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DCMP TRANSFERASE

The DNA template-directed
reaction catalysed by the yeast
Rev1 protein, where C is
favoured for incorporation
opposite an abasic template
site, and to a much lesser extent
opposite a normal G site.

PROOFREADING

Excision of a misincorporated
nucleotide at a growing 3’-
primer end by a 3" exonuclease
associated with the polymerase.

T-T 6-4 PHOTOPRODUCT

A form of damage occurring
when DNA is exposed to UV
radiation, in which a covalent
bond is formed between the 6
and 4 pyrimidine ring
positions, coupling adjacent
thymines on the same DNA
strand.
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THE EXPANDING POLYMERASE

UNIVERSE

Myron F. Goodman and Brigette Tippin

Over the past year, the number of known prokaryotic and eukaryotic DNA polymerases has
exploded. Many of these newly discovered enzymes copy aberrant bases in the DNA template
over which ‘respectable’ polymerases fear to tread. The next step is to unravel their functions,
which are thought to range from error-prone copying of DNA lesions, somatic hypermutation
and avoidance of skin cancer, to restarting stalled replication forks and repairing double-

stranded DNA breaks.

In the beginning there was just one DNA polymerase —
Escherichia coli DNA polymerase | (pol ), discovered by
Arthur Kornberg and colleagues*?in 1956. Thirteen
years later, Paula de Lucia and John Cairns, at Stony
Brook, New York, isolated an E. coli mutant, polA (its
designation being a play on de Lucia’s first name, as pro-
posed to Cairns by Julian Gross) that seemed to have less
than 1% of the normal pol | activity®. From this strain, a
new DNA-polymerizing enzyme, pol 11, was isolated*.

The polA strain was much more sensitive to ultravi-
olet (UV) radiation than wild-type cells, suggesting that
pol I might be involved in DNA repair in addition to
chromosomal replication. Shortly after, using this same
polA strain, Thomas Kornberg and Malcolm Gefter?,
and Friedrich Bonhoeffer, Heinz Schaller and
colleagues?, independently discovered DNA polymerase
111 (pol 111). Isolation of a conditionally lethal tempera-
ture-sensitive pol I1l mutant” showed that this enzyme
is required for replicating the E. coli chromosome®. In
contrast, pol Il remained an enigma until last year,
when it was showné to be pivotal in restarting replica-
tion in UV-irradiated cells.

Last year also saw the identification of a new class of
DNA polymerases — the UmuC/DinB/Rev1p/Rad30
superfamily (TABLE 1) — on the basis of five conserved
sequence motifs present in all of these proteins (FIG. 1).
The yeast Rev1 protein had been shown to contain DNA-
template-dependent pcmp Transrerase activity nearly three
years earlier®, but it was not until 1999 that the other fam-
ily members were isolated and shown to be capable of
replicating DNA using all four bases. Biological functions

have been established for some members, including the
E. coli UmuD’,C complex (now known as pol V), the
yeast Rev1 protein and human DNA polymerase eta (pol
n/Rad30). However, the functions of the remaining
members of the UmuC/DinB/Rev1p/Rad30 polymerase
superfamily are less certain.

A feature common to many of these polymerases is
their tendency to copy undamaged DNA with remark-
ably poor fidelity, whether or not they are involved in
translesion synthesis. As its name suggests, translesion
synthesis is the unimpaired copying of aberrant bases
(see below) at which other cellular polymerases stall.
With undamaged DNA, these low-fidelity polymerases
incorporate an incorrect nucleotide once every
100-1,000 bases on average'*-*? (TABLE 1). For compari-
son, normal polymerases that do not proorreap misin-
corporate nucleotides in the range of once every 10*-10°
bases*®. Examples of low-fidelity polymerases include
E. coli pol V, which preferentially misincorporates G
opposite a 3" T of a 7-16-4pHoTOPRODUCT; E. cOli DNA
polymerase IV (pol 1V/DinB), which adds a nucleotide
onto the end of a misaligned primer; Revlp, which
incorporates C opposite a non-coding asasic Lesion; and
human DNA polymerase iota (pol 1/Rad30B), which
favours misincorporation of G opposite T on undam-
aged DNA. All of these events lead to mutation. There is
also the remarkable case of pol 1, which copies pyrimi-
dine -t bimers accurately, resulting in mutation avoid-
ance at this type of DNA damage (FIG. 2).

The number of DNA polymerases has now grown
from 3to 5in E. coli,and from 5 to at least 14 and count-
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ABASIC LESION

A common form of DNA
damage in which a base is lost
from a strand of DNA,
spontaneously or by the action
of DNA repair enzymes such as
apurinic endonucleases or
uracil glycosylase, while leaving
the phosphodiester bond intact.

T-T DIMER
A form of damage occurring
when DNA is exposed to UV
radiation, in which two covalent
bonds are formed between both
the 5 and 6 positions of the
pyrimidine ring on adjacent
thymines located on the same
DNA strand.

NUCLEOTIDE-EXCISION REPAIR
The main pathway for removal
of UV-damaged bases.

REPLICATION FORK

Site in double-stranded DNA at
which the template strands are
separated, allowing a newly
formed copy of the DNA to be
synthesized, with the fork
moving in the direction of
leading strand synthesis.

