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Living organisms are continually under attack from a vast array of DNA-damaging agents that imperils their genomic integrity. As a
consequence, cells posses an army of enzymes to repair their damaged chromosomes. However, DNA lesions often persist and pose
a considerable threat to survival, because they can block the cell’s replicase and its ability to complete genome duplication. It has
been clear for many years that cells must possess a mechanism whereby the DNA lesion could be tolerated and physically bypassed.
Yet it was only within the past decade that specialized DNA polymerases for “translesion DNA synthesis" or “TLS" were identified
and characterized. Many of the TLS enzymes belong to the recently described “Y-family” of DNA polymerases. By possessing a spa-
cious preformed active site, these enzymes can physically accommodate a variety of DNA lesions and facilitate their bypass. Flexible
DNA-binding domains and a variable binding pocket for the replicating base pair further allow these TLS polymerases to select spe-
cific lesions to bypass and favor distinct non-Watson-Crick base pairs. Consequently, TLS polymerases tend to exhibit much lower
fidelity than the cell’s replicase when copying normal DNA, which results in a dramatic increase in mutagenesis. Occasionally this can

be beneficial, but it often speeds the onset of cancer in humans. Cells use both transcriptional and posttranslational regulation to
keep these low-fidelity polymerases under strict control and limit their access to a replication fork. Our perspective focuses on the
mechanistic insights into TLS by the Y-family polymerases, how they are regulated, and their effects on genomic (in)stability that

have been described in the past decade.
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Discovery of the Y-Family
of DNA Polymerases

t was clear from genetic studies
carried out in the mid-1970s that
damage-induced mutagenesis was not
a passive process but that it required
the active participation of several key
proteins. Of particular relevance to our
current story was the observation that
mutations in the Escherichia coli umu
(UV-induced mutability) locus (1, 2) and
Saccharomyces cerevisiae Revl (UV rever-
sion) locus (3, 4) greatly reduced the level
of cellular mutagenesis observed after the
respective organism was exposed to a vari-
ety of DNA-damaging agents. At that
time, insights into the mutagenic process
were gained largely through genetic exper-
iments, and, for many years, it was
hypothesized that the Umu and Rev1 pro-
teins were simply accessory factors to
other polymerases. In the case of the
Umu proteins, translesion DNA synthesis
(TLS) was thought to occur in a two-step
process, in which E. coli DNA polymerase
III first inserted a base opposite the le-
sion, and, in the second step, the (mis)in-
serted base was extended with the help of
the Umu proteins (5). The idea that such
a mutagenic process was conserved
throughout evolution was strengthened
with the discovery that the N-terminal
portion of S. cerevisiae Revl shared
limited sequence homology with the
E. coli UmuC protein (6). Indeed, as the
genomes of more organisms were deci-
phered, additional orthologs were identi-
fied, including the E. coli DinB protein
(7), the archael Dbh protein (8), and the
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S. cerevisiaze Rad30 protein (9), leading to
the conclusion that a “superfamily” of
so-called “mutagenesis” proteins existed
in many organisms. Their mutagenic
mechanism remained unknown however,
because the sequence motifs were unique
and not homologous to any protein of
known function.

The first biochemical clue as to how
these proteins might actually facilitate
TLS came with the observation that the
highly purified S. cerevisiae Revl protein
exhibited a dCMP transferase activity
(10), which correlated well with the muta-
genic specificity observed during the
bypass of abasic sites in vivo (11). The
proverbial “floodgates” opened early in
1999 with the discovery that the S. cerevi-
siae Rad30 protein could actually use all
four dNTPs for synthesis and was able to
bypass a thymine—thymine cyclobutane
dimer with the same efficiency and accu-
racy as undamaged thymines. As the
seventh eukaryotic DNA polymerase de-
scribed in the literature at the time, the
enzyme was called poln (12). Using a
completely independent approach, Masu-
tani et al. developed an elegant in vitro
lesion-bypass assay that allowed them to
identify and purify human poln (13). Per-
haps more importantly, defects in the
gene encoding human poln were shown to
cause the sunlight-sensitive and cancer-
prone Xeroderma pigmentosum variant
(XP-V) syndrome (14, 15).

1999 turned out to be a decisive turning
point in our understanding of TLS, with
reports showing that the related E. coli
DinB (16) and UmuD’,C proteins (17, 18)

were also bona fide DNA polymerases
called E. coli pollV and E. coli polV, re-
spectively. By the end of the year, two
more orthologs had been identified in hu-
mans. One shared similarity to S. cerevi-
siae Rad30 and was initially called
RAD30B (19). The other shared greatest
similarity to E. coli dinB and was called
DINBI (20, 21). Both genes were subse-
quently shown to encode DNA
polymerases. As the ninth eukaryotic
polymerase described in the literature, the
Rad30B protein was accordingly named
pole (22-24). Unfortunately, the rapid
pace at which eukaryotic polymerases
were discovered in 1999 and 2000 resulted
in some confusion in the literature with
regard to the name of the polymerase
encoded by the human DINBI gene, with
it being referred to as both pol6 (25) and
polk (26, 27). The nomenclature issue was
subsequently resolved upon the accep-
tance of a proposal for a revised proce-
dure of naming of eukaryotic polymerases
(28) and resulted in the DINBI protein
being formally identified as polk.

