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ABSTRACT
Considering that all natural nucleotides (D-dNTPs)
and the building blocks (D-dNMPs) of DNA chains
possess D-stereochemistry, DNA polymerases and
reverse transcriptases (RTs) likely possess strong
D-stereoselectivity by preferably binding and incorporating D-dNTPs over unnatural L-dNTPs during
DNA synthesis. Surprisingly, a structural basis for
the discrimination against L-dNTPs by DNA polymerases or RTs has not been established although
L-deoxycytidine analogs (lamivudine and emtricitabine) and L-thymidine (telbivudine) have been
widely used as antiviral drugs for years. Here we
report seven high-resolution ternary crystal structures of a prototype Y-family DNA polymerase, DNA,
and D-dCTP, D-dCDP, L-dCDP, or the diphosphates
and triphosphates of lamivudine and emtricitabine.
These structures reveal that relative to D-dCTP, each
of these L-nucleotides has its sugar ring rotated
by 180◦ with an unusual O4′ -endo sugar puckering
and exhibits multiple triphosphate-binding conformations within the active site of the polymerase.
Such rare binding modes significantly decrease
the incorporation rates and efficiencies of these Lnucleotides catalyzed by the polymerase.
INTRODUCTION
Nucleotide selection by DNA polymerases has been hypothesized to be influenced by hydrogen bonds between a
nascent base pair (1,2), base stacking (3), minor groove hydrogen bonds with protein residues (4,5), nucleotide desolvation (6), induced-fit protein conformational change (7–
12), phosphodiester bond formation (13), positive and negative selectivity (14) and steric repulsion (15,16). In addition, shape complementarity (or geometric selection) has
* To

also been proposed to influence polymerase fidelity based
on different tightness of the active sites of high- and lowfidelity DNA polymerases and different overall shapes of
correct and incorrect base pairs (3). If geometric selection is stringent, it will be unlikely for a DNA polymerase
to incorporate a nucleotide analog with L-stereochemistry
(L-dNTP) opposite a natural templating nucleotide with
D-stereochemistry. However, because many DNA polymerases and reverse transcriptases (RTs) can incorporate
non-physiological nucleotide analogs, it might be possible
for a polymerase to relax its D-stereoselectivity to bind and
incorporate L-dNTPs or their analogs. This is more likely
when considering that low-fidelity DNA polymerases and
RTs possess flexible active sites and lack a proof-reading
3′ → 5′ exonuclease activity. The D-stereoselectivity of
DNA polymerases and RTs has been further shown to be
relaxed based on the successful development of two nucleoside reverse transcriptase inhibitors (NRTIs): lamivudine ((–)3TC; (–)-␤-L-2′ -3-dideoxy-3′ -thiacytidine) and its
5-fluorinated derivative, emtricitabine ((–)FTC; (–)-␤-L-2′ 3-dideoxy-5-fluoro-3′ -thiacytidine) (Figure 1), which terminate genomic replication of human immunodeficiency
viruses (HIV) once converted to their triphosphate forms
((–)3TC-TP), (–)FTC-TP) and subsequently incorporated
by HIV RT in vivo. Both (–)3TC and (–)FTC have been
shown to be clinically more effective and less toxic than their
enantiomeric D-isomers (17–21). Furthermore, (–)3TC and
the third L-drug telbivudine (L-thymidine) have been used
as drugs for the treatment of hepatitis B virus (HBV)
infections (22,23). Like other NRTIs, the three L-drugs
(lamivudine, emtricitabine and telbivudine) NRTIs including (–)3TC and (–)FTC also cause clinical side effects and
some of them are likely associated with the inhibition of human DNA polymerases (16). Among 16 identified human
DNA polymerases in the A-, B-, X- and Y-families, our recent kinetic analysis demonstrates that the DNA damage
repair X-family (␤ and ) and the lesion-bypass Y-family
polymerases (, ,  and Rev1) are more prone to inhibi-
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Figure 1. Chemical structures of D-dCTP and its L-analogs. The mirror emphasizes the mirror image relationship of enantiomers D-dCTP and L-dCTP.
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MATERIALS AND METHODS
Preparation of protein and DNA
Dpo4 was expressed and purified as described previously
(26). DNA oligonucleotides were synthesized by Integrated
DNA Technologies and purified using denaturing polyacrylamide gel electrophoresis. The regular template 18-mer (5′ TTCAGGAGTCCTGTAGCC-3′ ) and primer 13-mer (5′ GGCTACAGGACTC-3′ ) strands were annealed to form a
DNA substrate 13/18-mer as described previously (26,27).
For L-dCTP crystallization, the 3′ -ddC-terminated 13-mer
was used since we failed to obtain crystals using the regular
13-mer primer.
Measurement of pre-steady-state kinetic parameters for nucleotide incorporation
A pre-incubated solution of Dpo4 (240 nM) and [32 P]labeled 13/18-mer (30 nM) was rapidly mixed with varying
concentrations of dNTP at 37◦ C in buffer R (50 mM
N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)
(HEPES), pH 7.5, 5 mM MgCl2 , 50 mM NaCl, 0.1 mM
Ethylenediaminetetraacetic acid (EDTA), 5 mM Dithiothreitol (DTT), 10% glycerol, and 0.1 mg/ml Bovine
serum albumin (BSA)) in a rapid chemical quench flow
apparatus (KinTek). After various times, the reaction was
terminated with 0.37 M EDTA and analyzed by sequencing
gel electrophoresis. Each time course of product formation
was fit to a single-exponential equation, [product] =
A[1 − exp(−kobs t)], to yield an observed rate of nucleotide
incorporation (kobs ) and a reaction amplitude (A). The
observed rates were then plotted against dNTP concentrations and the plot was fit to a hyperbolic equation,
kobs = kp [dNTP]/([dNTP] + Kd ), to yield an equilibrium

