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ABSTRACT: N°-(2-Deoxy-D-erythro-pentofuranosyl)-2,6- R-X RN+ HO - N
_ ’ . . NH OHC NH
diamino-3,4-dihydro-4-oxo-5-N-methylformamidopyrimi- - 7l By - |
dine (MeFapy-dG) arises from N7-methylation of ﬁlgl;grlﬁtmg N">N"NH, HN™"N™ NH,
deoxyguanosine followed by imidazole ring opening. The DNA DNA
lesion has been reported to persist in animal tissues. R= -CH, : m7dG R="CHs - MeFapy-dG
p p R=-H : Fapy-dG
Previous in vitro replication bypass investigations of the
MeFapy-dG adduct revealed predominant insertion of C Figure 1. Formation of formamidopyrimidine lesions.
opposite the lesion, dependent on the identity of the DNA
polymerase (Pol) and the local sequence context. Here we
report crystal structures of ternary Pol- DNA-ANTP miscoding because the Watson—Crick face remains unaltered.
complexes between MeFapy-dG-adducted DNA templa- However, various in vitro experiments using Escherichia coli
te:primer duplexes and the Y-family polymerases human DNA polymerase I Klenow fragment and T4 polymerase
Pol # and P2 Pol IV (Dpo4) from Sulfolobus solfataricus. showed that MeFapy-dG blocks DNA chain elongation.'”"!
The structures of the hPol # and Dpo4 complexes at the Replication of a site-specific MeFapy-dG lesion in primate cells
insertion and extension stages, respectively, are represen- gave complex mutational spectra with frequencies of 7-21%
tative of error-free replication, with MeFapy-dG in the anti depending on the local sequence. Common mutations were G
conformation and forming Watson—Crick pairs with — T transversions and deletions.'> An in vitro replication study
dCTP or dC. using the MeFapy-dG lesion with Sulfolobus solfataricus Dpo4

found miscoding, with the incorporation of all four nucleotides
with various efficiencies depending on the DNA template

lkylating agents are the earliest class of chemotherapy sequence around the lesion."> Oligonucleotides with 5'-T-
drugs and are still commonly used to treat different types (MeFapy-dG)-G-3' resulted in error-free bypass, with insertion

of cancers. These include monofunctional methylating agents of dC opposite the adduct and full-length extension of the
such as temozolomide and bifunctional alkylating agents such primer strand. By comparison, a 5'-T-(MeFapy-dG)-T-3'
as nitrogen mustards or chloroethylating agents.l template triggered a one-base deletion, or misincorporation of
The guanine N7 position constitutes the most nucleophilic dA opposite the MeFapy-dG lesion. The error-free bypass and
site in DNA.”> Thus, DNA methylation occurs predominantly at extension efficiency by Dpo4 was estimated to be 74% for 5'-T-
that site, resulting in a cationic N7-methyldeoxyguanosine (MeFapy-dG)-G-3' and 51% for S'-T-(MeFapy-dG)-T-3',
adduct.® This product can undergo further hydrolysis, yielding along with 11% one-base deletion product for the latter
an abasic (AP) site™ or the imidazole-ring-fragmented lesion template. Recent in vitro replication bypass experiments using
N®-(2-deoxy-p-erythro-pentofuranosyl)-2,6-diamino-3,4-dihy- human Y-family polymerases (hPols) 7, &, 7, and Revl showed

dro-4-0xo0-5-N-methylformamidopyrimidine (MeFapy-dG) efficient translesion synthesis (TLS) by hPols # and x with
(Figure 1) Opening of the purine imidazole ring depends error-free insertion of dCTP opposite ¥3F3PY'dG and
on the N7 substituent and the pH of the medium. Whereas the extension in the above sequence contexts.” Among these
ring opening under physiological conditions is slow, it becomes TLS Pols, hPol  is the most efficient in the error-free bypass of
accelerated at higher temperature and in alkaline solution. MeFapy-dG (>70%).

