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ABSTRACT: Human topoisomerase I helps to control the level of DNA supercoiling in cells and is vital for
numerous DNA metabolic events, including replication, transcription, and recombination. The 2.6 Å crystal
structure of human topoisomerase I in noncovalent complex with a DNA duplex containing a cytosine at
the -1 position of the scissile strand rather than the favored thymine is reported. The hydrogen bond
between the O2 position of this-1 base and theε-amino of the conserved Lys-532 residue, the only
base-specific contact observed previously in the human topoisomerase I-DNA interaction, is maintained
in this complex. Several unique features of this structure, however, have implications for the DNA-
binding and active-site mechanisms of the enzyme. First, the ends of the DNA duplex were observed to
shift by up to 5.4 Å perpendicular to the DNA helical axis relative to structures reported previously,
suggesting a novel degree of plasticity in the interaction between human topoisomerase I and its DNA
substrate. Second, 12 additional residues at the NH2 terminus of the protein (Trp-203-Gly-214) could be
built in this structure, and they were found to pack against the putative hinge region implicated in the
clamping of the enzyme around duplex DNA. Third, a water molecule was observed adjacent to the
scissile phosphate and the active-site residues; the potential specific base character of this solvent molecule
in the active-site mechanism of the enzyme is discussed. Fourth, the scissile phosphate group was found
to be rotated by 75°, bringing Lys-532 into hydrogen-bonding distance of one of the nonbridging phosphate
oxygens. This orientation of the scissile phosphate group implicates Lys-532 as a fifth active-site residue,
and also mimics the orientation observed for the 3′-phosphotyrosine linkage in the covalent human
topoisomerase I-DNA complex structure. The implications of these structural features for the mechanism
of the enzyme are discussed, including the potential requirement for a rotation of the scissile phosphate
group during DNA strand cleavage and covalent attachment.

DNA topoisomerases are a ubiquitous class of enzymes
that solve the DNA topological problems arising from
numerous nuclear processes, including DNA replication,
transcription, recombination, and chromatin remodeling (1).
All topoisomerases utilize a catalytic tyrosine residue to
cleave one strand of DNA and form a transient phosphoty-
rosine bond with one end of the nicked strand. Topoi-
somerases are classified as type I and type II on the basis of

their distinct differences in sequence and function. Type II
enzymes are dimeric, break both strands of a duplex DNA
(using catalytic tyrosine residues from each monomer), and
pass an intact DNA duplex through this transient double-
stranded break in an ATP-dependent manner. The type I
topoisomerases, in contrast, are monomeric, require no
additional energy cofactor, and manage DNA superhelical
tension in cells by cleaving one strand of duplex DNA. Type
I enzymes are further classified as type IA and type IB, which
share no sequence similarity (2). While type IA topoi-
somerases were initially characterized in prokaryotes, ho-
mologues have now been identified in several eukaryotes,
including humans, and termed topoisomerases III (1). Type
IA topoisomerases are able to relax only negatively super-
coiled DNA, require magnesium and a single-stranded stretch
of DNA for function, and become transiently covalently
attached to the 5′-end of the nicked single strand. Topo-
isomerases IB, however, are able to relax both positively
and negatively supercoiled DNA with equal efficiency, do
not require a single-stranded region of DNA or metal ions
for function, and form a transient 3′-phosphotyrosine bond
with the nicked DNA strand. Type IB enzymes have only
been identified in eukaryotic cells and vaccinia virus to date.
With the structural characterizations of fragments ofEs-
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cherichia colitopoisomerase I (a type IA enzyme;3, 4), yeast
topoisomerase I (5), and vaccinia topoisomerase (6), and the
more recently determined structures of human topoisomerase
I in complex with DNA (7-9) and of a catalytic fragment
of vaccinia topoisomerase (10), it is clear that the type IA
and IB topoisomerases share no structural similarity (11).