DISTRIBUTIVE POLYMERASE

A polymerase that dissociates
from the primer—template DNA
after incorporating one (or at
most a few) nucleotides.

a E. coli pol IV/DinB

ing in eukaryotes (TaBLE 1). Indeed, in a ‘back to the
future’ moment during a recent conversation with Bob
Lehman, Arthur Kornberg remarked, “In 1955, who
would have imagined that there could be five DNA poly-
merases in E. coli?”. So what were the events that led to
the discovery of these polymerases, and what do we now
know of their biochemical functions and cellular proper-
ties? And why are there so many of them in eukaryotic
cells? Whereas prokaryotic cells have just one choice —
replicate damaged DNA or die — eukaryotic cells can, in
principle, use programmed cell death (apoptosis) as an
‘escape hatch’ to avoid a potential catastrophe.

A growing family

Genetic studies in Saccharomyces cerevisiae and E. coli
have been instrumental in defining groups of proteins
required for mutagenesis. For example, yeast lacking the
REV3 (ReF. 14), REV7 (REFS 15,16) OF REV1 (REF. 17) genes
show significantly decreased spontaneous and UV-
induced mutation rates. In E. coli, SOS mutagenesis
(Box 1) requires the umuC and umuD genes®.

In 1968, Dean Rupp and Paul Howard-Flanders'®
observed discontinuities (daughter-strand gaps) in
DNA synthesized in an excision-defective strain of E.
coli after UV irradiation. Because these strains cannot
carry out NnucLeoTIDE-ExcisioN RepaR?, Rupp and Howard-
Flanders suggested that a single pyrimidine dimer is
enough to kill the cell, presumably by blocking DNA
replication. But although it may be advantageous to
copy a variety of template lesions as an alternative to cell
death, there is no such thing as a free lunch. The associ-
ated cost of survival is an increased number of muta-
tions, targeted at the lesion sites. In E. coli, this is referred
to as UV-induced SOS error-prone repair (8ox 1).

Because both E. coli and yeast were known to have
three DNA polymerases, there was no reason to suspect
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Figure 1 | Representative members of the UmuC/DinB/Rev1p/Rad30 superfamily. Five
highly conserved domains (indicated by roman numerals I-V) are believed to contain the
nucleotide binding and catalytic residues. The subgroups within the family can be easily
distinguished by the presence or absence of unique domains. a, b | The DinB subgroup
contains a further three small domains near the carboxyl terminus of the protein (red boxes),
whereas zinc finger motifs are uniquely found in b | pol k/HDINB1 (C,HC type, yellow diamonds)
and c¢ | poln (C,H, type, dark grey diamond) that may be involved in DNA binding and selective
targeting. d | Revlp is the longest member of the family and contains two regions that are only
conserved within the Rev1p subgroup (light grey boxes) as well as a BRCT (BRCA-1 carboxy-
terminal) domain believed to mediate protein—protein interactions for cell cycle checkpoints and
DNA repair. e | UmuC and f | pol 1 are both characterized by unique carboxy-terminal ends in
which no known functional domains have been identified. These unique regions could possibly
mediate protein interactions that stimulate and target UmuC or pol 1 to their cellular destinations.

that there is a special class of polymerases to copy dam-
aged DNA templates. Instead, proteins such as UmuC
and UmuD’ (the mutagenically active form of UmuD;
BOX 1) were thought to reduce the fidelity of E. coli pol 11,
enabling a blocked repLicaTION FORK tO Carry out error-
prone translesion synthesis?*. We now know that this is
not the case — indeed, the cellular function of several
new, errant DNA polymerases is translesion DNA syn-
thesis?*2 (TaBLE 1). Further studies using these ‘sloppier
copier’ DNA polymerases are now revealing a rich bio-
chemical tapestry. For example, one member of this fam-
ily — the E. coli UmuD’,C polymerase (pol V)% —
does not act alone, but requires three further proteins to
catalyse translesion synthesis'2?%, Moreover, yeast Revip
requires DNA polymerase zeta (pol £) to copy past abasic
sites® and T-T 6-4 photoproducts?. Other family mem-
bers probably also use accessory proteins.

The E. coli pol V mutasome

A good place to start any tour of the new DNA poly-
merases is with the E. coli pol V mutasome. The DNA-
damage-inducible SOS response in E. coli was discov-
ered more than 25 years ago (8ox 1). Many of the 30 or
more SOS-regulated genes are involved in repairing
DNA damage®=!, but two genes, umuC and umuD, are
instead required for SOS-induced mutagenesis!®3-3,
Although SOS mutation rates are typically 100-fold
higher than spontaneous rates®, increased mutagenesis
cannot occur unless UmuD is first converted (by cleav-
age) to the mutagenically active UmuD’ protein in a
reaction that depends on another SOS-induced protein,
RecA (Rer. 35). The UmuC and UmuD’ proteins then
interact to form a tight complex®**", UmuD’,C (pol
V)28 with intrinsic DNA polymerase activity.

Working alone on an undamaged primed DNA tem-
plate, pol V is a poor pisTRIBUTIVE POLYMERASE?S?", HOWeVe,
pol V cannot copy damaged DNA by itself — it requires
RecA, single-stranded DNA binding protein (SSB) and
B/y complex22” (where B is the processiviTy cLamp and y
the cLamp-Loaper component of the replicative pol 111
holoenzyme). This multiprotein system, consisting of
pol V, RecA, SSB and Py, is called the pol VV “mutasome”
(FIG.3), a term coined by Harrison Echols®. The specific
activity of pol V is amplified by an extraordinary
15,000-fold in the presence of RecA-coated template,
allowing it to copy past damaged DNA bases*2.

