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Structures of Ternary Complexes
of Rat DNA Polymerase 3, a DNA
Template-Primer, and ddCTP

Huguette Pelletier, Michael R. Sawaya, Amalendra Kumar,
Samuel H. Wilson, Joseph Kraut

Two ternary complexes of rat DNA polymerase B (pol B), a DNA template-primer, and dide-
oxycytidine triphosphate (ddCTP) have been determined at 2.9 A and 3.6 A resolution,
respectively. ddCTP is the triphosphate of dideoxycytidine (ddC), a nucleoside analog that
targets the reverse transcriptase of human immunodeficiency virus (HIV) and is at present
used to treat AIDS. Although crystals of the two complexes belong to different space groups,
the structures are similar, suggesting that the polymerase-DNA-ddCTP interactions are not
affected by crystal packing forces. In the pol B active site, the attacking 3'-OH of the
elongating primer, the ddCTP phosphates, and two Mg?* ions are all clustered around
Asp'®°, Asp'92, and Asp?%6. Two of these residues, Asp'®° and Asp2°, are present in the
amino acid sequences of all polymerases so far studied and are also spatially similar in the
four polymerases—the Kienow fragment of Escherichia coli DNA polymerase |, HIV-1
reverse transcriptase, T7 RNA polymerase, and rat DNA pol B—whose crystal structures are
now known. A two-metal ion mechanism is described for the nucleotidyl transfer reaction and
may apply to all polymerases. In the ternary complex structures analyzed, pol g binds to the
DNA template-primer in a different manner from that recently proposed for other polymerase-
DNA models.

DnNa replication (1) is a highly complex
biological process, even for a relatively
simple organism such as Escherichia coli.
During replication, the double helical
DNA molecule is unwound, and the two
resultant single strands of DNA act as
templates to guide the synthesis, one com-
plementary base at a time, of antiparallel
primer strands. Although many auxiliary
proteins such as ligases, helicases, and
topoisomerases are usually involved, the
chemical reaction at the core of DNA
replication, the nucleotidyl transfer reac-
tion, is catalyzed by DNA polymerases and
may be depicted as follows:

Template—primer, + ANTP —
template-primer-dNMP,_ _, + PP,

where ANTP (2’-deoxyribonucleoside 5'-
triphosphate) represents any one of four de-
oxynucleotides (IATP, dGTP, dCTP, and
dTTP), and ANMP and PP, represent 2'-
deoxyribonucleoside 5’-monophosphate and
pyrophosphate, respectively (Fig. 1).
Inhibition of a polymerase that effects
genomic replication can be fatal to an
organism. In a common type of polymerase
inhibition, 2',3’'-dideoxynucleotides (dd-
NTPs) act as chain terminators of the
primer strand. The ddNTPs differ from

H. Pelletier, M. R. Sawaya, and J. Kraut are in the
Department of Chemistry, University of California, San
Diego, CA 92093-0317, USA. A. Kumar and S. H.
Wilson are at the Sealy Center for Molecular Science,
University of Texas Medical Branch, Galveston, TX
77555-1051, USA.

their cellular ANTP counterparts by the
absence of an attacking 3'-hydroxyl group
(3'-OH) (Fig. 2) and therefore, once a
dideoxynucleotide is successfully incorpo-
rated into a growing primer strand, there
can be no further incorporation of subse-
quent nucleotides. A well-known example
of this kind of inhibition involves HIV-1
reverse transcriptase (RT), which is the
polymerase responsible for the replication of
the HIV genome. 3'-azido-2',3’-dideoxy-
thymidine (AZT), 2’,3’-dideoxyinosine

OH

(ddI), and 2’,3'-dideoxycytidine (ddC) are
all anti-HIV drugs (2, 3) that become potent
chain termination inhibitors of RT after
they are converted by cellular kinases (4, 5),
in vivo, to their corresponding nucleoside
5'-triphosphates, AZT-TP, ddATP (6), and
ddCTP, respectively. In that all polymerases
probably share a common catalytic mecha-
nism, it is not surprising that some toxic
effects of these drugs have been attributed to
inhibition of host-cell polymerases, perhaps
including the pol B described here (7-9).
Therefore, a detailed understanding of the
nucleotidyl transfer reaction, as well as the
mechanism of inhibition of viral and host
cell polymerases by nucleoside analogs, may
lead to the design of more potent and less
toxic HIV-1 RT inhibitors for use in the
treatment of AIDS.

Despite limited sequence similarity to <
the Klenow fragment (KF) of E. coli DNAS
pol I [the only other polymerase for which aN
crystal structure (10) was known at thes
time], the crystal structure determinationsS
of HIV-1 RT (11, 12) revealed a commong
polymerase fold consisting of three distinct=
subdomains (designated fingers, palm, and§
thumb because of the resemblance to ap
hand) forming an obvious DNA binding®
channel. The strongest structural overlapQ
between KF and RT comprised a trio ofE
carboxylic acid residues located in the palm§
subdomain (11, 12). These observations led@
to the hypothesis that perhaps all polymer-3
ases share a common nucleotidyl transfer=
mechanism centered around the highlyg
conserved carboxylic acid residues (11).
Strengthening this argument somewhat wasG
the subsequent crystal structure determina-*=

. =]
tion of an RNA polymerase (RNAP) from%
bacteriophage T7, which showed strong®
structural similarities with KF (13). How-g
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Fig. 1. The nucleotidyl transfer reaction. The 3'-OH group of the terminal dNMP on the primer strand
attacks the 5'—a phosphate of an incoming dNTP, and a newly formed phosphodiester linkage
results in elongation of the primer strand by one dNMP. After release of pyrophosphate (PP), the
catalytic cycle is complete and the 3'-OH group of the newly incorporated dNMP is now ready to
attack yet another incoming dNTP. Only the 3’ end of a primer is extended so that DNA
polymerization is said to proceed in a 5’ to 3’ direction. If the polymerase molecule does not release
the template-primer before incorporation of a second dNMP, the mode of DNA synthesis is said to
be “processive”, but if the polymerase releases the template-primer after each successive
incorporation of a dNMP, the mode of DNA synthesis is said to be “distributive”.
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ever, because structural evidence for a com-
mon nucleotidyl transfer mechanism has so
far been limited to comparisons among
polymerases from a bacterium (KF), a virus
(RT), and a phage (RNAP), perhaps the
most convincing evidence for this hypoth-
esis is provided by the crystal structure
determination of a eukaryotic polymerase,
rat DNA pol B (14). Sequence alignments
show that pol B is so distantly related, even
from its eukaryotic relatives, polymerases a,
¥, 8, and €, that it stands in a class of
its own along with only one other polymer-
ase, terminal deoxynucleotidyltransferase
(TdT) (15). The crystal structure of pol B
nevertheless revealed a polymerase fold
consisting of palm, fingers, and thumb
(along with an additional 8-kD domain
attached to the fingers), and the most
striking structural similarity with its distant
relatives, KF, RT, and RNAP, is a portion
of the palm that bears the highly conserved
carboxylic acid residues (14). This suggests
that despite the large differences in size (pol
B, at 39 kD, is the smallest polymerase
known), in function [although pol B may
play a role in DNA replication (16, 17), its
primary function is in DNA repair (18-
20)], and in fidelity [pol B is the most error
prone eukaryotic polymerase studied to date
(21, 22)], pol B probably shares a common
nucleotidyl transfer catalytic mechanism
with all other polymerases.

Taking advantage of the chain termina-
tion method of polymerase inhibition with
ddNTPs, we have succeeded in growing
crystals of rat pol B complexed with two
pseudo substrates, namely, (i) a DNA tem-
plate-primer in which the 3’ end of the
primer has been “terminated” by ddCMP,
and (ii) ddCTP. In preparation for crystal-
lization experiments, we mixed pol B with
the DNA template-primer shown below
and a large excess of ddCTP on the assump-
tion that, prior to crystallization, the fol-
lowing reaction would occur:

3'GCCGCGGGAAAS’
5'CGGCGC 3" + ddCTP —

3'GCCGCGGGAAAS’
5'CGGCGCC4y 3’ + PP,

where Cyy is the newly incorporated
ddCMP. If pol B then were to try to
incorporate another nucleotide onto the
primer terminus, a second nucleotidyl
transfer reaction could not occur because
the recently incorporated ddCMP lacks a
3’-OH group. This should result in a pseudo
Michaelis-Menten ternary complex in
which both “substrates” are present, name-
ly, a nonreactive template-primer and a
nucleoside triphosphate. Crystals were ob-
tained, and the subsequent structure deter-
minations revealed that this must have been
what happened. Electron density maps
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showed a primer strand that was seven nu-
cleotides long, although we started with a
primer that was only six nucleotides in
length, and the 3' (deoxy) terminus of the
primer was positioned next to strong elec-
tron density resembling a nucleoside triphos-
phate, presumably ddCTP.

