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Abstract

Poliovirus (PV) is a well-characterized RNA virus, and the RNA-dependent RNA polymerase (RdRp) from PV (3DP®') has been
widely employed as an important model for understanding the structure-function relationships of RNA and DNA
polymerases. Many experimental studies of the kinetics of nucleotide incorporation by RNA and DNA polymerases suggest
that each nucleotide incorporation cycle basically consists of six sequential steps: (1) an incoming nucleotide binds to the
polymerase-primer/template complex; (2) the ternary complex (nucleotide-polymerase-primer/template) undergoes a
conformational change; (3) phosphoryl transfer occurs (the chemistry step); (4) a post-chemistry conformational change
occurs; (5) pyrophosphate is released; (6) RNA or DNA translocation. Recently, the importance of structural motif D in
nucleotide incorporation has been recognized, but the functions of motif D are less well explored so far. In this work, we
used two computational techniques, molecular dynamics (MD) simulation and quantum mechanics (QM) method, to
explore the roles of motif D in nucleotide incorporation catalyzed by PV 3DP°!. We discovered that the motif D, exhibiting
high flexibility in either the presence or the absence of RNA primer/template, might facilitate the transportation of incoming
nucleotide or outgoing pyrophosphate. We observed that the dynamic behavior of motif A, which should be essential to
the polymerase function, was greatly affected by the motions of motif D. In the end, through QM calculations, we
attempted to investigate the proton transfer in enzyme catalysis associated with a few amino acid residues of motifs F and
D.

Citation: Shen H, Sun H, Li G (2012) What Is the Role of Motif D in the Nucleotide Incorporation Catalyzed by the RNA-dependent RNA Polymerase from
Poliovirus? PLoS Comput Biol 8(12): €1002851. doi:10.1371/journal.pcbi.1002851

Editor: Alexander D. MacKerell Jr, University of Maryland, Baltimore, United States of America
Received July 5, 2012; Accepted November 7, 2012; Published December 27, 2012

Copyright: © 2012 Shen et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Dr. GH Li thanks the funding supports from the National Science Foundation of China under Contract No. 31070641/C050101, the National Basic
Research Program of China (973) under Contract 2012CB721002, and start-up funding from SKLMRD and DICP, CAS. The funders had no role in study design, data

collection and analysis, decision to publish, or preparation of the manuscript.

* E-mail: ghli@dicp.ac.cn

@ These authors contributed equally to this work.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Poliovirus (PV) [1] is a well-characterized RNA virus and belongs
to the family picornaviridae, in which we can find many famous
viruses, such as rhinovirus, hepatitis A virus, foot and mouth disease
virus, and so on [2—4]. The positive-sense RNA genome of PV,
which is enclosed by a protein capsid shell, can be translated into a
large polyprotein in a host cell, and then the large polyprotein is
cleaved by viral proteases into a dozen of different proteins. Among
those proteins, one can find the well-known RNA-dependent RNA
polymerase (RARp), termed 3DP°, which contains 461 amino acids
residues [5]. The RNA-dependent RNA polymerase from poliovi-
rus (PV 3DP?Y, serving as a target for developing antiviral drugs [6—
9], has two-fold functions during RNA genome replication [10].
The first one is to catalyze the synthesis of the negative-sense
complement of the positive-sense RNA genome, and the second one
is to reproduce the positive-sense genome by using the negative-
sense complement as template.

PV 3DP* has been widely used as an important model system
for understanding the structure-function relationships of RNA and
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DNA polymerases due to its simplicity and its retained activity in
vitro without other proteins [6-9,11,12]. The crystal structure of
PV 3DP has been solved [2,5] and is similar to other RNA
polymerases, containing three domains: fingers, palm and thumb,
see Supporting Figure SI. The crystal structures of PV 3DP!
elongation complexes (EC) in different kinetic states, including the
pre-chemistry and post-chemistry states, have been recently solved
by Gong and Peersen [13]. These high quality crystal structures
enable us to carry out theoretical studies on the dynamic
properties of PV 3DP®. The complete structural description of
PV 3DP has been given in the references [2,5,12,13], and here we
restate its structural elements for completeness.

The segment (residues 1-68) of PV 3DP is called the index
finger which is mainly composed of random coils. Starting with the
N-terminal glycine (Glyl) buried inside the base of the fingers, the
index finger rises from the back of the palm subdomain, travels
upwards to the top of the fingers and then makes a turn towards
the thumb. In the previous studies of PV 3DP°! [14], the positively
correlated motions were observed between amino acid residues of
the fingers and those of the thumb. Following the turn, the index
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Author Summary

The missing link between dynamics and structure or
between dynamics and function of a protein has recently
been paid much attention by many scientists since it has
been recognized that a folded protein should be consid-
ered as an ensemble of conformations fluctuating in the
neighborhood of its native state, instead of being pictured
as a single static structure. Thus, to completely understand
a protein and its functions, the dynamic features of the
protein under a certain condition are required to be
known. In this study, we performed atomistic MD
simulations and QM calculations on the RNA-dependent
RNA polymerase (RdRp) from poliovirus (PV), which is an
important model system for gaining insight into the
features of RNA and DNA polymerases. Through the
computational studies of PV 3DP°, we aim at finding out
valuable information about the dynamic properties of the
enzyme and exploring the molecular mechanism of the
phosphoryl transfer in nucleotide incorporation.