Although the SOS system typically introduces muta-
tions at sites of DNA damage, there is also an increase in
untargeted mutations in the absence of damage®. All
three common forms of DNA damage (FiG.2) are copied
efficiently by the pol V mutasome, but synthesis by either
the pol 111 holoenzyme or pol IV (DinB) is blocked®. The
specificity of incorporation by the pol VV mutasome oppo-
site the three forms of lesion mimics the in vivo mutation-
al data*?. For example, the 3’ T of a T-T 64 photoprod-
uct is a T—>C mutational ‘hotspot’ caused by the
misincorporation of G opposite T (FIG.2b) — precisely
the reaction favoured by the pol VV mutasome??. In con-
trast, pols 11 and 1V preferentially incorporate A, which
agrees with the ‘A-rule™, but not with the in vivo data.

What is the mechanism of translesion synthesis by
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Table 1 | The expanding polymerase universe

DNA polymerase Error rate
UmuC/DinB/Rev1p/Rad30 superfamily

E. coli pol V (umuDC)*227:28:99 102-103
E. coli pol IV (dinB)*246 103-10"*
H. sapiens pol k/6 (HDINBI) 49:50:100

H. sapiens pol 1 (XPV) 116162 102-10°
S. cerevisiae pol n (RAD30) *°

H. sapiens pol 1 (HRAD30B) %7 10*-10*
H. sapiens Revl (HREV1) 5657

S. cerevisiae Revl (REV1) 9%

Family B

S. cerevisiae pol  (REV3/REV7)585° 104-10-°

H. sapiens pol £ (HREV3/HREV7) 55:66.67.101
Family X

H. sapiens pol A/pol 2 (POLL/POLf32) 8283
H.sapiens pol 1 (POLM) 8t

S. cerevisiae pol x (TRF4)84*

Family A

H. sapiens pol 6 (POLQ) 85*
D. melanogaster MUS3088¢

Properties

Translesion synthesis
Low-fidelity synthesis

Mismatch extension

Error-free synthesis of
T-T UV photodimers

Low-fidelity synthesis

Incorporation of C opposite abasic sites

Mismatch extension at lesions

Possible function

SOS lesion-targeted and untargeted
mutagenesis

Untargeted and lesion-targeted mutagenesis
Rescues stalled replication forks

Prevents sunlight-induced skin cancer
xeroderma pigmentosum

Somatic hypermutation

UV mutagenesis

UV mutagenesis

Meiosis-associated DNA repair
Somatic hypermutation

Sister-chromatid cohesion

Repair of DNA crosslinks

* The HDINB1 polymerase has also been designated pol k/pol 6.

PROCESSIVITY CLAMP

A doughnut-shaped protein
complex that threads the DNA
through its hole while tethering
the polymerase to DNA,
typically increasing the
processivity of the polymerase
(the number of nucleotides
incorporated into DNA per
polymerase-template binding
event).

CLAMP LOADER

A protein complex that binds
and then assembles the
processivity clamp onto the
DNA ata 3’-OH primer end, in
areaction requiring ATP.

pol V? The key to arriving at quantitative, kinetic-based
conclusions for the effects of RecA, SSB and [3/yon pol V-
catalysed lesion bypass is to have the pol V mutasome
bound in a confined region just before the lesion*. Two
interactions occur: the first is between pol V and RecA;
the second is between pol VV and SSB (FiG. 3). Assembly of
a RecA filament requires ATP binding (it proceeds 5'—3"
along a single-stranded DNA template in the presence of
ATP or a poorly hydrolysable analogue, ATPYS). But dis-
assembly of the filament in the same direction requires
ATP hydrolysis*2. So in the presence of ATPYS, RecA is
bound stably to DNA as a helical filament. The other
polymerases (pols I1, 111 or V) cannot copy DNA in the
form of a RecA filament, even if the template is undam-
aged. Remarkably, however, pol V, along with SSB and
[3/y, copies damaged and undamaged stabilized filaments
with high processivity'24, perhaps providing the key to
unlock the lesion-copying mechanism.

The RecA filament is 100 A in diameter, whereas the
B-clamp has an inner diameter of only 35 A. But pro-
cessive synthesis takes place on the filament. The obvi-
ous explanation is that pol V, acting in conjunction
with SSB, strips RecA off the DNA in a 3'—5’ direction
—a100 A RecA molecule cannot be threaded through
the eye of a 35 A B-dimer ‘needle’.. The stripping
process is akin to the action of a locomotive ‘cowcatch-
er’ (a pointed device attached to the front of trains to
push obstacles off the track). In this case, the RecA
‘cow’ is pushed off the DNA template ahead of the
advancing pol V=SSB ‘locomotive™. We have recently
proposed that bidirectional disassembly of the RecA

filament, driven in the 3’—5’ direction by pol V-SSB
and in the opposite direction by ATP hydrolysis, con-
fines SOS mutations to the sites of DNA damage*,
although SOS untargeted mutations do occur, albeit at
a much lower frequency. After disassembly of the RecA
filament and dissociation of pol V, the pol I11 holoen-
zyme presumably resumes replication on undamaged
DNA downstream from the lesion®.

