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Our appreciation of the rich complexity of DNA transac-
tions needed to replicate and maintain genomes has
grown dramatically in the past few years with the dis-
covery of a number of DNA polymerases that have re-
markable properties. Historically, mammalian DNA
polymerases have been designated with letters of the
Greek alphabet. When DNA polymerase a was discov-
ered more than four decades ago, it was thought to be
THE polymerase responsible for replicating the six bil-
lion nucleotides of the human genome. How things have
changed! We now know that human cells contain more
than a dozen distinct DNA polymerases belonging to
four different families (A, B, X, and Y) based on se-
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quence alignments (table 1). Four of the first five are es-
sential for accurately replicating the nuclear (pols a, d,
and e) or mitochnodrial genome (pol g), while pol b par-
ticipates in excision repair of damaged bases. Other en-
zymatic activities intrinsic to or associated with the poly-
merase catalytic subunits allow them to start replication,
to continue replication accurately and processively, or to
excise baseless sugar-phosphates during repair. Current
excitement now stems not only from the sheer number of
polymerases recently added to the list but also from
unanticipated properties that imply highly specialized
functions.

* Corresponding author.

Table 1. Eukaryotic DNA polymerases.

Name Alias Family Amino 3¢ Æ 5¢ Associated Proposed main function
acids exo activities

Pol a yPol I B 1462 no primase initiates replication
Pol b X 335 no dRP lyase, AP lyase base excision repair
Pol g yMIP1 A 1239 yes dRP lyase mitochondrial DNA replication
Pol d yPol III B 1107 yes nuclear DNA replication
Pol e yPol II B 3000 yes nuclear DNA replication, checkpoint control
Pol z yREV3 B 3130 no mutageneic synthesis, other?
Pol h XPV, yRad30 Y 713 no translesion replication
Pol q Mus308 A 2724 ? helicase? repair of cross-links?
Pol i RAD30B Y 715 no dRP lyase specialized base excision repair?
Pol k DinB1, pol q Y 870 no unknown, Translesion synthesis
Pol l Pol b2, yPol IV X 575 no dRP lyase base excision repair, meiotic DNA transactions
Pol m X 495 no TdT activity ds DNA break repair, Ig hypermutation
Pol s TRF4, Pol k X 543 ? sister chromatid cohesion
REV1 yREV1 Y 1251 no adds dCMP mutagenic translesion DNA synthesis

dRP, deoxyribose-5-phosphate; AP, apurinic/apyrimindinic; TdT, deoxynucleotidyl transferase.
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Welcome to our families

New additions to the list of eukaryotic DNA polymerases
include an enzyme in the B family, pol z. Recent studies
suggest that pol z may participate in mutagenic transle-
sion synthesis, by its ability to incorporate nucleotides
opposite sites of DNA damage and by efficiently extend-
ing aberrant primer termini [1]. Pol z is thought to work
in partnership with other proteins, including Rev7 and
Rev1. Rev1 is itself a specialized polymerase with de-
oxycytidyl transferase activity [1–3]. Studies from three
different laboratories have revealed that disruption of the
pol z gene in mice results in early embryonic lethality, in-
dicating that pol z has a critical function in mammalian
development [4–6].
The X family has also recently expanded by three – pols
l, m, and s (table 1). Pol l is a close homologue of pol b
that is predicted to have a similar structural organization
[7–9]. Like pol b, pol l lacks an intrinsic proofreading
exonuclease activity but has a deoxyribose-5-phosphate
(dRP) lyase activity [10]. The latter activity and the fact
that pol l can substitute for pol b in a reconstituted base
excision repair reaction in vitro suggests that pol l may
participate in base excision repair in vivo [10]. 
This role may be facilitated by an amino-terminal BRCT
domain believed to be involved in protein-protein inter-
actions. Pol l mRNA is expressed at high levels in testis
[7–9], particularly in the nuclei of pachytene spermato-
cytes, suggesting that it may be involved in DNA transac-
tions associated with germ cell development [7].
DNA pol m, another recent addition to the pol X family,
shares 41% sequence identity with deoxynucleotidyl
transferase (TdT) [8, 11], the well-known template-inde-
pendent mammalian DNA polymerase. Indeed, pol m ex-
hibits template-independent polymerization activity, but
unlike TdT, it also has template-directed polymerase ac-
tivity [11]. Similar to other members of the X family, pol
m is devoid of 3¢ Æ 5¢ exonuclease activity [11], but un-
like pol b and pol l, it does not have dRP lyase activity
[10]. Pol m is highly expressed in the germinal centers of
peripheral lymphoid tissues [11]. This observation cou-
pled with the fact that pol m has low fidelity has led to the
suggestion that it may participate in somatic hypermuta-
tion of immunoglobulin genes [11]. Given its similarity
to TdT and its ability to perform synthesis at DNA ends
and in short gaps, pol m could be involved in mutagenic
processing of double-strand breaks suggested to generate
somatic hypermutation [12]. Alternatively, the presence
of high levels of pol m in germinal centers may reflect a
role in repairing dsDNA breaks that are the consequence
rather than the initiator of hypermutation processes [13].
The fact that low-level expression of pol m mRNA is de-
tected in almost all tissues [8, 11] raises the possibility
that it may be involved in general repair of double-strand
breaks.

