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Background: DNA ligases play essential roles in DNA replication, recombination, and repair.
Results: Rapid mix-quench methods reveal the kinetic mechanism of nick sealing by a eukaryal ATP-dependent DNA ligase.
Conclusion: The rate-limiting step in ligase catalysis changes as a function of pH.
Significance: Structure-guided mutagenesis and kinetic analysis underscore distinctive enzymic requirements for the three
chemical steps of the ligation pathway.

Chlorella virus DNA ligase (ChVLig) is an instructive model
for mechanistic studies of the ATP-dependent DNA ligase fam-
ily. ChVLig seals 3�-OH and 5�-PO4 termini via three chemical
steps: 1) ligase attacks the ATP � phosphorus to release PPi and
form a covalent ligase-adenylate intermediate; 2) AMP is trans-
ferred to the nick 5�-phosphate to form DNA-adenylate; 3) the
3�-OH of the nick attacks DNA-adenylate to join the polynucle-
otides and release AMP. Each chemical step requires Mg2�.
Kinetic analysis of nick sealing by ChVLig-AMP revealed that
the rate constant for phosphodiester synthesis (kstep3 � 25 s�1)
exceeds that for DNA adenylylation (kstep2 � 2.4 s�1) and that
Mg2� binds with similar affinity during step 2 (Kd � 0.77 mM)
and step 3 (Kd � 0.87 mM). The rates of DNA adenylylation and
phosphodiester synthesis respond differently to pH, such that
step 3 becomes rate-limiting at pH < 6.5. The pH profiles sug-
gest involvement of one and two protonation-sensitive func-
tional groups in catalysis of steps 2 and 3, respectively. We sug-
gest that the 5�-phosphate of the nick is the relevant
protonation-sensitive moiety and that a dianionic 5�-phosphate
is necessary for productive step 2 catalysis. Motif VI, located at
the C terminus of theOB-fold domain of ChVLig, is a conserved
feature of ATP-dependent DNA ligases and GTP-dependent
mRNAcapping enzymes. Presteady state and burst kinetic anal-
ysis of the effects of deletion and missense mutations highlight
the catalytic contributions of ChVLig motif VI, especially the
Asp-297 carboxylate, exclusively during the ligase adenylylation
step.

ATP-dependent DNA ligases are ubiquitous in archaea and
eukarya and are widely prevalent in bacteria and viruses (1).
Their functions encompass Okazaki fragment joining, nucleo-
tide and base excision repair, homologous recombination, and
nonhomologous end joining (2). Chlorella virus DNA ligase

(ChVLig)2 is a minimized (298-amino acid) eukaryal enzyme
that has proved to be an instructive model for structural and
mechanistic studies of the ATP-dependent ligase family (3–8).
ChVLig consists of three structural domains, nucleotidyl-

transferase (NTase), OB-fold, and latch, which envelop the
nicked DNA as a C-shaped protein clamp (see Fig. 1A) (8). The
N-terminal NTase domain (amino acids 1–189), which per-
forms the chemical steps of ligation, binds the major groove
flanking the nick and theminor groove on the 3�-OH side of the
nick (see Fig. 1A). TheNTase active site is composed of a cage of
� strands and interstrand loops that include six peptide motifs
(I, Ia, III, IIIa, IV, and V) that define the covalent nucleotidyl-
transferase superfamily (DNA ligases, RNA ligases, and mRNA
capping enzymes) (9). Motif I (25TPKIDGIR32 in ChVLig) con-
tains the lysine (Lys-27) to which AMP becomes covalently
linked in the first step of the DNA ligase reaction (see Fig. 1B)
(6). Amino acids in motifs I, Ia, III, IIIa, IV, and V contact AMP
or theDNAnick and play essential roles in the ligation pathway
(see Fig. 1B) (4–6, 10–13).
The C-terminal OB domain of ChVLig, composed of a five-

strand antiparallel � barrel and an � helix, engages the DNA
minor groove on the face of the duplex behind the nick (see Fig.
1A). The OB domain also makes functionally important con-
tacts to amino acids in the NTase domain surrounding the
ligase active site, e.g. the salt bridge from Arg-285 in the OB
domain to Asp-29 in motif I of the NTase domain (see Fig. 1B)
(13). The latch module, consisting of a � hairpin loop (amino
acids 203–231) that emanates from the OB domain, occupies
the DNA major groove flanking the nick. Residues at the tip of
the latch contact the NTase domain to close the ligase clamp.
An extensive structure-guided mutational analysis of ChV-

Lig has illuminated the contributions of the amino acid side
chains that (i) directly promote catalysis of one or more of the
chemical steps in the ligation pathway; (ii) comprise the
extended ligase DNA footprint and make atomic contacts with
the 3�-OH and 5�-phosphate strands or the continuous tem-
plate strand; (iii) elicit conformational distortion of the DNA in
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the vicinity of the nick; and (iv) form or stabilize the ligase
clamp. Such studies have employed in vivo and in vitro readouts
of the composite ChVLig nick sealing activity, plus biochemical
assays of isolated steps in the ligase pathway (3–14).
A recent innovation to the functional analysis of DNA liga-

