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Abstract

Y family DNA polymerases have proven to be remarkably diverse in their functions and in strategies
for replicating through DNA lesions. The structure of yeast Revl ternary complex has revealed the
most radical replication strategy, where the polymerase itself dictates the identity of the incoming
nucleotide, as well as the identity of the templating base. We show here that many of the key elements
of this highly unusual strategy are conserved between yeast and human Rev1, including the eviction
of template G from the DNA helix and the pairing of incoming dCTP with a surrogate arginine
residue. We also show that the catalytic core of human Rev1 is uniquely augmented by two large
inserts, 11 and 12, wherein 11 extends >20A away from the active site and may serve as a platform
for protein-protein interactions specific for Rev1’srole in translesion DNA synthesis (TLS) in human
cells, and 12 acts as a “flap” on the hydrophobic pocket accommaodating the template G. We suggest
that these novel structural features are important for providing human Rev1 greater latitude in
promoting efficient and error-free TLS through the diverse array of bulky and potentially
carcinogenic N2-dG DNA adducts in human cells.

Introduction

The integrity of genomic DNA is continually threatened by external and internal DNA
damaging agents. Although organisms have evolved a variety of repair mechanisms to remove
the resulting lesions, some lesions escape repair and block the replication machinery. The
recently discovered Y-family DNA polymerases permit the continuity of the replication fork
by allowing replication through such DNA lesions?. Humans have four Y-family polymerases
— Poln, Poly, Polk, and Rev1 — each with a uniqgue DNA damage bypass profile. Poln, for
example, is unique in its ability to replicate through an ultraviolet (UV)-induced cis-syn
thymine-thymine (T-T) dimer by inserting two As opposite the two Ts of the dimer with the
same efficiency and accuracy as opposite undamaged Ts 2 3: 4 5, Because of the involvement
of Poln in promoting error free replication through cyclobutane pyrimidine dimers, its
inactivation in humans causes the variant form of xeroderma pigmentosum, a genetic disorder
characterized by a greatly enhanced predisposition to sun induced skin cancers® 7. Poly, on the
other hand, is unable to replicate through a cis-syn T-T dimer®: 9, but it can proficiently
incorporate nucleotides opposite adenine and guanine lesions that are impaired in their ability
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to make Watson-Crick (WC) base pairs10: 11, 12,13, 14,15 pgyc js specialized for the extension
step of lesion bypass®: 17: 18 carrying out, for example, efficient extension from a C

incorporated opposite bulky N2-adducted guanine lesions by another polymerase, such as
Pol10: 11,

Revl is the most extreme member of the eukaryotic Y-family Pols. It is highly specific for
incorporating a C opposite template G 19 20, In this respect, Rev1 differs not only from
replicative and repair polymerases, which incorporate the correct nucleotide opposite all four
template bases with nearly equivalent catalytic efficiencies, but it differs also from the other
three eukaryotic Y-family Pols, n, 1, and «. Of these, Pols n and k form the four Watson-Crick
base pairs with similar catalytic efficiencies, whereas Pol incorporates the correct nucleotide
opposite template purines with a much higher efficiency than opposite template
pyrimidines?.

The crystal structure of the ternary complex of yeast Rev1 bound to template G and incoming
dCTP has provided a basis for the extreme specificity of this polymerase?!. Strikingly, in the
active site of yeast Revl, template G and dCTP do not pair with each other. Instead, template
G is evicted from the DNA helix and it makes two hydrogen bonds via its Hoogsteen edge (N7
and O6) with amino acids in a segment of Rev1 called the G-loop. Moreover, the incoming
dCTP pairs with an arginine in another segment of Rev1 called the N-digit; ensuring the
incorporation of dCTP over other incoming nucleotides. Thus, unlike any other DNA
polymerase, in yeast Revl, specificity for both the templating and the incoming nucleotide is
provided by the protein itself rather than the DNA. Because of the novelty of this mechanism
a question arises as to whether human Rev1 also shares the same protein-template-directed
strategy of DNA synthesis? The catalytic cores of human and yeast Rev1 share only ~27%
sequence identity. The human Rev1 catalytic core is also substantially larger and characterized
by a number of large inserts, the structural significance of which remains unclear. To gain
insights into the mechanism of DNA synthesis by human Rev1, we have solved the structure
of the polymerase in ternary complex with a template-primer and an incoming nucleotide. We
show here that the central elements of protein-template-directed mechanism of DNA synthesis
are conserved in the human enzyme, including the pairing of template G and incoming dCTP
with segments of the polymerase. The structures differ, however, in the palm and fingers
domains. The palm in human Rev1 is supplemented by an ~40 residue insert (11), which extends
away from the active site and maybe involved in protein-protein interactions. The fingers
domain in human Rev1l is augmented by an insert (12) that acts as a “flap” on the hydrophobic
pocket accommodating template G.

