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a (molecular) recording device inside each neuron
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Bandwidth: (1 bit / 1 ms / neuron) x (1e8 neurons) = 100 gigabit / s

to read out a mouse brain at 1 bit per ms per neuron in real time

readout of information stored in biomolecules can be arbitrarily slow

Power: CMOS bit switching at 1000 Hz consumes more energy than a neuron
                 molecular recorders are much more efficient

ultimate limit:                      kT x log(2) per bit x 1000 bps       3e-18 W

practical limit for electronics: 40 kT per bit x 1000 bps       1e-16 W

current CMOS:        ~1e6 worse than the 40 kT per bit limit  ~1e-10 W 
                                            1fF x (1V)^2 x 1000 Hz        1e-12 W                      
1 neuron:                           (1e8 ATP / spike) x 100 Hz        5e-10 W  
                   (25W / human brain) x (1 human brain / 1e11 neurons)    2.5e-10 W

ATP consumption at 2000 Hz:  2000 Hz x (5e-20J / ATP)    1e-16 W

vs.bio electronic
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(1000 nt/sec) x (1e8 neurons) x  60 sec / (3e9 nt per human genome)

~ 

2000 human genomes for minimal 1 minute whole mouse brain recording 

need sequencing technology commensurate with zero-cost personal genomics

Kording 2011

DNA facts:
0.3 nm / base-pair
3e6 bp of dsDNA = 1 mm extended length
cell fits 3e9 bp into nucleus
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calcium as a proxy for neural firing

[Koch, Biophysics of Computation]

25 Hz

~50 Hz
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nucleic acid replication in the cytoplasm (not nucleus)?

also lots of cytoplasmic RNA viruses!

"...there is a special cytoplasmic membrane-associated transcription
system in which DNA-dependent RNA polymerase II, which co-localizes
with template cmDNA at the plasma membrane, can transcribe the
membrane-associated 171-bp α-satellite repeat sequences into RNA..."

DNA

RNA

pox-viruses: cytoplasmic replication

[calcium] varies slowly in nucleus: 
limited by diffusion and buffering
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targeting proteins just to the axon or just to the synapse

Axon Synapse
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which DNA tape comes from which neuron?

Fluorescent in-situ sequencing: slice up the 
brain and sequence using a microscope

today: in-situ hybridization next step: in-situ sequencing

(e.g., could do 3D in-situ sequencing w/ CLARITY)
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which DNA tape comes from which neuron?

Zador: DNA barcodes for structural connectome

make barcode
hop

stitch

sequence
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is timing info preserved by a polymerase?
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a possible experimental paradigm: 
nick translation + rapid stopping

pol

pol

polymerase w/ 5’-3’ exonuclease eats up all but its last few seconds of DNA recording

rapidly halt DNA synthesis at a precisely-known time: e.g. w/ opto-genetics or flash freezing

working back from 3’ end: few sec ~ few kb of recording w/ precise time-stamp

t = 1.00 s t = 1.25 s
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Q: how can we rapidly screen ion-dependent effects 
on polymerase error rates?

ideally to identify a fast, highly processive polymerase with 
calcium-dependent error probabilities of up to several % per bp

Ions-to-Errors Baby Steps

Speed max: 1000 nt/sec for E. coli pol III, 200 nt/sec for T7RNAP
Error max: 70% per base for Iota on template T
Processivity max: > 70,000 nt for phi29
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small error rates:
measured by colony counting not by sequencing

Daniel Schmidt

calcium
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measuring concentration-to-misincorporation 
transfer functions by deep sequencing

nick

nick

ddCTACCAGTATCGACAACATAAAAATAAAAG ACTGCATGACTGACTGAATCAATACTAAAA-5’
NNNNNGATGGTCATAGCTGTTGTA

5-bp  Barcode

3’  dideoxy-C

5’-

ddCTACCAGTATCGACAACATAAAAATAAAAG ACTGCATGACTGACTGAATCAATACTAAAA-5’
NNNNNGATGGTCATAGCTGTTGTATTGTGATTTTG TGCCGTACTAACTGACTTAGTTATGAGTTT5’-

Error-Prone  Primer  Extension
Followed  by  Salt  Correction

Adapter  Ligation

PCR  Primer  Addition

Strand-Specific  PCR

Pooling,  Cleanup,
150-bp  Paired-End  Deep  Sequencing

ddCTACCAGTATCGACAACATAAAAATAAAAG ACTGCATGACTGACTGAATCAATACTAAAA
NNNNNGATGGTCATAGCTGTTGTATTGTGATTTTG TGCCGTACTAACTGACTTAGTTATGAGTTT5’-

^

Partial
PEA1

Partial  PEA2

ddCTACCAGTATCGACAACATAAAAATAAAAG ACTGCATGACTGACTGAATCAATACTAAAA
NNNNNGATGGTCATAGCTGTTGTATTGTGATTTTG TGCCGTACTAACTGACTTAGTTATGAGTTT5’-

NNNNNGATGGTCATAGCTGTTGTATTGTGATTTTG TGCCGTACTAACTGACTTAGTTATGAGTTT5’-
NNNNNCTACCAGTATCGACAACATAACACTAAAAC ACGGCATGATTGACTGAATCAATACTCAAA

^

Data  Analysis

Full  PEA1 Full  PEA2

-5’

-5’

-5’

with Brad Zamft
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measuring concentration-to-misincorporation 
transfer functions by deep sequencing
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Dpo4 (manganese)

with Brad Zamft
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resolving details of polymerase mis-incorporation

with Brad Zamft
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big problems with Dpo4

• Slow (~ 1 nucleotide per second)

• Non-processive

• Manganese (or pH) not Calcium
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phi29 DNAP

• ~ 50 nt/sec

• processive (~ 70,000 nt)

• must engineer calcium sensitivity

rolling-circle amplification
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crude long-read “sequencing” methods for ticker-tapes

NabSys: “hybridization-assisted” 
nano-pore sequencing

DNA combing &
fluorescence microscopy

meniscus-combed 
48 kbp lambda dsDNA
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simulating long-read sequencing with short-read sequencing

key ideas:

1) dilution
2) barcoding
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sequencing below the intrinsic error rate of the sequencer

uses redundant 
reads of same 
molecule for 
error-correction
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