The DinB subfamily

Escherichia coli pol IV (DinB) is believed to copy undam-
aged DNA at stalled replication forks*, which arise in vivo
from mismatched or misaligned primer ends that are not
proofread. A function for pol IV in alleviating stalling of
the pol 111 holoenzyme is potentially significant, given the
estimate that E. coli replication forks probably stall at least
once during each replication cycle*. Overexpression of
pol IV results in increased frameshift mutagenesis*, con-
sistent with the ability of the enzyme to extend mis-
aligned primer termini“® (Fi1G.2). Whereas DinB homo-
logues are among the most conserved members of the
UmuC/DinB/Rev1p/Rad30 superfamily, almost nothing
is known about what they do in other organisms.

A second function for pol IV has been found, howev-
er, in adaptive mutation, a process in which non-prolif-
erating microbial populations accumulate mutations
when placed under non-lethal selective pressure®’. In
E. coli, pol 1V is responsible for roughly half the lacZ
adaptive frameshift mutations occurring on a plasmid in
a wild-type background, and essentially all of the
increased frameshifts in the absence of pol 1148, So muta-
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tor polymerases provide flexibility in dealing with envi-
ronmental stress, particularly in prokaryotic organisms.
By investigating competition for survival using E. coli
strains containing combinations of single, double and

GENETIC COMPLEMENTATION
GROUPS

A distinct group of genes
coding for separate

polypeptides (proteins) . .
required in the same biological trlple pol Il, po! 1V and pol V mgtants, it should be pos-
pathway. sible to determine the contribution of each polymerase

to the relative fitness of the organism.

Little is known about the in vivo function of human
DINB (DNA polymerase kappa, pol «). Purified pol «,
with a carboxy-terminal truncation (polkAC) that
deletes two zinc clusters (Fic. 1) found only in the higher
eukaryote homologues®, retains its polymerase activity.
This implies that the carboxy-terminal region is dispens-
able for binding and catalysis, but that it mediates protein
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Figure 2 | Biochemical properties of new polymerases. a | Error-prone translesion
synthesis (TLS) by E. coli pol V results in misincorporation of G opposite the 3’ T of a T-T
6-4 photoproduct. b | DNA polymerase m incorporates two A bases as it replicates across
a T-T cis—syn photodimer, thereby avoiding mutation. c | The DNA-dependent dCMP
transferase activity of Revlp incorporates C opposite an abasic site. d | Misincorporation
of G opposite T on an undamaged template is carried out by pol 1, in preference to correct
incorporation of A, resulting in a high incidence of A to G transitions. e | Misaligned
primer-template ends are extended efficiently by E. coli pol IV, leading to frameshift errors.
Extension of a mismatched primer end (not shown) would lead to a base-substitution
mutation. f | Bypass of an abasic site by pol k (HDINB1) results in a -1 frameshift mutation
when the lesion is followed by T.

Figure 3 | The pol V mutasome. The pol V mutasome consists of pol V (UmuD’,C), activated
RecA (RecA¥), B sliding clamp, y clamp loading complex and the single-stranded DNA binding
protein (SSB). Pol V associates at a 3’-primer end (vacated by the pol lll core), while establishing
direct contact with SSB, and the 3’ tip of a RecA filament.

interactions that target or regulate the enzyme®. In vitro,
polkAC can bypass an abasic site by preferential insertion
of A opposite the lesion, creating a—1 frameshift muta-
tion by a template loop-out mechanism. This occurs
when the abasic site is followed by a T in the template; if
the abasic site is followed by a template A, only a simple
base substitution is observed (FiG.2). PolkAC can also syn-
thesize past an N-2-acetylaminofluorine (AAF)-modified
G inan error-prone manner by preferential incorpora-
tion of T, without generating a frameshift mutation®°.

Revlp C transferase

When confronted with a missing DNA template base —
that is, an abasic site (F16.2) — most DNA polymerases
favour an ‘A-rule’ default mechanism in which A is
strongly preferred (about tenfold) for incorporation
opposite the non-templating lesion*°%-53, However, when
Christopher Lawrence and colleagues® used plasmid
DNA containing a site-directed abasic moiety to infect
yeast cells, they observed preferential incorporation of C,
not A (FIG. 2). This unexpected effect depends on the Revl
protein, which is required for UV mutagenesis'’.
Mutations in REV1, REV3 or REV7 eliminate more than
95% of base-substitution mutations in yeast®%, The
human homologue of yeast Rev1p has since been found
to be required for UV-induced mutagenesis®, and it also
behaves as a template-dependent dCMP transferase®.

There is very little bypass of an abasic site in vivo in
the absence of Revlp, and what little bypass does occur
obeys the A-rule®. Rev1p also shows weak incorporation
of C opposite G, at about a tenfold lower rate compared
with incorporation opposite an abasic site. Because it
incorporates only C, Rev1p is perhaps better character-
ized as a template-based dCMP transferase rather than a
bona fide DNA polymerase®.

But Revlp does not act alone in catalysing translesion
replication — for this it requires pol { (the Rev3 and Rev7
proteins)® (F1G.4). Pol £ has the remarkable property of
adding correct nucleotides onto mismatched 3’-primer
ends with exceptionally high efficiencies, only 10-100-
fold less than observed for correct primer extension®. So
itis likely that pol  takes over from Rev1p, which incor-
porates C opposite an abasic lesion but cannot go fur-
ther®, Lawrence and co-workers have also reported® that
Revlp is needed to copy past pyrimidine 6—4 photoprod-
ucts but, in contrast to bypass of abasic sites, C is not
incorporated. Rev1p therefore seems to have two distinct
functions in copying DNA damage. One requires its C
transferase activity (FIG. 4a), whereas the other facilitates
translesion synthesis by another polymerase, most proba-
bly pol € (FiG. 4b). However, a direct interaction between
Rev1p and pol £ has not been reported.