dissociation constant (Kd ) and a maximum incorporation
rate (kp ).
Crystallization and structure determination
Purified Dpo4 was concentrated to 18 mg/ml and then
mixed with the 13/18-mer at a molar ratio of 1:1.2 to
form a binary complex in a buffer of 10 mM HEPES (pH
7.0), 5 mM CaCl2 , 0.5 mM DTT and 10 mM NaCl. A
ternary complex was subsequently formed with the addition of 1 mM D-dCTP or its L-analogs: L-dCTP, (–)3TCTP, (–)3TC-PPNP, (–)FTC-TP and (–)FTC-PPNP. Notably,
non-catalytic metal ions Ca(II), rather than catalytic metal
ions Mg(II), have been used regularly to trap incoming nucleotides in pre-insertion ternary complexes with Dpo4 (28–
31) and other DNA polymerases (32–35). (–)3TC-TP and
(–)FTC-TP were synthesized and purified by Gilead Sciences with >95% purity (HPLC). L-dCTP, (–)3TC-PPNP
and (–)FTC-PPNP were synthesized and purified by Jena
Bioscience with >95% purity (HPLC). Crystals were obtained using the hanging drop vapor diffusion method
when each Dpo4 ternary complex mixture was equilibrated
against a reservoir buffer composed of 12–16% PEG3350,
100 mM Ca(Ac)2 and 2.5% glycerol as precipitant in 0.1 M
HEPES (pH 7.0). Using 25% PEG3350 and 15% ethylene
glycol in mother liquor, crystals were flash frozen in liquid
nitrogen. X-ray diffraction data were collected using LRLCAT beamline facilities at Advance Photon Source (APS),
Argonne National Laboratory. X-ray diffraction data was
processed using MOSFLM (36). MOLREP (37) was used
for molecular replacement using PDB: 1JX4 as model (38).
Structural refinement was carried out using CNS (39) and
REFMAC5 (40). COOT (41) was used for visualization and
model building. Quality of the models was assessed using
PROCHECK (42). The torsion angles of D-dCTP and its
L-analogs were calculated using PROSIT (43). Figures were
created using PYMOL (44).
RESULTS AND DISCUSSION
Incorporation of D-dCTP and its L-analogs catalyzed by
Dpo4
DNA polymerases catalyze phosphodiester bond formation through in-line nucleophilic attack of the ␣-phosphate
of an incoming natural D-dNTP by a primer 3′ -OH during primer elongation (Supplementary Figure S1). If the
stereochemistry of the nucleotide is altered from D to L,
it likely adversely influences nucleotide binding and incorporation. Consistently, our pre-steady-state kinetic analysis exploring the potential roles of various human DNA
polymerases on the clinical toxicities of NRTIs demonstrates that both (–)3TC-TP and (–)FTC-TP are incorporated with maximum rates (kp ) several orders of magnitude
lower than D-dCTP (24). Consequently, these human enzymes incorporate D-dCTP over (–)3TC-TP and (–)FTCTP with 40–290 000-fold higher incorporation efficiencies
(kp /Kd ) (24). Unlike replicative DNA polymerases, several
human X- and Y-family DNA polymerases can incorporate these L-NRTIs as efficiently as HIV-1 RT (24). Likewise, Dpo4, the lone lesion-bypass Y-family DNA polymerase from S. solfataricus, was able to incorporate L-
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tion by the triphosphates of the L-drugs than the A- and
B-family, replicative polymerases (24).
To understand the molecular basis of stereoselectivity presented by a polymerase to L-nucleotides, we cocrystallized and solved seven ternary structures of Sulfolobus solfataricus DNA polymerase IV (Dpo4), a model
Y-family enzyme, DNA, and either D-dCTP, D-dCDP, LdCDP, the (␤,␥ -imido)-triphosphate derivatives ((–)3TCPPNP) and (–)FTC-PPNP) or the diphosphates ((–)3TCDP), (–)FTC-DP) of (–)3TC and (–)FTC (Figure 1).
Since (–)3TC-TP and (–)FTC-TP were hydrolyzed to their
diphosphate forms in the crystals, their non-hydrolyzable
forms (–)3TC-PPNP and (–)FTC-PPNP were also included
as incoming nucleotides. Notably, Dpo4 is in the same DinB
subfamily as human DNA polymerase  and has similar in vitro lesion-bypass activities as human DNA polymerase  (25). Therefore, our studies can provide insight
into how these NRTIs may interact with human Y-family
DNA polymerases besides HIV-1 RT. Our ternary structures illustrate how an L-nucleotide and its NRTI analogs
are bound within the active site of Dpo4 prior to catalysis and explain why our pre-steady-state kinetic analysis
demonstrates that Dpo4 incorporates D-dCTP, L-dCTP,
(–)3TC-TP and (–)FTC-TP with dramatically different incorporation rates and efficiencies.
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Overall ternary structures
After numerous attempts, we successfully crystallized
ternary complexes of Dpo4, a DNA substrate 13/18-mer
(see the ‘Materials and Methods’ section), and either DdCTP, L-dCTP, (–)3TC-TP or (–)FTC-TP. L-dCTP and
its two analogs were found in their diphosphate forms
(Figure 2E and F and Supplementary Figure S3), which
was caused by the weak phosphatase activity of Dpo4
(38). In contrast, D-dCTP was intact with its triphosphate moiety adopting a chair-like conformation (Figure
2A). To capture the ␥ -phosphate of the two L-NRTIs
in crystal structures, non-hydrolyzable (–)3TC-PPNP and
(–)FTC-PPNP (Figure 1) were synthesized and used in
subsequent crystallization trials. Although slowly, both
(–)3TC-PPNP and (–)FTC-PPNP can be incorporated into
the 13/18-mer by Dpo4 with rates of 1.1 × 10−4 and
1.5 × 10−4 s−1 , respectively (Supplementary Figure S2M–
O). Notably, it has been demonstrated that substitutions
of ␤,␥ -oxygen result in very low nucleotide incorporation efficiencies by DNA polymerases but have no effect
on the binding conformation of these nucleotide analogs
in the ternary crystal structures (45). Together, these results suggest that (–)3TC-PPNP and (–)FTC-PPNP can
be good models for (–)3TC-TP and (–)FTC-TP, respectively, and the conformations of these ␤,␥ -substituted nucleotide observed in crystal structures will closely resemble the possible conformations adopted by (–)3TC-TP and
(–)FTC-TP within the active site. The crystal structures
of seven Dpo4·DNA·nucleotide ternary complexes were
refined to resolutions of 1.8–2.4 Å and are referred to
as Dpo4-D-dCTP, Dpo4-D-dCDP, Dpo4-L-dCDP, Dpo4(–)FTC-DP, Dpo4-(–)3TC-DP, Dpo4-(–)FTC-PPNP and
Dpo4-(–)3TC-PPNP (Table 2, Supplementary Figures S3–
S5). Notably, all seven complexes were crystallized in orthorhombic space group. Six of them were crystallized in
P21 21 2 space group with one ternary complex molecule in
an asymmetric unit while Dpo4-L-dCDP was crystallized
in P21 21 21 space group with two ternary complex molecules
(chains A and D for Dpo4) in an asymmetric unit (Supplementary Figure S3). Notably, the overall structures of Dpo4

