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Abstract

Background: Simian Virus 40 (SV40) Large Tumor Antigen (LT) is an essential enzyme that plays a vital role in viral
DNA replication in mammalian cells. As a replicative helicase and initiator, LT assembles as a double-hexamer at the
SV40 origin to initiate genomic replication. In this process, LT converts the chemical energy from ATP binding and
hydrolysis into the mechanical work required for unwinding replication forks. It has been demonstrated that even
though LT primarily utilizes ATP to unwind DNA, other NTPs can also support low DNA helicase activity. Despite
previous studies on specific LT residues involved in ATP hydrolysis, no systematic study has been done to elucidate
the residues participating in the selective usage of different nucleotides by LT. In this study, we performed a systematic
mutational analysis around the nucleotide pocket and identified residues regulating the specificity for ATP, TTP and
UTP in LT DNA unwinding.

Methods: We performed site-directed mutagenesis to generate 16 LT nucleotide pocket mutants and characterized each
mutant’s ability to unwind double-stranded DNA, oligomerize, and bind different nucleotides using helicase assays, size-
exclusion chromatography, and isothermal titration calorimetry, respectively.

Results: We identified four residues in the nucleotide pocket of LT, cS430, tK419, cW393 and cL557 that selectively
displayed more profound impact on using certain nucleotides for LT DNA helicase activity.

Conclusion: Little is known regarding the mechanisms of nucleotide specificity in SV40 LT DNA unwinding despite the
abundance of information available for understanding LT nucleotide hydrolysis. The systematic residue analysis performed
in this report provides significant insight into the selective usage of different nucleotides in LT helicase activity, increasing
our understanding of how LT may structurally prefer different energy sources for its various targeted cellular activities.

Keywords: SV40 virus, SV40 large t antigen, Replicative helicase, DNA replication, Nucleotide binding and hydrolysis,
Nucleotide specificity for unwinding

Background
Helicases are molecular machines that use energy
obtained from nucleotide triphosphate (NTP) binding
and hydrolysis to unwind duplex DNA—a fundamental
process in genomic replication [1]. Simian Virus 40
(SV40) encoded Large Tumor Antigen (LT) is a super-
family III helicase, belonging to the AAA+ (ATPase
associated with various cellular activities) family of
proteins and contains 708 amino acids that fold into

multiple domains. LT is a multifunctional protein that
not only behaves as a potent oncoprotein (reviewed in
[2–7] and references therein), but functions as an effi-
cient DNA helicase to melt double-stranded origin DNA
and unwind fork DNA for viral replication utilizing ATP
as the primary energy source [6, 8–12]. Its major func-
tional domains for replication, contained in residues
131–627 [6, 12–17], includes an origin DNA binding
domain (OBD; residues 131–259), a zinc coordinating
domain, and its modified Walker A (P-loop), Walker B
motifs and arginine fingers responsible for its nature as
an ATPase [17–19]. SV40 has been extensively used as a
paradigm for studying eukaryotic DNA replication due
to its well-defined origin of replication and dependence
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on LT alone for assembling at the origin to initiate melt-
ing for viral genomic replication [4, 6, 12, 20].
Upon binding to ATP in the presence of Mg++, LT

assembles into ring-shaped hexamers [15, 21, 22], estab-
lishing the functional unit in coupling energy produced
by ATP binding and hydrolysis to the mechanical work
needed for double-stranded DNA (dsDNA) unwinding.
The six monomeric units that form the higher order
hexamer also generate the six active NTP binding
pockets located at the interface between adjacent mono-
mers (Fig. 1a, b), with the cis- (c) monomer being the
subunit with NTP bound to its P-loop, and the trans- (t)
monomer being the subunit supplying the arginine fin-
ger residues for hydrolysis. As a result, the amino acid
residues within the interface of both the cis- (c) and
trans- (t) monomeric units play important roles in NTP
binding and ensuing hydrolysis [15, 23].
Although LT helicase activity has primarily been

coupled to the hydrolysis of ATP [9], earlier studies
showed that immunopurified full-length LT could also
coordinate the hydrolysis of UTP, CTP, and GTP, as well
as their corresponding deoxynucleotide triphosphates
(dNTPs) to support lower levels of DNA unwinding
activity [24]. Additionally, it has been demonstrated that
dCTP, UTP, and TTP could also, to a lesser extent,
stimulate the binding LT to the SV40 core origin of rep-
lication sequence [25]. Despite the knowledge available
regarding specific residues required for ATP binding and

hydrolysis, there has been no report characterizing
the specificity of different nucleotide usage exhibited
by LT. In this report, we performed a systematic bio-
chemical analysis to investigate the roles of the vari-
ous amino acid residues around the NTP binding
pocket responsible for conferring nucleotide specificity
in LT dsDNA unwinding.