Such a detailed view of the active site in
the ternary complex allows us to propose a
two-metal ion mechanism for the nucleoti-
dyl transfer reaction that is similar, in many
ways, to the two-metal ion mechanism
previously proposed for another type of
phosphoryl transfer reaction—the exonu-
clease reaction of the 3'—5' exonuclease of
E. coli DNA pol I (23, 24). Our proposed
nucleotidyl transfer mechanism probably
applies to all polymerases, but when we
attempt to extend that mechanism to the
other three polymerases—KF, RT, and
RNAP—for which the crystal structures are
known, a problem arises: in our structures,
pol B is bound to the DNA in a manner
that differs from the recently proposed poly-
merase-DNA models for all three of these
polymerases.

Crystallizations and preliminary dif-
fraction studies. Recombinant rat DNA
pol B (25) was expressed in E. coli and
purified as described (26). After purifica-
tion, the protein was washed three times in
a microconcentrator (Centricon-10, Ami-
con) with a buffer solution (10 mM ammo-
nium sulfate, 0.1 M tris, pH 7.0), then
concentrated to 20 mg/ml and stored at
—80°C in sealed Eppendorf tubes (120-pl
portions). Prior to crystallization, a protein-
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DNA-ddCTP sample was prepared at room
temperature; approximately 1.2 mg of the
11-nucleotide (nt) template and 0.8 mg of
the 6-nt primer (27) were dissolved in 240
ul of a buffer solution (20 mM MgCl,, 0.1
M MES, pH 6.5) and the mixture was left
in a sealed Eppendorf tube for 1 hour to
allow annealing of the template-primer
(28). Two portions of pol B (240-ul of a
solution containing 20 mg/ml) were then
thawed and added, and the protein-tem-
plate-primer sample was allowed to stand
for an additional hour. A 4-pmol sample of
ddCTP (in 40 pl of H,0) (29) was the last
component to be added, resulting in a
reaction mixture containing pol B at ap-
proximately 10 mg/ml, 10 mM MgCl,, and
an excess of template:primer:ddCTP in mo-
lar ratios of 3:4:30, respectively, relative to
the amount of protein. The reaction, nu-
cleotidyl transfer of ddCMP to the primer
3’ terminus, was allowed to proceed for 2
hours before crystallization trays were set up
(30).

Two different crystal forms were ob-
served, depending on the concentration of
lithium sulfate in the reservoir solution.
One crystal form, obtained with lithium
sulfate concentrations from 40 to 75 mM,
was hexagonal and grew to dimensions of
0.8 by 0.8 by 0.6 mm in about 2 weeks.
These crystals belong to space group P6,
@=b =949, c = 117.6 A), with one
complex molecule per asymmetric unit.
Under similar conditions, but at lithium
sulfate concentrations from 75 to 150 mM,
platelike crystals grew to dimensions of

Fig. 2. Two normal cellular
nucleotides, (A) 2'-deoxy-
cytidine  5'-triphosphate
(dCTP) and (B) 2'-deoxy-
thymidine 5'-triphosphate
(dTTP), and their anti-HIV
(drug) counterparts (C)
o) 2',3'-dideoxycytidine  5'-
triphosphate (ddCTP) and
(D) 3'-azido-2’,3'-dideoxy-

3 2 thymidine 5’'-triphosphate
(AZT-TP). The triphosphate
moiety, which is linked via

OH a phosphoester bond to
dTTP the 5’ carbon of the ribose,
is designated TP.
o

N3
AZT-TP

ddCTP
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1.0 by 0.6 by 0.2 mm in a few days. These
crystals belong to space group P2, (a
=106.3, b = 56.8, c = 86.7 A, and B =
106.4°) and there are two complex mole-
cules per asymmetric unit. Often both crys-
tal forms grew in the same drop, and the
crystals on which data were collected (Ta-
ble 1) were grown at the same concentra-
tion of lithium sulfate, 75 mM. The unusu-
ally large excess of ddCTP (1:30 molar
ratio) was required in order to obtain the
P6, crystals, but the P2, crystals could be
grown under much lower ddCTP excesses
(1:10 molar ratio). Extreme purity of all
components in the crystallization medium,
particularly the DNA samples (27), seemed
to be an absolute requirement for growing
both types of ternary complex crystals.
Attempts were made to obtain ternary
complex crystals of rat pol B, a DNA tem-
plate-primer, and AZT-TP (Fig. 2D) (31)
under similar conditions, even though incor-
poration of AZT-MP would result in a mis-
matched base pair (of a G-T type) at the
primer terminus (22). Orthorhombic crystals
grew in space group P2,2,2 (a = 188.4,b =
67.7, c = 39.1 A) with one pol B molecule
in the asymmetric unit. A 4.0 A data set was
collected and preliminary structural studies
(32) showed that, because of crystal pack-
ing, it was not possible for the template-
primer to occupy the pol B binding channel.
Failure of pol B to form a tight complex with
the DNA template-primer under these con-
ditions might be attributed to steric hin-
drance by the azido group of a newly incor-
porated AZT-MP on the primer terminus.
Efforts to obtain a binary complex of pol
B and a DNA template-primer alone (nei-
ther ddCTP nor AZT-TP) resulted in crys-
tals that grew under much different condi-

tions, but were nonetheless isomorphous
with the P2,2,2 (AZT-TP) crystals men-
tioned above. Failure of pol B to bind to the
DNA in this case could be due to the higher
salt concentration of the crystallization me-
dium (about 250 mM salt compared to 75
mM). Because one crystallization medium
contained AZT-TP and the other did not,
we calculated Foazr.1p) = Fo(apeys @cr dif-
ference Fourier maps to see whether an
AZT-TP binding site could be located.
Strong electron density was observed in an
area of the map adjacent to Arg'*®, which is
near the catalytically important residues,
Asp'®, Asp'®?, and Asp?*®. This pol
B-AZT-TP binary complex which, as dis-
cussed below, is probably not catalytically
relevant, is similar to a KF-ANTP binary
complex in which the INTP bound to Arg
residues near the catalytically important
carboxylic acid residues of KF (33).
Human pol B, which has been cloned
and expressed (34, 35) in a manner similar
to that of rat pol B, shares more than 95
percent sequence similarity with rat pol B,
so it was somewhat surprising when at-
tempts to obtain ternary complex crystals
of human pol B, a DNA template-primer,
and ddCTP under the same conditions de-
scribed above for the rat enzyme resulted
in crystals that grew in two previously
unobserved orthorhombic crystal forms.
One form has unit cell parameters a =
158, b = 108, ¢ = 60 A, with probably
two complex molecules in the asymmetric
unit, but the crystals diffract only to about 5
resolution. In contrast, the second crystal
form diffracts quite well (to about 3.3 A),
but its unit cell parameters of a = 465, b =
168, ¢ = 56 A are so large that special data

" collection techniques would be required.

Table 1. Data collection and refinement statistics. X-ray diffraction data were collected on a
multiwire area detector (98) (San Diego Multiwire Systems) with monochromatized CuKa radiation
(Rigaku rotating anode x-ray generator), and intensity observations for each data set were
processed with a local UCSD Data Collection Facility software package (99). Reflections from 20 A
to the maximum resolution were included in all least squares refinement steps. The final structures
for both complexes include all residues, with the exception of residues 1 to 8 of the disordered
NH,-terminus and residues 246 to 248 of a disordered surface loop. There are a few missing side
chain atoms in both coordinate sets that are mainly in lysine and arginine residues of the 8-kD
domain. Omit maps were used to confirm the modeling of the DNA template-primer, the ddCTP
nucleotide, and the cis-peptide bond between Gly374 and Ser375.

Data collection Refinement
Reflections rms
Space dpn 1 Complete- R+ Atomst deviation§ Final
goup (A o ness (%)  'sym Bond Angle Rl

Total  Uni o

niaue A 0
Pé, 29 1.8 53583 13,281 99 0.087 2914 0.020 29 0.193
P2, 36 1.8 25046 10,650 96 0.059 5763 0018 29 0.199
*Average ratio of observed intensity to background in the highest resolution shell of reflections. 1R, = 2l

= avgZlayg: 1
strucfures. respectively.
lengths and bond angles in the final model.
and the maximum resolution.

$The number of nonhydrogen atoms includes 31 and 4 water oxygens for the P6, and the P2,
§The rms bond and rms angle values are the deviations from ideal values of the bond
[Final A = S1F 05 = Foncl/EFope: including all data between 20 A
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Structure determination and refine-
ment. Data collection and refinement sta-
tistics for the structure determinations of
the two ternary complexes of rat pol B, a
DNA template-primer, and ddCTP are list-
ed in Table 1. Structure solutions utilized
the refined atomic coordinates of the high
resolution (2.3 A) structure of the 31-kD
domain of rat pol B (14). The molecular
replacement programs of XPLOR (36) gave
clear rotation solutions for the 31-kD do-
main of both ternary complexes, but only
after results from classical cross-rotation
searches had been filtered through the Pat-
terson-correlation (PC) refinement steps
(37). PC refinement techniques were par-
ticularly powerful for our structure determi-
nations because independent rigid body
movements of the fingers, palm, and thumb
subdomains of the 31-kD domain could be
allowed during PC refinement of the rota-
tion searches. Results from subsequent
translation searches gave solutions for the
P6, complex structure that were, in gener-
al, at higher peak height to background
ratios than translation solutions for the P2,
complex structure, but the highest transla-
tion peaks in both cases nevertheless were
the correct solutions (38).