MeFapy-dG has been characterized in vivo in the liver of
rats”® and has also been observed in the urine of healthy Received: March 14, 2015
humans.” In general, the MeFapy-dG adduct is considered non- Published: May 19, 2015
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To analyze the structural basis for the mostly error-free
bypass of the MeFapy-dG adduct by hPol 7, we determined the
crystal structure of an hPol # complex trapped at the insertion
stage, with MeFapy-dG opposite the nonhydrolyzable
dCMPNPP analogue (in which an N atom bridges the a and
p P atoms), in the presence of Mg** (Table 1). Further crystal

Table 1. DNA Sequences Used in the Crystallizations

incoming

complex DNA sequence (X = MeFapy-dG) nucleotide
hPol 1 3'-TCG CAG TAX TAC-5' dCMPNPP
(insertion) 5'-AGC GTC AT-3'

ssDpo4 3'-CCC CCT TCC TAA GXT ACT-5" dATP
(insertion) 5'-GGG GGA AGG ATT C-3"'

ssDpo4 3'-CCC CCT TCC TAA TXT ACT-5" dATP
(extension)  5'-GGG GGA AGG ATT AC-3'

structures concern the hPol x homologue Dpo4 in complex
with an MeFapy-dG-containing template—primer DNA duplex
in the presence of Ca** and trapped in two different phases of
bypass. In the first complex, representative of the insertion
stage and a —1 frameshift, MeFapy-dG is unopposed by a
residue from the primer, and instead the incoming dATP pairs
with the T that is 5'-adjacent to the adduct on the template. In
the second complex, representative of the extension stage and
error-free bypass, MeFapy-dG pairs with dC at the —1 position,
and the incoming dATP pairs with the downstream T of the
template.

The structure of the hPol # ternary complex with MeFapy-
dG paired opposite incoming dCMPNPP was determined at a
resolution of 2.48 A (Figure 2 and Table 2). The DNA duplex
consists of a 12-mer template containing MeFapy-dG and an 8-
mer primer (Table 1). In the structure, all of the primer
nucleotides were visible in the electron density maps along with
11 of the 12 template nucleotides (Table 2). An example of the
quality of the final electron density is shown in Figure S1 in the
Supporting Information. At the active site, the MeFapy-
dG:dCMPNPP pair displays the expected Watson—Crick
geometry, with the formamide moiety adopting an orientation
that is more or less perpendicular to the plane of the six-
membered ring (Figure 2A). Thus, the active-site configuration
in the structure of the hPol 77-MeFapy-dG complex is similar to
that in the crystal structure of the complex between hPol # and
native DNA with a G:dCMPNPP pair lodged at the active
site.'> Superimposition of the active sites of these two
structures indicates that amino acids from the hPol # finger
domain (ie, GIn-38 and Arg-61) adopt similar orientations
relative to the nascent base pair (Figure S2).

Two structures were determined for Dpo4 in complex with
DNA duplexes containing MeFapy-dG-modified template
strands (Table 1). Both crystals diffracted to ca. 3 A and
belong to space group P2,2,2 with a single complex per
asymmetric unit (Table 2). The first structure features the
template sequence 5'-T(MeFapy-dG)G-3' and represents a so-
called type-II complex, in which the adduct is unopposed by a
primer base, resulting in a —1 frameshift (Figures 3 and S3). As
is characteristic for a type-II complex,'® Dpo4 simultaneously
accommodates two template nucleotides inside the catalytic
pocket, namely, MeFapy-dG and the S’-adjacent T. Pairing
between this T and the incoming dATP leaves a 6 A gap
between the a-phosphate of the nucleotide triphosphate and
the 3'-hydroxyl group at the primer terminus (Figure 3). The
ability of Dpo4 to accommodate two template bases in its active

7012

Figure 2. Active-site configuration in the ternary hPol # insertion-step
complex with dCMPNPP opposite MeFapy-dG. (A) View into the
DNA major groove. (B) View rotated by ~90° around the horizontal
axis and looking perpendicularly onto the nucleobase plane of the
incoming dCMPNPP. Carbon atoms of MeFapy-dG and dCMPNPP
are colored in cyan and purple, respectively, and Mg?* ions are pink
spheres. GIn-38 forms a hydrogen bond to 04’ of MeFapy-dG, but N3
in the minor groove is too far removed from the Gln-38 amide oxygen
(3.9 A) for hydrogen-bond formation.