Thus, within the span of just a few
months, the earlier genetic model propos-
ing an accessory role for the mutagenesis
proteins fell by the wayside, as it became
obvious that the novel polymerases posses
intrinsic lesion-bypassing capabilities. The
fact that the lesion-bypass enzymes had
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Structural domains of the Y-family polymerases. The polymerase domain is labeled in red (palm),

blue (finger), green (thumb), purple (LF), and yellow (N-terminal addition in polk and Rev1). The
regulatory units are color- and shape-coded as indicated at the bottom of the figure. UBM stands for
ubiquitin-binding motif, UBZ for ubiquitin-binding zinc finger, and BRCT for Brca1 C-terminal domain.

been identified in bacteria and both lower
and higher eukaryotes suggested that the
mechanism of TLS was likely to be con-
served throughout evolution (29). The
TLS polymerases were initially referred to
as belonging to the UmuC/DinB/Rev1/
Rad30 superfamily of proteins (19, 20),
but this terminology was cumbersome,
and it was generally agreed by scientists
studying the enzymes at that time that
these phylogenetically related proteins
should be collectively known as the Y-
family of DNA polymerases (30). Recent
database searches suggest that well over
300 members of this ever growing family
have now been identified in bacteria, ar-
chaea, and eukaryotes. Each organism
often encodes more than one Y-family
polymerase. For example, E. coli has two
(poll'V and polV), and S. cerevisiae has
two (poln and Revl), whereas humans
have a complement of four (poln, pols,
polk, and Revl) (30, 31). Multiple Y-
family members in an organism often
have different substrate preference and
TLS efficiency.

The Primary Structure of Y-Family
Polymerases

All Y-family members share a conserved
N-terminal polymerase domain of 350—
450 residues containing the catalytic active
site, and a C-terminal appendage of vary-
ing size that appears crucial for regulatory
protein—protein interactions (31) (Fig. 1).
Mouse and human Revl are unique in
that they have an additional N-terminal
BRCT domain preceding the catalytic
domain of the enzyme (32) (Fig. 1). The
C-terminal appendage in archaeal and

certain bacterial Y-family polymerases is
often no more than a dozen residues in
length, but it can be >70 residues in cer-
tain bacterial enzymes, such as E. coli
UmuC, and is up to 350 residues long in
most eukaryotic Y-family polymerases

(Fig. 1).

General Features of the
Polymerase Domain

Structural Comparison with Replicative DNA
Polymerases. The Y-family polymerases
are best characterized by translesion syn-
thesis and low fidelity when copying nor-
mal DNA. Their error rate during normal
DNA synthesis is 1072 to 10~*, which is
~1-2 orders of magnitude higher than
those of replicases in the A- and B-family
even when the intrinsic proofreading func-
tion (the 3’5" exonuclease activity) is
removed (33). Crystal structures of the
polymerase domain of two archaeal (Dbh
and Dpo4) (34-36) and four eukaryotic
Y-family members (REV1, poln, «, and «)
(37-40) have been determined with or
without bound substrates. These structures
collectively provide a molecular basis for
understanding their unusual biochemical
properties.

Four structural subdomains are found
in each polymerase domain (Fig. 24). The
first 250-350 residues including the five
signature motifs (8) constitute the cata-
lytic core of the polymerases and form the
thumb, palm, and finger subdomains as
found in all known DNA and RNA poly-
merases. Despite a lack of apparent se-
quence homology, the palm domain of the
A-, B-, and Y-family polymerases, as well
as reverse transcriptases, are highly con-
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served, and three carboxylates essential
for the catalysis are located on identical
structural elements (41). Although the
secondary structures vary broadly in the
thumb and finger domains across the dif-
ferent polymerase families, their location
in the tertiary structure and roles in inter-
action with DNA and nucleotide substrate
are conserved among all polymerases.
Yet, the thumb and finger are distinctively
smaller in Y-family polymeraes (Fig. 2A4).
At the C terminus of the catalytic core,
~100 residues form a structurally con-
served domain unique to the Y-family
polymerases. It has been called either the
little finger (LF) domain, based on the
analogy to a right hand (in addition to
palm, thumb, and finger) and its role
in DNA binding (36) (Fig. 24), or the
polymerase-associate domain (PAD) (37).
In contrast to replicases, where the finger
domain that interacts with the replicating
base pair undergoes the largest conforma-
tional changes upon substrate binding, it is
the LF and thumb domains that sandwich
the upstream DNA that are the most mo-
bile in Y-family polymerases (Fig. 2B). In
the absence of DNA substrate, the LF can
be closely associated with the catalytic
core through a tether as observed in Dbh
(35), or wildly flexible as in polk (42).
The mobility of the LF and thumb can
alter the positions of DNA substrate rela-
tive to the catalytic core and, conse-
quently, the activity of the polymerase
(43, 44). Indeed, switching the LF do-
mains between archaeal Dbh and Dpo4
reverses the catalytic efficiency of the two
homologous enzymes (45).

