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Abstract

High-fidelity DNA polymerases achieve remarkable accuragyexhibiting exquisite
nucleotide substrate selection mechanisms. DNA polymerases hotdisariminate highly
against base-pair mismatches, but also show a high degreledfvitg for the correct sugar
moiety deoxyribonucleotide over ribo- and dideoxy-nucleotides. Although pblfmerase is
highly accurate, some base-pair mismatches are still inatgabat low frequency, leading to
spontaneous mutagenesis. Mechanisms for both accurate and nwalyénieplication have
been subjected to intense solution studies and speculations dffem HDacade. However,
structural understanding of both processes are still vienijed due to the lack of crystal
structures of DNA polymerase bound with incorrect nucleotide tiibs especially at the
insertion step prior to chemistry which accounts for the ntgjof the intrinsic specificity of the
polymerase.

In this dissertation, X-ray crystallographic analyses wgeeformed using a model
system for studying replication fidelity, a thermostablaistof Bacillus DNA polymerase | large
fragment Bacillusfragment, BF) that catalyzes replication in crystals. Heseof high-resolution
crystal structures of BF polymerase variants and DNA duplex mismatches, incorrect sugar
substrates, and cognate base pairs bound at various fidelitysiiteron the polymerase surface
were determined. By comparing structures of non-cognate basenptirthose of cognate base
pairs captured under the same experimental condition, a unifiedepaf substrate selectivity by

DNA polymerase for both mutagenic and accurate replication prbasssmerged.
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Chapter 1 Introduction

Accurate DNA replication is a fundamental requirement for threiwal of an organism
and the passing of genetic information from one generation toetkte[1]. Errors made during
this process, if left uncorrected, lead to mutations, the fasil genetic diseases and driving
force for evolution. DNA polymerase carries out templateaied DNA replication by
chemically incorporating its substrate, 2'-deoxyribonucleotiginagphate (dNTP), onto the 3'
terminus of the primer strand [2-4].

DNA polymerase achieves remarkably high replication fidddigyselecting the correct
nucleotide for incorporation while discriminating against inadreeibstrates [5]. The error rate
for mismatch incorporation is determined by the intrinsic ifip#g of the DNA polymerase, the
identity of the base, and the sequence flanking the incorporateofb<s8]. In addition to base
selectivity, DNA polymerase also chooses the correct sugaetyndR'-deoxyribose) to
incorporate and discriminates highly against the ribose sugar [9, 10].

Extensive biochemical, kinetic, and structural studies on &tyaoif DNA polymerases
have provided valuable insights into the replication fidehtgchanisms employed by this
important molecular machinery. This chapter will review tlherent understanding of DNA
replication fidelity mechanisms with a special focus on tta®gering amount of structural

studies on various DNA polymerases that have become avaitatgegnt years.

Classification of DNA polymerases
Since the discovery of the first DNA polymerdsecoli DNA polymerase | (Pol ) more

than half a century ago [1], many more polymerases have beeifiégdeand characterized.
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Accurate DNA replication is achieved by cooperative efftndm DNA polymerases involved in
genome replication, DNA repair, and translesion synthesis [143ed® on primary sequence
homology [12, 13], polygenetic relationships [14], and structuralyaisdll5], DNA polymerases
have been classified into seven families: A, B, C, D, X, Y, and reverseripgase (RT) [16].

Families A, B, and C are mostly high-fidelity DNA polymersaseainly responsible for
genome replication and DNA repair. Family A DNA polymeraaes further divided into two
groups based on their functionality: replicative (e.g., bactesiggh T5 and T7 DNA
polymerases; the eukaryotic mitochondrial DNA polymerasend repairing and gap filling (e.g.,
E. coli, T. aquaticusandBacillus DNA polymerase 1]13]. Family B polymerases include major
replicative polymerases for various species (E.gcoli DNA polymerase 1l; bacteriophage9
and RB69 DNA polymerases; human DNA polymera3e[13]. Family C polymerases are
bacterial replication DNA polymerase (ek}. coli DNA polymerase llla subunit) [13]. Crystal
structures have been determined for DNA polymerases from all thréeeéam

Family X polymerases are involved in DNA repair pathways sischase excision repair
(BER) by human Pdb. Other members include template-independent terminal deoxyridgleot
transferase (TdT); Pgl Polu and so on [17]. Family Y polymerases carry out translesion
synthesis past damaged template which stalls high-fidelMA polymerases and exhibit low
fidelity when copying normal DNA [11, 18]. They are widespread ftzaunteria to human (e.g.
Dpo4, Revl, dINb, UmuC, and human RBp[19]. RT family members are from retroviruses (e.g.
human immunedeficiency virus (HIV) 1 RT and Moloney murine leukamigs (MMLV) RT)
and eukaryotic telomerases [20]. They are very important tdrggts to treat retroviral diseases
[21]. Crystal structures of a number of X, Y, and RT fanmmigmbers have been determined.
Family D polymerases are archeal and are at an early stageracterization [22]. There has
been no crystal structure determined for this family yet.
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Structural features of DNA polymerases
Over the past two decades, a large number of crystal sesatiirDNA polymerases
from six families (A, B, C, X, Y, and RT) have been determinelich greatly enhanced our

understanding of DNA replication mechanisms.

Overall architecture of DNA polymerase

DNA polymerases share the same polymerase domain, while entpibdtably different
features with regard to the presence of additional domaiatedelo the specific function of the
polymerase [16]. Ternary complexes of representative DNAnpeErigses from six families are
shown in Figure 1-1.

The polymerase domains of DNA polymerases are similanrigetaspects [23]. First,
they are all composed of fingers, palm, and thumb subdomains, folldwgngaming convention
originated from the first structure determined for coli DNA polymerase | large fragment
(Klenow fragment, KF) [24] (Figure 1-1B). DNA binds in a cleft feahby the three subdomains
(Figure 1-1B). Second, the function of each subdomain is simaitaposs different DNA
polymerases. The fingers domain binds the incoming nucleotide triphespiditcontacts the 5'
overhang of the template. The palm domain is where nucledtalysfer reaction occurs. The
thumb domain is involved in the binding of DNA duplex region [25]. Thiatl, DNA
polymerases share the same two-metal-ion mechanism folystst§l5, 26]. In ternary
complexesga-phosphate of the incoming nucleotide, 3' hydroxyl group of the primeintesm
two universally conserved aspartate residues, and two divaletal nons, are aligned for
chemistry. The active site assembly is remarkably siratanss all families (Figure 1-2). Despite
the similarities, the polymerase domains of various DNAipelrases exhibit notable differences

in their sizes, secondary structures, and detailed interag@®h@igure 1-1B).

3



Figure 1-1 Ternary complexes of representative DNA polymases from A, B, C, X, Y, and
RT families.

A, DNA polymerases with all domains shown. B, DNA polymerasitls anly the polymerase
domain shown. The polymerase domain is composed of three subdomains, fiedgrthumb
(yellow), and palm (blue). Other domains of the polymeraseschoeed differently: family A
Bacillus Fragment (BF) (4DQI) [27], a vestigial exonuclease domarayjg[28]. B-family,
Enterobacteriaphage RB69 DNA polymerase (pdb code: 3NCI) [29], f&tminal domain
(green) and Exo domain (gray) [30]; C-famiyeobacillus kaustophiluBNA polymerase PolC
(3F2B), OB domain (cyan), PHP domain (hot pink), and DB domaimgeda[31]; X-family,
human DNA polymerase beta (2FMQ) [32], lyase domain (teal), [83amily, human DNA
polymerase eta (3MRZ2), little finger (salmon) [34]. Reverse Trgoase (RT) family, HIV-1 RT
(B3KK2) [35], connection domain (salmon) and RNaseH domain (light ci&h) $election of the
structures for polymerase families was based on avajalaihd resolution of the ternary
complexes. Domain naming was cited from the papers where the structuedsstelescribed.
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Figure 1-2 Active site of ternary complexes of DNA polymerasdmom A, B, C, X, Y, and RT
families.

Left panel, cartoon representation of important features ddidtiee site; right panel, same view
with spheres shown. Catalytic site is assembled with the extalhcoordination of the catalytic
metal ions (M§" shown as green spheres;"Naund to Pol beta shown as purple sphere) by two
conserved aspartate residues and the triphosphate. The polymeseses with the side of the
triphosphate facing away from the metal ions via hydrogen bon&aditius fragment of family
A (4DQI) [27] and RB69 DNA polymerase of family B (pdb code: 3N[@B], the trisphosphate
interacts with side chains of the residues onogrelix of the fingers domain. However, in
GkaPolC of C-family (3F2B) [31], human Pol beta of X-fam@FMQ) [32], human Pol eta of
Y-family, (SMR2) [34], and HIV-1 RT of RT family (3KK2) [35]residues interacting with the
triphosphate are more diversely distributed through the fingers domain.
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DNA polymerase conformational changes

Comparisons between polymerase-DNA binary complex and polymBiaedNTP
ternary complex show that A, B, X, and RT family DNA polymesasxhibit two distinct fingers
domain conformations: open and closed (Figure 1-3). The polymerasesfiuageain go through
a large swinging motion from the open to the closed state updmnithi@eg and pairing of correct
nucleotide substrate and the nucleotide is aligned at the attBvatghe closed conformation
ready for chemistry [37-42].

For family C, a comparison between binary and ternary complexest possible due to
the lack of the former. However, by comparing ternary complekagfDNA Polymerase Il or
ternary complex of GkaPolC with apo structurd afDNA Polymerase lIl, it was suggested that
Pol C also goes through major conformational changes upon the bofdgA and nucleotide
substrate [31, 43]. The low-fidelity family Y DNA polymeess show no large scale fingers

domain movement that are observed for other families of DNA pobsaer[44].

Family A DNA polymerases

Family A DNA polymerases are among the most well charaetgrstructurally. Our
model system for studying DNA replication, BF polymerassy &lelongs to this family. Crystal
structures for five members of the A family have been deteth{ifie@ble 1-1).

Table 1-1 Crystal structures of DNA polymerases from family A

Complex
Polymerase Apo Binary Ternary Mismatch  Lesion  Edithg
E. coliKlenow fragment [24, 45] [46-49]
T7 DNA polymerase [50] [51-54]
TagPol | [55, 56] [37,57] [37,58, 59]
Bacillusfragment [28] [40, 60, 61] [40, 62] [61] [62-65]

Human Poly [66]




Figure 1-3 Open and closed conformation of DNA polymerase.

Four families of DNA polymerases have open-binary and cleseary crystal structures
determined: family ABacillusfragment open (1L3U) [40] and closed (4DQI) [27]; familyB9
DNA polymerase open (2PZS) and closed (2PYJ) [67]; familyukhan PoB open (3I1SB) [68]
and closed (2FMQ) [32]; RT family HIV-1 RT open (3KJV) andsed (3KK2) [35]. The left,
middle, and right columns correspond to the open (red), closed ,(lslnd) superimposed
conformations. DNA primer (sand), template (orange), basepairto chemistry (yellow), and
metal ions (green sphere) are also shown.
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Accurate DNA replication

High-fidelity DNA polymerases from the A, B, C, and RT fdesl (proofreading-
defective derivatives) exhibit 1@ 1F-fold selectivity for incorporating their correct substrates
against incorrect ones [69]. Five different sites [37, 40,71]) pre-insertion, insertion, catalytic,
post-insertion, and DNA duplex-binding region, function at various stalpegy the reaction
pathway to ensure accurate DNA replication. A cartoon reprggamthighlighting the fidelity
filter sites at open and closed conformationsBatillus DNA polymerase | large fragmeist
shown in Figure 1-4 [40Q].

Pre-insertion site is a pocket formed by the loop between arfkklices and is where
the next incoming template nucleotide resides. Upon the bindingafrect dNTP, the O helix
undergoes a large conformational change from the open to tleel dtade. JNTP is paired with
the complementary template base at the insertion site anglitgsphate is aligned with regard to
the 3' hydroxyl group of the primer 3' terminus at the catalyte where two universally
conserved aspartates and two divalent metal ions residee Sulzstrate recognition at the
insertion site accounts for the majority of DNA polymerasecifipgy [69], how incorrect
nucleotides are discriminated against here is key to the understandapyjation fidelity.

At the insertion step, geometric and shape complementarity betweesisttent base pair
and the polymerase active site surface is one of the m#&nmdeants of specificity [69, 72].
Incorrect nucleotide substrates with aberrant base-pair shape ametge cannot fit into the
tight binding pocket which leads to nucleotide discrimination. Watdugion at the tightly fitted
active site prior to chemistry has been suggested to furthplifa the free energy difference
between the correct and incorrect nucleotides contributing to s@hed¢3]. Conformational
intermediates along the reaction pathway have been proposedéeoasetkinetic checkpoints”

against incorrect nucleotide incorporation [73]. The crystallogcapiftiobserved conformational
12
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Figure 1-4 Fidelity filter sites of a high-fidelity DNA polymerase

DNA polymerase replication fidelity filters. Shaded areas correspondetdyifilters: pre-
insertion sitetf+1, orange), insertion sita,(blue), catalytic site (magenta), post-insertion site (
1, pink), and DNA duplex-binding region-@ ton-5, gray). DNA primer (copper) and template
strands (orange) are also shown. The O helix (blue) transitions from atlefppanel) to a
closed (right panel) conformation. Cognate-shaped base pairs (red) ampddivir catalysis in
the closed state. This figure combines information derived from stmesures: open (1L3U)
[40], closed (2HVI [62] and 3EZ5 [74]).
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changes for DNA polymerases from different families aneststent with the possible existence
of intermediate checkpoints [73] in between the open and closed &igia® (1-3).

After the incoming nucleotide is incorporated onto the primete8ninus, DNA
translocates, pyrophosphate is released, and the polymeraseodabe open state. The nascent
base pair is placed at the post-insertion site where ith@ groove edge of the base pair is read-
out by protein residues providing another opportunity for error-chgedk, 69]. The readout is
continued in the DNA duplex binding region up to four base-pairy dwan the post-insertion

site. The free DNA duplex region no longer retains interactitim tie polymerase.

Nucleotide base and sugar selectivity

The substrate for DNA polymerase (dNTP) is composed of a basearsugar moiety,
and a triphosphate tail. In cells, nucleotides with five diffelmses, A, G, C, T, and U, and two
types of sugar moieties, 2'-deoxyribose and ribose, exist atrtietsae. Two questions central
to DNA replication fidelity and genome stability are:

1. How does DNA polymerase recognize and discriminate agailcgtotide base-pair
mismatches?

2. How does DNA polymerase recognize and select the correct ritmmxycleotide

sugar moiety to incorporate while discriminating against ribonuclébtide

Nucleotide base selectivity

In addition to the ¥A and CG cognate pairing schemes originally proposed by Watson
and Crick more than 50 years ago [75], twelve base-pair ribe® pyrimidinepurine (TG,
GeT, CeA, and AC), purinepurine (@G, G*A, A+G, and ~A), and pyrimidinepyrimidine

(TeT, T+C, CC, and GT), can ariseat the DNA polymerase active site. Extensive solution
14



studies show that mismatch incorporation rates vary grdafignding on the specific mismatch,
the intrinsic property of the polymerase, and the DNA sequence flanking thparation site [5,
76-78].

To understand the mechanisms of how DNA polymerase discrimingdaé@sstaincorrect
base composition, structures of mismatches bound at the adgvef DNA polymerase are
required. Previously, all twelve mismatches were captutdtieaactive site oBacillus DNA
polymerase | large fragmerB4cillus fragment, BF) after they were incorporated into the DNA
duplex [61]. Six of the mismatches«@, G T, G*G, A*G, TeT, and GT) were paired and the
base pairing schemes are shown in Figure 1-5. Thre&, (BA, and CC) were frayed without
base pairing and three ¢&, C*A, and TC) were disordered. G and GT were further placed
at various positions at the DNA duplex-binding region and the DA duplex region. In all
cases, mismatches with non-cognate base-pairing schemss disruptions to the polymerase
active site which presumably slows down further incorporatiah @ovides an opportunity for
the exonuclease domain to excise the mismatch [61].

In contrast to the thorough structural studies of mismatches cfemistry [61], few
mismatches have been captured prior to incorporation. Recendliiyu@ure of a ddTTP-dG
mismatch bound to the insertion site of BF polymerase was detzinjir9]. In addition,
structures of a dGTT mismatch bound to the active site of lower fidelity humadAD
polymerasep [80] and Dpo4 [81] were determined. A complete understanding ofpadise
selectivity prior to chemistry requires more structures sfmatches bound at the insertion site of

high-fidelity DNA polymerases to be captured.
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Figure 1-5 Mismatches captured after incorporation at the pdsinsertion site (n-1) of

Bacillus fragment.
Left panel, cartoon representation of the base pair; right panel,dcherfigures showing details
of the hydrogen bond interactions. The PDB codes for the structiare$NIX, INJW, 1NK4,

INKO, INJY, and 1NJZ [61].
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Nucleotide sugar recognition

In addition to base-pair mismatch discrimination, DNA polymerase alsdss@tenatural
substrate deoxyribonucleotide (dNTP) for incorporation over ribonudéetiphosphate (rNTP)

and 2,3-dideoxyribonucleotide triphosphate (ddNTP) [9, 10, @2jure 1-6).

H
OH H
2'-deoxyribonucleotide triphosphate (dNTP)

H H
OH OH

Ribonucleotide triphosphate (rNTP)

2',3'-dideoxyribonucleotide triphosphate (ddNTP)

Figure 1-6 2'-deoxy-, ribose-, and 2',3'-dideoxy-nucleotides

Steric gate and ribonucleotide discrimination

In cells, DNA polymerases copy DNA in the presence of riblemticies which are 10-
2,000-fold more abundant than their deoxy counterparts [10, 83-85]. AltliaNghpolymerase
exhibits a high level of selectivity for deoxy- over ribosgar, ribonucleotides are possibly the

most common non-canonical substrates incorporated by the polymanasg ihitial DNA
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replication [85] and subsequent gap filling DNA synthesis fiL to their higher concentrations.
The misincorporated ribonucletides can lead to replicativessstemd genome instability by
slowing down DNA replication and causing DNA strand to be more prone to cle@®&ge

A number of studies have been carried out to elucidate the megisaof ribonucleotide
discrimination. Based on kinetic and structural studies of DNA polyraer@sd variants from the
A, B, X, Y, and RT families, a residue in the vicinity of the sugar 2' positiondes froposed to
serve as a “steric gate” against ribonucleotide incormord®, 10] (Figure 1-7). The steric gate is
a universally conserved glutamate residue in family A [989]7 but for most polymerases from
the B, X, Y, and RT families, it is either a tyrosine or amgfedanine [10]. When the steric gate
residue is mutated to amino acids with a smaller side chain, e.mealabonucleotide selectivity
is dramatically compromised [9, 10]. Structural analysesioffamilies of DNA polymerases
show that in all families but X, the side chain of the stgéite is in the vicinity of the nucleotide
sugar moiety 2' position consistent with the mutagenesis dl@ialp family X, the backbone
carbonyl of the steric gate residue is placed closer toutler ' position (Figure 1-7) [90]. This
structural feature is likely to account for the observatithas some members in the X family,
when the steric gate residue is mutated, show relatively mild ribigse selectivity change while
others exhibit no discrimination against ribonucleotide [10].