DNA polymerase n

DNA pol 1, a human homologue of the yeast Rad30
protein®, was identified as the product of the XPV
gene®82 |ast year. Xeroderma pigmentosum (XP) is
characterized by mutations in eight GENETIC COMPLEMENTA-
TIoN Groups, seven of which code for enzymes involved in
nucleotide-excision repair®. The eighth is the XPV gene.
Although XPV cells can carry out nucleotide-excision

104 | NOVEMBER 2000 | VOLUME 1

www.nature.com/reviews/molcellbio

#2 © 2000 Macmillan Magazines Ltd



REVIEWS

V(D)J RECOMBINATION

The site-specific recombination
of immunoglobulin coding
regions from multiple copies in
the germ line to just one
variable (), one diversity (D)
and one joining (J) region in
the process of forming a
functional immunoglobulin
gene in B cells.

repair, they are deficient in copying UV-damaged
DNAS, People who carry defects in XP genes show
increased susceptibility to sunlight-induced skin cancer.

The prevalent form of UV damage to DNA is the
T-T cis-syn photodimer (FiG.2). T-T photodimers block
replication by various polymerases in vitro, but they do
not significantly impede human or yeast pol n, both of
which copy these photodimers by correctly incorporat-
ing two A bases opposite each T site®% (FiG.2). This is
consistent with a cellular role for pol 1 in the error-free
replication of UV photodimers: error-free synthesis

Box 1| SOS mutagenesis

Escherichia coli keeps an
arsenal of regulated
pathways that help it to
survive when under stress®,
One of these is the ‘SOS’
regulon, which is thought to
be induced in response to
regions of single-stranded
DNA — presumably a
hallmark of large-scale DNA
damage. Normally, the LexA
repressor binds to the
operators of more than 30
SOS genes and keeps them
repressed. But in the
presence of single-stranded
DNA, the RecA protein
forms a close-packed
‘activated’ RecA filament,
RecA*, which acts as a co-
protease to cleave any LexA
released from low-affinity
operators. Further cleavage
of LexA frees up the more
weakly bound operators,
and the SOS genes are
relieved from repression
(see figure).

The SOS proteins are
mainly involved in
nucleotide-excision and
recombination-repair
pathways to remove the
DNA damage. However, the
two ‘UV mutagenesis’
(umu) genes, umuC and

processivity proteins (FIG. 3).

SOS off
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Q (free)

LexA % Q

Lrd O Qe
Q'umuD Q"umuc i

O O / RecA*

LexA
(inactivated)
SOS on Umub
protein\
umuD umuC ReCA*

<

UmuC
protein \

UmuD*,C/ pol V

O¢

UmuD*
(mutationally active)

umuD, are instead required for replication past unrepaired lesions in the DNA
template. They leave behind mutations targeted to sites of DNA damage. To be active,
UmuD must be post-translationally cleaved to UmuD’ on the RecA* filament3:-357.%8
(see figure). UmuC and UmuD’ then form a tight complex, UmuD’,C, which has an
intrinsic, low-fidelity DNA polymerase activity®.

A replication fork blocked by DNA damage is dealt with by two SOS-induced DNA
polymerases — pol Il and pol V (UmuD’,C). About two minutes after SOS induction,
pol Il reinitiates replication downstream from the lesion, leaving a gapped structure
that is resolved by homologous recombination®. Replication restart is an error-free
repair process. Pol V appears 30-45 minutes later. It binds at the 3'-OH adjacent to the
lesion, then copies past the lesion, often inserting the wrong base opposite it. This
process also requires RecA*, single-stranded DNA binding protein (SSB), and the B/y

when copying T-T photodimers does not translate into
error-free synthesis on undamaged DNA. Indeed, error
rates for pol ) on natural DNA templates can be as high
as about 5% for T—C mutations (TdGMP mispairs)*,
with most base-substitution errors in a range of around
0.5-1% (ReFs 10,11). In comparison, most non-proof-
reading cellular polymerases (which do not have an
associated 3'—5" exonuclease activity for editing out
misinserted nucleotides'®) have error rates of about
10-3-1075. So relaxed active-site specificity, enabling
poln to copy ‘blocking’ T-T dimers accurately, is proba-
bly responsible for its low fidelity on undamaged DNA.
In XPV cells, error-prone replication of T-T pho-
todimers by some other polymerase could potentially
cause an increase in mutations. One candidate is a
human homologue of the yeast pol £. The yeast poly-
merase is composed of acomplex of the Rev3 and Rev7
proteins, and, as already discussed, is required in an error-
prone translesion-synthesis pathway®. Indeed, human
REV3 (Rer. 66) and REV7 (Ref. 67) homologues have
been identified, but even if human pol  is not responsi-
ble for error-prone replication in XPV cells, there are
plenty of other candidates to choose from (TABLE 1).

Candidates for somatic hypermutation

The kind of mutagenesis discussed so far is not the only
process in which errors can be introduced into DNA.
Take somatic hypermutation, for example, which is one
of the processes responsible for generating the roughly
one billion antibody variants in humans®, An initial
repertoire of antibodies results from non-random v(oy
RECOMBINATION. After exposure to an antigen, activation
of B cells expressing the correct antibody starts a second
phase of diversity, termed ‘affinity maturation’, caused
by somatic hypermutation in rapidly dividing erminaL
centre cells®. These mutations occur exclusively in the
variable region of the immunoglobulin gene; they begin
proximal to the promoter and diminish about 1-2 kilo-
bases downstream?. The base-substitution error rate of
around 3x10~* per base pair per generation is about
108-fold above spontaneous background levels®. In
other words, somatic hypermutation is exquisitely tar-
geted, and is unaccompanied by a global alteration in
the fidelity of B-cell replication.