Methods
Cloning, mutagenesis, expression and purification of LT
The LT 131–627 sequence was cloned into a pGEX-6p-1
vector with a GST fusion at the N-terminus of the trun-
cated protein. The resulting construct was used for site-
directed mutagenesis to generate all the mutants used in
this study. All mutations were confirmed with sequen-
cing. LT WT and mutant proteins were expressed in
Escherichia coli and purified via glutathione affinity,
precision protease cleavage, further ion exchange and
Superdex 200 size exclusion chromatography and quan-
tified as described previously [26]. All LT proteins were
then concentrated to 5–10 mg/mL in buffer containing
25 mM Tris-Cl pH 8.0, 250 mM NaCl, and 0.5 mM
TCEP and stored at −80 °C as 20 μl aliquots.

Helicase and oligomerization assays
Helicase assays were performed as described in [26, 27].
The partial dsDNA substrate was obtained by annealing a
3’-6FAM labeled 25-nt random sequence oligonucleotide

Fig. 1 Structure of the SV40 LT nucleotide binding pocket and the various pocket mutants. a Crystal structure of the LT hexameric helicase, represented by
residues 251–627 in the form of a hexamer bound to six ATP (PDBid: 1SVM). The nucleotide pocket is located at the interface between adjacent monomers
as indicated with an outlined box. b A close-up of the nucleotide pocket bound to ATP and Mg++. The P-loop is colored in yellow. c, d, e Locations of the
polar/charged residues c and hydrophobic residues e chosen for the mutational analysis of the binding pocket are indicated inmagenta and green and their
mutants are listed in d
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to a 45-nt oligonucleotide, where only 25 nt of the duplex
are complimentary, leaving the unlabeled strand with a
20 nt poly-T 3’extension. Approximately 100 fmol of sub-
strate was incubated with 90 nM of total LT protein in
helicase buffer containing 20 mM Tris-Cl pH 7.5, 10 mM
MgCl2, 0.5 mM NTP, 1 mM DTT, and 0.1 mg/mL BSA
for 45 min at 37 °C. The reaction was terminated by add-
ing 0.5% SDS, 25 mM EDTA and 10% glycerol and ana-
lyzed using an 8% native polyacrylamide gel in 1X TBE
buffer. Gels were scanned by fluorescence and data
analysis was done using Quantity One and ImageQuant
TL. The oligomerization assays were performed as de-
scribed in [23] using equal amounts of WT and mutant
proteins (0.8 μg/μL, 250 μg total protein in 300uL vol-
ume) in each NTP condition with or without Mg++.
The areas under each peak were then quantified using
peak integration in UNICORN.

Isothermal titration calorimetry assay
ITC experiments were performed at 25 °C using a
MicroCal PEAQ-ITC manual-load system (Malvern In-
struments). Protein samples of WT LT and LT mutants
suspended in storage buffer (25 mM Tris-Cl pH 8.0,
250 mM NaCl and 0.5 mM TCEP) were filled in the
sample cell (25 μM at 280 μL volume) and titrated with
either 400 μM or 800 μM concentrations of NTP dis-
solved in the same buffer with or without Mg++. Raw
titrations curves and ΔQ changes were then recorded
and processed using the MicroCal PEAQ-ITC Analysis
software and a one set of sites model for binding was
implemented for fitting.

Results
Generation of LT nucleotide binding pocket mutants
With the high resolution crystal structures of the LT
replicative helicase domain in its different nucleotide
bound states [15], we identified a group of amino acid
residues in the binding pocket within proximity to the
sugar and base of the bound nucleotide to perform our
systematic analysis of their roles for helicase activity
(Fig. 1b). It has been suggested from studies of T7 gp4, a
Rec-A type prokaryotic hexameric replicative helicase,
that residues positioned closer to the base of the bound
nucleotide are more likely to participate in nucleotide
specificity [28]. In order to determine which residue(s)
in the LT NTP binding pocket play a role in nucleotide
specificity for unwinding dsDNA, we designed thirteen
alanine and three serine/threonine mutations on a LT
131–627 construct (Fig. 1c–e) to test for their ability to
unwind dsDNA substrate using ATP, TTP, UTP, CTP,
and GTP. The substrate itself is composed of a labeled
25-mer oligonucleotide annealed to an unlabeled 45-mer
oligonucleotide (Fig. 2a), yielding a 25 bp dsDNA seg-
ment and a 20 nt poly-thymidine 3’-overhang [24, 29].

