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Structural and functional insights provided by crystal structures
of DNA polymerases and their substrate complexes
Chad A Brautigam* and Thomas A Steitz*t

New levels in the understanding of DNA replication have
been achieved from recent crystal structure determinations of
several DNA polymerases and their substrate complexes. The
structure of an a family DNA polymerase from bacteriophage
RB69 shows some similarities, but also considerable
differences in structure and organization from the pol I family
DNA polymerases. Also, the functions of three polymerase
domains and their conserved residues have been clarified
by studying structures of pol I family DNA polymerases
complexed to their substrates. These structures also confirm
that an identical two-metal ion catalytic mechanism proposed
previously is used by both the nonhomologous pol I and pol ~
family DNA polymerases.
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Abbreviations
ddNTP dideoxynucleoside triphosphate
gp43 gene 43 protein
KF Klenow fragment
pol I DNA polymerase I
pol a DNA polymerase a
pol 13 DNA polymerase 13
RT reverse transcriptase
T7 pol T7 DNA polymerase
Taq pol Taq DNA poly[Tlerase

Introduction
Significant advances in the structural biology of DNA
polymerases have been made on two fronts. First, the
library of known polymerase structures has expanded to

include the gene 43 protein (gp43) from bacteriophage
RB69 [1--], a member of the human DNA polymerase a
family, offering insights into eukaryotic replicative poly
merases. This expanded library also includes structures of
polymerases from bacteriophage T7 [2--] and a Bacillus
stearothermophilus strain [3-]- examples of polymerases
homologous to DNA polymerase I from Escherichia coli.
On the second front, a combination of structural and
biochemical techniques has expanded our understanding
of several properties of DNA polymerases, such as
substrate binding [4--,5-,6--], processivity [2",6--], fidelity
[2--,7-], and nucleotidyl transfer [2--]. Although DNA
polymerases often occur as multifunctional polypeptides,
we shall restrict the scope of this review to the polymerase
domains.

The structure of gp43 from bacteriophage
RB69
The gp43 protein from bacteriophage RB69, which is
a close homologue of bacteriophage T4, is primarily
responsible for the replication of the viral genome [8].
It shares both sequence and functional homology with
human DNA polymerase a (pol a), an enzyme implicated
the replication of chromosomal DNA. The gp43 protein
contains the six conserved sequence hallmarks, known
as regions I-VI, that are common to all pol a-like or
'B family' polymerases [9]. Functionally, it shares several
attributes with these polymerases: it is responsible for both
leading- and lagging-strand synthesis, it is tethered to the
substrate DNA by a protein processivity factor and it is
stimulated by a single-stranded DNA binding protein [8].
Thus, knowledge gained from the study of gp43 will be
applicable to eukaryotic replicative DNA polymerases.

The crystal structure of RB69 gp43 at 2.8 Aresolution [lee]
reveals some surprising features along with some known
structural motifs. The overall structure of the 103 kDa
polypeptide is that of a disc with a small hole in the
center (Figure 1). Arrayed around this central cavity are
five structurally and functionally distinct domains that
form three clefts, termed cleft D, cleft T, and the editing
channel (Figure 1a). Approximately one-half of the disc is
formed by the polymerase portion of gp43, which adopts
the right hand shape common to all known polymerase
structures. It comprises three domains: the fingers, palm
and thumb (Figure 1b). The catalytic center of the
polymerase is located on the palm domain, near the central
cavity. The disc is completed by an N-terminal domain
anq the 3'-5' exonuclease domain, which is homologous to
the Klenow fragment (KF) editing domain. The structure
of this half of the disc is nearly identical to that of
the homologous KF domain from bacteriophage T4 gp43
determined by Wang et al. [10].

One unexpected feature of the RB69 gp43 structure is
the position of the proof-reading domain with respect
to the polymerase domain, which is opposite to their
arrangement in the DNA polymerase I (pol I) family poly
merases. Also, unlike the pol I family, a single-stranded
tetranucleotide binds in the editing channel so that no
translation of the primer-template duplex is required for
the primer terminus to bind either in this channel or at
the polymerase active site. In Taq DNA polymerase (Taq
pol), the primer-template duplex bound to the polymerase
active site is translocated relative to the frayed duplex
DNA bound with its primer terminus in the KF-like
proof-reading site [4--,11]. As is generally the case for the
pol a family, the editing activity of this phage polymerase
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,/
To Fingers

Tsqpol

t
To Flnger.

