binding or hydrolysis. The O4 hydroxyl of sialic acid and
Neu5Ac2en does not hydrogen bond to any of these
residues as there is a large cavity around this position.
Most successful inhibitors have an amino or guanadino
group substituted at this position, except for the Abbott
A-315675 compound.

Inhibitor Development

Relenza

Relenza was developed through the use of the program
GRID [32], which revealed a potentially strong binding site

. d GluZ f;',y 1-/ ...I‘L

% ' . o /
..,;v"“‘*'»,.“ e L

Figure 4 TInteractions of the ligands with the active site of the tern N9 influenza virus NA: (a) Neu5Ac2en (PDB code 1F8B); (b) Relenza (PDB
code INNC); (c) Tamiflu (PDB code 2QWK); and (d) BCX-1812. (e) Stereo view of a superposition of all four ligands reveals a rigid active site with only
Glu276 altering position. NeuSAc2en complex is yellow, Relenza complex is magenta, Tamiflu complex is cyan, and the BCX-1812 complex is green.

for an NH} group with a calculated binding energy of
—16 kcal/mol in the vicinity of the position normally occu-
pied by the O4 hydroxyl of sialic acid [33]. Using
Neu5Ac2en as the scaffold, substitution of O4 with an
amino group gained two orders of magnitude of binding
over Neu5Ac2en, whereas substitution by a guanidino group
(4-guanidino-Neu5Ac2en, Relenza) (Fig. 1, structure 3) gained
five orders of magnitude of binding over Neu5Ac2en [33]. In
complexes of Relenza with both influenza A [34] (Fig. 4b) and
influenza B [35] virus NA (PDB codes INNC and 1A4G,
respectively), the guanidino group interacts almost ideally
with Asp151 and Glu227. Glu119 is also close enough to make
a charge-charge interaction, although one study suggests that
Glul19 may be neutral in the case of 4-amino-NeuSAc2en
binding [36]. Relenza-resistant mutants have been isolated
in vitro, with mutations mainly in Glu119 [37-39], and, in one
case, one of the catalytic arginines, Arg292 [40]. A resistant
mutant has also been isolated in vivo, with the mutation of
Argl52 — Lys [41]. Relenza is a successful inhibitor of
influenza A and B virus NA, but its highly polar nature (calcu-
lated log P of —7) has necessitated administration as a powder,
requiring an inhaler with all the inherent problems of such use.
Replacement of the glycerol group of Relenza by a series of
hydrophobic dihydropyrancaboxamides have provided inhibitors
with a binding affinity similar to Relenza for influenza A NA,
but with only micromolar inhibition of influenza B NA [35].

Tamiflu

The starting point for the development of Tamiflu was
replacement of the dihydropyran ring with a cycohexene,
which is chemically more stable and retains the ability to
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alter the stereochemistry of ring substituents [42]. The best
inhibition was obtained with the double bond in the position
equivalent to that in Neu5Ac2en, mimicking the carbonium
cation intermediate. The carboxylate and acetamido groups
were kept at C; and C,, respectively, and an amino group at
Cs in light of the success of the Relenza development. In
order to improve the lipophilicity, the glycerol group was
substituted by a series of alkyl ethers. There is a remarkable
correlation between the length, geometry, and rigidity of the
alkyl chains and NA inhibitory activity, suggesting an incre-
mental entropy gain. The crystal structure of the best inhibitor,
with a 3-pentyl group (GS4071, later named Tamiflu carboxy-
late) (Fig. 1, structure 4a), showed that Glu276 is rotated
away from the active site to extend the hydrophobic pocket
(Fig. 4c). The prodrug of GS4071, an ethyl ester derivative
(GS4104, Oseltamivir, Tamiflu) (Fig. 1, structure 2a; Fig. 4b)
exhibits good oral efficacy [43].

Biocryst Compound (BCX-1812)

The starting point for the development of BCX-1812 was
a furanose-based compound (Fig. 1, structure 5) that had the
same ring substituents as sialic acid and Neu5SAc2en and inhib-
ited influenza virus NA with a potency similar to NeuSAc2en
[44]. The structure of a complex of (Fig. 1, structure 5) with
N9 influenza NA (Fig. 4d) showed that, although the fura-
nose ring is significantly displaced compared to the pyranose
ring of DANA, all of the ring substituents have very similar
interactions with the enzyme. This reflects a feature of the
active site, namely that there is little interaction with the ring
itself. Consequently, a cyclopentane ring was chosen as the
scaffold for chemical stability, with a carboxylic acid group
placed at C,. An interesting route in the development was the
synthesis of racemic mixtures with a guanadino group at
C, and an n-butyl at C,,, followed by inspection of the high-
resolution difference electron density maps to ascertain the
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stereochemistry of the active isomer [26]. The n-butyl chain
bound in two different modes in influenza A and B virus
NA, reflecting the slightly different environments around the
sialic acid glycerol binding pocket in the two enzymes.
Again, Glu 276 moves, and in influenza A NA forms a salt
bridge with Arg224 as had been observed in the binding of
GS4071 [35]. In order to take advantage of both hydropho-
bic pockets, BCX-1812 (Fig. 1, structure 6) was developed,
again as a racemic mixture, and the active isomer identified
crystallographically. An interesting feature of BCX-1812
(Fig. 4d) is that the orientation of the guanidino group in the
active site is different from that seen for Relenza (Fig. 4b).
This may be why BCX-1812 remains effective against a
Relenza-resistant mutant (Glul19 — Gly) [45], as is also
true for Tamiflu, which has only an amino group at this posi-
tion. BCX-1812 shows great promise as an oral treatment
for influenza [46-48].

Abbott Compounds

Abbott published a series of inhibitors based on a pyrro-
lidine core, the best of which (A-192558) (Fig. 1, structure 7)
had an IC50 of 0.28 uM against influenza A NA [28,49].
One feature of the development of these inhibitors was the
creation of focused combinatorial libraries by automated
solid-phase synthesis, in one case containing 550 analogs
[28]. Recently, a new compound with Ki of between 0.024
and 0.31 nM against a range of influenza virus NAs has been
reported [27]. This compound, A-315675 (Fig. 1, structure 8),
retains the carboxyl and acetamido groups, but does not have
an amino or guanidino group. No details are available as to
how this compound binds in the active site, but it is reported
that only Glu276 moves in the active site upon binding, as in
other complexes of other inhibitors with a hydrophobic moi-
ety in place of the glycerol group [27].

Conclusion

The development of effective nanomolar-binding inhibitors
of the influenza virus NA is one of the success stories of
structure-based drug design. The active site is remarkably rigid
(Fig. 4e), except for one conserved glutamic acid, Glu276,
which is free to rotate 90° about Y,. This creates an extensive
hydrophobic pocket in a region normally occupied by the
glycerol group of the natural substrate. The most successful
inhibitors have exploited this pocket to provide molecules
with greater lipophilicity and hence bioavailability so they
can be given in tablet form. Analysis of successful influenza
virus NA inhibitors reveals the following observations:

1. Interaction with all four sites is required.

2. A scaffold that allows stereoselectivity is essential.

3. The nature of the scaffold is less important, but carbo-
cylic rings give greater chemical stability.

4. Replacement of the glycerol moiety with a hydrophobic
group increases bioavailability.

5. Crystallography is a powerful tool for selecting active
isomers for racemic mixtures, as was used in the devel-
opment of BCX-1812.

6. Focused, diversity-oriented synthesis of side groups has
been of some use, especially in conjunction with struc-
tural analysis.

An interesting spinoff has been a series of studies that
have aimed at predicting binding affinities for inhibitors of
the influenza virus NA [36,50,51]. Although these studies
obtain good correlation between predicted and observed
affinities, their predictive value in developing new inhibitors
is unclear.

A disappointing postlude to the story is that, although
we now have effective drugs for the control of influenza,
their use so far has not been a great success in the clinic.
A major problem is that, to be effective, the drugs must be
taken within 48 hours of patients showing flu-like symptoms.
Unlike Relenza, Tamiflu is also licensed as a prophylactic
to stop the spread of the virus within families and close com-
munities and it appears to be preferentially prescribed at
this time.
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Introduction

Cells need to adapt their behavior continuously in response
to a barrage of external stimuli. Integral membrane proteins
are the best positioned to interact with outside stimuli and are,
therefore, critical components of signal transduction. Ion chan-
nels, transporters, and receptors are integral membrane proteins
that can mediate signaling across the cellular membrane. The
availability of detailed structural information on these pro-
teins has been limited by technical challenges unique to the
high-resolution structure determination of membrane proteins
by X-ray crystallography. In recent years, however, the X-ray
structures of a few of these important proteins have been
solved, providing insight into the molecular structural basis of
signal transduction across the cell membrane.

Electrophysiology: Rapid Signal Transduction

Ion channels are the fundamental electrical signaling units
of neurobiology. As molecular transducers, ion channels
are highly sensitive (detectable gating thresholds as low as
thermal noise), extremely efficient (ion transport rates up to
1077 ions/sec), and very responsive (microsecond turn-on
times). They are essential components of the cellular response
to external stimuli and are directly responsible for the trans-
mission of all electrical signaling events for multicellular
organisms. For more than 50 years, biophysicists have used
sophisticated patch clamping experiments and site-directed
mutagenesis to understand the function of ion channels with
exquisite detail. A major breakthrough in understanding the
wealth of ion channel biochemical data began with the recent
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X-ray crystal structures of the K* ion channel KcsA from
Streptomyces lividans [2,10] and a pair of CLC ion channel
homologs from Escherichia coli (EcCLC) and Salmonella
typhimurium (StCLC) [3]. These X-ray structures have pro-
vided the first clues for the molecular structural basis for the
transport of ions involved in the transmission of electrical
signals.

The KcsA structure reveals a pore region that is similar in
protein sequence to all known K* ion channels. The KcsA is
arranged as a tetramer of identical subunits creating a cone-
shaped structure with the pore selectivity filter on the outer
membrane leaflet side. A large water-filled cavity with helix
dipoles located on the outer membrane side is uniquely posi-
tioned to overcome the electrostatic destabilization energy of
a K* ion at the center of the bilayer. Selectivity is accom-
plished by main-chain carbonyl oxygen atoms of the K* ion
channel signature sequence. The general architecture of KcsA
establishes the structural basis underlying the selectivity of
K* conduction. In contrast to KcsA, the CLC chloride channel
overcomes the energetic barrier of ion transport by a different
mechanism. The bacterial chloride ion channel is homod-
imeric in structure, with the selectivity filter formed within
each monomer by two opposed membrane-spanning subunits.
This anti-parallel arrangement defines a selectivity filter in
which chloride ions are stabilized by electrostatic interac-
tions with o-helix dipoles and coordination bonding.

Mechanosensation: How Do We Feel?

What is the molecular basis by which we sense touch?
Mechanosensitive (MS) ion channels present an elegant

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 Structure of integral membrane proteins involved in signal transduction. (A) KcsA
potassium ion channel structure [2]; (B) chloride CLC ion channel [3]; (C) mechanosensitive ion
channel of large conductance (MscL [1]); (D) MsbA multidrug ABC transporter homolog [1],
(E) bacteriorhodopsin [6]; and (F) bovine rhodopsin [5]. The a-helices and B-sheets are colored in red
and yellow, respectively. The membrane-spanning portion of the molecule is indicated with green lines.

solution to the need for a rapid signaling response to external
physical stimuli. MS channels are classified by their ability to
alter their opening probability in response to lateral tension
in the lipid bilayer. In bacteria, mechanosensitive ion channels
help microbes react to hypoosmotic stress by allowing them to
expel cytoplasmic solutes such as ions and small molecules
into the surrounding medium. The crystal structure of the
mechanosensitive ion channel from Mycobacterium tubercu-
losis (TB-MscL) gives some clues as to the structural basis
of the cellular response to lateral tension in the lipid bilayer
resulting from increased osmotic pressure [1]. TB-MscL is
arranged as a homopentamer of 15-kDa subunits. The mem-
brane-spanning domain of the channel consists of ten trans-
membrane o-helices that are significantly tilted relative to
the normal of the cell membrane. The cytoplasmic domain
consists of a helix bundle and is likely to be disrupted upon
channel opening. MS channels of the MscL family have
large conductances on the order of approximately 2.5 nS [8].

Upon channel opening, MscL is thought to form a large pore
through the cell membrane with a opening of at least 10 A.
Some unique features of the TB-MscL structure suggest a
general mechanism for channel gating in response to lateral
tension in the bilayer. First, the gate or “plug” of TB-MscL
is located on the inner membrane leaflet side of the cell
membrane. Second, there is a cluster of bulky hydrophobic
residues positioned to interact directly with neighboring
lipid molecules of the inner membrane leaflet. And, finally,
the experimentally determined electron density maps have
revealed highly ordered lipid/detergent near these bulky
residues, suggesting a strong interaction with lipids of the
inner membrane leaflet. These features of TB-MscL suggest
that structural changes due to lateral tension could be
directly transmitted to the transmembrane o-helices via
bound lipid. Rearrangement of the transmembrane o-helices
causes the plug to pull apart, allowing ion conduction and
enabling bacteria to respond rapidly to changing tonicity.



CHAPTER 19 Signal Transduction and Integral Membrane Proteins

117

Active Transporters: Rapid Response and
Energy Management

When a cell encounters a new environment, a rapid
response is required to take advantage of nutrients in the sur-
rounding media. If useful substrates such as sugars, amino
acids, and ions are in relatively low concentration, then
highly regulated and efficient transport systems must be
activated to uptake substrates through their cell membranes.
Likewise, if cells encounter toxins such as antibiotics or
anti-cancer drugs, they must be quickly transported out of
the cell. Both types of transport are accomplished by a
diverse array of energy-dependent pumps located in the cell
membrane. The active transport systems of the cell mem-
brane are critical for a rapid cellular response, and cells
devote a significant portion of their resources to the mainte-
nance of transporters on the cell surface. For example,
transport proteins comprise nearly 5% of the genes encoded
in the E. coli genome, and nearly half of these transporters
belong to the ATP-binding cassette (ABC) transporter super
family. ABC transporters are highly conserved from bacteria
to human and contain a highly conserved nucleotide binding
domain (NBD) that binds and catalyzes the hydrolysis of
ATP. ABC transporters are thought to translocate substrate
by coupling the energy derived from ATP hydrolysis to
structural rearrangements in the portion of the molecule
spanning the cell membrane. ABC transporters are involved
in the import and export of a wide variety of substrates,
including amino acids, peptides, sugars, ions, lipids, and
hydrophobic drug molecules. Several ABC members of the
multidrug resistance ABC (MDR-ABC) transporter group
severely reduce the effectiveness of chemotherapeutics and
antibiotics, leading to a failure of treatments for cancer and
infectious diseases. The X-ray structure of the MDR-ABC
transporter homolog MsbA from E. coli sheds light on this
type of substrate transport [1].

MsbA is a dimer (=129 kDa) of two identical peptides,
each containing a transmembrane domain of six membrane-
spanning o-helices and a nucleotide binding domain that
hydrolyzes ATP. In the course of the X-ray structure deter-
mination, a third domain has been identified that bridges the
transmembrane domain and the NBD. This domain is well
positioned to scan the head groups of various lipids and
could serve as a trigger for initiating the ATP hydrolysis.
A prominent feature of Eco-MsbA is a large opening facing
the inner membrane leaflet side of the cell membrane. This
opening leads into a large chamber that has a polar interior.
Structural changes caused by the recruitment of lipid A mol-
ecules into the chamber triggers ATP hydrolysis by the
NBD. Energy derived from this process closes the chamber,
producing a microenvironment that is unfavorable for
hydrophobic substrates in the inner membrane leaflet side.
At this point, the substrate flips to the energetically more
favorable position in the outer leaflet side of the chamber
and is then expelled into the outer leaflet of the bilayer. The
structure of Eco-MsbA provides a structural basis for the

transport of lipids and a wide variety of hydrophobic cyto-
toxins across the cell membrane.

Although the structure of MsbA provided the first
glimpse of an ABC exporter, the structural basis of transport
in the opposite direction across the membrane has, until
recently, remained a mystery. Impressive work done by Rees
and colleagues [4] has resulted in the first structure of an
ABC importer, the vitamin B,, transporter BtuCD. The
structure reveals for the first time an ABC transporter with
direct contact between the nucleotide-binding domains and
in a manner reminiscent of the popular Rad50 ABC dimer.
Contact between the nucleotide binding domains could
explain the observed cooperative kinetics of ATP hydrolysis
during the transport cycle. In addition, the precise point
of contact between the ABC cassette and the membrane-
spanning domain is seen, providing insight into the coupling
of ATP hydrolysis to substrate transport. Generally, most
members of the ABC transporter family have been predicted
to contain 12 transmembrane segments, as is the case with
MsbA. BtuCD is unusual in that it was found to have an
astonishing 20 transmembrane helices. One explanation
offered for such a dramatic departure from the canonical
view could be that a common core structure of membrane-
spanning subunits exists, while the surrounding helices vary
according to function. The BtuCD structure represents yet
another milestone in the understanding of ABC transporter
mechanics and provides the first structural evidence that
supports the idea of catalytic cooperatively between the
ABC cassettes during the transport cycle.

Receptors: Gate Keepers for Cell Signaling

The classic paradigms for signal transduction across the
cell membrane are the membrane-bound receptors. Crystal
structures of a bacterial ion channels and transporters have
been elucidated, and the next frontiers of membrane protein
structural biology will likely focus on smaller mammalian
targets. One of the most widely studied families of receptors
is the G-protein-coupled receptors (GPCRs). GPCRs are not
only fascinating from a scientific standpoint but are also
pharmaceutically important drug targets. Nearly 60% of all
the drugs on the market target GPCRs. All GPCRs are pre-
dicted to have seven membrane-spanning o-helices with a
NH,-terminal domain that binds ligand (such as a hormone)
and a c-terminal cytoplasmic domain that binds and acti-
vates a specific G protein. How does a ligand/drug molecule
on the outside of the cell membrane transmit a signal across
the cell membrane to initiate a cascade of signals via a cyto-
plasmic G protein? The answer to this question will surely
require a detailed molecular structure. Some initial clues
about GPCR function might be derived from the structures
of the light-transducing bacteriorhodopsin [6] and bovine
rhodopsin [5].

Bacteriorhodopsin is a photon-driven ion pump that
shares the same putative 7-TM membrane-spanning topology
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as GPCRs. In the bacterium Halobacterium salinarium, bac-
teriorhodopsin converts light energy to a proton gradient that
is, in turn, used by the membrane-bound ATP synthase. The
process of converting light to useful energy is remarkably
efficient, with quantum yields of greater than 60%. Similarly,
bovine rhodopsin, which is a member of the GPCR family, is
a photoreceptor protein found in the rod cells of vertebrates
and is responsible for vision in low light. In both molecules,
the conversion of light energy is accomplished by a retinal
chromaphore called 11-cis-retinal, which is a derivative of
vitamin A and is covalently linked via a Schiff base bound to
the membrane-spanning portion of the molecule. Upon pho-
toisomerization of the chromophore, several intermediates
are formed, and an all-frans chromophore is generated. This
conversion leads to the activation of phosphodiesterase and
the closing of cyclic-GMP-gated cationic channels. The result-
ing hyperpolarization of the channels is transmitted through
the photoreceptor cell to the synapsed nerve cells of the optic
fiber.

Most classes of GPCRs, although similar to rhodopsin,
have a more extensive NH,-terminal domain that binds lig-
and. The structures of the NH, domains of the Methuselah
GPCR from Drosophila [9] and the Cholecystokinin-8
receptor have been determined [7]. However, the molecular
structural basis of how these NH, domains interact with the
membrane-spanning portion of the molecule to achieve signal
transduction signal is unknown. In addition, the binding and
activation interactions between receptors and the G proteins
still remains a mystery. The answer to these quetions will
require molecular detail that can only be provided by a high-
resolution structure of a complete GPCR/G-protein complex.

10.
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Fibrinogen is an extracellular protein found in significant
concentrations in the blood plasmas of all vertebrate ani-
mals. It is a large, multi-domained protein, some portions of
which share common ancestry with lectins and other cyto-
tactic proteins found throughout the animal kingdom [1].
Although the principal role of fibrinogen has to do with its
polymerization into fibrin clots, the protein also interacts with
a number of other extracellular proteins, blood platelets, and
a variety of cells. Directly or indirectly, the fibrinogen—fibrin
system is involved in hemostasis, inflammation, wound heal-
ing, and angiogenesis. Fibrinogen also interacts with various
bacteria, especially certain strains of Staphylococcus.

Fibrinogen is a covalent dimer composed of two sets of
three nonidentical chains (0232y2). The 3 and 7 chains are
homologous over their full lengths, but the o chain homol-
ogy is limited to its amino-terminal third. The molecular
weights of vertebrate fibrinogens range from 320,000 to
400,000, the variation invariably being due to differences in
the o chains, the carboxyl terminal two-thirds of which are
extremely variable from species to species. In contrast, the
carboxyl-terminal halves of the 3 and Yy chains are globular
and conserved. Together, they constitute bi-lobed macro
domains at the extremeties of the extended molecule, being
connected to a small central domain by three-strands coiled
coils made up of all three chains (Fig. 1).

Several regions of the fibrinogen molecule are highly
mobile and are not resolvable in crystallographic electron den-
sity maps, even at moderately high resolution [2]. The flexible
parts include the entire o-chain carboxyl region, which can
contain from 300 to 500 amino acid residues, depending on the
species (region I in Fig. 1). Additionally, the last 15 residues at
the carboxyl terminus of the y chain have not been pinned
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down with any precision [3,4], nor have the amino-terminal
segments corresponding to approximately the first 30 residues
of the o chain and the first 60 of the  chain (numbering
varies slightly from species to species; the numbering here is
based on human fibrinogen). Several of these mobile regions
figure prominently in interactions with other proteins and with
cells.

Apart from the mobile and highly variable carboxyl-
terminal domains of the o chains, the general framework of
all vertebrate fibrinogens is highly conserved, as evidenced
by the ready superposition of the chicken fibrinogen crystal
structure on that of a modified bovine fibrinogen [5,6]. The
length of the protein is about 45 nm.

The conversion of fibrinogen to fibrin is initiated by
thrombin-removing short peptide regions, called fibrinopep-
tides, from the amino-terminal ends of the o and P chains.
The consequence of these narrowly specific proteolytic events
is the exposure of sets of A and B “knobs” on the o and
B chains, respectively, that fit into holes on the terminal
globular domains of neighboring fibrinogen molecules. The
initial knob-hole interactions position a pair of A knobs
(Gly-Pro—Arg is the sequence at the newly exposed o-chain
site, residues 17-19) so as to pin together two neighboring
molecules by fitting into holes on their y-chain carboxyl
domains. Further propagation results in a noncovalently
associated, two-molecule-thick, half-staggered protofibril.
Interactions involving the B knob (Gly-His—Arg is the
sequence at the newly exposed B-chain site) can fill holes in
the B-chain carboxyl domains and, directly or indirectly, lead
to lateral growth of the fibrin network. Meanwhile, thrombin-
activated factor XIII reinforces the fibrin polymer by intro-
ducing y-glutamyl-e-amino crosslinks, initially between the

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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coiled coll
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Figure 1 Ribbon model of those portions of fibrinogen for which high-resolution X-ray structures are available. Highly mobile regions
of the molecule are not shown fully (broken lines), including the carboxyl-terminal domain of o chains (I) and the last 15 residues of
v chains (A), as well as the amino-terminal segments of o and 3 chains (G, F). The molecule is a covalent dimer with a pseudo-axis of
symmetry running through the central domain. Key structural features are labeled on the right half, and some reported recognition sites are
designated on the left half. A, y-chain carboxyl terminal (platelets, fibroblasts, staphylococcal clumping factors); B, y-chain 383-395
(aeMB2); C, y-chain 195-202 (aMp2); D, y-chain 117-133 (ICAM-1); E, a-chain 151-158 (t-PA stimulator); F, B-chain 15-42 (angio-
genesis, heparin-binding); G, o-chain 17-20 (aMP2); H, o-chain 15-44 and B-chain 61-72 (thrombin); I, o-chain 240-610
(oMP2).(Adapted from Yang, Z. et al., Biochemistry, 40, 12515-12523, 2001.)

carboxyl-terminal segments of abutting y chains, but eventu-
ally also between carboxyl domains of o chains.