Table 2. Selected Crystal Data, Diffraction Data Collection,
and Refinement Parameter Statistics

hPol n ssDpo4 ssDpo4
(insertion) (insertion) (extension)
Data Collection
space group P6, P2,2,2 P22.2
resolution [A]* 50.0-2.65 50.0-3.10 30.0-2.90
(2.70-2.65) (3.15-3.10) (2.95-2.90)
a [A] 98.97 95.45 94.38
b [A] 98.97 102.72 103.97
¢ [A] 81.62 5343 52.56
completeness [%] 98.9 (100) 98.4 (84.7) 99.8 (100)
1/o(I) 14.5 (1.9) 212 (2.9) 18.7 (1.8)
Riperge [%] 14.7 (98.5) 112 (68.0) 14.3 (61.7)
redundancy 5.7 (5.6) 62 (3.1) 7.1 (7.1)
Refinement
R0 [%] 159 (22.1) 16.4 (25.9) 17.1 (26.9)
Ree [%]° 22.9 (34.1) 25.6 (38.6) 23.5 (35.3)
avg B [A%] 47.7 88.2 69.8
RMSD bonds [A] 0.011 0.010 0.010
RMSD angles 1.5 1.5 1.4
(deg]
PDB ID 4RU9 4RUA 4RUC

“Statistics for the highest-resolution shell are shown in parentheses.
Based on 5% of the reflections. “Atomic coordinates and structure
factors have been deposited in the Protein Data Bank (http://wwpdb.
org/ ).

DOI: 10.1021/jacs.5b02701
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Figure 3. Active-site configuration in the ternary Dpo4 insertion-step
complex with unpaired MeFapy-dG and incoming dATP opposite
template T. (A) View into the DNA major groove. (B) View rotated
by ~90° around the horizontal axis and looking perpendicularly onto
the nucleobase plane of the incoming dATP. Color codes match those
in Figure 2 except that carbon atoms of the template T 5’-adjacent to
the adduct are purple. Ca®* ions are brown spheres.

site forms the basis for correct bypass of cyclic pyrimidine
dimers (CPDs) by this Pol, with the type-II configuration and a
misaligned template strand being consequences of the spacious
active site.'®

The second structure is of a postinsertion ternary complex
involving the template sequence S'-T(MeFapy-dG)T-3’ and a
14-mer primer of which the 3’-terminal cytosine is intended to
pair with the template MeFapy-dG (Figures 4 and S4). The
incoming dATP pairs with the thymine base to the 5'-side of
MeFapy-dG. Both the MeFapy-G:dC and dT:dATP base pairs
are found in the standard Watson—Crick hydrogen-bonding
configuration. As in the case of the hPol # complex (Figure 2),
the formamide is rotated out of the plane of the six-membered
ring in the two Dpo4 complexes (Figures 3 and 4). However,
unlike in the hPol # complex, the formamide C=0 is directed
toward the residue 3’-adjacent to the adduct.

In vitro or in vivo formations of methylated or non-
methylated formamidopyrimidines (MeFapy-dG or Fapy-dG,
respectively) in DNA have been studied extensively.'” Although
the origins of these lesions are different (Fapy-dG is the result
of oxidative damage), they are structurally very similar and only
weakly mutagenic. Earlier studies established that Pols exhibit a
strong preference for dCTP incorporation opposite the Fapy-
dG lesion."®* ! Recent work by Gehrke et al.** showed that the
replication of the carbocyclic sugar analogue Fapy lesion
(cFaPydG) by high-fidelity polymerase I from Geobacillus
stearothermophilus (Bst Pol 1) results in error-free bypass
alongside a smaller amount of error-prone bypass. A previous
NMR structure of a cFaPydG:dC-containing DNA duplex was

7013

Figure 4. Active-site configuration in the ternary Dpo4 extension-step
complex with primer dC opposite MeFapy-dG and dATP opposite
template dT. (A) View into the DNA major groove. (B) View rotated
by ~90° around the horizontal axis and looking perpendicularly onto
the nucleobase plane of the incoming dATP. Carbon atoms of the
MeFapy-G:dC and dT:dATP pairs are colored in cyan and magenta,
respectively.

also consistent with cFaPydG pairing with dC in a standard
Watson—Crick fashion.”