Kinetic Properties and Substrate Specificity.
The active site of Y-family polymerases is
preformed before substrate binding, in
contrast to that of the A-, B-, and RT-
family polymerases (34, 46). Because of
the small finger and thumb, the active site
is also remarkably solvent-exposed and
not as geometrically constrained to reject
non-Watson—Crick base pairs (Fig. 2B).
The “spaciousness” of the active site gives
grounds for erroneous base pairing and
the ability to accommodate bulky DNA
lesions (36).

For the polymerization reaction, the
3'-OH of a primer strand and the a-
phosphate of a dNTP have to be
placed adjacent to each other and ori-
ented for the phosphoryl transfer reac-
tion. With high-fidelity polymerases, in
the presence of a correct ANTP for the
template—primer duplex, the finger
domain undergoes a large conforma-
tional change (Fig. 2B), and the active
site becomes “closed.” In this closed
structure, the 3'-OH and a-phosphate
of ANTP are then aligned with the
catalytically essential metal ions and
carboxylates for the chemical bond for-
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Structural comparison of T7 DNA polymerase (A-family) (PDB ID code 1T7P) and Dpo4 (Y-family) (PDB

ID code 2AGQ). (A) The polymerase domain is shown in the same colors as in Fig. 1. Thioredoxin (wheat)
enhances the processivity of T7 DNA pol. DNA is shown in yellow (primer) and brown (template) tubes, the two
metal ions as cyan spheres, and the incoming nucleotide (only visible in Dpo4) as silver and multicolored sticks.
(B) Diagrams of the conformational change of a helix (solid blue rectangle) in the finger domain of T7 DNA pol
upon binding of a correctincoming nucleotide (dNTP). Movement of the helix s indicated by a gray arrow. The
reactants and catalysts are snug in the closed active site. (C) lllustration of the flexible LF and thumb domains
of Y-family polymerases, which facilitate the movement of the template-primer duplex. The spacious and
open active site also allows multiple conformations of the dNTP (as diagramed in the upper right corner) and
makes it difficult to align the 3'-OH of the primer strand, dNTP, metal ions, and catalytic carboxylates.

mation. The fidelity is thus achieved
mainly in two steps: a large conforma-
- tional change of the finger domain and
alignment of reactants and catalysts in
the active site. A wrong incoming
dNTP and, hence, mismatched replicat-
ing base pair inhibits both steps (47—
49). Despite a preformed and spacious
active site, Y-family polymerases are
selective in nucleotide incorporation
and exhibit fidelity exceeding what is
warranted by Watson-Crick base pair-
ing alone (50, 51). The fidelity of the
Y-family polymerase is likely achieved
in the substrate alignment step. The
flexible LF domain and spacious active
site, which readily accepts damaged or
mispaired DNA, actually make the
alignment of a dNTP, DNA and two
metal ions for catalysis difficult and
even more difficult in the presence of
mismatched and damaged substrates
(52) (Fig. 2C). Consequently, the Y-
family polymerases depend more on
hydrogen bonds between a replicating
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base pair than its size or shape (50, 53)
and are catalytically less efficient than
the A- and B-family replicases (54).

A series of structural studies of Dpo4
complexed with abnormal DNA tem-
plates, including oxidative damage (44,
55-57), UV cross-linking (43), benzo-
[a]pyrene diol epoxide (BPDE) adduct
(58), and abasic lesions (59) (Fig. 34)
have been reported. Dpo4 can accommo-
date almost every lesion in its active site
by a multitude of contortions in DNA
template, primer, or incoming dNTP, but
it efficiently catalyzes only the bypass of
abasic lesions (59, 60). The 3'-OH of the
primer strand, the a-phosphate of the
incoming dNTP and the catalytically es-
sential metal ions are often found to devi-
ate from the ideals for catalysis when an
unfavorable lesion is present (Fig. 2C) (52,
61). Not surprisingly, the Y-family poly-
merases differ in the active site geometry
and flexibility of the LF, which gives rise
to their differences in spectrum of muta-
tions and TLS efficiency.

Unique Features and TLS Specificity
of Individual Y-Family Polymerases

Rev1. The first identified Y-family mem-
ber, REV1, possesses the unique ability to
incorporate only dCMP. The crystal struc-
ture of the polymerase domain of S.
cerevisiae REV1 complexed with a
primer—template and dCTP reveals the
molecular mechanism (40). In comparison
with Dpo4 (Fig. 34), REV1 has an N-
terminal extension, which forms a long
helix that fills the gap between the finger
and LF (Fig. 3B). This N-terminal helix
approaches the template—primer duplex
from the minor groove side and forces the
template base to flip out of the double
helix, and, in its place, it supplies an argi-
nine side chain to hydrogen bond with the
incoming dCTP, thus making REV1 a
dCMP polymerase. The use of protein
residues to direct nucleotide incorporation
is reminiscent of the CCA-adding enzyme
in tRNA synthesis (62).