The 31-kD partial structure solutions
obtained by molecular replacement tech-
niques were subjected to rigid body refine-
ment by XPLOR (36), where the entire
31-kD domain was first allowed to move as
a rigid body, then later, the fingers, palm,
and thumb subdomains were allowed to
move as independent rigid bodies simulta-
neously. Typical R factors at this stage were
about 50 percent. After subsequent posi-
tional refinement with the least squares
program package TNT (39) had lowered
the R factors of the partial solutions to
about 45 percent, we calculated F, — F_,
o, difference Fourier maps that revealed
clear electron density for many of the back-
bone phosphates of a double-stranded DNA
molecule as well as the three phosphates of
a ddCTP nucleotide, and even portions of
the 8-kD domain were evident at this early
stage. Cycles of model building and least
squares refinement improved the electron
density for the rest of the DNA as well as
the 8-kD domain for both complex struc-
tures, and once the R factors had dropped
below 30 percent, refinement of individual
isotropic temperature factors also improved
the maps and facilitated refinement.

Although we were unable to discern the
DNA base sequences at these resolutions,
the directionality (5’ — 3’) of the DNA
strands was evident early in our modeling
efforts, hence we knew that the 3’ terminus
of either the template strand or the primer
strand was positioned at the pol B active
site. What ultimately distinguished the
template from the primer was that we were
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able to model in seven nucleotides for one
of the DNA strands and at least 8 nt for the
second DNA strand. Provided that no un-
expected side reactions had occurred during
crystallization, we knew that the primer
could be no longer than 7 nt, and therefore
the DNA strand containing 8 nt was desig-
nated the template. We then concluded
that the first three bases of the template
(AAA) are disordered in both crystal struc-
tures. This interpretation of the data is in
agreement with the idea that the 3’ termi-
nus of the primer should be positioned at
the polymerase active site. Analysis-of the
DNA in our refined structures with the
program CURVES II (40) indicated that
the DNA is predominantly B form. Our
DNA may have some A-DNA characteris-
tics, however, in that the minor groove
width appears to increase as the DNA
approaches the pol B active site; the section
of the double-stranded DNA that is re-
moved from the active site and protrudes
into solution is characteristic of B-DNA
with a minor groove width of 11 A, whereas
nearer to the active site, the minor groove
width is almost 15 A (typical A-DNA has a
minor groove width of about 17 A).

Description of the structures. When
the pol B ternary complex structures are
compared with the structure of the apo
enzyme (Fig. 3), the most apparent differ-
ences consist of large movements of the
8-kD NH,-terminal domain relative to the
fingers, palm, and thumb of 31-kD COOH-
terminal domain. The 8-kD domain is teth-
ered to a proteolytically sensitive hinge
region (residues 80-90) and changes from
an open conformation in the apo structure
to more closed conformations in the com-
plex structures. Because of the precarious
position of the 8-kD domain in the pol B
apo structure, this type of conformational
change seemed inevitable even before the
structures of the ternary complexes were
determined. The only other significant con-
formational changes on complex formation
were noticeable rigid-body movements of
the thumb and, to a lesser degree, the
fingers, resulting in a somewhat more tight-
ly closed hand in the ternary com- plexes.
A greater degree of flexibility on the part of
the thumb subdomain has also been ob-
served in other polymerase-DNA structures
(12, 23, 24, 41). A least squares superpo-
sition of the 31-kD domain of the apo
structure (14) on the 31-kD domain of one
of the ternary complex structures (P6,)
resulted in a root-mean-square (rms) devi-
ation in a carbon positions of 2.5 A,
whereas when the fingers, palm, and thumb
subdomains were treated separately, the rms
deviations in a carbon positions were only
0.71, 0.69, and 0.82 A, respectively.

The 8-kD domain has a net charge of
+10 (assuming neutral histidines) and
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binds to single stranded DNA with an
association constant of 2 X 10° M~! (26).
It has no obvious structural equivalent in
any of the other polymerases for which

crystal structures have been determined,
and crosslinking studies with gapped DNA
substrates (42) suggest that the 8-kD do-
main is probably responsible for the highly

Fig. 3. Stereoview ribbon diagrams (700) of (A) rat DNA pol B, apo structure (74) and (B and C)
ternary complexes of rat DNA pol B with a DNA template-primer and ddCTP in space groups Pé6,
and P2,, respectively. In (A) the 8-kD domain is designated 8-kD, and the fingers, palm, and thumb
subdomains of the 31-kD domain are represented by F, P, and T, respectively. A ball-and-stick
representation highlights the ddCTP nucleotide in (B and C). In (B) the positions of the two Mg2+
ions are marked with black spheres. These metals ions are not shown in (C) because we were
unable to see the Mg2* ions in electron density maps of the lower resolution P2, ternary complex

structure.
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processive short-gap filling activities found
exclusively in pol B (43). It has been
proposed that the 31-kD domain binds to
the double-stranded segment of the tem-
plate-primer, and the 8-kD domain binds to
the single-stranded template overhang
(44)—or in the case of binding to a short
gap in the DNA, to the 5'-phosphate of the
downstream oligonucleotide (42). We see
some evidence of this in that the 31-kD
domain clearly uses its palm, fingers, and
thumb to grasp the double-stranded seg-
ment. of the template-primer while the
8-kD domain, although positioned quite
differently in the two complex structures, is
nevertheless close to where an extended
template would be. Unfortunately, our tem-

plate overhang was probably a little too short
(only four bases—GAAA) to interact
strongly with the 8-kD domain, causing the
first three bases of the template to be disor-
dered in both crystal structures. It is possible
that, because the highly flexible 8-kD do-
main had no template on which to anchor in
our crystallization experiments, its position
was determined almost entirely by crystal
packing forces, and probably neither of the
two conformations of the 8-kD domain seen
in Fig. 3, B and C, is correct for template
binding in vivo. Nevertheless, kinetic stud-
ies of the 31-kD fragment alone showed that
pol B can still function as a polymerase
without the 8-kD domain, albeit at only
about 5 percent of its normal activity (44).

Table 2. Hydrogen bond interactions of 3.3 A or less between pol B and the DNA template-primer.

Residue Subdomain Atom Base* Atom Dis(ti;\ce
Protein to DNA phosphate H bonds
Gly'0s Fingers N P-6C o2pP 29
Gly'°7 Fingers N P-5G o2p 2.7
Ser'®® Fingers N P-5G O1P 29
Ala''® Fingers N P-5G Oo2pP 3.1
Arg?54 Fingers NH2 P-7C o2pP 2.7
Lys23° Palm N T-9C o2pP 3.0
Thr233 Palm N T-8G O2pP 3.1
Lys?234 Palm N T-8G o2p 2.7
Thr2e2 Thumb OG1 T-5G o2pP 2.7
Tyr296 Thumb OH T-5C o2pP 26
Protein to DNA base H bonds
Lys234 Palm NZ T-7C 02 29
Tyr27 Thumb OH P-7C 02 2.7
Arg283 Thumb NH1 T-4G N3 3.2

*DNA bases are designated T or P to distinguish template bases from primer bases, respectively. Starting from
the 5’ terminus of each strand, bases are numbered 1 to 11 for the template and are numbered 1 to 7 for the
primer. C and G represent cytosine and guanine, respectively, and atom designations follow Protein Data Bank

nomenclature.

Flg. 4. Omit map of the DNA template-primer and ddCTP overlayed on an « carbon diagram of the
refined P6, pol B structure. The view is that of Fig. 3 rotated by 90° about a horizontal axis in the
plane of the page so that the DNA binding channel is now vertical. The template-primer sits on top
of the palm subdomain, which is not labeled. Before all omit maps were calculated, the part of the
structure in question was deleted from the coordinate file and the remaining partial structure was
subjected to 200 cycles of least squares positional refinement in XPLOR (36) in order to remove

bias from the phases.
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In contrast to the 8-kD domain, the rest
of the structure (the fingers, palm, and
thumb of 31-kD domain, as well as the
template-primer and ddCTP substrate) is
virtually identical in both crystal forms of
the ternary complex. This provides support
for the physiological relevance of our com-
plex crystals, at least with respect to the
polymerase-DNA-ddCTP interactions. Also
strengthening the argument is that, unlike
other reported crystals of polymerase-DNA
complexes (12, 41), our crystals were grown
at low, near physiological salt concentra-
tions. Finally, the fact that that a ddCMP
was incorporated into our template-primer
shows that the nucleotidyl transfer reaction
did proceed, at least for one turnover, in the
same medium from which crystals were
eventually obtained. In that the following
discussions do not apply to the 8-kD do-
main of pol B and will be limited mostly to
the 31-kD domain’s interactions with
DNA and ddCTP, we will henceforth
refer only to the complex structure that
has been refined to the highest resolution,
the P6, crystal structure.