tion is the application of rapid mix-quench methods to study
the transient state kinetics of nick sealing by preformed ligase-
adenylate (13–16). As implemented for ChVLig (13, 14), the
observed rate profiles fit well to a unidirectional scheme of DNA
adenylylation (step 2, Lig-AMP�pDNA3 Lig�AppDNA) and sub-
sequent phosphodiester synthesis (step 3, Lig�AppDNA 3
Lig�AMP�DNApDNA), with allowance for reversible branching
of Lig�AppDNA to an “out-of-pathway” state (e.g. Lig �
AppDNA) (13). The observed step 2 and step 3 rate constants
(kstep2 and kstep3) for wild-type ChVLig were 2.4 s�1 and 24 s�1,
respectively (14). Thus, the attack of the nick 3�-OH on
AppDNA is an order of magnitude faster than the formation of
AppDNA. Similar single-turnover kinetic studies have been
performed for humanDNA ligase I (HuLig1) (15) and bacterio-
phage T4 DNA ligase (16), yielding rate constants as follows:
HuLig1 (kstep2 2.6 s�1; kstep3 12 s�1) and bacteriophageT4DNA
ligase (kstep2 5.3 s�1; kstep3 38 s�1). It would appear that diverse
ATP-dependent DNA ligases have similar kinetic properties
with respect to steps 2 and 3. Kinetic analysis of nick sealing by
a large collection of ChVLig mutants revealed the quantitative
contributions of individual functional groups to step 2 and step
3 catalysis and, in some instances, a selective negative impact of
mutations on step 3 versus step 2 or vice versa (11, 13, 14).

The aims of the present study were two-fold. First, we sought
to determine the effects of varying the divalent cation concen-
tration and the pHon the rates of steps 2 and 3 and thereby gain
insights to the catalytic mechanism. At least one magnesium
ion is needed for each of the three steps of the composite liga-
tion reaction.A two-metalmodel for step 1 ligase-adenylylation
has been proposed, wherein one Mg2� is coordinated by the �
and � phosphates of the ATP substrate and another “catalytic”
Mg2� engages the ATP � phosphate to stabilize the transition
state of the step 1 reaction (17). The crystal structure ofT4RNA
ligase 1 bound to AMPPNP and two metal ions is consistent
with this idea (18). Whereas the noncatalytic Mg2� is likely to
exit with the PPi leaving group after step 1 is completed, it is
reasonable to think that the single catalytic metal ion remains

bound to ligase and the AMP phosphate during catalysis of
steps 2 and 3. The available evidence is that the catalytic metal
ion is coordinated at every step by the invariant essential car-
boxylate side chain of motif IV (161EGVMI in ChVLig) and, at
least during steps 2 and 3, by the motif I aspartate (27KxDG in
ChVLig) (5, 10). The motif IV Glu-161 side chain and the AMP
phosphate coordinate a lutetium ion in the crystal structure of
ChVLig(D29A)-AMP (6). The motif IV glutamate, the motif I
aspartate, and the AMP phosphate together coordinate a zinc
ion in the crystal structure of Mycobacterium tuberculosis
LigD-AMP (19). In the crystal structure ofChVLig-AMPbound
to nicked DNA, a water molecule (coloredmagenta in Fig. 1B)
occupies the putative catalytic Mg2� site, wherein it is coordi-
nated bymotif IVGlu-161,motif I Asp-29, theAMPphosphate,
and the nick 3�-OH (8). Mg2� in this position would be well
poised to stabilize the transition state of the AMP phosphate
during step 2 DNA adenylylation and to activate the 3�-OH
nucleophile during step 3 phosphodiester synthesis. We were
especially interested in the effects of Mg2� concentration in
light of the report that limitingMg2� changes the rate-limiting
step for nick sealing by HuLig1 in such a way as to potentially
compromise genome stability (15). It has been appreciated for
more than 40 years that acidic pH conditions favor the detec-
tion of otherwise fleeting 5�-adenylylated polynucleotide spe-
cies in reactions of DNA and RNA ligases at 5�-phosphate ends
(20–22). Here, we conducted a systematic analysis of the effects
of pH on the rates of the chemical steps that places this phe-
nomenon on firmer mechanistic grounds.
Second, we interrogated the role of nucleotidyltransferase

motif VI (located at the C terminus of the OB domain of ChV-
Lig) during the three-step ligation pathway. Motif VI (typically
RxDK) is a shared feature of the OB domains of ATP-depen-
dent DNA ligases and GTP-dependent mRNA capping
enzymes (Fig. 2A).Motif VI arginine and lysine side chains con-
tact the � and � phosphates of the GTP substrate in the crystal
structure of Chlorella virus capping enzyme (Fig. 2B), and this
interaction orients the PPi leaving group apical to the attacking
motif I lysine during the step 1 enzyme nucleotidylation reac-
tion (23). Alanine mutations of the motif VI arginines, lysine,
and aspartate residues eliminate capping enzyme activity in
vivo (24, 25) and capping enzyme-GMP adduct formation in
vitro (25). Although it is thought that motif VI plays an analo-