The accurate segregation of chromosomes to daughter
cells in mitosis requires that sister chromatids produced
during replication remain physically attached by cohesin
complexes until their separation in anaphase. The product
of the yeast TRF4 gene, recently identified as a DNA
polymerase (pol s) with weak homology to other X fam-
ily members [14], is one of the proteins required for es-
tablishing sister chromatid cohesion during S phase. A
model wherein the establishment of cohesion is coupled
to replication has been proposed [15]. It assumes that co-
hesin-bound sites on DNA could create a block for the
replicative polymerase. A switch to pol s would enable
synthesis through these sites and after the passage of the
replication fork, the Trf4/pol s-dependent cohesion
would be established. Trf4 mutants are hypersensitive to
camptothecin, an antitumor drug that is believed to gen-
erate replication-coupled double-strand breaks. This sug-
gests that Trf4/pol s may also play a role in repair of
camptothecin-mediated DNA damage [16]. Yeast cells
have a homologue of TRF4, the TRF5 gene encoding a
pol s isoform. Thus, pol s function in yeast is redundant
and both Trf4 and Trf5 proteins need to be inactivated to
stop DNA replication [15]. There are two homologues 
of TRF in human cells, hTRF4-1 and hTRF4-2, and the 
former encodes a DNA polymerase [15].

A SUPER family

Many recently identified DNA polymerases belong to the
rapidly growing Y family whose members are found in all
three kingdoms of life and can be subdivided into distinct
groups based on phylogenetic analysis [17]. Four Y fam-
ily members have been discovered in human cells: Rev1,
pol h, pol i, and pol k (table 1). All four polymerases lack
intrinsic 3¢ Æ 5¢ exonuclease activity [18–21] and each
has remarkable properties. Rev1 is atypical in that it has
a template-dependent deoxycytidyl transferase activity
that preferentially incorporates dCMP opposite damaged
bases or an abasic site [1, 22]. As mentioned above, Rev1
protein is required for mutagenesis induced by certain
DNA-damaging agents, and at least part of this require-
ment is independent of its deoxycytidyl transferase activ-
ity. This may reflect Rev1-dependent protein-protein
interactions needed for Rev3-dependent translesion syn-
thesis [1, 23].
Pol h is remarkable for its ability to bypass very effi-
ciently a cis-syn thymine dimer in DNA while preferen-
tially incorporating adenine opposite the covalently at-
tached thymine residues of the dimer [24, 25]. Pol h is
encoded by the XPV gene in humans, and XPV gene mu-
tations that inactivate pol h enhance UV-induced mutage-
nesis [26, 27] and greatly increase the risk of sunlight-
induced skin cancer [28, 29]. The current hypothesis to
explain these phenotypes is that when a bulky UV photo-