Although the steric gate residue plays a role in ribose sejactivity, removal of the
steric block does not enable the polymerase to incorporabaudleotide as efficiently as
deoxyribonucleotide, and it also greatly compromises the incdiporefficiency of dNTP [27].
Previous FRET and smFRET studies on the Klenow fragment showhéhablymerase adopts
intermediate conformations upon the binding of ribonucleotide [91, B#refore, to fully
understand ribonucleotide selectivity, structures of high-fid@iNA polymerases in complex
with ribonucleotide are desired.
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H1275

Family A Family B Family C
BF Pol | RB69 Pol Gak PolC

Family X Family Y RT family
human Pol B human Pol n HIV-RT

Figure 1-7 Relative position of the “Steric gate” residue andugar C2' atom at the active
site of representative members of six DNA polymerase families

A, A-family, Bacillus Fragment (BF) (pdb code: 4DQI). B, B-family, Enterobactehiage RB69
DNA polymerase (3NCI) [29]. C, C-familyGeobacillus kaustophilu®BNA polymerase PolC
(3F2B) [31]. D, X-family, human DNA polymerase beta (2FMP) [E]Y-family, human DNA
polymerase eta (3MR2) [34]. F, Reverse Transcriptase (&m)ly, HIV-1 RT (3KK2) [35].
Selection of the structures for polymerase families wasdas availability and resolution of the
ternary complexes.
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Dideoxynucleotide recognition

Family A DNA polymerases also recognize 3-OH lacked in h®tic 2, 3'-
dideoxynucleotide (ddNTP). As chain terminators, dideoxynucleotidekegreeomponents of
DNA sequencing reaction and have clinical applications asvimtidrugs (e.g. 23-
dideoxycytidine) [21]. Solution mutagenesis studies in family MADpolymerases have shown
that a conserved aromatic residue on the O helix [88] playeyarole: phenylalanine
discriminates strongly against ddNTP while tyrosine substilibevs ddNTP to be incorporated
with similar efficiency as dNTP [82, 93, 94]. Some memlmdrthe family A have a tyrosine at
this position as the wild-type enzyme (e.g. T7 DNA polymerase, hunitathondria DNA
polymerasey) while some have a phenylalanine (e.g. Klenow fragment, Klemagillus
fragment) [88]. Although we and others have taken advantage adirigr at this position to
promote incorporation of dideoxynucleotide to the DNA prinfeer®l as a chain terminator in
order to trap complexes prior to chemistry [37, 50, 62], a steic@irddNTP bound ternary
complex in the presence of phenylalanine is lacking, as is our understandingadydiacleotide

discrimination.

Mutagenic DNA replication

Although polymerases achieve very high specificity when rajpig DNA, some
mismatches are still incorporated at a low frequencylingato spontaneous mutagenesis [5]. It
has been proposed that mismatches may conform to the constrainegpd)Merase ternary
active site by mimicking the shape of cognate base pgaiwsidh base tautomerization [75, 95],
ionization [96, 97], and syn-anti conformational changes [69, 95 Hi8}ever, direct evidence
for base-pair mismatch misincorporation through tautomerizatiolnization is still lacking.

Recently, a GT mismatch has been observed at the human DNA polym@rassertion site
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which adopts a Watson-Crick base-pair shape through base ionizateris aligned for
chemistry [80]. There is still no direct structural eviderior the long proposed rare tautomer

hypothesis for spontaneous mutagenesis [75, 95].

Bacillus fragment as a model system

BacillusDNA polymerase | large fragmerBgcillus fragment, BF) (67.7 kDa) belongs to
family A. It contains a polymerase domain and a vestigial 8&8huclease domain that lacks
proofreading activity [28]. BF is a close homologue of other bmmin the family, such as
Klenow fragment (48.4% sequence identity) [99] and Klentaq (eggnent ofTaq DNA Pol |)
(52.3% sequence identity) [100].

Four characteristics make BF polymerase an ideal model sysiestudy DNA
replication fidelity mechanisms. First, large quantities of pstable, and catalytically active BF
protein can be obtained readily making X-ray crystallograptidies possible. Second, BF can
carry out processive DNA synthesis even in the crystal whach be taken advantage of to
capture various polymerase-substrate complexes. Third, BRalcrgan diffract to 1.4 A
resolution which allows detailed structural comparisons betweemplexes. Finally, all five
fidelity filter sites critical for replication fidelt are present at the BF polymerase active site
(Figure 1-4).

In the past 15 years, a library of high-resolution structur&opolymerase in complex
with cognate base pairs [40, 60], mismatches [61, 79, 101], esion$ [62-65] have been

determined which have greatly advanced our understanding of replicdetityf{Appendix A).
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Outline and objectives of this research

To study structural mechanisms of accurate and mutagenicrBpli&ation, structures of
mismatches and incorrect sugar substrates captured atidugityfDNA polymerase active site
are required. The goal of this research is to us8#udlus DNA polymerase | large fragment as
a model system to capture complex structures of BF, DNA, amouganucleotide substrates at
fidelity filter sites especially at the pre-chemistnsertion site which is critical for substrate
selectivity [69]. At the beginning of my research, there haenbeo structure of base-pair
mismatch or incorrect sugar substrate bound at the insertien ofi high-fidelity DNA
polymerases.

| have been able to successfully co-crystallize BF polgisee with all 12 mismatches
which resulted in a wide spectrum of substrate binding modes polymerase O helix
conformations. Among them, a*& (primerstemplate) mismatch was of special interest because
this mismatch mimics the shape of a cognate Watson-Cric&k paig prior to chemistry.
Although it has long been proposed by Watson and Crick thatatebes can mimic cognate
base-pair shape by adopting their rare tautomeric forms [fs¢hwleads to spontaneous
mutagenesis [95], such a structure has never been captureel bifoe, in the presence of fMn
a C*A mismatch adopts the cognate base-pair shape by tautonwgriaat is properly aligned at
the polymerase active site for incorporation. In additionthi@ presence of M§ the GA
mismatch formed a wobble pair and was misaligned for ctmiBhe mismatch was further
placed at the post-insertion site, the DNA duplex binding regiontrenfilee DNA duplex region
revealing dynamic base pairing schemes. Together,4Aen@match captured at various fidelity
filter sites illustrated how both accurate and mutagenic DN@ligation can occur at the

polymerase active site (Chapter 3).
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In addition to base-pair mismatch discrimination, DNA polymesasehibit a high
degree of selectivity for deoxynucleotides over ribo- or dideoxy-nudieni, 10, 87]. Ten high-
resolution crystal structures of BF DNA polymerases andamsit DNA duplex, and deoxy-,
dideoxy- or ribo-nucleotide substrate were determined to eluciatenechanism by which
incorrect nucleoside sugar substrates are discriminated adgaamdral to this mechanism is the
motion of the O helix from an open state to a fully closed sthiere theo-phosphate of the
incoming nucleotide is aligned with the DNA primer terminusdioemical incorporation. This
motion creates an ensemble of potential binding sites that bindewst incoming nucleotides
through direct and water-mediated interactions by trapping tiredtelarious positions along its
trajectory, misaligning their functional groups thereby compromisiogrporation rates (Chapter
4).

Structures of the mismatches reveal more examples of howaae replication is
achieved. Mismatches ¢G, TeT, and TG) trap BF polymerase at non-productive intermediate
conformations and are misaligned for incorporation. Each one of thisseatch complexes is
distinct in terms of the base pairing scheme, BF polymeraderomation, and the active site
water structure. Intriguingly, theG mismatch adopts a novel “up-side-down” conformation and
is stabilized at the active site by extensive direct aatkmmediated interactions within the base
pair and with the surround polymerase active site residues (Chapter 5)

These examples combined with the structural information frombearyi of BF
polymerase complex structures generated previously allow usdb eanified conclusion of

structural mechanisms for nucleotide substrate selectivity b& pdlymerase (Chapter 6).
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Chapter 2 Methods

Protein preparation

Cloning
In this dissertation, five BF mutants, D598A, EG658A, F710Y, D598A/E658A,

D598A/F710Y, were constructed using QuickChange Site-directed Mutagd#¢ratagene, La
Jolla, CA). Primers used for mutagenesis are shown in Table 2-1.

Table 2-1 Primer sequences for site-directed mutagesie

Mutation Primer sequence (5'-3")
D598A GAAAGTCGTGCGACCGSCTACAAAGAAGGTGCATACG
CGTATGCACCTTCTTTGTAGCGGGTCGCACGACTTTC
E658A GCCGCCGACTACTCACAAATTGCATTGCGCGTCCTCGCC
GGCGAGGACGCGCAAGCAATTTGTGAGTAGTCGGCGGC
F710Y CGTCAGGCGAAGGCGGTCAATAT GGGATCGTTTACGGG

CCCGTAAACGATCCAATAGTTGACCGCCTTCGCCTGACG

Gene expression

Transformation: In a 14 ml round bottom tube, ad@UIDNA plasmid and 10@l BL21*
cells on ice for 30 min. Heat shock at°42for 45 sec. Then put the tube on ice for 2 min. Add 1
ml Super Optimal Broth (SOC medium). Incubate at 37 °C for 1.5 hBlate 50-10Qul cell
culture on a kanamycin plate and incubate 37 °C overnight.

Small-scale growth: Pick 1 colony into LB (100 ml) (1:50 amplification). Add 10D
kanamycin stock (50 mg/ml) and incubate 37 °C overnight.

Large-scale growth: Add 40 ml overnight culture to 2 L growth with 2 ml kanamyci

until OD reaches 0.6 (0.06 in nanodrop). Add 1 mM IPTG and induce at 37 °C for 3 hours.
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Harvest cells: 3500 rpm, 15 min to harvest cells. Pull cell pellet out twle (50 ml
volume) and measure the weight. Store at -20 °C.

Protein purification

Buffer preparation:

Lysis Buffer: 50 mM Tris pH 8, 1 mM EDTA, 0.1% Nonidet P40 substitute, 0.1%
Tween20, 10 mM BME.

Buffer A: 50 mM Tris pH 7.5, 1 mM EDTA, 0.1% Nonidet P40 substitute, 0.1%
Tween20, 10 mM BME.

Buffer A low salt: 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% Nonidet P40
substitute, 0.1% Tween20, 10 mM BME.

Buffer A high salt: 50 mM Tris pH 7.5, 500 mM NaCl, 1 mM EDTA, 0.1% Nonidet P40
substitute, 0.1% Tween20, 10 mM BME.

Buffer B: 50 mM Tris pH 7.5, 1 mM EDTA, 10 mM BME

Buffer B low salt: 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 10 mM BME.

Buffer B high salt: 50 mM Tris pH 7.5, 800 mM NaCl, 1 mM EDTA, 10 mM BME.

Cdl Lysis: Thaw and resuspend cells in ~250 mL lysis buffer on ice. Add ~25 mg
lysozyme and incubate >30 min. Lyse the cells in the cetkeraHeat until the lysate reached
65 °C and incubate for 15 min. Cool on ice. Pellet cell debris andjteeed E.coli proteins by
spinning at 28000 g/20 min/4 °C. Transfer the supernatant to a 2BOAD dialysis membrane
and dialyzed against 2 L buffer A overnight. Equilibrate 55 mL Q Sepharhsarco Buffer A.

Purification:

Q Sepharose column:Load the protein onto Q Sepharose at 2 mL/min. Wash the
column with ~8 column-volume (CV) Buffer A at 1.5 mL/min. Elateernight in a 2CV gradient
from 0-500 mM Buffer A at 1 mL/min. Wait for 45 mL for the gradient totheough the column
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then began collecting 2 mL fractions. Run samples of seldaetions on 7.5% Nextgel. Pool
fractions and dialyze against 2 L Buffer A +150 mM NaCa 25000 MWC membrane for ~2.5
hours.

Heparin column: Hook up 2x5 mL HighTrap Heparin columns in tandem and
equilibrated with 150 mM buffer B. Load protein onto the Heparioroo through line A at 2
mL/min and followed with ~20 mL dialysis buffer to wash jatbtein onto the column. Wash
with Buffer B and 150 mM NaCl until the UV stabilized (~&)C Elute in a gradient from 150-
800 mM NaCl over 100 mL (10 CV) at 1 mL/min and collect 115 fractions. Ran samples of
select fractions on a 7.5% Nextgel. Pool fractions and load péaletibns into a 25000 MWC
dialysis membrane and dialyzed against 2 L Buffer B overnight.

Concentrate the dialyzed protein to reach desired concentratiomda26u0 mg/ml (by

nanodrop) for crystallization (0.828 extinction coefficient correction).

DNA substrate preparation

Complementary DNA primer and template are designed as showabie 2-2. DNA
oligos are synthesized at Midland Certified Reagent Co. (MilaX) at GF grade (powder
form) and are dissolved in DNA resuspension buffer (10 mM cacoeiat®.5 mM EDTA, 500
mM NacCl, and 10 mM MgS§) to a final concentration of 9 mM. Same volume of primer and
template solution are mixed together and annealed (heat the enixguo 85 °C for 5 min, then
gradually cool 1 °C/90sec to 4 °C). The final concentration of DNA duplex ready for

crystallization is 4.5 mM.
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Crystallization reagent preparation

Subtle changes in preparing crystallization reagents can mdkg difference in BF
crystallization and catalysis in crystal. A detailed protdacolprepare each reagent to obtain
optimal BF crystals is described below.

Saturated (NH,),SO,: Purchased from J. T Baker (high purity). Add filtered wader

excessive amount of (NSO, and shake vigorously. Filter (Ou2n) before use.

MES (2-(N-Morpholino)ethanesulfonic acid) solution: 1 M pH 5.8 or 7.3 MM MES
acid (pH 3.15) and 1 M MES base (pH 9.98) solutions to obtain desisd¢H. Filter (0.2um)
and store with 0.02% Azide added.

- MES, free acid: Purchased from Calbiochem (475893), pH 3.15

- MES, sodium salt: Purchased from SIGMA (M38885-100G), pH 9.98

MgS04: Purchased from Mallinckrodt; make 1M stock solution, add 0.02% Aaiut®,
0.2 um filter.

MnSO4: Purchased from Fluka; make 1M stock solution, add 0.02% Azidd).2npan
filter.

MPD (Hexylene glycol or 2-methyl-2,4-pentanediol): Purchased frtuwkak- Use non-
sticky pipet tips to draw up solution and wait 10 sec bafengoving. Clean off edge of the tip.
Then eject solution slowly.

Nucleotide Ultrapure ddNTPs and rNTPs were purchased from USB Cevé@ind,

OH), and dNTPs from Promega Co. (Madison, WI), all at a concentration of 12100 mM
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Table 2-2 DNA primer and template for crystallization

Co-crystallization to place a desired substrate a@F insertion site ()

Nucleotides and metal ions

Name Primer (bottom) and template (top) sequences . 7
used in cocrystallization
ddXTP-dY 5- CATYZGAGTCAGG -3 g2+
(Running starf) 3CTCAGTCC-8 ddXTP, Mg"/Mn
d/dd/rXTPedY 5- CATYGGAGTCAGG -3 ok
(Cold start} 3-CCTCAGTCC-3 d/dd/rXTP, M@"/Mn

Catalysis in crystal to place a desired substrateio DNA duplex region

Nucleotides used in catalysis

Base pair position|  Primer (bottom) and template (top) sequence in the crystal

)

5- GACGTYCGTGATCGCA-3

XsY (n-1) BGOACTAGCG.S d/dd/rXTP

XY (13 5 GACGTYCGTGATCGCA 3 dATP, dCTP

XeY (n-4) > GA%T;gg;gggggg— 3 dATP, dCTP, dGTP
XY (n-6) 5~ GACGIYCGTGATCGCAS dATP, dCTP, dGTP, dTTP

3XGCACTAGCG-8

®Running start: Z is designed to be complementary to base XIRIiXfirst chemically
incorporated by BF to act as a dideoxy chain terminator to dtemical reaction thereby
trapping the next ddXTP prior to chemistry and paired with tie mcoming template Y.
D598A/F710Y mutant BF [62] should be used here.

®Cold start: pre-synthesized primer with a ddC acting as then deaninator at the
primer 3' terminus. This duplex is used to capture desired baselpeed at the wild-type
polymerase insertion site.
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BF crystallization protocol

Crystallization of BF, DNA duplex, and substrate ternary complex (losed form)

Mismatches and incorrect sugar substrates were captured tprichemistry by co-
crystallization utilizing a dideoxy chain terminator to met/the reaction. BF protein used for
this purpose carries the D598A mutation, which has been previousifietk to destabilize a
crystal contact thereby favoring the closed state in theatr]. Further side chain mutations
can be engineered on the D598A background. Detailed steps to obtddMNAHRucleotide
ternary complex (Closed form) crystals are described below andatiedtn Figure 2-1.

Protein solution preparation

- Spin BF D598A derivative protein for 2 min at 13.2 rpm at 4 °C rightrbafse.

- DNA duplex is designed and prepared as described above.

- Add BF protein and DNA duplex at 1:3 molar ratio, with a finmheentration of 150
uM and 450uM, respectively.

- Add nucleotide substrate and divalent metal solution at biarmmatio, with a final
concentration between 10-30 mM and 20-60 mM, respectively. Ih cages, 10 mM nucleotide
and 20 mM MgS@MnSQO, are used in crystallization. However, when partial occupanrfcy
nucleotide is observed, a higher concentration of 30 mM nucleatidés0 mM MgS@MnSQ,
may be desirable. When adding MnS© a final concentration of 60 mM, the stock solution
should be added gradually and be mixed well along the way to npr@assible protein
precipitation.

- Incubate protein, DNA duplex, nucleotide substrate, and MBBTO, at room

temperature for 30-60 min before setting up crystal trays.
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Crystal tray set up

Protein solution:

150 uM BF protein

450 pM DNA duplex
10-30 mM nuclectide
20-60 mM MgSO,/MnSO,
Incubate at room
temperaturefor 30-60 min

Well solution:

45-55% saturated (NH,),SO,
2.5% MPD

100 mM MES pH 5.8/7.3

10 mM MgS0O,/MnSO,

2ul
1-2 weeks at 17 °C
Crystal soakin
Soaking solution A: Soaking solution B:
60% saturated (NH,),SO, 55% saturated (NH,),SO,
100 MM MES pH 5.8/7.3 80mM MESpH 7.3

2.5% MPD 10 mM nuclectide
21.5mM nucleotide 20 mM MgSO4/MnSO4
60 mM MgSO4/MnSO4
v
Direct 1= > 1= > 1=

24 hrsinA Step 1: Step 2: Step 3:
5minin B S5mininB+ 24hrsinB+

10% sucrose 20% sucrose
J Soak at 17 °C

Flash freeze

Figure 2-1 Protocol to obtain ternary complex crystals prior to chmistry.
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WEell solution preparation

- Well solution consists of 40-60% saturated gNBO,, 2.5% MPD, 100 mM MES pH
5.8 or pH 7.3, and 10 mM MgQ@r MnSQ.