E. coli DNA Polymerase IV and Eukaryotic
Polk. PollV (DinB) and its eukaryotic
ortholog, polk, are reported to be particu-
larly adept at bypassing deoxyguanosines
with adducts at the N? position, such as
furfuryl and benzo[a]pyrene diol epoxide
(BPDE), efficiently and accurately (63—
68). Mouse embryo fibroblasts (Mefs)
lacking polk are correspondingly sensitive
to the killing effects of benzo[a|pyrene
(69). Polk, which is highly expressed in
cells enriched in steroid hormones, may
have evolved to specifically bypass endoge-
nous polyhydrocarbon lesions, such as
those derived from estrogen (70). The
role of polk in maintaining genomic sta-
bility of germ-line cells is highlighted by
the observation that male mice lacking
polk exhibit an elevated spontaneous mu-
tator phenotype (71). PollV and polk are
also similar in their preponderance to
make template misalignments resulting in
—1 frameshifts and missense mutations
when replicating undamaged DNA

(72, 73).

Among the crystal structures of
polymerase—DNA-dNTP ternary com-
plexes, Dpo4 (an ortholog of pollV) and
polk are strikingly similar (Fig. 3C). All
four protein domains, the template—
primer duplex, and incoming dNTP can
be superimposed. The mechanism of loop-
ing-out an abasic lesion (59) (Fig. 34) or
skipping a template base (36) as observed
for Dpo4, may be used by pollV and polk
to make —1 frameshift. Although Dpo4
and polk are closely related (20, 30), polk
is far more efficient than Dpo4 in bypass-
ing bulky aromatic adducts like BPDE
(58, 74-77). In the structure of Dpo4
complexed with a BPDE-dA adduct, the
bulky hydrophobic adduct was placed in
the solvent-exposed major groove to allow
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Fig. 3.  Structural and biochemical features of individual Y-family polymerases. (A) Dpo4 bypassing an abasic lesion (PDB ID code 1SON). The polymerase domain is
colored as in Fig. 1, and the red arrow points at the looped-out abasic site analog. The nucleotide 5’ to the abasic site serves as the template base to direct nucleotide
incorporation. The dNTP is shown in sticks, and the two metal ions are shown as purple spheres. (B) Rev1 complexed with DNA (PDB ID code 2AQ4). The overall structures
of Rev1 and Dpo4 are superimposable, including the incoming dNTP and metal ions. But the N-terminal region (shown in yellow) of Rev1 displaces the template base
(highlighted in orange), and an Arg side chain is inserted in its place. A close-up view of the active site is shown on the right. The red arrow points at the Arg that forms
two hydrogen bonds with dCTP. (C) Superposition of the structures of Dpo4 complexed with BPDE-dA-adducted DNA (PDB ID code 1S0M) (shown in silver with the
BPDE-dA highlighted in red) and polk complexed with anormal DNA (PDB ID code 20H2) (shown in cyan with the N-terminal three-helix insertion highlighted in yellow).
The two proteins (in which the a-helices are represented by cylinders), DNAs, and dNTPs in particular are superimposable. The N-terminal addition of polx (yellow) can
partially shield the BPDE adduct in the major groove, which otherwise is exposed to solvent as in the complex with Dpo4. (D) The backside of the polk-DNA ternary
complex structure. The polymerase domain is shown in a molecular surface representation and colored as in Fig. 1. The crevice separates the LF (purple) and finger
domains (blue) and also extends to the palm domain. The normal template base is shown as red sticks. If it were a BPDE-dG adduct, the BPDE moiety in the minor groove
could be accommodated in the large crevice during the nucleotide insertion step as well as the subsequent primer extension. (E) A close-up view of the poln active site
(PDB ID code 1JIH). A CPD-containing DNA, dATP paired with the 3’ T of the CPD (shown as red sticks) and two metal ion (purple spheres) are borrowed from the
Dpo4—-CPD complex structure (PDB ID code 1RYR) after superimposing the palm and finger domains of the two proteins. The R73 in yeast poln (R61 in human poln),
which is proposed to stabilize the incoming dATP, is shown as cyan and blue sticks (with the red arrow pointing at it). (F) Comparison of pol. (PDB ID code 2FLL, colored
in orange) and Dpo4 (PDB ID code 2AGQ, colored in silver). The overall structures of the two polymerase—substrate ternary complexes are quite similar. The replicating
base pair in Dpo4 (shown in cyan) is superimposable with those in polk and Rev1 (Fig. 4 B and C), but it differs from that in pol. (magenta) because of potential clashes
with the large aliphatic side chains (L62, V64, and L78, shown in yellow) present in the finger domain of pol.. Interestingly, the triphosphate moieties of dNTP (orange
and red) are more or less superimposable between Dpo4 and polt. A close-up view of the superimposed active sites is shown on the right.