The DNA binding channel in pol B, just
as in KF, RT, and RNAP, is lined with
positively charged lysine and arginine side
chains, and it has always been a reasonable
assumption that their function is to stabilize
the negatively charged backbone phos-
phates of the DNA (45). Therefore it was
quite surprising that, except for Arg®**,
which is hydrogen bonded to the phosphate
of the newly incorporated ddCMP of the
primer strand, there are no direct lysine or
arginine interactions with the backbone
phosphates of the DNA in our complex
(Table 2). Instead, nearly all of the inter-
actions of protein with DNA involve two
different clusters of protein backbone nitro-
gens located at the entrance to the DNA
binding channel (Table 2). One cluster,
consisting of four of the backbone nitrogens
between Gly!?® and Ala''°, is located at the
NH,-terminal end of helix G in the fingers
subdomain of pol B and interacts with the
phosphates of the primer strand. The sec-
ond cluster, comprising three of the five
backbone nitrogens between Lys?*° and
Lys®34, is located in a beta turn, which
connects beta strands 3 and 4 of the palm
subdomain and interacts with backbone
phosphates of the template strand. The
only other hydrogen bonded interactions
(3.3 A or less) between pol B and DNA
phosphates are between the side chains of
Thr?? and Tyr?®, located on a loop be-
tween beta strands 6 and 7 of the thumb
subdomain, and the backbone phosphates
of the template strand (Table 2).

In addition to our observations that
there seemed to be fewer hydrogen bond
interactions between pol B and DNA than
expected (Table 2), we were also initially
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surprised to see that the DNA sits in the
binding channel at a slight angle and ap-
pears to “run into” alpha helices M and N
of the thumb subdomain (Fig. 4). It is
possible that the angle between the DNA
axis and the apparent axis of the pol B
binding channel would change considerably
if a longer template were used and, as
proposed above, the 8-kD domain partici-
pated in the positioning of the template-
primer. However, the aesthetically pleasing
observation that the base pairs of the DNA
are parallel to the beta strands of the palm
subdomain (Fig. 5) encourages us to believe
that interactions of pol B with the double-
stranded segment of any DNA template-
primer will not vary much from what is seen
in the present ternary complex structures.

Perhaps one of the most unvarying char-
acteristics of B-DNA is that it has a spine of
well-ordered water molecules which inter-
acts with the O2 of pyrimidines and the
N3'’s of purines in the minor groove, and it
has been proposed that the disruption of
this particular water structure is the first
step in the B-DNA to A-DNA transition
(46, 47). In our complex structure, only
three protein side chains come within 3.3
A of the DNA bases, and they are all
located in the shallow minor groove of the
template-primer (Table 2). Two of these
(Lys®** and Tyr?"!) are hydrogen bonded to
the O2 of a template cytidine and the O2 of
a primer cytidine, respectively, while an-
other (Arg?®®) is hydrogen bonded to the
N3 of a template guanine. This leads us to
propose that perhaps Lys?3*, Tyr?’!, and
Arg?® all function to break up the water
structure in the minor groove of the tem-
plate-primer upon complex formation, re-
sulting in a larger minor groove width,
characteristic of A-DNA, at the pol B
active site.

Unlike transcription factors and other
gene regulatory DNA-binding proteins,
polymerases must bind to DNA with little
regard for sequence specificity. This is evi-
dent from Table 2 where, as discussed
above, most of the protein to DNA inter-
actions are nonsequence-specific hydrogen
bonds between pol B backbone nitrogens
and DNA phosphate oxygens. Even what
appear to be sequence-specific interactions
between protein side chains and DNA
bases, upon closer inspection turn out to
be rather nonspecific in that each of the
three protein side chains mentioned
above—Lys?3*, Tyr?’!, and Arg?®>*—that
are in contact with DNA bases can act as
an unbiased hydrogen bond donor to ei-
ther the O2 of pyrimidines or the N3 of
purines in the minor groove.

Description of the active site. Much of
the ddCTP binding pocket in the ternary
complex is made up of the 3’ terminus of
the primer strand (Fig. 6A, toward the left)
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and the template overhang (at the top),
where the base pairing of ddCTP with a
complementary base, guanine, is evident in
the crystal structure (Fig. 6A and Table 3).
The idea that the template-primer makes
up a large part of the binding site in pol B
for the incoming ddCTP is consistent with
kinetic studies showing that there is a strict
kinetic order of binding for the substrates in
nucleotidyl transfer reactions catalyzed by
pol B (48), E. coli pol I (49), and RT (50),
the polymerase binds to the template-prim-
er first, and then nucleotide binding takes
place. Supporting this view, structural stud-
ies of a pol B~dATP binary complex (14)
and of a KF-dATP binary complex (33),
both of which were crystallized in the ab-
sence of a template-primer, revealed nucle-
otide binding sites that differed somewhat
from that seen in our ternary complex.
Making up most of the right side of the
nucleotide binding pocket and interacting
primarily with the base and ribose moieties
of the ddCTP is a structural motif consist-
ing of a sharp kink, made possible by a
cis-peptide bond, between a helices M and
N in the thumb subdomain of pol B (Fig.
6A). This was the only cis-peptide found in
the pol B apo structure (between Gly?’# and
Ser?”) (14) and even though it appears to
have remained as a cis-peptide upon com-
plex formation with DNA, its proximity to
the active site nevertheless suggests that it
may play a dynamic role in catalysis. For
instance, it is evident that a cis- to trans-
peptide bond transition, perhaps occurring
during or just after the incorporation of a
nucleotide, could result in a large displace-
ment of one or both helices (M and N),
which in turn could push the enzyme off the
template-primer. Thus, we propose that the
cis-peptide in pol B may function to facili-
tate the product-off step of catalysis, which
is typically the steady-state rate-limiting
step for polymerases when in a distributive
mode of synthesis (21, 51, 52). Another
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possibility is that the cis-peptide bond,
which links the active site to the template
overhang via helix N (Fig. 6A), functions
only to facilitate the translation of the
enzyme along the template during proces-
sive polymerization.

It is quite appropriate that the protein
side chain that interacts specifically with
the base of ddCTP, Asn®" of helix N
(Table 3), is unbiased toward all four pos-
sible incoming nucleotides in that it can act
either as a hydrogen bond acceptor or a
hydrogen bond donor. The only other in-
teractions (of 4 A or less) between pol B
and the base moiety of ddCTP are nonspe-
cific van der Waals contacts between the
side chain carbon (CB) of Asp?’® and ring
carbon atoms (C4 and C5) of the cytidine
base (Table 3).

Pol B interacts intimately with the sugar
moiety of ddCTP as is evident from the
close van der Waals contacts between the
protein backbone atoms of Tyr?’!, Phe??2,
and Gly?’* (53), and the ribose ring car-
bons, C2' and C3’, of ddCTP (Fig. 6A and
Table 3). Because the only difference be-
tween a ribonucleotide and a deoxyribonu-
cleotide is a hydroxyl at the C2' of the
ribose ring, the protein backbone segment
Tyr?"1-Gly?*"* may participate in nucleotide
selectivity of DNA over RNA for pol B. For
example, a DNA polymerase can be con-
verted to a relatively efficient RNA poly-
merase by changing the metal ion in the
reaction medium from Mg?* to Mn?* (54).
The two metal ions in the pol B active site
together bind to all three phosphates (a, B,
and ) of ddCTP (Table 3), and therefore
the metal ions probably participate to some
extent in the positioning of the incoming
nucleotide. As seen in our structure, only a
slight change in ddCTP orientation, which
could be induced by a change from Mg?* to
Mn?* ions in the active site, would be
required to reduce steric hindrance at the
C2' ribose of ddCTP, possibly making

Fig. 5. Alignment of the template-
primer base pairs with the beta
strands of the palm subdomain.
The view is the same as that in
Fig. 4. Beta strands are labeled
B-2 through B-5. The a carbon
positions of the catalytically im-
portant residues, Asp'%®, Asp'9?,
and Asp?56, are shown, as well as
the nucleotide substrate, ddCTP.
The two Mg2* ions in metal sites
A and B are labeled A and B,
respectively. Base designations
defined in Table 2.



RNA just as good a substrate as DNA.

Another example of nucleotide selectiv-
ity, this time dTTP over AZT-TP, might
also be explained by steric hindrance in the
pol B active site, particularly at the ribose
C3'. The cellular nucleotide dTTP, which
has a hydroxyl group attached to its ribose
C3' (Fig. 2B), binds more tightly to a pol
B-DNA complex than does its analog AZT-
TP, which has a bulky azido group at C3’
(Fig. 2D) (55). Such observations might
explain why a drug like AZT specifically
targets the HIV-1 RT and not host cell
polymerases like pol B; in contrast to pol B,
RT shows no selectivity in binding dTTP
compared to AZT-TP during reverse tran-
scription (56), and thus, perhaps RT lacks
the structural equivalent of the pol B “se-
lective” Tyr?! to Gly*™* backbone seg-
ment, making RT more susceptible to
AZT-TP inhibition.

Three of the six hydrogen bonds be-
tween the protein and the negatively
charged phosphate moiety of ddCTP in-
volve nitrogen backbone atoms of pol B
(Table 3). Although this is reminiscent of

the nitrogen clusters mentioned above that
help to stabilize the template and primer
phosphates in the DNA binding channel,
the geometry of the nitrogen backbones
differ in that they more closely resemble the
mononucleotide binding motifs found in
other enzymes. This and other aspects of
the interactions between protein and
ddCTP phosphates in the pol B active site
are discussed in (14).