Overall arrangement

As in the yeast Rev1 ternary complex2!, the human enzyme grasps the template-primer with
palm (residues 417 to 426 and 542 to 632; aH-oK, B1, p5-p8), fingers (residues 427 to 448 and
504 to 541;0D, aF, aG, p2-p4) and thumb domains (residues 633 to 698; aL-aP) that are
common to all DNA polymerases, and the PAD (polymerase associated domain; residues 711
to 828; aQ, aR, f9-B13) that is specific to Y-family polymerases (Figs. 1 and 2). The palm
carries the active site residues (Asp423, Asp570 and Glu571) that catalyze the nucleotidyl
transfer reaction. The fingers domain lies over the replicative end of the template-primer and
interacts primarily with incoming dCTP and the unpaired nucleotides at the 5’ end of the
template (Fig. 1). The thumb and the PAD approach the template-primer from opposite sides,
connected by a long linker. The thumb makes contacts with DNA in the minor groove, while
the PAD makes contacts in the major groove. The right-handed grip of palm, fingers, thumb
and the PAD on the template-primer is augmented by a loose a-loop substructure at the N-
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terminus, an N-digit (residues 344-377; oA and aB), which interacts with incoming dCTP, and
a loop in the PAD, a G-loop, which interacts directly with the templating G (Figs. 1 and 2A).

Protein-template directed mechanism of DNA synthesis

Template G and incoming dCTP do not pair with each other (Fig. 3). Template G is evicted
from the active site by Leu358 (from the N-digit), which inserts into the DNA helix. The ejected
G slips into a hydrophobic pocket delineated by His774 and Lys681 from the G-loop, and
Phe525 from the fingers domain (Fig. 3A). Lys681 is conserved in yeast Revl, whereas His774
and Phe525 are substituted by methionine and tryptophan residues, respectively. In yeast Revl,
the minor groove edge of template G is solvent exposed in the space between the PAD and the
fingers domain (Fig. 4). In human Rev1, the fingers domain lacks a helix (aD) and two short
loops observed in yeast Revl, but it contains a large 54 residue insert (12) that packs against
the N-digit (Fig. 2B). Part of 12 folds into an a-helix (a.E) that acts as a “flap” on the hydrophobic
pocket holding the template G (Figs. 3A and 4A). Tyr470 and Trp467 on oE protrude into the
pocket and may help to stabilize the binding of large N2-dG adducted DNAs (see Discussion).
The Hoogsteen edge of template G (atoms N7 and O6) is engaged in hydrogen bonds with the
main-chain amides of His774 and Gly775 on the G-loop (Fig. 3A). The O6 of G is further
linked to a water molecule bonded to Glu466, and the phosphate groups on either side of G are
anchored in place by direct hydrogen bonds to Ser356, Arg357, and Asn717 (Fig. 3A).
Together, these backbone interactions help to maintain the extrahelical path of template G
outside of the active site cleft.

In the active site cleft incoming dCTP pairs with Arg357 that emanates from the N-digit (Fig.
3B). Two hydrogen bonds are established between N3 and O? at the Watson-Crick edge of
dCTP and the Nn2 and Ne donor groups of Arg357, respectively (Fig. 3B). The pattern of
hydrogen bonding is such that substitution of dCTP by any other incoming nucleotide would
result in the loss of hydrogen bonds and/or electrostatic and steric intrusion (on Arg357). The
triphosphate moiety of dCTP weaves a contorted path between the fingers and palm domains,
with Ser 510, Tyr 513, Arg 516, Asn522 from the fingers and Lys 625 from the palm making
hydrogen bonds along its length (Fig. 3B). The catalytic residues, Asp423, Asp570 and Glu571
are arrayed between the triphosphate moiety and the primer terminus, and two octahedrally
coordinated Mg?* ions — analogous to metals “A” and “B” in replicative DNA polymerases
22,23, 24 _ complete the human Rev1 active site (Fig. 3B). Intriguingly, the palm in human
Rev1 is augmented by a large 38 residue insert (11) that extends away from the active site (Fig.
2B). Thus, whereas the N-digit in yeast Rev1 is connected to the first B-strand of the palm
domain, in human Rev1 the connection is interceded by I1, which is composed of an a-helix
(aC) and an unstructured region (not visible in the electron density) (Fig. 2).