The LT 131–627 construct was used since it embodies
the functional helicase of LT and has previously been
demonstrated to unwind dsDNA with similar efficiency
as full-length LT [14, 30].

Helicase activity of the nucleotide pocket mutants
The helicase assays of the various LT mutants, shown in
Fig. 2, summarize the unwinding activities taken from three
independent experiments. Out of the group of sixteen LT
NTP pocket mutants, four demonstrated altered NTP spe-
cificity in unwinding dsDNA. Three of these mutants,
tK419A, cW393A, and cL557A, retained their ability to
unwind dsDNA using ATP at similar levels compared to
wild-type (WT), but exhibited a 3-4 fold decrease in their
unwinding activity with TTP (Fig. 2a, b). The fourth mu-
tant, cS430T, maintained comparable dsDNA unwinding
activity to WT using both ATP and TTP, but revealed a
notable 3-fold increase in unwinding with UTP (Fig. 2a).
The other LT mutants displayed either a complete absence
of dsDNA unwinding activity, limited changes in unwind-
ing activity compared to WT, or no activity change.
Because of the clear involvement of two hydrophobic

residues, cW393 and cL557, in TTP specificity for LT
dsDNA unwinding in our results, we also decided to gen-
erate double-mutants of these two residues with other
hydrophobic residues lining around the nucleotide base
area to further investigate their role in the nucleotide spe-
cificity of LT. As seen in Fig. 3, mutants cW393A/cL397A
and cL553A/cL557A still displayed about 80% of WT ac-
tivity in unwinding dsDNA with ATP; however, both
double-mutants completely lost their ability to carry out
its helicase activity with TTP or UTP, confirming the im-
portance of these hydrophobic residues in LT nucleotide
specificity. Other double-mutant combinations of these
hydrophobic residues were created, but did not express or
were not soluble, which preclude them for further analysis
(data not shown), possibly due to incorrect folding or
decreased stability of these mutations.
The above results of the LT helicase activity show that,

among the sixteen pocket residues under investigation,
tK419, cW393, and cL557 play an important role in the
ability of LT to unwind dsDNA with TTP, and that
cS430 appears to function in a more regulatory role in
using UTP for LT DNA helicase activity. In order to fur-
ther understand the molecular basis of these residues in
regulating nucleotide specificity for helicase activity, we
characterized the biochemical/biophysical properties of
the mutant constructs of these four amino acid resi-
dues—cS430, tK419, cW393, and cL557.

Oligomerization properties of LT mutants by size
exclusion chromatography (SEC) assay
It is known that in order for LT to unwind dsDNA, it
needs to oligomerize into ring-shaped hexamers, a process
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Fig. 3 Helicase assay results of the combined double-mutants of hydrophobic residues around the nucleotide pocket. a The assay results of the unwinding
activities of LT mutants’ cW393A/cL397A and cL553A/cL557A. Conditions for the helicase assays are the same as described in Fig. 2. b The position of each
set of residues in the nucleotide binding pocket with cW393A/cL397A located on α-helix 7 (purple) and cL553A/cL557A on α-helix 13 (orange) of the LT
hexameric helicase structure. P-loop is colored in yellow as a point of reference

Fig. 2 Helicase assay results of LT nucleotide pocket mutants. a, b The helicase activity assay results for the polar/charged residue mutants a and
hydrophobic residue mutants b are shown in gel analysis data and quantitative bar charts. The native gels shown are a single representation from a set
of three individual experiments. Each lane (A: ATP, T: TTP, U: UTP, C: CTP, and G: GTP) contains 0.5 mM of each respective NTP, 100 fmol of a 3’-6FAM
labeled dsDNA substrate, 90 nM of each respective LT mutant. The─NTP controls undergo the same reaction without NTP; the ssDNA lane contains the
non-annealed labeled ssDNA as the unwound ssDNA control. The lower bands indicate the unwound labeled ssDNA strand. The bar graphs represent
the average of three individual experiments in the percentage of strand displacement. Changes were calculated via unpaired t-tests and Bonferroni
corrected (n = 16) with a p-value of 0.0031 as threshold for statistical significance, noted with ***
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that is greatly enhanced by ATP and Mg++ binding. To
discern whether the observation that these four residue
mutants, tK419A, cW393A, cL557A, and cS430A select-
ively impact TTP and UTP usage much more than ATP
for helicase activity correlates to their hexamerization abil-
ity, we performed oligomerization assays of WT LT and
each mutant in the presence or absence of ATP, TTP, or
UTP with and without Mg++ using size exclusion chroma-
tography (SEC). Because CTP/GTP did not support sub-
stantial DNA helicase activity for WT and mutant LT
(Fig. 2), CTP/GTP were excluded for this and later
described studies. For the SEC assay, each LT mutant
(approximately 0.8 μg/μL, 250 μg total protein) was incu-
bated with 4 mM of each nucleotide and injected onto a
Superdex 200 analytical column in the presence or
absence of 1 mM MgCl2. The resulting SEC chromato-
grams are shown in Fig. 4a–f. The areas under each peak
were calculated and the percentages of hexamer formed
versus monomer by each mutant under each condition
are shown in Fig. 4g.
The three LT mutants, tK419A, cW393A, and cL557A