finger travels back toward the base of the fingers, and a hydrogen
bonding interaction exists between Glyl and Ser64. The segment
(residues 69-95) of the palm, forming a long a-helix, is inserted
between the index finger and the segment (residues 96-149) of the
pinky finger. One segment (residues 96-149) of the pinky finger,
having high a-helical contents and containing the structural motif
G (residues 113-120), is followed by the ring finger (residues 150—
179) to which the motif F (residues 153-178) belongs. The EC
structures of PV 3DP®' [13] show that a coil segment of the pinky
finger packs into the RNA major groove. Another segment
(residues 180-190) of the pinky finger is succeeded by the segment
(residues 191-268) of the palm where we can find the motif A
(residues 229-240). The middle finger (residues 269-285) precedes
to the last segment (residues 286-380) of the palm that contains
several important structural motifs, such as motifs B (residues 293—
312), C (residues 322-335), D (residues 338-362), and E (residues
363-380), see Figure 1. One should note that the five structural
motifs A, B, C, D and E of the palm form the core subunit of the
RNA polymerase. The last segment (residues 381-461) of PV
3DP°, beginning with the C-terminus of motif E, is the alpha-helix
rich thumb subdomain that is responsible for the interaction with
RNA primer/template. The EC structures of PV 3DP? [13]
indicate that an alpha helix of the thumb inserts into the RNA
minor groove.

Recently, many experimental studies of PV 3DP® revealed the
role of viral RdRp fidelity during genome replication [6,11,15—
19], showing that a small increase or decrease in viral polymerase
fidelity could result in reduced viral population fitness. More
specifically, viral pathogenesis is able to be attenuated by
enhancing polymerase fidelity whereas a decrease in polymerase
fidelity can force the virus into error catastrophe (lethal
mutagenesis) [6,20,21]. The elementary steps of nucleotide
incorporation catalyzed by RNA and DNA polymerase have been
proposed as the following: (1) a nucleotide binds to polymerase; (2)
a pre-chemistry conformational change; (3) the chemistry step of
nucleotide incorporation; (4) a post-chemistry conformational
change; (5) a pyrophosphate (PPi group) is released; (6) the
translocation of nucleic acid. The studies of the Klenow fragment
and HIV-1 RT DNA polymerases suggested that the pre-
chemistry conformational change (step 2) should contribute to
DNA polymerase fidelity [22-24], which was supported by the
study of Tsai and Johnson [25]. However, other researchers
believe that the chemistry step (step 3) should dictate nucleotide
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misincorporation rate [26]. Through the kinetic studies of
nucleotide incorporation catalyzed by PV 3DP, Arnold and
Cameron proposed that the chemistry step should be rate limiting
in the presence of Mn?" [17] while the pre-chemistry and
chemistry steps both contributed to polymerase fidelity in the
presence of Mg?* [16]. Thus, computational studies of dynamics in
RNA and DNA polymerases may complete our understanding of
polymerase fidelity. In fact, the dynamics of an enzyme has a
substantial impact on its functional behavior [27-30]. Specifically,
the structural motif D of PV 3DP! has been recently considered as
an important dynamic element that influences nucleotide incor-
poration [14,31], but the roles of motif D are less well studied so
far.

RNA and DNA polymerases catalyze nucleotide incorporation
by the two-metal ion mechanism, as proposed by Steitz [32,33]. In
this mechanism, one metal (metal A), which is coordinated by two
conserved acidic residues of motifs A and C, the primer terminus
3'-OH, as well as the triphosphate moiety of incoming nucleotide,
facilitates enzyme catalysis through lowering pKa of the primer 3'-
OH under physiological condition; another metal (metal B), which
is coordinated by an acidic residue of motif A, the B- and 7-
phosphate of incoming nucleotide, serves to orient the triphos-
phate of the incoming nucleotide as well as to facilitate the release
of pyrophosphate. In addition, Cameron et. al [34] suggested that
two protons involved in nucleotidyl transfer. According to this
mechanism, one proton is donated from the primer terminus 3'-
OH, but it is unclear where this proton is transferred to. It has
been proposed that the protonation of the pyrophosphate leaving
group 18 an important chemical step, but it is still unclear whether
the residue Lys359 [35] of motif D or the residue Argl74 [13] of
motif F serves as the proton donor. In addition, if the residue
Lys359 serves as the proton donor, it is unclear whether it directly
or indirectly donates the proton.

Molecule dynamics (MD) simulation has been widely used to
reveal protein motions that are essential to protein functions [36—
39]. Through molecular dynamics simulation carried out on PV
3DP?, we obtained valuable information about the dynamic
properties of PV 3DP" in solution and we observed that the PV
3DP? was stabilized by the binding of RNA primer/template.
However, the motif-D loop, containing Lys359, retained high
flexibility even in the presence of RNA, suggesting that the
dynamics of the loop may be important for enzyme catalysis.
Through the MD study, we have showed the role of motif D in the
pre-chemistry conformational change step (step 2) of nucleotide
incorporation. In order to explore the role of motif D in the
chemistry step (step 3), quantum mechanics (QM) calculations
have been employed. Our results suggested that the hydrogen
bonding interaction between the residue Argl74 of motif I and
the incoming nucleotide could facilitate enzyme catalysis, and the
residue Lys359 of motif D might indirectly donate a proton to the
PPi leaving group during enzyme catalysis.

