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Structure of DNA Polymerase | Klenow Fragment
Bound to Duplex DNA

Lorena S. Beese,* Victoria Derbyshire,f Thomas A. Steitzi

Klenow fragment of Escherichia coli DNA polymerase |, which was cocrystallized with
duplex DNA, positioned 11 base pairs of DNA in a groove that lies at right angles to the
cleft that contains the polymerase active site and is adjacent to the 3’ to 5’ exonuclease
domain. When the fragment bound DNA, a region previously referred to as the “disordered
domain” became more ordered and moved along with two helices toward the 3’ to 5’
exonuclease domain to form the binding groove. A single-stranded, 3' extension of three
nucleotides bound to the 3’ to 5’ exonuclease active site. Although this cocrystal structure
appears to be an editing complex, it suggests that the primer strand approaches the
catalytic site of the polymerase from the direction of the 3’ to 5’ exonuclease domain and
that the duplex DNA product may bend to enter the cleft that contains the polymerase

catalytic site.

The large proteolytic fragment of DNA
polymerase I (Pol I) from E. coli [Klenow
fragment (KF)] contains a 5’ to 3’ polymer-
ase activity and a 3’ to 5’ exonuclease
activity that edits mismatched bases. The
two active sites that catalyze these reactions
are separated by about 35 A in the crystal
structure (I). A specific proposal for how
these sites work together to enhance the
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fidelity of DNA replication (2—4) is consis-
tent with biochemical and kinetic observa-
tions (5-8). The establishment of a detailed
structural basis for polymerization and edit-
ing has been hindered because it has not
been possible to visualize duplex DNA
bound to DNA polymerase in either the
polymerase or exonuclease active site.

A cocrystal structure of KF with an 8-bp
DNA duplex showed the 3’ end of a single-
stranded region three nucleotides in length
bound in the exonuclease active site, but no
duplex DNA was seen (4) even though bio-
chemical analysis of these cocrystals demon-
strated a 1:1 stoichiometry of DNA:KF. Com-
parison of the apo-enzyme and cocrystal struc-
tures indicated that a “thumb-like” protrusion
consisting of two long helices (H and I) from

SCIENCE ¢ VOL. 260 ¢ 16 APRIL 1993

one side of the polymerase cleft changed
conformation upon DNA binding and that
the DNA was_too disordered to be seen.

The catalytic site for the polymerase
reaction is located at the bottom of the
large cleft. This region contains a tight
cluster of the most highly conserved resi-
dues in the polymerase sequences that have
been aligned (I, 9), a binding site for the
deoxynucleoside triphosphates (10), and res-
idues whose mutations eliminate polymer-
ase, but not exonuclease, activity (11). On
the basis of the results of footprinting studies
that showed protection of 8 bp of duplex
product (2, 12) and electrostatic calcula-
tions (13), a primer-template model was
built into the cleft, with the primer strand
entering it from the end farthest from the 3’
to 5’ exonuclease active site (1). However,
this model failed to explain several more
recent observations. The location of catalyt-
ically important side chains (I1) and the
location of deoxynucleotide triphosphate
(ANTP) bound in the crystal structure (10)
position the catalytic site deeper into the
cleft than-had been previously suspected;
this makes the placement of the 3’ end of
the model-built DNA near the catalytic site
sterically impossible and inconsistent with
the DNA footprinting results. The location
of duplex DNA in the complex reported
here suggests that the primer strand enters
the polymerase active site cleft from a direc-
tion opposite that in earlier models (that is,
at the end of the large cleft adjacent to the
exonuclease site), which obviates many of
these earlier problems.

To enhance our chances of obtaining a
polymerase complex, we incorporated
adenosine 2',3' riboepoxy adenosine tri-
phosphate (epoxyATP), which is known to
produce tight binding of DNA to the poly-
merase site (5), onto the 3’ end of the
primer strand. Although KF was incubated
at a concentration of 10 mg/ml for 48 hours
with a threefold molar excess of comple-
mentary 7- and 12-nucleotide (nt) DNA
strands (I14) and epoxyATP, an unexpected
complex was obtained. The complex crys-
tallized from a 35% saturated ammonium
sulfate solution with the same space group
as apo-KF but with a 1% increase in the
length of the a and b axes. A difference
electron density map between the complex
and the apo enzyme (Fig. 1A) shows 11 bp
of distorted duplex B-DNA, a 3-nt single-
stranded DNA overhang with its 3’ termi-
nal nucleotide bound at the 3' to 5’ exo-
nuclease active site, and one nonstandard
base pair at the junction between single-
stranded and double-stranded regions. The
5’ terminal nucleotide of the 12-nt strand is
not base-paired and binds at the entrance to
the polymerase cleft. The conformations of
the four nucleotides (1 to 4) of the primer
strand bound to the exonuclease active site