Two cis-acting transcriptional enhancers located
downstream of the variable region in light and heavy
chains regulate somatic hypermutation™ (F1G.5). The
intronic enhancer (E,) and flanking matrix attachment
region (MAR) of the k light chain are both essential,
eliminating somatic hypermutation completely when
deleted™. Another « light chain 3’ enhancer (E,) affects
mutations to a lesser extent’®. A promoter sequence
upstream of the immunoglobulin gene variable region
is also essential, but any promoter can be used, and any
DNA inserted into the variable region can act as the
mutational target.

Before the discovery of error-prone polymerases,
several models for somatic hypermutation were pro-
posed. One suggests that hypermutation rates could
arise from repetitive application of transcription-cou-
pled repair, by which stalled replication forks in the
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GERMINAL CENTRE

A highly organized structure
that develops around follicles in
peripheral lymphoid organs,
such as the spleen and lymph
nodes, in which B cells undergo
rapid proliferation and
selection on formation of
antigen—antibody complexes
during the immune response.

TRANSITION

A point mutation in which a
purine base (A or G) is
substituted for a different
purine base, and a pyrimidine
base (C or T) is substituted for a
different pyrimidine base, for
example, an AsT—G+C
transition.

TRANSVERSION

A point mutation in which a
purine base is substituted for a
pyrimidine base and vice versa,
for example, an AsT—>C+G
transversion.

TERMINAL TRANSFERASE

An enzyme found primarily in
the thymus gland that
incorporates nucleotides
randomly onto the 3" end of
single-stranded DNA (a non-
templated reaction), in contrast
to a polymerase, which
incorporates nucleotides onto a
3’-primer-end in adouble-
stranded, template-directed
reaction.

variable region recruit transcription-coupled repair
proteins™. Repeated replication of the ‘repair’ region
could increase the chance of mutation. But transcrip-
tion-coupled repair shows a large bias for the actively
transcribed strand, a feature that is uncharacteristic of
somatic hypermutation’™. Moreover, a huge amount of
repetitive replication would be necessary to reach muta-
tion rates of about 3x10~* per base pair. In another
model, reverse transcriptase is thought to synthesize a
complementary DNA copy from an elongating messen-
ger RNA that could replace the gene by homologous
recombination’. However, this would be a convoluted
way to obtain chromosomal mutations.

Two other models invoke a collision between stalled
transcription forks and moving replication forks, caus-
ing either a reduction in fidelity of a normal
polymerase”, or a signal from a stalled fork for an error-
prone polymerase to take over™. The idea that somatic
hypermutation is caused by error-prone DNA poly-
merases has been given fresh impetus by the discovery
of the errant polymerases (although the models invok-
ing transcription-coupled repair, reverse transcripts,
and collisions between transcription and replication
machinery remain alive, albeit tenuously). At a meeting
of The Royal Society on ‘Hypermutation in antibody
genes’ (5-6 July 2000), which devoted one of its four
sessions to the new polymerases, two favoured candi-
date polymerases emerged — pol 1 (Rad30B) and DNA
polymerase mu (pol L) (TABLE 1).

Interest in human pol t stems from its preference for
incorporating G opposite a template T, making a GeT
wobble base pair with a 3:1 preference over a
Watson—Crick AsT pair™ (F1G.2). A TeT mispair is also
easily formed, about 70% as efficiently as AsT (Rer.79). In

a Revlp
5 ———— C
X 5
pol § Revlp
5 —m A
XT 5
b
pol g Revlp
5 ——  AA
T 5'

Figure 4 | Rev1p/pol { lesion bypass. a | Revip dCMP
transferase activity incorporates C opposite a non-
instructional abasic site in a DNA template in the absence of
pol £, but it cannot extend the primer beyond the mismatch.
Pol ¢ can then take over for Revlp and efficiently extend the
mismatched primer terminus. However, it is not known
whether Revlp stays associated with the DNA or directly
interacts with pol £ during this process. b | Pol { can efficiently
incorporate two A bases opposite a T-T 6—4 photoproduct in
vitro, resulting in error-free bypass of the template lesion, but it
can only do so in the presence of Revlp, although the C
transferase activity of Rev1p is not involved.

another experiment®, incorporation of both Gand T
opposite atemplate T is favoured by about tenfold and
fivefold, respectively, relative to incorporation of A
opposite T. Most of the other mispairs occur in the
range of 102-10-3. The pol 1 misincorporation prefer-
ences seem consistent with immunoglobulin mutational
spectra in which TransiTions are favoured 2:1 over Trans-
versions, and A mutates more often than T (Rer. 80).

Human pol p is most closely related (41% amino-
acid identity) to terminal deoxynucleotidyltransferase
(TdT)8, atemplate-independent DNA-synthesizing
enzyme. Some similiarity (23% identity) is also
observed between pol 1 and polymerase beta (pol ).
Pol 1L has weak intrinsic TermiNaL TRaNsFERASE activity, and
can also act as a DNA-dependent polymerase that shows
poor base selection when manganese replaces magne-
sium as a cofactor in replication reactions in vitro®. This
polymerase is expressed preferentially in peripheral lym-
phoid tissues and, based on analysis of the expressed
sequence tag database, could be overrepresented in
human B-cell germinal centres, which are critical for
maturation of the immune response®.