- 500pl well solution is normally made in a 1.5 ml eppendorf tube usiagk solutions
described above. Turbo mix the solution and spin at 13.2 rpm for 2 min.
Crystal tray setup

Hanging-drop protein crystallization trials are set up manuailyguEasyXtal 15-Well
tools (X-seal) with greaseless screw-in crystallization support &gepi

- Pipet 45Qul well solution into each of the wells.

- Pipet 2ul of protein solution onto the support, then adgl 2vell solution onto the
protein solution droplet without mixing.

- Immediately flip the support, place it above the well, and sdgh: t

- After a tray is finished, place it on flat surface at 17 °C.

Crystals normally appear after 5-7 days and grow to faél 8 two weeks. Crystals in
droplets at a lower precipitant concentration may take longer to show up raatite.
Crystal freezing

Crystals can be flash frozen in liquid nitrogen by one of tieet methods described
below:

- Directly out of the crystallization drop.

- After soaking in stabilization solution containing higher @mation of nucleotide
substrate: 60% saturated (NFEO;, 100 MM MES pH 5.8 or pH 7.3, 2.5% MPRL.5 mM
d/dd/rNTPs, and 60 mM MgSIMnSQ,. This can be used when the nucleotide is not well

ordered or is at partial occupancy.
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- After soaking in a 3-step cryoprotectant solution: first, S&#turated (Ng.SO,, 80
mM MES pH 7.3, 10 mM d/dd/rNTPs, 20 mM Mg3RInSQ, (soak for 5-10 min); second, the
same solution as in step one with 10% sucrose added (soak fani®)1@hird, the same solution
as in step one with 20% sucrose added (soak for 24 hours@).Ilthis method has been shown

to shift the conformational equilibrium of the O helix.

Crystallization of BF and DNA duplex binary complex (open form)

Protein solution preparation

- Spin wild-type BF for 2 min at 13.2 rpm at 4 °C right before use.

- DNA duplex is designed and prepared as described above.

- Add BF protein and DNA duplex at 1:3 molar ratio, with a firshaentration of 150
uM and 450uM, respectively.

- Add 20 mM MgSQ@MnSG,.

- Incubate protein, DNA duplex, and Mg3RnSQ, on ice for 30-60 min before setting
up crystal trays.
Well solution preparation and crystal tray setup

The same as described for ternary complex crystallization.
Crystal freezing

Crystals are cryoprotected in cryo-solution (60% saturgiet),SO,, 100 mM MES pH

5.8, 24% sucrose) for 5-10 min before they are flash frozen in liquid nitrogen.

Catalysis in the crystal

BF polymerase is capable of processive DNA synthesis exgateicrystals [40, 60]. By
designing the experimental condition for accurate (in the preserdeg®") or mutagenic (in the
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presence of M) nucleotide incorporation [102, 103], this property can be utilizecapture
incorrect nucleotide with mismatched base or wrong sugar maietgrious sites in the DNA
duplex region.

The steps to carry out catalysis in the crystal are itetrin Figure 2-2. Open form
binary complex crystals at an approximate size of @0x 100pm x 250um are transferred
into stabilization solution containing the right combination of muiglkes and metal as shown in
Table 2-2. The soaking well is sealed using a glass wiithevacuum grease and placed at 17 °C
for 24 hours to allow the reaction to occur. Crystals are framemescribed for the binary

complex crystals in the previous session.

Data collection, data processing, and structure refinement

Diffraction data were collected at SIBYLS and SER-CAT béaasl and processed with
XDS [104] or HKL2000 [105]. Free reflections were generated DSXONV [104] or CCP4
[106] by combining inherited free reflections from the startirggleh and 5% randomly selected
reflections beyond the resolution of the starting model.

Structures were determined and refined using starting model CrystalllHglosed
conformation, 2HVI [62]) or Crystal Form | (open conformation, 1L3T, 1L5U, 1L5%d, H 3V
[40] for (n-1), (N-3), (n-4), and (-6) positions respectively) in REFMACS5 [107] or PHENIX
[108]. Model building was carried out in Coot [109]. Composite omit maps wereaget
CNS [110]. All figures and superpositions were prepared in PyMOL (ScheidingC.).

Crystal Form | and 1l both belong to the space group P2(1)2(1)2(1). In Crystall F
there is one molecule in the asymmetric unit. In Crystal Form II, thetevamn@olecules in the

asymmetric unit.
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A Y

Catalysisin crystal

Soaking solution A: l

60% saturated (NH,),SO,

100 mM MES pH 5.8/7.3 ) .
2 5% MPD - Soak inAfor24 hrsat 17 °C
21.5mM nucleotide

60 mM MgSO4/MnS0O4 l

Cryo solution B:

60% saturated (NH,),SO,
100 mM MES pH 5.8/7.3 Soak in B for 5minat 17 °C
24% sucrose 1 -

Flash freeze

LN

Figure 2-2 Protocol of catalysis in crystal by BF polymerase.
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Chapter 3 Structural evidence for the rare tautomer hypothess
of spontaneous mutagenesis

Summary

Even though high-fidelity polymerases copy DNA with remarkabtigacy, some base-
pair mismatches are incorporated at low frequency, leadingaiataneous mutagenesis. Using
high-resolution X-ray crystallographic analysis of a DNA patyase that catalyzes replication in
crystals, we observe that a C<A mismatch can mimic thpesbf cognate base pairs at the site of
incorporation. This shape mimicry enables the mismatchadesthe error detection mechanisms
of the polymerase, which would normally either prevent mismatcorporation or promote its
nucleolytic excision. Movement of a single proton on one of thematiched bases alters the
hydrogen-bonding pattern such that a base pair forms with an oshegk that is virtually
indistinguishable from a canonical, Watson-Crick base pair in ldeaitanded DNA. These
observations provide structural evidence for the rare tautdmpothesis of spontaneous

mutagenesis, a long-standing concept that has been difficult to demoniséettg. d

Introduction

High-fidelity polymerases replicate double-stranded DNA wimarkable accuracy
[111]. Fidelity is achieved by a successive series of cordtional changes and molecular
recognition events encoded at different sites on the polymetagace such that mismatches are
either prevented from incorporating or are excised withifea nucleotides past their
incorporation point [2, 20, 25, 73]. At the site of covalent incotpmrashape complementarity

between the polymerase surface and the edges of correctbd gaases is the dominant
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mechanism that determines specificity [72, 112]. Here, misdredtbase pairs or lesions that do
not conform to this stereochemical constraint misalign theiorming triphosphate moiety
relative to the 3' OH of the growing primer terminus, leadingejection of the incorrect or
damaged nucleotides [20, 25, 73]. However, modified bases #iatain the stereochemistry of
cognate base pair edges are readily incorporated [72, 112, 118¢rtiMdess, polymerases do
incorporate mismatched nucleotide base pairs at low frequenogindedo spontaneous
mutagenesis [111].

The mechanism by which spontaneous replication errors occur habdenghe subject
of intense speculation. In their original paper on the strectfirDNA, Watson and Crick
recognized that tautomerization alters the hydrogen-bondingrzated therefore could enable
mismatches to assume the structure of canonical base[{&irsThis notion was elaborated in
the rare tautomer hypothesis of spontaneous mutagenesis, whieh thiat mutations arise
through the formation of high-energy tautomers at low frequency [95, 113]. Howehas been
challenging to obtain direct structural evidence for this hmeism. In the absence of
polymerase, mismatches do not adopt a canonical base pairrstiacRNA [2, 4]. Recently, a
T+G mismatch has been observed to adopt a canonical bastrpetiure in a polymerase, due to
an ionization event demonstrating that non-canonical hydrogen bondingn pegite arise in a
polymerase [80]. Here we present the structure of a dstnaich in the active site of a high-
fidelity DNA polymerase, théBacillus stearothermophiluBNA polymerase | large fragment
(Bacillus fragment, BF), an enzyme that has been used extenswedyutly the structural
enzymology of nucleotide incorporation [28, 40, 60, 61].

The C+A mismatch has the advantage that only tautomergsiga/¢o cognate base pair

mimicry, whereas ionization leads to “wobble” base paringuif@ 3-1). We show that under
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Figure 3-1 Inferred protonation states of CeA base pairs observeith the structures.

Inferred protonation states of CeA base pairs observed irstthetures. In their canonical

tautomeric state C and A do not pair (middle), because the tvwaxrgslic amines clash. If either
C or A tautomerizes (asterisk), a hydrogen-bonded base paimiimicks a cognate shape can
form (top). If A ionizes, a wobble base pair can form (bott¢hdiy, 115]. Hydrogen bond

donors and acceptors are colored blue and pink respectively.
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conditions which stabilize an enzyme conformation that places aatiad at the site of
incorporation, the CeA mismatch adopts a tautomeric cognate bashape, whereas otherwise
it forms an ionized wobble that cannot be incorporated. Wobblepaasehave been observed in
isolated DNA by X-ray crystallography [114] or NMR [115]. We eb® the CeA mismatch
within the double helix past the position of incorporation, wheeddpts a cognate base pair
conformation or a wobble, depending on site location on the polymerafseesur These
structures unambiguously demonstrate that tautomeric base paifforn in the polymerase
active site, providing strong support of the rare tautomer hggat through direct structural

evidence.

Results

Five sites at which fidelity filters are encoded [37, 67, 7) hate been identified for BF
[40] (Figure 3-2): the pre-insertion site where the incomingADtEmplate strand resides; the
insertion site where the incoming nucleotide triphosphate pailsthat template; the catalytic
site where the metals and catalytic groups are alignegia$teinsertion site where thé énd of
the nascent duplex strand resides; and a four-base-pair DNA ¢hiptérg region. Recognition
events at the insertion site are the most critical for ragidic fidelity [111, 112], and results from
the binding energy arising from shape complementarity betweeenthane and cognate base
pairing of the incoming nucleotide with the template strand, [8Y precise alignment of the
catalytic groups on the enzyme with the reactive groups onutistrates [23, 116]. This process
involves concerted motions of the polymerase O helix [2, 25], paseng of the incoming

nucleotide with the template strand, and positignaf the triphosphate moiety next to
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Figure 3-2 DNA polymerase replication fidelity filters.

Shaded areas correspond to fidelity filters: pre-insertiten(si orange), insertion site,(blue),
catalytic site (magenta), post-insertion sitel( pink), and DNA duplex-binding region-@ ton-

5, gray). DNA primer (copper) and template strands (orangeplaceshown. The O helix
transitions from an open (magenta) through an ajar (gray) tmsedc (blue) conformation.
Cognate-shaped base pairs (blue) are positioned for catialyhis closed state. Non-canonical
shapes (grey) tend to be selected against in the ajar o@tfon. The polymerase makes
hydrogen bonds with the minor groove of base pairs positioned ah<itésn-5 in the duplex-
binding region following incorporation. This figure combines infaora derived from four
structures: open (1L3U) [40], ajar (3HP6) [79], and closed (2HVI and 3[4 Y4].
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Table 3-1Crystallographic data collection and refinement statistics

ddCTPed ddCTP-d dCTP-dA ddTTP<d ddATP-d ddGTP-d
A cognate A wobble ) A T C CeA (n-1) CeA (n-3) CeA (n-4) CeA (n-6)
(n) (n) (n) (n) (n)
Data collection
Resolution (A) 100-1.59 100-1.58 100-1.73 100-1.52 100-1.61 100-1.62 50-1.53 100-1.65 50-1.65 50-1.60
Outer shell (A) 1.68-1.59 1.68-1.58 1.83-1.73 nes2 1.71-1.61 1.71-1.62 1.62-1.53 1.76-1.65 1.851 1.70-1.60
Ry 7.4(56.4) 4.4(60.1) 5.8(58.3) 6.9(49.2) 6.6(49.3) 7.3(49.3) 3.3(48.0) 4.5(48.9) 4.6(47.0) 4.3(49.7)
I/ol 17.6(3.2) 21.9(2.4) 18.0(2.6) 14.9(4.2) 14.2(3.6) 12.2(3.5) 26.2(4.1) 19.9(3.4) 21.2(3.4) 22.2(3.8)
Completeness (%) 99.0(99.9) 95.4(89.5) 98.3(99.6) 7.5(95.4) 97.2(91.4) 98.3(99.6) 97.9(99.6) 98.1891. 97.4(99.5) 99.8(99.2)
Redundancy 8.3 5.4 5.8 7.2 5.6 5.5 4.8 4.9 5.0 5.7
Refinement
Resolution (A) 87.7-1.59 71.1-1.58 34.2-1.73 88321 88.4-1.61 43.0-1.62 41.1-1.53 40.7-1.66 40658-1. 45.3-1.60
No. reflections 192561 188106 149632 222603 185284 180731 120984 96815 95402 111078
Rwork / Riree® 18.5/20.7 21.1/23.9 19.5/22.4 18.5/21.1 19.3/22.418.7/21.5 17.0/18.5 17.6/20.2 16.7/19.0 17.8/19.2
No. non-hydrogen atoms
Total 11542 11408 11476 12090 11962 11936 6036 5896 5988 6041
Solvent 1202 1468 1368 1823 1696 1687 873 697 75 7 670
B-factor 27.8 27.3 29.0 23.6 25.7 25.9 26.6 28.0 425. 29.6
R.m.s. deviations
Bond lengths (A) 0.013 0.008 0.009 0.009 0.010 0.008 0.011 0.009 0.010 0.010
Bond angles’} 1.489 1.169 1.193 1.245 1.266 1.221 1.358 1.223 431.2 1.290
Expected maximal error (&) 0.051 0.056 0.060 0.044 0.050 0.053 0.077 0.088 0810. 0.074
Expected minimal error (&)  0.009 0.010 0.013 0.008 0.011 0.012 0.011 0.019 0210. 0.014
Crystal Fornfi Il Il Il Il Il | |
PDB code 3PX6 3PX4 3PX0 3PV8 3THV 3TI0 3TAN 3TAP AT 3TAR

4 Numbers in parentheses correspond to parameter values in the aiteioreshell.
504 free reflections were generated in XDSCONV [104] by combiitiherited free reflections from the starting model (1L3T,
1L5U, 1L5U, and 1L3V for Crystal Form | CeA{1), C+A (n-3), C+A (n-4), and C-A (-6) respectively and 2HVI for all Crystal
Form Il) and randomly selected reflections beyond resolution of the startidgl.
9 Expected maximal and minimal error were calculated in SFcheck [117]
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Table 3-2DNA base pair parameters at the insertion site and the duple>egion

Base Pair Aorimer (O Mtemplate()” dercr(A) Shear(A) Stretch(d)  Stagger(A)  Bucklef) Propeller(?) ~ Opening¢)
Insertion site

Molecule A

C+A cognate 58.7 54.4 10.5 0.29 -0.03 0.04 5.92 -3.23 5.69

C+A wobble 70.7 51.9 10.1 1.49 070. -0.01 3.45 -5.20 15.01
TeA 56.0 57.4 10.4 -0.16 -0.13 0.09 3.21 -6.16 2.97
AT 57.7 56.7 10.4 0.08 -0.14 -0.10 2.29 -7.01 1.50
GeC 58.0 54.5 10.6 -0.06 -0.14 -0.20 -2.94 -14.66 601

C.¢ 55.1 55.4 10.6 0.19 -0.15 0.15 4.66 -3.89 2.52
Watson-Crick 56.7t1.4 56.0£1.3 10.5+0.11 0.01+0.15 -0.14+0.01 0.02+0.16 1.81+3.31 -7.93+4.68 2.14+0.71
Molecule B

CeA cognate 59.6 52.4 104 0.62 120 -0.15 6.69 -3.31 5.80

CeA wobble NA

TeA 55.8 55.7 10.5 -0.02 1490. -0.02 7.56 -5.36 1.60

AT 59.7 55.1 10.5 -0.03 -0.04 -0.04 2.19 -5.56 23.

GeC 58.7 54.4 10.6 -0.18 -0.14 -0.13 -1.03 -11.96 1.56
Cc&* 56.9 53.5 10.6 0.46 0.0 -0.18 8.51 -4.62 3.03
Watson-Crick 57.8+£1.8 54.7+£0.9 10.6+0.1 0.06+0.28 -0.10+0.05 .0960.08 4.31+4.51 -6.88+3.41 1.86+0.80
Duplex region

CeA(n-1) 64.2 44.4 10.3 1.95 -0.42 -0.27 18.44 -18.84 2.33
Watson-Crick(-1)' 58.1+2.1 58.0£0.8 10.2+0.2 0.01+0.22 -0.11+0.09 .3140.25 22.615.9 -6.89+2.83 4.19+1.76
CeA(n-3) 57.8 53.0 10.3 0.77 3. -0.09 14.00 -16.83 1.00
Watson—Crick(1—3)f 57.2+0.8 56.6+0.9 10.440.1 0.04+0.16 -0.16£0.04 .01@0.17 9.87+5.01 -13.4+£2.7 3.11+2.16
CeA(n-4) 65.8 43.7 10.6 2.13 -0.37 -0.58 12.54 6.43 100
Watson-Crick(-4)' 56.4+1.1 53.3t14 10.7+0.1 0.13+0.23 -0.11+0.04 .2040.21 5.82+2.85 7.4612.56 -0.07+2.52
C+A(n-6) 64.5 45.2 10.4 2.06 -0.40 -0.17 1.08 -17.09 5.66
Watson—Crick(l—G)f 54.5+0.5 53.8+0.8 10.840.1 0.09+0.07 0.02+0.16 1560.11 2.06+4.71 -11.0£2.8 -0.52+0.94
C-Al1° 64.0 45.7 10.4 -1.71 -0.45 0.22 11.06 -8.83 -2.06

CeA2? 72.3 49.3 10.2 2.17 -0.27 0.27 -10.28 -12.27 9.05
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between the Clatoms of the base pair (see inserted panel on the right): is the distance between the’@loms of the base
pair. All other base pair parameters are defined [118]. All valuescatmalated in 3DNA [119].

° There are two molecules in the asymmetric unit in CryStain 1l. For C<A cognate and C+A wobble structures, moletule
(chains D, E, and F) is more ordered than molecule 2 (chains A, B)a@hain naming follows previously published structures
[62, 79]. Each molecule contains the BF polymerase, DNAgrriand template. In the structure of the dd&€iFPcognate, the

O helix of molecule 2 is in the closed conformation and ddCTP adoptarecognate shape. In the structure of the ddCTP<dA
wobble, the O helix of molecule 2 is in the open conformation, the loopebrt® helix and N helix is partially disordered, and
there is no base pairing at the insertion site. In the atagbf four Watson-Crick base pairs, the structure of migleZiis
similar to molecule 1 with the exception of some amino acid side chain corifommat

4 This structure was determined previously (2HVI) [62].

° Average values and standard deviations were calculated oveuradioignate base pairs observed at the insertion site.