are identical with those observed previously
in a complex with a single-stranded tetra-
nucleotide, (dT), (4, 15). One interpreta-
tion of the observed electron density is that
the duplex DNA is composed of a 12-nt
template strand complexed with two pro-
cessed 7-nt strands, one in which epoxy-
ATP was added and one in which a 3’
nucleotide was removed (Fig. 1B). This
would allow formation of a double-stranded
region of 11 bp (although base pair 4 is
unusual) and a 3-nt, single-stranded over-
hang at the 3’ end of the 6-nt oligomer
(16). Although we cannot be certain of the
exact sequence of the primer strand at this
point, it is of no consequence to the follow-
ing discussion.

Comparison of the apo and DNA com-
plex structures shows that a conformational
change occurs in a thumb-like region of the
protein that makes direct contacts with the
duplex portion of the DNA (Figs. 2 through
4). Residues 558 to 637, including two long
helices, H and I (Fig. 3B), move toward the
3’ to 5' exonuclease domain to interact
with the DNA. Motion is the greatest,
about 12 A, for the residues near the
NH,-terminus of helix I (Figs. 2 and 4).
This same motion was observed in the
earlier DNA cocrystals (4) and in cocrystals
of KF and DNA grown under low ionic
strength conditions and in a different space
group (17). In both crystal forms, the du-
plex DNA was disordered. The DNA-in-
duced conformational change in KF pro-
duces an obvious second cleft between the
thumb and the exonuclease domain into

which the duplex DNA binds (Figs. 2B and
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.4‘| 4
X
T
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3'Primer
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Table 1. Amino acid side chains interacting with phosphates of DNA. Many of the amino acid
residues interacting with DNA are identical or highly conserved in alignments of the six
polymerases comprising the Pol | polymerase family (9); several residues are identical or
highly conserved in all DNA polymerases aligned (79). The number of polymerases in which a
residue is invariant is indicated in boldface. Nucleotides comprising the primer strand (6 nt + 8
nt) are numbered from the 3’ nucleotide that is bound at the 3’ to 5’ exonuclease active site,
whereas nucleotides comprising the template strand (12 nt) are numbered from the 5’ end as in
Fig. 1B.

Nucleotide Residue Comments
Primer strand
1to 4 Residues identical to previous
complex with (dT), (76)
5 Asné75 Conserved in Pol | family (5)
6 Asnb78 Conserved in Pol | family (4)
LysS3s Conserved in Pol | family (6)
Invarient in all DNA polymerases (719)
Implicated in DNA binding (20)
7 Arg831 Conserved in Pol | family (4)
Glus" Interaction with main chain amide
8 Thréoe Conserved in Pol | family (4)
Template strand
3 Arg835 Conserved in Pol | family (4)
4 Asp827
10 Ser582 Invarient in all DNA polymerases (19, 35)
11 Asn579 Conserved in all DNA polymerases (19, 35)

3A). This cleft (cleft 2 in Fig. 2B) runs at
nearly right angles to the originally seen
cleft that contains the polymerase active
site (cleft 1 in Fig. 2B).

The region of the protein that connects
helices H and I, which has been referred to
previously as the “disordered domain” be-
cause the original electron density maps
showed little density that was interpretable
there (1), is more ordered in this complex
and is visible. This region (Fig. 3B) consists
of two helices (H,; and H,), two “strands”

B ; 12-nt ]
3
T45 678 91011121314
5 -C-C.-T-C-G-C-G-G-C-C ¥
el ) ] S it T |
C-G-G A-G-C-G-C-C-G-G 5
3 C-G-C
1 23456 7T 891011121314 A Cleft 2
= 6nt  — B-nt — . : s

