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ABSTRACT: DNA polymerases are essential enzymes that
faithfully and efficiently replicate genomic information.' > The
mechanism of nucleotide incorporation by DNA polymerases has
been extensively studied structurally and kinetically, but several
key steps following phosphodiester bond formation remain
structurally uncharacterized due to utilization of natural
nucleotides. It is thought that the release of pyrophosphate
(PP;) triggers reverse conformational changes in a polymerase in
order to complete a full catalytic cycle as well as prepare for DNA
translocation and subsequent incorporation events. Here, by
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using the triphosphates of chain-terminating antiviral drugs lamivudine ((-)3TC-TP) and emtricitabine ((-)FTC-TP), we
structurally reveal the correct sequence of post-chemistry steps during nucleotide incorporation by human DNA polymerase f
(hPolp) and provide a structural basis for PP, release. These post-catalytic structures reveal hPolf in an open conformation with
PP, bound in the active site, thereby strongly suggesting that the reverse conformational changes occur prior to PP, release. The
results also help to refine the role of the newly discovered third divalent metal ion for DNA polymerase-catalyzed nucleotide
incorporation. Furthermore, a post-chemistry structure of hPolf in the open conformation, following incorporation of (-)3TC-
MP, with a second (-)3TC-TP molecule bound to the active site in the absence of PP, suggests that nucleotide binding
stimulates PP; dissociation and occurs before polymerase translocation. Our structural characterization defines the order of the
elusive post-chemistry steps in the canonical mechanism of a DNA polymerase.

B INTRODUCTION

DNA polymerases (Pols) are intricate cellular machines capable
of synthesizing genomic DNA in an efficient and faithful
manner. In general, Pols from all six families contain three
canonical polymerase domains, the fingers, thumb, and palm,
arranged in a right-hand configuration.”* In addition to
structural similarities, Pols catalyze DNA synthesis through a
largely conserved mechanism of nucleotide incorporation
following DNA binding, wherein a nucleotide is selected,
bound, and subsequently incorporated into DNA (Scheme
1).'~* Accordingly, the products of nucleotide incorporation by
Pols include an extended DNA primer and pyrophosphate
(PP,). Global conformational changes upon nucleotide binding,
such as an open — closed transition of the fingers domain for
most Pols, or the thumb domain for human DNA polymerase
beta (hPolf), and a closed — open transition following
nucleotide incorporation have been shown to act as fidelity
checkpoints for Pols, influencing both nucleotide selectivity and
catalytic efficiency.”® Beyond these large conformational
changes, more subtle motions that take place within individual
Pol domains are suggested to be important for DNA and
nucleotide binding, as well as nucleotide incorporation.6
While a great deal of biochemical, biophysical, and structural
work has focused on characterizing the steps up to and
including phosphodiester bond formation,"” little structural

-4 ACS Publications  © 2016 American Chemical Society

465

work has investigated the steps occurring after catalysis, such as
PP; release, reverse conformational changes, and either DNA
translocation or dissociation (Scheme 1). Although these steps
are key determinants in Pol processivity and likely control the
balance between the competing polymerization and editing
(i.e., exonuclease) activities of Pols,"””
events is problematic, as these steps are rapid during natural
nucleotide incorporation.® Accordingly, it remains unclear if PP
release occurs first, to effectively trigger the reverse conforma-
tional changes of the Pol, or the reverse conformational
changes occur first, allowing PP; to simply diffuse out of the
active site. Furthermore, it is unclear what roles various active
site residues, metal ions, and an incoming nucleotide serve in
these post-chemistry steps. Here, we utilized the triphosphate
derivatives of lamivudine ((-)3TC-TP) and emtricitabine
((-)FTC-TP) to structurally characterize the elusive post-
chemistry steps of DNA polymerase-catalyzed nucleotide
incorporation. Despite their L-stereochemistry, sulfur-substi-
tuted ribose, and lack of a 3’-OH (Figure S1), these unnatural
nucleotides form natural Watson—Crick base pairs with the
templating base, adopt productive triphosphate conformations,
and can be utilized by hPolp, albeit with altered incorporation
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Scheme 1. Canonical Mechanism of Nucleotide Incorporation for DNA Polymerases®
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Figure 1. Active site views of bound and incorporated L-nucleotides. (A) Closed pre-catalytic ternary complex of hPolfeDNAe(-)FTC-TP. (B)
Open post-catalytic ternary complex of hPol3éDNA—(-)FTC-MPePP,. (C) Superposition of structures presented in parts A and B. (D) Closed pre-
catalytic ternary complex of hPolfeDNAe(-)3TC-TP. (E) Open post-catalytic ternary complex of hPolfeDNA—(-)3TC-MPePP, (F)
Superposition of structures presented in parts D and E. The N-helix is shown as a cartoon model. The metal ions, represented as spheres, are
modeled as Mn** (M,) and Mn?** (M) in parts A and D, Na* (M,) and Mn?* (M) in part B, and Na* (M) in part E. The side chains of D190,
D192, and D256 are shown as sticks. The F,—F_ omit map (30) is displayed as green mesh.

