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Central DogmaCentral Dogma





Semi-conservative replicationSemi-conservative replication

Copy each parental ssDNA strand

        two daughter dsDNA strands



DNADNA  is synthesized in 5is synthesized in 5’’ to 3 to 3’’ direction only direction only

OH OH

OH



Synthesis in 3Synthesis in 3’’ to 5 to 5’’ direction does direction does

not allow fornot allow for  error correction error correction 

OH

OH



Asymmetry at the replication forkAsymmetry at the replication fork

Adapted from Purvis et al., ‘Life: the science of biology’



A generalized view of the replication forkA generalized view of the replication fork



Formation of a replication loopFormation of a replication loop





QuestionsQuestions

1) Is length Okazaki fragments regulated?

2) What triggers primer synthesis (and subsequent Okazaki fragment synthesis)?

3) How is continuous leading-strand synthesis coupled with discontinuous

synthesis on lagging strand?

Need to obtain timeline of (transient) events during replication cycle

Single-molecule studies



The The bacteriophage bacteriophage T7T7
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The The bacteriophage bacteriophage T7 T7 replisome replisome as a model systemas a model system

gp4: hexameric protein, encircling ssDNA

containing both 5’-3’ helicase and primase activities

gp5: DNA polymerase, needs E.coli thioredoxin

as cofactor to be processive

gp2.5: ssDNA-binding protein



The The bacteriophage bacteriophage T7 T7 replisomereplisome



Flow stretching DNA moleculesFlow stretching DNA molecules
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Flow stretching DNA moleculesFlow stretching DNA molecules



Particle trackingParticle tracking

Bead positions can be found with high accuracy by fitting

individual images with Gaussians

 gives DNA length with

      10 nm precision



Force calibrationForce calibration

Obtain force through equipartition theorem: F = kBT L/< x2>

Displacement of bead perpendicular to stretching force



Drag force vs. extension of individual Drag force vs. extension of individual DNAsDNAs
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dsDNA extension described

by Worm-Like Chain model:



Elastic properties

ss, ds DNA different

For Fstretch < 6 pN:

lss < lds 

Observing Observing ssDNA        dsDNA ssDNA        dsDNA conversionsconversions

(see also Wuite et al., 2000, and Maier et al., 2000)



x

flow

Full-length dsDNA



Single Single  exonuclease  exonuclease activityactivity

van Oijen et al., Science 301 (2003) pp. 1235-8



T7 DNA polymeraseT7 DNA polymerase

ssDNA  dsDNA:

DNA polymerase

activity observable

as lengthening of DNA



T7 DNA polymeraseT7 DNA polymerase



How fast?      Rate distribution

Every datapoint is average rate of single enzyme:

Gaussian distribution (central limit theorem)

Average rate = 220 ± 80 nt/s

Enzymatic rateEnzymatic rate



Enzymatic Enzymatic processivityprocessivity

How long?      Processivity distribution

Every datapoint represents single dissociation rate single enzyme:

Exponential distribution

Average processivity = 700 ± 300 nt



T7 T7 helicasehelicase

dsDNA  ssDNA:

unwinding by helicase observable as shortening of DNA



T7 T7 helicasehelicase

Two ssDNA strands

re-anneal into dsDNA

Average rate:

171 ± 11 nt/s

Average processivity:

5300 ± 600 nt

Rate much higher than measured in bulk…
(~ 70 bp/s; Patel et al.)



T7 T7 helicasehelicase

How do we measure a true single-helicase event?

Multiple enzymes in solution, multiple enzymes at fork?



Mg2+, dTTP

Preassemble

gp4 with dTTP

gp4, dTTP

Wash out free enzymes

dTTP

Single T7 Single T7 helicaseshelicases

Pre-assemble gp4 hexamers in absence of Mg2+,

wash out all free enzymes and initiate unwinding

reaction with Mg2+.



Mg2+, dTTP

Preassemble

gp4 with dTTP

gp4, dTTP

Wash out free enzymes

dTTP

Single T7 Single T7 helicaseshelicases

Average unwinding rate : 72 ± 11 bp/s



T7 T7 helicasehelicase

Unwinding rate of individual

helicases depends on

free enzyme concentration!