" Averaged values of cognate base pairs in previously obseoveplexes [40]. At the post-insertion site an@ position in the
DNA duplex-binding region, average values of all four cognagepairs (1L3S, 1L3T, 1L3U, and 1L5U) are shown. Antde
position, average values of C+G, AT, and G<C pairs (1L3S, 133 145U) are shown. At the-6 position, average values of
TeA, AT, and C+G pairs (1L3S, 1L3T, and 1L3U) are shown.

9 Values of the two C+A mismatches observed in a DNA dodecamense{tD99) [114].




the binuclear metal center in the polymerase catalyticasite the 3 hydroxyl of the nascent

strand [23, 69].

The CeA Mismatches Can Form a Cognate Base Pair Shape at the Inserti Site

Substitution of M§" with the mutagenic Ml ion in the active site significantly enhances
the misincorporation of CeA mismatches [102, 103]. Here we carpgh-resolution structures
of C+A mismatches positioned at the insertion site in theepree of Mg or Mr?* (Figure 3-3
and 3-4; Table 3-1). In the 1.58A resolution 2N/Igtructure, we find that the CeA mismatch
forms a non-cognate “wobble” (Figure 3-1) which does not méaietshape of a T*A base pair
placed in the same position (Figure #3C). Furthermore, the polymerase O helix does not
adopt the fully closed conformation associated with productivéyseat437, 40, 50], but remains
in an “ajar” conformation that tends to prevent non-cognate stiapasmoving into the closed
conformation necessary for the chemical incorporation step [7%he structure of the
triphosphate moiety also is distorted from that observed in a ttogaae pair. Taken together,
these differences between cognate and mismatch recognition areertgected to interfere with
catalysis, preventing mismatch incorporation.

By contrast, in the presence of Mrfobserved at 1.59A resolution), the C+A mismatch
exhibits all the hallmarks of cognate base pair recognitionirasaporation (Figure 3-3 D-F):
shape matching, triphosphate alignment, and O helix closuretheFRuore, in this cognate
conformation the cytosine O2 atom forms a hydrogen bond with a wadkscule that is
anchored by three polymerase side chains (Figure 3-5A). Thimdgn bond is absent in the
wobble base pairs (Figure 3-5B), but its equivalent is found ifo@llcognate base pairs (Figure
3-5 C-F), indicating that it represents a critical featurecarrectly formed base pair edge
recognition at the insertion site.
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Figure 3-3 Comparison of CeA mismatch and TeA cognate base pai placed at the
polymerase insertion site.

(A-B) The C+A wobble (green) and T-A base (gray) pair obthinethe presence of Mj For

the CeA wobble pair, the O helix adopts the ajar conforma#dnthe triphosphate is distorted,
and the catalytic site is incompletely assembled (B).EYOhe CeA cognate shape (magenta)
obtained in the presence of Mn Comparison with a T<A base pair shows that the O helix is
closed (D), the triphosphate is undistorted, and the activéuiifeassembled (E). (C, F) Two
views of composite omit maps of the CeA base pair (contourgéd@atCeA wobble; contoured at
26, C+A cognate) (green, Mg purple, MA"). The presence of Mhis confirmed by anomalous
difference map (red, contoured af)4 (G, H) Superposition of CeA wobble and C+A cognate at
two different views showing the structural differences leetw the wobble and cognate
conformations of this mismatch. (I) Variations of minor groamgles of CeA mismatch
structures (wb, wobble; m, cognate mimic) or average cogvéitson-Crick base pair structures
(<W-C>) captured at five different position&yimer andiempaieare defined as the angle between
the glycosidic bond of primer or template nucleotide and a libedasm the C1' atoms of the base
pair. Complete tables of all nine base pair parameterscteled (Table 3-2). Analysis shown
here is based on molecule 1 of the two molecules in the asymmeit;i molecule 2 is described
in Table 3-2. The capture of a nucleotide at the insertierirsiblves the use of dideoxy analogs
[62]. Additional structures were determined with a 2'-deoxycidiiphosphate which confirms
the results described here (Figure 3-4).

44



45

I Comparisons of base pair parameters
Q
S a

NIRIN]

n n1 n3 nd nb

wh
<W-C>




Base pair parameters of dCTP+dA atthe polymerase insertion site

Basepair  ho.0°)  ho..0f)  do(4)  Shear(d)  Sireich(A) Stagger(A) Buckle(e) Propellend) Opening(e)

Molecule 1
dCTP-dA 538 56 6 104 0o3 -001 0oz 524 -178 4329

Figure 3-4 Structure of a dCTP+dA base pair at the polymerasengertion site.

A complex of dCTP+dA was captured by exchanging ddCTP in ddCTP-datsywith dCTP.
Comparisons with a cognate dideoxy base pair captured at thegoimsgte show that dCTP+dA
adopts a similar shape. (A, B) In both deoxy (cyan) and dideory)(gtructures, the O helix is
closed (A), the triphosphate is undistorted, and the activeuigeassembled (B). (C, D) Two
views of composite omit maps (gray) atdl.&ontour of the dCTP+dA base pair showing the
cognate base pair shape and 3' hydroxyl group (arrow). The presévio& @in (purple), which

is observed in the deoxynucleotide, is confirmed by anomalous difeeneap (red). The
structural comparisons were based on the more ordered molecule A.
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The Cognate Shape of the Mismatch Corresponds to a Tautomer

Only tautomerization of C or A results in a hydrogen-bonding pattext enables formation of a
base pair mimicking the cognate AT shape [95] (Figure 3Hdwever, a similar shape also
could arise from deamination of the cytosine to form uradiiclwvis rare, but can occur (in the
range of 16° se¢' by in vitro measurement) [120]. We carried out mass spectrometrigsaal
of the crystallization drops and determined that cytosine, noil usapresent (Figure 3-6). The
mimicry of the TeA shape by a CeA mismatch is therefoeedbnsequence of stabilizing a non-
canonical tautomerized state, consistent with the original prbpbte rare tautomer hypothesis

[75, 95].

Structures of the CeA Mismatch Placed at the DNA Duplex Region

Non-canonical protonation states of the CeA base pair also are obsketiwvedther fidelity filters.
At the post-insertion site and duplex DNA-binding region (Fi@+®, in addition to steric shape
complementarity, readout of hydrogen bonds in the minor groove contrtbutelge recognition
[69, 111]. Using successive rounds of nucleotide incorporatidmeirerystal [40, 60], we have
placed the CeA mismatch at the post-insertion site, as wdhen-3 andn-4 sites of the DNA
duplex-binding region. At all three locations the two natles form base pairs, indicating
formation of non-canonical protonation states. At ik position the CsA mismatch forms a
near-cognate interaction and accordingly is tautomerizegui3-7D), whereas at the post-
insertion (Figure 3-7 A-C) and-4 (Figure 3-7E) sites a wobble is adopted corresponding to
ionization events. At the post-insertion site, the wobble reBuks0.5A displacement of the 3
hydroxyl. Otherwise, distortions are moderate compared to atlenatches captured at this
position [61]. The effects of the wobble at thé position are also mild and do not induce a

47



Figure 3-5 A water mediated hydrogen bond encodes edge recognitiohcognate base pair

shapes.

(A) CeA cognate shape mimic (Mh magenta); (B) C*A wobble (M§ green); (C) TeA; (D)
AeT; (E) G+C; (F) C+G (from previously published structur®B code, 2HVI) [62]. Composite
omit maps (gray) at 165(A, C-E) and 1.2 (B) are shown around the base pairs and the anchored
water molecule. Dashed lines (black) indicate hydrogen bonds.
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Figure 3-6 Investigation of cytosine deamination by mass spectrometry.

Mass spectrographs of the crystallization drops of ddCTReaifhate (A), ddCTP+dA wobble (B)
crystals, soaking solution of dCTP+dA cognate crystals (&),aasolution with dUTP added to
the dCTP<dA cognate soaking solution (D) are shown. Theoretiwhlobserved masses of
ddCTP or dCTP and correspondent deaminated ddUTP or dUTP ede (Bt The observed
peak with the smallem/z ratio in (A), (B), and (C) is consistent with ddCTP, ddCTP, andRICT
respectively. The peaks with the largevz in samples (A-C) are consistent with the
correspondenit’C isotope of the nucleotides respectively. The ratid@fsotope td*C is within

the error of experimental measurements (E). In the positiveotauntaining both dCTP and
dUTP (D), the peak with smallenz is consistent with dCTP, the intermediate peak with dUTP
(d*CTP is probably masked by dUTP), and the larger peak WithTé&. No detectable ddUTP
or dUTP peaks were observed at corresponahénin the mass spectrographs of solutions where
the CeA crystals were harvested from. Taken together, tlessdts show that no detectable
amount of ddUTP or dUTP is formed in the CeA crystals.
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“memory effect” by transmitting distortions back to theiaetsite, as has been observed in
several mismatches [61]. At tine6 position the CsA mismatch forms a wobble base pair (Figure
3-7F) similar to the structure obtained in free DNA dodecdfi4] and is no longer interacting
with the DNA polymerase. These observations indicate tkaaltered hydrogen bonds between

C and A at the filter sites arise from local interactions betwlsemismatch and the polymerase.

Discussion

The tautomeric form of the CsA mismatch mimics the shapearfgnate base pair in the
insertion site prior to incorporation. Although this tautomeric fegraf higher energy than the
canonical protonation state [121], the local environment of the DNA polymeaasmntribute to
its stabilization in two ways: through binding interactionshvigatures present in the tautomeric
cognate stereochemistry but absent in the grounadrized states, and by electrostatically
altering the intrinsic equilibrium between the tautomers [122]. 1ZBe first effect is evident in
the structure of the CeA mismatch (Figure 3-5). In its cognate shapeytosine O2 atom makes
a hydrogen bond with a tightly bound water, whereas the wobble cannattgtéseacceptor in
the appropriate geometry. This interaction is present i@ cognate base pairs placed at this
site, and is equivalent to the minor groove readout mechah&mecognizes cognate base pairs
at the post-insertion site and beyond [111]. This critical watgghtly bound by three residues
that are highly conserved in the A-family polymerases (tclwBF belongs), replaced by other
hydrogen-bonding groups in the C-, X-, and Y- family polymerases, lsenain the B- family
polymerases (Figure 3-8). This conservation pattern suggestsig@atch incorporation by

polymerase-mediated perturbation of tautomeric equilibria algwdsent in polymerases other
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Figure 3-7 Comparison of CeA mismatch and TeA cognate base pair struares in the

duplex region.

(A-C) The C+A wobble base pair captured at the post-insestien(1.53A resolution) showing
overall structure (A), minor-groove interactions (B), and conmeasiit map (contoured at )8
around the mismatch (C). The next template base is disordeledE) (C*A adopts a near-
cognate shape at the n-3 (D) position (1.65A resolution) and a wotdpe sit the n-4 (E)
position (1.65A resolution). At both positions, minor groove intisas are maintained. (F) The
C+A wobble observed at the n-6 position (1.60A resolution) wienetare no contacts between
the duplex DNA and the polymerase.
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than BF, and varies with family, perhaps influencing theirele@f fidelity in accordance with
biological function.

The mutagenic effect of substituting Mrfor Mg?*is probably also the consequence of
enhancing binding to cognate base pair shapes’” $tabilizes the formation of the closed state
relative to the ajar state (Figure 3-3) thereby enhancing the bindingyerie¢he insertion site.

The intrinsic equilibrium of the tautomeric states is a fioncbf the K, values of the
two groups that change protonation states. These valuafferted by the relative stabilities of
dipoles within the base heterocycle, and therefore are strongly dependent caltbéetdrostatic
environment [123]. Accordingly, the DNA polymerase could affecsff@taneous mutagenesis
rate by shaping the local electrostatic field.

The results obtained here demonstrate that at least in caspastaneous mutagenesis
(prior to subsequent DNA repair processes) arises as aqu@rxe of base tautomerization that
enables a mismatch to assume the shape of a cognate basens#tent with the original rare
tautomer hypothesis [75, 95]. Such tautomers can be stalilzeihding interactions that favor
cognate stereochemical shapes, conformational equilibrisatfestt such binding energies, the
chemical character of the residues encoding the readoutglectiostatics that alter the intrinsic
tautomerization equilibria, and the chemical character ofbtses themselves. These effects
provide a general framework within which the observed differemcepontaneous mutagenesis

frequencies of DNA polymerases, their mutants, and individual base paiog cationalized.
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Figure 3-8 Insertion sites of representative members of f&vDNA polymerase families.

(A) Superposition of three members of the A family DNA paolyases: BF (yellow; PDB code,
2HVI) [62], Thermus aquaticu®NA polymerase | large fragment (cyan; 3KTQ) [37], and T7
bacteriophage DNA polymerase (pink;1T7P) [50]. The interactiotvecle® the water molecule
and the base, and the three anchoring protein residues are edriseall three complexes. (B)
A member of the C family DNA polymeras€gobacillus kaustophiluBNA polymerase PolC
(3F2B) [31]. A water molecule makes similar interaction wile incoming nucleotide base
which is coordinated by a single histidine instead of the anusrde chains. (C) A member of
the X family DNA polymerase, human DNA polymerase beta (2FMP). [3Bhe incoming
nucleotide is hydrogen-bonded directly to an asparagine side chaadnst a water. Similar
interactions are also present in another member of theyfamiman DNA polymerase lambda
(1XSN) [124]. (D) A member of the Y family DNA polymerastylfolobus solfataricu®NA
polymerase IV (Dpo4) (2AGQ) [81]. The water molecule contgcthe nucleotide base is
coordinated by a tyrosine instead of three anchoring residu@silarSinteractions are also
present in another member of the family, human DNA polymerasgi@iET) [125] (reviewed
in [44]). (E) A member of the B family DNA polymeradenterobacteriaphage RB69 DNA
polymerase (3NCI) [29]. The base pair edges are read out myl&aWaals interactions only,
perhaps augmented by weak electrostatic interactions mediatée loyycine and the two ring
protons of tyrosine [29]. Similar interactions are also pregeanother member of the family,
Bacillus phage phi29 DNA polymerase (2PYJ) [67]. The selection of thetsteudor a
representative polymerase family was based on resolution of the teamapjex.
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Methods

Preparation of Protein

Wild-type and D598A/ F710Y mutant proteins were purified as destii®8]. The
D598A/F710Y double mutant [62] was used to capture ternary complex88ADestabilizes a
crystal contact thereby favoring the closed state in thetalryf40]. F710Y facilitates
incorporation of a 2'3'-dideoxynucleotide chain terminator [94] whprkvents further
incorporation and therefore traps ternary complexes beforgistng (some other members of the
A family DNA polymerases have a wild-type Tyr at the equivalent jposior example, T7 DNA
polymerase) [88]. Wild-type protein was used to capture @theapost-insertion site-3, n-4,

andn-6 positions.

BF Primer-template Complexes with Nucleotides Placed dhe Insertion Site (Crystal Form

)

Unincorporated 2',3'-dideoxynucleoside triphosphates were trapped at themsketiof
complexes ddCTP«dA, ddTTP+dA, ddGTP+dC, and ddATP+dT by incubation wfiprprimer-
template duplexes (protein:DNA in a 1:3 molar ratio), dideoxyntidest(10 mM), and Mg or
Mn?* sulphate (20 mM) for 1lhr at room temperature. Template segsavere designed such
that a single nucleotide is incorporated to form dideoxy primmeniteis thereby trapping the next
nucleotide at the insertion site (Table 3-3). These reaattens used to set up crystallization as
described previously [40] to obtain Crystal Form Il crystad€TP was trapped at the insertion
site by exchanging ddCTP, first soaking the crystals of ddCTP-aAv(gin the presence of both
Mg? and Mr") in a stabilization solution in the absence of nucleotides (6@86raed

(NH,).SO,, 2.5% 2-methyl-2,4-pentanediol, 100 mM Mes pH 5.8, 30 mM Mn&@ 30 mM
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MgSQ,) at 17 °C for 2d to remove the ddCTP, followed by soaking irsthigilization solution

with 21.5 mM dCTP at 17 °C for 36 hrs to add dCTP (Figure 3-4).

BF Complexes with Mismatches Incorporated into the Pmer-template Duplex (Crystal

Form |

The C<A mismatch positioned at the post-insertion site wereneoltaither by catalysis
of primer-template in the crystal or by crystallization ofp@mer-template complex with a
mismatch at the 3' primer terminus (Table 3-3). BF-DNA biramnplexes were formed by
incubating wild-type protein with the respective primer-tengoldplex (protein:DNA in a 1:3
molar ratio) in 20 mM MgS@Qon ice for 1lhr, followed by setting up the crystallization as
described to obtain Crystal Form I. To incorporate a Cesnmaich by catalysis, crystals were
soaked in a stabilization solution (51.5% saturated J}8®,, 2.5% 2-methyl-2,4-pentanediol,
100 mM Mes pH 5.8) supplemented with 30 mM dCTP and 60 mM M=8@7 °C for 24 hrs.
There were no discernible structural differences betweenniisfnatch positioned at the post-
insertion site using either method (We present data obtaioed the catalysis experiment,
because it was collected to higher resolution). CeA miciest were positioned at various sites
in the DNA duplex region by adding nucleotides in various combinatiodsirarubating in
stabilization solution at 17 °C for 24 hrs to stimulatelgais in the crystal of the CeA mismatch
placed at the post-insertion site (obtained by either methe®l)15 mM dATP and dCTR4,

10 mM dATP, dCTP, and dGTHB;6, 7.5 mM dATP, dCTP, dGTP, and dTTP (Table 3-3).
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Table 3-3Substrates for preparing BF primer-template complexes

Nucleotides placed at the insertion site

Nucleotides and metal ions used

Name Primer (bottom) and template (top) sequences . o
in co-crystallization
5- CATAGGAGTCAGG -3 .
ddCTP<dA wobble 3CTCAGTCC-58 ddCTP, Mé
5- CATAGGAGTCAGG -3 .
5- CATAAGAGTCAGG -3 .
ddTTP-dA 3CTCAGTCC-8 ddTTP, Md
5- CATTTGAGTCAGG -3 +
ddATP«dT S CTCAGTCC.S ddATP, Md¢f
5- CATCCGAGTCAGG -3 +
ddGTP«dC SCTCAGTCE.S ddGTP, Md

Mismatches incorporated into the DNA duplex

Nucleotides used in catalysis in

Position Primer (bottom) and template (top) segasnc the crystal
5- GACGTACGTGATCGCA-3
CeA (n-1) 3GCACTAGCG-B dcTe
CeA(n-1) 5- GACGTACGTGATCGCA-3 None
pre-synthesized 3CGCACTAGCG-5
5- GACGTACGTGATCGCA-3
C+A (n-3) 3CGCACTAGCG-5 dATP, dCTP
5- GACGTACGTGATCGCA-3
C+A (n-4) 3CGCACTAGCG-5 dATP, dCTP, dGTP
5- GACGTACGTGATCGCA-3
C+A (n-6) 3CGCACTAGCG-3 dATP, dCTP, dGTP, dTTP

Oligonucleotides were synthesized at GF grade from Midlantfi€é Reagent Co. (Midland,
TX) and annealed to form duplexes as described (3). Ultrapure ddiNéRe purchased from
USB Co. (Cleveland, OH), and dNTPs from Promega Co. (Madison, WI).
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Diffraction Data Collection and Structure Determination

Crystals were flash frozen in liquid nitrogen either diseotlt of the crystallization drop
(Crystal Form 1l) or after soaking in a cryoprotectant soiu{60% saturated (NSO, 100
mM Mes pH 5.8, 24% sucrose) (Crystal Form I). Data werecell at SIBYLS and SER-CAT
beamlines and processed with XDS [104]. Use of SIBYLS beamalindie Advanced Light
Source, Lawrence Berkeley National Laboratory, was support@erinby the DOE program
Integrated Diffraction Analysis Technologies (IDAT) and theéOB program Molecular
Assemblies Genes and Genomics Integrated Efficiently (MEp@nder Contract Number DE-
AC02-05CH11231 with the U.S. Department of Energy. Use of the Adddnbeton Source
was supported by the U. S. Department of Energy, Office @n8ej Office of Basic Energy
Sciences, under Contract No. W-31-109-Eng-3.