Fibrin can be distinguished from fibrinogen by many
recognition systems. Quite apart from sites lost with the
removal of the fibrinopeptides and the coincident appear-
ance of the A and B knobs, the mere act of polymerization
can mask certain sites. Additionally, conformational changes
occur, some of which have been observed in crystal struc-
tures of fibrin(ogen) fragments complexed with synthetic
knobs [7]. Other more subtle changes may occur during the
later stages of polymerization. For example, there is a region
of the o chain that has been implicated in the stimulation of
tissue plasminogen activator [8] that is wholly inaccessible
to solvent in fibrinogen but which somehow becomes acces-
sible as a result of the polymerization process.

Over the years, there have been numerous reports describ-
ing regions of fibrinogen or fibrin responsible for binding
various macromolecules or cells. The availability of X-ray
structures now provides a backdrop for visualizing some of
these at atomic resolution (Fig. 1). Among the cells and par-
ticles known to bind fibrin(ogen) are platelets, endothelial
cells, monocytes, lymphocytes, neutrophils, and fibroblasts,
all of which are actively involved in hemostasis, wound
healing, inflammation, or angiogenesis. For the most part,
studies have utilized fragments of fibrin(ogen), antibodies
directed against localized features, site-directed mutagene-
sis of recombinant fibrinogens, or synthetic peptides corre-
sponding to specific regions.

Some parts of fibrinogen have been implicated in sev-
eral different events. The carboxyl-terminal segments of
v chains bind platelets [9] and fibroblasts [10]; the same
sites bind to certain strains of Staphylococcus aureus [11].
The locations of these sites at the tips of the dimeric
fibrinogen molecule are well disposed for bridging and
clumping cells or platelets. The crosslinking of these seg-
ments in fibrin by factor XIII must render the sites inac-
cessible. Similarly, certain regions of the o-chain carboxyl
domain have been implicated in binding to platelets
and various leucocytes, and these must also be compro-
mised by becoming crosslinked in the final stages of clot
formation.

The flexible amino-terminal segment of the B chain is
another targeted region. The bacterium Staphylococcal
epidermis binds to a peptide segment that includes a bond
cleaved by thrombin [12]. Other entities bind in the region
of B-chain residues 15 to 42, exposed after thrombin
attack, including certain cadherins [13] and heparin [14].
Angiogenesis is also stimulated by this general region [15].

In the main, two kinds of cell surface proteins have been
associated with fibrinogen binding: (a) members of the
immunoglobulin family such as cadherins [13] and ICAM-1
[16], and (b) heterodimeric integrins. The most commonly
implicated integrins are oMf2 and o2 [17]. Some find-
ings about the sites of interaction remain uncertain in that
the same integrins have been reported to interact with
widely differing regions of the fibrinogen molecule for
which there are no apparent structural similarities. Final res-
olution may have to await crystal structures of complexes
of fibrin(ogen) fragments with specific integrins or other
interactants.
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Introduction

Structure

The integrins are a family of proteins that reside in the
plasma membrane of most cells of multicellular organisms
[1]. They are the primary receptors that recognize the
protein components of the extracellular matrix (ECM).
Binding to the ECM triggers intracellular signaling path-
ways that regulate adhesion, migration, growth, and survival
[2]. These pathways often intersect with those generated by
receptors for soluble factors [3]. However, integrins differ
from “classical” signaling receptors in a number of ways.
First, because the ECM is static and polyvalent, integrins
cluster at the sites of attachment. Second, ligand-bound inte-
grins form connections with the cytoskeleton that regulate
cell shape and rigidity, as well as providing platforms for
signaling complexes. Third, integrins can also transmit sig-
nals from the inside of the cell to the outside. Thus, integrin
signaling is a bidirectional process that evolves rapidly in
time and space as the cell adapts to its environment, allow-
ing integrins to be sensors and messengers of the surround-
ings and shape of the cell, as well as the mechanical forces
acting upon it [2].

Integrin signaling typically involves conformational
changes within the integrin molecule that are propagated
across the plasma membrane. Under some circumstances,
lateral self-association of integrins (‘“clustering”) is suffi-
cient for signaling [4,5], and a number of molecules that
associate laterally with integrins have also been identified
that contribute to signaling [6]. However, the focus of this
section is on the conformational changes within individual
molecules that control the recognition of extracellular and
intracellular binding partners.

Handbook of Cell Signaling, Volume 1

Integrins are of3 heterodimers, consisting of a head
domain from which emerge two legs, one from each subunit,
ending in a pair of single-pass transmembrane helices and
short cytoplasmic tails (Fig. 1). In the absence of ligand,
bonds between the legs and tails are believed to hold the
head in an inactive or resting conformation that has low
affinity for ligand [7,8]. During outside-in signaling, ECM
binding to the head triggers conformational changes that are
propagated down the legs and through the plasma mem-
brane, leading to a reorganization of the C-terminal tails that
allows them to bind intracellular proteins [3]. During inside-
out signaling, cytosolic proteins bind and sequester one or
both of the cytoplasmic tails, triggering conformational
changes in the head that lead to a high-affinity active integrin.

The integrin “head” is composed of a seven-bladed pro-
peller from the o-subunit that makes an intimate contact
with a GTP-ase-like domain of the B-subunit (called either
an A or I domain by different authors, and I domain here),
in a manner that strongly resembles the heterotrimeric
G proteins [9]. Instead of a catalytic center, the I domain
contains an invariant ligand binding site called MIDAS
(metal ion-dependent adhesion site), in which a metal ion is
coordinated by three loops from the I domain, and a glu-
tamic or aspartic acid from the ligand completes an octahe-
dral coordination sphere around the metal. Specificity is
provided by ligand contacts to the surface surrounding the
MIDAS, which is highly variable among integrin family
members, and in some cases by additional contact to the
o-subunit propeller. A helix that emanates from one of the
MIDAS loops packs against the central axis of the propeller,

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 Integrin domain organization. Activation epitopes [13,33] are
shown as red, blue, and cyan disks.

thus providing a potential link between ligand binding and
the quaternary structure. In certain integrins, an additional
I domain (a-I) is inserted into the o-subunit, between two
loops on the upper surface of the propeller, where it forms the
major ligand binding site. Modeling studies indicate that
this domain will form contacts with both the propeller and
the B-I domain that regulate the conformation and ligand
affinity of the domain, and indeed mutations to the outer sur-
face of the domain can lead to loss- or gain-of-function [10].
The remaining domains of the two subunits form a pair of
legs that contact each other along their length, ending at
their closely apposed C termini. The legs are followed by a
pair of single-pass transmembrane helices and short (except
for B4) cytoplasmic tails, typically 20 to 50 residues in length.
These tails lack catalytic activity and transduce signals by
binding to intracellular structural and signaling proteins.

Quaternary Changes

Early biophysical and immunochemical studies demon-
strated that integrin signaling is associated with large
changes in quaternary structure [11]; however, there remains

much controversy over the structure of the resting integrin,
as well as the nature of the conformational changes under-
lying signal transduction [12]. The overall structure of the
integrin, based on electromagnetic (EM) images, was expected
to have straight legs. However, in the first crystal structure
of the entire extracellular portion of an integrin (atV[33), it is
severely bent at the knees [9]. The authors proposed that this
bending was likely to be a crystal artifact; they further sug-
gested that the crystallized fragment represents the acti-
vated, high-affinity state of the integrin, as it binds ligand
with high affinity in solution and is able to bind peptide lig-
and mimetics in the crystal. However, based on the NMR
structure of two domains that were poorly ordered in the
crystal structure and on the location of epitopes for activat-
ing antibodies within these domains, Springer, Blacklow,
and colleagues have suggested that the “knees-bent” or gen-
uflected integrin represents the inactive conformation in vivo
and that a “switchblade” opening of the integrin is associ-
ated with activation [13]. In a third model of quaternary
changes in integrins, Hantgan and colleagues [14] have pro-
vided evidence, using EM and hydrodynamic studies of
peptide-bound integrin, that the - and B-head segments
separate on activation. Such a model would extend the anal-
ogy with the heterotrimeric G proteins [15]. In the G pro-
teins, the GTP-ase domain locks onto the propeller domain,
regulating ligand binding in two ways: steric blockade of the
propeller and allosteric control of the GTP-ase domain. On
binding GTP, the GTP-ase domain dissociates from the pro-
peller, enabling both domains to bind their respective lig-
ands. Binding of an RGD-style ligand could play an role
analogous to GTP. The G protein model is also consistent
with the observations of Mould et al. [16], who mapped two
distinct binding sites, one on the propeller and the other at
the MIDAS motif, for two different regions of fibronectin,
separated by =40 A. In the crystal structure of VB3, the
fibronectin binding sites are much closer together, suggest-
ing that the head must separate in order to engage both sites
on fibronectin and supporting the notion that the head sepa-
rates on activation.

Curiously, none of these integrin models is consistent with
the assignment of a long-range disulfide in the P-subunit
[17], although Yan and Smith [18] have provided evidence
that disulfide shuffling occurs in integrin odIbB3 and modu-
lates activation, raising the possibility of further, thus far
uncharacterized, large-scale quaternary changes underlying
activation and signaling.

Tertiary Changes

Crystal structures of recombinant o-1 domains with and
without ligand have demonstrated a dramatic conforma-
tional switch between closed and open states involving a
change in the details of metal coordination at the MIDAS
motif that is mechanically linked to a 10-A downward shift
of the C-terminal helix (or7) [19]. Mutational studies of the
I domain in the context of the intact integrin have confirmed
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that these conformational changes underlie affinity control
and that the conformational state of the I domain is regulated
by the quaternary organization of the integrin [10,20,21].

The conformation of the B-I domain in the crystal structure
is much more similar to the closed (i.e., inactive) conforma-
tion of the o-I domain, although Xiong et al. have proposed
the opposite [9]. Furthermore, the same group recently
soaked a short circular RGD peptide that acts as a ligand
mimetic into the same crystals [22], and the conformational
changes are consistent with those expected for a liganded
domain within the context of a closed quaternary structure,
in which tertiary changes are in the direction of those
observed in the o-1 domain but are frustrated by the closed
quaternary structure [12]. Indeed, three mutations that sup-
press activation map to the loops that link one of the MIDAS
loops to the C-terminal (7) helix [23]. It is conceivable that
in the activated integrin, a large shift of o7, comparable
to that observed in the o-I domain, occurs in concert with
a hinge-like motion of o-I, allowing it to roll around its
N-terminal connector and freeing it from the propeller. The
crystal structure of an authentic active integrin—ligand com-
plex is required to test this proposal.

Tail Interactions

Abundant biochemical and genetic data support the notion
that interactions between integrin o and B cytoplasmic tails
hold the resting integrin in a low-affinity conformation
[7,24,25]. For example, a classic study by Ginsberg and col-
leagues [7] showed that a salt bridge between the allb
Arg? and B3 Asp’?? was necessary and sufficient to hold
the integrin in its resting state. It is puzzling, therefore, that
several nuclear magnetic resonance (NMR) analyses have
failed to demonstrate such an interaction directly [26,27].
A recent paper by Vogel and coworkers, however, provides
the first direct structural evidence for extensive interactions,
albeit with truncated tail fragments [28].

Given this confusion, it has been difficult to develop a
definitive model of how reorganization of the cytoplasmic
tails propagate through the transmembrane domain to the
ligand-binding head. Two simple models are supported by
data. The first is a scissors model, in which the integrin
pivots about some point between its legs, leading to a sepa-
ration of both the head and tail domains [2,29]. Such a
movement is consistent with the EM studies of Hantgan
et al. [14]. Inside-out signaling is simple to envisage in such
a model and would simply require that a cytosolic protein is
bound tightly to one or both tails, pulling them apart. An
example of such a protein is talin, which activates integrins
by binding to an NPxY motif near the center of most J tails
via a phosphotyrosine binding (PTB)-like domain in the
head region [30]. A second possibility is a piston model, in
which one or both tails move up and down with respect to
the plasma membrane, changing the border of the trans-
membrane and cytoplasmic domains. Typically, an R or K
is positioned 23 hydrophobic amino acid residues carboxy

terminal to the predicted start of the transmembrane domain,
followed by four to six hydrophobic residues [24] that also
appear to be membrane-imbedded in the resting integrin
[31]. It has been proposed that changes in the localization or
orientation of the integrin transmembrane domain could occur
during physiological integrin activation. For example, the
binding site of the B2 integrin regulatory protein, cytohesin-1,
is in the hydrophobic membrane proximal region [32], so
that sequestering this region could “pull” on the B-subunit,
altering the packing between the o-subunit propeller and the
B-T domain.

Concluding Remarks

In spite of major advances in the past 12 months, under-
standing the structural basis of integrin signaling is far from
complete. The major missing data include the structure of a
true ligand-bound, active integrin and definitive structural
data on the interactions between the cytoplasmic tails and
how these are affected by complex formation with cytoplas-
mic binding partners.

References

1. Hynes, R. O. (1992). Integrins: versatility, modulation, and signalling
in cell adhesion. Cell 69, 11-25.

2. Schwartz, M. A., Schaller, M. D., and Ginsberg, M. H. (1995).
Integrins: emerging paradigms of signal transduction. Ann. Rev. Cell
Dev. Biol. 11, 549-599.

3. Schwartz, M. A. and Ginsberg, M. H. (2002). Networks and crosstalk:
integrin signalling spreads. Nat. Cell Biol. 4, E65-E68.

4. Bazzoni, G. and Hemler, M. E. (1998). Are changes in integrin
affinity and conformation overemphasized? Trends Biochem. Sci. 23,
30-34.

5. Hogg, N. and Leitinger, B. (2001). Shape and shift changes related to
the function of leukocyte integrins LFA-1 and Mac-1. J. Leukoc. Biol.
69, 893-898.

6. Woods, A. and Couchman, J. R. (2000). Integrin modulation by lateral
association. J. Biol. Chem. 275, 24233-24236.

7. Hughes, P, Diaz-Gonzalez, F., Leong, L., Wu, C., McDonald, J.,
Shattil, S. J., and Ginsberg, M. H. (1996). Breaking the integrin hinge.
J. Biol. Chem. 271, 6571-6574.

8. Takagi, J., Erickson, H. P., and Springer, T. A. (2001). C-terminal open-
ing mimics “inside-out” activation of integrin a5p1. Nat. Struct. Biol.
8, 412-416.

9. Xiong, J.-P,, Stehle, T., Diefenbach, B., Zhang, R., Dunker, R., Scott,
D. L., Joachimiak, A., Goodman, S. L., and Arnaout, M. A. (2001).
Crystal structure of the extracellular segment of integrin oV[3.
Science 294, 339-345.

10. Lupher, M. L. J.,, Harris, E. A., Beals, C. R., Sui, L. M., Liddington,
R. C., and Staunton, D. E. (2001). Cellular activation of leukocyte
function-associated antigen-1 and its affinity are regulated at the I
domain allosteric site. J. Immunol. 167, 1431-1439.

11. Du, X., Gu, M., Weisel, J. W., Nagaswami, C., Bennett, J. S.,
Bowditch, R. D., and Ginsberg, M. H. (1993). Long range propaga-
tion of conformational changes in integrin oIIbB3. J. Biol. Chem. 268,
23087-23092.

12. Liddington, R. C. (2002). Will the real integrin please stand up?
Structure 10, 605-607.

13. Beglova, N., Blacklow, S. C., Takagi, J., and Springer, T. A. (2002).
Cysteine-rich module structure reveals a fulcrum for integrin
rearrangement upon activation. Nat. Struct. Biol. 9, 282-287.



126

Part I Initiation: Extracellular and Membrane Events

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hantgan, R. R., Paumi, C., Rocco, M., and Weisel, J. W. (1999). Effects
of ligand-mimetic peptides Arg-Gly—Asp—X (X=Phe, Trp, Ser) on
oIIbP3 integrin conformation and oligomerization. Biochemistry 38,
14461-14474.

Bohm, A., Gaudet, R., and Sigler, P. B. (1997). Structural aspects of
heterotrimeric G-protein signaling. Curr. Opin. Biotechnol. 8, 480-487.
Mould, A. P, Askari, J. A., Aota, S., Yamada, K. M., Irie, A., Takada, Y.,
Mardon, H. J., and Humphries, M. J. (1997). Defining the topology of
integrin o5B1-fibronectin interactions using inhibitory anti-at5 and
anti-B1 monoclonal antibodies: evidence that the synergy sequence
of fibronectin is recognized by the amino-terminal repeats of the o5
subunit. J. Biol. Chem. 272, 17283-17292.

Calvete, J. J., Mann, K., Alvarez, M. V., Lopez, M. M., and Gonzilez-
Rodriguéz, J. (1992). Proteolytic dissection of the isolated platelet fib-
rinogen receptor, integrin GPIIb/IIIa. Localization of GPIIb and GPIIla
sequences putatively involved in the subunut interface and in intrasub-
unit and intrachain contacts. Biochem. J. 282, 523-532.

Yan, B., and Smith, J. W. (2001). Mechanism of integrin activation by
disulfide bond reduction. Biochemistry 40, 8861-8867.

Emsley, J., Knight, C. G., Farndale, R. W., Barnes, M. J., and
Liddington, R. C. (2000). Structural basis of collagen recognition by
integrin 02B1. Cell 101, 47-56.

Li, R., Rieu, P., Griffith, D. L., Scott, D., and Arnaout, M. A. (1998).
Two functional states of the CD11b A-domain: correlations with key
features of two Mn%*-complexed crystal structures. J. Cell Biol. 143,
1523-1534.

Oxvig, C., Lu, C., and Springer, T. A. (1999). Conformational changes
in tertiary structure near the ligand binding site of an integrin I domain.
Proc. Natl. Acad. Sci.USA 96, 2215-2220.

Xiong, J. P, Stehle, T., Zhang, R., Joachimiak, A., Frech, M.,
Goodman, S. L., and Arnaout, M. A. (2002). Crystal structure of the
extracellular segment of integrin VB3 in complex with an
Arg-Gly-Asp ligand. Science 296, 151-155.

Baker, E. K., Tozer, E. C., Pfaff, M., Shattil, S. J., Loftus, J. C., and
Ginsberg, M. H. (1997). A genetic analysis of integrin function:
Glanzmann thrombasthenia in vitro. Proc. Natl. Acad. Sci. USA 94,
1973-1978.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Williams, M. J., Hughes, P. E., O’Toole, T. E., and Ginsberg, M. H.
(1994). The inner world of cell adhesion: integrin cytoplasmic domains.
Trends Cell Biol. 4, 109-112.

Ginsberg, M. H., Yaspan, B., Forsyth, J., Ulmer, T. S., Campbell, I. D.,
and Slepak, M. (2001). A membrane-distal segment of the integrin ollb
cytoplasmic domain regulates integrin activation. J. Biol. Chem. 276,
22514-22521.

Li, R.,, Babu, C. R,, Lear, J. D., Wand, A. J., Bennett, J. S., and
DeGrado, W. F. (2001). Oligomerization of the integrin oIlIbB3: roles
of the transmembrane and cytoplasmic domains. Proc. Natl. Acad. Sci.
USA 98, 12462-12467.

Ulmer, T. S., Yaspan, B., Ginsberg, M. H., and Campbell, 1. D.
(2001). NMR analysis of structure and dynamics of the cytosolic
tails of integrin olIbB3 in aqueous solution. Biochemistry 40,
7498-7508.

Weljie, A. M., Hwang, P. M., and Vogel, H. J. (2002). Solution
structures of the cytoplasmic tail complex from platelet integrin
alpha IIb- and beta 3-subunits. Proc. Natl. Acad. Sci. USA 99,
5878-5883.

Loftus, J. C. and Liddington, R. C. (1997). New insights into integrin—
ligand interaction. J. Clin. Invest. 99, 2302-2306.

Calderwood, D. A., Yan, B., de Pereda, J. M., Garcia-Alvarez, B.,
Fujioka, Y., Liddington, R. C., and Ginsberg, M. H. (2002). The phos-
photyrosine binding-like domain of talin activates integrins. J. Biol.
Chem. 277, 21749-21758.

Armulik, A., Nilsson, I., von Heijne, G., and Johansson, S. (1999).
Determination of the border between the transmembrane and cytoplas-
mic domains of human integrin subunits. J. Biol. Chem. 274,
37030-37034.

Nagel, W., Zeitlmann, L., Schilcher, P., Geiger, C., Kolanus, J., and
Kolanus, W. (1998). Phosphoinositide 3-OH kinase activates the 32
integrin adhesion pathway and induces membrane recruitment of
cytohesin-1. J. Biol. Chem. 273, 14853-14861.

Mould, A. P., Askari, J. A., Barton, S., Kline, A. D., McEwan, P. A.,
Craig, S. E., and Humphries, M. J. (2002). Integrin activation involves
a conformational change in the alpha 1 helix of the beta subunit
A-domain. J. Biol. Chem. 1000, 1-5.



CHAPTER 22

Structures of Heterotrimeric
G Proteins and Their Complexes

Stephen R. Sprang
Howard Hughes Medical Institute,
University of Texas Southwestern Medical Center, Dallas, Texas

Introduction

The alpha subunits of heterotrimeric G proteins belong to
the superfamily of intracellular GTP hydrolases that use the
energy derived from the binding of guanosine triphosphate
(GTP) to effect signal transduction. The energy derived
from GTP binding is used to stabilize an activated state of
the G protein that is able to bind and regulate certain mole-
cules, called effectors, in the cell. This capability is dimin-
ished or lost when the G protein hydrolyzes GTP. It is
regained when a new molecule of GTP is bound, a process
that is catalyzed by ligand-activated, seven-transmembrane
helical G protein-coupled receptors (GPCRs). Intracellular
targets of G protein regulation include a small group of sec-
ond-message-generating molecules such as potassium and
calcium ion channels, phospholipase CB isoforms (PLCp),
adenylyl cyclases (ACs), cyclic GMP phosphodiesterase,
and regulators of other signaling pathways, such as the p115
Rho guanine nucleotide exchange factor (pl115RhoGEF).
The sequence of GTP binding, hydrolysis, product release,
and reformation of the G protein—-GTP complex constitutes
a signaling cycle. Steps within this cycle are subject to reg-
ulation that shapes the temporal characteristics of the signal,
from ligand-receptor recognition to G-protein—effector
interaction. The three-dimensional structures of many of the
components of this cycle have been described in several
functionally relevant states (Table 1). These structures pro-
vide insight into the molecular mechanics of G-protein-
mediated signal transduction. Here, we briefly describe
the three-dimensional structures of G proteins and the
molecular processes that constitute the signaling pathway.
This area of research has been extensively reviewed [1-4]
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and the reader is directed to the primary literature for
details.