N7-methyldeoxyguanosine (m7dG), the initial lesion formed
by methylating agents (Figure 1), has also been the subject of
several studies and classified as non-promutagenic.”** Previous
crystallographic studies using the chemically stable 2’-fluoro-
m7dG analogue in a DNA sequence, in complex with either E.
coli DNA glycosylase AIkA*® or human DNA polymerase B
revealed that this polymerase bypasses m7dG accurately and
that the lesion forms a canonical Watson—Crick base pair with
incoming dCTP.

In summary, the three X-ray crystal structures of TLS Pols
trapped either at the insertion or extension stages of MeFapy-
dG bypass synthesis provide detailed insight into the basis of
the mostly error-free replication of the adduct by hPol # and
Dpo4, an hPol k homologue. The structure of the hPol #-
MeFapy-dG-dCMPNPP ternary complex is consistent with
kinetic data of error-free bypass and extension by hPol 7. The
major groove is wide open at the active site of hPol #, allowing
this Pol to potentially also bypass more bulky lesions such as
BenzylFapy-dG (Figure SS).

In the hPol # complex, the formamide C=O points toward
the 5’-adjacent T, whereas it is directed toward the 3’-adjacent
G in the Dpo4 structure(s), perhaps as a result of the proximity
of the formamide and S’-template T in the latter case (Figures
2, 4, and $6). Thus, partial unstacking of the template T S'-
adjacent to the lesion at the active site of hPol 7 creates
somewhat more room, allowing a virtually upright orientation

DOI: 10.1021/jacs.5b02701
J. Am. Chem. Soc. 2015, 137, 7011-7014
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of the formamide. By comparison, the equivalent T and the six-
membered ring of MeFapy-dG are tightly stacked at the Dpo4
active site, and a formamide orientation similar to that in the
hPol # complex would create a tight spacing between C=0
and the T CS-methyl substituent (Figure S6).

B ASSOCIATED CONTENT

© Supporting Information
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EXPERIMENTAL PROCEDURES

hPol 7 Catalytic Core Protein Expression and Purification. The hPol 7 plasmid (pET28a)
comprising residues 1-432 was a generous gift from Dr. Wei Wang, NIDDK, NIH. The
polymerase was expressed in E. coli and purified as described previously.' The protein solution

was concentrated to 5 mg/mL.

Dpo4 Protein Expression and Purification. Dpo4 was expressed in E. coli and purified using
heat denaturation, Ni-nitrilotriacetate affinity chromatography and ion-exchange

chromatography as described previously.

Oligonucleotide Synthesis and Annealing. DNA primer and template sequences used in the
crystallization experiments are listed in Table 1 of the main paper. The synthesis of site-
specifically modified oligonucleotides containing the MeFapy-dG lesion was previously
reported.” All modified oligodeoxynucleotides were characterized by MALDI-TOF mass
spectrometry. Capillary gel electrophoresis and C-18 HPLC confirmed their purities.
Unmodified DNA primers were purchased from Integrated DNA Technologies (Coralville,
IA). Template and primer strands were mixed in a 1:1 molar ratio and were annealed in the
presence of 10 mM sodium HEPES buffer (pH 8.0), 0.1 mM EDTA, and 50 mM NacCl by

heating for 10 min. at 85°C, followed by slow cooling to room temperature.

Crystallization of the hPol 7*MeFapy-dG DNA*dCMPNPP Insertion Complex. The DNA
template-primer duplex was mixed with the protein in a 1.2:1 molar ratio in the presence of
excess 50 mM Tris-HCL, pH 7.5, 450 mM KCIl, and 3 mM DTT. After adding 5 uL of 100 mM
MgCl, the complex was concentrated to a final concentration of ~2-3 mg/mL by ultrafiltration.
Non-hydrolyzable nucleotide triphosphates were added last to form the ternary complexes.
Crystallization experiments were performed by the hanging drop vapor diffusion technique at
18°C using a sparse matrix screen (Hampton Research, Aliso Viejo, CA).* One pL of the
complex solution was mixed with 1 pL of reservoir solution and equilibrated against 500 puL
reservoir wells. Crystals appeared in droplets containing 0.1 M MES (pH 5.5), 5 mM MgCl,,
and 25% (w/v) PEG 2000 MME within one day and were harvested after a week. Crystals were
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mounted in nylon loops, cryo-protected in reservoir solution containing 25% glycerol (v/v),

and frozen in liquid nitrogen.