Structures were determined and refined using starting modetaCiarm 1l (closed
conformation, 2HVI) or Crystal Form | (open conformation, 1L3T, 1L5U, 1L&hd 1L3V for
CeA (n-1), CeA (n-3), C+A (n-4), and CeA -6) respectively) in REFMACS5 [107] and PHENIX
[126]. Model building was carried out in Coot [109]. Data and eefient statistics are listed in
Table 3-1. Composite omit maps were generated in CNS [110figéres and superpositions

were prepared in PyMOL (Schrédinger, LLC.).

Mass Spectrometry Experiments

Crystallization drops of ddCTP+dA cognate nand ddCTP.dA wobble (MY
crystals, or soaking solution of dCTP+dA cognate {MMg"") crystals, or a positive control of
dUTP added to the dCTd#A soaking solution were analyzed using Mass Spectrometry to

determine the amination state of the nucleotide (Figure 3-6all Bamples, only the expected
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nucleotide was detected. Therefore the observed cognate rgrattine CeA mismatch is not

due to cytosine deamination.
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Chapter 4 Structural factors that determine selectivity of a
high-fidelity DNA polymerase for deoxy-, dideoxy-and ribo-
nucleotides

Summary

In addition to discriminating against base-pair mismatches, Pbljmerases exhibit a
high degree of selectivity for deoxyribonucleotides over ribadideoxy-nucleotides. It has been
proposed that a single active site residue (steric gateksbfmroductive binding of nucleotides
containing 2' hydroxyls. Although this steric gate plays a irolgugar moiety discrimination, its
interactions do not account fully for the observed behavior of nwtbliere we present ten high-
resolution crystal structures and enzyme kinetic analysesaciflis DNA polymerase | large
fragment (BF) variants complexed with deoxy-, ribo-, dideoxy-nuiclest and a DNA substrate.
Taken together, these data present a more nuanced and gendrahismcfor nucleotide
discrimination in which ensembles of intermediate conformationthe active site trap non-
cognate substrates. It is known that the active site Q-tralsitions from an open state in the
absence of nucleotide substrates to a ternary complex cl@edrstvhich the reactive groups
are aligned for catalysis. Substrate misalignment in thgedl state plays a fundamental part in
preventing non-cognate nucleotide misincorpation. The structuresenpgdshere show that
additional O-helix conformations intermediate between the open asedcstate extremes create
an ensemble of binding sites that trap and misalign non-cognateotides. Water-mediated
interactions, absent in the fully closed state, play an importde in formation of these binding
sites, and can be remodeled to accommodate different non-cegiateates. This mechanism

may extend also to base-pair discrimination.
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Introduction

DNA polymerases impose exquisite specificity for correctly quhimucleotide basepair
formation through filtering mechanisms that serially sedgetinst non-cognate pairings [2, 4, 20,
25, 72, 73], thereby achieving the degree of fidelity requiredaiotain genomic integrity [111].
Additionally, DNA polymerases select nucleotides on the badistheir sugar identity,
discriminating between the deoxyribonucleotide (dNTP) and theregonding, 10-2,000-fold
more abundant ribonucleotide (rNTP) pools on the basis of the 2' mydyaxyl present only in
the latter [10, 83-85]. In addition to imposing the logic for the fldvgenetic information [127],
separating the synthesis of RNA and DNA also is necessaprevent misincorporation of
otherwise correctly paired ribonucleotides, which leads to gendnstability [86].
Ribonucleotide misincorporation possibly is the most common repiicatror in initial DNA
synthesis [85] or subsequent gap filling [10], slowing down raptia [85, 87] and increasing
susceptibility to strand cleavage. DNA polymerases also rexodginé 3'-OH which is absent in
synthetic dideoxyribonucleotides (ddNTPs) that are used for Dégsencing and some antiviral
drugs [21]. Understanding the mechanism by which DNA polymemlisesminate between
different nucleotide pools based on the sugar moiety hydroxylatite istaherefore both of
fundamental and technological interest. Insights may aid in tredagewent of therapeutics and
synthetic RNA polymerases that enable RNA synthesis taibiateéd using oligonucleotides
rather than promoters [128, 129].

Although some specialized DNA polymerases are non-selective l{fergan Polp,
human terminal DNA transferases), most DNA polymerasedigxdppreciable preference for
dNTP over rNTP incorporation, with widely varying selectivitgefficients, that range from
~10°-~1C° [10]. Mutagenesis studies on both high- [87, 89, 90, 130-135] andidelity [136,

137] DNA polymerases have shown that mutation of a single eesiduthe active site
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significantly lowers the sugar-based selectivity [10].olétular modeling suggested that this
residue could interfere with binding of the rNTP 2'-OH, and tkduction of its steric bulk
accounts for the lowering of specificity in these mutants [P, 8fuctural studies of a high- [90]
and low-fidelity [138] DNA polymerase are consistent with thigfistgate” hypothesis.

Although the putative steric gate residue plays an importamtimaugar specificity, the
steric gate hypothesis does not account fully for the observedibebéthe mutants. First, in
all cases, the decrease in sugar-based nucleotide sefeigtigiécompanied by a loss of dNTP
incorporation rates (Figure 4-1), indicating that the effetthe steric gate mutation on dNTP
and rNTP incorporation are not independent. Second, even in the muiit remains
favored over rNTP incorporation [10]. Taken together these cdus@ng suggest that the steric
gate residue does not act as a straightforward block@HZinding, as postulated by the steric
gate hypothesis, but interacts with other components in theeasiter that affect nucleotide
incorporation. Based on 1.58-1.95A structures of wild-type and muBasctllus DNA
polymerase | large fragmerB4cillus fragment (BF)) [28, 40, 60-65, 79, 101] ternary complexes
with dNTP, rNTP, and ddNTP, we show that in addition to the sggie, motions of a critical
subdomain (“fingers domain”) formed by the O helix play a maja ildetermining specificity
by setting up a series of intermediate structures thatregnnbn-cognate nucleotides prior to
formation of the catalytically active closed state.rtk@rmore, we show that the E568A steric
gate mutation results in re-arrangements in the actigdhst can account for the consistent loss
of dNTP incorporation.

DNA can be replicated in BF crystals, which has emhbiany stages of the polymerase
catalytic cycle to be captured crystallographically veitiiariety of substrates [40, 60-62, 65, 79,
101]. Conformational changes are key to the mechanism by \Bifigmposes a high degree of
specificity. Briefly, dNTPs are incorporated at the insersia in the “closed” conformational
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Figure 4-1 Plot of AAG'(NTP) vs AAG'(dNTP) for DNA polymerases from five families
with wild-type and “steric gate” mutant kinetic data available.

Data point forBacillus DNA polymerase | large fragment is marked with an ar©vginal data
and references are shown in Table 4-1.
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Table 4-1 Summary of kinetic data of DNA polymerases from fiveaimilies

Protei X Selectlvg}tleric Loss Gain A(ﬁg}, ¢ A;A((_?; ¢
e wT gate  (@xTR) (xTR)® (O
mutant
Family A
Ea;:’r:'eﬁgg‘i" C 3400 43 34 23 2.1 1.8
dTTP/f'UTP 1700000 33 43 1200 2.2 -4.2
TaqgPol 1[130] G 29000 5.3 59 91 2.7 2.9
A 24000 130 8.5 21 1.4 -2.0
c 22000 10 45 48 25 2.5
Human Poly [89] A 9300 68 38 3.8 2.2 -0.82
G 1100 66 22 0.8 1.9 0.14
C 6600 62 92 1.2 2.8 -0.11
dTTP/F'UTP 77000 222 76 4.3 2.7 -0.90
(E:ﬁg”sutﬁé;‘;‘gmem c 24000 170 46 3.0 2.2 -0.64
Family B
RB69[131] C 64000 10 9.4 370 1.3 -3.5
9 29[132] dTTP/rUTP 4400000 2300 1.9 >1000 0.35 -3.8
Family X
'[*1”\,;”?3“ Pob dTTP/F'UTP 3000 360 1.2 7.8 0.11 -1.3
Human Pop [90] C 8200 670 2.3 5.5 0.51 -1.1
Family Y
Dpo4[136] G 18333 4 32 1367 2.1 -4.4
C 5500 12 10 44 1.4 2.3
A 13448 3 19 224 1.8 -3.3
dTTP/F'UTP 20500 30 2.7 275 0.61 -3.5
Dbh[137] G 3400 3.7 28 33 1.95 2.1
C 7700 5 164 9.1 3.0 -1.3
Reverse Transcriptase
HIV-1RT [134] A 140000 5 3064 9.1 4.9 -1.4
dTTP/FUTP 120000 15 397 20 3.7 -1.8
MMLV RT [135] dTTP/fUTP ~ 16000 23 1.4 500 0.21 -3.8
LOSS (dXTP) = (d;vrkcat-"ld;},;!{m)/(Mﬁ;};kcatfyqﬁggj{m)

® Gain (rXTP) = (¢ fkcar/

Mutant
rXTP

Km)/ (x7ekcar!viroKm)

¢ AAG f (NTP) 'RTIH( ’l{utg;}g cat‘fﬂut’\?"?‘l.gxmj f( f\%g cat-"ll!\]‘d?igKm)
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state of the DNA polymerase. In this form, the incoming bagaired with the template strand,
its a-phosphate is aligned with the 3'-OH terminus of the primer siratite presence of M
which enters the active site together with the dNTP. In bserece of dNTPs, the polymerase
adopts an “open” conformation. These two conformational statetetgamined primarily by the
motion of the O helix in the presence of dNTPs, which swings thent'open” state [37, 40],
through intermediates that in some instances can be captustdllographically [79, 101] to a
“closed” form [37, 40, 50]. This motion combines bending of a hieg#on at the O helix C-
terminus (residue G711) with deformations within the helix [79].eBpair mismatches are
selected against by a variety of filters that distinguishrectly from incorrectly paired
nucleotides by their hydrogen-bonding pattern or steric shape [61,108, Prior to
incorporation, thex-phosphate of mismatched nucleotides or lesions misaligns kétiprimer
terminus 3'-OH, thereby reducing or preventing the chemical incdiqorstep [62, 79, 101].
Interference with the motion of the O helix is an important compooktiiese misalignment
processes: incorrect dNTPs positioned at the insertion site datynpartially closed O helix
conformations [79, 101]. Following their incorporation, mismatcheslesions introduce
distortions of the template strand and alter the alignment of the 8-@iterfere with subsequent
incorporation events [61, 63-65]. Here we report that in the sugeaty discrimination process,
O helix motions also are interfered with, resulting in non-productorgormations that differ

from those observed for mismatches or lesions.

Results
Nucleotide incorporation selectivity Nucleotide affinities and incorporation rates of
dCTP, rCTP, and ddCTP were determined for wild-type BF and6&84& and F710Y mutants

by pre-steady state kinetics (Table 4-2). These valuesamsstent with those determined for
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other DNA polymerases in the A family [82, 87, 89, 94]. Wiige BF favors dCTP
incorporation over rCTP or ddCTP by 4 and 3 orders of magnitude resheciThe E658A
mutant decreases the selectivity against rCTP by two omfersagnitude, primarily as a
consequence of a 100-fold loss in the dCTP catalytic catgsistent with the behavior of this
mutation in other members of the DNA polymerase A family {fégd-1). The F710Y mutation
renders incorporation of ddCTP essentially as efficient 8Pd@nd slightly boosts the catalytic
rate of the latter. This mutation also improves binding of rCTP, but conmg@slits incorporation
rate by a similar degree.

Nucleotide positioning, O helix motion, and water structdidigh-resolution structures
of dCTP, rCTP, ddCTP complexes were obtained for the wild-tyjpeeagite BF and the F710Y
and E658A mutants using a primer lacking a 3'-OH of its taim{Table 4-3). In all crystallized
ternary complexes, a surface D598A mutation was included to digstabcrystal contact that
favors the open state in the crystal lattice [40]. The lieguttrystal form contains two molecules
in the asymmetric unit. In all complexes, molecliles more ordered thag; accordingly, our
comparative analysis is based on moledulln all complexes the nucleotide is positioned at the
insertion site and forms hydrogen bonds with dG on the template straidaml Mrf* were
used in the rCTP complexes to determine the location of boutad byeanomalous scattering of
the latter.

In the wild-type active site, the rCTP (Figure 4-2) and ddCHiBu¢e 4-3) nucleotide
triphosphates are displaced from the dCTP position. ConsequentlyCTie or ddCTPa-
phosphates are not aligned properly with the primer strand termbonsjstent with the

diminishedk,, rate of these nucleotides relative to dCTP. The structure of the @iijitex with
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Table 4-2 Pre-steady-state kinetic constants for use of ANSPrNTPs, and ddNTPs by BF
polymerase and mutant derivatives

Kg, UM Kool S-1 Selectivity*
Protein| dCTP  rCTP ddCTP dCTP rCTP ddC[TP dCTP/f[CTRECTP/ddCTP
wit 33.2 1,800 134 | 52.1 0.12 0.049 24,000 4,400
E658A 16.2 753 0.56 0.15 170
F710Y | 36.6 674 3.5 115 0.046 265 46,000 2.4

* Defined as the ratio dd,,/Kq for dCTP vs rCTP incorporation opposite template dG.
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Table 4-3 Crystallographic data collection and refinement statistis

89

1 2 3 4 5 6 7 8 9 10
dCTP+«dG ddCTP«dG rCTP+dG rCTP«dG F710Y- F710Y- E658A- E658A- E658A- WT-
(n) (n Mg?* (n) Mn?* (n) rCTP«dG rCTPdG rCTPdG rCTPdG DNA rC+dG
Mg?" (n) Mn?* (n) Mg?" (n) Mn?* (n) (dCTP) (n-1)
Data collection
No. complexes in
asymmetric unit 2 2 2 2 2 2 2 2 1 1
Resolution (A) 100-1.69 100-1.74 100-1.68 100-1.68 100-1.67 100-1.66 100-1.59 100-1.95 100-1.58 166-1.
Outer shell (A) 1.79-1.69 1.84-1.74 1.78-1.68 1768 1.77-1.67 1.76-1.66 1.69-1.59 1.98-1.95 1681 1.76-1.66
Reyr (%) 6.6(49.1j 7.7(49.0) 6.2(46.6) 6.7(48.0) 5.8(49.3) 5.9(49.1) 5.7(47.8) 9.2(68.7) 5.9(46.7) 4.1 (48.9)
I/ol 14.6(3.3) 15.1(4.4) 21.1(4.2) 21.4(4.0) 21.5(3.7) 19.3(3.6) 26.3(4.1) 20.7(3.9) 24.7(4.3) 22.1(3.3)
Completeness (%) 90.2(94.9) 89.8(100) 89.6(97.2) .9(9a.4) 91.2(99.8) 90.6(93.4) 98.7(92.3) 94.5(100) 98.8(98.9) 99.8 (99.9)
Redundancy 5.2(5.0) 7.2(7.4) 9.9(5.9) 10.8(6.2) (=06 9.1(5.4) 9.4 (5.9) 6.2(6.2) 10.0(5.5) 4.8]4.8
Refinement
Resolution (A) 28.8-1.69 29.4-1.74 54.4-1.68 64681 79.7-1.67 71.1-1.66 79.4-1.60 37.4-1.95 6758-1. 45.4-1.66
No. reflections 148421 138100 152366 153529 156215 156480 192615 105634 112903 103589
Ruyork / Riree 16.2/18.9 17.2/20.1 18.0/20.3 17.7/20.1 18.1/20.6 18.2-20.3 16.5/18.5 17.2/20.5 16.4/18.5 16.6/18.8
No. non-hydrogen atoms
Protein 9570 9426 9233 9233 9112 9112 9500 9459 4697 4673
DNA 850 850 772 772 790 790 832 832 365 448
Ligands & ions 58 56 - - 29 29 30 60 - 27
Solvent 1642 1327 1156 1140 1286 1187 1272 862 861 857
B-factor
Protein 24.3 31.3 33.8 345 32.6 334 27.1 36.5 22.5 26.3
DNA 22.3 275 31.3 32.3 29.0 30.2 29.0 33.9 133. 57.2
Ligands & ions 17.5 23.9 - - 23.2 29.1 215 0.53 - 20.3
Solvent 34.4 37.0 38.8 40.0 38.6 39.1 36.8 39.2 37.6 38.2
R.m.s. deviations
Bond lengths (A) 0.011 0.012 0.011 0.011 0.011 0.011 0.011 0.011 0.010 0.010
Bond angles’j 1.334 1.364 1.334 1.336 1.366 1.372 1.352 1.338 441.3 1.292
Ramachandran plot
Allowed (%) 100 100 100 100 100 100 100 100 100 100
Favored (%) 98.1 98.2 97.7 98.0 98.0 98.0 98.1 98.1 97.9 98.4
PDB code 4DQI 4DQP 4DS5 4DS4 ADSE 4DSF 4DQQ 4DQR 0DAE 4DQS

#Numbers in parentheses correspond to values iautes resolution shell.



wild-type BF is complicated by the presence of a mixture of f@TP conformations, both with
misaligneda-phosphates; this situation is simplified in the rCTP complex®fR710Y variant
(which retains a strong preference for dCTP over rCTP; Tablamvihich only one, misaligned
conformation is observed (Figure 4-2). In all misaligned rCTP off&éd&mplexes the O helix
fails to adopt the fully closed conformation (Figure 4-2, A andFlgure 4-3, A and E).
Furthermore, these complexes contain a water layer thasengin the fully closed wild-type
dCTP and F710Y ddCTP complexes (Figure 4-4). A water layer @igeesent in the fully open
(PDB code: e.g., 1L3S [40]) and ajar conformations (PDB codes $FP and 3PX4 [101]); its
displacement is therefore part of the mechanism by whichojpeprnucleotides are selected
against.

ddCTP -The failure of ddCTP to displace the water layer presetité open state, with
the accompanying lack of O helix closure and misalignment od-fhteosphate, is accompanied
by the loss of two hydrogen bonds, formed between dCTP 3'-OH and if$-jpwosphate oxygen
and the backbone amide of E658 (Figure 4-3, C and D). These lost hydsogda are
compensated for in the F710Y mutant which is located on the O hefaceudacing the bound
nucleotide. In the Y710-ddCTP complex, the mutant phenolic hydroxyl substfar the 3'-OH
to interact with theg-phosphate of bound ddCTP and backbone amide of E658 (Figure 4-3G). As
a consequence, the ddCTP affinity improves sufficiently (~4Q-foable 4-2) to displace the
water layer and close the O helix (Figure 4-3, E and F; Figure 4-4C). The FOM? complex
is essentially indistinguishable from the wild-type dCTP ca@xphlccounting for their near-
identical incorporation rates. We note that Tyr 710 is a nataréant in a number of family A

DNA polymerases, for example T7 DNA polymerase [88].
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&t F710Y

Figure 4-2 Comparison of rCTP and dCTP complexes.