Methods

Molecular Dynamics (MD) Simulation

The starting apo structure of PV 3DP?! was obtained from the
crystal structure (PDB code: 1RA6 [2]) deposited in the protein
data bank. The initial structure of the 3DP* elongation complex
for MD simulations was obtained from the crystal structure (PDB
code: 30L7) [13], and then was edited in the program PYMOL
[40] by removing components except for chain A (protein), chain
B (RNA template), chain C (RNA primer), two Mg?* ions and
crystal waters. Thereafter, in the 3DP?-RNA complex, the RNA
primer/template was further trimmed by removing unpaired
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Figure 1. Cartoon representations of PV 3pP°! apo structure (A) and of the PV 3DP°-RNA-CTP complex structure (B). Motifs A, B, C, D,
E, F and G are represented in blue, magenta, violet, cyan, pink, green and red, respectively. CTP, Lys359, Lys167 and Arg174 are indicated by orange,
cyan, green and green sticks, respectively. The RNA primer and template are depicted by palegreen sticks.

doi:10.1371/journal.pcbi.1002851.g001
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Figure 2. Three truncated systems, including Lys167 (A), Lys359 (B) and Arg174 (C) separately, were used for quantum mechanics
(QM) calculations. Each system contains the phosphate and sugar of the primer terminus adenosine nucleotide, Asp328, Asp233, crystal water, two

Mg?* ions, rCTP molecule.
doi:10.1371/journal.pcbi.1002851.g002
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Figure 3. B-factor values of the backbone alpha carbons for PV 3DP°!, (A) B-factor values of the backbone alpha carbons for PV 3DP% in the
apo and complex forms, which were obtained by averaging over five independent equilibrated MD trajectories. (B) B-factors of the backbone alpha
carbons for PV 3DP® in the apo form, which were obtained from MD simulation and crystallographic result. (C) B-factors of the backbone alpha
carbons for PV 3DP®' in the complex form, which were obtained from MD simulation and crystallographic result. Please note that in the plots the
crystallographic B-factors were shifted down in order to have clear comparison with MD derived values. The regions of the pinky finger and the

thumb are indicated by the black boxes in the figures.
doi:10.1371/journal.pcbi.1002851.g003

nucleotides outside the polymerase as well as by deleting the
cytosine nucleotide of RNA primer (see Supporting Figure S2a)
since the crystal structure (PDB code: 30L7) reflects a state of the
post-chemistry step (step 4) of nucleotide incorporation. Then the
nucleotide sequences retained in the truncated RNA primer and
template are given in Supporting Figure S2b. Finally, the rCTP
molecule was built into the 3DP°-RNA complex based on the
crystal structure (PDB codes 30LB) [13] containing 2',3'-
Dideoxy-CTP. One should note that the crystal structure (PDB
code: 30LB) reflects a state of the pre-chemistry step (step2) of
nucleotide incorporation, and the heavy atom RMSD value
between the two crystal structures (PDB codes: 30OLB and 30OL7),
reflecting the pre-chemistry and post-chemistry states, was
measured of 1.04 A. In fact, the large global conformational
change was not observed for the NTP binding to PV 3DP?
because the RMSD value between the two 3DP?-RNA complexes
with NTP binding (PDB code: 30LB) and without NTP binding
(PDB code: 30L6) was measured of less 1.5 A. This implies that
the MD simulation on the nano-second time scale may be suitable
to study this system.

All molecular dynamics (MD) simulations were performed using
the AMBER99SB force field in AMBERI10 simulation package
[41]. Each structure was immerged in a truncated octahedron
solvent box filled with TIP3P water molecules [42] and then was
neutralized with sodium ions. A minimal distance of 15 A between
the surface of each simulated structure and the edge of solvent box
was employed. The energy minimization with constraining no-
solvent atoms was followed by the minimization of the whole
system for a few thousand steps. Each system was slowly heated to
300 K from 100 K over a period of 100 ps under NV'T' condition,
and the Berendsen thermostat [43] was used to control the
temperature. Subsequently, a 100 ps NVT dynamics was
performed before the production run under NPT condition. The
integration time step was set to 2 fs since the SHAKE algorithm
[44] was employed to constrain all bonds associated with hydrogen
atoms, and a cutoff value of 10 A was set for the nonbonded
interactions during the NPT simulation. The Particle Mesh Ewald
method [45] was used for electrostatic interactions. For each
system, five independent MD simulations have been carried out
and each simulation was performed for at least 20 ns, so the total
simulation time for each system reached to 100 ns.

Quantum Mechanics (QM) Calculations

After MD simulations of the 3DP-RNA-rCTP complex
reached equilibration, the conformations sampled from five
independent trajectories were used for the cluster analysis [46],
in which a representative structure of the 3DPP-RNA-rCTP
complex was selected from the largest cluster. In order to use QM
calculation efficiently to explore the enzyme catalysis, the
representative structure of the 3DPP-RNA-rCTP complex was
truncated by removing components except for the residues
Asp233, Asp328, Lys167, Lys359, Argl74, the sugar and
phosphate of the primer terminus adenosine nucleotide, rCTP
molecule, two metal ions (Mg”") and a few waters close to the
catalysis site. Considering computational cost, the truncated
structure was split into three different structures including three
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residues Lys167, Lys359 and Argl74 separately (see their
representations in Figure 2), and three structures were used for
the following QM calculations carried out at the HF/6-31g(d)
level. All the stationary points for the reactants, products, possible
mtermediates (IM) and transition states (1'S) were located by
performing geometry optimization with just fixing backbone atoms
to their original positions, and their features (such as local minima
or first-order saddle points) were identified by performing
frequency calculations. All calculations were performed by using
Gaussian 09 program package [47]. For all the cited energies, the
zero-point energy corrections have been taken into account.