kinetics.” Collectively, the unique properties offered by these
nucleotide analogues, including their near natural configura-
tions and interactions within the hPolf active site, as well as
their ability to prevent subsequent primer extension following
slow incorporation, permitted us to capture the first glimpse of
mechanistic steps following phosphodiester bond formation.

B RESULTS AND DISCUSSION

Previous structural studies have been unable to characterize the
post-chemistry steps with natural nucleotides due to rapid
reverse protein conformational changes and PP; release.”>'~"*
To gain insight into the post-chemistry processes, we
crystallized ternary complexes of hPolf, DNA, and
(-)3TC-TP (hPolfeDNAe(-)3TC-TP) or (-)FTC-TP
(hPolpeDNAe(-)FTC-TP), the triphosphates of two highly
successful antivrial drugs, lamivudine and emtricitabine,
respectively, in the presence of Ca®* followed by in crystallo
Mn?* exchange for 5 h. Unexpectedly, there was no observed
nucleotide incorporation even after complete Ca** to Mn?*
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exchange, likely due to slow L-nucleotide incorporation
catalyzed by hPolfB.” These pre-catalytic ternary crystals yielded
structures at resolutions of 2.49 and 2.00 A (Table S1) for
hPolfeDNAe(-)FTC-TP (Figure 1A) and hPolfeDNAse(-)
3TC-TP (Figure 1D), respectively, with similar overall tertiary
structures (rmsd of 0.78 and 0.72 A, respectively) compared to
the ternary structure of hPolf, DNA, and natural dCTP (PDB
code 4KLD)'’ (Figure S2), including a fully closed thumb
domain. In addition, the pre-catalytic ternary structures have
well-defined electron density for the incoming nucleotide and
exhibit similar active site architecture compared to hPoljeD-
NAedCTP, except for a slight repositioning of A-site (M,) and
B-site (Mg) metal ions (Figure S2A). The hPolfeDNAe(-)
3TC-TP and hPolfeDNAe(-)FTC-TP structures with Mn?*
likely represent E"@DNA,®dNTP in Scheme 1.

Crystals of the pre-catalytic ternary complexes were then
soaked in a Mn** or Mg*" solution overnight to obtain post-
catalytic structures. The crystals of hPolfeDNA—(-)FTC-
MPePP; in the presence of Mg** (Figure 1B) and
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Figure 2. Zoomed interactions of the triphosphate of a nucleotide or the product pyrophosphate with palm domain residues. (A) Closed pre-
catalytic ternary complex of hPolfeDNAe(-)FTC-TP. (B) Open post-catalytic ternary complex of hPolfeDNA—(-)FTC-MPePP, (C)
Superposition of structures presented in parts A and B. (D) Closed pre-catalytic ternary complex of hPolfeDNAe(-)3TC-TP. (E) Open post-
catalytic ternary complex of hPolfeDNA—(-)3TC-MPePP,. (F) Superposition of structures presented in parts D and E. In all panels, the
triphosphate or pyrophosphate forms hydrogen bonds (dashes) with the backbone nitrogen atoms of G189 and S180 and the side chains of R183
and S180. Distances are given in A. The metal ions, represented as spheres, are modeled as Mn** (M,) and Mn** (Mj) in parts A and D, Na* (M,)
and Mn** (Mg) in part B, and Na* (M) in part E. The active site residues are shown as sticks.