Fig. 1. (A) Difference electron density
map calculated with amplitudes [F .
served) = F(calculaled, protein only]] and
phases calculated from only the re-
fined protein model. At no point before
calculating this map did we use any
model for DNA in the refinement or for

calculation of phases (33). The electron density map was calculated at 3.2 A resolution with the
program X-PLOR (32) and contoured at 2o (blue) and 3o (pink) (where o is the SD). The R factor
of the protein model without DNA was 23%, calculated between 10 and 3.2 A resolution with a 0.018
A root-mean-square deviation in bond lengths and 2.7° deviation in bond angles from ideality. The
electron density is consistent with 11 bp of duplex DNA, three single-stranded nucleotides at the 3
end bound at the 3’ to 5" exonuclease active site, and one unpaired nucleotide on the 5’ end of the
template strand (not shown). Density for this 5' terminal nucleotide appears at lower contour in this
map and is more apparent in electron density maps calculated after refinement. (B) Possible
interaction of added oligonucleotides accounting for the electron density in (A). Perhaps the 12-nt
template and 8-nt primer strands anneal as anticipated, but in addition a second 6-nt primer arising
from exonuclease activity binds with its 5’ end adjacent to the 3' end of the 8-nt strand. The base
pair in position 4 is somewhat distorted. A*, epoxyATP.
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Fig. 2. (A) Representation of the solvent-
accessible surface (34) of apo-KF. Compare
the positions of the thumb subdomain (upper
right) here with its position in (B). (B) Repre-
sentation of the solvent-accessible surface of
KF structure when bound to DNA; DNA has
been omitted to show the protein structure.
Cleft 1 contains the polymerase active site;
cleft 2 is formed upon binding duplex DNA,
which it contains.
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connecting H, and H,, and a loop connect-
ing H, back to I. It is still not possible to fit
with certainty all of the side chains in this
region and, in addition, we still cannot
account for 11 residues.

Contacts between the protein and du-

Fig. 3. (A) Representation of the solvent-acces-
sible surface (34) of the Klenow fragment (yel-
low) with bound DNA. The 12-nt template
strand is blue and the 14-nt primer strand is
red. (B) Tube and arrow representation of KF in
about the same orientation as (A). Helices and
sheets are named as in figure 1 in (7). New
regions of secondary structure (helices O, and
O, and H, and H,) were added on the basis of
refined apo-KF (27).

Fig. 5. A model for DNA
bound at the polymerase
active site P (left) and at
the 3’ to 5’ exonuclease
active site E (right). The
portion of the DNA ob-
served in the crystal struc-
ture is indicated in solid
black and that which is
model-built is in outline.
The 3’ terminus of the DNA
primer is proposed to shut-

5' Template

plex DNA are made exclusively through
protein interactions with the DNA phos-
phate backbone (Fig. 4 and Table 1), con-
sistent with the requirement that the en-
zyme binds any DNA independent of its
sequence. In addition, the NH,-terminus of
helix H, fits into the minor groove of the
DNA duplex, perpendicular to the DNA
helix axis and similar to the helix in the
GAL4 structure that interacts with the
minor groove of DNA (18).

All of the interactions made to the

Fig. 4. (A) Alpha carbon representation of
residues 550 to 640 from apo-KF (yellow) and
KF:DNA complex (red). The view is turned 90°
from that in Fig. 3. The primer strand is purple;
the template strand is green. (B) Conserved
side chains of the thumb interacting with the
primer strand (light blue). Residues that are
conserved in the Pol | family of DNA polymer-
ases are orange. Lys®35 (pink) is invariant in
both the Pol | family and in all polymerases
aligned (79). The template strand is dark blue.
The alpha carbon backbone is green.

5' Template

tle between each active site (24, 15). Polymerization and mismatch base excision can occur
without or with dissociation of the DNA from KF (6).
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primer strand are with residues that are
either highly conserved in the Pol I family
or to a main chain amide (Table 1) (19).
635 which interacts with the primer
strand in this complex, is invariant among
all Pol I-like polymerases and, according to
one sequence alignment, is also invariant
among all eukaryotic, alpha-like DNA
polymerases (19). Chemical modification
studies indicate that Lys®®® is directly in-
volved in DNA binding (20). That the
most highly conserved residues in the
thumb subdomain are seen in contact with
duplex DNA (Table 1) serves both to sup-
port the relevance of this observed complex
to polymerase and exonuclease activity and
to provide a functional and structural ratio-
nale for the conservation of these residues.