Heterotrimeric G proteins have two functional components.
The alpha subunits (Go) are GTP binding proteins which,
when bound to GTP, preferentially interact with effectors.
Dimers composed of tightly bound B (GB) and y (GY) chains
constitute the second functional unit. Gy dimers act both as
inhibitors of nucleotide release from Go and as regulators of
effector proteins, either independently or coordinately with Go.

Go. Subunits

Ga subunits are members of the Ras superfamily, which
also includes translation elongation factors and the compo-
nents of the signal recognition apparatus. In mammals, the
family of Go. isoforms is encoded by 16 genes; these can be
sorted into four closely related homology groups or classes
named for representative members of each class: Go, Goy,
Gay, and Go,,, (Fig. 1). Two variants of Go are generated
by alternative mRNA splicing. Each member of the Go. fam-
ily interacts specifically with one effector or effector iso-
form, although certain effectors are regulated by more than
one species of Go.. Known effectors include all isoforms of
AC: Go, Go., and Goy; (a negative regulator of types I and
V AC) [5]; PDE: Go,; PLCP isoforms: Gocq class members
[6]; and p115RhoGEF: Go,; [7]. Effectors of certain Gou
proteins, Ga,,, and Ga.,, remain in question.

Ras superfamily proteins are built upon a scaffold of six
parallel B-strands, layered on each side by a set of five
a-helices (Fig. 2). Unique to the heterotrimeric Go. family is
an o-helical bundle domain inserted into the loop between

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Table I Selected Structures of Heterotrimeric G Proteins and
Their Complexes

Protein Nucleotide Ref. and PDB code
Go, Mg?+eGTPyS? [15] 1ITND
Goy, Mg2*eGTPYS [13] IGIA
Goy, Mg2*eGppNHp® [65] 1CIP
Go, Mg2*eGTPYS [17] 1AZT
Goy, Mg2*eGDPeAIF; [13] 1GFI
Ga, Ca>*eGDPeAIF; [25] ITAD
Goy; (G203A) GDPePi [66] 1GIT
Gay, Mg?*eGDPeSO}~ [67] IBOF
Go, MgZ+eGDP [16] ITAG
Goy, GDP [14] 1IGDD
Goy, *GB;eGy, GDP [45,49] 1GG2
Go,*GB;eGy,° GDP [48] 1GOT
Go,eGoLoco! GDP [68] 1KTY
GP;eGr, — [47] ITBG
Gp,#Gy,ePhosducin — [69,70] 1AOR,1B9X
Go, *RGS4 Mg2+eGDPeAIF; [35] IAGR
Go,®RGS9 Mg2*eGDPeAIF; [20] 1FQK
Go,#RGS9ePDEY* Mg?*eGDPeAIF; [20] 1FQJ
GaoeACT Mg?+eGTPYS [19] 1AZS
Go,eACS MgZteGTPYS [71] 1CJU

4GTPyS—guanosine 5’-[y-thio]triphosphate.

prpNHp—guanosine—5’—(By—methylene)triphosphate.
€Goy subunit is a chimera comprising residues 26 to 215 of bovine Gay, residues 220 to 298 of rat

Goci(]l, and residues 295 to 350 of bovine Go,.
GoLoco motif peptide from RGS14.

°PDEy-cyclic GMP phosphodiesterase y subunit.

fac:a complex between the C1 domain of adenylyl cyclase type V and the C2 domain of adenylyl
cyclase type II. These domains comprise the catalytic unit. A soluble forskolin derivative is bound at
the regulatory site of AC. The domains adopt the open conformation.

8This complex contains the ATP analog B-L, 2’,5’, dideoxy adenosine triphosphate, and two mag-
nesium ions. The domains adopt a closed conformation.

the first and second [ strands of the Ras-like domain. Go
subunits are modified by N-terminal myristoylation [8]
(Goy) and thioester-linked palmitoylation (Got,, Gotg, G, 3),
or both (Goy, Go,,, Go,) [9,10]. The latter confers plasma
membrane localization upon Go, and Go,, but may be
reversed upon activation [11]. Myristoylation is required in
some cases for activity, for example, efficient inhibition of
adenylyl cyclase by Goy; [12].

GTP is bound between the helical and Ras-like domains
but interacts primarily with conserved sequence motifs within
the Ras domain [13-17]. The P-loop, which enfolds the
alpha and beta phosphates of the nucleotide, contains a char-
acteristic Walker A sequence motif, GA/TGESGKST [18],
which is permissive for the tight turn required to encompass
the phosphate. The lysine residue is a critical B-phosphate
ligand and the following serine residue binds the catalytic
Mg?* ligand. The connector leading from the helical domain
to the Ras-like domain contains a series of residues called
Switch I. The arginine residue (178 in Goy,;) within this

sequence (... RVXTTG...) is an important catalytic ligand,
and the succeeding threonine is the second Mg?* ligand
(Fig. 3). The gamma phosphate group of GTP is cradled by
a tight turn (... DVGGQ...) which precedes Switch II, an
irregular and conformationally mobile helix (02). The glut-
amine residue in this series (204 in Goy,) plays a critical cat-
alytic role in GTP hydrolysis. However, in the structures of
Go subunits bound to slowly hydrolyzable GTP analogs, the
catalytic glutamine and, in Goy;, the catalytic arginine as
well are either poorly ordered or adopt conformations in
which they would be incapable of providing catalytic assis-
tance (Fig. 3). A key role of GTP, in league with Mg?*, is to
maintain the conformational state and structural integrity of
the helical Switch II via a set of hydrogen bonds and oxy-
gen-metal interactions that link MgZ*eGTP with the P-loop,
Switch I, and Switch II. Structural studies of Goy; and
Go,, show that, in the guanosine diphosphate (GDP) state,
Switch II is either wholly disordered or adopts an alternate
conformation. The well-ordered state induced by GTP also
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Figure 1 A phylogenetic tree, using CLUSTAL_W(81) of the mam-
malian family of human Go. subunits.

Switch Il
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helical domain
elical domai o

oA Switch | ) Switch Il

Figure 2 Schematic of the GTP-bound complex of Goy; with second-
ary structure elements (arrows: B-strands, coils: o-helices). GTP is shown
as a ball-and-stick model. (From Sprang, S. R., Annu. Rev. Biochem., 66,
639-678, 1997. With permission.)

promotes a set of ionic contacts between Switch II and the
B4-03 loop called Switch III. Upon GTP hydrolysis, the
network of interactions between the three switch regions is
altered or lost.

The purine ring of the guanine nucleotide is cradled by two
conserved loops, B5-0G and 6-05 (Fig. 2). The aspartate
residue within the first sequence (... FLNKKD...) confers
specificity towards guanine nucleotides. The second loop acts
in a supporting role. A variety of o. mutations have been
described, some of physiological relevance, that directly affect
GTP hydrolysis, nucleotide specificity exchange, and effector
coupling. Such mutants are useful for probing or controlling
the action of G proteins in cell culture or in vivo (Table 2).

Ga-Effector Interactions

In the two Go—effector complexes for which structures
are known, Go binds the effector in the same manner, even
though the structures of the effectors themselves are quite
different. The interactions are dependent on the “activated”
state of Ga that is stabilized by GTP. In the complex

R242 ~_ |
QA
P\ N Q204
E43 & ®
A
R178 W60  o..lgt )
4‘}&'-..,0_ 6{ f
5206 |
A \\!'
f G203

Figure 3 Close-up of the catalytic site of the Go;*MgZ*eGppNHp
complex, showing the side chains involved in catalysis and Mg?* binding.
Residues of Switch I are blue, the P-loop is green, and Switch II is pale yel-
low. (Adapted from Coleman, D. E. and Sprang, S. R., J. Biol. Chem., 274,
16669-16672, 1999.)

between Go,®GTPYS and the catalytic domains of adenylyl
cyclase [19] and that between Go. @#GTPYS and the y subunit
of PDE [20], the effector is bound at the cleft between
Switch IT and the a3—B5 loop of Ga (Fig. 4). The effector
specificity of Go. is conferred both by side chains in the
effector binding segments and the conformation of the
polypeptide chain within them. For example, Goy; inhibits
the Go,-stimulated activity of adenylyl cyclase isoforms
I and V, but does not bind to the Ga, activation site [21],
possibly interacting at a dyad-related site in the C1 domain
instead. The ability of Ga; to discriminate its own from the
Go, binding site is unlikely to be entirely due to the amino
acid sequence of the Switch II and a3—B5 loops, because
all but two amino acids in the adenylyl cyclase contact
region are conserved between the two Go. subunits. The fail-
ure of Gay;; to act as an activator (or Go as an inhibitor) may
stem from differences between the two proteins in the spac-
ing and orientation of the a3—5 loop and the 04—36 loop
that buttresses it [17]. Indeed, the a4—p6 loop had been pro-
posed, on the basis of mutagenesis experiments, to direct the
specificity of Goy, and Go, toward their respective binding
sites on AC [22], even though the structure of the complex
revealed no direct contact with effector. In its interaction
with PDEY, Ga, uses the same structural elements that Go
employs in contacting AC. Although the chemical basis
of certain of the Go—effector interactions are conserved,
the amino acid sequence differences between Go, and other
Go subunits are sufficient to ensure specificity. There is
structural and biochemical evidence to suggest that Go
stimulates adenylyl cyclase by controlling the relative ori-
entation of its catalytic domains. Go, (transducin), on the
other hand, sequesters an inhibitory subunit of cyclic GMP
phosphodiesterase.
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Table I Selected Mutations in Go. Subunits

Mutation Go Structural element Effect Structure Ref.
G49A Go, P-loop Reduced GTPase rate — [72]
G42v Goy, P-loop Reduced GTPase rate Goy;, 1ASO, [73]
1AS2, 1AS3
S54N Ga, P-loop; Mg?* ligand Weak Mg?* binding; reduced — [74]
receptor activation; negative
dominant
R201X Goy;, Switch 1 Reduced GTPase rate; activating — [75,76]
Go, Catalytic R mutant
G202T Go,, Switch II Dominant negative —
G226L Go, Switch II Reduced rate of Gy release Goy,(G203A), [77,78]
Catalytic Q (prevents activation), loss of 1GIT,
Mg2* affinity Go,;(G203A)B,v,
1GG2
Q227L Goy, Switch II Abolishes GTPase activity Goy;;(Q204L), [72,79]
Gay; 1GIL
D273N Go,, Switch II Switches nucleotide specificity to — [80]
NKXD motif XTP (in background of Q205L)
A366S Go, B6-0.5 loop Increases GDP release rate, Goy,(A326S5), [63,64]
Goy; decreases thermostability 1BH2
T325A Goy, a5 (C-terminal Increases GDP release — [62]
V328A helix)
F332A

=

Figure 4 Schematic of Go,eMg?*eGTPYS bound to the catalytic
domains of adenylyl cyclase. The Ras-like domain of Go is rendered in
charcoal and Switch Il is red. The C1 and C2 domains of type V and type II
AC, respectively, are tan and magenta. (Adapted from Tesmer, J. J. G. et al.,
Science, 278, 1907-1916, 1997.)

GTP Hydrolysis by Go and Its Regulation
by RGS Proteins

Ga proteins hydrolyse GTP with a slow catalytic rate of
approximately 0.05 s~! at physiological temperature. Because
GoeGDP binds effectors with less affinity than GoeMgeGTP,
the rate of hydrolysis determines the lifetime of the signal,
as measured by the output of activated effector. The origin
of the kinetic barrier may be deduced from the structure of
the complex between Go bound to GDP and magnesium

fluoroaluminate (MngfOAlF{1 ) [13]. Fluroaluminate (AlF;)
and its hydrates mimic the y phosphate of GTP [23] and in
the presence of GDP promote the activated state of Gal [24].
Structural studies of Goy; and the Go,eGDPeMgeAIF,~!
complexes demonstrate that AIF,~! forms a hexacoordinate
complex with a 3 phosphate oxygen of GDP and a water mol-
ecule (the presumptive nucleophile) as axial ligands, thereby
approximating the pentacoordinate transition state for phos-
phorolysis [13,25]. The structures show that, relative to the
ground state (Fig. 2) the Switch I arginine and Switch II glut-
amine must be substantially reoriented in order to stabilize the
transition state. It is therefore possible that a conformational
rearrangement within the active site corresponds to the kinetic
barrier to GTP hydrolysis.

In some cellular contexts (for example, regulation of
adenylyl cyclase by Go.,), the rate of signal termination may
indeed correspond to the intrinsic GTPase rate of the regu-
latory Go.. However, it is clear that other physiological
responses decay much more rapidly following agonist with-
drawal (for example, visual recovery after a light flash or
deactivation of G protein-regulated K channels.) Rapid sig-
nal termination is achieved by RGS (regulator of G protein
signaling) proteins, a family of proteins that have in com-
mon a homologous stretch of =120 amino acids termed the
RGS-box [26]. RGS domains function as GTPase-activating
proteins (GAPs) for Go. subunits [27,28]. Rate enhancement
conferred by RGS ranges from 5- to 10-fold (for RGS9 reg-
ulation of Go, [29]) to well over 50-fold (for RGS4 stimula-
tion ofGoy; [30]). RGS proteins show varying degrees
of specificity towards their Go substrates [26], and most
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Go subunits including Go [31] are known to be subject to the
action of one or more RGS proteins. Biochemical and crystal-
lographic analysis indicate that RGS domains stabilize a con-
formation of Go. that promotes binding of GDPeMgeAIF,™!
[32-34]. GAP activity and Ga recognition is achieved by
specific interactions between the surface of the RGS domain
and the three switch segments of Ga (Fig. 5). In contrast to
certain Ras-family GAPs, RGS proteins do not supply cat-
alytic residues to the catalytic site of Go., but rather stabilize
the catalytically competent conformation [35].

Effectors may contain domains that exhibit GAP activa-
tion toward Go.. A C-terminal dimerization and binding
region within phospholipase C[ isoforms comprises part of
a domain that expresses this activity [36-38] but is evidently
not an RGS domain. A recently discovered effector of Gol,;
[7], p1 15RhoGEEF, contains a domain with remote sequence
and strong structural homology to RGS domains [39,40] but
requires structural elements outside of the RGS box for GAP
activity [41]. Such domains, unique to the pl15RhoGEF
family, have been termed rgRGS modules.

Although RGS domains bind to Gow Switch regions, they
do not in general compete with the binding of effectors.
PDEY binding is positively cooperative with that of RGS9 to
Go, [42], whereas it inhibits binding of RGS7 [43]. In their
interactions with Goy; and Go,, RGS domains interact with
Switch I and the N-terminal half of Switch II; these are adja-
cent to but do not overlap effector contact surfaces [17].
Small structural changes that accompany formation of the
ternary complex between Goy;, PGEY, and the RGS9 sug-
gest a structural basis for cooperative binding [20]. RGS
proteins are therefore able to terminate signaling without the
requirement for Go-effector dissociation. In vivo, tight
spatial coupling among Ga, RGS, effector, and receptor
could generate a high steady-state rate of GTPase activity
and continual effector activation as long as GPCR agonist is
present [26].

Gpy Dimers

Upon GTP hydrolysis, the affinity of Go,, for AC is reduced
about 10-fold [44]. The most potent factor in signal termina-
tion may be the high affinity of GBy for GoreGDP. Gy binds
to the effector-binding surface of Go but requires a conforma-
tion of Switch II that cannot be attained in the GTP-bound
state. This nonsignaling state of Ga is stable in the presence of
GDP and exhibits high affinity for GBy [45]. Receptor-
catalyzed exchange of GDP for GTP also causes full or partial
dissociation from Gfy. When not bound to Go., GBy subunits
are able to regulate other effectors such as inward-rectifying
potassium channels [46] and phospholipase CP isoforms [6].
Thus, receptor-activation of a G protein heterotrimer releases
two regulatory species that can act independently or coordi-
nately on downstream effectors. Five closely related G} sub-
units have been described, together with 12 isoforms of Gy.

Gp subunits are toroidal structures, consisting of seven
four-stranded antiparallel B-sheets, each projecting like the

Switch 1

Figure 5 The complex of the RGS domain from RGS4 bound to the
Ras-like domain of GDPeMg>*eAIF, ! activated Goy;. (Adapted from
Tesmer, J. J. G. et al., Cell, 89, 251-261, 1997.)

blades of a propeller from the central axis of the molecule
(Fig. 6) [45,47]. The seven-fold symmetry is reflected in the
amino acid sequence of G, which is composed of seven so-
called WD (or WD40) repeats, represented by the consensus
sequence [GHX; s@,XPXDXs (P(S/T)(G/A)X;DX,WD],
where X is any residue, @ denotes a hydrophobic residue,
and parentheses enclose alternate possibilities [2]. The
sequence repeat is staggered with respect to the structural
repeat (one propeller “blade”) such that the first B-strand
within the WD motif corresponds to the last B strand of the
n—Ith blade, and the following three B strands of the WD
constitute the first three strands of the nth blade. This con-
struction ensures a lap-joint in which the N- and C-terminal
strands of the propeller are hydrogen-bonded to each other.
The first of the two Asp residues in the motif is invariant and
participates in a hydrogen-bonded network with the His,
Ser/Thr, and Trp residues in most of the blades. The first =40
residues of Gf, preceding the seven-bladed propeller, are
folded into an o helix. The Gy subunit is an extended mole-
cule consisting of three a-helical segments that do not con-
tact each other. Gy subunits are farnesylated (Gy,, Gy,;) or
geranylgeranylated (all others) at their C termini, thereby
tethering them to the plasma membrane and promoting
high-affinity interactions between Gy and Go. subunits and
with effectors (see references in [2]). The N-terminal helix
of Gy forms a parallel coiled-coil with that of Gy. The sec-
ond and third helices lie over the surface of the Gf torus that
is formed by the AB and CD B-strands of each propeller.
This surface contains two hydrophobic pockets, located
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between successive propellers, that accept nonpolar residues
from the end of Gy helix 3 and the succeeding loop region
[48,49]. The Gy binding surface is highly conserved among
the five isoforms of Gf. The limited selectivity between G
and Gy isoforms seems to involve the interaction of hydropho-
bic residues in helix 2 of Gy with its binding surface on Gf3.
GP5 is the most divergent among the five isoforms of Gf.
It has recently been shown to interact most strongly with the
G-gamma-like domains (GGLs) present in a variety of pro-
teins, most notably the members of the RGS11 family [50,51].

Goa binds to the surface of G opposite that to which Gy
is bound (Fig. 7). Go. interacts with G} at two distinct and
separate surfaces, both of which are required for high-affinity
binding. The N-terminal helix of Gal contacts the side of
the G torus at blade 1. The Ras-like domain of Go. binds
GB at Switch I and Switch II. All of the residues of G that
contact Ga. are conserved among Gf isoforms. Although
the GB-binding residues within the Ras domain of Ga are
well conserved, the N-terminal helix of Got is more variable,
and this might confer some degree of conformational speci-
ficity to Go—Gf} interactions. The orientation of this helix
with respect to GB1 differs in complexes with Go;; and Go,.
A series of mutagenesis studies have demonstrated that sev-
eral effectors of Gfy, including PLCP2, B-adreneric receptor
kinase, type II adenylyl cyclase, G-protein-regulated inward
rectifying potassium channels (GIRK), and the calcium
channel o.1B subunit, all contact GBy at the same molecular
surface to which Go subunits binds [52].

GPR/GoLoco Motifs

Recently, a diverse group of proteins containing 25-30
residue GPR (G-protein regulatory) [53,54], or GoLoco [55]

Figure 6 The complex of GBeY,GB, is colored yellow, except for the
second (from the N-terminus) WD repeat, which is rendered in orange. The
four-stranded antiparallel B “blades” that comprise the propeller fold are
numbered. Individual strands in one repeat are lettered (a) through (d), in
order of sequence. The Gy subunit is green. The amino termini of both sub-
units are labeled.

motifs were shown to inhibit, like GBy, the dissociation of
GDP from Goy; and Go,,. GPR/GoLoco motifs bind only to
the GDP-bound G isoforms and also inhibit binding of Gy
[53,56,57]. The GPR/GoLoco repeat from RGS14 adopts an
extended conformation when bound to Goy;®GDP, forming
contacts with Switch II and crossing the gap between the Ras-
like and helical domains. A conserved arginine residue from
GoLoco engages the GDP B-phosphate, thus stabilizing
the nucleotide within the catalytic site. GPR-containing
molecules provide a mechanism for receptor-independent
activation of GBy signaling pathways, while inhibiting reac-
tivation of Goy;;.

Go~GPCR Interactions

Although the mechanism by which receptors activate
G proteins is beyond the scope of this review, some men-
tion of Go—GPCR recognition is in order. The structure
of one GPCR, rhodopsin, has been reported, in an inverse-
agonist-bound (i.e., resting) state [58]. The structural basis
of the heterotrimer—receptor interaction is known only from
extensive mutagenesis and cross-linking studies [3,59-61],
particularly of the rhodopsin—Go, interface. These studies
point to the 04—B6 loop and the C-terminal helix, o5, of
Go,. Mutations of residues located at the inward face of the
o5 helix of Go, dramatically increase receptor-independent
rates of nucleotide release [62]. Mutation of a conserved
alanine residue within the purine-contacting 04—f36 loop

Figure 7 The complex of Go;,*GDP with GB,y,. GB, and Gy, are col-
ored as in Figure 6. The sidechain of tryptophan 99 in Gf3,, shown as a stick
model, is prominent in the interface with Goy,, which is rendered in charcoal.
The switch regions of Goy; are red, and GDP is shown as a ball-and-stick
model.
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preceding 05 increases the intrinsic nucleotide exchange
rate and also reduces the thermostability of Goy; [63,64].
Some residues that affect receptor coupling are located in
the Go—Gf interface but distant from the putative receptor
binding surface, suggesting that GBy plays a direct role in
GPCR-mediated nucleotide exchange.

The mechanism by which GPCRs catalyze nucleotide
exchange from Go remains one of the more puzzling mys-
teries in the structural biology of signaling. Crystal struc-
tures of receptors bound to heterotrimeric G proteins, in a
spectrum of functional states, will eventually be determined
and will provide some, but probably not complete, insight
into receptor function. Equally important is the need to
understand the organization and dynamic behavior of G pro-
tein signaling complexes at the cell membrane. The tools
required for such investigations are still being developed
(see http://www.cellularsignaling.org/).
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Introduction

The crystal structure of rhodopsin was recently solved at
2.8-A resolution. As a prototypical seven-helical G-protein-
coupled receptor (GPCR), rhodopsin has provided signifi-
cant insights toward defining structure—activity relationships
among other related receptors. In particular, many advances
in understanding the molecular mechanism of receptor acti-
vation and how an active receptor catalyzes the exchange of
guanine nucleotides on heterotrimeric G proteins have been
suggested from biochemical and biophysical studies of
rhodopsin and expressed rhodopsin mutants. The report of a
high-resolution crystal structure of rhodopsin now provides
new opportunities to understand how GPCRs work. For
example, the ligand-binding pocket of rhodopsin is remark-
ably compact, and several apparent chromophore—protein
interactions were not predicted from extensive mutagenesis
or spectroscopic studies. The transmembrane helices are
interrupted or kinked at multiple sites. An extensive network
of interhelical interactions stabilizes the ground state of
the receptor. The helix movement model of receptor activa-
tion, which might apply to all GPCRs in the rhodopsin
family, is supported by several structural elements that
suggest how light-induced conformational changes in the

Handbook of Cell Signaling, Volume 1

ligand-binding pocket are transmitted to the cytoplasmic
surface. Future high-resolution structural studies of
rhodopsin and other GPCRs will form a basis to elucidate
the detailed molecular mechanism of GPCR-mediated signal
transduction.