The strongest interactions with ddCTP
in the pol B active site, however, are not
with protein side chains directly, but rather
with two Mg?* ions that in turn coordinate
the side chain oxygens of Asp'®, Asp!%?,
and Asp*® (Fig. 6 and Table 3). These
three carboxylic acids are present in all
DNA polymerases for which amino acid
sequences are known (15), and mutagenesis
studies show that they are critical for catal-
ysis in pol B (57), KF (58, 59), and RT
(60). However, we avoid referring to these
three aspartic acids as a “catalytic triad”
because only two of the three (Asp'*®® and
Asp?*%) are present in all known RNA
polymerase amino acid sequences (15). As

Table 3. Interatomic distances of interest for the pol B active site.

ddCTP moiety Atom Base* or residue Atom Dls(t'g\;nce
Contacts between ddCTP and DNA or protein

Base N4 T-4G 06 3.0
N3 T-4G N1 2.7

02 T-4G N2 2.7

C4 Asp?76 CB 35

C5 Asp?76 CB 3.7

02 Asn279 ND2 3.0

Ribose c2’ Tyr271 (0] 35
(ox Phe?72 (e} 32

cz' Gly274 CA 32

a Phosphate PA P-7C (ox} 43t
B Phosphate 0O1B Ser'80 N 3.0
o1B Arg'83 NH2 2.7

03B Ser180 oG 28

v Phosphate 001G Gly'ee N 2.8
001G Asp'90 N 3.0

02G Arg'49 NH2 25

Ligand Atom Distance

A

Mg?* site A Asp'9° OD1 20
Asp'92 oD2 2.7

ddCTP, B phosphate oD2 1.7

ddCTP, y phosphate 001G 2.3

Water (0} 2.6

Mg?* site B Asp'® 0oD2 20
Asp'92 OD1 26

Asp?256 OoD1 3.0

ddCTP, a phosphate O1A 2.7

P-7C o3’ 2.9%

Water (6] —f

*Base designations are in Table 2.

tThese distances were obtained with a O3’ atom that had to be modeled
into the active site because the newly incorporated ddCMP primer terminus lacks this group.

$This water is not

seen in our crystal structures, but because the Mg2+ ion in site B has octahedral geometry, we propose that a

water might occupy this empty sixth-ligand position.
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discussed above, converting a DNA poly-
merase to a relatively efficient RNA poly-
merase can be as simple as changing the
metal ions in the active site from Mg?* to
Mn?* (54), and consequently there is not
much reason to suppose that the RNA
polymerases utilize a nucleotidyl transfer
mechanism that differs drastically from the
mechanism proposed below for a DNA
polymerase such as pol B. In support of this
view, mutagenesis experiments that target-
ed catalytically important residues in KF
(59) showed that Asp®8? and Asp™ (the
equivalents of Asp'°® and Asp? in pol B)
are much more critical to catalysis than
the third carboxylic acid of the trio,
Glu®® (equivalent to Asp'®? in pol B),
which is not conserved in the RNA poly-
merases. In agreement with these observa-
tions and as discussed below, the primary
function of Asp?*¢ in the pol B active site
appears to aid in stabilizing the pentaco-
ordinated a phosphate of the transition
state, whereas the primary functions of
Asp'® and Asp!'®? are to aid in positioning
the nucleotide substrate. This suggests
that pol B could quite possibly still func-
tion in the absence of one of the two latter
carboxylic acids, such as Asp'®?, which
would be the case for an RNA polymerase.
Perhaps also significant is the observation
that the metal-to-oxygen bonds are longer
for Asp'*? than they are for Asp!® in the
pol B active site (Table 3).

Mechanism of nucleotidyl transfer. In
1979, with results from kinetic experiments
on E. coli pol I that utilized phosphorothio-
ate dATP analogs, Burgers and Eckstein
proposed that the pol I catalyzed nucleoti-
dyl transfer reaction had the following
properties (61): (i) A divalent metal ion
(Mg?*) is bound specifically to the B and y
phosphates of the nucleotide (IATP) as a
B,y-bidentate; (ii) the negative charge on
the a-phosphate of the nucleotide is neu-
tralized by a positive group on the enzyme;
and (iii) attack by the 3'-OH group of the
primer on the a phosphate and subsequent
release of the PP, (or Mg-PP,) proceeds in
an in-line fashion.

All three of these properties are in good
agreement with the geometry seen in the
active site of our ternary complex, and in
fact, our active site (Fig. 6) does not differ
significantly from that proposed by Burgers
and Eckstein [figure 4 of (61)]. In agree-
ment with criterion number (i), the pol B
active site shows a Mg?* ion (metal site A)
bound as a bidentate to the B and vy
phosphates of ddCTP (Table 3). As for
criterion number (ii), we now know that
the originally undefined “positive group on
the enzyme” that stabilizes the a phosphate
of the nucleotide is simply the second Mg?*
ion in metal site B (Fig. 6). In fact, the
geometry of the Mg?* ion in site B of our
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structure can explain why polymerases are
highly selective for only the S, as opposed
to the R, absolute configuration of dATPaS
phosphorothioate analogs whenever Mg?*
is the metal ion in the reaction mixture
(61). Mg** coordinates oxygen much more
strongly than sulfur, and in our active site
the Mg?* ion in metal site B coordinates a
specific, nonesterified oxygen of the
a-phosphate of the nucleotide. If this par-
ticular oxygen were replaced by a sulfur, as
would be the case for the R configuration of
dATPaS, coordination by the Mg?* ion in
site B should be weakened considerably, at
least according to the geometry our struc-
ture. Finally, the geometry of the active site
is also in accord with an in-line mecha-
nism, criterion number (iii), for the nucle-
otidyl transfer reaction. An in-line mecha-
nism, proposed because the polymerase re-
action proceeds with inversion of configura-
tion at the a phosphate (61), restricts the
possible orientation of the attacking group
with respect to the leaving group. The

Primer
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attacking and leaving groups must be oppo-
site one another, relative to the a phos-
phate, in order to occupy the two apical
positions of the pentacoordinated a phos-
phate in the transition state. In the pol B8
active site, the 3’ carbon of the primer
strand (which normally possesses the at-
tacking 3'-OH) lies just opposite, relative
to the a phosphate, to the scissile oxygen of
the PP, leaving group.

It is not too surprising that the active
site of pol B is similar to the active site of
the 3’ — 5’ exonuclease domain of E. coli
pol I, which is known, through extensive
structural (23, 24) and mutagenesis (62,
63) studies, to employ a two-metal ion
mechanism for phosphoryl transfer, and
like pol B, proceeds with inversion of con-
figuration at the scissile phosphate (64).
Like the 3’ — 5’ exonuclease, pol B has
three carboxylic acids that position two
divalent metal ions about 4 A apart in the
active site and, although the orientations of
the carboxylic acids are quite different in

Fig. 6. The pol B active site. (A)

Stereo diagram of the active site
NH, showing the ddCTP binding
pocket. Large spheres labeled A
and B indicate the positions of the
Mg?2* ions in metal sites A and B,
respectively. The cis-peptide
bond is between Gly?’* and
Ser?’5, and a carbons labeled
264 and 288 represent GIn2%4 and
Glu288, respectively. (B) The tran-
sition state showing the pentaco-
ordinated a phosphate of ddCTP.
The 3'-OH of the primer strand,
which is missing from the crystal
structure in (A), was modeled in
for clarity. For comparison pur-
poses, this view of our active site
was chosen because it most
closely resembles that shown for
the 3’ — 5’ exonuclease of KF
(23, 24).
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the two structures, the geometries of the
metal sites are strikingly similar. The metal
ion in site A in both cases tightly coordi-
nates four oxygen ligands with highly dis-
torted tetragonal geometry and has a fifth,
weakly bound water ligand (Table 3). In
fact, a better description of the unusual
geometry around metal site A in our struc-
ture would be that of a square pyramid in
which the Mg?* is at the apex, rising about
1.8 A out of the square plane described by
four oxygen ligands (one from Asp!®, one
from Asp'°?, one from the B phosphate,
and one from the vy phosphate) (Fig. 6)
(Table 3). In contrast, the metal ion in site
B (for both pol B and the 3’ — 5’ exonu-
clease) is not as tightly bound as the metal
ion in site A and has slightly distorted
octahedral geometry (65). Just as with the
3’ — 5’ exonuclease, we propose that the
primary function of the metal ion in site A
is to aid in binding and positioning of the
substrate, and the primary function of the
metal ion in site B is to help stabilize the
pentacoordinated phosphate of the transi-
tion state, though both metal sites probably
participate in both of these functions to
some degree. Finally, as is the case with the
3’ — 5' exonuclease, we propose that a
metal ion activates the attacking oxygen by
acting as a Lewis acid, while a protein side
chain acts as a proton acceptor (Fig. 6B).
For the 3’ — 5’ exonuclease, the metal ion
in site A activates an attacking water mol-
ecule, while Glu*>7 acts as the proton ac-
ceptor and, in the case of pol B, the metal
ion in site B activates the attacking 3'-OH
of .the primer, while Asp?*® acts as the
proton acceptor. All of these features of the
transition state of the nucleotidyl transfer
reaction of pol B are evident from the
crystal structure, and only the missing 3'-
OH of the primer strand was added in order
to draw the schematic in Fig. 6B.