FIGURE 1. Structure and active site of ChVLig-AMP bound to nicked DNA. A, ChVLig-AMP is shown as a ribbon trace bound to nicked DNA, which is rendered
as transparent surface over a stick model (Protein Data Bank code 2Q2T). The ChVLig NTase, OB, and latch domains are colored cyan, beige, and magenta,
respectively. B, Stereo view of the active site of ChVLig-AMP bound at a nick. The terminal dinucleotides of the 3�-OH and 5�-phosphate strands are shown as
stick models with gray carbons. Atomic contacts to the lysyl-AMP, the nick 3�-OH, 5�-phosphate, and penultimate phosphodiester are depicted as dashed lines.
Two waters are depicted as green and magenta spheres. The water proposed to mimic a catalytic Mg2� is colored magenta. The metal-binding Asp-29 (motif
I) and Glu-161 (motif IV) side chains are highlighted as stick models with cyan carbons.
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gous role in step 1 of the DNA ligase pathway (14), no structure
of a productive Lig�ATP complex is available for DNA ligases to
affirm this idea. In the ChVLig-AMP and ChV-AMP-DNA
crystal structures, the C-terminal residues of the motif VI pep-
tide (which follows the last � strand of the OB domain; Fig. 2)
are disordered (6, 8). Yet, we do know that the OB domain of
ChVLig-AMP undergoes a large rigid-body rotation during
DNA binding and clamp closure that places the C terminus
(and motif VI) well away from the DNA (6–8). Motif VI is
ordered and located far away from theDNA in the crystal struc-
tures of DNA-bound HuLig1 and HuLig3 (26, 27). Here, we
tested a series of motif VI mutations for their impact on nick
sealing by ChVLig under transient state and steady state condi-
tions and on ligase adenylylation.

EXPERIMENTAL PROCEDURES

Recombinant ChVLig—Wild-type and mutant ChVLig pro-
teins were produced in Escherichia coli and purified from solu-
ble bacterial lysates by nickel-agarose chromatography and
phosphocellulose chromatography (4). The purity and concen-
tration of the ChVLig preparations were determined as
described previously (12, 13). The detailed methods and purity
data are provided in supplemental Fig. S1.
Ligase Assay—Reaction mixtures (10 �l) containing 50 mM

Tris-HCl (pH 7.5), 5 mM DTT, 10 mM MgCl2, 1 mM ATP, 1
pmol of 32P-labeled singly nicked 36-bp duplex DNA substrate
(Fig. 3; prepared as described (28)), and wild-type or mutant
ChVLig as specified were incubated for 10min at 22 °C. Single-
turnover nick ligation mixtures lacked exogenous ATP. The
reactions were initiated by the addition of ChVLig and
quenched by the addition of 10 �l of 90% formamide, 40 mM

EDTA. The samples were heated at 95 °C for 5 min. The prod-
ucts were resolved by electrophoresis through a 15-cm 18%
polyacrylamide gel containing 7 M urea in 45 mM Tris borate,
1.25 mM EDTA. The extents of ligation were determined by
scanning the gel with a Fujix BAS2500 imager. Ligation was
plotted as a function of input ChVLig, with each datum being
the average of three separate enzyme titration experiments.

The specific activities of the wild-type and mutant ligases in
ATP-dependent nick sealing were determined from the slopes
of the titration curves in the linear range of enzyme depend-
ence. The activities of the mutant ligases were normalized to
the specific activity of wild-type ChVLig protein (defined as
100%) thatwas purified in parallel with thatmutant and assayed
in parallel using the same preparation of radiolabeled DNA
substrate. The concentrations of preformed Lig-AMP in the
enzyme preparations were determined from the slopes of the
titrations curves obtained in the absence of added ATP.
Transient State Kinetic Analysis of Nick Sealing—A Kintek

RQF3 rapid chemical quench apparatus was used to assay the
reaction of nicked DNA with a 10-fold molar excess of pre-
formed Lig-AMP at 22 °C in the absence of added ATP, with
reaction times in the range of 0.1 to 5 s. Where applicable,
longer reaction times were assayed manually. The reaction
mixtures contained 50 mM Tris-HCl (pH 7.5), 5 mM DTT, 10
mMMgCl2, 500 nMwild-type Lig-AMP, and 50 nM 32P-5�-nick-
labeled DNA substrate. The rapid kinetic measurements were
initiated by mixing two solutions (20 �l each) of 50 mM Tris-
HCl (pH 7.5), 5 mM DTT, 10 mM MgCl2, containing 100 nM
nicked DNA substrate and 1 �M ChVLig-AMP, respectively.
The reactions were quenched by rapid mixing with 110 �l of
90% formamide, 50mmEDTA. The products were analyzed by
urea-PAGE, and the distribution of 32P-labeled DNAs (as
sealed 36-mer DNA product, 18-mer AppDNA intermediate,
and residual 18-mer pDNA substrate) was quantified by scan-
ning the gels with a Fujix BAS2500 imager.
Multiple Turnover Burst Kinetics—The reaction mixtures

contained 50mMTris-HCl (pH 7.5), 5 mMDTT, 10mMMgCl2,
1 mM ATP, and 50 nM 32P-5�-nick-labeled DNA substrate. The
levels of input wild-type or mutant ChVLig were adjusted to
attain 12.5 nM preformed Lig-AMP. The rapid kineticmeasure-
ments (in the range of 0.1 to 5 s) were initiated by mixing two
solutions (20 �l each) of 50 mM Tris-HCl (pH 7.5), 5 mM DTT,
and 10mMMgCl2 that contained 100 nMnickedDNA substrate
plus 2 mM ATP (solution 1) and ChVLig (solution 2), respec-
tively. Longer reaction times were assayed manually. Control
reactions lacking ATP were performed in parallel. The products
were analyzed by urea-PAGE and quantified as described above.