the chemical bond formation (58). But D). First, polk has a large N-terminal ex- poli, may alleviate the unfavorable expo-
exposing the hydrophobic benzo[a]pyrene  tension, as does Revl, but in polk it forms sure of the bulky adduct for efficient poly-
moiety is energetically unfavorable. Super-  a lid that partially covers the otherwise merization (Fig. 3C). Second, because of
position of the ternary complexes reveals exposed major groove of the replicating the truncation of a connecting loop, the
two features in polk, which may account base pair. This N-terminal lid in polk, finger domain of polk no longer interacts

for its unique TLS activity (Fig. 3 C and which is absent in Dpo4, Revl, poln, and  with the LF domain even in the substrate
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ternary complex, and the gap between LF
and the catalytic core is enlarged and ex-
tended because of amino acid alterations
(Fig. 3D). The equivalent cleft in Dpo4
and pol is much smaller and is nonexist-
ent in REV1 (Fig. 3B). In contrast, the
crevice in polk appears to be large
enough to accommodate a bulk adduct in
the minor groove, e.g., BPDE-dG, in suc-
cessive steps of nucleotide incorporation
and primer extension opposite the lesion.

E. coli DNA Polymerase V and Eukaryotic
Poly. E. coli polV and eukaryotic poln are
similar in being able to bypass a broad
spectrum of DNA lesions and are hypoth-
esized to be close structural relatives (78).
Poln is especially efficient at bypassing a
thymine—thymine cyclobutane pyrimidine
dimer (CPD) (79-81). Although the in
vitro misincorporation frequency opposite
the CPD is in the range of 1072 to 1073,
which is normally considered error-prone,
the in vivo bypass of CPDs by poln must
be more efficient and accurate than by
other DNA polymerases, because defects
in poln lead to a dramatic increase in mu-
tagenesis and carcinogenesis in mammals
(14, 15, 82, 83). As indicated by the XPV
syndrome, a pivotal cellular role for poln
is to protect mammals from the deleteri-
ous consequences of prolonged exposure
to UV light. Human poln also appears to
bypass intrastrand cisplatin deoxyguano-
sine adducts rather efficiently (84-86).
Although the ability to bypass a CPD
clearly protects us from UV-induced can-
cers, the concomitant ability of poln to
bypass cisplatin adducts may actually
reduce the efficacy of certain chemothera-
peutic agents like cisplatin and gemcitab-
ine, a combination of which is commonly
used to treat a wide spectrum of cancers,
thereby facilitating tumor progression,
rather than suppressing it (87, 88).

A crystal structure of either polV or
poln complexed with a lesion-containing
DNA substrate is currently unavailable.
Homologous modeling and unpublished
results from T. Carell’s laboratory (per-
sonal communication), however, suggest
that an arginine in the finger subdomain
uniquely conserved among poln homologs
(R73 in S. cerevisiae and R61 in human)
likely stabilizes INTP and two metal ions
in the active conformation before binding
of template—primer (Fig. 3E). The “fixed”
dNTP, metal ions, and catalytic residues
may enable these polymerases to capture
a broad spectrum of lesions transiently
and at the same time promoting catalysis.

Pol.. Polu is related to poln in sequence,
but exhibits very different TLS properties
in vitro. Whereas poln bypasses a T-T
CPD efficiently and accurately, pole does
so inefficiently and inaccurately (89, 90).
Clues to polu's role in the TLS of UV in-

Yang and Woodgate

template R\
vI\Fss (x)
(A42 in Dpo4)

(A57 in Dpo4)
K77()

» dLNP

r \

template

%735 (x)
(A42 in Dpo4)

(A57 in Dpo4)
K77 (1)

Fig.4. A composite active site of the Y-family polymerases in stereoview. The 3’-end nucleotide of the
primer strand (pale yellow), the template nucleotide (orange), the incoming dNTP [yellow (C)/blue (N)/red
(0)], the three catalytic carboxylates [magenta (C)/red (O)], the nearby carbonyl group [F8(0)] that
coordinates one metal ion, and the conserved residues interacting with dNTP [light blue (C)/blue (N)/red
(O)] are shown as sticks, and the two metal ions are shown as green spheres. These conserved residues are
labeled according to Dpo4 for convenience. K77 of pol. that stabilizes the incoming dNTP and M135 of
polk that stabilizes the template base are shown in gray/blue (N)/brown (S) sticks. These residues are
replaced by Ala’sin Dpo4. The 3'-OH group (indicated asared "“o'’) is usually absent in the crystal structures
for the purpose of capturing enzyme-substrate complexes.

duced lesions in vivo are beginning to
emerge from studies with mice carrying a
naturally occurring nonsense mutation
near the 5’ end of the Poli gene (91).
Mice lacking polt develop mesenchymal
cancers when exposed to UV light (82),
and Mefs lacking polt also exhibit an al-
tered spectrum of UV-induced mutations
(83), suggesting that polt may, under cer-
tain circumstances, facilitate TLS of UV
photoproducts. Indeed, it seems likely that
pole is the enzyme that substitutes for
polmn in X. pigmentosum variant patients
and is responsible for the high frequency
and altered spectrum of mutations charac-
teristic of the XPV phenotype (92).