Introduction to Rhodopsin: a Prototypical
G-Protein-Coupled Receptor

Rhodopsin (Rho) is a highly specialized G-protein-coupled
receptor (GPCR) that detects photons in the rod photorecep-
tor cell. Within the superfamily of GPCRs that couple to het-
erotrimeric G proteins, Rho defines the so-called family A
GPCRs, which share primary structural homology [1-3]. Rho
shares a number of structural features with other GPCRs,
including seven transmembrane segments (H1 to H7) (Fig. 1).
In visual pigments, a Lys residue that acts as the linkage site
for the chromophore is conserved within H7 in all pigments,
and a carboxylic acid residue that serves as the counterion to
the protonated, positively charged Schiff base is conserved
within H3. The position analogous to the Schiff base coun-
terion is one helix turn away from the position of an Asp
residue conserved in biogenic amine receptors that serves as

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Retinylidene
Schiff base
linkage

CT

Figure 1 A molecular graphics ribbon diagram of Rho prepared
from the 2.8-A crystal structure coordinates (PDB 1f88). The amino termi-
nus (N) and extracellular surface is toward the top of the figure and the
carboxyl terminus (C) and intracellular surface is toward the bottom.
Seven transmembrane segments (H1 to H7), which are characteristic of
GPCRs, are labeled. The RET chromophore is shown in magenta, and
the side chain of Glu-113 and the retinylidene Schiff base linkage are
shown to highlight the orientation of the chromophore in the binding
pocket. The Schiff base imine nitrogen is labeled. The Rho crystal structure
does not resolve a small segment of the C3 loop linking H5 and H6
or a longer segment of the carboxyl-terminal tail distal to HS. The o-
helical transmembrane segments are tilted with respect to the presumed
plane of the membrane bilayer, and they contain significant kinks and
irregularities.

the counterion to the cationic amine ligands. A pair of
highly conserved Cys residues is found on the extracellular
surface of the receptor and forms a disulfide bond. A
Glu(Asp)/Arg/Tyr(Trp) tripeptide sequence is found at the
cytoplasmic border of H3. This sequence is conserved in fam-
ily A GPCRs and has been shown to be involved in G-protein
interaction [4,5].

Molecular Structure of Rhodopsin

The extracellular surface domain of Rho is comprised of
the amino-terminal tail (NT) and three interhelical loops
(E1, E2, and E3) (Fig. 1) [6]. There is significant secondary
structure in the extracellular domain and several intra- and
inter-domain interactions. The E2 loop is extremely inter-
esting in that it is folded deeply into the core of the mem-
brane-embedded region of Rho. In addition to contacts with

the chromophore (11-cis-retinol), E2 forms extensive contacts
with other extracellular regions. The B3 and B4 strands,
which arise from E2, run anti-parallel. The 34 strand is situ-
ated more deeply within the membrane-embedded region of
Rho than the B3 strand. The B4 strand is adjacent to the
chromophore and forms the extracellular boundary, or roof,
of the ligand-binding pocket. A disulfide bond between Cys-
110 and Cys-187, which forms the extracellular end of H3,
is highly conserved among all class A GPCRs.

More than one-half of the 348 amino acid residues in
Rho make up the seven transmembrane segments (H1 to H7)
included in the membrane-embedded domain. The crystal
structure of this domain is remarkable for a number of
kinks and distortions of the individual transmembrane
segments, which are otherwise generally a-helical in sec-
ondary structure. Many of these distortions from idealized
secondary structure were not accounted for in molecular
graphics models of Rho based on projection density maps
obtained from cryoelectron microscopy [7]. H7 is the most
highly distorted of the seven transmembrane helical seg-
ments. There are kinks at two Pro residues, Pro-291 and
Pro-303. In addition, the helix is irregular around the region
of residue Lys-296, which is the chromophore attachment
site. Pro-303 is a part of the highly conserved Asn/Pro/
X/X/Tyr motif (Asn-302/Pro-303/Val-304/1le-305/Tyr-306
in Rho).

The membrane-embedded domain of Rho is also charac-
terized by the presence of several intramolecular interactions
that may be important in stabilizing the ground state struc-
ture of the receptor. One of the hallmarks of the molecular
physiology of Rho is that it is essentially silent biochemi-
cally in the dark. The bound chromophore serves as a
potent pharmacological inverse agonist to minimize activity.
The Rho structure reveals numerous potentially stabilizing
intramolecular interactions, some mediated by the chro-
mophore and others arising mainly from interhelical inter-
actions that do not involve the chromophore-binding pocket
directly. For example, a complex H-bond network appears
to link H6 and H7. The key interaction here is between
Met-257 and Asn-302. The precise functional importance of
the highly conserved Asn/Pro/X/X/Tyr motif (Asn-302/Pro-
303/Val-304/Ile-305/Tyr-306 in Rho) is unclear. However,
one key structural role is to mediate several interhelical
interactions. The side chains of Asn-302 and Tyr-306 project
toward the center of the helical bundle. The hydroxyl group
of Tyr-306 is close to Asn-73 (cytoplasmic border of H2),
which is also highly conserved. A key structural water mol-
ecule may facilitate an H-bond interaction between Asn-302
and Asp-83 (H2). A recent mutagenesis study of the human
platelet-activating factor receptor showed that replacement
of amino acids at the positions equivalent to Asp-78 and
Asn-302 in Rho with residues that could not H bond prevented
agonist-dependent receptor internalization and G-protein
activation [8].

The 11-cis-retinol chromophore is a derivative of vitamin
A, with a total of 20 carbon atoms (Fig. 2). The binding site
of the chromophore lies within the membrane-embedded
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Figure 2 Photoisomerization of the 11-cis-retinylidene chromophore
(RET) to its 11-trans form is the only light-dependent event in vertebrate
vision. The RET chromophore is a derivative of vitamin A, with a total
of 20 carbon atoms. The structure of the chromophore in rhodopsin appears
to be 6s-cis 11-cis 12s-trans 15-anti-retinylidene protonated Schiff base.
The planar surfaces are meant to depict the twists about the C-6—C-7 and
C-12-C-13 bonds. Photoisomerization in Rho occurs on an ultrafast time
scale, with photorhodopsin as the photoproduct formed on a femtosecond
time scale [23]. The photolyzed pigment then proceeds through a number
of well-characterized spectral intermediates. As the protein gradually
relaxes around 11-frans RET, protein—chromophore interactions change
and distinct A, values are observed. Important photochemical properties
of Rho in the rod cell disc membrane include a very high quantum effi-
ciency (=0.67 for Rho versus =0.20 for RET in solution) and an extremely
low rate of thermal isomerization.

domain of the receptor (Fig. 3). All seven transmembrane
segments and part of the extracellular domain contribute
interactions with the bound chromophore. The chromophore is
located closer to the extracellular side of the transmembrane
domain of the receptor than to the cytoplasmic side. Glu-113
serves as the counterion for the Schiff base attraction of the
chromophore to Lys-296. In all, at least 16 amino acid
residues are within 4.5 A of the chromophore: Glu-113, Ala-
117, Thr-118, Gly-121, Glu-122, Glu-181, Ser-186, Tyr-191,
Met-207, His-211, Phe-212, Phe-261, Trp-265, Tyr-268,
Ala-269, and Ala-292. The most striking feature of the binding
pocket is the presence of many polar or polarizable groups
to coordinate an essentially hydrophobic ligand.

The cytoplasmic domain of Rho is comprised of three
cytoplasmic loops and the carboxyl-terminal tail: C1, C2,
C3, and CT. Loops C1 and C2 are resolved in the crystal
structure, but only residues 226 to 235 and 240 to 246 are
resolved in C3. CT is divided into two structural domains.
C4 extends from the cytoplasmic end of H7 at Ile-307 to
Gly-324, just beyond two vicinal Cys residues (Cys-322 and
Cys-323), which are posttranslationally palmitoylated. The
remainder of CT extends from Lys-325 to the carboxyl ter-
minus of Rho at Ala-348. The crystal structure does not
resolve residues 328 to 333 in CT.

Figure 3 The RET chromophore-binding pocket of bovine Rho. The
RET chromophore-binding pocket is shown from slightly above the plane
of the membrane bilayer looking between transmembrane segments H1
and H7. Several amino acid residues are labeled, including the Schiff base
counterion Glu-113. At least three residues appear to interact with the C-19
methyl group of the chromophore: Ser-118, Ile-189, and Tyr-268. The C-19
methyl group might provide a key ligand anchor that couples chromophore
isomerization to protein conformational changes. Some additional key
amino acid residues are labeled, including the Cys-187, which forms a
highly conserved disulfide bond with Cys-110.

A number of cytoplasmic proteins are known to interact
exclusively with the active state of the receptor (R*). Because
the crystal structure depicts the inactive Rho structure that does
not interact significantly with cytoplasmic proteins, the struc-
ture can provide only indirect information about the relevant R*
state. Perhaps the most extensively studied receptor—G-protein
interaction is that of bovine Rho with G,. Detailed biochem-
ical and biophysical analysis of the R*—G, interaction has
been aided by mutagenesis of the cytoplasmic domain of
bovine Rho. Numerous Rho mutants defective in the ability
to activate G, have been identified. Several of these mutant
receptors were studied by flash photolysis [9], light-scattering
[10], or proton-uptake assays [11]. The key overall result of
these studies is that C2, C3, and H8 are involved in the
R*-G, interaction.

HS is a cationic amphipathic helix that may bind a phos-
pholipid molecule, especially a negatively charged phospho-
lipid such as phosphatidylserine. In fact, spectroscopic
evidence has been reported to show an interaction between
Rho and a lipid molecule that is altered in the transition of
Rho to metarhodopsin II, the spectrally defined form of R*
[12]. H8 points away from the center of Rho, and the area of
the membrane surface covered by the entire cytoplasmic
surface domain appears to be roughly large enough to
accommodate G, in a one-to-one complex.
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Although the crystal structure of Rho does not provide
direct information about the structure of R* or about the
dynamics of the Rho to R* transition, it does provide a wealth
of information that should help to design experiments using
existing methods to address specific questions regarding
the molecular mechanism of Rho activation. An inactive
receptor conformation must be capable of changing to an
active conformation which catalyzes nucleotide exchange
by a G protein. In Rho, the chromophore is in its “off” state,
but switches to the “on” state 11-frans geometry by photo-
isomerization, which leads to the R* conformation of the
receptor. Recent studies have suggested that steric and/or
electrostatic changes in the ligand-binding pocket of Rho
may cause changes in the relative disposition of transmem-
brane (TM) helices within the core of the receptor. These
changes may be responsible for transmitting a “signal” from
the membrane-embedded binding site to the cytoplasmic
surface of the receptor. Trp mutagenesis [13], mutagenesis
of conserved amino acid residues on H3 and H6 [14,15], and
the introduction of pairs of His residues at the cytoplasmic
borders of TM helices to create sites for metal chelation [16]
have recently provided insights regarding the functional role
of specific helix—helix interactions in Rho. These results
indicated a direct coupling of receptor activation to a change
in the spatial disposition of H3 and H6. This could occur if
movements of H3 and H6 were coupled to changes in the
conformation of the connected intracellular loops, which are
known to contribute to binding surfaces and tertiary contacts
of Rho with G,.

More direct evidence for changes in interhelical interac-
tions upon receptor activation were provided by extensive
site-directed spin labeling and electron paramagnetic reso-
nance (EPR) spectroscopy studies of the transition of Rho to
R* in modified, or expressed, mutant pigments. The results
suggested a requirement for rigid body motion of trans-
membrane helices, especially H3 and H6, in the activation
of Rho [17]. A slight reorientation of helical segments upon
receptor activation is also supported by experiments using
polarized attenuated total reflectance infrared difference
spectroscopy [18]. Finally, movement of H6 was also detected
by site-specific chemical labeling and fluorescence spec-
troscopy [19]. The structural rearrangement of helices upon
activation might not result in an R* structure that is drasti-
cally different from that of Rho as an engineered receptor
with four disulfide bonds (between the cytoplasmic ends
of H1 and H7, and H3 and HS5, and the extracellular ends
of H3 and H4, and H5 and H6) was still able to activate
G, [20].

Because the arrangement of the seven transmembrane
segments is likely to be evolutionarily conserved among the
family of GPCRs, the proposed motions of H3 and H6 may
be a part of a conserved activation mechanism shared among
all receptor subtypes [21,22]. In other class A GPCRs, ago-
nist ligand binding would be coupled to a change in the ori-
entations of H3 and H6.

10.

11.

12.

13.

15.
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Human Olfactory Receptors
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Olfaction, the sense of smell, is a versatile and sensitive
mechanism for detecting volatile odorous molecules [1,2]. It
is mediated by hundreds of olfactory receptor (OR) proteins
in the membrane of the chemosensory neurons, extended
by the formation of long cilia. Odorant binding initiates a
cascade of signal transduction events that involve a G-protein-
dependent elevation of cAMP second messenger and open-
ing of cAMP-gated ion channels [3]. The olfactory system
utilizes a combinatorial receptor-coding scheme to discrim-
inate different odorants [4-7]. A specific odor is recognized
as a pattern of saturation values, which may be viewed as an
“activity vector” generated across an array of ORs. As each
sensory neuron expresses only one OR gene (in fact, a sin-
gle allele thereof) [8], the pattern of receptor activation is
faithfully represented in an array of cellular activities, as
conveyed to the central nervous system.

In humans, a repertoire of more than 1000 OR genes has
been elucidated by cloning and genomic data mining [9-12].
Genes of this “olfactory subgenome”, the largest subgroup
within the G-protein-coupled receptor (GPCR) hyperfamily,
are disposed in dozens of clusters on most human chromo-
somes. This genomic disposition is accounted for by an
elaborate process of gene and cluster duplication, as well as
gene conversion events [13,14]. Approximately two-thirds
of all human ORs are pseudogenes that have accumulated up
to 27 frame-disrupting mutations [9,15]. Such an observation
is consistent with the diminished importance of the sense of
smell in primates, including humans. The OR subgenome
consists of 17 gene families [16,17], which belong to either
class I (fish-like) or class II (tetrapod-specific) receptors.
Interestingly, the proportion of intact genes is greater among
class I receptors, suggesting they have greater functional
importance.

The genetics of ORs has only begun to be elucidated. In
humans, it is commonly believed that OR polymorphisms
underlie the widespread inter-individual variations in odorant
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threshold [18]. This is in line with genetic models developed
in other species [19-21]. Providing direct evidence for
this notion by genotype—phenotype correlations in humans
constitutes an important future challenge that may involve
the identification of pseudogenes present only in certain
individuals [22].

As is the case for most integral membrane proteins,
the three-dimensional structure of ORs has not yet been
determined. Therefore, scientists have resorted to alternative
methods of structure prediction. These include homology
modeling [23,24] based on the structure of bovine rhodopsin,
the only GPCR for which crystallographic structural infor-
mation is available (see Chapter 22). This approach is ren-
dered more valid because both ORs and rhodopsin belong to
class A GPCRs [25]. Homology modeling was performed
despite the marginal sequence similarity between ORs and
rhodopsin (=21% amino acid identity over most of the pro-
tein sequence) and was greatly aided by the occurrence of
sequence motifs common to the two sets of proteins (Fig. 1).
Such shared features include the overall seven-helix struc-
ture, the conserved extracellular cysteine bridge between the
first and second extracellular loops, the (D/E)RY motif in
the transition zone between the third transmembrane helix
and second intracellular loop, the SY motif in transmem-
brane 5 (TM5), and the NP motif in TM7 [10,26].

Variability analysis identified 17 hypervariable residues
which point to a putative odorant binding pocket formed by
TM3 to TM6; these residues were proposed to form the
complementarity-determining regions (CDRs). The use of
enhanced variability as a criterion for functional importance is
analogous to an approach originally proposed for immunoglob-
ulins [26]. Additional information on potential functional
residues is provided by correlated mutation analysis [27]
and by comparisons of variability patterns in orthologous
and paralogous sequences ([28]; Man, Gilad, and Lancet,
unpublished work).

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 A three-dimensional homology model of an OR protein (OR1E1) using the structure of
bovine rhodopsin ([39]; PDB code 1F88). As a template, in side view (A, extracellular at the top), and
in a frontal view into the putative binding site from the extracellular side (B). Functionally important
features are shaded and include the following: the conserved MAYDRY VAIC motif in the end of
TM 3; exceptionally conserved residues in the second and third intracellular loops; the putative disul-
fide bond between the first and second extracellular loops; the N-glycosylation site near the amino
terminus; the second extracellular loop that covers the binding site; the 17 putative CDRs [26].

Functionally important residues were also highlighted
using sequence conservation analysis (Fig. 1). In particular,
ten sequence motifs concentrated in either the extracellular-
most or intracellular-most parts of the receptors have been
identified [26,29]. It was suggested that these motifs are
involved in the interactions of the receptors with their sig-
naling partners upstream (e.g., odorant-binding protein, OBP,
[30]) or downstream (olfactory GTP-binding protein [31]).
While many GPCRs contain conserved palmitoylation sites
in their carboxy-terminal region (such as rhodopsin; see
Chapter 22), which anchor them to the membrane, only 26%
of intact human ORs contain such sites [10].

The second extracellular loop of ORs has attracted par-
ticular attention. It is comparatively long, and, in addition to
the cysteine residue conserved in all GPCRs, it contains two
conserved cysteines, perhaps forming an internal disulfide
bond [10,32]. This loop also has a relatively high variability,
and a correlation was found between residues within it and
those in the putative binding pocket [27]. This might suggest
that the loop acts as an auxiliary recognition domain, reflect-
ing the unique specificity of the odorant-binding pocket [33].
The finding of OR mRNA in the axon terminals of olfactory
receptor neurons within their target glomerular synaptic
complex [34,35] led to the hypothesis [33] that the second
extracellular loop participates in the guidance of olfactory
neuronal axons [36].

Functional expression studies have the potential to identify
the ligands that activate each receptor. Such studies have
been hindered by the apparent failure of the transfected OR
proteins to translocate efficiently to the plasma membrane
[19]. Solutions to this problem have included in vivo infection
with OR-containing viral vectors in rat olfactory epithelium
[37]; expression of chimeric receptors containing rhodopsin
sequences in a heterologous cell system, in conjunction with

a promiscuous G protein [19]; and expression in oocytes
[19]. A combination of calcium imaging and single-cell
reverse transcription—polymerase chain reaction (RT-PCR)
analysis has also been used to identify receptors that recog-
nize specific odorant molecules and to elucidate a combina-
torial code [5]. One study led to a relatively comprehensive
elucidation of the odorant-binding characteristics of one OR
protein, I7 [38]. Comparison of the highly homologous mouse
and rat 17 receptors [19] resulted in the identification of a
one-residue substitution, V206I, responsible for a shift in
ligand binding preference from octanal in rat to heptanal in
mouse. This residue resides in the extracellular region of
transmembrane segment five in the vicinity of residues pre-
viously predicted to confer specificity, but points away from
the homology-modeling-based proposed binding site, a point
that will require additional scrutiny.

Future studies should involve a considerable augmenta-
tion of ligand—receptor relationships in the olfactory system
in mammals. This should include improved protein expres-
sion methodologies, as well as genetic studies that would
link olfactory sensitivity phenotypes to OR genotypes.
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Introduction

The name chemokine is derived from ‘“‘chemotactic
cytokine” and the hallmark activity of chemokines is
chemotaxis, the ability to induce directed cell movement.
Chemokines are encoded by a large gene family with at least
45 members. The receptors for chemokines also belong to a
gene family with at least 18 members and all are G-protein-
coupled receptors. The sequence similarities found in the
chemokine gene family are reflected in their similar three-
dimensional structures; however, chemokines display a diverse
range of activities. Chemokines were originally identified as
potent leukocyte attractants involved in inflammatory disease.
More recently, they have been found to play critical roles
in the natural development and regulation of the immune
system. In addition, chemokines and their receptors have
been utilized by pathogens to subvert the host immune sys-
tem. This review will explore the many functions of this
important family of immune modulators.

Chemokine Structure and Function

Although their discovery has been relatively recent (mostly
within the past 15 years), chemokines and their receptors
have rapidly become appreciated for their impact on health
and disease. They are involved in a broad variety of natural
biological processes, including development, inflammation,
immunity, and angiogenesis. In addition, these sequences
have been corrupted by pathogens to subvert the innate and
adaptive immune responses. This review provides a brief intro-
duction to chemokine structure and activities. More detailed
reviews can be found in the reference section [1-4].
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Over 45 human chemokines have been characterized. The
first chemokines to be identified were associated with inflam-
matory disease, but their discrete biologic activities were not
known. Once interleukin-8 (IL-8), monocyte chemoattrac-
tant protein-1 (MCP-1), and others were shown to attract
leukocytes, other proteins with similar structure were also
identified with leukocyte chemotactic activity [5-8]. The
earliest identified chemokines were isolated by standard
protein purification techniques, including heparin affinity
chromatography. Others were soon identified as induced
sequences in cDNA libraries that encoded similar protein
structures [9-11]. Most of the newer chemokines were found
in expressed sequence tag (EST) cDNA libraries by sequence
similarity, while others have been discovered in the course of
sequencing the human genome. Because many laboratories
and many methods have been responsible for chemokine
discovery, the original chemokine nomenclature is confusing.
Recently a more comprehensive nomenclature has been devel-
oped [12]. This is presented in Table 1, along with the recep-
tors and cell types with which they interact.

Chemokines are 8- to 10-kDa proteins that share signifi-
cant homology in their amino acid sequences. Chemokines
share between 20 and 80% identity and are found as gene
families in all species of vertebrates. The four families
of chemokines have been distinguished on the basis of
the relative position of their cysteine residues. The o and 3
chemokines contain four cysteines (sometimes six) and are
the largest families. One amino acid separates the first two
cysteine residues (cysteine—X amino acid—cysteine, or CXC)
in the o chemokines. In the B chemokines, the first two cys-
teine residues are adjacent to each other (cysteine—cysteine,
or CC). The other two families of chemokines contain a single
member each: lymphotactin, with only two cysteines [13],

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Table I Chemokine Receptors and Ligands

Receptor Expression Ligands

CXCRI1 Neutrophils CXCLS (IL-8)

CXCR2 Neutrophils CXCLS8 (IL-8), CXCL1-3 (gro-o/Bly), CXCL5 (ENA-78),
CXCL6 (GCP-2), CXCL7 (NAP-2)

CXCR3 Activated T cells (Thl) CXCL9 (mig), CXCL10 (IP-10), CXCL11 (ITAC)

CXCR4 T cells and other leukocytes CXCLI12 (SDF-1)

CXCRS5 B cells CXCL13 (BLC, BCA-1)

CXCR6 Activated T cells CXCL16

CCR1 Monocytes, activated T cells CCL3 (MIP-1a ), CCLS5 (RANTES), CCL7 (MCP-3), CCL 14-16
(HCC 1, 2, 4), CCL23 (MPIF-1)

CCR2 Monocytes, activated T cells CCL2 (MCP-1), CCL8 (MCP-2), CCL7 (MCP-3), CCL13 (MCP-4)

CCR3 Eosinophils, basophils CCLI11 (Eotaxin), CCL24 (Eotaxin-2), CCL26 (Eotaxin-3), CCL5
(RANTES)

CCR4 T cells (Th2) CCL22 (MDC), CCL17 (TARC)

CCR5 Macrophages, Thl cells CCL3 (MIP-1a1), CCL4 (MIP-1p), CCL5 (RANTES)

CCR6 Activated T cells, dendritic cells CCL20 (LARC, MIP-3a)

CCR7 Naive lymphocytes, mature dendritic cells CCL19 (ELC, MIP-3b), CCL21 (SLC, 6Ckine)

CCR8 T cells (Th2) CCLLI (1-309)

CCR9 Gut homing 04f7+ T cells CCL25 (TECK)

CCR10 Skin homing CLA+ T cells CCL27(CTACK), CCL28 (MEC)

CX;CR1 Monocytes, microglia, T cells CX3CL1 (Fractalkine)

XCRI1 Lymphocytes XCL1 (Lymphotactin)

and fractalkine, in which the first two cysteine residues
are separated by three amino acids (CXXXC) and the
chemokine domain is at the amino terminus of a membrane-
bound glycoprotein (fractalkine is also unusual in its size,
95 kDa) [14].