Despite all the similarities, we caution
against thinking of the 3’ — 5’ exonuclease
reaction as “the polymerase reaction in
reverse.” In fact, the polymerase reaction in
reverse is pyrophosphorolysis and differs
from the exonuclease reaction as follows:

3’ — 5' Exonuclease reaction:
primer-dNMP + H,O—>primer + dNMP

Pyrophosphorolysis:
primer-dNMP + PP,—primer + dNTP

so that the metal ion in site A for the 3’ —
5’ exonuclease interacts primarily with a
water molecule (24), whereas the metal ion
in site A for the polymerase interacts pri-
marily with PP, (or the PP, moiety of
ddCTP) (65).

In summary, the overall nucleotidyl
transfer reaction, as catalyzed by pol B,
probably proceeds as follows (Fig. 6):

i) As pol B binds to the template-prim-
er, Lys?**, Tyr?"!, and Arg?®? break up the




water structure of the minor groove, caus-
ing the minor groove width to increase near
the active site.

ii) An incoming nucleotide is posi-
tioned in the active site by base-pairing
with the template, by a hydrogen bond to
Asn?", by a van der Waals contacts with
Asp*’®, by steric hindrance with the pro-
tein backbone between Tyr?”! and Gly?™4,
by six hydrogen bonds between protein and
ddCTP phosphates, and by two Mg?* ions
that are, in turn, positioned by Asp'®,
Asp'®?, and Asp?®.

iii) The Mg?* ion in metal site B,
acting as a Lewis acid, activates the 3'-OH
of the primer terminus, while one of its
ligands, Asp®*®, probably acts as the proton
acceptor for the 3'-OH.

iv) After attack on the a-phosphate by
the activated 3'-OH, the reaction proceeds
through the transition state in which the a
phosphate is pentacoordinated, with the
attacking 3’ oxygen of the primer terminus
and the leaving oxygen of the PP, group
occupying the two apical positions. The
pentacoordinated transition state is stabi-
lized by the Mg?* ion in site B, which
coordinates both an apical and an equato-
rial oxygen of the a phosphate.

v) After PP, (or Mg-PP) is released, pol
B is ready for another cycle, but only after
the enzyme either releases from the tem-
plate-primer (distributive mode of synthe-
sis) or pulls itself along the template (pro-
cessive mode of synthesis); one or both of
these activities may be facilitated by a
conformational change of cis- to trans-
peptide at Gly??*-Ser??.

Metal ions play crucial roles in the
mechanism of pol B and of the 3’ — 5’
exonuclease of pol I. This kind of indepen-
dence from direct involvement of protein
side chains during catalysis has led to pro-
posals that perhaps hydrolysis reactions in-
volving nonprotein catalysts such as self-
splicing ribozymes (66, 67), where position-
ing of the two metal ions can be achieved
just as easily by RNA backbone phosphates,
proceed through a similar two-metal ion
mechanism as that proposed for the 3' — 5’
exonuclease of pol I (23, 68). In much the
same way, perhaps the nucleotidyl transfer
mechanism that we present also applies, to
some extent, to those ribozymes that are
capable of catalyzing the nucleotidyl trans-
fer reaction (69, 70).

Comparisons with other polymerases.
As discussed in the accompanying report
(14), the most obvious structural overlap
among all four polymerases, KF, RNAP,
RT, and pol B, consists of a conserved pair
of carboxylic acid side chains located in the
palm subdomain. As revealed by the pol B
active site, the primary function of these
carboxylic acids is to position two catalyti-
cally critical divalent metal ions. The ob-

servation that even the most divergent
polymerase structures retain this catalytic
core is compelling evidence that all poly-
merases share a common catalytic mecha-
nism (11, 14). We believe that the pol B
ternary complex structures presented here
are physiologically relevant and that the
nucleotidyl transfer mechanism that we
propose based on these structures represents
a common catalytic mechanism found in all
polymerases. In the absence of evidence
that suggests otherwise, the next logical
argument would be that all polymerases,
because they share a common catalytic
mechanism, should bind to the DNA (or
RNA) template-primer in a fashion very
similar—at least with respect to the highly
conserved catalytic residues—to that in
which pol B has attached itself to the DNA
template-primer in our ternary complex
(Fig. 7, A to C). All of the polymerase
structures discussed have a DNA binding
channel that can grasp a stationary rodlike
DNA template-primer in one of two gener-
al directions, so the only other possibility
for binding to the template-primer, provid-
ed that there are no gross conformational
changes on the part of DNA or protein, is
shown for the RT structure (Fig. 7D). In
order to generate Fig. 7D, the template-
primer in Fig. 7C was held stationary while
the RT molecule was rotated by 180° about
an axis normal to the plane of the page and
passing through the polymerase active site.
The mode of DNA binding depicted in Fig.
7D, which is opposite to that found in pol B
(anti-pol B), is the one proposed for KF
(41), for RNAP (13), and for RT (11, 12).
We are thus faced with a dilemma.

Three main possibilities can be pursued.
First, it could be argued that the other three
polymerase-DNA models are basically cor-
rect, and that the pol B ternary complex
structures presented here are not physiolog-
ically relevant. However, as stated above,
there is strong evidence in favor of the
physiological relevance of our structures,
and we therefore bypass this possibility for
the present. A second possibility could be
that all four of the polymerase-DNA models
are correct, including the pol B-DNA
structures presented here, and that pol B
uses an entirely different mode of template-
primer binding from the other polymerases.
However, that pol B has a palm subdomain
that is structurally homologous with the
other polymerases (14), and that this palm
subdomain also contains the highly con-
served catalytic residues, suggests other-
wise. The two-metal ion mechanism that
we propose for the nucleotidyl transfer re-
action seems to depend heavily on the
positioning of the metal ions by the con-
served carboxylic acid residues. Further-
more, the catalytic site appears to be asym-
metric in that the two metal sites possess
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different geometries and different binding
affinities (65). This leads us to the third
possibility, which is the one we choose to
pursue in the following discussions. The
other polymerases must bind to a template-
primer in a manner similar to that of pol B
so as to conserve the critical, asymmetric
geometry of the active site. An inescapable
inference, then, is that the other poly-
merase-DNA models are not correct with
respect to the directionality of the tem-
plate-primer in the binding channel. Be-
cause of the complexity of the existing data
and interpretations, we address each of the

A
Pol B
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Fingers

KF

e &

Fingers

Fig. 7. (A) Schematic drawing showing the
position of the template-primer as seen in the
pol B ternary complex structure and (B and C)
our proposed models for the KF-DNA and RT-
DNA complexes, respectively. To generate (B
and C) the palms of KF and RT were aligned
with the palm subdomain of pol B as viewed in
(A). In the text, (A to C) represent the pol g-like
mode of binding to the template-primer. To
generate (D), which represents the anti—pol g
mode of binding to the template-primer, the
template-primer in (C) was held stationary, and
the RT molecule was rotated by 180° about an
axis normal to the plane of the page and
running through the RT active site. The tem-
plate-primer was kept stationary in all four dia-
grams because that is a reasonable represen-
tation of in vivo polymerization, where the DNA
molecule is usually very long and immovable in
comparison to the polymerase molecule. The
active site in all four diagrams is at the 3’
terminus of the primer strand, and the view
looks down at the palm, which forms the bottom
of the template-primer binding channel.
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three other polymerases, KF, RNAP, and
RT, separately.

DNA pol I of E. coli is a 103-kD mono-
mer and can be cleaved by limited proteol-
ysis into a large (68-kD) COOH-terminal
fragment [commonly referred to as the Kle-
now fragment (KF)], and a smaller (35-kD)
NH,-terminal fragment (1). KF has both
polymerase and 3' — 5’ exonuclease (edit-
ing) activities, whereas the small NH,-
terminal fragment functions solely as a 5’
— 3’ exonuclease. The crystal structure of
KF alone revealed two distinct domains
(10), confirming previous proposals that
the polymerase and 3’ — 5’ exonuclease
functions of KF lie on separate, indepen-
dent folding units. From its position in the
pol I amino acid sequence, it was then
inferred that the missing NH,-terminal 5’
— 3’ exonuclease domain should be posi-
tioned somewhere to the right of the 3’ —
5’ exonuclease as viewed in Fig. 7B (10).
During nick translation, a function intrin-
sic to pol I, it is proposed that the polymer-
ase, starting at a nick in the DNA and
polymerizing in a 5' — 3’ direction, works
in conjunction with the activities of the 5’
— 3’ exonuclease so that the net result is
simply a translation of the nick along the
DNA in a 5’ — 3’ direction (1). It was this
property of pol I that led to proposals that
the polymerase domain of pol I bound to
the DNA template-primer in a manner not
too different from that shown in Fig. 7B, so
that the polymerase and the 5’ — 3’ exo-
nuclease were positioned propetly, relative
to the DNA nick, to perform their separate
activities in conjunction with one another
(10). Subsequent KF-DNA models were
proposed to show how the polymerase and
the 3' = 5’ exonuclease of KF could work
in conjunction with one another during the
DNA editing process (23, 24, 71, 72).
Once again, these earlier models require
that KF binds to the DNA template-primer
in a manner similar to that shown in Fig.
7B. Therefore, all of the earlier pol -DNA
models are in agreement with a pol B-like
mode of DNA binding.