Crystallization of Ternary Dpo4 Insertion and Extension Complexes. The Dpo4
polymerase was concentrated to 50—-70 mg/mL using a spin concentrator in 50 mM Tris-HCI
(pH 7.4 at 25 °C) buffer containing 100 mM NaCl, 5 mM B-mercaptoethanol, and 50%
glycerol (v/v). The polymerase was then combined with template:primer DNA duplex (1:1.2
molar ratio) and placed on ice for 1 h prior to incubation with 1 mM d(N)TP and 5 mM CacCl,.
Crystals were grown using the sitting drop vapor diffusion method by mixing 1 pL of complex
with 1 pL of a solution containing 50 mM Tris-HCI (pH 7.4 at 25 °C) buffer, 12-20%
polyethylene glycol 3350 (w/v), 100 mM Ca(OAc),, and 2.5% glycerol (v/v). Crystals were
soaked in mother liquor containing an additional 25% polyethylene glycol 3350 (w/v) and 15%

ethylene glycol (v/v) and frozen in liquid nitrogen.

X-ray Diffraction Data Collection, Structure Determination and Refinement. Diffraction
data were collected on the 21-ID-D beamline of the Life Sciences Collaborative Access Team
(LS-CAT) at the Advanced Photon Source, Argonne National Laboratory (Argonne, IL). All
data were integrated and scaled with the program HKL2000.> The structures were determined
by the Molecular Replacement technique with the program MOLREP.®” For the complex of
hPol 7 the structure with PDB entry 403N (protein only)® and for the complexes of the Dpo4
polymerase the structure with PDB ID code 2BQU (protein only)2 were used as the search
models. Structure refinement and model building were carried out with Refmac’ and COOT,"”
respectively. The program Refmac is used to generate the omit maps. Illustrations were

prepared with the program UCSF Chimera."'
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Table S1. (Expanded version of Table 2 in the main paper) Crystal data, data collection

parameters, and structure refinement statistics”

Complex

Data Collection

Wavelength [A]

Space group
Resolution [A]

Unit cell a, b, ¢ [A]
Unique reflections
Completeness [%]
I/o(1)

Wilson B-factor [A?]
R-merge
Redundancy
Refinement
R-work

R-free

Number of atoms

Protein/DNA

hPol7: MeFapy-dG Dpo4 : MeFapy-dG | Dpo4 : MeFapy-dG

1.07810
Po6,

50.0 - 2.65
(2.70 - 2.65)"

98.97, 98.97, 81.62

13,176 (659)

98.9 (100)

14.5 (1.9)

36.2

0.147 (0.985)

5.7 (5.6)

0.159 (0.221)

0.229 (0.341)

3,358/391

(Insertion)

1.07810
P2,2,2

50.0 - 3.10
(3.15 - 3.10)

(Extension)

1.07810
P2,2,2

30.0 - 2.90
(2.95 - 2.90)

95.45,102.72, 53.43 ' 94.38, 103.97, 52.56

10,163 (438)

98.4 (84.7)

21.2(2.9)

76.8

0.112 (0.680)

6.2 (3.1)

0.164 (0.259)

0.256 (0.386)

2,744/611

12,098 (586)

99.8 (100)

18.7 (1.8)

55.1

0.143 (0.617)

7.1 (7.1)

0.171 (0.269)

0.235 (0.353)

2,744/630



dNTP/Water/ M**
Protein residues
B-factor [A?]
Average
Protein/DNA
dNTP/M*'/Water
R.m.s. deviations
bonds [A]

angles [deg.]
Ramachandran plot
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33.8/32.0/42.9

0.011

1.5
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23
0.7

4RU9

30/36/3(Ca*")
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88.2
87.7/91.1

93.0/98.5/67.6

0.010

1.5

91
7.2
1.8

4RUA

30/58/3(Ca*")