RESULTS AND DISCUSSION

Mg2� Dependence of Rates of DNA Adenylylation and Phos-
phodiester Synthesis—A rapid chemical quench apparatus was
used to assay the reaction of nicked DNA (Fig. 3) with a 10-fold
molar excess of ChVLig-AMP in the range of 0.1 to 5 s reaction
times. Longer time points were assayedmanually, as warranted.
Under our standard reaction conditions of 10 mM Mg2�, the
AppDNA intermediate peaked at 0.1 s and declined thereafter
concomitant with the accumulation of the sealed DNA end
product; the reaction in 10mMMg2� was complete within 2.5 s
(supplemental Fig. S2). Increasing the Mg2� concentration to
20 mM or decreasing it to 5, 2, or 1 mM had little or no effect on
the kinetic profile (supplemental Fig. S1). Further decrements
in Mg2� concentration to 0.1, 0.05, and 0.02 mM resulted in a
slowing of the sealing reaction (reflected in the different x axis
scales in the graphs in supplemental Fig. S1), but no marked
change in the peak level of the AppDNA intermediate or the

FIGURE 2. Nucleotidyltransferase motif VI. A, the amino acid sequence of
motif VI (highlighted in the shaded box) and the preceding OB-fold � strand of
Chlorella virus DNA ligase (ChV) is aligned with the corresponding segments
of bacteriophage T7 (T7) ligase, vaccinia virus (Vac) ligase, human ligase I
(Hu1), human ligase III (Hu3), and human ligase IV (Hu4). The C-terminal
sequences of the ChVLig motif VI mutants studied presently are shown below
the alignment. B, the figure depicts the atomic contacts of the canonical motif
VI side chains with the � and � phosphates of GTP in the crystal structure of
Chlorella virus capping enzyme (ChVCE) (23).
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extent of nick sealing at the reaction end points (Fig. S2). By
contrast, no AppDNA or sealed DNA was formed in the
absence of addedMg2�. The step 2 rate constants were derived
from the data in supplemental Fig. S2 by fitting the kinetics of
total product formation (AppDNAplus sealedDNA) to a single
exponential. The step 3 rate constants (�95% confidence inter-
vals) were calculated in MATLAB from the kinetic profiles in
supplemental Fig. S2 as described (13, 14). The observed values
for kstep2 and kstep3 are complied in supplemental Table S1 and
are plotted as a function of Mg2� concentration in Fig. 3A for
step 2 and in Fig. 3B for step 3. Both data sets were fit well by
nonlinear regression to a simple hyperbolic binding equation
(Fig. 3, A and B) that yielded kstep2 and kstep3 values of 2.35 �
0.14 s�1 and 24.5 � 1.1 s�1, respectively. The salient finding
was that theKd values forMg2� were nearly the same for step 2

(0.77 � 0.22 mMMg2�) and step 3 (0.87 � 0.19 mMMg2�). We
did not observe the large disparity in step 2 and step 3 Mg2�

affinities reported for HuLig1 (15), whereby the step 2 Kd was
0.15 mM Mg2� and the step 3 Kd was 2.6 mM Mg2�. The con-
sequence of this difference for HuLig1 is that under limiting
Mg2� conditions, the enzyme generates and releases high levels
of AppDNA that are not sealed byHuLig1 whenATP is present
(15). This low-Mg2� “Achilles’ heel” of the HuLig1 mechanism
is apparently not shared by ChVLig. Rather, the results for
ChVLig are suggestive of a common Mg2� site for the DNA
adenylylation and phosphodiester synthesis steps of nick
sealing.
pH Dependence of Rates of Single-turnover DNA Adenylyla-

tion and Phosphodiester Synthesis—Our standard single-turn-
over ligation reactions are performed at pH 7.5 in 50 mM Tris-
HCl buffer. Here, we varied the pH from 4.5 to 7.0 in Tris
acetate buffer and from 7.0 to 9.5 in Tris-HCl buffer. The
kinetic profiles are plotted in Fig. 4. It can be appreciated that
raising the pH from 7.5 to 9.5 elicited a progressive but modest
slowing in the rate of strand sealing, accompanied by a decrease
in the peak level of the AppDNA intermediate (which com-
prised 2.5% of the total labeled DNA at pH 9.5), indicative of a
greater impact of alkaline pH on step 2 versus step 3. By con-
trast, acidifying the pH caused a progressive and profound
slowing of the overall sealing reaction (note the x axis scales in
hundreds or thousands of seconds at pH � 6.0) accompanied by
accumulation of theAppDNA intermediate, to up to�80% of the
total labeled DNA at pH 4.5 to 5.0 (Fig. 4). This pattern signifies a
much greater effect of acidic pH on step 3 versus step 2.
Plots of the log of the rate constants versus pH are shown in

Fig. 5, A (step 2) and B (step 3). The log kstep2 increased linearly
with pH from 4.5 to 7.5, and the slope of the linear regression
curve fit was 1.3, consistent with involvement of a single unpro-
tonated functional group in step 2 catalysis that is rendered
nonfunctional as it becomes protonated at acidic pH. By con-
trast, log kstep3 displayed a sharper linear rise with pH from 4.5
to 7.5, and the slope of the linear regression curve fit was 2.1,
suggesting involvement of two unprotonated functional groups
in catalysis of the phosphodiester synthesis reaction, both of
which are inactivated as they are protonated at acidic pH. On
the alkaline side of the pH curve, log kstep2 declined gradually
from pH 7.5 to 9.5 with a slope of �0.6 (Fig. 5A), whereas log
kstep3 was flat from pH 7.5 to 9.5 (Fig. 5B). The steeper decre-
ment in step 3 rate with acidic pH accounts for the transient
accumulation of high levels of theAppDNA intermediate in the
reactions performed at pH 4.5 to 6.5. In other words, the rate-
limiting step shifts from step 2 at mildly alkaline pH (at pH 8.0,
kstep3 was 10-fold greater than kstep2) to step 3 at acidic pH (at
pH 5.0, kstep2 was 28-fold greater than kstep2).
Probing the Nature of the Protonation-sensitive Catalyst—