Results/Discussion

PV 3D"° and RNA Form a Stable Complex

From the MD simulations of the PV 3DP' apo and complex
structures, the RMSD (Root Mean Square Deviation) and RG
(radius of gyration) values were calculated for all backbone heavy
atoms of PV 3DP? against simulation time, and the RMSD and
RG curves for PV 3DP? in the apo and complex forms were
plotted in Supporting Figures S3 and S4 respectively. From the
results, one may expect that the PV 3DP* should be more flexible
in the apo form than in the complex form, but this expectation has
to be confirmed by further analysis, such as the calculations of B-
factors and principal component analysis (PCA), which will be
discussed in the following paragraphs. In comparison with other
four MD trajectories of the PV 3DP*! apo structure, the first MD
trajectory demonstrated the large-amplitude fluctuation of RMSD
values in the range of 13-15 ns. This should mainly be ascribed to
the motions of the thumb and the segment (residues 210-220) of
the palm, because the B-factor values of the segment (residues
210-220) of the palm and the thumb domain were in general
higher than those from other four trajectories, see Supporting
Figure S5. This could be confirmed by calculating the backbone
heavy-atom RMSD values for the PV 3DP excluding two
segments (residues 210-220, 380-461) (see the green curve in
Supporting Figure S3). It has been shown, from the RG curves,
that larger RG values were observed for PV 3DP”! in the complex
form than in the apo form. The reason is simple: the protein core
of PV 3DP has to be expanded in order to accommodate the
entry of RNA. Among the five independent MD trajectories of PV
3DP?' in the apo form, two trajectories clearly showed the
expansion of PV 3DP°! see Supporting Figure S4. Comparing to
other four MD trajectories, the relatively large RG values of the
PV 3DP?' apo form in the first MD trajectory may result in its
instability during the MD simulation, explaining the large-
amplitude RMSD fluctuation observed in the first MD trajectory
(see Supporting Figure S3). When RNA double strands bound to
the polymerase, the contraction and expansion of the polymerase
were restricted due to the interactions between the polymerase and
RNA strands [13]; we will discuss these findings in the following
paragraphs.

B-factors of the backbone alpha carbons for PV 3DP! in the apo
and complex forms were measured in this study and were presented
in Figure 3a and Supporting Figure S5. These results confirmed that
the apo structure of PV 3DP! was more flexible than its complex
structure, especially in some regions, such as the pinky finger
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Figure 4. Dynamic cross correlation maps (DCCM:s) for PV 3D in the apo form (A) and the complex form (B). The results were obtained from
five independent equilibrated MD trajectories, and (C) the absolute difference map, which were obtained by subtracting the DCCM of the apo form from that
of the complex form. The purple boxes indicate the regions of the pinky finger and the thumb while the red boxes display the regions of the motifs A and D.
doi:10.1371/journal.pcbi.1002851.g004
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Table 1. The hydrogen bonding occupancy for the residue

pairs between RNA and polymerase, which were calculated by
averaging over five independent MD trajectories of PV 3DP%
in the complex form.

Hydrogen Bonding

Polymerase RNA occupancy
Thumb Ser400 RA488 85.60%
Arg456 RC472 70.15%
Lys405 RG487 78.72%
Arg415 RC472 59.17%
Pinky Finger Lys127 RU467 86.90%
Thr114 RU467 93.38%
Ser115 RG466 94.00%
Arg128 RC484 65.72%
Arg128 RA483 78.65%
Ser115 RG466 78.75%

Contribution(%)

0.4

0.2

doi:10.1371/journal.pcbi.1002851.t001

The Role of Motif D in Nucleotide Incorporation

(residues 96-190) and the thumb (residues 386-461). This may be
attributed to the binding of RNA primer/template, which is
responsible for stabilizing the polymerase [13]. In addition, B-factor
values obtained from MD simulations and from crystallographic
results have been compared for the two forms of PV 3DP
respectively, given in Figures 3b and 3c. Both crystallographic and
MD derived results reached the same agreement that the presence
of RNA would decrease the flexibility of the pinky finger (residues
96-190) and the thumb (residues 381-461).

The dynamic cross correlation analysis were carried out on PV
3DP! in the apo and complex forms respectively. As for the apo
form of PV 3DP, the negatively correlated motions of amino acid
residues in PV 3DP°! were observed between the segment (residues
98-159) of the fingers and the segment (residues 408-461) of the
thumb, shown in Figure 4a. It has been shown in the previous
study [14] that the opening motion of the RNA polymerase was
associated with the motions of the pinky finger and the thumb.
This opening motion is necessary for the entrance of RNA into
RNA polymerase core because the nascent RNA channel of the
PV 3D apo form is too small to fully accommodate RNA double
strands. When RNA entered into polymerase core, the stable PV
3DP°LRNA complex was formed, such that the strong negatively
correlated motions (the correlation value of —0.6 and less) of

|

1 1 1 1 1

123456728910

in complex form
in apo form

] ] | l l

10 20 30 40 50 60 70 80 90 100
The number of components

Figure 5. Accumulated contributions to the overall motion of PV 3DP°., The results were obtained from five independent equilibrated MD
trajectories. The results of PV 3DP°' in the apo and complex forms were plotted against the number of principal components, indicated by the black

dash and solid lines respectively.
doi:10.1371/journal.pcbi.1002851.9g005
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doi:10.1371/journal.pcbi.1002851.g006
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Figure 7. Free energy (in unit of kcal/mol) profile of AG(PC1, PC2) for PV 3DP°' in the complex form. In the three states (I, Il, Ill), the stick
representations of CTP and the residues 357-361 of motif D, and the cartoon representation of the residues 161-174 of motif F, are depicted in red,
green and orange respectively, and the crystal structure is indicated in white gray.

doi:10.1371/journal.pcbi.1002851.g007

amino acid residues from the pinky finger and the thumb became
less negatively correlated, which has been shown in the dynamic
cross correlation map (DCCM) for PV 3DP in the complex form,
given in Figures 4b. When we calculated the absolute difference
between the two correlation maps of PV 3DP” in the apo and
complex forms, the significant difference was observed for the
correlation between the pinky finger and the thumb, see Figure 4c.
However, according to the dynamic cross correlation maps for PV
3DP* in the apo and complex forms, strong positively correlated
motions (the correlation value of 0.6 and above) existed between
amino acid residues from the segment (residues 23-34) of the
fingertips and the segment (residues 404-445) of the thumb in
either the presence of RNA or the absence of RNA, indicating that
the RNA binding to the polymerase had limited effect on the
interaction between the fingertips and the thumb.