that did not affect ATP usage for DNA helicase activity
but selectively decreased the efficiency of TTP usage for
helicase activity, all showed decreases in hexamer forma-
tion in the presence of TTP +Mg++ compared to WT,
with tK419A showing the largest decrease of 25.2%

(Fig. 4g). However, in the presence of ATP +Mg++, single
mutants’ cW393A and cL557A behaved similarly to WT,
maintaining high percentages (97.9 and 99.9%, respect-
ively) of hexamer formation with the exception of
tK419A at 83.9% (Fig. 4g). For cS430T that did not affect
ATP/TTP usage but selectively increased UTP efficiency
for helicase activity, the hexamerization results showed
this mutant had almost the same efficiencies in forming
hexamers as the WT in the presence of ATP +Mg++ and
TTP +Mg++, but displayed about 15% more hexamer
formation than the WT (84.6% for cS430T versus
69.4% for WT) with UTP +Mg++ (Fig. 4g). These hex-
amerization assay results showed a general correlation
between the helicase activities of these four mutants
and their hexamer formation in the presence of the
particular nucleotide demonstrating selectivity by the
respective mutant.

Nucleotide binding properties of LT mutants assayed
by ITC
Previously published work used fluorescently labeled nu-
cleotides to study the interactions of ATP analogs with
LT [31]. However, there has been no comprehensive
study characterizing the binding of LT to normal nucleo-
tides, such as native ATP or other NTPs, largely due to
the challenge of NTP binding being accompanied by the

Fig. 4 Oligomerization assay of LT WT and nucleotide pocket mutants using gel filtration chromatography on Superdex 200 column. a–f Gel filtration
profiles of WT, cS430T, tK419A, cW393A, and cL557A without NTP (a) with ATP (b) with ATP +Mg++ (c) with TTP (d) with TTP +Mg++ (e) and with UTP
±Mg++ (f). The assays were performed by analyzing 250 μg of LT protein with or without the mentioned NTP and Mg++ using Superdex 200 10/300
GL column. The two peaks represent the hexamer (~344 kDa) and monomer (~57 kDa) of LT. g The percentages of hexamer formation which were
calculated based on the areas under each UV absorption peak in panels A–F. “─” indicates that the oligomerization test in the presence of UTP ±Mg+
+ was not performed. The running buffer contained 25 mM Tris pH 8.0, 250 mM NaCl, and 0.5 mM TCEP. Each protein was incubated with 4 mM NTP
and 1 mM MgCl2 where indicated
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hexamerization and conformational changes of LT. To
further understand how these residues confer specificity
for each nucleotide during LT dsDNA unwinding, we
attempted isothermal titration calorimetry (ITC) to per-
form a biophysical analysis of the binding properties
between each of the four LT mutants and the different
nucleotides, with WT LT as a control. The fundamental
principle behind ITC is that it measures heat changes
that occur when two molecules interact. All heat gener-
ated or absorbed, as a result of the two molecules transi-
tioning from an unbound to bound state, are detected
using ITC. Because nucleotide binding to LT also trig-
gers oligomerization interactions and conformational
changes, each heat response recorded not only signifies
NTP binding, but also the inherent hexamer formation
and associated conformational changes upon binding, as
well as hydrolysis in the presence of Mg++. As a result,
Kd values for NTP binding to LT could not be deconvo-
luted from the complex heat responses within the ITC
data, reflecting the sum of heat from NTP binding and
hydrolysis, hexamerization and conformation changes of
LT. However, we found that a careful comparison of the
raw ITC data of the NTPs binding by different LT con-
structs revealed some new and valuable information of
LT-NTP binding properties that could not be obtained
through other means. The most telling information is
represented by the raw ITC titration curves recorded in

differential power (DP in μcal/second) and through
changes in total heat (ΔQ) generated over each titration
in each titration curve (Figs. 5, 6, and 7).
Examining the ATP titration curves for each of the LT