Should experiments using knockout mouse strains
reveal a requirement for one (or perhaps several) of the
errant polymerases in somatic hypermutation, it will be
just the beginning of the story. Biochemical reconstitu-
tion of somatic hypermutation in vitro is likely to be a
challenge. Any model for somatic hypermutation will
have to account for the localization, polarity, magnitude
and specificity of the point mutations — a tall order.

Although it is premature to speculate on specific
mechanisms of somatic hypermutation in vitro, at least
two models can be envisaged. In the first, interactions
between transcription factors, somatic hypermutation-
specific enhancer elements and co-activator proteins
result in formation of a DNA secondary structure that
recruits a mutator polymerase (FIG. 6a). In the second
model, the errant polymerase is recruited to the site of a
DNA nick, short gap, or perhaps even to a double-strand
break (FiG. 6b). In both models, DNA synthesis by the
mutator enzyme across a short gap — analogous to base-
excision repair by pol § — generates mutations targeted
to the variable-region gene. Moreover, nucleotide misin-
corporation and mismatch extension might require the
action of separate polymerases. For example, pol 1 often
makes misincorporation errors, but seems to have diffi-
culty in extending a mismatched primer end®. On the
other hand, pol £ synthesizes DNA with essentially nor-

PR v EARCED o —E)

Figure 5 | Genetic elements required for somatic
hypermutation in the kappa light-chain immunoglobulin
gene. Both a promoter (P) and leader (L) sequence are
required, but may be replaced with non-immunoglobulin
counterparts from other genes. The intronic enhancer element
(E) and associated nuclear matrix attachment region (MAR),
as well as the 3" enhancer (E,), must be present for
hypermutation in the variable region (VJ). This region is flanked
by the upstream promoter and downstream MAR/Ei
sequences. The constant domain of the kappa light chain (Cx)
is not a target for somatic hypermutation.
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Figure 6 | Models for somatic hypermutation by an error-prone polymerase.

a | Enhancer/primer-mediated targeting of somatic hypermutation. Strong interactions
between enhancer-binding proteins (shown in white) and transcription-associated factors
(TAFs) at the promoter (P) mediate the formation of a unique open DNA complex. Error-prone
polymerases (pol), possibly pol 1 or pol u, may preferentially substitute for the normal replicative
polymerases in this region of the DNA, resulting in mutations. Mutation is shown on both
strands as there is no evidence for a strand bias. b | Nick- or gap-dependent targeting of
somatic hypermutation. The variable region of the immunoglobulin genes may contain small
nicks or gaps as a by-product of V(D)J recombination or very active transcription. The DNA
breaks may be substrates for an error-prone polymerase to bind and generate mutations.
(MAR, matrix attachment region; E, enhancer element.)

mal fidelity (10-10-°) but seems very efficient at mis-
match extension (10-*-10-2). So the sequential action of
both polymerases may be necessary for translesion syn-
thesis in eukaryotic cells®.

Other new polymerases

Pol A/B2. Pol w is not the only new polymerase related
to pol 8. Another DNA polymerase (pol 1) was identi-
fied in mouse®, and later in humans (POL 2)%, that
shares a 32% amino-acid identity with pol $ and con-
tains the conserved family X (TABLE 1) residues critical
for DNA and nucleotide binding, as well as catalysis®.
Pol A/B2 is expressed to significant levels only in the
testes and ovaries, indicating that this enzyme may be
involved in meiotic cell division®, but this remains to
be shown. Purified pol /32 has polymerase activity,
although nothing is known about its fidelity or pre-
ferred DNA substrates®2®, A BRCA1-containing car-
boxy-terminal (BRCT) domain located in the amino-
terminal region can also be deleted from human pol
APB2 without significant reduction in polymerase
activity®. The in vivo function of BRCT domains in
both pol A/B2 and Revlp pathways is an area that
awaits further investigation.

Pol « (Trf4). In S. cerevisiae, another -like polymerase
has been identified as the product of the TRF4 gene.
With its close homologue Trf5, theTrf4 protein is
involved in maintaining sister-chromatid cohesion dur-
ing S-phase replication. Fluorescence in situ hybridiza-
tion (FISH) in trf4 mutant cells® has revealed a marked
increase in nuclei that fail to maintain cohesion of sister
chromatids near centromeres and on chromosome arms.
Moreover, trf4ts/trfs double mutant cells show delays in
the G1 to S-phase transition and contain levels of DNA
between those found in G1 and G2. These results imply

that cells lacking TRF function do not completely repli-
cate the genome. In vitro, Trf4 has a DNA polymerase
activity with an elevated K (the substrate concentration
that allows the reaction to proceed at half its maximum
rate) for nucleotides, designated pol k (this name has
been applied to two other DNA polymerases; TABLE 1).
One suggested function for Trf4 DNA polymerase is to
facilitate progression of the replication fork through
chromatid cohesion sites that might inhibit other DNA
polymerases, such as pol & or pol €, causing the replica-
tion fork to collapse®.

Why so many polymerases?