A third metal ion

An intriguing feature of the present structure is a putative Mg2* ion within a loop between
helices aL and aM of the thumb domain (Fig. 5). We assign it as a Mg2* ion (rather than as a
water molecule) based on its coordination pattern and relatively short ligation distances. The
“ion” is coordinated by a set of main chain carbonyls and the phosphate group of the
penultimate base at the primer terminus (Fig. 5). There are analogous interactions in yeast
Rev1, human Poli and human Polxk ternary complexes 12 13: 15: 18, 21 'though in these cases
the ion was assigned as a water molecule. These bridging interactions appear to be a conserved
feature in these polymerases that may help to fix the primer terminus for the nucleophilic attack
on incoming dNTP. Interestingly, an ion at a nearby position has been observed in ternary
complexes of an archaeal homolog of Polk, namely Dpo4 25:26,
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Discussion

Human Revl conforms to the domain arrangement in yeast Rev1 with the exception of two
unique regions (Fig. 2B). First, a large insertion (I11) in the palm that is solvent exposed and
extends >20A away from the active site. Curiously, only the first 14 residues of this ~38 residue
insert are visible in the electron density. The remaining residues may only become ordered
upon association with another protein. Perhaps more than any other Y-family polymerase, Revl
has emerged as a “hub” for protein-protein interactions in translesion DNA synthesis (TLS)
1,27, 28, 29, 30 |ndependent of its polymerase activity, Revl has been shown to play a key
scaffolding role in the recruitment of polymerases opposite certain DNA lesions. Human and
yeast Rev1 differ, however, in their interactions with other polymerases. For example, whereas
yeast Rev1 has been shown to associate with Polr via the PAD in the catalytic core 31, human
Rev1 binds Poln through a C-terminal ~100 residue segment outside of the catalytic core 32
33, Similarly, whereas yeast Rev1 interacts with Rev7 via the PAD (and motifs outside of the
catalytic core) 34 35 in human Rev1 the interaction has been again mapped to the C-terminal
~100 residue segment 36: 37, The insert 11 in human Rev1 may provide an additional site for
the binding of as yet unidentified protein cofactors needed specifically for Revl-mediated TLS
in human cells.

The most pronounced difference between yeast and human Rev1 catalytic cores is a 54 residue
insert in the human enzyme that acts as a “flap” on the hydrophobic pocket accommaodating
the template G. In both structures, the Hoogsteen edge of template G is paired to the G-loop,
and the N2 amino group lies in the space between the PAD and the fingers domain. The N2 of
G is highly susceptible to modification by various potential carcinogens. For example, in cells,
the N2 of G can react with various aldehydes generated during the peroxidation of lipids,
including acrolein, an a,B-saturated aldehyde, to produce a cyclic y-HOPdG adduct that
presents a strong block to normal replication 38: 39 40 Rev1 can promote replication through
such y— HOPAG adducts 4%, which have been detected in mammalian tissues at considerable
levels and appear to play a role in the onset of cancer#2. A recently determined structure of
yeast Rev1 bound to a permanently ring-closed form of y— HOPdG shows the adduct
accommodated “comfortably” in the space between the PAD and the fingers domain and
stabilized in part by van der Waals contacts with Trp417 (from the fingers domain) 43. From
the structure of human Rev1 presented here, the enzyme would be equally capable of
accommodating a y—- HOPdG adduct, with the exocyclic ring of the adduct stabilized by van
der Waals contacts with Phe525 (which substitutes for Trp417 in the yeast Rev1) (Fig. 4). More
bulkier and potentially more interfering adducts derive from reactions of N2 of G with
aldehydes such as trans-4-hydroxy-2-noenal (from the peroxidation of lipids) and polycyclic
aromatic hydrocarbons (PAHS) such as benzo[a]pyrene (BP) that is present in automobile and
factory emissions and cigarette smoke?# 45 46_|n yeast Rev1, the larger N2-dG adducts may
protrude from the three sided pocket accommodating the extrahelical G (Fig. 4B). By contrast,
in human Rev1, the bulky N2-dG adducts may be stabilized in part by contacts with insert 12
(Fig. 4A). That is, Tyrd70 and Trp467 emanating from helix oE on 12 present a ‘wall” of
potential hydrophobic contacts at the outer edge of the pocket accommodating the extrahelical
base. Consistent with this idea, human Rev1 has recently been shown to bind N2-dG-BP
adducted DNA 3-fold more tightly than unmodified G-containing DNA?’. Interestingly, only
35 of the 54 residues in the 12 insert are visible in the electron density. The remaining residues
(many of which ensue oE) may become ordered when human Rev1 binds to large N2-dG
adducted DNAs. The entire 12 insert is relatively mobile with an average B factor of 52.0A2,
as compared to 41.7A2 for the rest of the protein. Thus, it is possible that 12 (as a “flap”) assumes
different conformations when bound to different N2-dG adducted DNASs.