Thumb

The structure of ~43, the a family DNA polymerase from phage RB69. (a) A surface representation of the protein with homology modeled
DNA. The polymerase half of the enzyme is on the right, whereas the exonuclease portion is on the left. The three clefts are labeled. The DNA in
the structure has been modeled [1 001by comparison with the Taq pol protein-DNA co-crystal structure. The duplex product fits into cleft D while
the modeled 5' template was placed in cleft T. Th:e central cavity is obscured by the DNA model. (b) A ribbon representation of the polymerase
domain of gp43. The structure is color-coded by ~omain, with the fingers in the darkest gray, the thumb in the lightest gray, and the palm in
an intermediate shade. The palm is dominated by.an antiparallel ~ sheet. The thumb is mainly a-helical, but also contains some ~ strands. The
unusual fingers feature two very long a helices. (~) Schematic representation showing the similar overall topologies of the palm domains of gp43
and Taq pol. Both comprise an antiparallel ~ sheet flanked on the noncatalytic side by two a helices. The positions of the conserved catalytic
aspartates are shown as open circles. (d) A model of DNA and accessory proteins bound to gp43 [1 001. The DNA is modeled as in (a). The
clamp protein, gp45, is proposed to interact with both the DNA and gp43 at the exit point of cleft D. The single-stranded DNA-binding protein,
gp32, is proposed to interact with the single-stranded template after it leaves cleft T. Reproduced with permission from [1 001.

is about lOOO-fold higher than the exonucleolytic activity
of the E. coli pol I enzyme [12-16]. The structure of a
single-stranded DNA substrate bound to the exonuclease
active site of gp43 shows the E-amino group of a lysine

residue in close proximity to the DNA scissile phosphate
[1--,10]. This lysine is conserved among the pol (l family,
but is not present in the pol I family. The E-amino group of
this residue may enhance the exonuclease activity of gp43
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by stabilizing the pentacovalent transition state through
an interaction with a negatively charged, non-bridging
phosphate oxygen.

A comparison of the polymerase motif of gp43 with the
analogous motif in a binary complex between Taq pol
[4··] and double-stranded DNA shows that the topology
of the palm domains is identical and thus, by homology
modeling, suggests the direction of DNA replication when
bound to gp43. The structures of the /3-sheet portions
of the gp43 and Taq pol palm domains are very similar
(Figure 1c). By superimposing the homologous palm
domains of the binary complex of Taq pol and gp43
and by assuming that the two polymerases bind DNA
similarly, a model for primer-template bound to gp43 was
built [1··]. It positions the double-stranded portion of the
DNA substrate at cleft D (Figure 1d). Furthermore, cleft
T is in a suitable position to bind the single-stranded
DNA template. This model of DNA bound to these clefts
allowed Wang et al. [l ••] to surmise the positions of the
accessory proteins of gp43 within a functioning replisome
(Figure 1d). The processivity factor of RB69, gp45, like
that of the T4 phage, is a sliding-clamp protein whose
donut-like structure is homologous to that of the /3 subunit
of DNA polymerase III from E. coli (J Kuriyan, personal
communication; see also [17]). It is proposed that gp45
interacts with the long C-terminal tail of gp43 as well
as the double-stranded DNA on the polymerase side of
the disc, at the exit point of cleft D [1··]. This model is
supported by the fact that removal of the C-terminal tail
of gp43 eliminates gp45-generated processivity [18]. The
single-stranded DNA-binding protein from RB69, gp32,
probably associates with gp43 on the exonuclease side of
the disc, since cleft T exits the polymerase there. Thus,
taken in the context of other polymerase structures, the
structure of gp43 allows a reasonable model of a portion
of the eukaryotic replication apparatus to be inferred.

The structure of gp43 also clarifies some aspects of the
interrelatedness of pol a family polymerases and the
relationships between this family and other polymerase
families [1··]. Using the gp43 structure, the sequence
alignments of all pol a family polymerases can be
extended beyond regions I-VI to a span of nearly 200
residues encompassing all six of the previously identified
sequence hallmarks (Figure 2a). An earlier attempt [19]
to align the sequences of all DNA and RNA polymerases
resulted in the conclusion that the active-site motif DTD
(residues 621-623) of pol a was equivalent to a DD motif
(residues 184-185) in HIV-1 reverse transcriptase (RT) or a
DE motif (residues 882-883) in KF. The threonine of the
pol a sequence was aligned as an insertion between the
two conserved acidic residues. The structures of gp43, KF
and HIV-1 RT [20], however, show that these two acidic
residues are in similar positions only in KF and HIV-1 RT.
Across all polymerases, only the second D of the DTD
motif and the first D of the DD(E) motif are structurally
conserved [1··] (Figure 2b).