There are well established biological roles for pol V
(UmuD’,C), pol n (Rad30) and Rev1p. Although less
certain, pol IV (DinB) is probably required to rescue
stalled replication complexes. What about the other
new polymerases? The DNA polymerase theta (pol
6/POLQ)® and MUS308 (Rer. 86) proteins, bath family
A polymerases (TABLE 1), may be involved in repairing
DNA crosslinks, but functions for pols 1 (Rad 30B), u, A
and k (HDINB1) remain speculative (TABLE 1). It is rea-
sonable to conclude that pol V and pol 1 usually copy
damaged DNA templates, with pol V required for error-
prone and pol n for error-free repair. Because pol V
causes SOS untargeted mutations in the absence of
DNA damage in E. coli %, it is probably also important
in natural selection and evolution®'.

In eukaryotes, the new polymerases might fill in
short gaps emanating from non-homologous end-join-
ing and from homologous recombination. Indeed, a
marked increase in sister-chromatid exchange in trans-
formed XPV cells led to the discovery®, earlier this year,
of a relationship between the S-phase checkpoint of the
cell cycle and an X-ray-induced recombination pathway
for repairing double-strand breaks®. Even E. coli seems
to have a DNA-damage checkpoint in which UmuC
and uncleaved UmuD coordinate progression through
the cell cycle, signalling when it is safe to switch from
stationary phase to exponential growth?<,

Recently, two groups have independently demon-
strated the embryonic lethality of disrupting the
mouse homologue of the REV3 gene®%, the presumed
catalytic subunit of mouse pol {. These studies
emphasize the potential importance of specialized
DNA polymerases in development and raise even
more interesting questions regarding the extent of
lesions that may occur during rapid cell proliferation,
or rather if pol £ might be closely linked to the mitotic
checkpoints in the absence of DNA damage®.

Macromolecular traffic control

The fact that DNA polymerases have become a ‘growth
industry’ in the cell raises concerns about traffic control.
To copy damaged DNA, rescue blocked replication
forks, catalyse somatic hypermutation or fill in gaps
during homologous and non-homologous recombi-
nation, the enzymes have to show up where and when
they are needed and then depart when finished —
and not a moment later. The basic idea, and it is not a
new one, is that DNA repair proteins might always be

NATURE REVIEWS | MOLECULAR CELL BIOLOGY

VOLUME 1 | NOVEMBER 2000 | 107

#2 © 2000 Macmillan Magazines Ltd



REVIEWS

PRIMOSOME

A complex of proteins whose
role is to initiate DNA synthesis
by the de novo synthesis of an
oligonucleotide RNA primer on
a DNA template strand; a
primosome is typically used to
initiate synthesis at a replication
origin or to re-initiate synthesis
downstream of a stalled
replication fork.

present at the replication fork, perhaps bound to the
replication complex. A multiprotein complex, com-
posed of two interconnected polymerase holoenzymes
for coordinated leading- and lagging-strand synthesis,
a lagging-strand rrimosome, DNA helicase and SSB
protein, would have the added baggage of other spe-
cialized polymerases, to be used sparingly when called
for. This picture is easier to imagine if the replication
complex is stationary, with the DNA moving through
the ‘replication factory’®. In contrast, however, the
textbook version of events is that polymerase bound
to accessory proteins traverses a DNA track.
Nevertheless, an in situ assay using a Bacillus subtilis
polymerase (PolC) tagged with green fluorescent pro-
tein identified the enzyme at discrete intracellular
loci®4, indicating that the DNA may be moving
through an anchored DNA polymerase.

Interactions between proteins of the replication com-
plex and a superfamily polymerase have indeed been
found in E. coli. Last year, Graham Walker and co-work-
ers® reported differential binding between components
of pol V (UmuD/UmuD’) and the o-, 3- and e-subunits
of pol 1. Further evidence? comes from the stabiliza-
tion of a thermolabile pol 111 o-subunit, at non-permis-
sive temperature, in the presence of pol V. These data
hint that there could be a coordinated exchange between
high- and low-fidelity polymerases, acting as partners in
amacromolecular complex at sites of DNA damage.

However, the challenge, as Arthur Kornberg has
often cautioned, is the need “to capture it alive” —
that is, to reassemble an intact ‘replisome—-mutasome’

macromolecular complex from individually purified
protein components. The technology is available — in
situ immunofluorescence, immunoprecipitation and
multiple-hybrid screening can all be used to identify
interactions between the new polymerases and other
proteins. Even if such a fishing expedition bears fruit,
to mix a metaphor, it still will not be easy to reconsti-
tute a replisome—mutasome macromolecular com-
plex in vitro. But there are successful precedents. For
example, prokaryotic and eukaryotic replication,
repair and recombination complexes have been built
from the ground up with purified polymerases, pri-
mases, processivity factors, DNA-binding proteins,
mismatch-binding proteins, recombinases, helicases
and ligases. Indeed, this tried and tested approach is
the first of Arthur Kornberg’s®® Ten commandments:
Lessons from the enzymology of DNA replication —
“rely on enzymology to clarify biological questions”

Update — added in proof

M. Goldsmith et al.*? have shown that the MucB protein,
a plasmid-encoded homologue of the E. coli. UmuC pro-
tein, isa DNA polymerase capable of translesion synthe-
sis past an abasic site in the presence of MucA” (the
UmuD” homologue), RecA and SSB protein.

&) Links

DATABASE LINKS REV3 | REV7 | REV1 | umuC | umuD |
pol x| poln | Rad30 | pol ¢ | pol 1| pol A | TRF4 | pol 8
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fidelity mechanisms | Eukaryotic replication fork
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