mutants with Mg++ (Fig. 5a), we observed minimal dif-
ferences in the initial exothermic release of heat (DP in
μcal/second: indicative of strength of binding) for
cS430T and cL557A compared to WT, whereas the exo-
thermic releases at each titration were noticeably stron-
ger for tK419A and weaker for cW393A. The trace of
each mutant titration curve also resembled that of WT,
indicating that each mutant behaved similarly to WT in
binding ATP, along with the associated hexamerization,
conformational changes, and ATP hydrolysis in the pres-
ence of Mg++. However, there were noticeable differ-
ences in the binding characteristics for three of the four
mutants as saturation was reached, giving rise to the var-
iations in ΔQ (Fig.5b, c). Among these three mutants,
tK419A exhibited the strongest exothermic releases of
heat at almost every titration, particularly from the 4th

to 13th titration (Fig. 5c), ending at −21.4 μcal, much
higher than ΔQ value of WT at −8.6 μcal. The same
trend, to a lesser extent was displayed by cL557A, also
resulting in relatively larger ΔQ values at later titrations
(Fig. 5c). For mutant cW393A, despite weaker initial
exothermic releases of heat at each titration, cW393A
exhibited extended periods of equilibration back to the

Fig. 5 Characterization of ATP binding by LT using isothermal titration calorimetry (ITC). a Raw titration curves of WT ±Mg++ and different nucleotide
pocket mutants in the presence of Mg++. Thirteen titrations were measured (μcal/second) for each curve over seventy minutes. b Graphical representation
of the trends in total heat ΔQ changes over each injection. c Quantification of ΔQ over each injection. The negative values indicate an exothermic release
of heat. The syringe (ATP) and cell (LT protein) concentrations in each experiment were 400uM and 25uM, respectively and the storage buffer contained
25 mM Tris pH 8.0, 250 mM NaCl, 0.5 mM TCEP, and 1 mM MgCl2 unless otherwise noted
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baseline, with the trace of each equilibration period dis-
playing smaller additional releases of heat; its summa-
tion over each titration explains the slightly larger ΔQ
values compared to WT. These additional releases of
heat within the period of equilibration to baseline (after

the initial release) likely represent the result of less effi-
cient hexamerization and coordination of hydrolysis,
causing additional conformational changes of the com-
plex to occur during both events of the interaction. This
same characteristic is observed when ATP is titrated into

Fig. 6 Characterization of TTP binding by LT using ITC. a Raw titration curves of WT ±Mg++ and different nucleotide pocket mutants in the presence
of Mg++. Thirteen titrations were measured (μcal/second) for each curve over approximately seventy minutes. b Graphical representation of the trends
in total heat ΔQ changes over each injection. c Quantification of ΔQ over each injection. The negative values indicate an exothermic release of heat.
The syringe (TTP) and cell (LT protein) concentrations in each experiment were 800uM and 25uM, respectively and the storage buffer contained
25 mM Tris pH 8.0, 250 mM NaCl, 0.5 mM TCEP, and 1 mM MgCl2 unless otherwise noted

Fig. 7 Characterization of UTP binding by LT using ITC. a Raw titration curves of WT ±Mg++ and different nucleotide pocket mutants in the presence
of Mg++. Thirteen titrations were measured (μcal/second) for each curve over approximately 70 or 120 min. b Graphical representation of the trends in
total heat ΔQ changes over each injection. c Quantification of ΔQ over each injection. The negative values indicate an exothermic release of heat. The
syringe (UTP) and cell (LT protein) concentrations in each experiment were 800uM and 25uM, respectively and the storage buffer contained 25 mM
Tris pH 8.0, 250 mM NaCl, 0.5 mM TCEP, and 1 mM MgCl2 unless otherwise noted
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WT LT without Mg++ (Fig. 5a, c). Binding and hexameri-
zation occur due to nucleotide binding, but with no
hydrolysis. As a result, the interaction probably produces
slow and continuous conformational changes within the
complex during each equilibration period of each titration
without Mg++. Accordingly, even with a 6–7 fold weaker
initial exothermic release of heat for ATP without Mg++ in
the first couple titrations (Fig. 5a), the difference in ΔQ
values with and without Mg++ in binding ATP are less
dramatic over the course of detection (Fig. 5b, c).
When evaluating the titration curves of TTP with each