Other polymerase structures
The crystal structures of two homologues of DNA
polymerase I from E. coli have been solved recently. The
first, a Klenow-like fragment of the DNA polymerase I of a
thermophilic Bacillus species [3·], has been solved at 2.1 A
resolution. The structure of this enzyme is very similar
to Klenow fragment [21], especially in its polymerase
domain. The second structure, a quaternary complex of T7
DNA polymerase (T7 po!), thioredoxin (a processivity fac
tor), DNA, and incoming dideoxynucleoside triphosphate
was solved to 2.2A [2··]. The complex shows that the
three-dimensional structure of T7 DNA polymerase is also
analogous to that of KF.

Structural comparisons among DNA
polymerases
A comparison of all DNA polymerase structures elucidated
to date reveals some interesting commonalities and some
striking differences. Presently, the structures of enzymes
from four DNA polymerase families [9] have been
established: RB69 gp43 from the pol a or 'B family'
[l ••]; KF [21], Taq pol [22], T7 pol [2··], and both the
Bacillus and Thennus aquaticus KF analogues [3·,23] from
the pol I family; rat and human DNA polymerase /3 (pol
/3) [5·,24,25] from the terminal transferase family [26]; and
HIV-1 RT [20,27-29] and a fragment of Moloney murine
leukemia virus RT [30] from the reverse transcriptase
family. The palm domains of all DNA polymerases consist
of a four- to six-stranded /3 sheet that is flanked on one
side by two a helices. In the pol I, pol a and reverse
transcriptase families, the topologies of the palm domain
are the same. Even though the palm domain of pol /3
is mostly /3 sheet, its topology differs from that of the
other polymerase families and thus was not derived from a
common evolutionary ancestor. Beyond the palm domains,
structural comparisons break down. The structures of the
fingers domains vary widely from family to family, and,
although the thumb domains are mainly a-helical, the
detailed structures of these domains are also not related.
Perhaps surprisingly, the fingers and thumb domains in all
four families have arisen from different ancestors.

Although there are structural differences among the fam
ilies of DNA polymerases, complexes of these enzymes
with primer-template DNA show that the anatomical
features of these enzymes play analogous roles across fam
ily boundaries, often using similarly oriented secondary
structural elements. This can be illustrated by viewing
a binary complex of blunt-ended double-stranded DNA
and Taq pol, an enzyme whose polymerase motif is a
close homologue of the polymerase motif of KF (Figure
3a) [4··,22]. The primer terminus of the DNA abuts the
fingers domain of Taq pol and several acidic residues from
the palm domain that are responsible for binding the
catalytically essential metal ions are located close to the
primer. The DNA leads away from the fingers and has
several contacts with the palm domain. It then encounters
the thumb domain, which has extensive contacts with
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Figure 2

~ C ~ D ~ 11
I' •• E.E.L pD.I.GYNI .. I'DI.YLI.R R.K.K

LmeylnfwqqktPviLi esl' IpYvynRiknifgestekrlspbkatRvEvlenm 256
inlweqkrpeift Iegl' Y~vkmilgersmkrfspi~Kliqnm253

LefmtlvkqygPEfvtG in!' I'LLeKl(22ee)wdigqshfqkRsS1Rvngmv 521
ewfeny-----dPDvIi I' LrmLqkha---------------e~plRlgR248

krfvqvvkekdPDvIi I' LpYLIkRe---------------eKlgvRlvlgR 244
LgfflekvhkidPDiI ygl' LevLLqRi-------nvckephwsKigRlKrsnm 670

scfcemlkvedPDvIiG Lqn vLehRmhdlniptfssigrrlrRtwpeKfgRg 678
.....1---Region IV ..

H

124 ••• 190
120 187
382 439
168 203
153 •.. 184
580 612
579 613

~
R.•. FDIE 1'1'

Rv ISP-dRvanc:I g--
Kl.mc I (9 ee)
Kwvsi 1: trhgel
Klle I (6ee)t
vhhsl' eepkp
ayrni pipeni

~, E F
G..•• D.Y Y.IjD L..•K••.... I

iSVldYilfSftnq-PSYSLDyis-efeLnVgKlkyng-
vsildylD feftnl-psl'sLEsve-qhetkkgRlpydgpI
- - - - -nj. i i tdJ(iKlBsYkLDnavaeavLkdklCkdlsyr
ekGrlii elKs(6ee)sFsLEtve-qelLgegRsidn
ikGrihfD vvRRtinlptYtLEevy-eevLl-gRtksklg
tCGrmic 'saKelircKsYhLselv-qqiLkteavvipme
csGrlicD emgqsltpKcqswDls«myqVtcekahkp--l