The recent crystal structure determina-
tion of KF crystallized in the presence of a
putative template-primer revealed an unex-
pected complex in which the KF had bound
to the template-primer in neither of the two
binding modes discussed above, but in-
stead, in such a way that the DNA lay in a
separate, less obvious channel running be-
tween the thumb subdomain of the poly-
merase and the 3’ — 5’ exonuclease (41).
From this structure it was proposed that
during polymerization, the KF bent the
DNA by 80° so that the DNA entered the
larger, more obvious DNA binding channel
in a direction opposite to that of all the
previously proposed KF-DNA models. We
now find ourselves in the awkward position
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of presenting arguments in favor of the idea
that the initial KF-DNA models were cor-
rect, at least with respect to the direction of
DNA binding, and that the recent KF-
DNA crystal structure (41) might not be
physiologically relevant.

Possibly the most compelling reason to
believe that the previously reported KF-
DNA crystal structure (41) might not be
physiologically relevant is that it is not in
accord with the nick translation activities
of pol I. Other reasons, which concern the
nature of the KF-DNA crystals themselves,
are (i) the complex crystals were grown
under relatively high, nonphysiological salt
concentrations; (ii) the template-primer in
the crystallization experiments included an
unnatural epoxy-ATP; (iii) the template-
primer had been unexpectedly modified
during crystallization in such a way that the
primer strand was longer than the template
strand in the crystal structure; and finally,
(iv) the complex crystals were isomorphous
with the apo KF crystals, which in itself is
not a strong argument, but is made stronger
by the observation that none of the pol B
ternary complex crystals presented here is
isomorphous with the apo crystals. Because
the 3' = 5’ exonuclease domain of KF was
shown to have a high affinity for the primer
terminus during other attempts at obtaining
KF-DNA complex crystals (23), perhaps
the recently reported KF-DNA structure
(41) is solely an editing complex in which
the primer terminus bound to the 3’ — 5’
exonuclease site, and the leftover “teth-
ered” DNA, guided by crystal packing
forces, bound wherever it could under the
circumstances. This is similar to the argu-
ment presented above that the position of
the tethered 8-kD domain in our complex
crystals, though ordered in both structures,
is probably not physiologically relevant.

Further support for the idea that the KF
binds to the template-primer in a manner
very similar to that of pol B comes from
closer inspection of the DNA binding
channels of both enzymes. KF possesses
what appears to be the structural equivalent
to helices M and N of the pol B thumb
subdomain. As described above, helices M
and N protrude into the pol B DNA bind-
ing channel and interact with the nucleo-
tide substrate (Fig. 3). Though not struc-
turally homologous with helices M and N,
helices ] and K of KF also protrude into the
KF-DNA binding channel in an area near
the catalytic carboxylic acids that overlaps
quite well with helices M and N of pol B,
suggesting a similar role for helices ] and K
in nucleotide specificity for KF.

RNA polymerase (RNAP) from bacterio-
phage T7 is a monomer of molecular weight
99-kD, and the crystal structure determina-
tion of RNAP revealed that it folds into two
distinct domains (13). One domain possesses
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a polymerase fold that is highly homologous
with the polymerase domain of KF, while a
smaller, NH,-terminal domain, though not
an exonuclease, is located in the same rela-
tive position as the 3' — 5’ exonuclease
domain of KF. That the polymerase domains
of RNAP and KF are so structurally homol-
ogous was one of the strongest arguments
presented in favor of a model (13) wherein
RNAP binds to a DNA-RNA duplex in a
manner similar to that of the recent KF-
DNA model (41). However, as pointed out
above, we believe that the recent KF-DNA
complex structure might not be physiologi-
cally relevant and that the KF, instead,
probably utilizes a pol B-like mode of bind-
ing to the template-primer. Therefore, we
propose that like KF, RNAP also utilizes a
pol B-like mode of binding to an RNA-
DNA duplex.

Other evidence besides homology with
KF was also presented in favor of an anti-
pol B mode of template-primer binding for
RNAP (13)—in disagreement with our pro-
posals for an RNAP-RNA-DNA complex
structure. Results from mutagenesis studies
(73, 74) as well as binding studies with
proteolytically modified RNAP fragments
(75) suggest that the NH,-terminal domain
of RNAP binds to the nascent RNA of the
emerging RNA-DNA duplex (73, 75) and
that GIn?#® of RNAP recognizes the -10
and -11 bases of the DNA promoter upon
complex formation (74). These observa-
tions suggested positioning the RNA-DNA
duplex in the template-primer binding
channel of RNAP in an anti—pol B fashion
(13). Although more work will be required
to settle this issue, the structural evidence
presented by the pol B ternary complex
seems very compelling and interpretations
of results from the mutagenesis studies as
well as binding studies of proteolytically
modified RNAP fragments may require a
more careful analysis. As an example of the
difficulties involved in interpreting muta-
genesis and binding studies in the absence
of structural data on a polymerase-DNA
complex, mutagenesis studies on pol B im-
plicated Arg!83 as taking part in primer
strand recognition upon complex formation
(76), and binding studies with pyridoxal
5'-phosphate suggested that the 8-kD do-
main of pol B formed a part of the nucleo-
tide binding pocket (77). Neither of these
conclusions is in agreement with our terna-
ry complex structures, though the results
from these studies, when re-evaluated, are
not necessarily in disagreement with our
structural work [reference 41 in (14)].

Retroviral RTs, responsible for making
double-stranded DNA copies of single-
stranded RNA viral genomes, had been
well studied (78) prior to the discovery that
the retrovirus HIV-1 was the cause of AIDS
(79-81). This facilitated the study of the
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HIV-1 RT because its mechanism of oper-
ation is similar to that of many previously
studied RTs (82). HIV-1 RT functions as a
heterodimer, and the crystal structure de-
termination of RT showed that one mono-
mer of the heterodimer, called p66 because
it has a molecular mass of 66 kD, folds into
two distinct domains: a typical polymerase
domain (palm, fingers, and thumb) and a
connected ribonuclease (RNase) H domain
(11, 12). The second monomer of the RT
heterodimer, p51, is simply a copy of p66 in
which the 15-kD RNase H COOH-termi-
nal segment has been proteolytically
cleaved. In contrast to the fingers, palm,
and thumb of the polymerase domain of
p66, the fingers, palm, and thumb of p51
occupy relatively different positions in the
crystal structure, resulting in something
other than a typical polymerase fold for p51
in the p66-p51 heterodimer (11, 12). Only
p66 is shown in Fig. 7C for clarity and to
highlight how the RNase H domain lies in
approximately the same direction with re-
spect to the polymerase as the 3' — 5’
exonuclease domain of KF. The function of
the RNase H is to remove the viral RNA
template from the RNA-DNA hybrid that
results after RNA-directed DNA polymer-
ization (reverse transcription) of the viral
genome.

In keeping with our proposals that all
polymerases share a common catalytic mech-
anism, and hence a common template-prim-
er binding mode, we suggest that the poly-
merase domain of the p66 monomer of RT
also binds to a template-primer in a manner
similar to that of pol B (Fig. 7C). Some
evidence of this exists in that, as with KF
and RNAP, RT also seems to possess the
structural equivalent to helices M and N of
pol B. Though not quite as obvious and
pronounced as in the other polymerases,
beta strands 12 and 13 of RT do protrude
into the template-primer binding channel
near the catalytically important carboxylic
acid residues in an area that overlaps quite
well with helices M and N of pol B and
helices ] and K of KF, implicating beta
strands 12 and 13 of RT as possibly playing a
similar role in substrate specificity.

In disagreement with this proposal is the
crystal structure of RT complexed with a
template-primer, which shows that HIV-1
RT has bound to the template-primer in a
manner opposite to that of pol B (12) (Fig.
7D may serve as an approximate represen-
tation of that structure). We can present
some of the same reservations as to the
physiological relevance of the RT-DNA
complex as were presented above for the
KF-DNA complex: (i) The RT-DNA com-
plex crystals were grown at relatively high,
nonphysiological salt concentrations; (ii)
the template-primer in the crystallization
experiments was odd in that it had only a

single base template overhang; and (iii) the
complex crystals were isomorphous with the
apo structure crystals. However, unlike KF,
there exists strong evidence in favor of the
idea that the RT nevertheless binds to a
template-primer in the manner depicted in
Fig. 7D, regardless of the physiological rel-
evance of the RT-DNA crystal structure.
This evidence comes from kinetic studies
that show a tight temporal coupling be-
tween the polymerase and RNase H activ-
ities of RT during the reverse transcription
process (83). These results suggest that RT
binds to the template-primer in such a way
that the RNase domain comes in contact
with the RNA template of the emerging
RNA-DNA duplex during reverse tran-
scription, which would be possible only if
the anti-pol B mode of binding were em-
ployed, as shown in Fig. 7D.