in the seven complexes are almost identical with root-meansquare deviations between 0.37 and 0.51 Å (Supplementary
Table S1, Supplementary Figures S3–S5). Thus, the overall
structure of Dpo4 was not significantly affected by either
the binding of a nucleotide with L-stereochemistry, the absence of the ␥ -phosphate in the incoming nucleotide, or the
lack of primer 3′ -OH group.
Conformations adopted by the triphosphate moiety of a
polymerase-bound nucleotide
Interestingly, all three incoming L-nucleotides in the ternary
structures were present in anti-conformation and formed
Watson–Crick base pairs with the templating nucleotide
dG (Figure 2). The triphosphate of (–)3TC-PPNP displayed a novel N-shaped conformation (Figure 2B), unlike the typically observed chair-like conformations (46) of
matched D-dNTPs complexed with Dpo4 and undamaged
DNA (Supplementary Table S2), e.g. Dpo4-D-dCTP (Figure 2A). In contrast, the triphosphate of (–)FTC-PPNP displayed two alternate conformations: the N-shaped conformation (Type-A, Figure 2C) and the goat tail-like conformation (46) (Type-B, Figure 2D). After several rounds of
refinement with different occupancy ratios, the two conformations of (–)FTC-PPNP were best modeled with equal
occupancies (Supplementary Figure S6). Although similar to (–)3TC-PPNP, the triphosphate moiety in TypeA conformation of (–)FTC-PPNP was bent slightly toward the primer 3′ -terminus, allowing a water molecule
to slide between Tyr12 and (–)FTC-PPNP (Figure 2C).
The conformations adopted by the ␣- and ␤-phosphates
in the N-shaped conformations of (–)3TC-PPNP and
(–)FTC-PPNP are nearly identical to the equivalent ␣and ␤-diphosphate moieties in Dpo4-(–)FTC-DP, Dpo4(–)3TC-DP and Dpo4-L-dCDP (Figure 3 and Supplementary Figure S7) as well as the ternary structures of
Dpo4·DNA·ddNDP (Supplementary Table S3), which display an Λ-shaped diphosphate conformation (Figure 4D).
This supports our above conclusion that the (␤,␥ -imido)substitution in (–)3TC-PPNP and (–)FTC-PPNP does not
significantly affect the binding conformation of an incoming nucleotide. Moreover, it also indicates that either the absence of the 3′ -OH of an incoming nucleotide or the mismatching of the nucleotide with a templating base significantly altered the binding conformations of the nucleotide
and DNA at the active site of Dpo4. In contrast, the absence of the ␥ -phosphate moiety did not affect the conformation of an incoming nucleotide and the overall structure
of a ternary complex, which was likely due to the positioning of the ␥ -phosphate moiety on the edge of the Dpo4 surface (Supplementary Figure S8A). Consistently, the nearly
superimposable structures of Dpo4-D-dCDP and Dpo4-DdCTP show that D-dCDP in Dpo4-D-dCDP is bound with
an almost identical location and conformation as the counterpart of D-dCTP in Dpo4-D-dCTP (Supplementary Figure S7A).
Notably, all triphosphates of matched D-dNTPs in the
ternary complexes with undamaged DNA and Dpo4 (Figure 2A and Supplementary Table S2) or all other DNA
polymerases and RTs (Supplementary Table S4) are in a
chair-like conformation. Thus, we propose this chair-like
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dCTP, (–)3TC-TP and (–)FTC-TP but with kp and kp /Kd
lowered by 103 –104 -fold relative to those of D-dCTP, leading to calculated D-stereoselectivity of 4.4 × 104 , 1.9 × 103
and 6.2 × 102 , respectively (Table 1 and Supplementary
Figure S2A–L). Additionally, the L-stereochemistry modestly affected the binding affinity (1/Kd ) of an incoming nucleotide to the binary complex Dpo4·DNA based on the Kd
values of D-dCTP and its three L-analogs. In addition, both
kp and kp /Kd follow the order of D-dCTP >> (–)FTC-TP >
(–)3TC-TP > L-dCTP (Table 1). Notably, the 5-fluorination
of the base (Figure 1) makes (–)FTC-TP a better substrate
than (–)3TC-TP to both Dpo4 (Table 1) and HIV-1 RT (18)
while the chemical modifications on both the ribose and
the base improve the kp /Kd of (–)FTC-TP over L-dCTP by
∼100-fold and decrease the D-stereoselectivity to only 620
with Dpo4 (Table 1). To establish a structural basis for the
differences in the binding and incorporation kinetic parameters of these L-nucleotides, we performed crystallographic
studies with Dpo4 in complex with DNA and L-nucleotides.