hPol3eDNA—(-)3TC-MPePP; in the presence of Mn*" (Figure
1E) diffracted to a resolution of 2.39 and 2.49 A, respectively
(Table S1). The active sites of both structures clearly indicate
the formation of a covalent linkage between the terminal primer
nucleotide, dC, and the monophosphates of lamivudine and
emtricitabine, (-)FTC-MP or (-)3TC-MP (Figure 1B and E).
Notably, in the hPolfeDNA—(-)3TC-MPePP; structure
(Figure 1E), the catalytic A-site metal ion is absent and the
nucleotide binding B-site metal ion is modeled as Na®, while
they are modeled as Na' and Mn®, respectively, in the
hPolfeDNA—(-)FTC-MPePP; (Figure 1B). Further compar-
ison between the active sites of hPolfeDNA—(-)3TC-MPePP,
and hPolfeDNA—(-)FTC-MPePP; reveals that the B-site
metal ions are in nearly identical positions and are associated
with the newly generated PP; (Figure 1B,E and Figure S3).
The overall tertiary structures of these post-catalytic ternary
complexes are similar, with the N-helix adopting an open
protein conformation, and overlay well with the binary
structures, hPolfeDNA and hPolfeDNA s (PDB codes
1BPX and 1BPZ, respectively)," except for the base portion of
(-)3TC-TP, which forms a nonplanar Watson—Crick base pair
with the templating nucleotide (Figure S3). Surprisingly, the
product PP; is also bound in the active site (Figures 1B and E
and 2B and E) unlike previous post-catalytic structures wherein
PP, had been released.'”'"'* Moreover, PP; forms hydrogen
bonds with several palm domain residues that are consistent
with those seen in the closed, pre-catalytic ternary complexes
(Figure 2). Previously, we have shown that, following
nucleotide incorporation opposite 8-oxoguanine (8-0x0G),
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hPolf is in the closed conformation with PP; bound, but
following extended incubation periods, hPolf is observed in the
open conformation with PP, released.'* Interestingly, a similar
time-dependent structural study observing dCTP incorporation
by hPolf on undamaged DNA could not capture PP, release or
the reverse conformational change even 11 h after reaction
initiation.'” Furthermore, post-catalytic structures with T7
RNA polymerase'® were unable to define the sequence of PP,
release and the closed — open conformational change. Clearly,
the timing and the rapid kinetics of these post-chemistry
processes are ambiguous and have likely contributed to poor
structural characterization to date.

Here, the hPolfeDNA—(-)3TC-MPePP; and hPolfeDNA—
(-)FTC-MPePP; structures are observed in an open con-
formation with PP; bound (Figures 1B and E and 2B and E),
which is surprising given that computational analyses of DNA
polymerase I from Bacillus stearothermophilus (BF) have shown
that PP, release triggers post-catalytic conformational
changes.'” These open post-catalytic structures suggest a
mechanism where PP; can stay tightly associated with the
polymerase active site following the reverse conformational
change of the N-helix in the absence of the next nucleotide.
Furthermore, this mechanism of PP, release following a closed
— open conformational change is supported by the persistent
hydrogen bonding network between the - and y-phosphates of
the nucleotides or the product PP; and residues in the palm
domain (Figure 2), which may also impede binding of the next
nucleotide.
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Figure 3. Superposition of post-catalytic structures of hPolf with the phosphate forms of (-)3TC. Overall superposition of the hPolfeDNA—
(-)3TC-MPePP; (cyan) and hPol}eDNA—(-)3TC-MPe(-)3TC-TP (green) structures. Between the two structures, the DNA substrate and protein
backbone overlay well, respectively, with only a slight difference in the position of the N-heilx. (B) Active site superposition of the hPolfeDNA—
(-)3TC-MPePP; (cyan) and hPolfeéDNA—(-)3TC-MPe(-)3TC-TP (green) structures. The side chains (R183 and S180) and backbone atoms
(G189 and S180) have similar interactions with PP; and the triphosphate of (-)3TC-TP. The incoming (-)3TC-TP also has an additional interaction
with R149 due to a slight repositioning of the y-phosphate of (-)3TC-TP compared to PP;.
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Figure 4. Zoomed active site views of the post-catalytic hPolféDNA—(-)3TC-MPe(-)3TC-TP structure. (A) (-)3TC-TP bound in the open
conformation following (-)3TC-MP incorporation. The N-helix is shown as a cartoon model. The F,—F. map (36) is shown as green mesh. (B)
Interactions of the bound (-)3TC-TP with palm domain residues. Hydrogen bonds (dashes with distances given in A) are formed with the backbone
nitrogen atoms of G189 and S180 and the side chains of R183 and S180. Two unique hydrogen bonds are formed between the triphosphate of
(-)3TC-TP and the side chain of R149. In both panels, the B-site (Mj) metal ion, shown as a sphere, is modeled as Mn**. The active site residues are
represented as sticks.