A and B, two views comparing the F710Y BF mutant complex of rCTue)blith the wild-type
complex of dCTP (gray). In the rCTP complex, the O helix does nbt &libse and the
nucleotide triphosphate is misaligned (arrows emphasize sw@ldifferences). The interaction
of Glu658 with rCTP 20H contributes to the substrate misalignment. Arg615 forms abggdr
bond with rCTP 20H. The rCTP forms hydrogen bonds with the dG template which also moves;
the base pair parameters are distorted from their canamilkads (Table 4-4) (B). C, distortions
of the rCTP triphosphate are stabilized by two water molecules suchghatalils to bind. E and
F, two views comparing the rCTP complex of E658A (pink) with wild-type dCTP complex
(gray). E, arrows indicate rCTP misalignment and the faibfr¢he O helix to close. F, the
E658A mutation enables the rCTP base and sugar to occupy Siodidions as observed for
dCTP. Arg615 forms a hydrogen bond with the O4 atom of rCTP sugarobsedsved in other
complexes. G, the triphosphate conformation remains altered, bt thiednetal ion at partial
occupancy. The template base is not distorted and forms canlaygcaben bonding with rCTP.
D and H, composite-omit-maps (gray mesh) contoured atlév&l. Water atoms (red) and Kig
ion (green or gray) are shown as spheres.
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Figure 4-3 Comparison of ddCTP and dCTP complexes.

A-B, two views comparing wild-type BF complexes of ddCTP (mé&geand dCTP (gray). The
ddCTP position is displaced and the O helix fails to clas@oWws emphasize structural
differences). E and F, comparison of the F710Y variant ddCTP crr(green) with wild-type
BF dCTP complex (gray). Other than the absence of the 3-@&,two complexes are
indistinguishable from one another. C, D, and G, close-up viewseoddtive sites of the three
ternary complexes illustrating critical interactions t(leblumn) and their electron density maps
(right column). C, the dCTP 3'-OH forms hydrogen bonds with its pywhosphate oxygen and
the Glu658 backbone amide. These two interactions are lost iiRdd@mplex (D). Analogous
interactions are formed by the Tyr710 phenolic hydroxyl in the F710M4mhyG). Water atoms
(red) and M§" ion (green) are shown as spheres. Composite-omit-maps (gray) rues
contoured at 15level.
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L

E658A-rCTP

Figure 4-4 Water structure in the active site.

Nucleotide substrates, water molecules, and metal ions are shownéidtyge active site
bound to dCTP (A) and ddCTP (B); the F710Y variant bound to ddCTP (C) and rCTRdD); a
the E658A variant bound to rCTP (E). The water layer is displaced in epegplvhere the
nucleotide is properly aligned (A, C), but otherwise is present (B, DnBgdition, a water
molecule anchored by three conserved protein side chains [101] makes a&hyaivod with the
minor groove O2 atom of the cytosine base in all complexes except F710Y rClePr@he is
displaced. In E658A mutant structure, the anchoring interaction made by E65&désdelpy
rCTP 2'-OH (E). Composite-omit-maps (gray mesh) of all complexeshamwn around the
highlighted features (all contoured atd.|Bvel).
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rCTP - In the wild-type enzyme in the presence of*Mgr M, rCTP adopts an
ensemble of conformations, and the O helix exhibits an enseofldtates, none of which
correspond to the fully closed form. This ensemble is simglifiethe F710Y mutant in which
both the bound rCTP and the O helix adopt a single, misaligned, non-ctogedntation with
either metal (Figure 4-2A). In this complex, four effects areentesl that misalign the-
phosphate and interfere with nucleotide incorporation. First, réther forming a steric block,
the Glu658 carboxylate interacts with the rCTP 2'-OH (2.7 A affeigure 4-2B). Consequently,
the position of the entire rCTP is displaced from that of d@IButh an extent that even the
template dG base moves to retain pairing between the two blsgtswith base-pair parameters
that deviate substantially from those of canonical WatsorkCbase pairs (Tablet-4).
Furthermore, the 2'-OH forms a hydrogen bond with Arg615, which norrieattys a hydrogen
bond with the sugar O4 atom (Figure 4-2B). This residue alsaipatgs in recognizing cognate
base pairs by reading out their minor groove hydrogen-bonding pattgrrSgEfond, the rCTP
displacement opens an aperture between the bound nucleotide andltié thal active site
opposite the O helix, which is filled with a water layer that #slapdifferent structure than was
observed in the ddCTP complex (Figure 4-4D). Third, the triphosphate liinde altered
conformation which is stabilized by this water layer (Figd®, A and B). The absence of an
anomalous scattering signal revealed that in this conformation, the(®ddpstituted with Mfi to
obtain an anomalous signal) that normally assembles with the rideléoiabsent and replaced
by two water molecules (Figure 4-2C). The direct hydrogen bond betivee3'-OH and its own
B-phosphate oxygen observed in the dCTP complex is replaced by tA&0rghenolic hydroxyl
(Figure 4-2C). This cyclic, non-covalent interaction within theleotide triphosphate has also
been observed in ternary complexes of B-, C-, X-, and Y-familAPWNlymerases and reverse
transcriptase family (Figure 4-6). Finally, the direct iattion between 3'-OH and E658 main-
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chain amide is replaced by a water-mediated hydrogen bond (Fg2@. The stabilizing
interaction of the bound rCTRphosphate with Tyr710 on the O helix and the Glu658 backbone
amide via a water molecule presumably together improvaeitgffsufficiently (Table 4-2) to
select a single conformation out of the ensemble present in théypddtomplex.

The loss of the interaction between the glutamate carboxgtate?'-OH of the rCTP
complex in the E658A single mutant does not suffice to fornclibeed state (Figure 4-2E). The
diminished selectivity between rCTP and dCTP (Table 4-2) isgpilyra consequence of a 100-
fold loss of activity for dCTP.

dCTP- To elucidate the structural mechanism for the loss of d@d®&poration in the
E658A mutant, we cocrystallized this mutant with dCTP and*Mghe resulting complex
(Figure 4-7) contains only one molecule in the asymmetric wmntpared with the two observed
in all other ternary complexes. This complex does not bind a dETR active site (ACTP is
observed to bind at a remote surface site, confirming ésepice in the crystal). The polymerase
conformation is similar to the open state [40, 60], but ther@ihal segment of the O helix
(residues 707-714) has bent towards the primer DNA 3' termingaré~#4-7A). A conserved
water molecule which usually is present in both open struc{ds60] (Figure 4-7C) and
ternary complexes [62, 79, 101] is displaced by the backbone carifoviylL3 (Figure 4-7B). It
also is present in all structures except this one, reptwee. This water molecule normally
interacts with the minor groove of the unincorporated dNTP-templase pair. Its hydrogen-
bonding interactions are likely to be sufficiently strong that/tperturb the intrinsic tautomeric
equilibria of the free nucleotides [101]. Loss of this watetecule can therefore be expected to

have significant impact on dNTP incorporation rates.
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Table 4-4 Base pair parameters of ribonucleotide captured at the inseidn site

Base pair  Aprime®)®  Memplard®)? Sf(lA) Shear(A)  Stretch(A) Stagger(A) Buckip( Propellerf) Openingf)

F710Y-
ICTP-dG  54.6 51.4 10.6 0.42 -0.21 280. 472 -18.03 1.47
(Mg*)
E658A-
(CTP-dG 594 54.2 105 0.34 -0.13 360. 7.47 -2.30 1.27
(Mg*)

Watson- -
Crick® 57.8+1.8 54.7+0.9 10.6+0.1 0.0610.280.1010'05 -0.09+0.08 4.31+4.51 -6.88+3.41 1.86+0.80

# Aprimer 2Nd Mempiate @re defined as the angle between the glycosidic bond of poimtemplate
nucleotide and the line draw between thée &bms of the base pair (see inserted panel on the
right). d.cr is the distance between the 'Gltoms of the base pair. All other base pair
parameters are defined [118]. All values were calculated in 3DNA.[119

°Average values and standard deviations over all four cognateaiass@bserved at the insertion
site were adapted from [101].
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BE-dCTP F710Y-rCTP E658A-ICTP

Figure 4-5 Nucleotide triphosphate conformations.
A-C, individual; D, superimposed. Gray: Wild-type active site-BChlue: F710Y-rCTP; pink:
E658A-rCTP. Two views are shown.
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human Pol B human Pol n HIV-1 RT

Figure 4-6 Conservation of the interaction between the dNH 3'-OH and the g-phosphate at
the insertion site of representative members of five DN polymerase families and reverse
transcriptase family.

A, A-family, Bacillus Fragment (BF) (this study). B, B-fayn Enterobacteria phage RB69 DNA
polymerase (pdb code: 3NCI) [29]. C, C-family, Geobacillus kaustophilus DN/eobse PolC
(3F2B) [31]. D, X-family, human DNA polymerase beta (2FMP) [®]Y-family, human DNA
polymerase eta (3MR2) [34]. F, Reverse Transcriptase (&m)ly, HIV-1 RT (3KK2) [35].
Selection of the structures for polymerase families wasdas availability and resolution of the
ternary complexes.
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Figure 4-7 Comparison of E658A and wild-type BF-DNA binary complexes.

A, superposition of E658A (orange) and wild-type (gray) (pdb code: 1L5U [40]) cregpéhow
that the mutation causes the C terminus of the O helix where Y714 residesd toward the
primer strand. B-C, Backbone carbonyl of V713 displaces the conserved woéteul®
coordinated by E658, Q797, and N793 in the wild-type structure. D, Q797 changes itaide ch
rotamer conformation and interacts with the V713 carbonyl together with N793.
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The loss of this important water molecule in the E658A mutardctompanied by
several rearrangements in the active site, which are coatpenfor by the 2'-OH in the rCTP
complex. Normally, Q797, N793 and E658 form a hydrogen-bonded network thdined@rthis
water. This network is broken in E658A such that Q797 adoptsfexatif side chain rotamer
conformation and the V713 carbonyl is displaced (Figure 4-7D). Thesens together destroy
the water coordination sphere. However in the rCTP complex, @&l 25 able to compensate
for the loss of the carboxylate in the E658A, because in tygedy formed closed state this
hydroxyl occupies the position vacated by the carboxylate, restdnmghydrogen-binding
network (Figure 4-4E). Despite the restoration of thisoaitivater in the rCTP complex, the
incorporation rate of this nucleotide remain low, because It adibpts distorted sugar and
triphosphate conformations (Figure 4-2F; Figure 4-5, C and D). iFhet dnteraction between
the 3'-OH an@-phosphate is replaced by water; there is no interaction between the 3'-OH and the
E658A backbone amide; the triphosphate bind$*Ntzpnfirmed by MA* anomalous signal), but
not at a full occupancy (Figure 4-2G). The O helix remains opensimilar degree as observed
for the F710Y-rCTP complex.

Base pairing of the incorporated rCTP Covalently incorporated, cognate base pairs
positioned at the post-insertion site form hydrogen bonds between theirgroove N3 (purines)
or O2 atoms (pyrimidines) and Arg 615 and GIn 797 [60]. Werpawated rCTP at the primer
strand 3'-terminus by catalysis in solution in the presendé@néf[139] prior to crystallization.
This binary complex between wild-type BF and DNA was criigel in the absence of
additional nucleotide. The resulting crystals contain one malddn the asymmetric unit in the
open form (Table 4-3). The rC is positioned in the post-inserti@n aitd retains the minor
groove readout by R615 and Q797 observed for deoxynucleotide [60] (Figlremphasizing
the importance of selecting against rNTPs prior to their incoiiparat
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D830 Rg15° ~ Q797

Figure 4-8 Comparion of rCedG and dC+dG base pairs at the post-insertion .

rCedG (pink) and dCedG (gray) comparison reveals similartigkeir overall structure (A) and
minor-groove hydrogen bonding (B). Composite-omit-map (gray meshowrs around the
rCedG base pair (contoured atd [gvel).
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Discussion

The steric gate hypothesis postulates that discrimination eetdTPs and rNTPs is
primarily the consequence of a steric blockage imposed g dDNA polymerase residue on
the rNTP 2'-OH [9]. Although reducing the bulk of this residueniytation improves the
incorporation rate of rNTPs relative to dNTPs, it invariadgcreases dNTP incorporation
(Figure 4-1). Furthermore, dNTP remains favored over rNTP pocation in these mutants.
These observations indicate that the “steric gate” resithuions not as a simple block, but also
affects the mechanism of dNTP incorporation. The structursdrehbtions reported in this study
suggest that the origins for this complex behavior lie withird§iramics of O helix motions [40,
79, 101]

We were able to capture rNTPs and ddNTPs at the “insesitefy paired with the
template DNA, prior to reacting with the primer terminus andRMNdllowing its incorporation at
the “post-insertion site”. In the sugar moiety discriminationcpss, the O helix motions are
interfered with, resulting in non-productive conformations that wififem those observed for
mismatches or lesions [62, 79, 101]. Water-mediated interactidnich are absent in the closed
state, contribute to the formation of the binding sites thatth@mon-cognate nucleotides in the
intermediate O helix conformations. These sites are plecsinilar locations as observed for
cognate nucleotide complexes, but differ in their interactionsdmst the polymerase and bound
nucleotide.

The O helix motions are therefore not simply a motion thairgdjuishes open and closed
states, in which only the closed state binds NTPs. Instead thensia@et up an ensemble of
subtle “traps” that ensnare non-cognate NTPs. The binding efdter molecules that contribute
to shaping the ensemble of non-cognate binding sites is affegtpolymerase mutants, thereby

altering the thermodynamic landscape of the non-cognate nuclégdu®e This mechanism
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accounts for the large variation in specificities tha baen noted [111, 140], and is consistent
with a model based on the analysis of enzyme kinetic data hvepiecificity is a consequence
of subtly different reaction pathways corresponding to the sta#escular to individual
(mis)matched base pairs [73].

The ddCTP and rCTP complexes presented here illustrate éffests. The two water
layers observed in the rCTP and ddCTP complexes (Figure 4-4&x diim each other,
stabilizing aberrant interactions (or lack of interaction) $jmeit the respective nucleotide. In the
case of the rCTP complex in the F710Y enzyme the interactionsvaidr are sufficiently strong
that they prevent binding of Mgto the triphosphate. The remodeling of water structure in
response to mutations is illustrated in the F710Y complex with BJd@T which the mutant
Tyr710 phenolic hydroxyl replaces a bound water such that the cltstedbsnding becomes
dominant, eliminating the selectivity against ddNTP incorporation.

Water exclusion in the active site has long been proposed to enkiamceffect of
hydrogen-bonding interactions through lowering of the local dietetitéreby accentuating the
energetic differences between correctly and incorrectinddr bases [141]. Here we show that
the effects of water extends well beyond that of generaladedtrostatic through dipole
relaxation and involves specific, but readily remodeled interaethat contribute to creating the
ensemble of binding sites necessary for kinetic checkpoints.

Although the recognition mechanisms by which sugar discriminatiorfénterwith O
helix motion and proper closed state assembly are distinct li@se pair recognition, some
polymerase residues play a role in both processes. Thigydsatesponsible for the loss of
dNTP incorporation in the E658A steric gate mutant, and also irs/eVager-mediated effects.
E658 forms part of a hydrogen-bonding network that holds in placgtexr wolecule critical for
reading out minor groove interactions between the NTP and the BMpldte. In the E658A
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mutation these interactions are destroyed, leading to tkeofothe water and reduced dNTP
incorporation. This loss is partially compensated for in the r®Rplex of this mutant, in
which the 2'-OH takes the place of the missing carboxylate.

The subtle energetics generated by dynamically interconveréngembles of
conformational states is key to understanding protein folding [Bt#2lyme kinetics [73, 143,
144], and allostery [145, 146]. The mechanistic principles est@dliby this recently emerged
view of protein structure-function relationships are centralirtderstanding DNA polymerase
fidelity. Here we show structural features that lead to tteaton of such thermodynamic

landscapes via the interplay between protein dynamics, ligand bindingglaeudt snteractions.

Methods

Protein preparation -D598A, F710Y/D598A, E658A/D598A, F710Y, E658A mutants
were constructed using QuickChange Site-directed Mutageistsasagene, La Jolla, CA). Wild-
type and mutant proteins were expressed and purified as ded@#eBroteins containing the
D598A mutation were used for crystallization to obtain closech fternary complexes 1-9 (Table
4-3) of BF polymerase, DNA duplex, and incoming nucleotide substiaaged with
complementary template base) positioned at the insert®mpidr to chemistry [40]. Wild-type
protein was used to obtain the open form, binary complex 10 (Tablentt8Yibonucleotide
incorporated into the primer 3' terminus paired with templatleeapost-insertion site. Pre-steady
state kinetics was carried out using proteins without the D598A mutation.

Crystallization of nucleotide substrates and DNA complexeé3ligonucleotides were
synthesized by Midland Certified Reagent Co. (Midland, TXEBRtgrade. Ternary complexes
were crystallized using®2CTGACTG4C-3 as primer (dideoxynucleotide terminus traps the

complex before chemistry) andGATGGGAGTCAGG-3 as template. The primer and template
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strands were annealed as described [40]. Ultrapure rCTEMHZITOP were purchased from USB
Co. (Cleveland, OH) and dCTP was purchased from Promega Co.s@viadVIl). Protein,
primer-template duplex (protein:DNA, a 1:3 molar ratio), nuclesti@TP or ddCTP, 10mM,;
rCTP, 30 mM; M@" or Mr?*, SQ7 salts; nucleotide:metal, 1:2 ratio) were incubated (1 hr, room
temperature), and crystallized as described previously [@0P was incorporated (protein:DNA,
1:3 molar ratio; 30 mM rCTP; 60 mM MnQQ@ hr, room temperature) and crystallized in a
binary complex using a"®&5CGATCACGTA-3 (primer) and 5 GACGTACGTGATCGCA-3
(template) DNA substrate as described [40].