'2? structure
Consensus

rb69 109
t4 106
hsv1 363
epelb 151
vent 136
hpela 564
ypel1 563

'P structure
Consensus

rb69 268
t4 264
hsv1 522
epelb 269
vent 254
hpela 685
ypel1 691

(a)

Y.GG.V. I'.SLypSII •.. NL.Y.TL ~ .. LL••.••. RK •. K
VIGAfVkEpiP-nrykyvmS ltSISIIrqvNIspeTIegtfk 435 471 vpteItkvfn~ebKgymle491
kq GAfVfEPkp-ierryims ltS SIIrqvNIspeTIrgqfk 431 467 IpkeIekvff~wKkkmfe487
h qGAkV1DP(6ee )npvvv res SIIqahNLcFsTLslred 741 •.. 774 LsiLLrdwlemRlqiRsripq 794
ph GGyVmDsrpGlyds-vlv S SIIrtflIdPvgLvegme 443 ... 452 egfLdewfsre~lpeivtn472
rt lGGyVkEPekGlwen-iiy I'rS SIIvthNvspdTLekegc 431 ..• 452 IpsILgdliemRqdilkkmks 472
kg eGG1V1DPkvGfydkfill I'nS SIIqefNIcFtTvqrves 884 911 LpreIrklver~lmkq931
ke qGG1VfEPekGlhknyvl FnS PSIIqefNIcl'tTvdrnke 888 906 LprLLenlvdr"'~t 926

... Region II ~ ~ Region VI .......

p 0 ~~
D..Q.ALKL ..NS. YG •. G A..• T..GR .. L VIYGDTDSII'

rtevegmteQinrKL~111GnVWfryydLrnAteiTtfGqmaLqwi 597 616 fVLYIIYvsedk 631
keetlentnQlnrRI1' S lGnihfryydLrnAteiTifGqvgIqwi 593 612 fiee vYvcvdk 627
eeeVllDkqQaAIKvv. S ftGvqhgllpclhvAetvTtiGRemLlet 848 881 riIY Il'vlcrg 896
ekrqgnkplsq~I e GvlGttecrffdprlAssiTmrGhqimrqt 530 .•• 540 dVIY Strvwlkg 555
iekkmlDyrQrAIlLl ~kerwyskecAesvTewGlbyIemt 527 538 kVLY fYetipg 553
dlilqyDirQkALKLt GclGfsysrfyekplAelvTykGReiLmht 987 997 eVIY SImintns 1102
hkrvqcDir~t GclayvnsrfyekplAmlvTnkGReiLmnt 981 •.. 991 lVVY Svmidtgc 1006

... Region III ~ "-Region I.......

__-<:::,2==2=:: ~ ~ T
LLE.E LL.: .KKRYAG .KG.D. VRR IL.D

nkqhlmf iegpplgskgiggfwtgKKRYAlnvwdmegtryeepklkiaG1Et~stpkevqkelkecIrrmLqE755
nreh iscpplgskgvggfw~YAlnvydmedkrfeephlkiaGmEtqqsstpkevqeeleesIrrILqE751
lflppI t--------ftkLLlieKKKYiGviyggk--------mliaGvD1VRKnncefinrtsrelvdLLfyD 980
rltseLe hfcrflmptirgedtgsKKRYAGliqeg-----dkqrmv£KG1EtVR~dwtpleqqfqqelylrIfrn659
klpglLe f--------ylrgff~YAvideeg--------rittRG1EvV8adwseieketqekvLeeILkE636
klyklLe --------fksLLllkKKKYAAlvveptsdgnyvtkqelKG1DiVRRdwcdlekdtgnfvIgqILsD 1102
eryrlL" :v--------fkkLLlheKKKYAAltvnldkngngttvlevEG1DmkRRefcplsrdvsihvLntILsD 1096

~RegionV...

rp structure
Consensus

rb69 388
t4 384
hsv1 693
epelb 396
vent 384
hpela 836
WOll 840

'2? structure
Consensus

rb69 547
t4 543
hsv1 798
epelb 480
vent 477
hpela 937
ypell 931

'P structure
Consensus

rb69 676
t4 672
hsv1 918
epelb 585
vent 573
hpela 1031
ypell 1025

14 15 16 L 17 N

(b)

Rh69 407
T4 403
hpola 856
hsv1 723
vent 403
mjen 788
t5 497
T7 RNAP 533
rtchla 181
sendai 659
HIVl RT 105
polie 1977
KF 701
taq 606