From Figure S6, one can see that some residues from the pinky
finger (residues 96-149) and thumb subdomains (residues 386—
461) have close contact to the RNA primer/template. On one side,
the coil segments of the pinky finger inserts into the RNA major
groove, and on the other side, an alpha helical segment of the
thumb (residues 386-461) packs into the RNA minor groove. In
order to gain more information about the interactions between the
polymerase and the RNA primer/template, we performed
hydrogen bonding analysis, and results were given in Table 1.
In this table, we observed that the positively charged residues from
the polymerase, such as lysine and arginine, contributed predom-
inately to the binding of RNA in the polymerase core, which has
recently been discussed in details [48]. One should note that the
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fingers and thumb domains are rich in positively charged residues,
such as lysine and arginine, which can facilitate the binding of
RNA. On the other hand, from the B-factors shown in Figure 3,
one can see that the pinky finger and thumb domains of PV 3DP*!
in the complex form demonstrate the flexibility to a certain degree;
the flexibility of the pinky finger and thumb domains may be
necessary for the RNA steady translocation one step at a time
during each cycle of nucleotide incorporation. However, it is very
expensive to carry out traditional MD simulations to study the
RNA translocation.

To investigate the major contributions to the overall motion of
PV 3DP°!, we performed a principal component analysis (PCA) on
the cquilibrated MD trajectories of the simulation of the PV 3DP”!
apo and complex structures. In the PCA, the first component
(PC1) corresponds to the largest atomistic fluctuation around an
average structure and the second component (PC2) represents the
next largest atomic fluctuation, and so on. In Figure 5, we plotted
the accumulated contributions to the overall motion of PV 3DP!
in the apo and complex forms against the number of principal
components (PCs). From the figure, we observed that the
accumulated contribution converges more quickly for PV 3DP!
in the apo form than in the complex form, such that over 70% of
total fluctuation was contributed by the first 10 PCs for the apo
form of PV 3DP’, but as for the 3DP*-RNA-rCTP complex the
top 10 PCs only contributed the total motions by barely 60%. This
indicates that the global dynamics of PV 3DP°! in the apo form can
be described by a few low-frequency (large-magnitude) motions,
and such large-magnitude motions are necessary for the entrance
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Figure 8. A surface representation (dark gray) of the 3DP°-RNA-rCTP complex structure. The entry pathway of rCTP molecule is indicated
by a white arrow, and the residue Lys359 (stick representation) of motif D in three states (in the free energy landscape of AG(PC1, PC2) given in
Figure 7) is depicted in red (state I), green (state Il) and orange (state lll) respectively.

doi:10.1371/journal.pcbi.1002851.g008

of NTP into RNA polymerase. In contrast, as the PV 3DP* forms
a complex with the RNA template/primer, more small-magnitude
(high-frequency) motions contribute the overall motion of the
complex, implying that the large conformational change in PV
3DP°! oceurs more laboriously in the complex form than in the apo
form.

Free energy landscapes in the space of three major principal
components (PC1, PC2 and PC3) for PV 3DP in the apo and
complex forms were plotted in Figure 6, illustrating that the free
energy basins of PV 3DP® were wider in the apo form than in the
complex form. The calculations of AG(PC1,PC2) for PV 3DP* in
the apo form, given in Figure 6a, have shown that the local energy
minima spread out over a large portion of the free energy space. In
contrast, the calculations of AG(PC1,PC2) for PV 3DP* in the
complex form, presented in Figure 6b, have shown three clear
energy minima close to each other. This indicates that the motions
of PV 3DP! in the complex form are restricted in a narrow region
and the large conformational changes of PV 3DP® occur more
easily in the apo form than in the complex form. The calculations
of AG(PC1,PC3) and AG(PC2,PC3) for PV 3DP exhibited the
similar behavior to that of AG(PC1,PC2) in both the apo and
complex forms, shown in Figure 6¢—.

In summary, our study suggested that the large conformational
change of PV 3DP*! would occur more arduously in the presence
of RNA than in the absence of RNA due to the interactions
between RNA primer/template and the fingers on one side, and
the interactions between RNA primer/template and the thumb on
the other side. However, the apo and complex forms of PV 3DP!
both exhibited high flexibility at the motif-D loop containing the
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residue Lys359 (see Figure S5 and Figure 3), implying that the
motif-D loop is the dynamic element independent of RNA
binding. We also believe that there is incomplete information
about what role the motif D is playing during nucleotide
incorporation [14,49]. In this study, we would like to explore
the dynamic behaviors of motif D, in particular for the motif-D
loop containing the residue Lys359, in order to understand the
functions of motif D more completely.

Does Lys359 of Motif D Serve as the Transporter of
Incoming Nucleotide?

To the best of our knowledge, the dynamic elements of PV
3DP, such as motifs A, D and F, should be essential to enzyme
function. It is known that motif A plays an important role in
enzyme catalysis, and it is clear that motif F is responsible for the
binding of an incoming nucleotide as well as for the binding of
RNA. Yang et al. [49] used solution-state nuclear magnetic
resonance (NMR) to study PV 3DP°!, and discovered that the motif
D was unable to achieve its optimal position when an incorrect
nucleotide bound to the RNA polymerase, implying that the
conformational change of motif D could be the rate limiting step
for nucleotide misincorporation.