product blocks elongation by the normal replicative poly-
merase (i.e., pol d), pol h is delivered to the fork to con-
duct efficient translesion replication. Loss of efficient by-
pass due to inactivation of pol h leads to participation of
another polymerase (e.g., pol z/Rev1), ultimately result-
ing in mutagenic bypass. Interestingly, pol h itself is one
of the least accurate DNA polymerases studied to date
[19, 30]. Its low fidelity may reflect low geometric selec-
tivity resulting from a promiscuous active site that can
accommodate lesions that distort the DNA helix. Recent
X-ray crystal structural data on yeast pol h [31] are con-
sistent with this idea. Any errors made during bypass by
pol h, which has low processivity and performs limited
chain elongation, may be subsequently proofread by an
extrinsic exonuclease [32] or corrected by post-replica-
tion DNA mismatch repair [33]. In this way, intrinsically
inaccurate DNA polymerases like pol h may participate
in DNA transactions that are ultimately relatively accu-
rate. Two recent studies [34, 35] also suggest that error-
prone synthesis by pol h may contribute to somatic hy-
permutation of immunoglbulin genes, perhaps generating
strand-specific mutations in WA (W = A or T) hotspot
motifs during synthesis of the non-transcribed strand.
Key to understanding the functions of pol h will be a bet-
ter appreciation of the protein partnerships that deliver it
for use in the appropriate DNA transactions.
Pol i is a Y family enzyme that has both DNA polymerase
and 5¢-dRP lyase activities. Pol i can substitute for pol b
in a reconstituted base excision repair reaction in vitro
[20, 36], suggesting that it may have a role in DNA repair.
Clues to possible repair reactions in which pol i might
participate come from two unusual polymerization prop-
erties. Pol i inserts T opposite template A with an effi-
ciency that is much higher than for the other three correct
base pairs. Thus, when dUTP is occasionally incorpo-
rated opposite template A during replication [37], pol i
may participate in repair by efficiently incorporating T
after the uracil is removed in a base excision-repair reac-
tion. Secondly, pol i is the only polymerase known to vi-
olate Watson-Crick base-pairing rules by preferentially
inserting G rather than A opposite template T [20, 38].
This property along with its ability to conduct a base ex-
cision repair reaction suggest that it may function to rein-
sert inadvertantly removed dGMP present opposite
thymine arising from deamination of 5-methylcytosine.
In this role, pol i could prevent inadvertant misrepair and
thus stabilize the genome against G-C to A-T transition
mutations [36]. Pol i has also been suggested to function
in translesion synthesis [39–41] and in somatic hyper-
mutation of immunoglobulin genes [42].
Human pol k is a Y family member homologous to the
bacterial DinB protein, Escherichia coli pol IV. Like pol
IV (and pol h mentioned above), pol k synthesizes DNA
with low fidelity [43]. Clues to the low fidelity of DinB
homologues come from recent structural studies of DinB

polymerases from Sulfolobus solfataricus revealing that
the active site is more open than those observed in more
accurate polymerases in other families [44, 45]. In fact,
the active site of S. solfataricus Dpo4 pol can accommo-
date two template nucleotides, one of which can be in a
misaligned conformation [45]. These and several other
unusual features may provide insights into the fidelity of
Y family polymerases and the mechanism of translesion
synthesis. Although the exact function of pol k is un-
known, a role in translesion replication is suggested by its
ability to bypass certain bulky lesions in vitro, e.g., by
preferentially incorporating cytosine opposite benzo[a]
pyrene diol epoxide-N2-G adducts [46–48]. Consistent
with this role is a recent study showing that expression of
the mouse gene encoding pol k is under the control of
AhR, a crucial factor in activating benzo[a]pyrene into
BPDE within mammalian cells [47]. A role for pol k in
spermatogenesis has also been suggested [18].
The discovery of many previously unknown eukaryotic
DNA polymerases has generated a great deal of interest,
as well as uncertainty, about the nature and number of dif-
ferent, specialized DNA transactions that may occur in
eukaryotic cells. We are now faced with the challenge of
understanding the roles and mechanisms of action of
these polymerases. Sorting out where, when, how, and
with whom they work, and what mechanisms prevent
them from working at the wrong time, will be a long and
exciting journey.
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