LT construct in the presence of Mg++ (Fig. 6a), cW393A
and cL557A showed the largest decreases in both the
initial exothermic release of heat and the resulting ΔQ
values throughout each titration compared to WT
(Fig. 6b, c). The trace of each titration curve also exhib-
ited extended periods of equilibration to baseline with
additional releases of heat, which may correlate to a
higher frequency of additional conformational changes
that occur after weakened TTP binding by the mutants.
These data suggests that both cW393A and cL557A
mutants not only bind TTP with lower affinity, but may
also hexamerizes and hydrolyzes TTP with less efficiency
compared to WT. On the other hand, cS430T appears to
bind TTP with slightly stronger affinity for TTP than
WT (Fig. 6a–c), and may also hexamerize and hydrolyze
TTP more efficiently compared to WT. This is shown in
the trace of its titration curve exhibiting a quicker return
to baseline (Fig. 6a). Interestingly, tK419A did not dem-
onstrate significant differences in TTP binding com-
pared to WT (Fig. 6a–c).
For UTP binding by cS430T, which showed much

higher unwinding activity than WT using UTP, the ini-
tial exothermic release of heat was approximately twice
that of WT (Fig. 7a), indicating cS430T binds stronger
to UTP compared to WT in the presence of Mg++. The
action of UTP binding and the accompanying hexameri-
zation of cS430T and hydrolysis of UTP were also stron-
ger for cS430T compared to WT as evident in the traces
of their two titration curves (Fig. 7a). Titration of UTP
into WT produced longer periods of equilibration to
baseline compared to cS430T. The ΔQ values of the first
eight titrations also support the stronger UTP binding
by the cS430T mutant (Fig. 7b, c). Lastly, it is important
to note that with UTP binding by WT LT, the length of
time it takes for each titration to equilibrate back to
baseline is considerably extended compared with ATP
and TTP, with less than 5 mins for ATP and TTP, but
more than 10 mins with UTP (compare the time scale of
Fig. 7a to that of Figs. 5a and 6a). These results are prob-
ably indicative of less efficient hexamerization and
slower but prolonged conformational changes when
binding to UTP, and possibly less efficient hydrolysis of
UTP by LT in the presence of Mg++.

Mg++ role in LT oligomerization and NTP binding
When examining WT LT oligomerization by SEC (Fig. 4)
and binding by ITC with ATP (Fig. 5) in the presence or
absence of Mg++, it is interesting to note that while there
was only a less than ten percent difference in the ability of
WT LT to oligomerize with ATP with/without Mg++, there
was a drastic difference in the ATP binding characteristics
of WT LT with/without Mg++. Without Mg++, WT LT was
still able to efficiently form stable hexamers with ATP
(Fig. 4b, g). However, when titrating ATP into WT LT in
the absence of Mg++, even though binding was evident, the
recorded results were substantially weaker and less coordi-
nated than with Mg++ (Fig. 5a–c). For TTP and UTP bind-
ing by the WT LT, the SEC results correlated more closely
with that from the ITC results. Significant increase of hex-
amerization of LT was observed only when TTP/UTP and
Mg++ were both present (Fig. 4g), and significant TTP and
UTP binding was only observed in the presence of Mg++

(Figs. 6a and 7a).

Discussion
SV40 LT is a replicative helicase that recognizes origin
DNA and assembles into a hexameric/double hexameric
helicase to initiate DNA replication of the viral genome.
LT is unique in that LT alone can open up the origin
dsDNA and efficiently unwind fork DNA, without the
help of other protein factors through coupling the en-
ergy from ATP binding and hydrolysis. In this report, we
described the first comprehensive characterization of the
various residues around the nucleotide pocket of the LT
hexameric helicase in order to understand their roles in
DNA helicase activity. By systematically mutating thir-
teen residues to generate sixteen mutants around the
nucleotide pocket, we showed that twelve mutants either
significantly reduced or completely abolished DNA
helicase activity. Interestingly, among these sixteen mu-
tants, we have identified four mutants (i.e. cS430, tK419,
cW393 and cL557) that selectively displayed a more
profound impact on certain nucleotide usage for LT
DNA helicase activity. Furthermore, we showed that the
four residues mutated in these four mutants play a role
in the selective NTP binding and the associated
oligomerization of LT.
Among the four mutants, cS430T exhibited an unex-