While examination of the DNA polymerase mechanism with In terms of the overall kinetic mechanism (Scheme 1), the
natural substrates is preferred, the rapid kinetics associated with above closed and open post-catalytic structures help to define
certain steps render structural characterization difficult or steps 8 and 9, respectively. The pre-catalytic and chemistry

steps (Scheme 1, steps 1—6) of nucleotide incorporation by
hPolp have been previously investigated structurally and
kinetically, and we will not discuss them here.'”™*" However,
we point out that step 4 in Scheme 1 represents the forward
open — closed conformational transition of the thumb domain

impossible. Fortuitously, our use of the chain-terminating
nucleotide analogues has permitted the capture of the elusive
post-chemistry events to further clarify the catalytic mechanism
of hPolf (Figures 1—3 and Scheme 1). Consistently, a kinetic
study of human DNA polymerase y (hPoly) incorporating the for hPolf3, which already happened in the crystals prior to the

triphosphate of another chain-terminating nucleotide analogue, metal ion exchange experiments described in this study. Steps
3'-azido-2',3'-dideoxythymidine (AZT-TP), demonstrated that 5—7 of Scheme 1 occurred following metal ion exchange but

PP; release following AZT-TP incorporation is slow," were not observed in crystallo. Notably, step 7 of Scheme 1
suggesting the existence of a stable hPolyéDNA—AZT- represents the reverse of the conformational changes (ie., E”
MPePP; complex. — E’) in the active site of hPolf that occurred during step
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Figure S. Evidence for a third metal ion following (-)3TC-TP incorporation. (A) Stick model of the zoomed hPolfeDNA—(-)3TC-MPePP,
structure with both the B-site (Mp) and C-site (M) metal ions shown as spheres and modeled as Na* ions. Ligands for the C-site metal ion are
shown as dashes with distances in A. (B and C) Superposition of the hPol3éDNA—(-)3TC-MPePP; structure and the structure of hPolf following
normal dCTP incorporation (hPolféDNA—dCMPePP, PDB code 4KLG). Metal ions for the hPolféDNA—dCMPePP, structure are modeled as
Mg*" ions. (B) Movement of the C-site metal ion (M) and PP, following domain reopening is shown as dashes with distances in A. The M ion for
the hPolfeDNA—(-)3TC-MPePP; structure is modeled as Na* based on the ligand distances and the concerted movement of M and PP, (C)
Overall active site superposition demonstrating the change in the N-helix and similar positions of catalytic aspartate residues and the DNA template

strand.

5,°1** but our structures here do not inform on these events.
Following nucleotide binding and incorporation, our post-
catalytic ternary structures of hPolf (Figures 1B and E and 2B
and E) strongly suggest that the thumb domain must first
complete the reverse, closed — open transition (Scheme 1, step
8) before PP, can be released (Scheme 1, step 9). However, the
sequence of the post-chemistry steps following a misincorpora-
tion event may be different than described here. For example,
PP; release following a misincorporation is purported to be fast,
as shown in a time-resolved crystallographic study of hPol}
wherein only open-product complexes without PP, rather than
closed-product complexes with bound PP, could be isolated
following a misincorporation event.'’ This is consistent with
kinetic studies of T7 DNA polymerase® and @29 DNA
polymerase,23 wherein a mismatched primer terminus could
not be removed via pyrophosphorolysis due to fast PP;
dissociation. In addition, the sequence of post-chemistry steps
for natural nucleotide incorporation may or may not follow the
sequence described here. However, structural characterization
of such events may be unattainable due to the fast kinetics of
correct, natural nucleotide incorporation. For example, our
previous time-dependent studies viewing dCTP incorporation
opposite 8-0x0G during hPolf catalyzed translesion synthesis
were unable to elucidate the order of events following
chemistry."* To evaluate whether or not incorporation of a
natural nucleotide or misincorporation follows the sequence of
post-chemistry steps in Scheme 1, similar structural studies as
presented here are required.