The three-dimensional structures of many chemokines
have been determined by either X-ray crystallography or
nuclear magnetic resonance (NMR) (reviewed in Clore and
Gronenborn [15] and Rojo et al. [16]). Because of their
multiple cysteine residues, the structures are confined by
disulfide bridges. The first amino terminal cysteine forms a
disulfide bond with the third, and the second cysteine with
the fourth. Because of the disulfide constraints and relatively
high sequence similarity, different chemokines share quite
similar structural features. As also shown by structural stud-
ies, chemokines are isolated as dimers; however, dimeriza-
tion does not appear to be necessary for receptor binding
and may occur most frequently at the high concentrations
used for the structural studies.

The structures of chemokines are critical for function.
Alteration of a single residue, especially near the amino
terminus, can greatly affect activity. For example, amino-
terminal modification of RANTES results in a potent recep-
tor antagonist [17]. Several chemokines undergo natural
amino-terminal proteolytic processing after secretion which
can alter their activity. Platelet basic protein is inactive until
processed at its amino-terminal end by monocyte proteases
to form neutrophil-activating peptide 2, a potent neutrophil
chemoattractant [18]. The protease CD26 removes two

amino acids from macrophage-derived chemokine (MDC)
[19]; this destroys its activity on CCR4 but enhances its
binding to CCRS, enabling it to inhibit HIV entry. HCC-1 is
found in serum at relatively high concentrations, but it is
inactive until its amino-terminal end is cleaved off [20].
Limited proteolysis may be a general mechanism that allows
local factors to regulate chemokine activity.

The o chemokines (with 16 human members thus far) can
be divided into two functional groups. The CXC chemokines
that contain the sequence glutamic acid-leucine—arginine
(ELR) preceding the CXC sequence are chemotactic for
neutrophils [21]. Such chemokines play an important role in
acute inflammatory diseases. The other (non-ELR) group of
CXC chemokines tend to act on lymphocytes. For example,
IP-10 and MIG (monokine induced by interferon-y) attract
activated T cells [22], and stromal-cell-derived factor 1
(SDF-1) acts on resting lymphocytes [23]; SDF-1 also plays
a critical role in cardiac and neuronal development [24,25].

There are at least 28 human B chemokines. In general, these
CC chemokines attract monocytes, eosinophils, basophils,
and lymphocytes with variable selectivity, but they do not
attract neutrophils. The four monocyte chemoa tractant pro-
teins and eotaxin form a subfamily for which the members
are approximately 65% identical to each other [26]. As with
the CXC family, the amino-terminal amino acids preceding
the CC residues of B chemokines are critical for biologic
activity and leukocyte selectivity [27].

Chemokines can be divided into two general classes based
on whether they are induced by pro-inflammatory cytokines
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or are constitutively expressed [4]. The induced chemokines
are upregulated very quickly at sites of infection or trauma
and control the recruitment of leukocytes to the affected area.
The constitutive chemokines are generally more involved in
controlling migration of leukocytes through various tissues.
This allows for naive T and B cells to encounter antigen in
secondary lymphoid organs and results in their subsequent
activation and differentiation. In addition, the migration of
T cells in the thymus is regulated by chemokines as thymo-
cytes proceed through development [28].

Chemokine Receptors

Chemokines induce cell migration and activation through
interactions with a family of cell-surface receptors containing
seven transmembrane regions [2]. Typical of all heptahelical
receptors, ligand binding induces a cascade of intracellular
events mediated by activation of G proteins. Early studies
showed that chemokine responses were sensitive to inhibi-
tion by pertussis toxin, confirming coupling of these recep-
tors through the G; family of G proteins [29]. A key result of
chemokine binding is the activation of phospholipase C, pro-
ducing inositol-1,4,5-trisphosphate (IP;) and diacylglycerol
[30]. Elevation of these products leads to release of Ca**
from intracellular stores and activation of protein kinase C.
Chemokine receptor engagement can also lead to stimula-
tion of other intracellular enzymes such as phosphatidyli-
nositol 3-kinase [31,32], mitogen-activated protein kinase,
and the ras family of GTP binding proteins [33,34,35]. These
signaling events are key mediators of the ultimate cellular
responses to chemokines, most notably cell migration.
Different chemokines may participate in alternative down-
stream signaling pathways. For example, chemokines that
have acute inflammatory properties ultimately activate
nuclear factor kB (NF-kB) and modulate transcription of
inflammatory cytokines. Other chemokines are involved in
alternative signaling cascades responsible for cellular differ-
entiation or angiogenesis [36].

The first chemokine receptors identified were the IL-8
receptors in 1991 [37,38]. Since then, a total of 18
chemokine receptors have been identified. They are divided
into several classes, depending on the type of chemokine
they bind (see Table 1). Six CXC receptors (CXCRs) that
interact with one or more of the CXC chemokines have been
identified. In addition, ten CCRs bind only CC chemokines.
There are also single members in the CX3CR and XCR
classes. Most of the CXCRs and CCRs interact with multi-
ple chemokines, resulting in considerable apparent redun-
dancy of chemokine function [1,2].

Chemokine receptors contain conserved motifs found in
all members of the family of chemoattractant receptors.
Certain regions in the extracellular domains have been
implicated in chemokine ligand binding. The amino termi-
nus of the receptors was found to be necessary and to confer
specificity for binding to their cognate ligands. However, a
region of the third extracellular loop, extending into the

transmembrane domain, was also determined to be involved
in high-affinity ligand binding and receptor signaling [39,40].
Most chemokine receptors have two disulfide bonds in their
extracellular domains that are necessary for chemokine bind-
ing, while the majority of GPCRs have a single disulfide
bridge [41]. Regions in the third intracellular loop and car-
boxy terminus have been shown to interact with G proteins,
similar to other G-protein-coupled receptors [42]. The carboxy
terminus is also rich in serine and threonine residues, which
are thought to be phosphorylated, leading to interaction with
arrestin to turn off the receptor signal [43]. Posttranslational
modifications of the chemokine receptors include glycosyla-
tion (residues in the amino terminus and third extracellular
domain) and sulfation (tyrosine residues in the amino termi-
nus), which are necessary for high-affinity interactions with
chemokine ligands [44].

Each chemokine receptor is expressed on a subset of cells
and confers responsiveness of those cells to particular
chemokines. Some receptors are restricted to a particular
leukocyte. For example, CXCR1 is found almost exclusively
on neutrophils [38]. Others are more broadly expressed,
such as CXCR4. Other chemokine receptors are expressed
only by a subset of cells in a certain activation state. CXCR3
for example is expressed only on activated T cells of the Th1
subtype. T cells especially seem to regulate their expression
of many chemokine receptors in response to activating
cytokines and other external stimuli [22]. Receptor regula-
tion with cell activation allows for a selective amplified
response to a particular antigen.

In addition to their role in cell migration, chemokine
receptors are utilized by various pathogens to gain access to
host cells [45]. The most striking example is HIV, which can
interact with CXCR4 and CCRS, along with CD4, to infect
T cells and macrophages (reviewed in Clapham and
McKnight [46]). This discovery, made in the mid-1990s, has
inspired great efforts to produce inhibitors of the HIV/recep-
tor interaction as a treatment for AIDS.

While chemokines are necessary for coordinating leuko-
cyte defense against external invaders, inflammation often
occurs inappropriately and can lead to a variety of diseases
[47]. Over-expression of chemokines and chemokine recep-
tors has been reported in many conditions, leading to leuko-
cyte accumulations in tissues. These include rheumatoid
arthritis, multiple sclerosis, psoriasis, ulcerative colitis,
asthma, and arteriosclerosis. In animal models for many of
these diseases, chemokine inhibitors (generally blocking
antibodies) have been found to prevent development of
inflammatory lesions. Chemokines and their receptors have
also been implicated in carcinogenesis [48].

Small molecule inhibitors of chemokine/receptor interac-
tions are being developed for treatment of many human
inflammatory diseases [49,50]. GPCRs have historically been
very good targets for drug development and hold promise
for success in the chemokine area. Some chemokine inhibitors
that have reached human clinical trials target CCR1, CCRS,
and CXCR4. Others that are in preclinical development
include inhibitors of CCR2, CCR3, CCR4, CCR6, CXCR?2,
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and CXCR3. By targeting specific receptors, the hope is that
only subsets of leukocytes involved in disease will be
affected while general immune functions can still occur. The
future of chemokine inhibitors looks bright, and we should
soon have clinical data to confirm the potential for utilizing
these inhibitors for treating disease.
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Introduction

G-protein-coupled receptors (GPCRs) represent a very
large superfamily of receptors that are critical for signaling
of a diverse group of ligands to heterotrimeric G proteins
[1]. At least 30% of predicted potential drug targets are
GPCRs [2]. Ligands for these receptors include light,
odorants, tastes, small-molecule neurotransmitters, peptides,
glycoprotein hormones, proteases, and others. GPCRs are
composed of seven transmembrane segments, with an extra-
cellular amino terminus and a cytoplasmic carboxy terminus.
In the class A, rhodopsin-like GPCRs, the binding pocket
is formed among the transmembrane segments and/or
extracellular loops. The role of these receptors, as for all
GPCRes, is to transmit a conformational change induced by
extracellular signaling molecules from the ligand-binding
pocket via the transmembrane segments to the cytoplasmic
surface of the receptor and subsequently to the G protein.
The conformational change produced by agonist binding
facilitates the interaction of the receptor with G protein and
the subsequent exchange of guanosine diphosphate (GDP)
for guanosine triphosphate (GTP), which results in dissoci-
ation of the G-protein heterotrimer to form activated Go.
and GPy.

Handbook of Cell Signaling, Volume 1

Despite an enormous amount of research on the structure
and function of these receptors, until very recently no high-
resolution structure of any GPCR was available. In 2000, the
crystal structure of bovine rhodopsin was determined to
2.8 A [3]. Based on an analysis of the consistency of previous
data from a number of different GPCRs with the structure
of rhodopsin, we have inferred that the overall structures of
rhodopsin and of class A receptors are very similar, although
we also identified localized regions where the structure of
these receptors may diverge [4]. We further proposed that
several of the unusual bends and twists in the transmem-
brane segments (TMs) of rhodopsin are also present in other
GPCREs, despite the absence of amino acids that might have
been thought to be critical to the adoption of these features.
Thus, different amino acids or alternative microdomains can
support similar deviations from regular a-helical structure,
thereby resulting in similar tertiary structure. Such structural
mimicry may be a mechanism by which a common ancestor
could diverge sufficiently to develop the selectivity neces-
sary to interact with diverse signals, while still maintaining a
similar overall fold. The shared three-dimensional architec-
ture of different class A GPCRs suggests that they may also
share the basic mechanisms of ligand-induced conforma-
tional change. Thus, although there is no logical necessity

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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that all GPCRs use the same cognate amino acid positions
to bind ligand [5], as discussed below, it seems likely that
many indeed do so.

With hundreds of class A receptors and more than 700
GPCRs in the human genome alone, it is important to develop
a language and nomenclature that can allow scientists study-
ing different receptors to communicate. To facilitate the
comparison of aligned residues in different GPCRs, we use
and advocate the indexing method introduced by Ballesteros
and Weinstein [6], in which the most conserved residue
in each transmembrane segment (TM) is given the index
number 50. Thus, for example, the Arg in the highly con-
served (E/D)RY sequence at the cytoplasmic end of TM3 is
Arg?39, and the other residues in TM3 are indexed relative
to this position, with the preceding Asp>#° and the subse-
quent Tyr>3!, This method, which counts from the most
conserved position rather than from inexact inferences of the
beginning of the TMs, facilitates comparison among differ-
ent GPCRs. Arg39 now takes on significant meaning in any
GPCR, and Arg1313 in the B2-adrenergic receptor (AR)
identifies not only the absolute residue number in the
[2-AR sequence but also the position of the aligned residue
in other GPCRs. In contrast, unless one’s research focuses
on these receptors, for example, Argl31 in the human

B2-AR or Argl35 in bovine rhodopsin or Arg519 in the
human thyrotropin receptor are meaningless residue num-
bers without reference to a multiple alignment and much
counting of residues. The index residues in each of the TMs
of bovine rhodopsin are Asn55'0, Asp8320, Arg1353-30,
Trp161439, Pro215539, Pro26799, and Pro3037-0 (Fig. 1).
All of these are highly conserved in aminergic receptors and
rhodopsins and therefore allow unambiguous alignment of
the TMs of these receptors.

The Binding Pocket of GPCRs

In this chapter, we compare the binding sites of aminer-
gic GPCRs and the retinal-contact residues in rhodopsin.
Other than rhodopsin itself, the aminergic GPCRs have been
the most exhaustively studied GPCRs, although the compar-
ison is probably relevant to many other class A receptors
as well. The results of a solvent-accessible surface area
(SASA) analysis of the high-resolution structure of rhodopsin
in the presence and absence of retinal are shown in Table 1.
The difference between these two calculated surfaces repre-
sents the surface of the binding-site crevice in rhodopsin
that is protected from water by retinal. It is important to

Figure 1 Helical net representation depicting the relative positions of the residues in the transmembrane domain of rhodopsin and the indexing system.
The helix ends are shown as per the rhodopsin structure. TM1 is from index 1.30 (rhodopsin residue 35) to 1.59 (64), TM2 is from 2.38 (71) to 2.67 (100),
TM3 is from 3.22 (107) to 3.54 (139), TM4 is from 4.38 (149) to 4.62 (173), TMS5 is from 5.35 (200) to 5.60 (225), TM6 is from 6.30 (247) to 6.60 (277),
and TM7 is from 7.33 (286) to 7.54 (307). The most conserved residue in each TM is Asn55'30, Asp83%30, Arg1353-30, Trp161430, Pro215°-0, Pro2676-0,
and Pro3037Y, Their single letter codes are shown in white on filled black circles. Residues at the cytoplasmic ends of TMS5, TM6, and TM7 predicted
by spin-labeling studies to be in an o-helical conformation but which are not in an o-helical conformation in the rhodopsin structure are shown with dotted

circles (4).
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Table I Residues in Bovine Rhodopsin Found in SASA Calculations To Be Protected by Retinal and
Representative Receptors in Which the Aligned Residue Has Been Implicated in Ligand Binding

SASA(A2)a
Residue NR WR A Representative receptors
Glul133-28b 0.5 0.0 0.5 ACM1, D2DR, NK2R
Gly114329b 0.2 0.0 0.2 ACTR, D2DR, GASR, MSHR, P2YR
Alal173-32b 14.2 2.8 11.3 SHIA, A2AA, ACMI, B2AR, D2DR, ETBR, HH2R
Thr1183-33b 27.6 0.0 27.6 AAIR, ACM3, D2DR
Gly121336b 6.6 0.6 6.0 5H2A
Glu122337 20.3 0.0 20.3 AAIR, AA2A, P2YR
Leul25340b 1.6 0.8 0.8 ACM1, HH3R
Cys167430b 0.3 0.0 0.3 B2AR, HHIR
Glul81 3.6 0.6 3.0 —
Ser186 32 0.0 32 —
Cys187 8.4 0.0 8.4 (disulfide-bonded)
Gly188 1.4 0.0 1.4 5SHID, AIAA
1le189 3.5 0.0 3.5 AlAA
Tyr191 3.0 0.2 2.8 —
Met2075-42b 24.2 0.4 23.8 5HIA, A2AA, B2AR
Phe208543 b 16.1 11.3 4.8 B2AR, D2DR
His211546b 1.4 0.7 0.7 A2AA, B2AR, D2DR
Phe212547b 55.0 36.6 18.4 5H2A, A1AA, D2DR
Phe2616-44b 11.9 1.5 10.4 ETIR
Trp265648 b 423 2.6 39.7 5HIB, 5H2A, D2DR
Tyr26801 0 34.6 0.0 34.6 A1AB, D2DR
Ala2690-52b 18.7 2.5 16.2 5HI1B, 5H2A, B2AR
Ala27206-55b 1.0 0.2 0.8 B2AR, D2DR
Ala292739b 8.0 0.0 8.0 SHI1A, SHIB, A2AA, ACM1, B2AR, GASR, P2UR, P2YR
Ala295742¢ 3.5 0.2 33 AAIR, ACM1, AG2R, NTR1
Lys296743 b 10.3 2.9 7.4 SH2A, AAIR, AA2A, D2DR, P2YR, PAFR,

Note: Receptor names are abbreviated according to their SWISS-PROT Annotated Protein Sequence Database entry names: http://www.expasy.ch/cgi-

bin/lists?7tmirlist.text. Ser186-Ile189 forms B4 in E2 (see text).

Residue indexing: To facilitate comparison of aligned residues in related GPCRs, the most conserved residue in TMX is given the index number X.50,
and residues within a given TM are then indexed relative to the “50” position [6]. The most highly conserved residues in this family are indicated in Fig. 3
in an alignment of rhodopsin with a selected group of class A GPCRs. (Note that the “50” position does not require the residue to be in the middle of the

TM; for example, the highly conserved Arg>>°

is at the cytoplasmic end of TM3 in the conserved E/D-R-Y sequence.).

2The calculation is based on chain A of the refined bovine rhodopsin structure (PDB code 1HZX). NR, the SASA is calculated without retinal; WR, the
SASA is calculated with retinal; A, the difference between NR and WR. The values shown are the surface area of each residue that is exposed to solvent.

bprotected residues in D, receptor SCAM experiments [14,23-26].
€Accessible but protection not tested due to small effect size [26].

Source: Adapted from Table 3 of Ballesteros, J. et al., Mol. Pharmacol. 60, 1-19, 2001, which contains the references for the studies in the representa-

tive receptors, except for 3.40 [27,28] and 4.56 [29,30].

note that, in the dark, retinal is an inverse agonist, a par-
ticular type of antagonist that stabilizes the inactive state
of the receptor and contributes to the very low constitutive
activity of rhodopsin in the dark (see Chapter 22). Upon
photoisomerization by light, retinal adopts a different con-
figuration in the binding pocket and becomes an agonist.
The high-resolution rhodopsin structure was obtained in
the dark in an inactive state, and because there is no high-
resolution active structure, the conformational changes
involved in receptor activation have been studied using indi-
rect methods.

The residues identified by the SASA analysis in
rhodopsin are highlighted in Figs. 2 and 3A, in which reti-
nal is shown within the binding-site crevice formed by the
retinal-protected residues. The positions of these residues
are remarkably consistent with those of previously identified
ligand-receptor contact sites for aminergic GPCRs (Table 1),
as well as with our substituted-cysteine accessibility method
(SCAM) studies of the dopamine D, receptor (reviewed in
Ballesteros et al. [4]). Figure 3B illustrates this agreement
with the backbone of the rhodopsin structure and the side
chains of the B2-AR that have been shown to interact
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Figure 2 Schematic three-dimensional representations of the bovine rhodopsin structure. The
7 o-helical TMs are shown as green ribbons. The B-strands in the extracellular domain are indicated
by large strand arrows. The positions of the residues that are in direct contact with the ligand retinal
are colored yellow. The left panel shows a side view, and the right panel shows an extracellular view
of the 7 a-helical TMs and E2, but with the amino terminus, E1, and E3 removed.

directly with catecholamine agonists. These residues include
Asp113332 which interacts with the protonated amine of
biogenic amines; Ser203542, Ser204543, and Ser2075-40,
which interact with the mefa-OH and para-OH of cate-
cholamines; Asn293%55, which interacts with the B-OH of
epinephrine; and Phe208547, Trp2866'48, Phe28963! and
Phe290%-52, which form a cluster of aromatic residues in TMS
and TM6 that interact with the aromatic ring of ligands. Even
without modification of the rhodopsin backbone, it is clear
that epinephrine fits remarkably well within the binding site
formed by these critical residues.

In Fig. 3C, we illustrate a B2-AR antagonist affinity label,
docked within the TMs of the rhodopsin structure, with all
the residues from Table 1 mutated to the aligned 2-AR
residues. Again, the ligand is bound to essentially an over-
lapping set of the residues that contact retinal in rhodopsin.
It is important to note that, although some of the residues
in the binding-site crevice of these receptors are con-
served, most are not. Thus, these residues have apparently
evolved to impart specificity within a certain receptor.
Consequently, what is “conserved” among these receptors
are the positions of the residues involved in ligand binding
and thus the particular surface that serves the role of ligand
binding.

It seems likely that many, although certainly not all,
GPCRs will share similar locations of their binding pockets.
Indeed, although peptide ligands bind to extracellular loops,
at least in certain cases, there is also evidence that parts of
peptides dip down into the transmembrane domain and con-
tact some of the same positions found to be critical for bind-
ing to rhodopsin and the aminergic GPCRs [7-9]. It is likely,
however, that structurally dissimilar ligands bind to some
extent in different orientations, and these modes of binding
can be extremely difficult to predict [10].

A Role of the Second Extracellular Loop in
Ligand Binding

A surprising feature of bovine rhodopsin is the highly
structured extracellular N terminus and extracellular loops
[3]. In particular, the second extracellular loop (E2), which
connects TM4 and TM5, dives down into the transmembrane
domain and forms a “plug” that contacts retinal (Table 1 and
Fig. 2). This loop also contains a highly conserved Cys that
is disulfide-bonded to another highly conserved Cys at the
top of TM3 [11]. E2 contains two stretches of B-strand, one
of which, B4, lies directly over retinal [3]. E2 thus forms a
lid over retinal and protects it from the extracellular milieu.
Given the high degree of conservation of the amino acids in
the B4 strand in vertebrate opsins, and the variability within
this region in other class A receptors, the prevailing view
was that the 4 strand might serve specifically to define the
retinal-binding pocket in vertebrate opsins and not other
GPCRs [12,13]. We suggest that this response is at least
partly wrong, for a number of reasons discussed below.