According to the free energy landscape of top two principal
components (PC1 and PC2) for PV 3DP' in the complex form, we
observed three energy minima (I, II, III), see Figure 7. From the
figure, we observed that, in the three states, the CTP molecule was
positioned at the active site in the same way as in the static crystal
structure, the segment (residues 161-174) of motif F was
positioned slightly away from the active site, and the residue
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Figure 9. Free energy profile (in unit of kcal/mol) of AG(PC1, PC2) for PV 3D in the complex form. (A) In the state | of the free energy
landscape of AG(PC1, PC2) given in Figure 7, the distances were measured between the backbone atoms of the residues Asp233 and Thr355. The
distances were measured between the atom NZ of Lys359 and the atom O of Tyr234 in (B) the state |, (C) the state Il, and (D) the state Ill, respectively.

doi:10.1371/journal.pcbi.1002851.g009

Lys359 of motif D exhibited higher mobility than other residues.
In the state I, the side chain of Lys359 was oriented toward the
active site, and the shortest distance was measured of 4.17 A
between the side chain atom NZ and an oxygen atom connecting
to the B-phosphate of the incoming nucleotide. This indicates that
it is possible for Lys359 to interact with the triphosphate moiety of
the incoming nucleotide. However, in the states II and III, Lys359
moved far away from the active site. According to the transitions
from either the states II or III to the state I, the side chain of
Lys359 moved along the entry pathway of incoming nucleotide,
see Figure 8, suggesting that one of the roles of Lys359 in
nucleotide incorporation might facilitate the transportation of
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incoming nucleotide from outside to inside the polymerase PV
3DP. Thus, in the future it would be interesting to investigate how
the motif D influences the transportation of an incoming correct or
incorrect nucleotide as well as the release of pyrophosphate.

Interaction Between Motif D and Motif A should be
Critical to the Polymerase Function

From the dynamic cross correlation map for PV 3DP® in the
complex form, we observed the positively correlated motions
(collective movement) between motif A (residues 229-240) and the
segment (residues 354-362) of motif D, see Figure 4b. The
collective movement between the two segments was mainly
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Table 2. The correlation values of 0.6 and above were
measured between the residue pairs from motifs A and D,
based on the DCCM of PV 3D in the complex form.

Motif A Motif D Correlation
Phe232 Thr355 0.632
Asp233 Met354 0.676
Asp233 Thr355 0.754
Tyr234 Met354 0.698
Tyr234 Thr355 0.688

doi:10.1371/journal.pcbi.1002851.t002

attributed by the interactions between the segment (residue 232—
235) of motif A and the segment (residues 354—355) of motif D, see
Table 2. Among them, the strongest positively correlated motions
was found between Asp233 and Thr355 because two stable
backbone hydrogen bonds were formed between the two residues
(the hydrogen bonding occupancy of about 70% for each
hydrogen bond), see Figure 9a. In addition, the third hydrogen
bond (the hydrogen bonding occupancy of 21.07%) existed
between the side chain atoms of the residues Asp233 and

The Role of Motif D in Nucleotide Incorporation

Thr355. The collective movement between motifs A and D, was
also contributed by the hydrogen bonds formed between the
residues pairs, such as Phe232/Thr355, Asp233/Met354,
Asp234/Met355, and Tyr234/Thr355. Our MD results were
consistent with the experimental observation by Peersen [13],
showing the significant collective movement between motifs A and
D.

Based on the free energy landscape of top two principal
components (PC1, PC2) for PV 3DP in the complex form, we
further examined the motions of motif A (residues 229-240) and the
segment (residues 354—-362) of motif D in three preferential states (I,
I, III), see Figure S7. As we mentioned earlier, in the state I, the
segment (residues 354-362) of motif D was poised toward the active
site, however, in the states IT and III, the segment (residues 357-362)
of motif D moved away from the active site. Similarly, the motif A
exhibited the same behavior because of the strong interactions
between the motifs A and D. In addition, our results are in
agreement with the experimental finding indicating that the closed
and open states of the RARp active site should be associated with the
arrangement of motifs A and D [13]. For instance, the state I,
displaying that the motifs A and D were poised toward the active
site, reflected the closed state of the active site. In contrast, both the
motifs A and D moved away from the active site in the states II and
III, which reflected the open states of the active site.
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Figure 10. The distribution of the distance between the side chain atom NZ of Lys359 and the backbone atom O of Tyr234. The
results were calculated from five independent trajectories of 3DP°-RNA-rCTP complex structure. In the plot, the three preferential states (I, I, 1) in the
free energy landscape of AG(PC1, PC2) are labeled, and their representative conformations associated with Lys359 and rCTP are shown as well. In
addition, the distances were measured between the PA (y-phosphate) atom of rCTP and the side chain atom NZ of Lys359 in the three states.

doi:10.1371/journal.pcbi.1002851.9g010
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Figure 11. Free energy (in unit of kcal/mol) profile of AG(PC1, PC2) for PV 3DP° in the complex form. In the three states (I, II, Ill), the stick
representations of CTP, Arg163, Lys167 and Arg174, are depicted in red, green and orange respectively, and the crystal structure is indicated in white

gray.
doi:10.1371/journal.pcbi.1002851.g011

To gain more information about the dynamics of Lys359, we
calculated the distribution of the distance between the side chain
atom NZ of Lys359 and the backbone atom O of Thr234 from five
independent MD trajectories, which was plotted in Figure 10. As
we mentioned above, in the state I, a hydrogen bond could exist
between Lys359 and Thr234, see Figure 9b. However, comparing
to Thr234, the side chain of Lys359 was much more flexible and
moved away from the active site in the states II or III, resulting in
the increased distance between the atom NZ of Lys359 and the
atom O of Thr234, shown in Figures 9c and 9d. In addition, for
each state, the distance was measured between the B-phosphate
atom (PB) of rCTP and the side chain atom NZ of Lys359 (see
Figure 10), indicating that the motif-D loop may play a role in
transporting incoming nucleotide.