pected 3-fold increase in unwinding activity with UTP
than WT LT, even though its unwinding activities with
ATP or TTP were similar to that of WT. Oligomerization
by SEC assay showed that cS430T produced 15% more
hexamers than WT with UTP +Mg++ (Fig. 4g), whereas it
yielded similar hexamer percentages as the WT in the
presence of ATP +Mg++ and TTP +Mg++. The residue
cS430 is located on the P-loop, right beneath the bound
nucleotide and is not expected to interact with the nucleo-
tide directly. Rather, cS430 is surrounded by two rigid
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proline residues (cP427 and cP549) and an aromatic
cF547 (Fig. 8a), and it is possible that the mutation to a
larger size threonine with an extra methyl group within
that confined space could shift the P-loop upward, provid-
ing a tighter fit for binding the single-ring uridine base.
Consistent with this hypothesis is that cS430A, a smaller
alanine mutation behaved almost identically to WT
(Fig. 2a). The hypothesis further aligns with the ITC
results that showed stronger interaction of cS430T with
UTP than WT (Fig. 7a). The hydroxyl group on the serine
residue may also contribute to this specificity as mutating
cS430 to a valine residue showed approximately 40, 80,
and 60% decreases in unwinding activity with ATP, TTP,
and UTP, respectively (data not shown).
Another mutant, tK419A is unique in that it exhibited

54% reduction of helicase activity with TTP and a near
complete loss of activity with UTP, even though it
retained most (approx. 80%) of WT activity with ATP
(Fig. 2a). Interestingly, tK419A showed consistent reduc-
tions in the degree of hexamer formation with or with-
out ATP or TTP and Mg++ compared to WT. tK419
directly interacts with the -OH group of the sugar moi-
ety of the bound ATP [15], and likely other nucleotides

(Fig. 8b). Therefore, the selective reduction of helicase
activity with TTP and UTP may not be directly corre-
lated with the charge-charge interaction of tK419 with
the sugar -OH. However, it is possible that interactions
made by the bound ATP, TTP, or UTP at the base
moiety could be slightly different from each other due to
subtle differences in structure, size, and positioning
within the binding pocket, making the interaction
between tK419 and TTP/UTP more important in their
binding and hydrolysis than with ATP. This may explain
why the helicase activity and oligomerization of tK419A
with TTP/UTP are selectively much more affected than
with ATP.
Nucleotide specificity has also been studied previously

with the bacteriophage T7 gp4 hexameric helicase that
uses dTTP as its primary energy source for unwinding
DNA [28]. The study identified three polar/charged
residues around the nucleotide pocket of T7 gp4 that
play a role in nucleotide specificity, including a gain of
unwinding activity using dCTP/dGTP for a S319T muta-
tion, a shift of preference from dTTP to dATP usage for
unwinding through an R504A mutation, and selectively
decreasing dATP usage without drastically affecting

Fig. 8 Structural implications of LT nucleotide specificity. a Residues cP427, cF547, and cP549 (orange) are presented in sticks to demonstrate the
rigidity in the spatial arrangement surrounding cS430 (magenta). b The charge-charge interaction between tK419 (magenta) and the -OH group
on the sugar molecule of TTP. c The unique hydrophobic lining of nine hydrophobic residues (green), including cW393 and cL557 around base of
the bound nucleotide in the nucleotide pocket of LT. d The function of the hydrophobic lining through an induced fit mechanism as illustrated
with TTP, in which cW393, cL557 and other hydrophobic residues alter their conformations compared to those in panel-C. TTP and UTP were
docked and fitted into the LT nucleotide binding pocket utilizing AutoDock Vina in PyMol. The lowest energy state docking with the correct
alignment of the α-β-γ phosphates of the bound NTP was chosen for their respective panels

Wang et al. Virology Journal  (2017) 14:79 Page 9 of 12



dTTP usage for an R363A mutation [28]. In contrast, we
did not observe any gain of unwinding activity using
CTP/GTP or any dramatic switch from TTP to ATP or
vice versa from any of the LT mutations in our study, even
though the equivalent residues of S319 and R504 in T7
gp4 were also investigated in LT here (i.e. cT433 and
cK454, Figs. 1d and 2a). One caveat is that we tested ATP/
CTP/GTP instead of dATP/dCTP/dGTP for the LT
constructs used in this study as there may be potential
differences in unwinding efficiency between LT utilization
of nucleotide versus deoxynucleotide. However, it has
been demonstrated that WT LT uses ATP, CTP, and GTP
with almost identical efficiency in unwinding duplex DNA
as with each deoxyribose equivalent [24].
Additionally, the LT hexameric helicase has a unique

structural feature at the nucleotide pocket where several
hydrophobic residues together form a hydrophobic lin-
ing around the base of the bound nucleotide (Figs. 1e
and 8c). This highly hydrophobic enveloped nucleotide
pocket is not present in any of the other structurally
characterized ring-shaped hexameric helicases/translo-
cases such as DnaB [32], E1 [33], T7 gp4 [34], archaeal
MCM [35], or RuvB [36] and LT residues cW393 and
cL557 are at the core of this hydrophobic lining. Single
mutants of these two residues, cW393A and cL557A,
did not affect their ability to unwind dsDNA with ATP,
but displayed a 3-4 fold decrease in unwinding with TTP
(Fig. 2b). Consistent with this change of helicase activity
is that cW393A and cL557A were able to efficiently
form stable hexamers in the presence of ATP, but
showed reductions in the degree of hexamer formation
with TTP in the presence/absence of Mg++ (Fig. 4g).
Moreover, both mutants displayed weaker binding and
associated coordination and hydrolysis of TTP through
ITC studies (Fig. 6a).
The multiple hydrophobic residues at the nucleotide