The inflections of the log k versus pH curves on the acidic side
suggest pKa values in the vicinity of 7.0 for the protonation-
sensitive group(s). In considering a candidate enzymic catalyst
that is protonation-sensitive in this range, one would naturally
focus on a histidine side chain, but this is not plausible for ChV-
Lig, which has no histidine in or near the active site (6, 8). We
deemed the metal-binding residues Glu-161 and Asp-29 as
more likely prospects. To test this idea, one would, in principle,

FIGURE 3. Mg2� dependence of single-turnover ligation. The 36-bp nicked
DNA substrate is depicted with the nick 32P-5�-label denoted by a filled circle.
The step 2 and step 3 rate constants and associated error values from supple-
mental Table S1 are plotted as a function of Mg2� concentration in A and
B, respectively. Nonlinear regression curve fitting of the data to a hyperbolic
binding equation was executed in Prism. The kcat and Kd values are indicated.
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replace Glu-161 with glutamine and Asp-29 with asparagine.
Installing an isosteric amide eliminates the proton accepting
ability of the nativeGlu andAsp groups. If either is the source of
the observed acidic pH rate decrements, then we would expect

the conservative amidemutants to display reduced rates of sin-
gle turnover nick sealing at pH � 7.5 (indicative of the contri-
butions of the acidic groups to catalysis of steps 2 and 3) but not
to show the additional steep rate decrements at acidic pH that

FIGURE 4. pH dependence of the rates of single-turnover DNA adenylylation and phosphodiester synthesis. The distributions of AppDNA intermediate
(●) and sealed DNA (f) during single-turnover nick ligation at the indicated pH are plotted as a function of reaction time. Each datum in the graphs is the
average of three separate kinetic experiments. The data were modeled in MATLAB (supplemental Fig. S2), and the resulting curve fits are shown.
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were observed for wild-type ChVLig. Note that this experiment
is feasible only if the conservative E161Q and D29N mutations
do not affect formation of the ligase-adenylate adduct that per-
forms single-turnover nick ligation. As reported previously (10)
and verified here (data not shown), the purified recombinant
E161Q protein was inactive in nick sealing or step 1 ligase
adenylylation, making it impossible to study its role in step 2
catalysis.
The situation was more propitious for Asp-29, mutants of

which (to Ala, Asn, or Glu) retain full activity in ligase adenyly-
lation, are extensively preadenylylated when purified from bac-
teria and bind avidly to nickedDNA (5, 6, 10). Here, we purified
the D29Nmutant and examined its transient state kinetics as a
function of pH under the same reactions conditions used to
studywild-type ChVLig. The step 2 rate constants were derived
by fitting the kinetics of total product formation (AppDNAplus
sealed DNA) to a single exponential. A plot of the observed
D29N kstep2 values versus pH is shown in Fig. 5A. It can be
readily appreciated that the D29N mutation exerted a strong
negative effect on step 2 catalysis, as reflected in the downward
shift in the pH rate curve by an average of 2.3 log units on the y
axis. The salient point is that the D29Nmutation did not efface
the linear decline in log kstep2 (slope of 0.81) in the pH range of
5.0 to 7.5 (Fig. 5A), from which we surmise that Asp-29 is not
the key determinant of protonation-sensitivity during step 2
catalysis.Wewere able to derive D29N step 3 rate constants for
the single-turnover reaction performed at pH 5.5 to 7.0, and the
log kstep3 values are plotted in Fig. 5B. The D29N mutations
slowed the rate of step 3, as indicated by the downshift in the
curve by an average of 1.3 log units compared with wild-type
ChVLig. Thus, the D29N change had a milder impact on step 3
than step 2, Indeed, we were unable to determine kstep3 for
D29N at pH � 7.0 because no AppDNA intermediate was
detectable at any time during the reaction, signifying that under
these conditions the rate of phosphodiester synthesis by D29N
vastly exceeded the rate of AppDNA formation. These findings
are in keeping with an earlier report that the D29N mutation

did not affect the rate of phosphodiester formation at a preade-
nylylated DNA nick (10). The instructive point of the experi-
ment in Fig. 5B is that the persistence of the acidic decrement in
the step 3 rate of the D29N enzyme indicates that Asp-29 does
not dictate this effect.
While arguing against Asp-29, our experiments leave open

the prospect that Glu-161 is the pertinent determinant of the
acid-sensitive kinetics of single-turnover nick sealing. For that
to be the case, the pKa of Glu-161 would be shifted upward to
near neutrality account for the observed pH profiles. We pro-
pose an alternative explanation to account for the acid pH
effect, at least on step 2 catalysis, whereby (i) the 5�-phosphate
terminus of the nick is the relevant moiety that becomes pro-
tonated as the pH is lowered, and (ii) a dianionic 5�-phosphate
group is necessary for productive catalysis by ligase of the attack
of a 5�-phosphate oxygen on the phosphorus of Lysyl-AMP to
form AppDNA. This model is consistent with the pKa value of
�7.0 for protonation of a phosphomonoester dianion.
Steady State Kinetic Parameters—We analyzed the kinetics