The murine Poli gene is located on
chromosome 18q22 (19) and lies within
the boundaries of the previously described
Pulmonary adenoma resistance 2 (Par2)
locus, and it has been suggested that de-
fects and/or alterations in polt may be
responsible for the susceptibility of mice
to urethane induced pulmonary adenomas
(93, 94). Consistent with this hypothesis,
mice carrying the Poli nonsense mutation
have a high susceptibility to urethane-
induced lung tumors (95).

Polv’s fidelity when replicating undam-
aged DNA is most unique, because both
the human and murine enzymes posses
the remarkable ability to misincorporate
G opposite T, 3- to 10-fold more fre-
quently than the correct base A. In con-
trast, when replicating template A, the
enzyme is reasonably accurate, with a mis-
incorporation frequency of ~10~* (22~
24). Thus, the fidelity of the enzyme can
vary by 10°-fold, depending on the tem-
plate base being replicated.

Multiple crystal structure of human pole

complexed with normal DNA substrate
and ANTP have been reported (38, 96,
97). One striking feature is that its active
site is most different from Dpo4, REV1,
polm, and polk by the presence of several
large aliphatic residues, which forbid the
template—primer and dNTP to bind in the
normal positions (Fig. 3F). In the pol
complexes, the replicating base pair is
shifted by several Angstroms away from
the finger domain and often assumes
Hoogsteen conformation. Despite the dis-
tortions, the dNTP and two metal ions
are in the catalytically active position and
are likely stabilized by the Lys residue
(K77 in human pol.) (Fig. 4), which is
equivalent to R73 of S. cerevisaea poln.
The distortion of base pairing and dNTP
stabilization may lead to the skewed pref-
erence of incorporating dGMP opposite
template dT by pol..

DNA Repair, Mutagenesis, and Other
Activities of Y-Family Polymerases
In addition to TLS, it is becoming increas-
ingly clear that, under certain circum-
stances, the Y-family polymerases also
have access to undamaged DNA. First,
although the molecular mechanisms un-
derlying the somatic hypermutation of
variable Ig genes are still being unraveled,
it is clear that defects in human and mu-
rine poln lead to a dramatic and specific
decrease in somatic mutations at A/T base
pairs (98—100), whereas defects in murine
Revl causes a reduction in G/C somatic
mutations (101, 102). In contrast, polt and
polk appear to play no role in somatic
hypermutation (91, 103-105).

Very recently, it has been suggested
that polm may participate in recombina-
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tional repair, because chicken cells lacking
poln cannot undergo recombination-
induced gene conversion (106), and hu-
man poln appears particularly efficient at
extending D-loop recombination interme-
diates in vitro (107).

Ogi and Lehmann (108) have recently
reported that polk deficient Mefs are also
UV-sensitive. Polk is unable to insert a
base opposite CPDs in vitro (25-27) but
can extend mispairs across from the le-
sion if it is inserted by another polymer-
ase (109). However, the UV-sensitivity
of the polk Mefs is unlikely to be attrib-
uted to an inability to facilitate TLS
but is more likely to result from an unex-
pected role for polk in nucleotide excision
repair (108).

Regulation of Y-Family Polymerases by
Transcription and Protein Degradation

Given that the Y-family polymerases
are intrinsically error-prone, it makes
teleological sense that they are strictly
regulated to minimize any spurious
mutagenesis and ensure that they are
only used at specific times and/or loca-
tions. It is now evident that each or-
ganism uses a myriad of mechanisms
to keep Y-family polymerases under
control. Perhaps the best studied is E.
coli polV, whose subunits (UmuD’ and
UmuC) are temporally regulated via
DNA damage-induced transcription
(110) and targeted proteolysis (111-
113) to keep the intracellular levels of
the proteins to a minimum. In addition
to low cellular levels, polV activity is
regulated by means of a number of
protein—protein interactions, most no-
tably with RecA, because certain mis-
sense mutations in recA also render E.
coli nonmutable (114). Recent data
suggest that RecA protein stimulates
the catalytic activity of polV in vitro by
forming a nucleoprotein filament on
DNA in trans to the lesion-containing
DNA substrate bypassed by polV
(115).