In conclusion, Y family polymerases have proven to be remarkable in their functions and in
strategies for replicating through DNA lesions. Rev1 adopts the most radical strategy, where
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the polymerase itself dictates the identity of the incoming nucleotide, as well as the identity of
the templating base. We show here that many of the key elements of this novel strategy are
conserved between yeast and human Rev1, including the eviction of template G from the DNA
helix and the pairing of incoming dCTP with a surrogate arginine residue. We also show that
the catalytic core of human Rev1l is augmented by two large inserts, 11 and 12, wherein 11 may
serve as a platform for protein-protein interactions specific for Rev1’s TLS role in human cells
and 12 may aid in the binding of bulky N2-dG adducted DNAs. Taken together, these new
structural features could be important for providing human Rev1 greater latitude in promoting
error-free TLS through a diverse array of bulky N2-dG adducts than that possible for yeast
Revl.

Materials and Methods

Protein and DNA preparation

The human GST-Rev1 (residues 330-833) fusion protein was expressed in E. coli from plasmid
pBJ1237. The Revl (330-833) protein is as catalytically active as the full length protein and
has the same nucleotide incorporation specificity. The fusion protein was purified by
(NH4),SO4 precipitation followed by affinity purification using a glutathione-Sepharose
column. Rev1 (330-833) lacking the GST tag was eluted from the column, following cleavage
on the resin with PreScission protease (Amersham Pharmacia). The protein was further purified
over a gel filtration SD200 column, concentrated, and used for co-crystallization. The primer
was synthesized as a 12-mer, with a dideoxy cytosine at its 3’ end (5'-
ATCCTCCCCTACUY-3"). This was annealed with a 16-nt template (5'-
TAAGGTAGGGGAGGAT-3') to yield a 12/16 primer-template. Prior to annealing, the
oligonucleotides were purified by reverse phase over a C18 column, desalted, and lyophilized.

Crystallization and structure determination

The native complex was prepared by incubating Revl with the 12/16 primer-template in a
molar ratio of 1:1.5 with 10 mM dCTP and 20mM MgCl,, and then crystallized from solutions
containing 20% PEG 5000 MME, 0.1 M (NH4)»,SO4, 0.2M NaCl, and 0.4M sodium malonate
(pH 4.6). For data collection, the cocrystals were cryoprotected by soaks in mother liquor
solutions containing a gradient of 0—24% glycerol and then flash frozen in liquid nitrogen. X-
ray diffraction data on the cocrystals (2.5A) were measured at the Advanced Photon Source
(APS; beamline 17-1D) (Table 1). All data were indexed and integrated using DENZO and
reduced using SCALEPACK 48, The data reduced most accurately to space group P2; with
cell dimensions of a=56.4 A, b=172.8 A, ¢=129.2A, and p=90.6. The data could also be reduced
to space group P2,242; albeit with a much higher number of rejected reflections. For refinement
in space group P2 the test reflections for Rfree calculations were selected from data reduced
in space group P21212; (to omit Bijvoet pairs related by pseudo-orthorhombic symmetry). The
structure was solved by molecular replacement (MR) with the program PHASER 49- using a
simplified construct of the yeast Rev1 ternary complex model based on sequence alignment
and secondary structure matching. The MR solution revealed four Rev1 ternary complexes in
the crystallographic asymmetric unit (A-D), and electron density maps calculated after a round
of refinement with CNS 59 showed densities for several segments not included in the search
model. Refinement was continued with REFMAC 51, which allows for the anisotropic motion
of rigid bodies, described as TLS parameters °2. Each Rev1 protein molecule and DNA strand
was treated as a separate group. Iterative refinement, building with COOT 3, and water picking
using ARP/WARP 54, lowered the Ryree t0 26.7%. The final model includes residues 344-377,
383-391, 416-477 and 499-828 of molecule A; residues 344-392, 416-473 and 496-828 of
molecule B; residues 344-378, 383-385, 416-472 and 500-827 of molecule C; residues 346—
389, 416-472 and 496-827 of molecule D; nucleotides 1-16 for each template strand;
nucleotides 1-12 for each primer strand; 4 molecules of dCTP; 11 Mg?* ions; and 98 water
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molecules. The model has excellent stereochemistry, as shown by MOLPROBITY 55, with
over 97% of the residues in the most favored regions of the Ramachandran plot and only 0.2%

in

the disallowed regions.