We do not yet know of any structural similarity of E2
between rhodopsin and other class A receptors beyond the
shared disulfide bond, but the sequence at the extracellular
end of TM4 and the beginning of E2 is highly conserved
among functionally related receptors and among species
variants of these receptors, despite the fact that the sequence
of E2 is highly variable across class A receptors [14]. In
addition, this region has been identified as the site of cova-
lent attachment of photoaffinity derivatives of agonist and
antagonist ligands of the a2-AR [15], and mutations in this
region have ligand-specific effects (reviewed in Javitch et al.
[14]). Moreover, known ligand binding sites in other TMs
are predicted to be in spatial proximity to this region. It is
likely, therefore, that this region plays a functional role, and it
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retinal

Figure 3 Ligand binding crevice. In (A), the residues in the TMs that were identified from the SASA analysis (see text, Table 1,
and Fig. 2) are shown in van der Waals representation, with retinal bound within the surface created by these residues. In (B), the
side chains of residues from the B2-adrenergic receptor are shown on the backbone of the rhodopsin structure. These residues have
been experimentally determined to interact with catecholamine ligands, and include Aspl 13332 Ser203542, Ser204543,
Ser207546, Phe208%47, Trp286°48, Phe2896-51, Phe2906-52, and Asn293%-33, a subset of the positions shown in (A). In (C), IPBBABC
(p- (bromoacetamido) benzyl-1-['2*IJiodocarazolol), an affinity label derivative of pindodol, is docked within the TMs of the
rhodopsin structure with the TM residues from Table 1 mutated to the aligned [32-adrenergic receptor residues. IpPBABC is shown
covalently attached to His932%* in TM2. Residues with the same index number are shown in the same color in all three panels.
The residues displayed next to each other are shown in different colors. (From Ballesteros, J. et al., Mol. Pharmacol. 60, 1-19,
2001. With permission.) A color representation of this figure is available on the CD version of the Handbook of Cell Signaling.

is possible that an orientation of E2 similar to that in
rhodopsin may explain these findings.

Several reports implicate E2 in ligand specificity in a
number of small molecule-ligand GPCRs. Perez and col-
leagues found that substitution of three consecutive residues
in E2 changed the ligand specificity for particular antago-
nists from that of o,;5AR to that of o;,AR, and vice versa
[16]. Similarly, substitution of E2 and TMS5 altered the
subtype specificity of the 5-HT,, receptor to that of the
5-HT receptor and vice versa [17], and substitution of a
single residue in E2 was also sufficient to interconvert the
pharmacological specificity of canine 5-HT,; and human
5-HT,p receptor [18]. In adenosine receptor, in which the
binding site is also formed in the transmembrane domain
[18], several glutamate residues in E2 are critical for ligand
recognition [20,21]. Although it is currently difficult to envi-
sion the entrance route of ligands into the binding-site
crevice and the potential associated conformational
rearrangements of E2, these data nonetheless suggest a direct
role of residues in E2 in ligand binding in other class A
receptors [22].
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Introduction

The glycoprotein hormones (GPHs) and their receptors
(GPHrs) constitute an interesting paradigm of agonist—
receptor coevolution. The hormones of pituitary or placental
origin, lutropin (LH), chorionic gonadotropin (CG, with
lutropin activity), follitropin (FSH), and thyrotropin (TSH),
are dimeric glycoproteins of about 30 kDa made of a com-
mon alpha subunit and a specific beta subunit endowed with
the functional and binding specificity. In all vertebrates, beta
subunits are encoded by paralogous genes. The tridimen-
sional structures of CG and FSH have been solved at 2.6- and
3-A resolution, respectively [1,2]. To these three different
hormone activities correspond the three GPHrs, namely the
LH/CGr [3], FSHr [4], and TSHr [5,6]. The GPHrs have a
bipartite structure reflecting a dual evolutionary origin; they
are made of a serpentine portion with seven transmembrane
alpha helices, typical of rhodopsin-like G-protein-coupled
receptors (GPCRs), and a large (350 to 400 residues) amino-
terminal extracellular domain containing nine motifs char-
acteristic of the family of leucine-rich repeat (LRR) proteins.

Handbook of Cell Signaling, Volume 1

All three receptors are preferentially coupled to Gs, although
at high agonist concentrations they also couple to Gq [3,4,7].
Mining of genomes and low-stringency PCRs have revealed
additional GPCRs with a similar structural organization;
these will not be dealt with further here [8].

Molecular Pathophysiology

Amino acid substitutions at each of 20 separate positions
cause constitutive activation of TSH or LH/CG receptors
[9]. The TSH receptor has been particularly fertile in acti-
vating mutations because of the fact that somatic mutations
leading to activation of the TSHr cause a readily detectable
thyroid phenotype (i.e., autonomous toxic adenomas) [10].
Much less frequent are germline mutations with similar acti-
vating effects. When affecting the TSHr or LH/CGr, they
cause autosomal dominant hyperthyroidism or pseudo pre-
cocious puberty of the male, respectively [3,9]. Except for a
single anecdotal case, no disease has been associated with
activating mutations of the FSHr [4].

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Structure Function Relationships of
the Glycoprotein Hormone Receptors

The particularly wide spectrum of activating mutations
identified in the TSHr correlates with the observation that
wild-type TSHr displays readily detectable basal activity
[10,11], whereas gonadotropin receptors are virtually silent
in the absence of their ligands [12]. Another peculiarity of
the TSHr is the spontaneous cleavage of a proportion of the
molecules present at the cell surface into two subunits that
remain linked by disulfide bridges [6].

The GPHrs show clear structural dichotomy between the
ligand-recognizing amino-terminal ectodomain and the ser-
pentine rhodopsin-like portion that transmits the signal to
the G protein. How does binding of the hormone to the

ectodomain result in the activation of the serpentine
domain? We will summarize the three key steps in this
process: recognition and binding of the hormones, activation
of the serpentine portion of the receptors, and intramolecu-
lar transduction of the activation signal between the
ectodomain and the serpentine portion.

Structure and Function of the Ectodomain of
Glycoprotein Hormone Receptors

The ectodomain of all three receptors is made of nine
leucine-rich repeats (LRRs), each =25 amino acids, flanked
by two-cysteine containing domains (Fig. 1A,B). LRR-
containing proteins constitute a large family of both intra-
and extracellular molecules specialized in protein—protein

Lys 183

¢ The ACC Leu CTC e [ AATIG
Asn AAC Met ATG The ACC Leu TTA His CAC |’“}c - ;‘ T
Thr ACC Phe TTC The ACC Gly BGT LeuTTA lle ATC Gl GAG \
The ACC  Tht ACG PheTTC  ThrACC GyGGT eATC PheTTC LeuCTC LewTTA HeATC ARGCC — ~ =
[.é._.f 539 (MetaTG) @ (eatc) (AspoaT) @a G@ E.n T76) (lle ATC) (‘nv Acc) (sp um:.j @;na.r.a_ym)
281 453 486 568 819 623 620 630 631 632 633 658-661

extracellular domain

11 El 12 E2 I3 E3

Figure 1 Schematic representation of the TSH receptor (A), ribbon representation of the model of the leucine rich repeats
region (B), and illustration of the position of a series of activating mutations (C). (A) The seven transmembrane helices are
drawn as helical nets, respecting the helice ends as observed in the crystal structure of rhodopsin [51]. Closed circles in the
N-terminal extension represent the portion of the domain modeled by Kajava et al. [14], comprising residues 54 to 254. Some
of the key residues discussed in the text are indicated as black circles with an indication of the amino acid and the position
(numbering system of Ballesteros et al. [50] (B) The o-helices are drawn as solid tubes. The “horseshoe” curvature is clearly
visible, and the position of the residue mutated in pregnancy hyperthyroidism (Lys 183) is indicated. (C) The TSH receptor is
represented linearly, with the transmembrane helices indicated in Roman numerals. The positions of a series of activating muta-
tions are indicated with the nature of the amino acid substitutions. The numbering is TSHr specific (e.g., D633 corresponds to
D6.44). (Adapted from Smits, G. et al., Mol. Endocrinol., 16, 722-735, 2002; Parma, J. et al., J. Clin. Endocrinol. Metab., 82,

2695-2701, 1997. With permission.)
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interactions [13]. Structural models for the ectodomains of
the TSHr and LH/CGr were elaborated on the basis of the
three-dimensional structure of an LRR protein, ribonuclease
inhibitor [14,15]. The models predict that the LRR portion
of the ectodomains of the receptors would adopt a horseshoe
(or segment of doughnut) shape, with alpha helices and beta
sheets making the convex and concave surfaces of the struc-
ture, respectively (Fig. 1B). For the ribonuclease inhibitor,
direct crystallographic evidence indicated that the concave
surface was responsible for the majority of the binding inter-
actions with the ligand (ribonuclease) [16]. The pertinence
of this model has been tested for the LH/CGr, essentially by
means of loss-of-function mutations [15,17,18]. In the case
of the TSHr, a gain-of-function mutation was identified in a
family presenting with pregnancy-dependent hyperthy-
roidism due to a K183R amino acid substitution, located in
the middle of the LRR portion of the ectodomain of the
receptor (Fig. 1B), predicted to face inside the putative hor-
mone binding domain [19]. Functional studies in transfected
C cells show that the K183R mutant becomes abnormally
sensitive to the pregnancy hormone hCG [19]. The gain of
function, though modest, is enough to cause disease because
of the extremely high concentration of hCG achieved during
the first trimester of pregnancy. Extensive site-directed muta-
genesis based on the putative structural model suggested that
the gain of function was due to the unmasking of the negative
charge of glutamic acid in position 157 from a salt bridge
with lysine 183, not achieved with the arginine replacement
[20]. Any amino acid substitution in position 183 causes a
gain of function similar to that of K183R. Definitive valida-
tion of the model of the TSHr based on the structure of the
ribonuclease inhibitor has been obtained very recently.
Conversion of eight carefully selected residues of the puta-
tive binding surface of the TSHr to their LH/CGr homologs
yields a TSHr mutant displaying a sensitivity to hCG com-
parable to that of wild-type LH/CGr (G. Smits et al., in
preparation).

A posttranslational modification with important functional
significance has recently been identified in all three GPHrs.
Close to the border between the ectodomain and the first
transmembrane segment of the serpentine, the three recep-
tors harbor a motif that undergoes tyrosine sulfation just
before insertion of the molecule into the plasma membrane
[21]. The sulfated tyrosines are an important component of
the binding surface, as mutant receptors unable to become
sulfated lose sensitivity to their hormones by one order of
magnitude [21]. This identifies the sulfated tyrosines as an
important participant in the known ionic interactions
between GPH and their receptors [22].

Activation of the Serpentine Portion

The GPHr and, in particular, the TSHr can be activated
by a wide spectrum of amino acid substitutions or deletions
affecting mainly but not exclusively the serpentine domain
(Fig. 1C) [9]. Some of these are homologous to activating
mutations identified initially in adrenergic receptors [23,24].

Others involve residues specific to the GPHr subfamily.
Despite their high sequence similarity, the three receptors
display great differences in the propensity to be activated by
mutations, with the TSHr being more prone to activation
than the LH/CGr and the FSHr being particularly refractory
[25]. The structural bases for these differences are still
unknown. Among the spontaneous gain of function muta-
tions, those affecting residue D6.44, in the sixth transmem-
brane segment (numbering system of Ballesteros et al. [26])
deserve special attention. This residue is part of one of the
sequence signatures specific to the GPHr in transmembrane VI
[27]. D6.44 (D633 or D578 in the TSHr- or LH/CGr-specific
numbering systems, respectively) is one of the residues most
frequently mutated in precocious puberty of the male and
toxic thyroid adenomas.

Experiments performed with the TSHr were driven by the
observation that in LGR1 (a glycoprotein hormone receptor
homolog of Drosophila) [28] Asp and Asn residues were nat-
urally exchanged between 6.44 and 7.49, suggesting that
these residues of transmembrane segments VI and VII inter-
act with each other. Functional studies of single and double
mutants transfected in COS cells led to the following model:
In the inactive state of the receptor, D6.44 and N7.49 inter-
act; release of the side chain of N7.49 from this interaction,
caused by mutation of D6.44 (e.g., D6.44A), would make it
available for interactions involved in stabilization of an active
state of the receptor [29]. This conclusion is also drawn from
the observation that the N7.49A mutant loses the ability to be
stimulated by TSH. Addition of the N7.49A mutation to con-
stitutively active TSHr mutants dramatically reduces their
activity, to the level of the wt receptor or below [30]. These
results are in agreement with others that point to N7.49, one
of the most conserved residues in rhodopsin-like GPCRs, as
a key residue involved in stabilizing both the inactive and the
active conformations (see discussion in Meng and Bourne
[31] and Lu ez al. [32]). The partner(s) of N7.49 in the active
conformation is (are) still subject to intense investigation; in
several other GPCRs, experimental evidence points to D2.50
[33-36]. It is likely that a complex network of interactions
implicating N7.49 and D2.50, but also other residues (e.g.,
N1.50), stabilizes the active conformation [31,32].

Intramolecular Signal Transduction Between the
Ectodomain and the Serpentine Domain

The observation that ectodomains of the GPHr can bind
their agonists with high affinity in the absence of the ser-
pentine domain [1,37,38] is compatible with two models for
the activation of the receptors. According to the first, high-
affinity binding of the agonist would position the hormone
for a low-affinity interaction with the extracellular loops
(and/or crevice) of the serpentine, leading to activation.
A candidate for this activating interaction is the alpha sub-
unit common to the three hormones. Experimental support
for this model has been provided by site-directed mutagen-
esis experiments introducing reciprocal mutations in the
LH/CGr and hCG and by affinity labeling [39,40].
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The above model, however, does not account for the
capacity of the three receptors to be fully activated by point
mutations in their ectodomain. A serine in position 281 of
the TSHr was found mutated to threonine, asparagine, or
isoleucine in autonomous thyroid adenomas [41-43].
Subsequently, it was found that mutations introduced at
homologous positions in the LH/CGr (S277) and FSHr (5273)
were similarly active [44]. This led to the notion that the
ectodomain normally exerts a silencing effect on the serpen-
tine domain and that activation of the GPHr results from the
release of this inhibitory interaction. Direct evidence for this
silencing role of the ectodomain was obtained in two types
of experiments. In the first, constructs containing only the
serpentine domain of the TSHr were shown to increase basal
cAMP levels when expressed in transfected cells [45,46]. In
the second, chimeric molecules were made containing seg-
ments of LGR2 [47] (a Drosophila homolog of the GPHr
with a high basal activity) and the LH/CGr (which is virtu-
ally devoid of basal activity). The results indicated the estab-
lishment of silencing interactions between a segment of the
ectodomain (containing serine 277 of LH/CGr, see above)
and the second extracellular loop of the transmembrane
domain, provided they both originate from the LH/CGr [8].
From these experiments, one could propose that activation

of GPHrs by their agonists results from the release of a
silencing effect exerted by the unliganded ectodomain on an
intrinsically active serpentine.

Whereas this would be in agreement qualitatively with the
above experiments, it does not account for the observation
that, when normalized to the level of receptor expression at
the cell surface, the basal activity of serpentine-alone TSHr
constructs is much lower than the maximal activity achieved
after stimulation by saturating concentrations of the hormone,
or in the most active serine 281 mutants [45]. In an attempt to
integrate available information, we have proposed a model for
the activation of the TSHr in which the ectodomain would act
as a molecular switch (Fig. 2) [45]. In the “off” position, in
the absence of hormone, the ecto domain acts as a tethered
inverse agonist of the serpentine domain, minimizing basal
activity. Binding of the hormone to the receptor stabilizes
the “on” position, in which the ectodomain now behaves as a
tethered full agonist. Mutations affecting serine 281 of the
ectodomain similarly puts the switch in the “on” position.
The relative potency of individual amino acid substitutions at
S281 indicates a direct relation between the destructuring
effects of the mutations and constitutive activity [44,48], sug-
gesting that the gain of function results from a local loss of
structure in the ectodomain.

Figure 2 Putative model of the intramolecular interactions involved in the activation of the TSH
receptor. (A) The basal state of the receptor is characterized by an inhibitory interaction between the
ectodomain and the serpentine domain; the ectodomain would function as a tethered inverse agonist.
(B) Removal of the ectodomain releases the serpentine domain from the inhibitory interaction, resulting in
partial activation. (C) Mutation of Ser281 into Leu switches the ectodomain from an inverse agonist into a
full agonist of the serpentine domain. (D) Binding of TSH to the ectodomain is proposed to have a similar
effect, converting it into a full agonist of the serpentine portion. It must be stressed that the scheme is purely
illustrative. It emphasizes that, according to the model, activation does not require a direct interaction
between the hormone and the serpentine domain. Such an interaction, however, is by no means excluded.
(Adapted from Vlaeminck, V. et al., Activation of the cAMP pathway by the TSH receptor involves switch-
ing of the ectodomain from a tethered inverse agonist to an agonist. Mol. Endocrinol., 16, 736746, 2002.)
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A last set of experiments suggests that the molecular
switch controlling activation of the serpentine domain must
be a composite structure combining a portion of the
ectodomain and the extracellular loops of the serpentine.
A spectrum of well-defined activating mutations of the TSHr
were engineered, either on a holoreceptor background or in
serpentine-alone constructs. Whereas the mutations in the
transmembrane segments or intracellular loops were equally
effective on both backgrounds, mutations of the extracellular
loops with a strong effect on the holoreceptor were totally
ineffective on the serpentine-alone constructs [45]. This model
does not rule out that activation of GPHr involves a direct
interaction between the hormones and the serpentine portion
of the receptors, but it indicates that such an interaction is
not required to account for most observations. In the case of
the TSHr, it also provides a rationale for the activation of the
receptor by autoantibodies present in the plasma of patients
with Graves’disease [6]. According to this model, stimulating
autoantibodies would only need to have a “destructuring”
effect on a segment of the ectosomain controlling the molec-
ular switch.

Conclusions and Perspectives

With their bipartite structure already present in primitive
marine invertebrates [49], the GPHr have evolved a specific
way to become activated after binding of their hormones
to the ectodomain. On the other hand, their membership in
the rhodopsin-like family of GPCRs implies that basic
molecular mechanisms implicated in the activation of their
serpentine domain must be shared with this protein family.
We believe that these peculiarities provide a unique oppor-
tunity to dissect the molecular steps of activation of type I
GPCRs. The particularly wide spectrum of activating muta-
tions in GPHr are expected to mimic (and allow us to explore)
the sequential conformational changes that begin after binding
of agonists and terminate with activation of the G protein.
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Introduction

G-protein-coupled receptors have evolved a variety of
mechanisms to acquire information about the environment of
a cell. They sense light, odorants, ions, lipids, nucleotides,
amino acids and their derivatives, small peptides, polypeptides,
and large glycoprotein hormones. This chapter describes a sub-
family of heptahelical receptors known as protease-activated
receptors (PARs), which have evolved to sense proteases
[1-8]. PARI, the prototype for the PAR family, was identi-
fied in the context of an effort to understand how the coagu-
lation protease thrombin activates platelets and other cells.
Thrombin is a multifunctional serine protease generated at
sites of tissue injury. In addition to cleaving fibrinogen,
thrombin triggers a variety of cellular responses from platelet
aggregation to endothelial display of adhesion molecules to
fibroblast proliferation. These actions of thrombin raised the
question of how a protease can function like a hormone to
regulate cell behavior. PARs provide an answer.

Mechanism of Activation

Thrombin activates PAR1 by binding to and cleaving its
amino terminal exodomain (Fig. 1). This cleavage event is
both necessary and sufficient for receptor activation.
Mutation of the cleavage site ablates receptor signaling, and
substitution of cleavage recognition sites for another protease
for the thrombin site confers signaling in response to that
protease. Thus, the essential role of the protease in activating
PARs is cleavage of the receptor at a single site within its
amino-terminal exodomain. How does cleavage of this
apparently flexible, unstructured domain send information
across the cell membrane? The synthetic peptide SFLLRN,

Handbook of Cell Signaling, Volume 1

which mimics the first six amino acids of the new amino
terminus unmasked by receptor cleavage, functions as an
agonist for PAR1 and activates the receptor independent of
thrombin and proteolysis. Moreover, removal of the amino
terminal exodomain of the receptor yields a receptor that
responds to SFLLRN but not to thrombin. These and other
data support a model in which receptor cleavage serves to
unmask a new amino terminus that then functions as a teth-
ered peptide ligand and binds to the heptahelical segment of
the receptor to effect transmembrane signaling and G-protein
activation. Thus, PAR1 is in essence a peptide receptor that
carries its own ligand, and this ligand remains hidden until
revealed by selective cleavage of the amino terminal
exodomain of PAR1. This mechanism raises several interest-
ing questions, addressed below.

How is it that the PARI tethered ligand remains inactive
in the uncleaved receptor and is activated by cleavage?
Addition of even one amino acid to the N terminus of the
SFLLRN agonist peptide ablates agonist activity, as does
removal of its N-terminal protonated amino group. In the
uncleaved receptor, the cognate nitrogen atom is part of the
peptide bond between Arg4l and Ser42, the P1 and PI’
amino acids of the thrombin cleavage site. Ser4?2 is also the
N-terminal amino acid of the tethered ligand. Thus, the pro-
teolytic switch that activates the cryptic peptide ligand
appears to involve removal of amino terminal sequence that
sterically hinders ligand function as well as generation of a
new and functionally important protonated amino group at
the N terminus of the ligand (Fig. 2). Parallels with zymo-
gen activation of serine proteases are apparent. In conver-
sion of trypsinogen to trypsin, precise proteolytic cleavage
generates a new amino terminus that bears a new protonated
amino group; this then docks intramolecularly to trap the
protease in its active conformation.

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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F igure 1 Model for proteolytic mechanism of PAR activation. (1) Thrombin, the green
sphere, binds to the amino-terminal exodomain of PAR1. Receptor amino acids L3DPR*!
(small blue sphere) interact with the active center of thrombin, and receptor amino acids
DKYEPF?, the so-called hirudin-like domain (pink oval), interact with exosite 1 of
thrombin. (2) After binding, thrombin cleaves the receptor between R*! and $*2 to create a
new amino terminus beginning with the sequence S*2FLLRN (yellow diamond). (3) Once
unmasked, SFLLRN serves as a tethered peptide ligand that binds to the heptahelical
domain to effect transmembrane signaling and G-protein activation (4).

Does the tethered ligand bind intramolecularly? Where
does it bind and how does such binding yield G-protein acti-
vation? These questions are both basic and practical. One
strategy for blocking PAR1 function is to block binding of
the tethered ligand, and the SFLLRN tethered-ligand peptide
has served as a pharmacophore for antagonist development.

Intramolecular binding of the ligand to the receptor
to which it is tethered would clearly be favored unless
prevented by specific structural constraints. Assuming an
= 50-amino-acid tether localized the ligand to a hemisphere
of radius = 100 A, the effective concentration of the tethered
ligand would be on the order of 1 mM; micromolar concen-
trations of SFLLRN peptide in solution suffice to activate
PARI. Structure—function studies indeed suggest that
intramolecular ligation is the predominant mode for PAR
activation, and the relative ineffectiveness of PAR1 antago-
nists at blocking cellular responses to thrombin versus
SFLLRN is consistent with favored, intramolecular binding
of the tethered ligand. Intermolecular ligation of PARs can
be demonstrated in certain settings. It is worth noting that
intermolecular ligation of receptors in stable dimeric or
oligomeric complexes would not be readily distinguished
from intramolecular ligation of monomers, but there is as
yet no compelling evidence that PARs form such complexes.

Studies with chimeric receptors, receptor mutations that
complement loss of function substitutions in agonist peptide,
and blocking antibodies all point to the exofacial domain of
PARI1 as being critical for recognition of agonist peptides.