Region II
tslypsii 420 ••• 616
tslypsii 416 ... 612
nslypsii 869 ••• 997
aslypsii 739 ••• 891
rslypsii 416 .•• 538
slypsii 802 •• 1401

tteevyya 510 •.• 692
scsgiqhf 546 .•• 805
qaaynsvd 194 •.• 257
kkyclnwr 672 ..• 765
deyfsvp 118 ••• 177
gydesls 1990.2069

sqielrim 714 ••• 875
sqielrvl 619 •.. 778

Motif A

629
625
1100
904
551
1404
705
818
270
778
190
2082
888
791

Sequence comparisons among DNA polymerases: (a) A comparison within the pol a family. Included in this comparison are polymerases
from RB69 and T4 (rb69 and t4), herpes simplex'virus 1 (hsv1), E. coli (pol II, [epolb)), Pyrococcus furiosis (vent), humans (pol a, [hpola)),
and yeast (poll, [ypoI1)). Arrows and cylinders above the alignment denote secondary structure, and regions I-VI are shown below. Capital
letters are consensus residues. A cO'nsensus sequence is shown above the alignment. Residues shown in the darkest shade are conserved
carboxylates, medium gray residues are solvent'exposed residues that may be involved in substrate binding, and lightest gray are positively
charged residues. Boxed residues are carboxylates whose roles are unclear from the gp43 structure. (b) Sequence conservation among all
DNA polymerases. In addition to some of the polymerases enumerated in (a), those from phage T5 (t5), Methanococcus jannaschii (mjan),
mitochondrial Chlamydomonas rheinhardtii DNA intron (rtchla), sendai virus L (sendai), HIV-1 (HIV·1 RT), polio virus (polio), E. coli (KF),
Thermus aquaticus (taq), and T7 RNA polymerase (T7 RNAP) are shown. Region II of the pol a family polymerases corresponds to motif A of
[19), while region I corresponds to motif B. This sequence alignment is based on the conserved positions of carboxylates in the palm domain.
Only two carboxylates are completely conserved across all of these polymerases (shown in boxes). The first D of the DTD motif and the second
carboxylate of the DD(E) motif (arrows) are not structurally equivalent. Reproduced with permission from [1"").
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the DNA across its minor groove. Whereas the above
statements specifically concern Taq pol, they also hold
true for T7 pol ([2--]; Figure 4a), HIV-1 RT ([27]; Figure
3b) and also for the homology model-built DNA complex
with RB69 gp43 ([ 1--]; Figure 3c). The ternary complex
of pol ~ with DNA and incoming dideoxynucleoside
triphosphate (ddNTP) is shown in Figure 3d. Here, the
primer-template DNA abuts domain D, and domain B
contacts the DNA across the minor groove. Based on this
functional analogy, it is clear that domains D and B would
most usefully be called fingers and thumb, respectively.
We shall follow this nomenclature throughout this review,
even though a previous inappropriate alignment of pol ~

with non-homologous polymerases has led to an opposite,
functionally less useful naming of these domains [25].
Viewed with this assignment in mind, all of the statements
made above regarding Taq pol are true for pol ~ and an
additional similarity among the pol a, pol I, and terminal
transferase families becomes evident. They all have an
a helix located in the fingers domain near the primer
terminus that houses residues responsible for nucleotide
binding. No analogous a helix is present in the reverse
transcriptases, but rather there is an anti-parallel ~ hairpin
located at the primer terminus.

The enzyme-substrate complexes of Taq pol [4--] and
T7 pol [2--], along with the changed assignment of
pol ~, allow us to resolve a controversy that exists in
the field [31-33]. A structure of an editing complex
between KF and DNA shows the double-stranded portion
of the substrate bound between the thumb and the
3'-5' exonuclease domains [11]. This led Steitz and
colleagues to propose that when the DNA was bound
at the polymerase active site, it occupies roughly the
same position as in Taq pol (Figure 3a). However, the
alignment of KF and pol ~ resulting from the previous
inappropriate superposition of their non-homologous palm
regions spawned a proposal that the DNA should be bound
to KF in the opposite orientation [25]. The structures of
Taq pol and T7 pol demonstrate unequivocally that the
proposal of Steitz and coworkers is correct and that the
latter proposal should be disregarded.

Structural and functional insights into the
activities of DNA polymerases
The quaternary complex of T7 pol [2--], the structure of
Taq pol bound to DNA [4--] and several new structures
of pol ~ [5-,7-] are remarkable for the insight they give
into the processivity, fidelity, catalytic mechanism and
conformational flexibility of DNA polymerases.