341

69.8
68.9/72.1

64.5/66.6/60.7

0.010

1.4

96
3.4
0.6

4RUC
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Figure S1. Electron density at the active site. (A) Quality of the final Fourier 2Fo-Fc sum
electron density (1o threshold) in the active site region of the ternary complex between hPol 7,
MeFapy-dG adducted template-primer duplex and dCMPNPP. (B) Omit (F, - F.) electron
density map drawn at 3o threshold around the template MeFapy-dG and the incoming
dCMPNPP.
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Figure S2. Overlay of the active sites in the hPol 7 ternary complexes with either MeFapy-dG
modified DNA template-primer duplex or unmodified (dG) DNA and incoming dCMPNPP in
the presence of Mg”". The view is into the major groove, and the color codes for the MeFapy-
dG containing complex match those used in Figure 2. The crystal structure of the hPol 7
ternary complex with native DNA is from reference 8 (PDB ID code 403N), with the protein
colored in cyan, the incoming dCMPNPP in salmon, and the DNA duplex in orange, except for
G which is highlighted in sky blue. The superimposition was performed by aligning the entire
protein chains from both complexes, resulting in a root mean square deviation of 0.304 A

between 425 atom pairs.
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Figure S3. Electron density at the active site. (A) Quality of the final Fourier 2Fo-Fc sum
electron density (1o threshold) in the active site region of the insertion complex between Dpo4,
MeFapy-dG adducted template-primer duplex and dATP. (B) Omit (F, - F.) electron density
map drawn at the 3c threshold around the template residues MeFapy-dG and dT, and the
incoming dATP.
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Figure S4. Electron density at the active site. (A) Quality of the final Fourier 2Fo-Fc sum
electron density (1o threshold) in the active site region of the extension complex between
Dpo4, MeFapy-dG adducted template-primer duplex and dATP. (B) Omit (F, - F.) electron
density map drawn at the 3o threshold around the template dT and the incoming dATP.
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Figure S5. Model of the active site configuration in the ternary hPol 7[ linsertion-step complex
with dCMPNPP opposite BzFapy-dG (cyan carbon atoms). The benzyl moiety was modeled in
place of the methyl group seen in the crystal structure of the complex with MeFapy-dG,
protrudes into the major groove of the template-primer duplex, and can be accommodated

without clashing with amino acid side chains in its vicinity.
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MeFapy-dG

Figure S6. Overlay of the DNA template nucleotides 5-T[MeFapy-dG]A-3' from the hPol 7
(pink carbon atoms) and 5'-T[MeFapy-dG]G-3' from the Dpo4 (light blue carbon atoms)
insertion stage complexes. Selected interatomic distances involving the formamide moiety are
indicated with dashed lines.

The formamide moiety in an isolated MeFapy-dG nucleoside or nucleotide is expected
to be conformationally quite flexible and able to adopt a range of orientations relative to the
pyrimidine ring. In both insertion stage complexes, formamide is rotated out of the ring plane.
In the hPol 77 complex it adopts an orientation that is more or less perpendicular to the ring and
the C=0O group is directed toward the 5'-adjacent T. Tight stacking between the MeFapy-dG
six-membered ring and the 5-T in the Dpo4 complex precludes an orientation of the
formamide group similar to that in the hPol 7 complex and the C=0O group points toward the
3'-adjacent G.

Alternatively, it is possible that the side chain of R332 from the Dpo4 little finger

domain (visible in Figures 3A and 4A on the left-hand side) plays a role in influencing the
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orientation of the formamide moiety and fixes it such that the C=0 group preferentially points
toward the 3'-adjacent template nucleotide. Previous crystal structures of Dpo4 in complex
with templates that contained 8-0x0G revealed that the R332 guanidino moiety forms a H-bond
with O8, thus stabilizing the anti conformation of 8-0xoG and enabling the Pol to efficiently
and correctly bypass this major oxidative lesion.'”'® In the structures of the Dpo4 complexes
with MeFapy-dG described here, the distances between the guanidino moiety of R332 and the
formamide oxygen exceed 5 A. The electron density is also indicative of a considerable
conformational flexibility of the arginine side chain. However, it is possible that a water
molecule could mediate an interaction between R332 and formamide and that the limited
resolution of the structures prevented visualization of many solvent molecules. Such an
interaction involving water might be at the origin of the particular orientation of the formamide
group relative to the pyrimidine ring observed in the structures of the Dpo4 complexes, i.e.

C=0 pointing in the direction of the 3’-adjacent nucleotide and toward R332.
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