Such studies also suggested that PAR exofacial domains
interact to form a structure necessary for receptor function.
The crystal structure of rhodopsin reveals that the N-terminal
exodomain and extracellular loops of rhodopsin interact to
form a cap over the heptahelical core of the receptor. Thus,
the exofacial domain of PAR1 might be the binding site for
the tethered ligand or, alternatively, might function as a kind
of template or keyhole that determines access of the tethered
ligand to a site deeper in the heptahelical core. A satisfying
answer will await a crystal structure.

The mechanism of PARI1 activation is strikingly irre-
versible. Cleavage of PAR1 by thrombin is irrevocable, and
the tethered ligand generated cannot diffuse away from the
receptor. How then is PAR1 shut off? Activated PARI is rap-
idly phosphorylated and uncoupled from signaling, then
internalized and degraded in lysosomes—a disposable
receptor. In fibroblasts and endothelial cells, an intracellular
pool of naive receptors can refresh the cell surface without
need for new receptor synthesis. These observations suggest
a plausible answer to another question raised by the fact
that thrombin functions like a hormone. Because thrombin
is an enzyme, one molecule of thrombin should be able to
activate more than one receptor; in the limiting case, one
thrombin molecule might eventually activate all molecules
of PARI on a cell. How, then, does PAR1 mediate graded
responses that are proportional to thrombin concentration?
Because each activated PAR1 signals only transiently (and
because the second messengers formed are themselves
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group (red N) that is important for agonist function.

short lived), the magnitude of the response is related to the
rate of receptor cleavage and activation and hence to throm-
bin concentration. The existence of different PARs that are
cleaved more or less efficiently by thrombin may also con-
tribute to differential responses over a range of thrombin
concentrations.

Protease-Activated Receptor Family

Four PARs are now known (Table 1). PAR1, PAR3, and
PARA4 can be activated by thrombin. PAR2 can be activated
by trypsin, mast cell tryptase, tissue factor/VIla complex,
factor Xa, and membrane-tethered serine protease-1, but
not by thrombin. PAR1 and human PAR3 have a recogniza-
ble thrombin binding sequence and respond to thrombin
at subnanomolar concentrations. PAR4 requires higher but
probably still physiological levels of thrombin for activa-
tion, perhaps because it lacks the hirudin-like throm-
bin binding sequence that is present in PAR1 and PARS3.
It is very likely that PAR1, PAR3, and PAR4 are activated by
thrombin in vivo. Indeed, these receptors seem to account in
large part for the ability of thrombin to activate platelets, and
recent knockout studies suggest an important role in hemo-
stasis and thrombosis. It is possible that other proteases are
also physiological activators of PAR1, PAR3, and PARA4.
Similarly, it is certainly possible that one or more of the

PAR2-activating proteases listed above are its physiological
activators, but this remains to be established.

PARI can activate members of the G,;;3, G, and G; pro-
tein families, consistent with the pleiotrophic effects of
PART1 in platelets and other cells which include cytoskeletal
reorganization, secretion of granule contents, mobilization
of transmembrane adhesion proteins to the cell surface, and
metabolic and transcriptional responses. PAR4 couples to
G, and probably G35, but not to G;. PAR2 and human
PAR3 couple to G; their ability to activate other G proteins
remains to be explored (Table 1).

Roles of PARs In Vivo

Because of the importance of platelet activation in myocar-
dial infarction and stroke, defining the role of PARs in platelet
activation by thrombin and the relative importance of this
pathway in hemostasis and thrombosis has been a priority.
A useful working model is in place. In human platelets, PAR1
appears to be the main thrombin receptor and mediates
platelet activation at low concentrations of thrombin. In the
absence of PAR1 function, PAR4 can mediate platelet acti-
vation, but relatively higher concentrations of thrombin are
required. In addition to being activated by thrombin, PAR4
can be activated by the neutrophil granzyme cathepsin G, and
PARA4 signaling is shut off more slowly than that of PARI.
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Table I Properties of Human PARs

Rapid
agonist-triggered
Coupled to phosphorylation,
internalization, and
Receptor Chromosome  Activated by Gz G, G; degradation Expressed by Possible roles in vivo
hPAR1 5ql13 Thrombin, Yes Yes Yes Yes Platelets, megakaryocytes, Hemostastis—platelet secretion, aggregation, ? procoagulant activity
trypsin, Xa endothelial cells, Inflammation— leukocyte and platelet recruitment, increased permeability
mast cells, Inflammation— degranulation
vascular Inflammation—neurogenic inflammation and pain perception
smooth muscle, ? Contraction and repair
glia, ? Repair
fibroblasts, ? Repair
T cells, cardiac mycocytes, Unknown
skeletal myoblasts, etc.
hPAR2 5q13 Trypsin, ? Yes Probably Yes Most epithelial cells including Possible cytoprotective role
intestine,
mast cell tryptase, vascular endothelial cells, Inflammation—leukocyte and platelet recruitment, ? increased permeability
TF/VIla, Xa, neurons, Inflammatory—neurogenic inflammation and pain perception
TF/VIla/Xa, mast cells Inflammation—degranulation
MTSP1
hPAR3 5q13 Thrombin, Xa ? Yes ? ? Multiple organs northern plot Unknown
(not yet shown to be a major contributor to thrombin signalling)
hPAR4 19p12 Thrombin, Probably Yes No No (shutoff of Platelets, megakaryocytes Hemostasis—platelet secretion, aggregation, procoagulant activity
cathespin G signalling is slow) endothelial cells under unknown

some conditions

Note: The genes encoding PAR1, PAR2, and PAR3 are located in tandem on chromosome 5; the PAR4 gene is on chromosome 19. A partial list of proteases capable of activating the different PARs is shown.
Thrombin is capitalized to indicate that there is good evidence that it is a physiological activator. TF/VIla, tissue factor/factor VIIa complex; TF/VIla/Xa, the cognate ternary complex. The G-protein families acti-
vated by each PAR and their shutoff properties are listed along with a partial description of expression patterns and probable in vivo roles. The latter description is by no means complete and focuses responses rel-
evant to tissue injury. Roles in normal embryonic development and homeostasis are emerging.
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It is not known whether these differences between PAR1 and
PAR4 are important in vivo; PAR4 might simply be redun-
dant and/or provide robustness in an important system.

In contrast to human platelets, mouse platelets utilize
PAR3 and PAR4 to mediate thrombin thrombin signaling.
Interestingly, the mouse homolog of PAR3 appears incapable
of mediating transmembrane signaling by itself. Instead, it
functions as a cofactor to promote cleavage and activation of
PARA4 at low thrombin concentrations. There is as yet no evi-
dence that PAR3/PAR4 heterodimers are required for the
cofactoring activity of PAR3, and available data are consistent
with PAR3 simply localizing thrombin to the cell surface.
This paradigm is not novel from the perspective of the coag-
ulation cascade, which is replete with examples of cofactors
that localize proteases to the plasma membrane and/or bring
protease and substrate together. It does, however, represent
an interesting mode of interaction among heptahelical recep-
tors in which one receptor localizes ligand to the cell surface
for the ultimate ligation of another.

The model of thrombin signaling in mouse platelets
predicts that platelets from PAR4-deficient mice should be
unresponsive to thrombin. This was indeed the case, and mice
lacking PAR4, while grossly normal, had markedly prolonged
bleeding times and were protected from thrombosis—strong
genetic evidence that, despite the existence of multiple redun-
dant mechanisms for platelet activation, platelet activation
by thrombin appears to be necessary for normal hemostasis
and important in at least one model of thrombosis [9].

Recent studies suggest interesting roles for PARs in other
cell types. For example, activation of endothelial PARs may
help trigger recruitment of platelets and leukocytes in response
to vascular injury. Activation of PARs on sensory neurons
may contribute to neurogenic inflammation and edema and
modulate sensitivity to painful stimuli [10,11]. Like the role
for PARs in hemostasis, these roles are consistent with the
general view that PARs mediate cellular responses to tissue
injury. Roles in other settings, such as blood vessel develop-
ment during embryogenesis, are emerging [12].

10.

11.

12.
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Virus-Encoded Proteins Are Developed through
Targeted Evolution In Vivo

Large DNA viruses, in particular herpes- and poxviruses,
have evolved a number of proteins that function as mimics of
or as decoys for endogenous proteins of the host organism.
Often the virus uses such proteins to evade key components
of the immune system. The virus-encoded proteins are elegant
examples of targeted evolution, where the virus has captured
a gene from its host and through “combinatorial chemistry”
varied its structure and thereby its function randomly through
mutagenesis. Unlike biotech entrepreneurs, the virus has the
advantage of being able to select the mutant protein with
the optimal pharmacological property through in vivo screen-
ing in the intact organism. The virus with the most useful
protein—for example, the most potent or broad-spectrum
antagonist—will prevail. One example is the vMIP-II
chemokine of human herpesvirus 8, which acts as an efficient
blocker of a surprisingly large number of structurally differ-
ent chemokine receptors. The chemokine system in general is
a favored target for virus-encoded proteins. Many chemokine
receptors have been hijacked by viruses and optimized for
ligand recognition and signaling properties (Fig. 1A).

The Redundant Chemokine System Is an Optimal
Target for Viral Exploitation

Chemokines are chemotactic cytokines, which primarily
control the migration but also the activation and differentiation
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of all subsets of leukocytes and play important roles in angio-
genesis, organogenesis, and carcinogenesis [1]. Chemokines
act through a large family of G-protein-coupled receptors,
which are divided into subfamilies of CXC, CC, and CX3C
receptors. This nomenclature refers to a fingerprint sequence
in the ligands where the first two Cys residues are either
neighbors (CC) or separated by one (CXC) or three (CX3C)
residues. Although a few chemokine receptors are regulated
by only a single chemokine protein, the system is generally
characterized by a high degree of redundancy, in which a given
chemokine receptor is activated by more than one ligand and a
given chemokine acts through more than one receptor within a
chemokine subfamily. Thus, the chemokine system is not
only the key to the control of the immune system, but it is
also an optimal target for viral exploitation, due to the redun-
dancy among multiple endogenous proteins.

The endogenous chemokine receptors all signal rather
similarly via the pertussis toxin sensitive G; pathway.
Calcium mobilization mediated mainly by the By subunit of
the heterotrimeric G protein is a generally used, robust read-
out. In fact, non-chemokine receptors, that signal through G,
can also mediate cell migration when expressed in chemo-
tactic cells. Surprisingly, the chemokine receptors are dis-
tributed uniformly in the membrane of the migratory cell,
and the directional migration apparently depends on an
asymmetric distribution of effector molecules downstream to
the G proteins. Some chemokine receptors in addition acti-
vate Goy, and Goye. The downstream signaling events involve
various kinases, including MAP kinases such as p38, which
appears to be important for chemotaxis, as well as PI3-Ky

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 Structural relationship between herpesvirus-encoded
chemokine receptors (A) and highly constitutive but regulated signaling of
the prototype virus-encoded receptor ORF74 (B). In the dendrogram of
herpesvirus-encoded chemokine receptors structural groupings are marked
with shaded areas and receptors with known constitutive activity are
highlighted. Panel (B) shows how the high constitutive signaling of the
most well-characterized virally encoded receptor, ORF-74 from HHV8
(Kaposi’s sarcoma-associated herpesvirus), is tuned by angiogenic
chemokines acting as agonists and by angiostatic/angiomodulatory
chemokines acting as inverse agonists.

and tyrosine kinases, which link the receptors to activation of
small GTP-ases [2].

Endogenous chemokine receptors are strictly ligand reg-
ulated and normally do not display constitutive signaling
activity. This is in accordance with the fact that the receptors
are involved in directional migration (i.e., chemotaxis),
controlled by a chemokine gradient built in the interstitial
tissue through attachment of the secreted chemokines to
glycosaminoglycans. Constitutive signaling of a chemokine
receptor in a migratory cell would conceivably lead to
chemokinesis (i.e., undirected cell movement), which perhaps

in conjunction with binding to cell adhesion molecules could
be useful in the extravasation process.

Multiple Virus-Encoded 7TM Receptors

More than 20 G-protein-coupled receptors have been iden-
tified in various herpes- and poxviruses (Table 1 and Fig. 1A).
Most of these receptors display key structural elements, that
identify them as belonging to the family of chemokine recep-
tors. In general, however, it is impossible to identify a specific
endogeneous chemokine receptor as the original scaffold
hijacked by the virus. The extensive subsequent mutational
effort performed by the virus which has generated the desired
pharmacological profile has at the same time significantly
altered the primary structure of the receptor. Conceivably a
multitude of more or less silent mutations have accompanied
the functionally important substitutions that produced the
useful property of the viral receptor. A few chemokine-like
virus-encoded receptors nonetheless have been convincingly
de-orphanized. That is, their endogenous chemokine ligand
has been identified. The best examples are US28, a broad-
spectrum CC and CX3C chemokine receptor from human
cytomegalovirus (CMV), and ORF74, a broad-spectrum CXC
chemokine receptor from human herpesvirus 8.

Constitutive Signaling through Altered Pathways

The virus-encoded receptors have often chosen G pro-
teins and downstream effector molecules different from
those of the endogenous chemokine receptors. Moreover,
whereas most endogenous chemokine receptors are rather
silent in the absence of agonist, the virus-encoded receptors
often display clear constitutive signaling activity, which may
or may not be subject to further fine-tuning or regulation by
endogenous ligands.

ORF74, also named KSHV-GPCR (i.e., Kaposi’s sarcoma-
associated herpesvirus GPCR), is the prototype of a con-
stitutively active, virus-encoded receptor. Multiple signal
transduction pathways have been demonstrated for this
receptor, involving a variety of G proteins, with G signaling
dominating, in contrast to the G; signaling of endogenous
receptors. Small GTPases, kinases including MAP kinases,
and many transcription factors are also involved in ORF74
signaling (Fig. 2). The receptor activates NFkB, for instance,
via Gy, G,13 RhoA pathway, G, By subunits, and P13-Ky.
VEGEF secretion, possibly regulated by a transcription factor
(HIF-1a) controlled by MAP kinases, may mediate ORF74’s
ability to induce angiogenic lesions in vivo. The constitutive
activity of other transcription factors (CREB and NFAT)
downstream of ORF74 could be important for lytic replica-
tion of the virus, as both pathways have been shown to con-
tribute to HHVS reactivation. ORF74 also promotes cell
survival through activation of PKB/Akt and NF«xB.

US28, from human cytomegalovirus, is another highly con-
stitutively active, virus-encoded receptor. In contrast to ORF74,
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Table I Properties of Known Herpes and Poxvirus-Encoded Chemokine Receptors. Constitutive and

Regulated Activities are Listed Together with the Proposed Functions in Virus Life-Cycle

Virus class Receptor
and name name Constitutive activity Regulated activity Function in virus life-cycle
B-Herpesvirus
Human CMV Us27 - - -
US28 PLC, Erk2, NFkB, CREB and Sparse regulation of constitutive Chemokine sequestration, cell
NFAT activation activity by chemokines programming, migration of smc
UL33 PLC and CREB activation no described ligand
UL78 - -
HHV6A and B Ul2 - Ca?* release by CCLs Viral replication and survival
Us1 - Binding of various CCLs? Viral replication and survival
HHV7 Ul12 - - -
Usl - - -
Murine CMV M33 CREB and NFkB activation® no described chemokine ligand Viral replication, survival and targeting
to salivary glands
M78 - - Viral replication and survival
Rat CMV R33 PLC activation. CREB, NFkB no described chemokine ligand Viral replication, survival and targeting
activation to salivary glands
R78 - - Viral replication and survival
Y-Herpesvirus
HHVS ORF74 see Fig. 2 Regulation of constitutive activity Angiogenesis, cell-survival, reactivation
by CXCLs¢ (Fig. 1B and 2) of viral replication
EHV-2 El - Ca?* release by CCL11
E6 - -
ORF74 - -
HVS ORF74 - Ca?* release by ELR +CXCLs
AtHV ORF74 - -
Mhv68 ORF74 - -
Poxvirus
Swinepox K2R - -
Capripox Q2/3L - -

4Various CC-chemokines bind to U51 (HHV6B) transfected cells, but no signaling has ever been shown.

bUnpublished data about activity by M. Waldhoer.
CCREB and NFAT activation are unpublished data from K. McLean, P. Holst, MMR and TWS.
dAbbreviations: CMYV, cytomegalovirus, HHV, human herpesvirus; Mhv68, Murine y-herpesvirus 68; EHV2, Equine Herpesvirus-2; HVS, Herpesvirus

Saimiiri; AtHV, Ateles Herpesvirus; ORF74, open reading frame 74; PLC, phospholipase C; AC, adenylate cyclase; PI3K-phosphatidylinositol 3 kinase;
RAFTK, Related Adhesion Focal Tyrosine Kinase/or Proline-rich Tyrosine Kinase 2; DAG, Diacylglycerol; IP3, Inositol-3-phosphat; PKA/B/C, protein
kinase A/B/C; MAPK-mitogen activated protein kinase; Erk, extracellular regulated kinase; JNK/SAPK, Jun N-ternimal kinase/stress activated protein
kinase; CREB, cAMP responsive element-binding protein; NFAT, Nuclear Factor of Activated T-cells; NFkB, Nuclear Factor kB; AP-1 (Fos-Jun); HIF-1a,

Hypoxia inducible factor 1a; VEGF, vascular endothelial growth factor; Sme, smooth muscle cell.

this receptor is constitutively internalized and accumulates
mainly in the late endocytotic pathway in multivesicular bod-
ies. Other CMV-encoded receptors such as US27 and UL33
also accumulate in multivesicular bodies, a location where the
virus is believed to pick up its envelope. Accordingly, these
receptors are found on the virions and may be transferred to
the target cell during the initial fusion phase of infection [3].

Viral Receptors Recognize Multiple Ligands with
Variable Function

The constitutive signaling of ORF74 from HHV8 is fine-
tuned by a number of endogenous CXC-chemokines. Thus,

ORF74 responds to certain angiogenic CXC ligands (called
ELR+CXCLs) as agonists and angiostatic ELR—CXCLs as
inverse agonists (ELR refers to the conserved amino acids
located just prior to the first Cys in the protein). CXC
chemokines that are involved especially in acute inflamma-
tory reactions (for example, IL-8) do not affect the high level
of constitutive signaling (Fig. 1B). Interestingly, ORF74 in
fact binds basically all human CXC chemokines, including
IL-8, with high affinity. Competition binding experiments
with multiple radiolabeled ligands have revealed different
active and inactive conformations that apparently do not
readily interchange. The constitutive activity per se as
well as the regulated activity are important functions for
oncogenesis [4,5].
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Figure 2 Multiple downstream signaling pathways are activated by
ORF74 from HHVS. Several levels of effector molecules have been impli-
cated as being part of the signaling cascade elicited by ORF74 from the
G-protein activation (yellow) over a variety of signaling molecules to gene
transcription regulation through control of at least five different transcrip-
tion factors (orange) in the cell nucleus. The diagram is grossly simplified,
and several suggested cross-regulations between the depicted enzymes
have been excluded. For abbreviations, see footnote for Table 1.

Although US28 binds all human CC chemokines with
nanomolar affinity, none of the ligands appears to affect sig-
naling by the receptor. It has been suggested that the receptor
could function as a scavenger, picking up the CC chemokines
from around the infected cell and rapidly inactivating them
through internalization. The favored ligand for US28,
however, is membrane-bound CX3C chemokine fractalkine,
which acts as a partial inverse agonist. Surprisingly, the
fractalkine binding cannot be blocked by the otherwise
high-affinity binding of CC chemokines. The membrane-
anchored fractalkine may serve as a cell-entry gateway for
human CMYV via interaction with US28 expressed on the
surface of infected cells and the virion [6].

Attempts To Identify the Function of Virus-Encoded
Receptors In Vivo

None of the virus-encoded 7TM receptors is essential
for viral replication in cell cultures. In vivo studies with
rodent CMV, however, consistently demonstrated decreased
virulence of viruses in which R33, M33, R78, or M78 recep-
tors had been selectively knocked out. In the cases of R33

and M33, the receptor-deleted virus replicated normally in
the bone marrow, but not in salivary glands. This could indi-
cate that the M33/R33 receptor is essential either for target-
ing of the virus to the salivary gland (a “taxi” function where
the receptor provides the infected cell with a new homing
address) or for viral replication in this tissue, which would
be crucial for the spread of the virus between animals.

Transgenic expression of ORF74 from HHVS8 under the
CD2 promoter in mice resulted in a phenotype with striking
similarities to Kaposi’s sarcoma, in regard to both location
and histopathology of the highly vascularized lesions [7].
By selectively eliminating either the high constitutive activity
of the receptor or the ability of the receptor to be controlled
by ligands it was demonstrated that both these properties
were required in order to obtain the angiogenic lesions [5].
This is especially interesting, because the virus apparently
has optimized the ORF74 receptor to be regulated positively
by endogenous angiogenic chemokines—as agonists—and
negatively by angiostatic or angiomodulatory chemokines—
as inverse agonists (Fig. 1B).

In summary, virally encoded chemokines and receptors
have evolved through a massive in vivo selection process
performed by opportunistic organisms trying to exploit our
endogenous cellular communication systems. Consequently,
each of these molecules is an interesting pointer or showcase
for key aspects of signal transduction by 7TM receptors.
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Introduction

The frizzled (fz) gene family encodes predicted seven-
transmembrane proteins that serve as receptors for the Wnt
family of secreted glycoprotein ligands [1-3]. Together, Wnts
and Fzs stimulate signaling pathways integral to development
and implicated in disease. A persistent problem in Wnt and Fz
signaling, until recently, has been the identity of intracellular
signaling molecules activated directly by Fz [2]. In one path-
way, intracellular signaling by Fz requires the cytoplasmic
phosphoprotein Dishevelled (Dsh), shown genetically to be
the most immediate cytoplasmic protein involved in Fz sig-
naling. Fz and Dsh have never been shown to interact bio-
chemically, however, leaving a gap in this important signaling
pathway. Although the sequence of Fz does not fit the classi-
cal G-protein-coupled receptor (GPCR) mold [4-6], it has for
some time been attractive to imagine that the Fz family of pro-
teins may indeed be GPCRs. An abundance of recent evi-
dence has now demonstrated that Fzs require G proteins in
two Wnt/Fz signaling pathways (discussed below). Fzs are
therefore now known as GPCRs for Wnt ligands, which begins
to explain how Fzs activate downstream signaling molecules
such as Dsh. Here, after a brief overview of Wnt signaling
pathways, we will review the lines of evidence supporting the
characterization of Fzs as GPCRs.

Wnt Signaling

Fzs bind and synergize with Wnts to activate two signal-
ing pathways in vertebrates referred to as the Wnt/B-catenin
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and Wnt/calcium pathways [2,7]. The canonical or Wnt/B-
catenin pathway (Fig. 1A) promotes the interaction between
B-catenin and the Lef/Tcf family of transcription factors [1]
to regulate cell proliferation and cell fate determination.
Upon binding Wnt, Fz signals to Dishevelled (Dsh), which
inhibits the “destruction complex” [2]. The destruction com-
plex is composed of a large assembly of proteins, including
Axin, APC, PP2A, and GSK-3 that continually promotes the
ubiquitination and proteosomal degradation of B-catenin in
the absence of active Wnt signaling. Once Dsh has inacti-
vated this complex, B-catenin accumulates and interacts
with the Lef/Tcf family of transcription factors to activate
transcription of Wnt-responsive genes. In Xenopus and
mammalian cells, strong evidence shows that Fz signaling
to Lef/Tcf occurs via G-protein subunits (discussed below).
A lack of biochemical data showing how G proteins might
then regulate the function of Dsh and ultimately Lef/Tcf
transcription factors represents a significant gap in our
knowledge of Wnt/B-catenin signaling. (Detailed maps of
this pathway can be found at http://www.ana.ed.ac.uk/
rnusse/pathways/cell2.html and http://stke.sciencemag.org/
cgi/cm/CMP_5533.)