Although we have presented strong
structural evidence in favor of the idea that
RT binds to the template-primer in a man-
ner similar to that of pol B, KF, and RNAP,
there seems to be equally strong kinetic
evidence (83) in support of an anti—pol
mode of template-primer binding for RT
during RNase H coupled polymerization
activity. Thus it may be that RT can bind
to the template-primer in two different
catalytically competent ways; an RNase H
independent, pol B-like mode of binding
and an RNase H-coupled, anti-pol B mode
of binding.

The method by which RT makes dou-
ble-stranded DNA copies of the single-
stranded RNA genome is quite complicated
(82), so it is not too difhcult to imagine that
one enzyme performing so many different
functions might employ two modes of bind-
ing to a template-primer (Fig. 7, C and D).
Although this appears to be in disagree-
ment with our arguments that the asymmet-
ric geometry of the polymerase active site
must be conserved, closer inspection of the
RT active site reveals that our arguments
may nevertheless hold true. As it turns out,
the 180° rotation performed on the RT in
Fig. 7C to produce Fig. 7D resulted in an
active site where Asp!®5 and Asp!®® of RT
(the equivalent to Asp'®® and Asp'*? in pol
B) have simply switched positions, and
Asp'© (the equivalent to pol B’s Asp?>)
has been replaced by Tyr'®3. Instead of
Asp'®, Tyr!83 is now near the primer 3’
terminus for RT in the anti-pol B mode of
template-primer binding, suggesting that
perhaps Tyr!®? performs some of the same
functions that Asp!!° performs when RT is
in a pol B-like binding mode. Thus the
geometry of the active site seems to be
conserved. In support of this idea, the
YMDD sequence of RT (Tyr!'®3, Met!84,
Asp'®5, Asp'®) is the most highly con-
served amino acid sequence in all known
RTs, and mutations to the tyrosine residue
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of this segment have shown it to be highly
critical for catalysis (84). None of the other
polymerases discussed, neither pol B, KF,
not RNAP, has a structural equivalent to
Tyr'8 in RT.

Another aspect of the models in Fig. 7,
C and D, is that a much smaller part of RT
is in contact with duplex DNA in Fig. 7C,
possibly suggesting a more distributive
mode of synthesis when RT invokes a pol
B-like mode of template-primer binding. A
more distributive mode of polymerization
has been observed for RT when a DNA
template is utilized instead of an RNA
template (85, 86). All this leads us to
propose that RT might use a pol B-like
mode of binding for a DNA template, and
the reverse, anti-pol B mode of binding for
an RNA template, thus making it a reverse
transcriptase in another sense of the word.
The anti-pol B mode of template-primer
binding (Fig. 7D) could be operative during
the highly processive, RNase H—coupled,
RNA-directed DNA polymerization of the
viral minus strand (82), whereas a pol
B-like mode of template-primer binding
(Fig. 7C) could be employed during the
more distributive DNA-directed DNA pol-
ymerization of the viral plus strand (82),
when RNase H coupled polymerization is
no longer required. The most salient feature
of this proposal is that RT may distinguish
between the two types of DNA substrates
involved: the A form of an RNA-DNA
hybrid versus the B form of a DNA duplex.
For instance, RT might possess the struc-
tural equivalents of pol B’s Lys?34, Tyr?"!,
and Arg?®® (which, as discussed above,
break up the water structure of the minor
groove near the active site) only when RT
employs a pol B-like mode of binding. If all
DNA-directed DNA polymerization steps
require that the water structure in the
minor groove of the B-DNA template-
primer be disrupted, this would make it
unfavorable for RT to bind to a B form
substrate in any other way but in a pol
B-like fashion.

Although the aforementioned proposals
restrict RT from utilizing an anti-pol B
mode of binding on B form substrates, they
do not necessarily restrict RT from utilizing
a pol B-like mode of binding on A-form
substrates, which already possess a broad
minor groove. It is therefore feasible that
other, possibly non-RNase H coupled steps
during the replication of the viral genome,
such as tRNA primed synthesis of the mi-
nus strand strong stop DNA or synthesis of
the RNase H insensitive polypurine tract
(ppt) (82), might employ a pol B-like mode
of template-primer binding for RT as well,
despite the fact that an RNA template is
utilized during these steps. That it might be
possible for RT, under certain circum-
stances, to employ the same mode of bind-
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ing for an RNA template as for a DNA
template is supported by kinetic studies
showing that pol I, under the appropriate
conditions, can utilize an RNA template
almost as efficiently as its natural DNA
template (87). In the case of the synthesis
of minus stand strong stop DNA, the length
of the tRNA primer (18 nt) is the same as
the distance between the polymerase active
site and the RNase H active site (about 18
bp) (83). Accordingly we suggest that per-
haps the bulky tRNA molecule attached to
the primer strand functions as a steric hin-
drance to binding at the RNase H active
site, forcing RT to use the pol B-like mode
of template-primer binding during this step
of the cycle. In favor of this argument is the
observation that RT polymerization during
minus strand strong stop synthesis appears to
be more distributive than during reverse
transcription of the viral genome (88, 89).
Also supporting this idea are results from
primer utilization studies showing that
tRNA primed synthesis of minus strand
strong stop DNA, at least in vitro, does not
require a specific tRNA such as human
Efg((I)\)IAiys, which is utilized by RT in vivo

Further indication of a possible dual
mode of template-primer binding by RT
comes from many independent studies. Ac-
tive site titration studies showed that the
RT heterodimer possesses a possible second
template-primer binding site, but what is
most intriguing about these results is that
this second binding site only reveals itself
after the template strand of the template-
primer has been shortened to 16 nt (91).
Along the same lines, although a model
proposing an RNA-DNA-RNA intermedi-
ate for a RT strand transfer mechanism does
not suggest a second mode of template-
primer binding (92), perhaps some of the
kinetic and crosslinking data leading up to
that model can also be interpreted as evi-
dence in favor of our arguments. Further-
more, kinetic studies on the individual p66
and p51 monomers of RT showed that both
of these monomers are fully capable of
catalyzing the nucleotidyl transfer reaction,
but only under optimal conditions for each
monomer (93). That the optimal template
for p66 was RNA and the optimal template
for p51 was DNA strengthened the proposal
that the RT heterodimer “may be function-
ally asymmetric with distinct plus and mi-
nus strand polymerases” (93). It was further
suggested that the p66 monomer of the
p66-p51 RT heterodimer was responsible
for RNA-directed DNA polymerase func-
tions (reverse transcription), whereas the
p51 monomer of the heterodimer was re-
sponsible for the DNA-directed DNA poly-
merization activities of RT (93). However,
as discussed above, the crystal structure of
the p66-p51 RT heterodimer clearly shows
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that the p51 monomer does not possess a
polymerase fold, at least while p51 RT is a
part of the p66-p51 heterodimer (11, 12).
Therefore, our hypothesis that the p66
monomer of the p66-p51 RT heterodimer
may act as two different polymerases that
happen to share a common active site is not
only in agreement with the idea that the
RT heterodimer is functionally asymmetric
with distinct plus and minus strand poly-
merases (93), but is in accord with the
structural work (11, 12) as well.

Finally, a dual mode of template binding
by RT might go a long way toward explain-
ing why drugs such as AZT can specifically
target HIV-1 RT in preference to host cell
polymerases. Pol B, KF, RNAP, and even
RT (when in a pol B-like mode of template-
primer binding) all seem to possess structural
features near the active site, such as helices
M and N of pol B, that may be responsible
for nucleotide selectivity. However, there
appears to be no structural equivalent to
helices M and N of pol B when RT is in an
anti-pol B mode of template-primer bind-
ing, which might explain why RT is so error
prone and more sensitive to AZT-TP inhi-
bition. In support of this idea are kinetic
studies that show decreasing K; values for
AZT-TP in its binding to pol B (K; = 73
wM) and to RT (K; = 0.3 pM) when calf
thymus DNA is utilized as a template in both
cases, as compared to RT when the native
RNA template is utilized (K; = 0.01 uM)
(55). The decreasing order of K, values
(tighter binding) might reflect the decreas-
ing number of structural elements in the
active site that can, through steric hin-
drance, induce nucleotide specificity, the
order of structural hindrance being: the pol
B’s helices M and N >> RT’s B strand 12
and 13 (when employing a pol B-like mode
of template-primer binding on a DNA tem-
plate) > RT when employing an anti—pol
mode of binding on an RNA template. With
this in mind, one could imagine how AZT,
ddC, and ddI resistant RT mutants might
arise in AIDS patients after prolonged treat-
ment with these drugs (94-97). As discussed
above, much of the nucleotide binding
pocket in pol B is determined by the exact
position of the template-primer, so a single
mutation that affects how RT binds to the
template-primer could in turn affect the
nucleotide binding site. Indeed, it has been
proposed that many of the drug resistant
mutations in RT, because they are so distant
from the active site, interact primarily
with the template strand (11). Perhaps
these RT mutants affect template-primer
binding in such a way as to introduce
structural elements, similar to helices M
and N of pol B, into the nucleotide
binding pocket of RT, possibly causing
greater selectivity and more resistance to
these anti-HIV drugs.
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