Nucleic Acids Research, 2014 5

Table 1. Kinetic parameters for nucleotide incorporation opposite the templating base dG in the 13/18-mer catalyzed by Dpo4 at 37◦ C
Nucleotide

kp (s−1 )

Kd (M)

kp /Kd (M−1 s−1 )

D-stereoselectivitya

D-dCTP
L-dCTP
(–)3TC-TP
(–)FTC-TP

0.70 ± 0.01
0.000029 ± 0.000002
0.00052 ± 0.00002
0.00084 ± 0.00005

75 ± 6
138 ± 28
107 ± 11
58 ± 7

9.3 × 10−3
2.1 × 10−7
4.8 × 10−6
1.5 × 10−5

4.4 × 104
1.9 × 103
6.2 × 102

a D-stereoselectivity

= (kp /Kd )D-dCTP /(kp /Kd )L-nucleotide .

conformation to be a part of a productive ternary complex during catalysis. In contrast, the triphosphate groups
of a mismatched D-dNTP and matched D-ddNDPs (Supplementary Table S3) as well as matched L-nucleotides described here (projected from Figure 2E) are in the goat
tail-like and/or N-shaped conformations, which we consider to be less productive based on significantly lower kp
and kp /Kd values of (–)3TC-TP and (–)FTC-TP than correct D-dCTP (Table 1). These conclusions are further supported by the interaction patterns between the two divalent
metal ions and the triphosphate moiety in the three conformations (Supplementary Figure S9): the pattern in the
chair-like conformation is optimized for catalysis (47). Al-