Presence of other helicases behind unwinding helicases

reduces kback (Brownian Ratchet) 

Speeds up unwinding (=kforward-kback)



Towards a complete Towards a complete replisomereplisome::  leading-strand synthesisleading-strand synthesis



DNA polymerase + DNA polymerase + helicasehelicase

DNA polymerase + helicase

  only replicate ‘leading’ strand;

Lagging strand will go from

  dsDNA  ssDNA:

observable as shortening of DNA



Average rate:

162 ± 36 nt/s

Average processivity:

16,000 ± 4,000 nt

DNA polymerase + DNA polymerase + helicasehelicase: T7 leading-strand synthesis: T7 leading-strand synthesis

Dramatic increase in processivity!



DNA polymerase structureDNA polymerase structure
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Basic residues in the thioredoxin binding domain (TBD) of gp5

bind to acidic C-terminal tail of gp4 helicase



Towards a complete Towards a complete replisomereplisome: : PrimasePrimase



Primase Primase activity causes pausing?activity causes pausing?

Controls:

Ribonucleotides rATP, rCTP are

necessary for primase activity

gp4’s zinc-binding domain (ZBD)

is necessary for primase activity

Lee et al., Nature 439 (2006) pp. 621-4



Both Both rATP rATP and and rCTP rCTP are requiredare required



Pause sitesPause sites  correlate with correlate with primase primase recognition sitesrecognition sites

Pause sites observed in experiment correlate well with

known primase recognition sites on lambda phage genome



Zinc-bindingZinc-binding  domain is essential for pausingdomain is essential for pausing

gp4’s zinc-binding domain (ZBD)

is necessary for primase activity

Lee et al., Nature 439 (2006) pp. 621-4



WhatWhat’’s going on?s going on?

Hypothesis:

Primase activity on the lagging strand

transiently stalls leading-strand synthesis

• Leading-strand synthesis continuous

• Lagging-strand synthesis discontinuous

• Primase activity is very slow

How does lagging-strand synthesis keep up with leading strand???



Leading- and lagging-strand synthesisLeading- and lagging-strand synthesis

Excess DNA polymerase during replication reaction

              lagging-strand synthesis

Observation: sudden lengthening of DNA

Lee et al., Nature 439 (2006) pp. 621-4



Leading- and lagging-strand synthesisLeading- and lagging-strand synthesis
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Replication loop formation!

Also, pausing is still there:

Primase acts as a

  molecular brake in replication



Leading- and lagging-strand synthesisLeading- and lagging-strand synthesis

L
e

e
 e

t a
l., N

a
tu

re
 4

3
9

 (2
0

0
6

) p
p

. 6
2

1
-4

Leading-strand synthesis:
l = kpollss - kpollds

Leading- and lagging-strand synthesis

(no loop formation):
l = (kpollss - kpollds) + (-kpollss + kpollds) = 0

Leading- and lagging-strand synthesis

(with loop formation):
l = (kpollss - kpollds) + (-kpollss + kpollds)

         l = - (kpollds + kpollss)

ssDNA helicase product dsDNA lag. DNApol product

Into loop



Leading- and lagging-strand synthesisLeading- and lagging-strand synthesis

Replication loop formation!
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Leading-strand synthesis:
l = kpollss - kpollds

Leading- and lagging-strand synthesis

(with loop formation):
l = - (kpollds + kpollss)

        slope loop formation                    lds + lss

slope leading-strand synthesis            lds - lss

=

Predicted:

1.2 (lds=0.32 nm/nt, lss=0.03 nm/nt @ 3 pN)

Measured:

1.3 ± 0.2

Both DNA pols equally fast



A molecular model for A molecular model for primase-induced primase-induced brakingbraking

1) During primer synthesis, zinc-binding domain (ZBD) interacts with

RNA-pol domain (RPD) of neighboring subunit in gp4 hexamer

(i.e., in trans instead of in cis)
(Lee, Richardson, 2002)



A molecular model for A molecular model for primase-induced primase-induced brakingbraking

2) Helicase activity is facilitated by large conformational motions in

hexamer
(Singleton et al.)

gp4: Singleton et al., 2000



SummarySummary

• Single-molecule enzymology on multi-enzyme complexes

• Helicase rate modulated by presence of second helicase

• Helicase-DNApol interaction as ball-bearing

• Primase activity on lagging strand stalls leading strand synthesis
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