Although the net effect of activation of the Wnt/Ca*t
pathway (Fig. 1B) is poorly understood, at a minimum it
regulates cell behavior and some cell fates [7]. Activation of
this pathway has also been reported to oppose the effects
of Wnt/B-catenin pathway activation. Fz stimulates G pro-
teins, which activate phopholipase C to turn on Ca*™" sig-
naling. Wnts and Fzs increase the release of Ca*™* from
intracellular stores and activation of the Ca**-sensitive

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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Figure 1 The two vertebrate Wnt signaling pathways are discussed in detail in the text. Abbreviations: cysteine-rich domain
(CRD); Dishevelled (Dsh), phospholipase C (PLC), phosphatidylinositol 4,5-bisphosphate (PIP2), diacylglycerol (DAG), inositol
1,4,5-triphosphate (IP3), protein kinase C (PKC), and calcium-/calmodulin-dependent protein kinase II (CaMKII).

protein kinase C (PKC) and calcium-/calmodulin-dependent
kinase II (CaMKII).

Evidence for Frizzleds as G-Protein-Coupled
Receptors

Structural comparison to GPCRs and interesting experi-
mental findings argue that Frizzleds signal through het-
erotrimeric G proteins. The seven hydrophobic domains of
the predicted Fz protein, the predicted NH2-terminal signal
sequence, and the potential signal peptidase cleavage site
suggest topological homology to all known GPCRs [8,9].
Phylogenetically, fz is most closely related to smoothened
(smo) [5], which was recently reported to signal through
G proteins [10]. Some reports have noted that fz has no
amino acid sequence similarity to the rhodopsin superfamily
of GPCRs [4,5,11,12]. However, reevaluation of Fz predicted
protein sequences reveals that Fzs share more characteris-
tics with established GPCR families than was previously
thought (Table 1) [4,11,13]. Because Fzs are phylogeneti-
cally linked to a known GPCR, Smo, and Fzs contain
several GPCR sequence motifs, Fzs might also share with
GPCRs a mechanism of conformational change that can
activate G proteins.

Fzs not only resemble GPCRs but experimental evidence
also argues that Fzs rely upon G proteins for signaling.
Recent work examined Fzs as GPCRs using rat Fz-2 signaling
in the Wnt/Ca™ pathway and rat Fz-1 signaling in the Wnt/
[-catenin pathway. The first report showing a requirement for
G proteins by Fz came from the analysis of intracellular cal-
cium in zebrafish [14]. An increase in the frequency of intra-
cellular calcium transients was measured in zebrafish embryos
over-expressing Wnt-5A or rat Fz-2. Whether G proteins
were required for this phenomenon was tested by treating
embryos expressing rat Fz-2 with several G-protein inhibitors.

The elevation of Ca*" stimulated by rat Fz-2 was blocked by
the G-protein inhibitors GDPJS, which prevents G-protein
activation; pertussis toxin, which adenosine diphosphate
(ADP) ribosylates and which specifically inhibits guanosine
diphosphate (GDP)—guanosine triphosphate (GTP) exchange
on Gy, Gy, and Gy; and o-transducin, which sequesters
By subunits. Subsequent studies in Xenopus embryos found
that rat Fz-2 requires G proteins to activate two Ca''-
sensitive enzymes, PKC [15] and CaMKII [16]. Activation
of both these enzymes by rat Fz-2 was also inhibited by
pertussis toxin and o-transducin, confirming that Wnt/Ca™
signaling by rat Fz-2 is mediated, directly or indirectly, by
G proteins.

In order to determine whether G proteins mediate Fz sig-
naling directly, chimeric receptors were constructed to con-
trol the activation state of Fz. The intracellular loops of rat
Fz-1 and -2 were substituted for the cognate loops of the

Table I Conserved Sequence Characteristics
in the G-Protein-Coupled Receptors of the
Rhodopsin (Rho) and Smoothened (Smo)
Families and Frizzleds (Fz)

el
N

Conserved sequence characteristic Rho Smo

Putative signal peptide

Potential N-linked glycosylation sites
Cysteine-rich domain

Seven predicted transmembrane domains
Cysteines in extracellular loops 1 and 2
DRY or ERW motif

Prolines in transmembrane domains 4-6

P Z KK KKK

5 only
Leucine-rich transmembrane domain 5

Lys—X—-X-Lys in intracellular loop 3

< KKK KKK ZAKX
Z KKK Z KKK

=<z <

Cysteine in intracellular COOH terminus
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Table I G-Protein Subunits Required for Wnt-Fz Signaling

Activator System Response Required?® Not required
Xwnt-8 Xenopus Axis duplication Gog Gyi» Ggor Gy

rat Fz-1 Xenopus Gene transcription Gyi» Goor Gy —

B2-AR/Fz-1 F9 cells Topflash activation Goor Gog Geye Gyir Goi15 B
rat Fz-2 Zebrafish Intracellular [Ca**] Goi» Gyor G B —

rat Fz-2 Xenopus PKC activation Gyi» Goor Gat, By —

B2-AR/Fz-2 Xenopus CaMKII activation Gyi> Goor Gt —

2-AR/Fz-2 F9 cells Primitive endoderm Gyos Gos B Geg» Gois Gari
B2-AR/Fz-2 F9 cells Ligand affinity shift Gy Gy Gy

YInhibition of these G-protein subunits interfered with Fz signaling.

B2-adrenergic receptor (B2-AR), so that Fz signaling
domains could be kept in an inactive state using a 32-AR
antagonist and quickly activated by a f2-AR agonist [17,18].
Stimulation of the P2-AR/rat Fz-2 chimera activated
CaMKII within just10 minutes, and that effect was inhibited
by treatment with pertussis toxin [16]. The dependence on
G proteins for such a rapid response to Fz signaling indi-
cated that G proteins must be integral to Fz signaling. Actual
binding of G proteins to Fz has not been reported but can be
inferred from the observation of a shift in agonist affinity of
the P2-AR/rat Fz chimeras in the presence of a nonhy-
drolyzable GTP analog. The presence of GTP causes a
reduction in the affinity of most GPCRs for their agonists;
the decrease correlates with dissociation of the GPCR from
the G protein. The B2-AR/rat Fz chimeras exhibit this clas-
sic affinity shift, suggesting that intracellular residues of rat
Fz-1 [17] and rat Fz-2 [19] directly bind G proteins also.
Together, these experiments suggest that Fzs interact directly
with G proteins to activate cytoplasmic signaling molecules.

Additional work aimed to show that Fzs require G pro-
teins to mediate cellular and physiological processes. First,
it was observed that a GPCR known to stimulate Ca*™ sig-
naling, 5-HTlc, and Xwnt-5A produce the same over-
expression phenotype in Xenopus embryos [20]. It was then
shown that Wnts require G proteins to produce the classic
duplicated-axis over-expression phenotype. The regulator of
G-protein signaling (RGS4), which enhances the intrinsic
GTPase activity of G,; and G, subunits blocked the ability
of Wnt, but not Dsh, to induce duplicated axes in Xenopus
embryos [21]. This observation placed G proteins between
Fz and Dsh for the first time. In cultured mammalian F9
cells, pertussis toxin and oligonucleotides antisense to spe-
cific G proteins inhibited both induction of primitive endo-
derm by rat Fz-1 [22] and the 32-AR/rat Fz-2 chimera [18]
and activation of a Lef/Tcf specific reporter gene by rat
Fz-1. This result was confirmed in Xenopus embryos where
pertussis toxin blocked activation of Wnt-responsive genes
by rat Fz-1 [17]. Recently it has been shown that activation
of Frizzled-2 in mouse totitpotent F9 cells involves activa-
tion of cyclic GMP phosphodiesterase and a sharp decline
in the intracellular concentration of cyclic GMP [23].

Inhibitors of cyclic GMP phosphodiesterases block aspects
of Frizzled-2 signaling in the F9 cells as well as in zebrafish
oocytes. Wnt-5A and G-protein signaling are required also
for collagen-induced DDRI1 receptor activation and normal
cell adhesion [24]. Taken together, these studies indicate that
Fzs not only require G proteins to activate intracellular sig-
naling enzymes, but also couple to G proteins to regulate
physiologically relevant events.

Perspective

Understanding basic development and human disease
requires better understanding of Fz signal transduction. Recent
work demonstrates that G proteins are directly required for
Fz signaling, supporting the inclusion of the Fz family
within the greater GPCR superfamily. Rat Fz-1 and rat Fz-2
were used as model Fzs and demonstrated different but over-
lapping G-protein requirements (Table 2). Because these
studies relied upon inhibiting effects of Wnts or involved
over-expression of Fzs and not endogenous cellular
processes, it remains to be seen specifically which Fzs cou-
ple to which G proteins during endogenous signaling events.
The identification of Fz coreceptors combined with the large
number of Wnts, Fzs, and G proteins, which are often
expressed in tissue-specific patterns, increases the complexity
of defining these important signaling pathways.
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Introduction

Multiple mechanisms contribute to the physiological reg-
ulation of G-protein-coupled receptors (GPCRs). Early stud-
ies delineated the existence of distinct functional processes of
receptor regulation in natively expressing cells and tissues
[1,2]. More recent studies have led to an explosion of new
information regarding cellular and molecular mechanisms of
receptor regulation [3-5]. We begin this chapter by reviewing
some functional processes of GPCR regulation defined in
early studies, followed by a review of our current under-
standing of some specific mechanisms that mediate (or con-
tribute to) these processes of regulation. In doing so, we focus
on relatively well-characterized mechanisms of desensitiza-
tion and endocytosis that are relevant to the regulation of a
large number of GPCRs. Finally, we briefly mention insights
from recent studies suggesting some previously unanticipated
features of GPCR desensitization and endocytosis.

General Processes of GPCR Regulation

Desensitization and Resensitization: Rapid
Regulation of the Functional Activity of Receptors

Many GPCRs are regulated very rapidly after agonist-
induced activation, a process that has been characterized in
considerable detail in studies of the B2 adrenergic receptor
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(B2-AR) [3-5]. Upon binding of agonist the f2-AR promotes
guanine nucleotide exchange on its cognate heterotrimeric
G protein (G,), which thereby activates downstream effectors
such as adenylyl cyclase. Receptor-mediated signaling via
this pathway occurs within seconds after the initial addition
of agonist to cells or tissues. Within several minutes the abil-
ity of the same concentration of the same agonist to stimulate
adenylyl cyclase diminishes greatly. This process of rapid
desensitization can make the tissue refractory to even high
concentrations of agonist. In some cases, the physiological
responsiveness of the tissue can return quite rapidly (within
several minutes) after agonist washout, allowing the cell or
tissue to respond again when rechallenged with the same
agonist. This recovery of signaling potential from the desen-
sitized state is called resensitization. Rapid desensitization of
B2-AR-mediated signaling can occur without significant
effects on other signaling pathways and without any
detectable change in the total number of receptors present in
cells or tissues. These processes of desensitization and resen-
sitization were therefore proposed to reflect primarily
changes in the functional activity of receptors.

Sequestration: Rapid Regulation of the Subcellular
Localization of Receptors

Agonists can also cause a pronounced decrease in the
number of receptors present in the plasma membrane, usually
within several minutes after the onset of rapid desensitization.

Copyright © 2003, Elsevier Science (USA).
All rights reserved.
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This process, called sequestration, was defined originally by
pharmacological studies investigating the number of recep-
tor sites accessible to membrane-impermeant radioligands
in intact cells. In general, sequestration occurs without any
change in the total number of receptors present in cells or
tissues, as detected using membrane-permeant radioligands
or disrupted membrane preparations [6]. Therefore, it was
proposed that sequestration represents primarily a change in
the subcellular localization of GPCRs.

Downregulation and Upregulation: Slower
Modulation of the Total Number of Receptors

The term downregulation refers to a distinct process
associated with reduced responsiveness of cells or tissues
that occurs much more slowly than the process of rapid
desensitization. Instead of occurring in seconds or minutes,
downregulation is often observed hours or even days after
exposure of cells or tissues to ligands. The process of down-
regulation is characterized pharmacologically by a decrease
in total number of receptor sites (B,,,,), detected in radioli-
gand binding assays using membrane-permeant compounds
or disrupted membrane preparations, and is not associated
with a change in ligand binding affinity (K;) [1,7]. Recovery
of receptor number (and signaling responsiveness) after
downregulation is a slow process that requires biosynthesis
of new receptor protein. Some ligands (typically antago-
nists) can induce the opposite process, upregulation, which
refers to a gradual increase in the B, detected by radioli-
gand binding [8]. Thus, downregulation and upregulation
primarily reflect changes in the total number of GPCRs.

Mechanisms of GPCR Desensitization
and Endocytosis

Functional Uncoupling of GPCRs from
Heterotrimeric G Proteins Mediated by
Receptor Phosphorylation

Extensive studies of certain GPCRs, such as rhodopsin
(a light-activated GPCR) and (2-AR (a ligand-activated
GPCR), established a highly conserved mechanism that regu-
lates the functional activity of many GPCRs [3-5,9]. This
mechanism involves the phosphorylation of receptors by a
specific family of G-protein-coupled receptor kinases (GRKs)
followed by the interaction of phosphorylated receptors with
cytoplasmic accessory proteins called arrestins. Arrestin-
bound receptors are unable to couple to heterotrimeric G pro-
teins and disrupt the pathway of GPCR-mediated signal
transduction at the earliest stage (Fig. 1A and B).

Biochemical studies of signal transduction in isolated rod
outer segment preparations identified a protein, rhodopsin
kinase (or GRK1), that inhibited the ability of light-activated
rhodopsin to activate transducin. Light-activated rhodopsin
is a good substrate for phosphorylation by rhodopsin kinase,

whereas rhodopsin that has not been activated by light
is a poor substrate [10]. Phosphorylated rhodopsin was
only partially inhibited in activating transducin. A second
protein, visual arrestin, was identified from cytoplasmic
fractions of rod cells according to its ability to completely
inhibit, or arrest, activation of transducin by phosphorylated
rhodopsin [11].

Studies using functional reconstitution of 2-AR-mediated
activation of adenylyl cyclase provided strong evidence for a
role of phosphorylation in mediating rapid desensitization of
a ligand-activated GPCR [12]. Biochemical purification of the
cytoplasmic activity responsible identified a protein called
B adrenergic receptor kinase (BARK, or GRK?2), which pref-
erentially phosphorylates agonist-occupied receptors [13] and
is similar in structure to rhodopsin kinase [14]. Biochemical
reconstitution studies indicated that increasingly purified
fractions of BARK exhibited reduced ability to attenuate
B2-AR-mediated signal transduction in reconstituted mem-
brane preparations. Further analysis of this effect led to the
identification of a distinct protein component that was lost in
increasingly purified fractions and which increased functional
desensitization when added back to highly purified fractions
of BARK [15,16]. This protein cofactor turned out to be a
protein similar to visual arrestin and was therefore named
nonvisual arrestin, or B arrestin (BArr). cDNA cloning has
identified a family of arrestins involved in regulating the func-
tion of phosphorylated GPCRs [5].

It turns out that agonists regulate not only phosphoryla-
tion of GPCRs by GRKs but also the affinity with which
phosphorylated receptors bind to arrestins [17]. Such dual
control by agonist of a single regulatory mechanism is an
example of coincidence detection, an important principle
guiding many other signaling processes. One role of coinci-
dence detection in GRK/arrestin-mediated regulation may
be to assure definitively that only those receptors actually
activated by agonist are desensitized. In this way, other
receptors that are not activated (including coexpressed
GPCRs that recognize other ligands but are potentially
upregulated by the same desensitization mechanism) are not
affected. Indeed, GRK-mediated phosphorylation and sub-
sequent binding of arrestins is generally considered to be a
paradigm for homologous desensitization, a form of desen-
sitization that is specific only to the activated GPCR at hand
and is not influenced by (or extended to) activation of other
receptors in the same cell [13]. Coincidence detection may
serve other important functions in GPCR regulation. For
example, one might imagine that transient or low-frequency
activation of GPCRs could promote GRK-mediated phos-
phorylation of receptors without much binding of arrestins,
thus causing only partial desensitization of receptors
(because phosphorylated receptors can still interact weakly
with heterotrimeric G proteins). More prolonged or higher
frequency activation of receptors by strongly promoting
both phosphorylation of receptors and arrestin binding
(which essentially blocks receptor-G protein coupling),
could lead to a more profound desensitization of signal
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Figure 1 Major mechanisms of GPCR desensitization and endocytosis. (A) Classical pathway of GPCR signaling via receptor-mediated activation
of heterotrimeric G proteins. (B) Rapid desensitization (functional uncoupling) of GPCRs mediated by GRKs and arrestins. (C) Role of GRKs and non-
visual (beta-) arrestins (BArr) in promoting endocytosis of GPCRs via clathrin-coated pits. (D) Role of endocytosis in mediating resensitization of
GPCRs. (E) Role of endocytosis in mediating downregulation of GPCRs by proteolysis in lysosomes.

transduction. In this way, functional desensitization could
be modulated both by the strength and kinetics of receptor
activation.

Desensitization of GPCRs by Other Kinases:
Example of a Mechanism Mediating
Heterologous Desensitization

Other kinases, such as the so-called second-messenger-
regulated kinases, are also implicated in mediating desen-
sitization of GPCRs. For example, the P2-AR can be
phosphorylated by cyclic-AMP-dependent protein kinase
(PKA). PKA-mediated phosphorylation of a single residue
located in the third intracellular loop of the B2-AR impairs
the ability of the receptor to couple to G, and thereby atten-
uates receptor-mediated activation of adenylyl cyclase
[18-20]. Phosphorylation of this residue is thought to impair

receptor—G protein coupling directly, without requiring any
known protein cofactor such as an arrestin. An important
feature of PKA is that this kinase can phosphorylate f2-ARs
whether or not they have been activated by ligand, in con-
trast to the preferential phosphorylation of agonist-activated
receptors by GRKs. Because PKA is activated by cyclic
AMP (a signaling intermediate produced as a result of B2-AR
activation), PKA-mediated phosphorylation of the B2-AR is
an example of feedback inhibition by a second messenger. In
addition, because activation of any other receptor that stimu-
lates adenylyl cyclase can also activate PKA, phosphoryla-
tion of the B2-AR by PKA is generally considered to be a
paradigm for heterologous desensitization—that is, desensi-
tization of one type of GPCR that is induced by activation of
another (heterologous) receptor. Heterologous desensitiza-
tion of GPCRs by kinases such as PKA, in contrast to homol-
ogous desensitization mediated by GRKs, is thought to play



184

Part I Initiation: Extracellular and Membrane Events

important roles in integrating and controlling “cross-talk”
between diverse signaling pathways in the same cell.

Agonist-Induced Endocytosis of GPCRs

Pharmacological studies of the process of sequestration
led to the hypothesis that certain GPCRs are removed from
the plasma membrane within minutes after agonist-induced
activation [6,21]. Biochemical and immunochemical meth-
ods have demonstrated that this is indeed the case, both in
cultured cells and certain native tissues [22-24]. Rapid
endocytosis of the (2-AR is mediated by an agonist-
dependent lateral redistribution into clathrin-coated pits
[25]. Coated pits then pinch off from the plasma membrane
to form endocytic vesicles, a process dependent on the cyto-
plasmic GTPase dynamin [26-29]. Subsequent studies have
demonstrated that regulated endocytosis of several other
GPCRs is also mediated by a dynamin-dependent mecha-
nism, suggesting a conserved role of clathrin-coated pits in
mediating endocytosis of many GPCRs.

Clathrin-coated pits play a general role in mediating rapid
endocytosis of a large number of cell-surface components
besides signaling receptors, many of which are endocytosed
constitutively (i.e., in a ligand-independent manner). This
has raised the question of how GPCR endocytosis is regu-
lated by ligands. It turns out that GRKs and arrestins, in
addition to their previously established role in mediating
functional uncoupling of receptors from heterotrimeric G
proteins, also play an important role in regulating endocyto-
sis of certain GPCRs. In particular, nonvisual (or B-)
arrestins can promote the concentration of phosphorylated
receptors in coated pits by binding simultaneously, via dis-
tinct protein interaction domains, to both receptors and the
clathrin-containing lattice structure, thereby functioning as
adapters linking specific GPCRs to endocytic membranes
[30,31] (Fig. 1C). Despite the highly conserved nature of
this endocytic mechanism, there are also examples of
GPCRs that either are not rapidly endocytosed or are endo-
cytosed by a different mechanism [32]. This diversity of
GPCR membrane trafficking, although not yet understood at
the mechanistic level, has important implications for the
physiological regulation of distinct GPCRs [33].

Functional Consequences of GPCR Endocytosis

Role in Rapid Desensitization of GPCRs

In many cases, endocytosis is not thought to play a primary
role in mediating rapid desensitization of many GPCRs,
although the precise role of endocytosis in this process may
depend on receptor expression level. Endocytosis of p-opioid
receptors does not contribute significantly to functional desen-
sitization in cells expressing relatively high levels of receptor
protein but does appear to cause desensitization in cells
expressing lower levels of receptor [34]. Studies of the f2-AR
emphasize that GRK- and arrestin-dependent uncoupling of

receptor from G protein (Fig. 1B) occurs in the plasma mem-
brane before endocytosis begins, and desensitization of the 32-
AR is not affected by blockade of receptor endocytosis [35].

Role in Resensitization of GPCRs

In contrast to its limited role in mediating rapid desensi-
tization, endocytosis of certain GPCRs is thought to play a
major role in mediating the distinct process of receptor
resensitization [4,36,37]. It is believed that the reason for
this is that endocytosis brings receptors in close proximity to
an endosome-associated phosphatase, which dephosphory-
lates receptors that were previously phosphorylated (hence,
desensitized) at the cell surface. Dephosphorylated receptors
are then recycled back to the plasma membrane in a “resen-
sitized” state, which is fully functional to mediate subse-
quent rounds of signal transduction upon re-exposure to
agonist [35,38]. This proposed mechanism of GPCR resen-
sitization is shown in Fig. 1D.

Role in Mediating Proteolytic
Downregulation of GPCRs

Endocytosis is also thought to play an important role in
mediating downregulation of many GPCRs by promoting
proteolysis of receptors. The best characterized pathway
mediating proteolytic downregulation of GPCRs involves
endocytosis of receptors followed by membrane trafficking
to lysosomes (Fig. 1E). Additional proteolytic machinery,
such as proteasomes or cell-associated endoproteases, are
also implicated in mediating downregulation of certain
GPCRs [39]. GPCRs may be targeted to lysosomes after ini-
tial endocytosis by clathrin-coated pits or may follow a dis-
tinct membrane pathway involving alternate mechanism(s)
of endocytosis [7,39]. In some cases it is clear that receptors
endocytosed by clathrin-coated pits can be targeted to a
rapid recycling pathway mediating resensitization of recep-
tors as well as to a degradative pathway mediating receptor
trafficking to lysosomes. Furthermore, distinct GPCRs differ
in their sorting between divergent membrane pathways
when coexpressed in the same cells [40,41]. Recent studies
have identified cytoplasmic sequences present in certain
GPCRs that promote sorting of internalized receptors to
lysosomes 