though we failed to obtain the ternary structure of Dpo4-LdCTP (see above), the Λ-shaped diphosphate binding conformation of L-dCDP in the Dpo4-L-dCDP (Figure 2E and
F), which is similar to the counter parts in Dpo4-(–)FTCDP and Dpo4-(–)3TC-DP (Figure 3B) as well as Type-A
Dpo4-(–)FTC-PPNP (Figure 2C) and Dpo4-(–)3TC-PPNP
(Figure 2B), indicates the triphosphate of L-dCTP was
most likely bound in the non-productive N-shaped conformation at the active site of Dpo4. Taken together, Lstereochemistry altered the binding conformation of the
triphosphate of an incoming nucleotide.
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Figure 2. Interactions of D-dCTP or its L-analogs with DNA and Tyr12 within the active site of Dpo4. (A) D-dCTP (2.3 Å resolution); (B) (–)3TC-PPNP
(2.1 Å resolution); (C) Type-A conformation of (–)FTC-PPNP (2.4 Å resolution); (D) Type-B conformation of (–)FTC-PPNP (2.4 Å resolution); (E) LdCDP (2.4 Å resolution, chain A) and (F) L-dCDP (2.4 Å resolution, chain D). Hydrogen bonds are shown in black dashed lines and the numbers depict
their lengths in angstrom. The red spheres represent water molecules. Site A and site B divalent metal ions are shown as green spheres. Only two template
bases and the primer 3′ -terminal base of the 13/18-mer are displayed. The Fo − Fc omit maps for incoming nucleotides are shown in blue and contoured
at 3σ level. The two conformations of (–)FTC-PPNP are modeled with occupancies of 0.5 each.
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Table 2. Data collection and refinement statistics
Dpo4(−)3TCPPNP

Dpo4(−)FTCPPNP

Dpo4-DdCDP P236A
mutant

Dpo4-LdCDP

Dpo4(−)3TC-DP

Dpo4(−)FTC-DP

P21 21 2

P21 21 2

P21 21 2

P21 21 2

P21 21 21

P21 21 2

P21 21 2

Rmerge b
I/σ I
Completeness (%)
Redundancy

98.1, 102.3,
52.5
90, 90, 90
19.9–2.3
(2.4–2.3)
0.127 (0.922)
11.7 (4.5)
97.8 (96.5)
10.0 (9.5)

96.5, 102.5,
52.4
90, 90, 90
19.7–2.1
(2.2–2.1)
0.078 (0.802)
13.9 (2.5)
97.3 (94.0)
9.3 (6.6)

96.8, 101.9,
52.5
90, 90, 90
29.2–2.4
(2.5–2.4)
0.075 (0.635)
11.9 (1.8)
98.0 (89.4)
5.9 (4.3)

96.9, 102.3,
52.7
90, 90, 90
30.8–1.8
(1.84–1.80)
0.085 (0.859)
15.9 (3.0)
99.7 (99.2)
10.5 (10.1)

98.4, 101.9,
105.4
90, 90, 90
49.22–2.40
(2.49–2.40)
0.093 (0.892)
14.6 (2.8)
99.3 (100.0)
10.9 (10.0)

96.2, 102.6,
52.6
90, 90, 90
19.9–1.9
(2.0–1.9)
0.065 (1.354)
16.3 (2.5)
99.7 (100.0)
10.8 (10.7)

96.7, 102.4,
52.5
90, 90, 90
20.0–1.9
(2.0–1.9)
0.096 (1.363)
10.0 (1.8)
98.5 (96.2)
9.5 (8.6)

Refinement
Resolution (Å)
No. of reflections
Rwork /Rfree c

19.9–2.3
21603
0.216/0.235

19.7–2.1
26998
0.229/0.262

29.2–2.4
17427
0.245/0.268

29.3–1.80
46745
0.226/.271

46.46–2.40
39665
0.229/0.277

19.9–2.2
23444
0.222/0.241

20.0–2.2
23266
0.219/0.251

No. of atoms
Protein
DNA
Nucleotide
Ion
Water

2744
597
28
3
242

2744
597
27
4
271

2744
597
28
3
135

2790
572
23
4
307

5504
1144
48
5
175

2744
597
23
3
283

2744
597
24
3
274

Average B-factors (Å2 )
Protein
DNA
Nucleotide
Ion
Water

36.4
43.0
26.7
36.5
57.6

47.8
55.2
60.0
58.1
55.6

63.4
72.2
89.7
57.2
63.5

28.4
31.3
17.7
31.6
35.5

64.6
78.6
66.9
75.1
66.4

49.3
61.0
40.6
43.8
61.6

45.7
56.3
45.5
49.1
51.6

R.M.S. deviations
Bond lengths (Å)
Bond angles (◦ )

0.015
1.522

0.010
1.593

0.012
1.528

0.005
1.100

0.007
1.237

0.015
1.818

0.020
1.762

Data collectiona
Space group
Cell dimensions
a, b, c (Å)
(◦ )

α, β, γ
Resolution (Å)

a Highest resolution shell is shown in parenthesis.


bR
I, where I is the integrated intensity of each reflection.
merge = |I − <I>|/ 
c R value = ||F | − |F ||/ |F |, where F and F are observed and calculated structure
o
c
o
o
c