pocket of LT work together to pack with the base moiety
of ATP (Fig. 8c) and likely with other nucleotides as
well, such as TTP. When packing with ATP and its lar-
ger purine base, its interactions with these multiple
hydrophobic residues may be sufficiently strong such
that cW393 can be mutated to alanine without having
an obvious effect on ATP binding or usage for helicase
activity. However, when packing with TTP (or UTP), the
interactions between the smaller pyrimidine base of
TTP/UTP and the hydrophobic residues likely relies
more heavily on the larger aromatic cW393 residue for
TTP/UTP to be stably bound for efficient binding and
hydrolysis. This may explain why the cW393A mutation
selectively impacts TTP usage in DNA unwinding activ-
ity. A similar rationale goes for the cL557A mutant. In
addition to its own interactions with TTP, cL557 also
packs with cW393, and is expected to be important for
stabilizing the conformation of cW393 for packing with

the smaller pyrimidine ring of TTP. Therefore, cL557A
is also expected to selectively affect TTP binding and
usage much more than affecting ATP.
In addition to cW393 and cL557, the unique architec-

ture of multiple hydrophobic lining in the NTP binding
pocket of LT consists of six other leucines (cL394,
cL397, cL398, cL553, cL563, cL564) and one isoleucine
(cI569) residue surrounding the nucleotide base (Fig. 8c,
d). Therefore, to determine whether this structural
feature plays a role in nucleotide specificity, we per-
formed a double-mutant analysis of the four residues
(cW393, cL397, cL553, cL557) near the purine base of
ATP as shown in the co-crystal structure (PDBid:
1SVM), generating double-mutants cW393A/cL397A
and cL553A/cL557A to attempt to further understand
the broader effects of this hydrophobic lining. Helicase
assays revealed that each double-mutant displayed about
a 25% decrease of activity using ATP, but showed no de-
tectible activity using TTP and UTP. The results further
confirm the role of these multiple hydrophobic residues
and their packing interactions with the larger purine
base of ATP, which can afford the loss of one hydropho-
bic residue without majorly impacting binding. However,
in their packing interactions with the smaller pyrimidine
base of TTP/UTP, which is weaker, the loss of a single
hydrophobic residue (such as cW393 or cL557) or two
such residues (such as the double-mutants) can signifi-
cantly disturb the binding and usage of TTP/UTP in LT
DNA helicase activity.
The role of Mg++ has been well studied in other repli-

cative hexameric helicases such as DnaB and T7 gp4. In
DnaB, the presence of Mg++ stabilizes the formation of
hexamers for unwinding activity, where in its absence, it
exists only as trimers that dissociate into monomers
[37]. In contrast, for T7 gp4, Mg++ is not a prerequisite
for either hexamer formation or dTTP binding [38].
When considering the oligomerization results of each
LT protein (WT and mutants) in this study, with or
without Mg++, the divalent ion appears to function in a
more important role with TTP and UTP compared to
with ATP. Every LT protein exhibited substantial reduc-
tions in the degree of hexamer formation in the absence
of Mg++ with TTP and UTP, while the majority of pro-
teins showed almost identical degrees of hexamer forma-
tion in the presence/absence of Mg++ with ATP.
Interestingly, as seen in the ITC study of the binding
characteristics between WT LT and each of the three
nucleotides, while the overall trend for ATP binding was
much less dependent on Mg++, ITC results revealed
absolutely no binding for TTP and UTP without the
presence of Mg++. To our knowledge, this data is the
first to show a selective role of Mg++ affecting the
nucleotide binding and oligomerization properties of a
replicative hexameric helicase depending on the specific
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nucleotide bound. For LT, Mg++ plays a more critical role
in the stabilization of TTP and UTP within each hexame-
ric interface for efficient binding and oligomerization than
compared to with ATP.

Conclusion
In summary, our systematic mutational analysis of the LT
nucleotide binding pocket identified four key residues
(tK419, cW393, cL557, and cS430) within the binding
pocket determining TTP and UTP specificity. The study
provides a first look into the specific interactions contrib-
uting to the selective usage of nucleotides by LT in its
DNA helicase activity.
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