Diffraction data collection and processing All crystals were flash frozen in liquid
nitrogen directly out of the crystallization drop. Data werlbected at SIBYLS and SER-CAT
beamlines. All crystals belong to the space grouR,R2 The closed form crystals (complexes 1-
8) contain two molecules in the asymmetric unit while theedoform complex 9 and the open
form complex 10 contain one. Complex 8 was processed using HKL2000 [105] and all other were
processed using XDS [104]. Complexes 1-6 exhibit ice ring formation, accorttiegigflections
in shells 2.28-2.22 A and 1.948-1.888 A were excluded.

Structure determination Fernary complexes 1-8A closed form ternary complex (PDB
code: 2HVI [62]) from which the active site residues on the i la@d preceding loop region
(residues 681-727), incoming nucleotide substrate, metal ions, estndaad sulfate (from the
crystallization solution), and water molecules had been remeasdised as the starting model
for solving the structures of complexes 1-2, 4-5, and 7. ComplexesaBd @ are the wfg or
Mn?* counterpart for complexes 4-5 and 7. Preliminary refinement shdhat the two
complexes with different metal ions are almost identical.r@foee, fully built and refined
structures of complexes 4-5 and 7 with water molecules remeeee used as the starting
models for their metal-substituted counterparts.
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Initial electron density maps for complexes 1-2, 4-5, and 7 generated by Fourier
synthesis after rigid body refinement using the modified startiodel 2HVI in PHENIX [108].
Missing residues, nucleotide substrates, metal ions, and surfacersieules for all complexes
were manually built in Coot [109] into the electron density meperated by iterative rounds of
model building and refinement with PHENIX [108]. All residues the complexes were
evaluated by visual inspection to fit the map. Simulated anneafimggement was then applied to
further improve the model. TLS groups were determined using PXIENd_tls _groups [108]
and TLS parameters were refined subsequently. Water moleverlesadded automatically in the
refinement followed by visual inspection.

For the closed form ternary complexes 1-8, the two moleculgsiasymmetric are not
the same: moleculé (chains D, E, and F in the pdb) is more ordered than mol2dgleains A,
B, and C) (chain naming follows previously published structures .[@ch molecule in
complexes 1-2, 7-8 adopts a single unique conformation (closedpa@mpen). In complexes 3
and 4, molecule 1 does not adopt a unique conformation (molecule énisg empty), and was
modeled initially as a mixture of two distinct ajar O helix confations. After refinement,
additional densities around the O helix could be observed irratiffe maps, suggesting that
there are additional conformations that have not been accownmtéd the model. At least two
distinct rCTP conformations were observed. In the final, degabsiodels for complexes 3-4, the
conformational diverse portions of the O helix, its preceding logjpmeand rCTP were omitted.
For complexes 5-6, molecule 1 adopted a single ajar conformatiorbeuthd rCTP, whereas
molecule 2 adopted an ensemble of conformations similar to com@ese# the deposited
structures for complexes 5-6, these also were omitted from the model.

Closed form binary complex 9:The E658A mutant, DNA, dCTP, and Mgcomplex
was crystallized as described above for the closed famariecomplexes 1-8. However, the unit
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cell dimensions of this complex resemble those observed for antwpary crystal form [40, 60],
and contains only one molecule in the asymmetric unit. Thectate was determined by
molecular replacement with Phaser [147], using as the seaal the open, empty molecule of
complex 7 which carries the same mutation and contains adgkex with the same sequence .
The output model was refined with simulated annealing in PHEBDS8] followed by iterative
rounds of visual inspection, manual building, and refinement as bedabove. dCTP was not
observed in the active site of this complex, but was observgiddaat a remote surface site [62,
79, 101], confirming its presence in the crystal.

Open form binary complex 10:an open form binary complex (PDB code: 1L5U) with a
base pair positioned at the post-insertion site, was usedeastarting model for solving the
structure complex 10. The model for the rC nucleotide incorpbedtéhe primer 3' terminus was
built into the electron density map. The structure was refisedeacribed above. There is one
molecule in the asymmetric unit with a single, open conformation.

Structure quality checks- For all structure determinations, free reflections were
generated in XDSCONV [104] or CCP4 [106] by combining inherited rfeflections from the
starting model and 5% randomly selected reflections beyond thetresabf the starting model
for each complexAll structures were refined to good protein geometry withRamachandran
outliers and ~98% residues in the Ramachandran favored regialiagcim MolProbity [148].
Data, refinement statistics, Ramachandran plot summary, aninFDatia Bank accession codes
are presented in Table 4-3. Composite omit maps were agedein CNS [110]. Figures and
superpositions (all protein residues used) were prepared in PyMOL (Bgad.LC.).

Pre-steady state kinetics of wild-type, E658A, and F710Y -BEomplementary
oligonucleotides used in the solution studies were synthesizétpeson Biotechnologies, Inc.
(Huntsville, AL). The template (5'-
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TTACTTGACCAGATACACTGTCTTTGACACGTTGATGGATTAGAGCAATCACATCCA
AGACTGGCTATGCACGAA-3) and fluorescently labeled primer [GFAM]
TCGTGCATAGCCAGTCTTGGATGTGATTGCTCTAATCCATCAACGTGTCAAGACAG
TGTATCTGGT-3") strands were annealed as described [40] DN substrate and wild type,
E658A, or F710Y proteins were diluted with reaction buffer (50 nmié-HCI, pH 8.0; 50 mM
NaCl; 10 mM MgC}; 1 mM DTT) to 0.1 and 0.5 puM, respectively. BF-DNA complexesewer
mixed with equal volumes at various concentrations of dCTP, réTdCTP. The reaction
(room temperature) was quenched at different time points usimgdéaction volumes of quench
solution (95% formamide (v/v); 25 mM EDTA). Reactions slovamt 10 seconds (wt-rCTP, wt-
ddCTP, E658-dCTP, E658-rCTP, and F710Y-rCTP) were executed manuadlgtidhs faster
than 10 seconds (wt-dCTP, F710Y-dCTP, and F710Y-ddCTP) were executgdaukinTek
RQF-3 Rapid Quench Flow instrument (KinTek Corporation, Austin, PXjner extension was
qguantified by capillary electrophoresis with fluorescencedm®mn, using an ABI3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA). Pre-steddies kinetic constants were

determined and fit as described [79].
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Chapter 5 Structural basis for ensembles of incorporation
pathways of a high-fidelity DNA polymerase

Summary

In the previous two chapters, structural mechanisms for bothgemitaand accurate
DNA replication have been elucidated. In this chapter, more exaroplease-pair mismatches,
GG (primertemplate), PG, and BT, bound to the BF polymerase active site at non-productive
conformations and misaligned for chemistry were captured. A nowekotide binding mode
was revealed for the & mismatch illustrating the dynamic nature of the nucleotéecton
process. By comparing these mismatch structures together wittoysly determined complex
structures of BF DNA polymerase, an ensemble of intermed@téormations in between the
open and closed states emerged. These intermediate condmstagiether with active site water
structure remodeling provide binding sites to trap and misaligorrect substrates for
incorporation. Only those with cognate base-pair shape and¢ae@romote the fully closed

state and be properly aligned for chemistry.

Introduction

DNA polymerase selects deoxyribonucleotide substrate with codvede pair for
incorporation while it discriminates highly against nucléesi with incorrect base [5, 69] and
ribose sugar [9, 10]. The specificity of DNA polymerasecisieved at five fidelity filter sites [37,
67, 70, 71, 101]: the pre-insertion site; the insertion sitecakaytic site; the post-insertion site;
and a four-base-pair DNA duplex-binding region. Shape complementhetyween the

polymerase active site and cognate base pairing of the ndsasmtpair [69], and precise
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alignment of the functional groups at the insertion sitelaartost critical for replication fidelity
[23, 111, 112, 116]. The pairing and aligning process involves & Iscgle motion of the
polymerase fingers domain from an “open” to a “closed” s@t@%] which has been observed in
A, B, C, X, and RT families of DNA polymerases [31, 37-43].

Extensive solution studies to understand the specificity of DNA pabsas have been
conducted leading to the identification of “kinetic checkpoints” ttaat serve as intermediate
steps to screen the incoming nucleotide substrate and ti nej@rrect ones [73]. Base-pair
mismatches or incorrect sugar substrates are likely toapped at intermediate conformations
between the open and closed states [73]. However, due to theflatkuctures of incorrect
nucleotide substrates bound at the polymerase active site prior to tthestiactural evidence to
support the ensemble of incorporation pathway to ensure replication fidastimaited.

Recently, structural studies on a high-fideBgcillus DNA polymerase | large fragment
(Bacillus fragment, BF) on deoxyribonucleotide selectivity over dideoxyd gbo-nucleotide
prior to chemistry revealed several intermediate conftiomsthat trap incorrect substrates along
the trajectory for fingers domain closure and the substrag¢emsaligned at the active site for
incorporation [27]. Here we have captured three high-résalustructures of base-pair
mismatches &G (primertemplate), PG, and ®T bound at the BF DNA polymerase active site
prior to chemistry. Comparisons of the structures of mismatelith those of cognate base pairs
show that mismatches with non-cognate base pairing schemesappedirat intermediate
polymerase conformations and their functional groups are gnealifor chemistry. Among them,
an extreme is the & mismatch which adopts a novel nucleotide binding mode thatssaddéy
different from the previously observed ones illustrating the dymaature of nucleotide binding

and trapping process.
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These structures were further analyzed in comparison withopisdy determined high-
resolution structures of BF polymerase (more than 60) edtinate base pairs [27, 40, 60, 62,
101], mismatches [61, 79, 101], lesions [62-65], and incorrectr sigsstrates [27] bound at
different fidelity filter sites. A unified picture of nucléde selection by DNA polymerase has
emerged: incorrect substrates with non-cognate base-pailiegies or wrong sugar moiety trap
the polymerase at an ensemble of non-productive intermediaterications and are misaligned
for chemistry; only those exhibiting complementary cognate pasglg shape and size can
promote fully closed polymerase conformation and be aligned forpagaton. Collectively,
these observations provide the structural basis for the ers@fmtiie incorporation pathway of

DNA polymerase to ensure replication fidelity.

Results

Ternary complex crystals High-resolution crystal structures of ternary complexXes o
BF, DNA, and nucleotide were obtained capturing three base-pamatthes, ddGTG,
ddTTPdG, and ddTTRIT, and one incorrect sugar substrate, r@l® (Table 5-1). A
dideoxynucleotide chain terminator was placed at the primandtB' terminus to prevent
catalysis allowing us to trap the complexes prior to chemiétii710Y mutation was introduced
to facilitate the incorporation of primer terminal dideokyaim terminator [94]. A surface D598A
mutation was included to destabilize a crystal contactfthatrs the open state in the crystal
lattice [40]. The resulting crystal form contains two neoles in the asymmetric unit. In all
ternary complexes, moleculeis more ordered than moleci2eln addition,Molecule 1 shows
well ordered base pairing of the nucleotide and template whie molecule is either open and

empty or similar to moleculg. Therefore, our analyses were based on the molécule
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Table 5-1 Crystallographic data collection and refinement statistics

ddGTP«dG  rCTP«dG Mg?* rCTP«dG Mn?  ddTTP+dT  ddTTP+dG
(n) (n) (n) (n) (n)
Data collection
Wavelength 0.9712 1.0000 1.0000 0.9795 1.1158
Resolution (A) 50-1.64 50-1.63 50-1.65 50-1.64 1007
Outer shell (A) 1.74-1.64 1.73-1.63 1.75-1.65 174 1.66-1.57
Rsym (%) 5.5(45.7) 7.2(50.8) 10.9(50.9) 4.2(49.6) 4.8(46.2)
/ol 16.6(3.6) 20.3(3.4) 15.0(3.7) 22.9(3.9) 26.3(3.8)
Completeness 88.1(98.3) 100.0(99.8) 98.2(89.1) (92.9) 92.9(99.9)
Redundancy 5.1(5.0) 10.0(5.2) 10.0(5.6) 5.6(5.6) 6(383)
Refinement
Resolution (A) 46.9-1.64 35.0-1.63 34.2-1.65 436841 79.6-1.57
No. reflections 158215 184316 175747 161680 191797
Ryork ! Reree 17.9/20.3 17.8/19.8 18.2/20.5 17.8/19.7 18.7/20.9
No. non-hydrogen atoms
Total 11486 11646 11709 11657 11661
Solvent 1482 1340 1410 1449 1526
B-factor 27.1 30.8 30.8 30.6 30.1
R.m.s. deviations
Bond lengths 0.006 0.006 0.006 0.006 0.006
Bond angles 1.076 1.110 1.112 1.089 1.103

#Numbers in the parenthesis correspond to the outer shell.
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Novel “up-side-down” nucleotide binding moéeln both the &G mismatch and rCTP
structures, the incoming nucleotides are paired with the téeng@ at the polymerase insertion
site. But different from mismatches [79, 101], lesions [62]ingprrect sugar substrates [27]
captured previously at the same site, the base and sugetienaf the ddGTP and rCTP have
flipped “up-side-down” and the glycosidic bonds of incoming nucleotidkthe template dG is
in a trans orientation instead of the commonly observed @station [149] (Figure 5-1). Both
structures adopt intermediate O helix conformations (Fidiied, D) anda-phosphates of
ddGTP and rCTP are misaligned for chemical incorporation (FigtkB, E). The incorrect
nucleotides have to disassociate before they can be aligned propeftgfaistry.

ddGTP+dG complex Four structural features of the ddGTP+«dG complex definadhe
productive state of BF polymerase. First, ddGTP is misaligndtieaactive site by forming
extensive interactions with the template base and the pdgmeta direct and water-mediated
hydrogen bonds (Figure 5-1C; Figure 5-2A). ddGTP adopts its syn confamar is the more
energetically favorable than the anti conformer preferredthgr nucleotides [150]. In addition,
it has flipped up-side-down and the Watson-Crick edge of the mpidmase is facing the
polymerase surface resulting in hydrogen-bond interactions tithE658 side chain and the
water molecules at the active site. Base-pair parametetdGTP-dG are dramatically different
from those for cognate base pairs captured under the same expakioondition (Table 5-2).
Second, the triphosphate moiety of the ddGTP adopts an extended and distortedatiomf@ma
it fails to bind a metal ion (confirmed by the lack of anomalsigaal from MA" present in the
crystallization solution) (Figure 5-3). Third, the O helix asdedawith ddGTP triphosphate
adopts an intermediate conformation. Finally, ddGTP fails folatie a layer of water molecules
(Figure 5-1C) that are absent in the catalytically poteny ftlbbsed form (Figure 5-1G) but is
present in all non-productive complexes captured previously [27, 79, 101].
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Figure 5-1 Comparison of ddGTRdG, rCTPedG, and dCTPedG complexes.

A and B, two views comparing the BF complex of ddGTP (magernita)tihat of dCTP (gray).
ddGTP binds up-side-down and forms syn-anti base pair with theatngs. The O helix does
not fully close and the nucleotide triphosphate is misalignemwar emphasize structural
differences). The base pair parameters of this mismatehdramatically distorted from their
canonical values (Table 5-2). ddGTP fails to displace the Water at the active site (shown as
red spheres). C, ddGTP makes extensive hydrogen-bond interactibrthevtemplate dG and
the polymerase through direct and water-mediated interactiong.RItttphosphate is distorted
such that a metal ion fails to bind. D and E, two views comgdtie rCTP complex of BF (cyan)
with the dCTP complex (gray). Arrow indicates the failure of the O helttose. rCTP binds up-
side-down at the active site and forms a wobble pair withetmplate dG which is displaced
toward the major groove. There is a water layer in betwedmeafCTP and the polymerase. The
triphosphate conformation is different from that of dCTP, butillttsnds a metal ion. The C-
terminal turn of the O helix is distorted and Y714 side chaindwydrdisplaces the conserved
water molecule observed in the wild-type dCTP complex. F, ittierss are made between the
rCTP base and E658 and Y714 side chains. G, dCTP forms a cbgsatpair with the template
dG and interacts with the conserved water molecule. The Vegter is displaced and dCTP is
aligned for chemistry. Mg ions (green or gray) are shown as spheres.
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Figure 5-2 Electron density map and detailed interactions for € and rCTPdG pairs.
Left panel, composite-omit-maps (gray mesh) contoured dddGTP+dG) (A) and (rCTP+«dG)
(B). Right panel, interactions of ddGTP (A) or rCTP (B) at thevadtite.
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Figure 5-3 Nucleotide triphosphate conformations.
A, Wild-type active site-dCTP+dG; B, F710Y-ddGTP+dG; C, F710Y-rQ3Re
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Table 5-2 Base pair parameters at the insertion site

Base pair  Apime(®)®  Memplard®)? dc(l’)'&) Shear(A)  Stretch(A) Stagger(A) Buckdp( Propellerf) Openingf)

cr
ddGTP«dG 314 29.8 11.1 -5.48 30.3 0.33 12.46 8.98 -112.60
rCTP«dG 63.0 38.8 10.5 0.09 -3.74 0.30 -28.07 13.92 -152.40
ddTTP«dG 61.7 39.1 10.8 2.43 -0.47 0.31 5.13 -8.39 -4.51
ddTTP«dT 72.9 41.4 8.8 2.29 -1.89 0.14 -6.24 -9.21 7.73
Watson- -
Crick? 57.8+1.8 54.7+0.9 10.6+0.1 0.06i0.280.1010.05 -0.09+0.08 4.31+4.51 -6.88+3.41 1.86+0.80

# Aprimer aNd Mempiate are defined as the angle between the glycosidic bond of poimtemplate
nucleotide and the line draw between thé &bms of the base pair (see inserted panel on the
right). d.cr is the distance between the 'Gltoms of the base pair. All other base pair
parameters are defined [118]. All values were calculated in 3[2N9].