Effect of the L-stereochemistry on the conformation of the
sugar moiety of an incoming nucleotide
Constraints, arising from L-stereochemistry and Watson–
Crick base pairing, led to the rotation of the sugar rings
of three L-nucleotides by 180◦ , with respect to the deoxyribose of D-dCTP at the active site of Dpo4 (Figure 2). Consequently, the O4′ atom in each of the three L-nucleotides
was positioned away from the primer 3′ -terminus. Contrary to previously observed C3′ -endo (29,46,48) or C2′ endo (38,46) sugar puckers in incoming natural D-dNTPs,
the sugar rings of these L-nucleotides were found in a
unique O4′ -endo conformation (Figure 3A). Consequently,
in Dpo4-(–)FTC-PPNP, Dpo4-(–)3TC-PPNP and Dpo4-LdCDP, the carbon and sulfur atoms of the sugar ring formed
a plane, facilitating efficient stacking interactions with the
aromatic side chain of Tyr12 (Figure 3), a residue conserved
among all Y-family DNA polymerases and RTs (49). Moreover, the O4′ -endo sugar puckering, which is not the only

factor amplitudes.

preferred conformation for the oxathiolane ring (50), was
enforced by the side chain of Tyr12 so as to avoid steric clash
with the O4′ atom.
Impact of the L-stereochemistry of an incoming nucleotide
on its binding affinity, incorporation rate and incorporation
efficiency
Figure 2 indicates that L-dCTP and its two analogs, like
D-dCTP, formed Watson–Crick base pairing with the templating base dG and interacted with the active site residues.
Hence, the L-stereochemistry only modestly affected nucleotide binding affinity to Dpo4·DNA (Table 1). The 2-fold
weaker binding affinity of L-dCTP relative to D-dCTP was
somewhat derived from three longer Watson–Crick hydrogen bonds in L-dCDP:dG (average 3.0–3.3 Å) than in DdCTP:dG (average 2.9 Å) (Figure 2). Due to the 180◦ flipping of the sugar ring (Figure 2), the 3′ -OH groups of an
L-nucleotide and the primer 3′ -terminus faced each other
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and could sterically clash. This steric hindrance was another
potential factor contributing to lower binding affinity of LdCTP than D-dCTP. It may be the reason why we failed to
crystalize the ternary complex of Dpo4, L-dCTP and a normal DNA substrate containing a 3′ -OH group in the primer.
Such steric hindrance can be relieved by removing either
of the 3′ -OH groups. This is one of the reasons why both
(–)3TC and (–)FTC are designed to lack the 3′ -OH group.
Consequently, both (–)3TC-TP and (–)FTC-TP have higher
binding affinities to Dpo4·DNA than L-dCTP (Table 1). In
addition, the affinity difference was also contributed by the
slightly stronger stacking interaction between the side chain
of Tyr12 and the sugar ring after the substitution of C3′
atom in L-dCTP with an electron-richer sulfur atom in both
(–)3TC-TP and (–)FTC-TP, and by shorter Watson–Crick
hydrogen bonds in (–)3TC-PPNP (or (–)FTC-PPNP):dG
(average 2.6–2.7 Å) than in L-dCDP:dG (average 3.0–3.3
Å) (Figure 2). Interestingly, there were hydrogen bonding
interaction between Tyr12 and the O5′ atom (Figure 2C) or