of nick sealing undermultiple-turnover conditions inwhich the
nicked DNA substrate was in 100-fold molar excess over the
input ChVLig, and varying concentrations of ATP were
included in the reaction mixtures. The initial rates were deter-
mined and are plotted in Fig. 6 as a function of ATP concentra-
tion. The data were fit by nonlinear regression to theMichaelis-
Menten equation, which yielded a Km of 0.11 � 0.03 mM ATP
and a Vmax of 1.1 � 0.06 s�1. The turnover number under
steady state conditions (which is in the same range as the single-
turnover step 2 rate constant), provides a lower-bound value for
the rate of ligase adenylylation.
Role of Nucleotidyltransferase Motif VI—The motif VI ele-

ments in ChVLig (RHEEDR298) and bacteriophage T7 ligase

FIGURE 5. pH-rate profiles. Left panel, the step 2 rate constants for single-
turnover nick sealing by wild-type (WT) ChVLig were derived from the data in
Fig. 4 by fitting the kinetics of total product formation (AppDNA plus sealed
DNA) to a single exponential in Prism. The pH dependence of nick sealing by
the D29N mutant of ChVLig was assayed under the same conditions (not
shown). The step 2 rate constants are plotted as a function of pH. Right panel,
the step 3 rate constants for single-turnover nick sealing by WT ChVLig were
calculated in MATLAB from the kinetic profiles in Fig. 4; the kstep3 values for
the D29N mutant were calculated from the respective rate profiles at pH 5.5
to 7.0 (not shown). The step 3 rate constants are plotted as a function of pH.
Step 3 kinetics could not be determined for D29N at pH � 7.5 because no
AppDNA intermediate was detectable.

FIGURE 6. Dependence of multiple-turnover ligation rate on ATP concen-
tration. Reaction mixtures containing 50 mM Tris-HCl (pH 7.5), 5 mM DTT, 10
mM MgCl2, 0.1 �M

32P-labeled nicked DNA substrate, 1 nM ChVLig, and ATP as
specified were incubated at 22 °C. Aliquots were withdrawn at times ranging
from 5 s to 15 min, and the reactions were quenched immediately with form-
amide/EDTA. The extents of ligation were plotted as a function of time for
each ATP concentration, and the initial rates were derived by linear regression
analysis in Prism. The initial rates (fmol�s�1) were divided by the molar
amount of input enzyme to obtain a turnover number V (s�1), which is plotted
in the figure as a function of ATP concentration. Each datum is the average of
three separate time course experiments � S.D. A nonlinear regression curve
fit of the data to the Michaelis-Menten equation (in Prism) is shown. The Km
and Vmax values are indicated.
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(RGTEDN) diverge by 2-amino acid insertions from the canon-
ical RxDKmotif VI elements found in vaccinia DNA ligase and
the three human DNA ligases (Fig. 2A) as well as almost all
other ATP-dependent DNA ligases and GTP-dependent
mRNA capping enzymes. An initial study (14) showed that
deleting the C-terminal 294HEEDR298 pentapeptide of ChVLig
crippled the resulting C�5 mutant in overall nick ligation. C�5
had 1% the specific activity of the wild-type enzyme and was
poorly responsive to ATP. Yet, C�5 was active in phosphodi-
ester synthesis at a preadenylylated nick (14). It was suggested
that the C�5 deletion inhibited ligase adenylylation, but it
remainedunclearwhether it also affectsDNAadenylylation. To
more finely probe the role of motif VI, we produced and puri-
fied a series of incremental single-amino acid C-terminal dele-
tion mutants, named C�1, C�2, C�3, C�4, C�5 (Fig. 2A), plus
an ensemble of missense mutants of the motif VI conserved
residues Arg-293 and Asp-297. We also changed the motif VI
sequence to a canonical element 293REDK by replacing the
sequence distal to Arg-293 with an “EDK” tripeptide (Fig. 2A).
The wild-type and mutated ChVLig proteins were produced

in bacteria as N-terminal His10 fusions and purified from solu-
ble bacterial extracts by nickel-agarose and phosphocellulose
chromatography (supplemental Fig. S1). The extent of ligation
of the nicked DNA substrate by wild-type ChVLig and each
mutant was gauged as a function of input enzyme under steady
state conditions in the presence of 1 mM ATP. The specific
activities were calculated from the slopes of the titration curves
and then normalized to the wild-type specific activity (defined
as 100%).We also tested themutants for activity in vivo in yeast
using a plasmid shuffle assay for genetic complementation of
cdc9� (7). The results are compiled in supplemental Table S2.

Subtraction of amino acids from the C terminus of ChVLig
elicited progressive reductions in ligase specific activity in vitro,
as follows: C�1 (34% of wild-type), C�2 (6%), C�3 (2%), C�4
(�1%), and C�5 (�1%). Replacing the deleted pentapeptide
with EDK to install a consensus motif VI had no restorative
effect, i.e. the EDK specific activity was 1% of wild-type. The
C�4, C�5, and EDK mutants that were most severely crippled
with respect to ligation in vitro were unable to complement
cdc9� in vivo (supplemental Table S2). C�1, which had the
highest residual activity in vitro, sustained wild-type growth in
yeast (as gauged by colony size) at 18 and 30 °C (scored as���
growth). However, the ChvLIG-C�1 yeast strain formed
smaller colonies at 37 °C (scored as �� growth). Notwith-
standing their relatively feeble nick sealing activities in vitro, the
C�2 and C�3 mutants complemented growth of cdc9�,
although in both cases, growthwas slower (��) at 30 and 37 °C
(supplemental Table S2). These results affirm that deletion of
motif VI abolishes ChVLig activity, but they highlight that the
mutational effects in vitro are more severe than what is
reflected by cdc9� complementation. A possible basis for the in
vivo-in vitro disparity is discussed below.
Replacing Arg-293 by alanine, lysine, and glutamine reduced