Clearly, the molecular determinants for the reverse
conformational changes and pyrophosphate release have not
been well understood structurally, but our results illuminate key
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details of these events for correct nucleotide incorporation. As
proposed previously, it is possible that, rather than passive PP;
release and DNA translocation (Scheme 1, steps 9 and 10,
respectively), the presence of the next correct nucleotide may
actively displace PP; during processive DNA synthesis.
Therefore, during a subsequent nucleotide incorporation, PP;
dissociation may occur as late as step 3 in Scheme 1."7**** To
investigate the role of nucleotide binding in PP; release, crystals
of hPolfeDNA—(-)3TC-TP with Ca®* were soaked in a
cryosolution containing Mg** and (-)3TC-TP. Crystals of
hPol3éDNA—(-)3TC-MPe(-)3TC-TP diffracted to 1.85 A
resolution and showed the binding of the second (-)3TC-TP
following the incorporation of the first (-)3TC-TP but the
notable absence of PP; generated during nucleotide incorpo-
ration (Figure 4). Surprisingly, (-)3TC-TP in the hPoljeD-
NA—(-)3TC-MPe(-)3TC-TP structure forms a similar hydro-
gen bonding network with several residues (S180, R183, and
G189) compared to PP, in the hPol3eDNA—(-)3TC-MPePP,
structure (Figures 3B and 4B). In addition, (-)3TC-TP forms
two hydrogen bonds with the side chain of R149 that further
facilitate nucleotide binding and may aid in PP; displacement
(Figures 3B and 4B). This is consistent with several stopped-
flow studies which demonstrated that in the presence of the
next correct nucleotide PP, release is fast, while in the absence
of additional nucleotide the release is slow.'”***> Furthermore,
the hPolfeDNA—(-)3TC-MPe(-)3TC-TP structure may
suggest that the binding of the next nucleotide occurs before
and provides energy for hPolf translocation. This is contrary to
the sequence of steps 10, and 3 in the canonical mechanism
(Scheme 1). We were able to capture such a metastable
complex because the nicked DNA—(-)3TC-MP substrate
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prevents hPolf translocation, and the incoming (-)3TC-TP
mismatch with the next nucleotide (dC) of the template would
disfavor the strand-displacement activity of hPolf.”
Alternatively, in the absence of the next correct nucleotide,
PP; release could be triggered or aided by protein side chain
movements or water solvation that disrupts interactions
between PP; and protein side chains. Conversely, additional
metal ions, such as the third divalent metal ion observed in
recent time-resolved X-ray crystallography studies with
Pols,'"™'* are unlikely to aid PP; release. In the structures
following nucleotide incorporation and reopening of the thumb
domain, a third metal ion is only observed for the
hPolfeDNA—(-)3TC-MPePP; structure (Figures 1D—F and
S) but not with the hPolfeDNA—(-)FTC-MPePP; (Figure
1A—C). In addition, the third metal ion and PP; remain
associated following chemistry, and together move upon
reopening of the thumb domain when compared with the
positions of the third divalent metal ion and PP; in the
structures of correct nucleotide incorporation with hPolf
(Figure SA and B). Accordingly, these data limit the role of the
third metal jon to catalytic events occurring during the
chemistry step (step 6, Scheme 1). Despite the third metal
ion remaining associated with PP; immediately following
chemistry, it dissociates first. This is further supported by the
product structures of hPolf with the correct nucleotide,
wherein the third divalent metal ion is released prior to
domain reopening.'’ This is contrary to the initial hypothesis
that the third divalent metal acts as an exit shuttle for PP,
release.'>"* However, for hPoly, it cannot be ruled out that the
third divalent metal ion aids PP; release due to the lack of post-
catalytic structures with the third divalent metal ion released
and PP; still bound. Regardless of the mode in which PP, release
is triggered, it is clear that the release of this small molecule
occurs independent of the major, reverse conformational

changes of hPolp.