␥ -phosphate (Figure 2D) of (–)FTC-PPNP through a water
bridge. However, the corresponding interaction was not observed with (–)3TC-PPNP (Figure 2B) and likely accounted
for its lower binding affinity than (–)FTC-TP (Table 1).
After being bound by a polymerase, the incoming nucleotide will be efficiently incorporated into DNA if its ␣phosphate moiety and the primer 3′ -OH group are within
a short distance and precise orientations prior to phosphodiester bond formation. Thus, a conformational rearrangement of both substrates and active site residues occurs in order to optimize the positioning of the reactive groups (51).
Since D-dCTP was incorporated with a much higher reaction rate than its L-analogs (Table 1), we hypothesize that
the active site structure (Figure 2A) is close to optimal for
catalysis and any alteration of the structure will adversely
affect nucleotide incorporation. Although unavailable, the
overall structure of Dpo4-L-dCTP are likely similar to
and can be modeled by Dpo4-L-dCDP (Figure 2E and F)
(see above). Superimposition of the structures of Dpo4-L-
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Figure 3. Difference in the stacking interactions of Tyr12 of Dpo4 with various incoming nucleotides. (A) Superimpositions of incoming D-dCTP, (–)3TCPPNP, and Type-A and Type-B conformations of (–)FTC-PPNP in stereoview. Sulfur atoms at the 3′ positions in sugar rings are shown as spheres and (B)
superposition incoming D-dCDP, L-dCDP (chains A and D), (–)3TCDP and (–)FTCDP in stereoview.
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dCDP (Figure 2E) and Dpo4-D-dCTP (Figure 2A) demonstrates that besides the binding conformations of the sugar
ring and the triphosphate of the incoming nucleotide (see
above), the L-stereochemistry also dramatically altered the
side-chain conformations of residues Tyr10, Thr45, Tyr48,
Arg51, Glu106 and Lys152 (Supplementary Figure S8A),
repositioned site A metal ion by 2.4 Å (Supplementary Figure S7C), shifted the primer/template junction base pair
toward the roof of the active site (∼3.1 Å for the position
of the O4′ atom of primer 3′ -terminal nucleotide) (Supplementary Figure S7D), and caused steric clash between the
3′ -OH groups of the nucleotide and the primer 3′ -terminus
(see above). Moreover, as seen with other ternary structures of Dpo4·DNA·matched D-dNTP (Supplementary Table S2), a hydrogen bond between the 3′ -OH of D-dCTP
and the main-chain amide of Tyr12 (Figure 2A) appears to
limit the chair-like conformation adopted by the triphosphate moiety for catalysis. In the absence of this hydrogen
bond, the phosphate moieties of L-dCTP and its analogs
(Figure 2) as well as mismatched D-dNTP and matched DddNDPs (Supplementary Table S3) exhibit multiple conformations including non-productive goat tail-like and Nshaped (Figure 4). Although a productive chair-like conformation could not be fitted for L-dCTP, (–)FTC-PPNP
and (–)3TC-PPNP in the crystal structures (Supplementary
Figure S10), considering the flexible nature of the active
site of Dpo4, a transient chair-like conformation adopted
by these L-nucleotides cannot be excluded. The high flexibility of the triphosphate moiety of the L-dCTP and its
analogs, especially dominated by its non-productive conformations, will not guide the precise positioning of the
nucleotide for catalysis. Adding further difficulty, the distance between the primer 3′ -terminal C3′ atom and the ␣phosphate of an incoming nucleotide is significantly longer

in Dpo4-L-dCDP (6.4 Å in Figure 2E and 8.8 Å in Figure 2F) than in Dpo4-D-dCTP (4.4 Å in in Figure 2A).
Together, the long distance and above structural changes
from canonical Dpo4-D-dCTP (Figure 2A) dramatically affected the in-line nucleophilic attack of the ␣-phosphate of
the L-nucleotides by the primer 3′ -OH during L-nucleotide
incorporation (Supplementary Figure S1). Consistently, LdCTP was incorporated with 104 -fold lower kp and kp /Kd
values than D-dCTP, leading to the high D-stereoselectivity
of 4.4 × 104 (Table 1). Interestingly, the structural alteration observed in Dpo4-L-dCDP was somewhat reversed
by removing the ribose 3′ -OH group in Dpo4-(–)FTC-DP
and Dpo4-(–)3TC-DP (Supplementary Figure S8B). For
example, the junction base pair of the primer/template in
both (–)3TC-DP and (–)FTC-DP was shifted back to a
similar position as observed in Dpo4-D-dCTP. Such reverse changes likely contributed to 20–30-fold higher kp and
kp /Kd values of (–)3TC-TP and (–)FTC-TP than L-dCTP,
leading to relaxed D-stereoselectivity with these L-analogs
(Table 1).
Notably, the distance between the ␣-phosphorus atom
of an incoming nucleotide and the primer 3′ -OH is significantly shorter for Type-B conformation of (–)FTC-PPNP
(3.3 Å) than in Type-A conformation of (–)FTC-PPNP (5.7
Å) and (–)3TC-PPNP (5.6 Å) (Figure 2). Among TypeA and Type-B conformations, the latter is more similar
to the chair-like conformation based on the orientation of
the ␣-phosphate group (Figure 4). In addition, the interactions between residues Arg51 and Lys159 with the ␥ phosphate group of (–)FTC-PPNP only existed in its TypeA conformation (Figure 5A), not in Type-B (Figure 5B).
This suggests that transition of the triphosphate moiety of
(–)FTC-PPNP to canonical chair-like conformation (Figure 4A) from the goat tail-like one (Figure 5B) was easier
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Figure 4. Conformations adopted by the triphosphate or diphosphate of an incoming nucleotide within the active site of Dpo4. (A) Chair-like conformation
shown by D-dCTP; (B) goat tail-like conformation as shown by Type-B conformation of (–)FTC-PPNP; (C) N-shaped conformation as shown by (–)3TCPPNP and Type-A conformation of (–)FTC-PPNP and (D) Λ-shaped conformation as shown by L-dCDP, (–)FTC-DP and (–)3TC-DP.
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Figure 5. Interactions of an incoming (–)FTC-PPNP with the active site
residues of Dpo4. (A) Type-A conformation and (B) Type-B conformation. Water molecules and active site divalent metal ions are shown in red
and green spheres, respectively. Hydrogen bonds are shown as blue dashed
lines.