Regulation of the eukaryotic Y-fam-
ily polymerases is equally complex.
Although the S. cerevisiae Rad30 tran-
script is induced ~3-fold in response to
UV-damage (9), the activity/cellular
level of most eukaryotic Y-family poly-
merases appear to be primarily regu-
lated via posttranslational pathways
either involving direct modification of
the polymerase, or by means of key
protein—protein interactions. For exam-
ple, S. cerevisiae REV1 protein has
recently been shown to become phos-
phorylated in a Mecl and cell cycle-
dependent manner (116) and, some-
what unexpectedly, exhibits highest
expression in G/M rather than S-phase
(116, 117). Like E. coli polV, the basal
levels of S. cerevisiae polm appear to be

Rev1

BRCT

localization of poln, i, K
to replication fork

Fig. 5. Access of Y-family polymerases to a replication fork is regulated by posttranslational
modification and protein-protein interactions. (A) Ribbon diagram of E. coli pollV C-terminal region
(including the LF domain and B/PIP) complexed with the B-clamp (PDB ID code 1UNN). The two
subunits of B clamp are shown in green and blue, and pollV is shown in yellow. The B/PIP of pollV is
represented by a stick model. (B) Interactions among PCNA-PIP (represented by p21, PDB ID code
1AXC), ubiquitin, UBZ, and UBM. The trimeric PCNA is shown in blue, green, and purple ribbon
diagram. The PIP peptide from p21 is shown as yellow sticks. When ubiquitinated, PCNA is covalently
linked through its K164 (represented by red spheres) with G76 (highlighted in red) of ubiquitin (PDB
ID code 2G45). Ubiquitin is shown in molecular surface representation, the conserved 144 is high-
lighted in orange, and the surrounding areas that have been mapped to interact with UBZ and UBM
are highlighted in green and blue, respectively. The NMR structure of the poln UBZ (PDB ID code 2150)
is shown in green ribbon diagrams, and a magenta sphere represents the zinc ion. (C) A cartoon
summarizing the protein—protein interactions of eukaryotic Y-family polymerases. Rev1 (pea green),
polm, poli, and polk each interact with PCNA (cyan) and ubiquitin (magenta), and the C-terminal
region of Rev1interacts with poln, polt, and polk (collectively represented by the curvy red arrow). The
multilayered interactions occur in response to DNA damage and may allow poln, pol:, and polk to be
recruited to replication forks.

kept to a minimum by targeted prote-
olysis. In the case of poln, the protein
is ubiquitinated and subsequently de-
graded by the cell’s proteasome (118,
119). This clearly helps reduce the
level of spontaneous mutagenesis in S.
cerevisiae, because mutations in the

15596 | www.pnas.org/cgi/doi/10.1073/pnas.0704219104

proteasome lead to a 3- to 5-fold in-
crease in poln-dependent mutagenesis
(118). Interestingly, upon U V-irradia-
tion, when one could easily imagine
that poln’s TLS activities are most de-
sirable, the enzyme is transiently stabi-
lized with the estimated half-life of the

Yang and Woodgate
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protein increasing from 20 to 120 min.
As a consequence, the intracellular
concentration of poln increases, with
maximal levels observed 90 min after
UV treatment (118).

Access to Replication Fork by
Interactions with PCNA/B Clamp,
Ubiquitin, and Interactions Among
the Y-Family Polymerases

Y-family polymerases interact with the
cell’s replication processivity factor, the
B-sliding clamp in E. coli (17, 120, 121),
and PCNA in archaea and eukaryotes
(122, 123). Structural studies of E. coli
proteins reveal that these interactions

are mediated by the B-clamp/PCNA-
interaction peptide (B/PIP) occurring af-
ter the LF domain in the polymerase and
the canonical B/PIP-binding surface on
the B-clamp/PCNA (124) (Fig. 54). Such
interactions are required for the biologi-
cal functions of Y-family polymerase in
vivo (123, 125). Given that the B-clamp
is a homodimer with one potential
polymerase-binding site in each protomer,
it was hypothesized that one clamp might
be able to physically accommodate two
different polymerases (126). Indeed, sup-
port for such a hypothesis comes from the
fact that both pollll and poll'V appear
able to interact simultaneously with the
B-clamp (121, 127).

Human poln and polk contain amino
acid residues with a good match to the
PIP consensus motif near their C termini
(123, 128) (Fig. 1). The PIP box in human
pole is noncanonical but, nevertheless, is
hypothesized to adopt the same structure
as classical PCNA-binding proteins, such
as the p21 protein (129) (Fig. 5B). Inter-
estingly, and in contrast to the other eu-
karyotic Y-family polymerases, polc’s PIP
box is located immediately downstream of
the LF domain of the polymerase (129,
130) (Fig. 1), and the enzyme’s ability to
interact with PCNA is essential for it to
accumulate into damage-induced replica-
tion foci (129, 131).