® Average values and standard deviations over all four codraste pairs observed at the

insertion site were adapted from [101].
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rCTP«dG complex— Previously, an rCT#IG structure was captured at the BF
polymerase insertion site which forms three inter-base hydrogen Wfd§igure 5-4A). Under
slightly different experimental condition, however, we have captan rCTP+dG complex where
the incoming rCTP is bound up-side-down (Figure 5-1E). With thisifmnehode, rCTP and dG
can no longer form a cognate base-pair shape due to stehdelageen the hydrogen atoms of
rCTP N4 and dG N2 (Figure 5-4B). Instead, r€d® formed a wobble pair with two inter-base
hydrogen bonds (Figure 5-1F) which is the most stable base-pahiegaavhen rCTP is bound
up-side-down (Figure 5-4B). rCTP binding is further stabdidby interactions with E658 and
Y714 side chains. The interaction with Y714 is made possible by ttwetidis of the C-terminus
of the O helix where Y714 resides (Figure 5-1D). The phenolic hydregyipgof Y714 replaces
a conserved water molecule that reads-out the minor groove ioctiraing nucleotide [27, 101]
(Figure 5-1C, F, G). rCTP binds a metal ion {®gthe existence of which was confirmed by
anomalous signal when Nlgis substituted by M, but it is still misaligned for chemistry. The
O helix adopts an intermediate conformation and the complex isettagipa non-productive
state.

More non-productive base-pair mismatch complexés addition, we have captured two
mismatches, ddTTIG and ddTTRJG, prior to chemical incorporation, which further illustrates
how non-cognate base pairs trap the DNA polymerase at non-pr@dachformations (Figure
5-5). In both complexes, the mismatches form non-cognate basehppiess BF polymerase
adopts intermediate O helix conformations, and the functional growsmesaligned for

chemistry.
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Figure 5-4 Base pairing schemes of cytosine and guanine.

A, C«G at cis glycosidic bond orientation. Canonical WatsonkQCiG pair with three inter-base
hydrogen bonds is shown (top panel). B, CeG at trans glycosidic bondatinanWWobble C<G
pair with two inter-base hydrogen bonds is shown (top panel). All bt pairing schemes are
either less stable or impossible due to steric clash (mhaskélh a red cross). Numbers in the
parenthesis indicate how many inter-base hydrogen bonds are formed.
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ddTTP+dG complex TG forms a wobble base pair with the incoming ddTTP moving
toward the major groove while the template G is placeldeasame spot as it is in a cogna&C
structure (Figure 5-5B). Displacement of ddTTP into thgomgroove creates a large aperture
between the ddTTP base ring and the polymerase surfacedfoyme658 and Y714. In addition
to the conserved minor-groove read-out water molecule, one mdez malecule is bound
between the anchored water and the ddTTP base. This wokBlemismatch forms stable
interactions at the BF polymerase active site through twer-bdse hydrogen bonds and two
water-mediated interactions. ddTTP is misaligned and faitisplace the water molecules at the
active site. The triphosphate is distorted and onlyBthbhosphate is directly anchored to a metal
ion, the existence of which was confirmed by the presence &f Bmmalous signal. BF
polymerase adopts an intermediate O helix conformation.

ddTTP<dT complex Similar to the ¥G mismatch structure, ddTTP of theTTmismatch
is also displaced toward the base-pair major groove and tharseisond water molecule bound
between the anchored water and the ddTTP base ring (Figure $*3Eadopts a wobble base
pair by forming two inter-base hydrogen bonds and two water-mediate@dtions (Figure 5-
5F). The incoming nucleotide is misaligned for chemistry. &herno metal bound to the
distorted triphosphate and there is a layer of water moleatilé®e active site, the structure of
which was remodeled compared with that for the ddd3’complex (Figure 5-5 B, E). The BF

polymerase adopts an intermediate conformation.

99



Figure 5-5 Comparison of ddTTPdG and ddTTPedT complexes with cognate base pair
complexes.

A and B, two views comparing the ddTid& complex (pink) with the dCT™EG complex
(gray). In the ddTTP complex,*G forms a wobble base pair, the O helix does not fully close,
and the nucleotide triphosphate is misaligned for chemistrowa emphasize structural
differences). ddTTP fails to displace the water layahatactive site (shown as red spheres). C,
ddTTP forms extensive interactions at the active site. D gntlv& views comparing the
ddTTPdT complex (green) with the ddAPET complex (gray). Arrow indicates the failure of
the O helix to close. ddTTP forms a wobble pair with the templatand is displaced toward the
base pair major groove. There is a water layer in betwe#re ddTTP and the polymerase. The
triphosphate conformation is distorted and fails to bind a nieta(lack of anomalous signal
from the Mrf* present in the crystallization solution). F, ddTTP formemsive interactions at
the active site. The base pair parameters of both misesagrk dramatically distorted from those
of the cognate base pairs captured at the same positiole G-2). Md" ions (green or gray) are
shown as spheres.
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Discussion

Novel nucleotide binding mode Structures of up-side-down ddGTP and rCTP paired
with template dG captured prior to chemistry reveal a nevdeatide binding mode. Instead of
the cis glycosidic bond orientation observed previously for nudestibound at the BF
polymerase insertion site, the incoming nucleotide can assuraasadrientation with regard to
the template base and still form stable interactiotiseaictive site which allows the structures to
be captured crystallographically. These aberrant binding mwdpsDNA polymerase at non-
productive conformations and the nucleotide is misaligned for incatipor

Non-productive states are inter-convertibi&tructures of rCTRIG [27] and ddTTRIG
[79] complexes have been captured previously under slightly eliffexxperimental conditions.
BF polymerase shifts between two non-productive states iprésznce of the same nucleotide
substrate and DNA duplex: a more open intermediate when cryséasits soaked in cryo-
protecting solution with sucrose and a more closed intermeditteutvsoaking. In addition to
the two different non-productive enzyme conformations, the weatgtsres are also remodeled
under different experimental conditions (Figure 5-6). These olgmrgaindicate that the
energetic differences between the non-productive statdikelgeto be small and are consistent
with the hypothesis of conformational interconversions on the polymerasemngaathway [73].

Ensemble of binding sites By comparing the observations from this study with the
structures determined previously of BF polymerase with migmeat [79, 101] and incorrect
sugar substrates [27], a consistent picture emerges degptbtit DNA polymerase creates an
ensemble of non-productive binding sites consisted of intermediateliX® domformations
between the open and closed states and active site water el are failed to be displaced.
Both the polymerase conformation and the water structure camioeleled by DNA polymerase

active site residues and the nature of the incoming nucleotide sufSigate 5-7).
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Figure 5-6 Comparisons of rCTRdG and ddTTPedG complexes captured under different

experimental conditions.
A,B Two views comparing rCT9IG captured in the presence (salmon) and absence (blue) of

cryo-protecting solution. C,D Two views comparing dd¥d@ captured in the presence (green)
and absence (pink) of cryo-protecting solution.
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Figure 5-7 Superposition of structures of BF polymerase.
Superposition of structures of BF polymerase highlighting the cmafttonal ensembles (A) and
water structure remodeling (B).
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Methods

Protein preparation -D598A/F710Y mutant BF was used to obtain closed form ternary
complexes of BF polymerase, DNA duplex, and incoming nucleotide atéostr the insertion
site prior to chemistry. D598A is a surface mutation thedtabilizes a crystal contact thereby
favoring the closed state in the crystal [62]. F710Y fatdis incorporation of a 2'3'-
dideoxynucleotide chain terminator which prevents further inconporand therefore traps
ternary complexes before chemistry [27, 94]. This mutamitepn was expressed and purified as
described [27].

Crystallization of nucleotide substrates and DNA complexe3ligonucleotides were
synthesized by Midland Certified Reagent Co. (Midland, TX) at GF grade NBX5)-ddG TP,
BF-DNA(dG)-ddTTP, and BF-DNA(AT)-ddTTP ternary complexes everystallized using the
same primer (5CCTGACTC-3) and different templates (EATGGGAGTCAGG-3, 5-
CATGAGAGTCAGG-3, and B3CATTAGAGTCAGG-3, respectively). The template is
designed such that ddNTP is first incorporated into the primeergiinus opposite of a
complementary template base by BF polymerase to preventrfeetadysis. The ddNTP is then
trapped prior to chemistry to form desired mismatched base tpidie ansertion site. BF-DNA-
rCTP«dG ternary complex was crystallized usingCE&TGACTGC-3 as primer (pre-
synthesized dideoxynucleotide terminus traps the rCTP complext@rtvemical incorporation)
and the same template as for the BF-DNA(dG)-ddGTP complexpiliner and template strands
were annealed as described [40]. Ultrapure ddNTP and rCTe puechased from USB Co.
(Cleveland, OH). Protein, primer-template duplex (protein:DNA, anofar ratio), nucleotides
(ddNTP or rCTP, 10 mM; M3 or Mr#*, SQ% salts, 20 mM) were incubated (1hr, room

temperature). The complexes were then crystallized as descréxéouysty [40].
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Diffraction data collection— ddGTP+dG, ddTTP+dG, and ddTTP<dT crystals were flash
frozen in liquid nitrogen directly out of the crystallizatioropr rCTP+dG crystals were frozen
after a three-step cryo-protecting procedure containing iatescribed previously [79]. The
crystals grown in the presence of ¥Mgr Mr** were first transferred into stabilization solution
supplemented with rCTP (55% saturated {NGIO,, 80 mM MES pH 7.3, 10 mM rCTP, and 20
mM MgSQ, or MnSQ, respectively) for 5 min. They were then transferred indbiktation
solution with 10% sucrose added (soak for 5 min) before tnaadfénto stabilization solution
with 20% sucrose added (soak for 24 hrs at 17 °C). Date eadtected at SIBYLS and SER-
CAT beamlines.

Data processing and structure determinatiorAll crystals belong to the space group
P22,2, and contain two molecules in the asymmetric unit. Diffoacctiata were processed using
XDS [104]. ddGTP+dG, ddTTP«dG, and ddTTPdT crystals haveirigs and the reflections in
shells (2.28-2.22 A; 1.948-1.888 A) were excluded. ddGTP-dG, ddTTP-dG, dil;TRed
rCTP«dG-Md" structures were determined using 2HVI [62] as the startindel as described
[27]. Fully built and refined structure of rCTP«dG-Mgomplex with water molecules removed
was used as the starting models for its*Mepunterpart. Free reflections were generated in
XDSCONYV [104] by combining inherited free reflections from thimrting model and 5%
randomly selected reflections beyond the resolution of thengtartodel. Data and refinement
statistics are presented in Table 5-1. Composite omit magsgeeerated in CNS [110]. Figures
and superpositions @Catoms of BF residues 646-655, 823—-838, and 863-869 were used) were

prepared in PyMOL (Schrodinger, LLC.).
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Chapter 6 Summary and future direction

Summary

High-fidelity DNA polymerase replicates the genome witimarkably high accuracy.
Yet, base-pair mismatches do occasionally arise leading toasanis mutagenesis. In this
dissertation, examples of both accurate and mutagenic replidedive been observed using X-
ray crystallography at the active site of a model systnstiidying DNA replicationBacillus
DNA polymerase | large fragment. The series of high-tégoml structures of base-pair
mismatches and incorrect sugar substrates bound to fiddligy fites of BF polymerase
collectively illustrate a unified picture of nucleotide esgivity by DNA polymerase to ensure
genome integrity.

Base pairs with cognate base-pair shape and size promote cfabgd O helix
conformation and are aligned properly at the active sitecliemistry. These include all four
cognate base pairs and a CeA mismatch that can mimic the shapeeaofdcegnate base pairs.

In contrast, incorrect sugar substrates and mismatches argynesiadit a number of non-
productive conformations which prevents the misincorpation of thesecognate nucleotides.
Central to the nucleotide selection mechanism is that incauvbstrates trap the polymerase at
additional O helix conformations intermediate between the open lasddcstates creating an
ensemble of binding sites that misalign non-cognate nucleotidater\Wediated interactions,
absent in the fully closed state, play an important rolermdgon of these binding sites, and can
be remodeled to accommodate different non-cognate substrates.

Given the common presence of large scale DNA polymeraseromatfonal changes and
utilization of the same catalytic mechanism, these observations anohiplasations are likely to

be extended to other high-fidelity DNA polymerases as well.
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Future direction

Recently, a ®T mismatch bound at BF polymerase insertion site was captuingih
adopts a near-cognate shape, providing another example of how mutagsdicetion occurs.
Comparisons between the structure offGnismatch with that of a cognatee A show that the
two complexes are almost identical (Figure 6-1; Table 6-1). G4le mismatch adopts a near-
cognate shape and is properly aligned at the active sitbdanistry. Base-pair parameters of the
GeT mismatch are close to the average values of cognatepbasecaptured at the same site
(Table 6-2). BF polymerase is fully closed and the wagarlat the active site is displaced. This
complex was captured in the presence of*Mihe existence of which was confirmed by
anomalous signal (Figure 6-1C).

Although a wide range of incorrect nucleotide substrates have bptamed so far at the
high-fidelity BF DNA polymerase active site, future et to capture more examples of
mismatches and lesions under both accurate and mutagenic expdrooedi#ons would be of
interest. Additional structures may add more intermediatéoooations to the current ensemble
and reveal novel nucleotide binding modes that haven’'t been seeWgepredict that new
complexes are still likely to fall into the same generdlesne of DNA polymerase substrate
selectivity mechanisms. Some unstable and transient nuclebtiiigng modes and DNA
polymerase conformations may not be captured using traditionay Xrystallographic method.
New experimental approach might be developed to fully charaet&NA polymerase, the

sophisticated replication machinery.

107



Figure 6-1 Comparisons of GT mismatch and cognate AT base pair at the insertion site

A, B, Two views showing the superimposedTGnismatch (magenta) on cognateTAbase pair
(gray). The two structures are almost identical. C, Composiiemap of the GT base pair
(gray mesh, at 1level). Anomalous map of the Mis also shown (red mesh, at@).0
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Table 6-1 Crystallographic data collection and refinement statistics

ddGTP+dT (n)

Data collection

Wavelength 1.0000
Resolution (A) 50-1.60
Outer shell (A) 1.69-1.60
Reym (%) 4.5(50.4)
I /ol 21.3(3.6)
Completeness (%) 92.1(100)
Redundancy 5.7(5.6)
Refinement
Resolution (A) 30.1-1.60
No. reflections 179457
Ruork / Reree 17.8/20.1
No. non-hydrogen atoms
Total 11846
Solvent 1590
B-factor 30.0
R.m.s. deviations
Bond lengths (A) 0.006
Bond angles’} 1.103

Table 6-2 Base pair parameters at the insertion site

Base pair  Aprime(®)*  Memplard®)? dc(l’}'&) Shear(A)  Stretch(A) Stagger(A) Buckip( Propellerf) Openingf)
CrI

ddGTP«dT 55.8 49.4 10.7 0.15 -0.29 -0.11 1.57 -8.37 -5.56

Watson- -

Crick® 57.8+1.8 54.7+0.9 10.6+0.1 0.0610.280.1010.05 -0.09+0.08 4.31+4.51 -6.88+3.41 1.86+0.80

# Aprimer 2Nd Mempiate @re defined as the angle between the glycosidic bond of poimtemplate
nucleotide and the line draw between thée &bms of the base pair (see inserted panel on the
right). dwycr IS the distance between the'Gitoms of the base pair. All other base pair
parameters are defined [118]. All values were calculated in 3[249].

® Average values and standard deviations over all four codraste pairs observed at the
insertion site were adapted from [101].
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Appendix A

Crystal structures of Bacillus DNA polymerase | large fragment deposited in the Protein
Data Bank (PDB)

No. of molecules in

Structure description PDB code BF mutation asymmetric unit
Sugar discrimination [27]

dCTP-dG-insertion 4DQI D598A 2
ddCTP-dG-insertion 4DQP D598A 2
rCTP-dG (Md")-insertion 4DS5 D598A 2
rCTP-dG (Mif")-insertion 4DS4 D598A 2
F710Y-rCTP-dG (M§)-insertion ADSE F710Y/D598A 2
F710Y-rCTP-dG (MA)-insertion ADSF F710Y/D598A 2
E658A-rCTP-dG(M§")-insertion 4DQQ E658A/D598A 2
E658A-rCTP-dG(MA")-insertion 4DQR E658A/D598A 2
E658A-dCTP-dG(M§) 4E0D E658A/D598A 1
rC-dG(n-1) 4DQS WT 1

CeA mismatch [101]

ddCTP-dA cognate-insertion 3PX6 F710Y/D598A 2
ddCTP-dA wobble-insertion 3PX4 F710Y/D598A 2
dCTP-dA congate-insertion 3PX0 F710Y/D598A

ddTTP-dA-insertion 3PV8 F710Y/D598A 2
ddATP-dT-insertion 3THV F710Y/D598A 2
ddGTP-dC-insertion 3TIO F710Y/D598A 2
C-A(n-1) 3TAN WT 1
C-A(n-3) 3TAP WT 1
C-A(n-4) 3TAQ WT 1
C-A(n-6) 3TAR WT 1

Ajar intermediate T «G mismatch [79

ddTTP-dG insertion 3HP6 F710Y/D598A 2
dCTP-dG insertion-ajar 3HT3 V713P/D598A 2
dTTP-dG insertion 3HPO Y714S/D329A 1

O°-methyl-guanine [62]

ddCTP-dG insertion 2HVI F710Y/D598A 2
ddTTP-OMG insertion 2HHW F710Y/D598A 2
ddCTP-OMG insertion 2HVH F710Y/D598A 2
O°MG pre-insertion 2HHX WT 1
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T-O°MG(n-1) 2HWS3 WT 1
T-O°MG(n-2) 2HHV WT 1
T-O°MG(n-10) 2HHQ WT 1
C-O°MG(n-1) 2HHU WT 1
C-O°MG(n-2) 2HHT WT 1
C-O°MG(n-10) 2HHS WT 1
Benzolu]pyrene [63]

C-Benzopyrene-G{1) 1XC9 WT 1
Aromatic amine adduct [64]

G-AF-pre-insertion 1UAO0 WT 1
C-G-AF(n-1) 1UAL WT 1
Mismatches after incorporation [61]

A-A(n-1) 1NK5 WT 1
C-T(n-1) 1INJZ WT 1
C-T(n-2) 1INKE WT 1
G-A(n-1) 1NK7 WT 1
T-T(n-1) INJY WT 1
G-T(n-3) 1NK9 WT 1
G-T(n-4) 1NKB WT 1
G-T(n-6) 1INKC WT 1
A-G(n-1) 1NKO WT 1
C-C(n-1) 1NK6 WT 1
G-G(n-1) 1NK4 WT 1
G-T(n-1) INJW WT 1
G-T(n-2) 1NK8 WT 1
T-G(n-1) INJIX WT 1
8-oxoguanine [65]

8ox0G-pre-insertion 1U45 WT

C-8oxo0Gh-1) 1U47 WT 1
C-8ox0Gh-2) 1U48 WT 1
A-8oxoG(n-1) 1U49 WT 1
A-8oxoG(n-3) 1U4B WT 1
Processive DNA synthesis [40]

9bp 1L3S WT

10bp 1L3T WT
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11bp 1L3U WT 1
12bp 1L5U WT 1
15bp 1L3V WT 1
dCTP-dG 1LV5 D329A 2
Visualizing DNA replication [60]

9bp 2BDP WT 1
10bp (ddT-dA) 3BDP WT 1
11bp 4BDP WT 1
BF apo structure [28]

Apo IXWL/1BDP | WT 1
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