In summary, our MD study of PV 3DP* was consistent with the
experimental observation by Peersen [13], showing that the movement
of motif A is the key element forming the active site for enzyme
catalysis. The dynamic element, motif D, has great impact on the
motions of motif A through a number of hydrogen bonds formed
between the residues from motifs A and D. It is undoubted that, in
addition to the conformational changes of motif D, the interplay
between motif A and motif D should be critical to enzyme catalysis.

Does Lys359 from Motif D Involve in the Nucleotidyl
Transfer?

As we mentioned earlier, two-metal ions were involved in the
chemistry step of the nucleotide incorporation catalyzed by PV
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3D [32,33], and two proton transfers were observed in the
nucleotidyl transfer catalyzed by RNA or DNA polymerases [34].
However, a few questions need to be addressed: Which amino acid
residue serving as a general acid donates a proton to the
pyrophosphate (PPi) leaving group? Is it from motif D [35] or
motif F [13]? If Lys359 serves as the general acid, how does it
donate the proton to the PPi leaving group? Where is the proton
from the primer terminus 3’-OH transferred to?

To explore which residue of PV 3DP® could act as the proton
donor in nucleotidyl transfer, we examined some acidic residues
close to the active site of PV 3DP°! such as Lys359, Lys167, and
Argl74. Available crystal structures [13] of PV 3DP*! in different
kinetic states showed that Argl74 instead of Lys359 was poised for
enzyme catalysis. According to the PCA result of the 3DP*-RNA-
rCTP complex presented in Figure 7, Lys359 stayed close to the
active site in the state I due to the hydrogen bond formed between
the side chain atom NZ of Lys359 and the backbone atom O of
Thr234. This may provide the possibility for Lys359 to donate a
proton to rCTP. Since a few waters have been found between
Lys359 and rC'TP, it is possible for Lys359 to indirectly donate the
proton to leaving PPi group through waters if Lys359 serves as the
general acid in enzyme catalysis. As for Lys167, it demonstrated
moderate flexibility, but we observed that it always stayed away
from the active site in three different conformational states, see
Figure 11. Since the strong positively correlated motion (the
correlation value of 0.6 and above) was observed between the
residue Lys167 and the index finger (see Figure 4b), the movement
of Lysl67 should be affected by the index finger, which was
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Figure 12. Relative Energy profiles were summarized from the quantum mechanics (QM) calculations of three truncated systems
with Lys167 (A), Lys359 (B) and Arg174 (C). IM and TS represent intermediate and transition states respectively. The subscript of IM indicates
the number of a state, and the subscript of TS represents the transition from one state to another. Different IM and TS states were given in the Figure

S8 through Figure S10 of Supporting Information.
doi:10.1371/journal.pcbi.1002851.g012

observed moving away from the active site from current MD
simulations. Thus, Lys167 has low possibility serving as a
candidate for the proton donor in nucleotidyl transfer. From
either crystal structures or conformations sampled from MD
simulations, we observed that the residue Argl74 kept close to
NTP. In addition, a few studies of other enzymes have
demonstrated that arginine was able to involve in the enzyme
catalysis through lowing pKa of arginine [50,51]. Nevertheless,
based on the pH titration curves in the kinetics experiments of PV
3DP°, Cameron et al [35] believed that Lys359 instead of Argl 74
or Lys167 would likely be the good candidate. In order to gain
insight into the mechanism of the proton transfer, we carried out
QM calculations on the 3DP?-RNA-rCTP complex.

Considering the computational cost of QM calculations carried
out on the 3DP°.RNA-rCTP complex, a representative structure
of 3DP°RNA-rCTP complex was obtained in the largest cluster
of conformations sampled from MD simulations, and then it was
truncated by removing its components except for the residues
Asp233, Asp328, Lys167, Lys359, Argl74, the primer terminus
phosphate and sugar of RNA primer, the rCTP molecule, two
metal ions and a few waters near the active site. In order to explore
the role of each acidic residue (Lys167, Lys359 and Argl74), as
well as to save the computational expanse, the truncated structure
was split into three different structures including Lys167, Lys359
and Argl74 separately, see Figure 2. The three structures were
used for QM calculations at the HF/6-31g(d) level respectively,
and their energy profiles were summarized in IFigure 12. For all
intermediate (IM) and transition states (T'S), their representations
were given in Figures S8, S9, S10.

From the QM calculations of the truncated structure with
Lys167, the energy barrier of about 3 kcal/mol was calculated for
the proton transfer from Lysl67 to one of oxygen atoms
connecting to the y-phosphate of the incoming nucleotide, and a
water molecule played an important role in this process, shown in
Figure 12a and Figure S10. Moreover, the intermediate state

IM;ySlw(see Figure S8c) with the protonated rCTP was much
more stable than the reactant IMlLyS167(see Figure S8a). As for the

.. . . Lys167 . .
transition from the intermediate state Iszs to the intermediate

IM]3“yS167(scc Figure S8e¢) through the transition state TS;_);SIW(SCC

Figure S8d), the energy barrier was about 11 kcal/mol (see
Figure 12a). However, when the un-protonated primer terminus
3'-O attacked the a-phosphate of the incoming nucleotide rCTP

(see IM;“ySI67 and ngﬁs‘m of Figure S8), the energy barrier of
about 20 kcal/mol was calculated for this step, and the product

IM}'VSlm(see Figure S8g) was not stable thermodynamically (see
Figure 12a). This indicates that in the presence of Lys167 it is
more difficult for the chemical bond formation between the un-
protonated primer terminus 3'-O and the o-phosphate of the
incoming nucleotide than for two proton transfers to occur (the
primer terminus 3'-OH donated a proton to its neighboring
backbone phosphate of the primer, and Lys167 donated a proton
to the incoming nucleotide).