Processivity
DNA polymerases have the unique feature that they
may remain associated with the substrate primer,template
over many catalytic cycles, that is, they are processive
[8]. Replicative DNA polymerasesneed ~he aid of a
protein factor in order to remain processive over the many
thousands of nucleotide additions required for genome

replication. T7 pol, a viral replicative DNA polymerase,
commandeers the E. coli protein thioredoxin for this
purpose [34]. The crystal structure of the quaternary
complex of T7 pol and its substrates includes thioredoxin
([2--]; Figure 4a). The factor binds to a loop that protrudes
from the tip of the polymerase thumb. Although electron
density for DNA does not appear near thioredoxin due to
disorder, extrapolation of the visible DNA helix positions
the primer-template for a potential interaction with the
factor (Figure 4a). Since all kinetic schemes for DNA
polymerases include a step in the catalytic cycle during
which the DNA is susceptible to dissociation from the
enzyme [13,16,35,36], thioredoxin or other processivity
factors act at this stage, either sterically or electrostatically
hindering the dissociation of the DNA.

The thumb domain has been implicated in processivity
in two other polymerases. When viewed along the bouI)d
duplex DNA, KF is seen to surround the DNA on three
sides with the tip of the thumb on top [11]. Deleting the
tip of the KF thumb reduces its processivity about fourfold
[6--]. Furthermore, a thioredoxin-sensitive increase in
processivity can be conferred on KF by grafting the
thioredoxin-binding loop from T7 pol onto the tip of the
KF thumb [37--]. In pol ~, deletion of an 8 kDa extension
from the tip of its thumb likewise reduces its processiviry
[38]. Also, a metal ion mediates interactions between the
pol ~ thumb and the substrate DNA, possibly discouraging
the DNA from dissociating during the enzyme's catalytic
cycle [5-]. Thus, in these three examples (and perhaps
in all polymerases), the thumb plays an important role in
maintaining the polymerase's grip on its DNA substrates.

Fidelity
An enzyme's fidelity, or its ability to incorporate the correct
substrate from among a sea of potential imitators, is a
general problem in enzymology. The problem is magnified
with DNA polymerases. These enzymes must choose from
a pool of four deoxynucleoside triphosphates (dNTPs)
and this choice is directed by yet another substrate (the
single-stranded template). Furthermore, the consequences
of an incorrect choice may be catastrophic to the organism.
Thus, fidelity is of central importance in the reaction
catalyzed by DNA polymerases. It is therefore surprising
that in the T7 DNA polymerase quaternary structure [2--]
there are no hydrogen bonds between the protein and the
bases of the incipient base pair formed by the template
and incoming nucleotide. Instead, it seems that the basis
for error discrimination at this juncture is the steric
complementarity between the protein and a correctly
formed Watson-Crick base pair. This is in contrast to the
pol ~ ternary structure [25], in which polymerase residues
hydrogen bond to the nascent base pair. Amino acids
from the palm of the T7 pol do, however, interact with
base pairs near the 3' terminus of the primer, suggesting
that these residues are scanning for newly-made errors in
polymerization. Since mutation of these residues results in
a lower affinity of the enzyme for DNA [39,40], they could
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A comparison of primer-template DNA bound to four DNA pOlymerases. The complexes shown in (a), (b), and (d) are co-crystal structures,
whereas the complex in part (c) is a homology model [1 00

]. These four structures have been aligned by the first two base pairs at the primer
terminus. The fingers of these structures are colored blue, the palms are red, and the thumbs are green. Secondary structural elements at the
primer terminus that help bind nucleotide are shown in cyan and those that contact DNA are yellow. The primer strand is shown in orange, while
the template strand is brown. (a) Taq pol bound to DNA [400

]. As with the other three structures shown in this figure, the DNA stacks against
the fingers and is contacted across the minor groove by the thumb domain. (b) The binary complex of HIV-l RT and DNA [27]. This structure
does not have a Flllcleotide-binding IX helix in the fingers domains. Instead, a ~ hairpin probably performs this function. (c) The model of DNA
bound to RB69 gp43 [1"]. A likely DNA-binding IX helix has been highlighted. It appears that the thumb domain would have to move toward
the primer terminus in order to bind DNA analogously to the other polymerases. (d) The ternary complex of rat pol ~ with DNA and ddNTP
[25]. Domain D (purple) plays the role of the fingers and presents an IX helix at the primer terminus. Domain B is analogous to other polymerase
thumb domains and binds the minor groove of the duplex substrate.

be involved in shuttling newly incorporated mismatched
nucleotides to the 3'-5' exonucleolytic site ofT7 pol [2ee].