Eukaryotic PCNA is a homotrimer, so,
in theory, up to three different poly-
merases could bind to the clamp at any
given time. However, some 50 or 60 cellu-
lar proteins are known to physically inter-
act with PCNA, and, clearly, not all can
interact with the clamp at one time (132,
133). Eukaryotic cells appear to rely

—
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heavily on the posttranslational modifica-
tion of PCNA by ubiquitin and/or SUMO
proteins as a means to discriminate be-
tween the various TLS polymerases and
other repair proteins (134). In the case of
S. cerevisiae, monoubiquitination of PCNA
at K164 by Rad6/Rad18 helps promote
both poln- and pol{-dependent TLS of
damaged DNA (135), possibly by stimulat-
ing the catalytic activity of poln and Revl
(136). Further extension of the ubiquitin
moieties through the actions of Mms2-
Ubc13 and Rad5 results in the damaged
DNA being funneled into an error-free
damage-avoidance pathway (134). In con-
trast, SUMOylation of PCNA at K164 or
K127 appears to be required for polZ-
dependent spontaneous mutagenesis
(135).

Although SUMOylation of mammalian
PCNA has yet to be observed, both
mono- and polyubiquitination of human
PCNA has been reported (137-141). All
four human Y-family polymerases can
bind unmodified and monoubiquitinated
PCNA, but the affinity with which they do
so varies. In the case of poln, the interac-
tion between monoubiquitinated PCNA is
much stronger than with unmodified
PCNA. Thus, monoubiquitination of
PCNA at the site of damaged DNA may
physically target the polymerase to lesions
in DNA and help facilitate a switch be-
tween the cells replicase and poln (137,
138, 142-144).

The ability of the Y-family polymerases
to bind ubiquitinated PCNA can be attrib-
uted to the fact that they posses a ubig-
uitin-binding motif (UBM) or
ubiquitin-binding zinc-finger motif (UBZ)
in their respective C termini (145-147).
The interactions of UBM and UBZ with
free ubiquitin and monoubiquitylated
PCNA have been demonstrated by NMR
(145, 148) (Fig. 5B). The biological impor-
tance of ubiquitin binding is highlighted
by the fact that, unlike wild-type polm, a
poln UBZ mutant fails to restore UV-
resistance to normally UV-sensitive XPV
cells (145). Similarly, the ability of pole to
accumulate in UV-induced replication
foci is greatly reduced in a polt UBM
mutant compared with the wild-type pro-
tein (146).

As noted above, Revl possesses the
unique ability to use dCMP. However,
such an activity may not be its “raison

8. Kulaeva OI, Koonin EV, McDonald JP, Randall SK,
Rabinovich N, Connaughton JF, Levine AS, Woodgate R
(1996) Mutat Res 357:245-253.

9. McDonald JP, Levine AS, Woodgate R (1997) Genetics
147:1557-1568.

10. Nelson JR, Lawrence CW, Hinkle DC (1996) Nature
382:729-731.

11. Gibbs PE, Lawrence CW (1995) J Mol Biol 251:229-236.

12. Johnson RE, Prakash S, Prakash L (1999) Science
283:1001-1004.

13. Masutani C, Araki M, Yamada A, Kusumoto R, Nogimori T,
Maekawa T, Iwai S, Hanaoka F (1999) EMBO J 18:3491-3501.

d’étre”, because the S. cerevisiae RevI-1
mutant is defective for damage-induced
mutagenesis despite the retention of con-
siderable dCMP transferase activity (149).
The critical role of Revl in TLS therefore
appears to be structural rather than cata-
lytic. Indeed, both the human and murine
Revl protein have been shown to interact
with polymerases 7, ¢, and k (150-152).
Moreover, the Revl BRCT domain also
interacts with PCNA independent of PIP
(153) and the Revl UBMs with ubiquitin
(147). Thus, Revl, PCNA and ubiquitin
can interact with one another, and, mean-
while, all three can interact with poly-
merases 17, t, or k. Last but not least, a
physical interaction between polrn and pole
has been reported to guide pole to replica-
tion foci (154). The multilayered interac-
tions among the various TLS polymerases
and with ubiquitinated PCNA may there-
fore provide a structural platform for
polymerase switching during TLS (144)
(Fig. 50).

Outlook of Future Research

It is truly remarkable how our under-
standing of translesion synthesis has been
transformed over the past 10 years. Al-
though our knowledge has expanded ex-
ponentially during this time period, there
is still much to be learned. For example,
what are the primary cellular roles of pols,
polk, and Revl, and are there any human
diseases associated with defects, or up-
regulation of these polymerases? Perhaps
the biggest challenge will be our ability to
decipher the molecular mechanisms that
regulate controlled access of the Y-family
polymerases to a replication fork, gap, or
D-loop, where they participate in TLS,
nucleotide excision repair, or recombina-
tion repair, respectively. Recent studies
indicate that eukaryotic cells largely
achieve this goal through a multitude of
posttranslational modifications that alter
the relative binding affinity of the poly-
merases to their protein partners. It is
hoped that continued studies in this area
will revolutionize our understanding of
TLS and its effects on genomic stability,
just as the initial discovery and character-
ization of the Y-family polymerases has
during the past decade.
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