As for the truncated structure with Lys359, the energy barrier of
about 12 kcal/mol was measured for the proton transfer from
Lys359 to the incoming nucleotide rCTP. As for the proton
transfer from the primer terminus 3'-OH to its neighboring
backbone phosphate of the primer, the energy barrier was found
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to be around 12 kcal/mol. However, these two energy barriers
were much lower than the energy barrier (about 35 kcal/mol) for
the bond formation between the un-protonated terminus 3'-O
(O3’) and the o-phosphate (PA) of the incoming nucleotide, see
Figure 12b and Figure S9. This is similar to the case of Lys167.
According to the crystal structures of PV 3DP?! in different kinetic
states, Lys359 was not poised for the enzyme catalysis [13].
However, the kinetic studies of the mutations at Lys359 from
Cameron lab [34] have shown that Lys359 should be the good
candidate for the general acid involving in the enzyme catalysis. In
addition, the computational study of HIV-reverse transcriptase
[52] showed that Lys220 was able to move the active site and to
serve as the general acid in the nucleotidyl transfer. Therefore, it
was possible for Lys359 indirectly donate the proton to the
incoming nucleotide in the case of PV 3DP°.

From the QM calculations of the system with Argl74, it was
more difficult for the un-protonated primer terminus 3'-O to form
a chemical bond with the a-phosphate of the incoming nucleotide
(energy barrier of about 30 kcal/mol) than for the proton transfer
(energy barrier of about 10 kcal/mol) to occur between the primer

terminus 3'-OH and Asp233 through a water moleculei see
Figure 12¢ and Figure S10. From the transition state TSzA_r3gl 4(see

Figure S10d), we observed that Argl74 did not donate a proton to
the PPi leaving group but it just had a hydrogen bonding
interaction with the leaving PPi group in the reaction. This study
suggested that it was more difficult for an arginine to donate a
proton to incoming nucleotide than for a lysine to do.
Nevertheless, in the case of PV 3DP” Argl74 might facilitate
enzyme catalysis through the hydrogen bonding interaction with
the incoming nucleotide.

In summary, based on above QM calculation results, the kinetic
studies of PV 3DP*! done by Cameron group [34] and the crystal
structures of PV 3DP in different EC states solved by Peersen
group [13], we provided our understanding about the enzyme
catalysis in PV 3DP°!. Firstly, the proton of the primer terminus 3'-
OH may be donated to its neighboring backbone phosphate of the
primer, and the bond formation between the atoms PA and O3’
could be the rate limiting step in the chemistry. Secondly, Argl74
should facilitate enzyme catalysis through the hydrogen bonding
interaction with the incoming nucleotide. Thirdly, Lys359 may
indirectly donate a proton to the PPi leaving group through some
intermediates (such as waters). Fourthly, comparing to Argl74 and
Lys359, the possibility for Lys167 to serve as the general acid is
low. In addition, as we mentioned earlier, before the chemistry
step of nucleotide incorporation, Lys359 may serve as the
transporter of incoming nucleotide. Here, after the chemistry
step, Lys359 again may serve as the transporter of outgoing PPi

group.

Supporting Information

Figure S1 A front view (A) and a top view (B) of the
cartoon representation of ligand-free PV 3DP°!' (PDB
code: 1RA6). Three domains of PV 3DP? fingers, palm and
thumb, are depicted in blue, green and red, respectively.

(TIFF)

Figure S2 Nucleotide sequences of the RNA primer and
template. Nucleotide sequences (A) of the RNA primer and
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template (PDB code: 30L7) with the cytosine nucleotide (in red)
that is to be deleted. The crystal structure (PDB code: 30OL7)
reflects a state of the post-chemistry step of the nucleotide
incorporation. After deleting the cytosine nucleotide from the
RNA sequence in (A), the final nucleotide sequences (B) of the
RNA primer and template were retained in the structure into
which rCTP molecule was built.

(TIFF)

Figure S3 Backbone heavy-atom RMSD curves of PV
3DP°!, The results were calculated from five independent MD
simulations of the PV 3DP apo (red) and complex (black)
structures. On the top-box, the backbone heavy- atom RMSD
values were calculated from the first MD simulation for the apo
form of PV 3DP” excluding two segments (residues 210-220 and
380-461) and were plotted against simulation time (green curve).
(TIFF)

Figure S4 Radius of gyration (RG) curves for the
backbone heavy atoms of PV 3DP° in the apo (red) and
complex (black) forms. The results were calculated from five
independent MD simulations of the PV 3DP* apo and complex
structures.

(TIFF)

Figure S5 B-factors of the backbone alpha carbons for
PV 3DP°! in the apo (red) and complex (black) forms. The
results were obtained from five independent MD simulations of the
PV 3DP* apo and complex structures respectively.

(TIFF)

Figure S6 A top view (A) and a side view (B) of the 3DP°\
RNA-rCTP complex structure with the cartoon repre-
sentation of protein (green) and VDW representation of
RNA (white). Segments from the pinky finger and the thumb
domain are indicated in blue and red respectively.

(TIFF)

Figure S7 Free energy (in unit of kcal/mol) profile of
AG(PC1, PC2) for PV 3DP° in the complex form. In the
three states (I, II, III), the stick representation of CTP, and the
cartoon representation of motif A and residues 354362 of motif
D, are depicted in red, green and orange respectively, and the
crystal structure is indicated in white gray.

(TIFF)

Figure S8 Illustration of the reactant IM{“YSIM(A), the

transition state TSBSIW(B), the intermediate state
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