Accession Number
The coordinates have been deposited in the PDB with code 3GQC.
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Fingers

Fig. 1.

Human Rev1-DNA-dCTP ternary complex. The palm, fingers, thumb and PAD domains are
colored cyan, yellow, orange and green respectively. The two large insertions in human Rev1,
11 and 12, are colored magenta and red, respectively. The linker joining the thumb to the PAD
domains is shown in pink. The N-digit is shown in dark blue. DNA is gray, template G and the
incoming dCTP are red, and the putative Mg2* ions are green spheres.
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Fig. 2.

Comparison of human and yeast Revl. (A) Sequence and secondary structure comparison
between the catalytic cores of human (H.s) and yeast (S.c) Rev1l. Identical residues are
highlighted in red and semi-conserved residues are shown in green. (B) Human Rev1 catalytic
core displayed in two colors: green, for elements that are conserved between the human and
yeast Rev1,; red, for elements (including, inserts 11 and 12) that are unique to human Revl. The
DNA is shown in gray.
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12 helix aE

Template G

Incoming dCTP

Fig. 3.

Rev1 interactions with template G and incoming dCTP. (A) A close-up view of the interaction
between human Rev1l and template G. Residues are colored according to the domain or
subdomain/insert they belong to (c.f. Figure 1): yellow, fingers; green, PAD; dark blue, N-
digit; red, insert 12. Template G is shown in red. Hydrogen bonds are depicted as dotted lines
and the distances are in Angstroms. (B) A close-up stereo view of the human Rev1 active site
showing interactions with incoming dCTP. Residues are colored according to the domain they
belongto: yellow, fingers; cyan, palm; dark blue, N-digit. dCTP is shown with Fo-Fc difference
density (green) at a contour level of 3s. The two catalytic magnesium ions (A and B) are shown
as green spheres. Distances are given in Angstroms.
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Fig. 4.
Surface near template G in human and yeast Revl. A) Human Rev1 surface. The DNA is in

red, and the key protein residues are colored according to the domain they belong to: yellow,
fingers; green, PAD; dark blue, N-digit; red; insert 12. Note that helix oE in insert 12 acts as a
“flap” on the hydrophobic pocket ccommodating template G. B) Yeast Rev1 surface near
template G. Note that N2 of template G is fully exposed to solvent.
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Fig. 5.

Stereo illustration of the coordination geometry of a putative 3rd magnesium ion. The putative
magnesium ion is shown as a green sphere (C). The DNA is green and the protein (a loop
between helices aL and aM in the thumb domain) is yellow. The single water molecule is
colored red. The distances are in Angstroms.
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Data Collection and Refinement Statistics

Native Data collection:

Wavelength (A)

1.000

Resolution (A)

50.0-2.5 (2.6-2.5)

Table 1

No. of measured reflections 266877
No. of unique reflections 80609
Completeness (%) 94.7 (91.6)
Mean | > ol 27.4(2.9)
Rmergel (%) 5.9 (46.2)
Refinement:
Resolution range (A) 50.0-2.5
R factor (%) 21.4
R free (%) 26.7
Number of atoms
Protein 13025
DNA 2276
dCTP 112
Mg?* ions 11
Water 98
RMS deviations from ideal stereochemistry:-
Bond lengths (A) 0.010
Bond angles (°) 1.34
rms deviation in main chain B factor (AZ) 0.43
rms deviation in side chain B factors (A%) 1.14
Mean B factors: (A?%)
Protein (overall) 42.3
Protein (main chain) 42.0
Protein (side chains) 42.3
DNA 40.2
dCTP 35.8
Mg?* ion A 64.3
Mg?* ion B 30.7
Mg?*ion C 49.8
Water 39.1
Ramachandran plot:
% residues in most favored region 97.8
% residues in allowed regions 2.0
% residues in disallowed regions 0.2

1
Rmerge =ZhkIZi [li(h k ) - <I(h k )>|/ZhkIZili(h k 1)]

Numbers in parentheses are for the outer shell of data.
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