Several recently determined structures of human pol 13
complexed with substrate DNA also address the issue
of fidelity. First, polymerases are more error-prone when
the native, catalytic Mg2+ is replaced by Mn2+ [41-43].
Crystalline pol 13 is capable of adding a nucleotide,
untemplated, onto a blunt-ended DNA in the presence

of Mn2+ (or other mutagenic metal ions), but not in
the presence of Mg2+ [7e]. This implies that mutagenic
cations, perhaps owing to their increased affinity for
carboxylates, cause mistakes by stabilizing non-native
primer-template-nucleotide combinations. Also, observa
tions of the interactions of pol 13 with DNA in the crystal
have led to a proposal for how this polymerase binds at
the single-stranded DNA gap [5 e ] that is presumably its
native substrate. The position of the primer-template in
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Figure 4
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Nucleotidyl transfer in the T7 pol co-crystal structure. (a) Structure of T7 DNA polymerase complexed with thioredoxin, DNA, and incoming
ddNTP. The primer is depicted in magenta and the template is in yellow. White bases denote the portion of the DNA that has been modeled.
Purple cylinders represent polymerase a helices and the red cylinders are a helices from thioredoxin. The DNA abuts the fingers at the primer
terminus and the thumb contacts DNA across the minor groove. (b) Superposition of the active sites ofT7 pol and pol ~ using only the DNAs
from the T7 quaternary structure and the pol ~ ternary structure. For T7 pol, KF numbering (yellow) is used and the pol ~ residues are labeled in
white. The figure shows that the essential carboxylate residues and metal ions are in a similar 3D arrangement, despite the obvious disagreement
in the direction of the ~ strands that make up the palm domains. (c) Active site of T7 pol shown using KF numbering, with the T7 pol numbers
shown below in parentheses. Metal ions A and B are contacted by two protein residues [0882(654) and 0705(475)), the phosphates of the
ddNTP and two waters. The putative position of the primer's 3'-OH, which would contact metal ion A, is shown by a red star. Figures provided
by Tom Ellenberger. (d) Mechanism of nucleotidyl transfer in T7 pol, using the KF numbering system. The active site features two metal ions
that stabilize the resulting pentacoordinated transition state. Metal ion A activates the primer's 3'-OH for attack on the a-phosphate of the dNTP.
Metal ion B plays the dual role of stabilzing the negative charge that builds up on the leaving oxygen, and chelating the ~- and y-phosphates.



this model is the same as in the ternary complexes, with
the single-stranded template making a sharp turn so that
the next double-stranded portion of the DNA

may interact with the 8 kDa domain at the tip of the
thumb. Kraut and colleagues [5·] postulate that such a
kink in the template has advantages for fidelity, as it
would minimize non-specific stacking contacts between
the incoming dNTP and the primer; the template strand
is also sharply bent in the T7 quaternary complex [Z··].

Nucleotidyl transfer
The crystal structures of T7 pol [Z··] and of pol /3 [ZS]
complexed with DNA and next correct dNTP show that
these non-homologous enzymes use an identical catalytic
mechanism to transfer a nucleotide onto the 3' end of a
DNA primer. The active sites of these unrelated poly
merases share many essential and common features. When
Ellenberger and colleagues [Z··] aligned the two structures
by superimposing their DNA substrates, the catalytically
essential carboxylates from these disparate structures also
superimposed (Figure 4b), as do the two metal ions
bound to the triphosphate moiety in both structures.
Although the terminal transferase family (to which pol
/3 belongs) has evolved separately from other polymerase
families and has a different catalytic domain topology, it
shares a common three-dimensional arrangement of critical
catalytic components. The structure and positions of the
primer-template, dNTP and divalent metal ions are nearly
identical in T7 pol and pol /3.