ligase specific activity to 9, 13, and 13% of wild-type, respec-
tively. Whereas R293A and R293Q were inactive in yeast, the
R293K mutant supported ��� growth at 18 and 30 °C and
�� growth at 37 °C (supplemental Table S2). Thus, the posi-
tive charge at residue 293 is the pertinent requirement for activ-

ity in vivo. (The conundrum of this data set is that the in vivo
“lethal” R293A andR293Qmutants have a higher specific activ-
ity in vitro than the in vivo “active” C�3 mutant.) Changing
Asp-297 to alanine, glutamate, and asparagine lowered specific
activity to 5, 10, and 2% of wild-type, respectively. D297E was
active in yeast, supporting ��� growth at 18 °C and ��
growth at 30 and 37 °C. Whereas D297A was lethal, D297N
allowed for very slow growth at 18 °C (yielding only pinpoint
colonies, scored as �) and no growth at 30 or 37 °C (supple-
mental Table S2). Thus, negative charge is the relevant property
at position 297. In the canonical motif VI, the putative counter-
parts of Arg-293 and Asp-297 form a bidentate salt bridge (Fig.
2B). The paradox of this data set is that changing Asp-297 to
alanine eliminates activity in vivo, yet in vivo activity is pre-
servedwhen theAsp-297 residue is deleted in the context of the
C�2 or C�3 mutants (supplemental Table S2). A plausible
explanation for this phenomenon is that the essential function
of the Asp-297 side chain carboxylate can be performed by the
free C-terminal main chain carboxylate of the C�2 or C�3
polypeptides.
Effects of Motif VI Mutations on Ligase Adenylylation—Re-

combinant ChVLig purified from bacteria comprises a mixture
of ligase apoenzyme and preformed ligase-AMP intermediate.
The level of preformedLig-AMPcan be determined by assaying
nick sealing in the absence of exogenousATP, such that there is
a 1:1 correspondence between the molar yield of ligated DNA
and the molar amount of catalytically active Lig-AMP in the
reaction. The extent of ATP-independent ligation of the singly
nicked DNA substrate by wild-type ChVLig, and each mutant
was gauged as a function of input enzyme. The concentrations
of active Lig-AMP were calculated from the slopes of the titra-
tion curves and are expressed in Table 1 as the percent of the
total enzyme comprising pre-formed Lig-AMP. In the case of
wild-type ChVLig, 70% of the available enzyme was pre-ade-
nylylated and active in single-turnover nick sealing. The levels
of preformed Lig-AMP for the C�1 (71%), C�2 (80%), and C�3
(67%) mutants (that were active in vivo) were similar to that of
wild-type ChVLig. By contrast, the lethal C�4 and C�5
mutants consisted of only 18 and 7% preformed Lig-AMP,
respectively, signifying that the C�4 and C�5 proteins were

TABLE 1
Effects of motif VI mutations on ChVLig adenylylation

ChVLig
Preformed Lig-AMP

in vivoa
Lig-[32P]AMP

in vitrob

% of total enzyme % of total enzyme
WT 70 21
C�1 71 8
C�2 80 1.1
C�3 67 1.3
C�4 18 0.8
C�5 7 0.5
R293A 52 1.9
R293K 70 3.4
R293Q 48 3.8
D297A 76 2.9
D297E 74 1.8
D297N 60 2.8
EDK 53 3.6

a The concentrations of preformed Lig-AMP in the ChVLig preparations were
determined from the slopes of the titrations profiles obtained for ATP-inde-
pendent nick sealing as a function of input ChVLig.

b The extents of ligase adenylylation in vitro were calculated from the data in sup-
plemental Fig. S3.
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defective in step 1 ligase adenylylation during their production
in E. coli.
Reaction of ChVLig with [�-32P]ATP and magnesium in

vitro in the absence of DNA leads to the formation of a covalent
LigA-[32P]adenylate adduct. The autoadenylylation activities of
the wild-type andmutant ChVLig preparations were assayed in
parallel; the results are depicted in supplemental Fig. S3 and
expressed in Table 1 as the percent of total input enzyme that
was labeled in vitro with [32P]AMP. In the case of wild-type
ChVLig, 21% of the available enzyme was labeled; this value
represents a labeling efficiency of 70% when corrected for the
30% fraction of the ChVLig preparation that was not preade-
nylylated. The C�1 deletion reduced the in vitroAMP-labeling
to 8% (labeling efficiency of 20%) and the additional incremen-
tal deletions in C�2 and C�3 further suppressed in vitroAMP-

labeling to 1.1 and 1.3%, respectively (corresponding to labeling
efficiencies of 6 and 4%, respectively). The C�4 and C�5 pro-
teins yielded 0.8 and 0.5%AMP-labeled protein, corresponding
to 1 and 0.5% labeling efficiencies, respectively. Thus, effects of
the motif VI deletions on the specific activity in nick sealing
under steady state conditions (supplemental Table S2) corre-
lated well with the magnitude of the defects in step 1 adenyly-
lation activity in vitro (Table 1) but not necessarilywith the level
of adenylylation sustained in vivo during protein production in
bacteria. This correlation also pertained to the othermutants in
our collection. For example, the extents of preadenylylation of
the Arg-293, Asp-297, and EDK mutants were quite high
(between 48 and 76%); yet the extents of in AMP-labeling in
vitro were consistently low (1.8% to 3.8%) and corresponded to
corrected labeling efficiencies varying from 4 to 12%. This pat-

FIGURE 7. Burst kinetics. The extents of DNA sealing by the indicated ChVLig preparations in the presence of 1 mM ATP (f) and in the absence of ATP (E) are
plotted as a function of reaction time. Each datum in the graphs is the average of three separate kinetic experiments.