Bl CONCLUSION

In summary, we report five post-catalytic structures of human
DNA polymerase f# (hPolf) following incorporation of the L-
nucleotide analogues, (-)3TC-TP and (-)FTC-TP. Contrary to
common belief, we observe the first structural evidence, to our
knowledge, that the inevitable closed — open thumb domain
transition following nucleotide incorporation occurs before PP;
release. Furthermore, the ternary structure in which an
additional nucleotide is bound with a previously incorporated
nucleotide suggests that the nucleotide binding to the complex
following the closed — open conformational change may
trigger PP, release and initiate the next catalytic cycle.

B EXPERIMENTAL SECTION

Preparation of Protein and DNA. Fulllength hPolj was
overexpressed and purified as described previously."* DNA oligomers
were purchased from Integrated DNA Technologies and were purified
by denaturing polyacrylamide gel electrophoresis. Crystallization
oligomers consisted of a 16-mer template (5'-CCGACGGCGCAT-
CAGC-3'), a 10-mer upstream primer (5'-GCTGATGCGC-3'), and a
S-mer downstream S'-phosphorylated primer (5'-pGTCGG-3’) as
described previously.'” For crystallization, the template, upstream
primer, and downstream primer were mixed in a 1:1:1 ratio and
annealed by heating to 95 °C for S min followed by slowly cooling to 4
°C to form the single-nucleotide gapped DNA substrate (1 mM). The
t-nucleotides, (-)FTC-TP and (-)3TC-TP, were obtained from Jena
Bioscience. If not specifically mentioned, all DNA substrates are single-

470

nucleotide gapped. DNA,4.qy DNA—(-)3TC-MP, and DNA—(-)FTC-
MP are nicked DNA substrates.

hPolf Crystallization and Structure Determination. Purified
human hPolf was dialyzed into a buffer containing 50 mM NaOAc
(pH 5.5), 75 mM NaCl, 5% glycerol, and 0.1 mM DTT and
concentrated to 20 mg/mL as described previously.”” Binary
complexes (hPolJeDNA) were prepared by mixing purified hPolf
and the single-nucleotide gapped DNA substrate (1 mM) in a 1:1 ratio
at 4 °C followed by heating to 35 °C and subsequent cooling to room
temperature.”® Binary crystals were obtained by hanging drop vapor
diffusion against a reservoir solution containing 50 mM imidazole, pH
7.5, 16—18% PEG3350, and 350 mM sodium acetate.”® Binary crystals
were then seeded into a freshly prepared ternary complex solution
(hPolfeDNA, 10 mM CaCl, and 2 mM (-)3TC-TP or (-)FTC-TP) to
obtain pre-catalytic ternary crystals (hPoljeDNAe(-)3TC-TP or
hPolfeDNAe(-)FTC-TP) at room temperature, as described
previously."”” The resulting pre-catalytic ternary crystals were then
soaked in a cryosolution (15% ethylene glycol, SO mM imidazole (pH
7.5), 20% PEG3350, 90 mM NaOAc) containing either Mg** or Mn**
ions (50 mM) for S h to achieve thumb domain closure or overnight
to allow nucleotide incorporation. Crystals were flash frozen in liquid
nitrogen, and X-ray diffraction data were collected using the LRL-CAT
beamline facilities at Advance Photon Source (APS), Argonne
National Laboratory. The X-ray diffraction data were processed
using MOSFLM.” Structures were solved by molecular replacement
using PHASER.* A previous structure (PDB code: 4KLD),"® devoid
of ligands and solvent molecules, was used as the initial model.
Structural refinement was carried out using REFMACS.>' COOT was
used for visualization and model building.”* The quality of the models
was assessed using PROCHECK.* Figures were created using
PYMOL.*
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with the Protein Data Bank with accession codes STBS, STB9,
STBA, STBB, and STBC.
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