The structure of the T7 pol quaternary complex provides a
basis for understanding the r<lles of certain residues known
from other studies to be essential for nucleotidyl transfer
([Z··]; Figure 4c,4d). For the following discussion, the KF
numbering scheme is used. Two conserved carboxylates,
0705 and D88Z, are bridging ligands to the two catalytic
metal ions. Significantly, these are the only two carboxylate
residues that are absolutely conserved between the pol
a, pol I and reverse transcriptase families ([1··]; Figure
Zb). E883, which is conserved in the pol I family, does
not contact the metal ions, as is consistent with its
absence in tht pol a family. The two cations have been
dubbed A and B. The ligation environment of metal
ion A is completed by two water mQlecules and the
pro-R oxygen of the nucleotide's a-phosv.hate. This cation
would also be contacted by the 3'-OH ~of the primer, if
it were present (a dideoxy-terminated primer was utilized
in the crystallization experiment). This hydroxyl group
would be perfectly positioned to undertake an in-line
attack on the nucleotide's a-phosphate. Metal ion B is
contacted by oxygens from all three of the nucleotide's
phosphates, as well as a main-chain oxygen. Curiously,
the metal ion-ligand distances in the active site of T7
pol are somewhat longer than expected (Figure 4c).
Nevertheless, the features of this Michaelis complex make
it clear that a proposed two metal ion mechanism for
DNA polymerases [44], which was based on an analogy
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to the 3'-5' exonucleolytic two metal ion mechanism
of KF [45], is essentially correct (Figure 4d). In this
polymerase mechanism, metal ion A activates the 3'-OH of
the primer for attack by lowering its pKa. This nucleophilic
attack at the a-phosphate generates a pentacoordinated
intermediate, whose structure would be stabilized by both
metal ions. A build-up of negative charge on the leaving
oxygen of the /3-phosphate could be stabilized by metal
ion B. Once the reaction is complete, the pyrophosphate
product and the metal ions dissociate, and the DNA must
translate and rotate relative to the polymerase so that
the newly formed primer terminus is correctly positioned
in the primer-binding site for another catalytic cycle.
The only significant deviation from the earlier proposal
is that metal ion B appears to be playing the dual role
of transition-state stabilization and chelation of both the
/3- and y-phosphates.

Figure 5
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Finger domain movement in DNA polymerases. The palm domains
of the binary [5·1 and ternary [27l complexes of pol ~ were used to
superimpose the two protein structures. The binary (protein and DNA)
form of the polymerase is shown in the darker shade and only the
fingers domain of the ternary (protein and DNA and dNTP) form is
shown in the lighter shade. The fingers close down in the presence of
the nucleotide.

Conformational changes
The binding of dNTP and duplex DNA to both pol I
family and pol /3 family DNA polymerases produces large
changes in the orientations of the fingers and the thumb
domains relative to the palm domain. A comparison of
the binary complexes of polymerases and DNA with
ternary complexes containing an incoming dNTP shows
that the fingers close down on the DNA upon binding
of the nucleotide in both pol /3 ([5·]; Figure 5) and
pol-I-like enzymes [Z··,4··]. A comparison of the Taq and
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T7 pol complexes shows a few angstroms difference in the
position of the primer terminus in these two complexes.
Although it is unclear whether these conformational
differences are part of the polymerase catalytic cycle or
are influenced by crystallographic artifacts, they provide a
rational explanation for the kinetic observation [36,46-48]
that the rate-limiting step in the polymerase reaction
pathway occurs after the binding of dNTP [Z··,S·]. The
thumb domains of polymerases also move in response to
binding DNA [4··,11,ZS,49], and this mobility may also
playa role in the catalytic cycle.

Conclusions
Principal among the many new structural and functional
insights into DNA polymerases obtained during the last
year have been the structure determinations of a pol
<X family DNA polymerase and a T7 DNA polymerase
complexed with DNA and nucleotide substrates. The
structure of RB69 gp43 strongly suggests how the
replisomes of this and related polymerases are organized.
The structures of Toq pol with DNA, pol [3 with various
metal ions and substrates, and the quaternary structure
of T7 DNA polymerase all give a much needed insight
into the workings of DNA polymerases. These studies,
taken together with the results of mutagenic experiments,
suggest the functions of the domains that make up poly
merases: the fingers are involved in correctly positioning
the template and the complementary NTP relative to
the catalytic metal ions, and undergo a substrate-induced
conformational change that may be important to catalysis;
the palm domain harbors two completely conserved
carboxylate residues that bind the essential metal ions
and also contains residues that may detect replication
mistakes; and the thumb domain is important for DNA
positioning and processivity. Additionally, the catalytic
mechanism of nucleotidyl transfer in the polymerase
reaction may be universal, involves two metal ions and
is very similar to that of the proof-reading exonucleases.
Though the model of RB69 gp43 with DNA and accessory
proteins is instructive, it is essential to determine the
crystal structures of this and similar polymerases with their
substrates and associated factors in order to confirm and
extend this model.

Perhaps the most striking findings from these poly
merase structures, as anticipated by the limited sequence
similarity among families, are the differences in the
structures of the fingers and thumb domains of poly
merases from different families. The thumb and fingers
domain structures are completely unrelated among the
four DNA polymerase families now known: pol I, pol
<x, pol [3 and reverse transcriptase. Nevertheless they
function similarly in all families, using in most cases
analogous secondary structural elements. Why are these
domains, so essential to the polymerase reaction, derived
from different ancestors? It would of interest to establish
the structure of the bacterial DNA polymerase III,
which shows no recognizable sequence similarity to other

polymerases. It may possess yet another polymerase fold
and could yield clues to understanding the surprising
differences among these vital enzymes.
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