Although the DNA in these crystals is
in an editing complex, its position has
important implications for the mode of
DNA binding at the polymerase active site
because the primer terminus can move from
one active site to the other without disso-
ciation (6). Figure 5 portrays models for
both the editing and polymerizing complex-
es based on the observed complex crystal
structure. The editing complex is modified
from the crystal structure to include a tem-
plate strand extended on its 5’ end, which
we propose binds in the polymerase cleft.
The model of the polymerizing complex
additionally postulates that the primer
strand is base-paired to the template in the
polymerase cleft and that its 3’ terminus is
near the divalent metal ions that bind to
the catalytically important Asp®?, Glu®®3,
and Asp’® (21). Some distortion of the
duplex primer terminus or motion of the
protein would be required because of the
narrowness of the observed cleft. This
placement of the primer strand necessarily
places much of the template strand at the
primer terminus in contact with the helical
domain that forms the wall of the cleft
opposite the thumb subdomain. Although
the DNA lies within the polymerase cleft as
in the original model, the postulated direc-
tion of DNA synthesis is opposite. The
duplex DNA that contains the primer ter-
minus lies on the side of the cleft proximal
to the exonuclease domain, and the single-
stranded template strand enters from the
distal end of the cleft (Fig. 5).

This model is consistent with the loca-
tion of the catalytic residues defining the
polymerase active site (I11), the observed
location of bound ANTP (10), and the
observation that a 19- to 20-nt fragment of
template interacts with the protein mole-
cule (22). This orientation of the primer
strand relative to the polymerase active site
is also consistent with the model of DNA
built on the structure of human immunode-
ficiency virus reverse transcriptase (HIV R’
(23) and with an electron density map (7



resolution) of HIV RT complexed with du-
plex DNA (24). Within the intrinsic limi-
tations of the experiments, our model is not
inconsistent with most of the results describ-
ing DNA binding to KF (5, 7, 8, 25).

The angle of the DNA helix axis in cleft 2
with respect to the polymerase cleft (cleft 1) is
unexpected. If one constructs a model that
preserves most of the observed contacts be-
tween the duplex DNA and the protein, the
model-built DNA requires a bend of about 80°
to enter the polymerase cleft (Fig. 5). Such
protein-induced bending of duplex DNA is
not unknown. The crystal structure of a ca-
tabolite gene activator protein-DNA com-
plex shows that the DNA is bent by 90°,
which is achieved primarily through two
sharp, 43° kinks (26). Several recent electron
microscopy studies suggest that DNA is great-
ly bent (as much as 180°) when bound to
RNA polymerase (27) as well as to UviB
28).

We anticipate that the growing nascent
strand of the DNA substrate can shuttle
between the polymerase and the exonu-
clease active sites (Fig. 5), as has been
previously proposed (24, 29) and for
which there is some evidence (6). The
destabilization of duplex DNA that would
result from the anticipated DNA bending at
the polymerase active site would make the
equilibrium between single- and double-
stranded DNA at the primer terminus more
sensitive to mismatched base pairs. It will
be interesting to see whether those DNA
polymerases that do not contain an editing
function bind straight duplex DNA, as does
HIV RT (23, 24), whereas those with an
editing exonuclease bind bent DNA, as
appears likely with DNA Pol 1.
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Preferential Migration of Activated CD4* and
CD8™ T Cells in Response to MIP-1a and MIP-13

Dennis D. Taub, Kevin Conlon, Andrew R. Lloyd,
Joost J. Oppenheim, David J. Kelvin

Recombinant human macrophage inflammatory protein—-1a (thMIP-1a) and rhMIP-1
were potent chemoattractants of human T lymphocytes. These rhMIP-1 cytokines attracted
only T cells activated by monoclonal antibody to CD3 and did not attract unstimulated
lymphocytes. Phenotypic analysis revealed that CD4* T cells were capable of migrating
in response to rhMIP-1B8, whereas rhMIP-1a induced chemotaxis of predominantly CD8*
T lymphocytes. Activated naive and memory T cells also migrated in response to rhMIP-1
cytokines. Furthermore, these cytokines enhanced the ability of T cells to bind to an
endothelial cell monolayer. These results suggest that rhMIP-1 cytokines preferentially
recruit specific T cell subsets during the evolution of the immune response.

The accumulation of leukocytes at sites of
inflammation is induced by the local pro-
duction and secretion of chemotactic li-
gands by a wide variety of stimulated cell
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types. Recently, several host-derived cyto-
kines (chemokines) have been identified
that stimulate chemotaxis in vitro and elicit
the accumulation of various types of inflam-
matory cells in vivo (1). Neutrophils are
preferentially induced to migrate by inter-
leukin-8 [IL-8, also called neutrophil at-
tracting peptide-1 (NAP-1)], melanoma
growth stimulating activity (MGSA, also
called GRO), NAP-II, and ENA-78,
whereas monocytes are preferentially in-
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