DNA ligase

Dynamics of phosphodiester synthesis by DNA ligase
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Ligasss ars assentlal actors In DNA replication, recombination, and
repalr by virtua of thlr ability to seal breaks In the phesphodisstar
backbone. Lgation proceeds through a nicked DMA-adenylats
Imamadiats (AppDNA), which must ba saaled quickly to avold
creating & potertisly toxic laslon. Hars, wa taks adwartags of
ligass-catalyzesd AMP-depandant Inclsien of a singk suparcalled
DHA molacuks to obsars the stap of phosphod kester synthesis In
real tima. An sxponartially distributed rumber of suparcolls was
ralaxed par succsssful Inchlon-rsealing evant, from which we
daduca tha torque-depandent ligation probability par DA s sl
Pramatura dissaciation of ligasa from nicked DNA-adenylate ac.
courted for = 109 of the observed avant. Tha sbility of ligasa ta
form a C-shapsd pratain clmp around DNA 15 a ke y determinant
of ligation probability per turn and the stabiltty of tha Iiguss
AppDHA In d rata of p

thesis by DNA Nigasa (400 s=7 Is similar 0 the high mtes af
phosphodiestar synthasts by replicatve DNA polymarases.
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he DNA ligaoes are essential guardians of genome integrity.

They seal 3'-0HS' POy DNA nicks via three dhemical steps
(Fig. 1a): i) lignse reactswith ATP for MAD} to form a cowlent
ligase—adenylate intermediate, in which AMF is linked via a
phosphoamide. (P-N) boed 1o N of a hysine oa the enzyme; (i)
AMP i trandferred from the ligee to the 5'-POy strand
0 form a DNA-adenlate interme date (AppDNAY; and (i) ligsse
caiofyze aftack by the 3'-OH af the nick on AppIINA io form a
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faron anicked DNA-aderate. This nicked I8 A-adeulate i then
resealed by forward catalyss of step 3 (16). If the garting DNA
abatrate & a covalently closed supercoiled DNA_ and if ligase
releases the 3'-OH end of the AppDNA nick before execuiing
farward step 3, the net result is incremental mpercoil reloatica.
AMP-dependent DNA sapercoil relecse is a feature of many DHA
ligases, including Excherichia colf Lig (16), T4 DNA ligase (17,
~aaccinia virus DNA ligase (15, and (as shown prosently) Chloralle
wirus DPA ligsess. This process s roughly anslogous ta the resctions
atulyasd by iypa | DNA topolsomeroses (Topl. ctcep that Tapl

on the enzyme to attack he phospho dester buckbone and p
covalent pootsin-linked DMA nick (19). The peesent single-
malecule gudies of DNA ligase provide key insghts inte nick
sealig, espeecially the prebability of sealing when torque is applied
to a nick, the infloence of protein sruchil clements on the
stahility of the ligase~AppDNA intermediate, and the rate of the
chemical step of phesphediester formation.

Results and Discussion

Ensambla and Single-Wolseule Assays of Suparceil Relaxation by DNA
Ligase. Purified CVLig relaved negatively

plasmid DNAin the presenceaf L0 mWAMP 15 generate a mistire
of partially relesd topoiscmers, fully relwed circles, and nicked
circuilar products (Fig. Ic). Mo supsrceil relaxation by CVLig was
etected when AMP was cmitted (data net shown), indicating that
the ohserved activity was not aftribotable to o contaminating
toponmarms.

phesphodiester bond and release AMP (1). Recent bioch
and crystallographic stdies have illuminated the mechanim of
mudeoticl transfer, how ligises recognize nicks as“damaged,” and
bow protein domain movements and active-dte remodeling are
used to choreograph the sequential steps of the ligation pathway (2
3. In particular, the crystal siructures of nick-bound ligases have
revealed a corserved theme whereby ligases envelope the DNA
Guplex in a C-shaped protsin clamp and elicit changes in DNA
conformation, incloding bending at the nick and the adoption of
Adform belical structure on the 3.0H side of tbe nick (4-6).
Chioeila vis CVLig)a aa)

exemplar of the ATP-dependent DN Aligas: cua. It consistsof an
N-terminal nucleotidylena mferase domain and a C-terminal OB-
fold domain. Alihough lacking the accessory domuins found in
cellular ligases, it has an intrinsic nick-sersing function and can

In the single-melecule experi 100 i aper-
helical turns were intraduoced into a 224 linear duplex DNA held
under constant tersion by a magnetic rweezer e Materials and
Mathads, Fig. 1d, and supporting information (ST Fig. 51a]. Info-
sion of 6 nM CVLig, 5 mbd bgCl, and 10 mbi AMP into the
rcacion chamber <liited o aepvise increas in DNA ccesion
I’I e, the

in el time (Fig 1d), where each sicp is the relt o(a nnglo

igaticn cycle. The s
o n.g.gbb probability becase the delay between successive
sieps (typically ~1 mir; Fig. 1d) largely evceods their duration
{picu ~ 01 5 s Fig ). The tcursence af sacecsaie ceavage!
religation cycles by the sme enzyme scparated by a short enough
pause that they appear s  sngle sbepcannoun:lc(l} be encluded.
in view of the

smstain mitotic growih, encision repair, and homak end
joining in budding yeastwhen it i the only ligase present in the cell
7-10), Accordingly, CVLig has proven to be an instrustive model
systemn for mechanistic and structaral studies (11-15), For example,
the atomic stroctare of the CVLig-AMP intermediate. bound to
duplex DNA with 5 3 -OHS PO, nick highlighted the key role of
a g-hairpin “latch™ medule emanating from the OB domain in
forrning the C-shaped protein-DMA damp (6) (Fig. 15).

The least undersocd phase of nick sealing is phospho dester
bond synibesis (sep 3in Fig. 1), Here, we we CVLigin the context
of single-malecule nanomanipulation to directly analyze the kinet-
ics and DMA dynamics of phosphodiester bond formation by a
ligase—AppDMA complex farmed dn sifte on a linear DNA. Our
sngl-melecule experiments take acvantage of the microsscpic
revemsibility of sep 3 of the ligation reaction, whereby ligase can
catalyze atrack of AMP on the DA phosphodieser baddbone to
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DNA ligase - control
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Step size distribution

Global distribution
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Step size distribution
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DNA ligase

Magnet rotation

Magnet rotation
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DNA ligase
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DNA ligase
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DNA Spercoiling
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DNA Spercoiling
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Magnetic tweezer

Magnet rotation:
adjustment of ALk
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Distribution of intermediate step sizes ? LS R
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K29A mutant
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Ligation Fraction of
Force, Average step probability dissociation
Enzyme PN size = SEM per turn, % events

WT 0.5 8.3 = 0.6 12 18/174 (10%)
0.75 10.7 = 1.0 9 13/123 (11%)

1 10.2 = 0.8 10 12/128 (9%)

1.5 11.7 £ 1.0 9 10/113 (9%)
2 14.0 = 1.2 7 16/94 (17 %)

3 18.6 = 1.5 5 5/60 (8%)

K27A 1 54+04 19 17/204 (8%)
Alatch 1 43 + 16 2 13/25 (52%)




ﬁ Salt dependent

AMP + PPi °

Kd, ligation time etc..