Kinetic Analysis of DNA Strand Joining by ChVLig

28616 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 34 • AUGUST 17, 2012

https://doi.org/10.1074/jbc.M112.380428
https://doi.org/10.1074/jbc.M112.380428


tern attests to the ability of some mutant ligases to adenylate
better during their prolonged exposure to relatively high intra-
cellular concentrations of ATP in vivo, e.g. 9.6mMATP in expo-
nentially growing E. coli (29), compared with the 10-min reac-
tions in vitrowith 100�MATP (in the 32P-AMP labeling assays)
or 1 mM ATP (in the steady state nick sealing assays).
Effects of Motif VI Mutations on the Kinetics of Single-turn-

over Nick Sealing—The motif VI mutants for which preformed
Lig-AMP comprised half or more of the enzyme preparation
were selected for transient state kinetic analysis of nick sealing.
The kinetic profiles are shown in supplemental Fig. S4. The step
2 and step 3 rate constants are compiled in supplemental Table
S3. The C�1, C�2, and C�3 truncations and the various Arg-
293 andAsp-297mutations had little or no effect on the rates of
DNA adenylylation or phosphodiester synthesis by the preade-
nylylated ligases. The EDK mutation elicited only a modest
(2-fold) reduction in both rates. Therefore, we conclude that
motif VI is dispensable for the steps of the ligation pathway
subsequent to ligase adenylylation.
Burst Kinetics Highlight the Role of Motif VI in Ligase

Adenylylation—We investigated the kinetics of nick joining by
wild-type ChVLig and selected motif VI mutants in the pres-
ence and absence of 1 mM ATP under conditions in which the
nicked DNA substrate was in �4-fold molar excess over pre-
formed Lig-AMP. In the reactions lacking ATP, each enzyme
executed a single round of sealing of 20–25% of the input DNA
substrate within 1 to 5 s (Fig. 7, open circles). Because the wild-
type enzyme preparation is a mixture of Lig-AMP and apoLig,
we anticipated that inclusion of ATP would not only increase
the reaction end point, by allowing multiple rounds of sealing,
but that the initial rate of the reaction might also be enhanced
because the apoLig can react with ATP to form additional Lig-
AMP, provided that the rate of ligase adenylylation (step 1) was
comparable with or faster than the rate of DNA adenylylation
(step 2). This scenario was borne out for wild-type ChVLig (Fig.
7, top left graph). However, if amutation exerts a negative effect
on the rate of ligase adenylylation, such that it becomes slower
than the rate of DNA adenylylation, then we would expect to
observe a pattern of burst kinetics in the presence of ATP,
whereby the preformed mutant Lig-AMP rapidly seals a stoi-
chiometric amount of the input nicks (similar to the �ATP
reaction), followed by a slow phase of steady state nick sealing,
the relative rate of which is reflective of the ligase adenylylation
step. Indeed, we observed burst kinetics profiles for the D297A,
D297N, and EDK mutants (Fig. 7).
By plotting the different between the extents of sealing in the

�ATP and �ATP reactions as a function of time, and calculat-
ing the slope of the linear phase of the curve (supplemental Fig.
S5), we could infer the relative rates of ligase-adenylation at 1
mM ATP concentration. The key points are as follows. The
D297A and D297N mutations depressed the slope by two
orders of magnitude, whereas D297E was nearly as responsive
to ATP as wild-type, thereby underscoring the essentiality of
the 297 side chain carboxylate for ligase adenylylation. TheC�2
and C�3 mutants that lack Asp-297 were almost as responsive
to ATP as wild-type ChVLig and D297E, consistent with the
free C-terminal main-chain 296 carboxylate filling in for
the 297 side chain carboxylate during ligase adenylylation. The

hierarchy of effects onATP responsiveness of Arg-293mutants
underscores the importance of positive charge at this position.
Also, it is noteworthy that the D297A and D297N mutations
have a relatively greater impact on ATP responsiveness than
R293A and R293Q (supplemental Fig. S5), which suggests that
Asp-297 plays a more prominent role in step 1 ligase adenyly-
lation than the “structural” role in tethering the motif VI argi-
nine suggested by the structure of Chlorella virus capping
enzyme (Fig. 2B). It is conceivable that Asp-297 in the nonca-
nonical motif VI of ChVLig might be a component of the coor-
dination complex of the “noncatalytic” Mg2� that is proposed
to bind the ATP � and � phosphates.
In conclusion, our kinetic analysis of ChVLig provides new

insights to catalysis by ATP-dependent DNA ligases by illumi-
nating the following: (i) the distinct responses of the rates of
DNA adenylylation and phosphodiester synthesis to pH, such
that the latter becomes rate-limiting under acidic conditions;
(ii) the potential role of the ionization state of the nick 5�-phos-
phate as a determinant of the rate of DNA adenylylation; (iii)
the nearly equivalent binding affinities of ChVLig for Mg2�

during steps 2 and 3, a feature that distinguishes ChVLig from
HuLig1; and (iv) the catalytic contributions of motif VI, espe-
cially the Asp-297 carboxylate, exclusively during the ligase
adenylylation step.
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