than from the N-shaped conformation (Figure 5A). Taken
together, we propose the following productive order for the
triphosphate’s binding conformation: chair-like >> TypeB > Type-A. Based on the similar kp values of (–)3TC-TP
and (–)FTC-TP (Table 1), (–)3TC-TP also likely adopted
Type-B conformation during catalysis although this minor
species was not captured during crystallization. In addition,
Type-B conformation of (–)FTC-PPNP was stabilized by
the presence of a weak hydrogen bond (3.2 Å) between its
␣-phosphate and the F5 atom of its nitrogenous base (Figure 2D). Such an interaction should not exist in the presumed Type-B conformation of (–)3TC-PPNP. The presence or absence of this intramolecular interaction altered
the abundance of Type-B conformation of the L-analogs in
solution and likely contributed to their differential incorporation efficiency with Dpo4 (Table 1) and HIV-1 RT (52).
Structural basis for varying efficiencies of L-nucleotide analog incorporation catalyzed by different polymerases
HIV-1 RT is a heterodimer of P66 and P51 subunits (Supplementary Figure S11A). The polymerase core domains
(finger, palm and thumb) of the catalytic P66 subunit (53–
55) fold into a similar right-handed structure as the corre-

Effect of L-stereochemistry of antiviral nucleoside analogs on
drug resistance
It has been reported that clinical resistance to (–)3TC and
(–)FTC treatments is associated with mutations M184V,
M184I and M184T in HIV-1 RT (58–60). The model generated for the binding of L-dNTPs within the active site of
HIV-1 RT based on the above structural studies with Dpo4
suggests that the steric hindrance, between the oxathiolane
rings of (–)3TC-TP and (–)FTC-TP and the side chains of
␤-branched amino acid residues at position 184 (M184V,
M184I and M184T) (Supplementary Figure S13), leads to
the observed drug resistance. The steric hindrance is a manifestation of the 180◦ rotation of the sugar ring which places
the relatively bulky sulfur atom of oxathiolane ring in close
proximity of M184V, M184I or M184T (56). This drug resistance would be greater if the sugar ring contained a 3′ OH group. Consequently, L-deoxycytidine is not a good antiviral inhibitor. To reduce such drug resistance, a smaller
atom, such as oxygen or carbon, can be used to substitute the sulfur atom in the oxathiolane ring of (–)3TC and
(–)FTC although it will likely decrease the stacking interaction between the sugar ring and Tyr115 (Supplementary
Figure S11B), leading to decreased nucleotide binding affinity.
In addition to the above three mutations, clinical data
suggest that mutation K65R in HIV-1 RT also reduces
(–)3TC susceptibility (60). According to our modeling studies (Supplementary Figure S13), the K65R mutant would
prevent the triphosphate of (–)3TC-TP and (–)FTC-TP
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sponding domains of Dpo4 (Supplementary Figures S3–S5)
and other structurally characterized DNA polymerases. Interestingly, as in Figure 2B, the sugar ring of (–)3TC-TP
bound at the active site of HIV-1 RT has been predicted
by a published modeling study (56) to have a 180◦ rotation if (–)3TC-TP possesses similar triphosphate-binding
conformation and base pairing interactions with a templating base dG as D-dCTP. However, the L-nucleotides are expected not to have a highly flexible triphosphate moiety at
the active site of HIV-1 RT as in Dpo4 because an additional
hydrogen bond (2.4 Å) between the ␣-phosphate of the DdNTP and the guanidinium moiety of Arg72 (Supplementary Figure S11B) stabilizes the triphosphate moiety into
the chair-like conformation (53). This extra hydrogen bond
will potentially restrict the conformation of the triphosphate of both (–)3TC-TP and (–)FTC-TP even in the absence of 3′ -OH within the active site of HIV-1 RT (Supplementary Figure S12), not Dpo4. Consistently, HIV-1 RT incorporates (–)3TC-TP and (–)FTC-TP (average 2.3 × 10−3
M−1 s−1 ) (52) with a 300-fold higher efficiency than Dpo4
(Table 1). Similarly, our published studies have shown that
human DNA polymerases  and , which do not possess a
corresponding Arg72 residue, incorporate (–)3TC-TP and
(–)FTC-TP with considerably lower efficiency than HIV1 RT (24). In contrast, the interaction between Arg72 of
HIV-1 RT and the ␣-phosphate of an incoming nucleotide
is also present in human DNA polymerase  (57). Consequently, the later incorporates (–)3TC-TP and (–)FTC-TP
even more efficiently than the former with a DNA template
(24).
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Atomic coordinates have been deposited in the Protein Data Bank (www.rcsb.org) under accession codes:
4QW8 (Dpo4-D-dCTP), 4QWB (Dpo4-D-dCDP), 4QWE
(Dpo4-(–)FTC-DP), 4QWA (Dpo4-(–)3TC-DP), 4QW9
(Dpo4-(–)FTC-PPNP), 4QWD (Dpo4-(–)3TC-PPNP) and
4QWC (Dpo4-L-dCDP).
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