Human topoisomerase I is an∼91 kDa type IB enzyme
that was shown by limited proteolysis to be composed of
four major domains: a highly charged 24 kDa NH2-terminal
domain, a positively charged 56 kDa core domain, a 7 kDa
linker domain, and a 6 kDa COOH-terminal domain which
contains the catalytic Tyr-723 (12). The NH2-terminal domain
is thought to be only partially structured in the expressed
enzyme and has been shown to be dispensable for catalytic
activity in vitro (13). This region of the enzyme, however,
appears to physically associate with numerous key nuclear
proteins, including p53 (14, 15), TATA-binding protein and
TATA-associated factors of TFIID (16-18), SV-40 large
T-antigen (19-21), and nucleolin (22), and may play a role
in the targeting of topoisomerase I to active replication and
transcription complexes within the nucleus. Recently deter-
mined crystal structures of human topoisomerase I in
complex with DNA have revealed a bi-lobed enzyme that
completely wraps around its DNA substrate (7-9). The
enzyme makes numerous protein-DNA contacts, and the
vast majority of these contacts (37 of 41) are protein to DNA
phosphate interactions. Only one base-specific interaction
was observed, and that was between theε-amino group of
the conserved Lys-532 and O2 of the thymine base in the
scissile strand (the strand cleaved by the enzyme) upstream
from the cleavage site (i.e.,-1 position). Joining the catalytic
Tyr-723 around the scissile phosphate group were two
arginines (Arg-488 and Arg-590) and a potentially positively
charged histidine (His-632); all of these residues are con-
served in the topoisomerases IB with known sequences. An
active-site mechanism was proposed (8) in which Tyr-723
attacks the phosphorus atom of the scissile phosphate group;
the positively charged character of Arg-488, Arg-590, and
His-632 was proposed to stabilize the transition state of the
scissile phosphate, with His-632 perhaps also functioning
as a general acid to protonate the leaving 5′-hydroxyl group.
No amino acid side chain was found adjacent to the active
site that could serve as a general base in the activation of
the essential tyrosine hydroxyl. A “controlled rotation”
mechanism was also proposed for the relaxation of super-
helical tension by the enzyme (8).

Been et al. (23) analyzed DNA sites effectively cleaved
by eukaryotic topoisomerases I, and identified a preferred
consensus sequence of (A/T)(G/C)(T/A)T∧ for positions-4
(A/T) to -1 (T) in the scissile strand adjacent to the cleavage
site (∧). The strongest observed preference was for a thymine
base (T in the above sequence) adjacent to the cleavage site.
Anderson et al. (24) also described a high-affinity eukaryotic
topoisomerase I binding site from the rDNA ofTetrahymena.
This sequence contained nucleotides ACTT∧ at positions
-4 to -1 in the scissile strand adjacent to the cleavage site,
which is in agreement with the preferences identified by Been
et al. (23). The single base-specific interaction identified
between human topoisomerase I and its DNA substrate
occurs between O2 of the highly preferred thymine base at
the-1 position and Lys-532 (7). Cytosine, which was found
to be the next most preferred nucleotide base at the-1

position, also contains an O2 pyrimidine oxygen. To examine
further the nature and potential variability of human topo-
isomerase I-DNA interactions, we determined the crystal
structure to 2.6 Å resolution of a 70 kDa form of the enzyme
in noncovalent complex with a 22 bp DNA oligonucleotide
containing a cytosine base at the-1 position of the scissile
strand. The results from this structural analysis reveal a novel
orientation of the active-site region of the protein-DNA
complex and provide new insights into the active-site
chemistry of the enzyme.

MATERIALS AND METHODS

A 70 kDa NH2-terminally truncated form of human
topoisomerase I (comprising residues 175-765) containing
a catalytic Tyr-723 to Phe mutation was expressed using a
baculovirus/insect cell system and purified as described
previously (13). DNA oligonucleotides were synthesized and
purified by reverse phase chromatography by DNA Express
(Fort Collins, CO). The following 22 bp duplex DNA
oligonucleotide was used in this structure determination:

The∧ indicates the position of the cleavage site in the scissile
strand;C andG indicate the changes at the-1 position of
the scissile and intact strands, respectively, relative to the
high-affinity binding site containing a thymine at the-1
position of the scissile strand (23, 24) used in previous
structural studies of topoisomerase I in complex with DNA.
Additional oligonucleotides containing G and A at their
scissile-1 positions were also synthesized (along with their
complementary strands), but these duplex oligonucleotides
failed to yield crystals.

Crystals in space groupP21 containing both DNA and
protein were grown and cryoprotected as described previ-
ously (8, 9). Briefly, crystals were grown over the course of
1 week in sitting drops at 22°C by mixing 6µL of crystallant
[5 mM Tris-HCl (pH 6.0), 20 mM MES-HCl (pH 6.8), 27%
PEG-400, 145 mM MgCl2, and 30 mM dithiothreitol], 2µL
of water, 2µL of duplex oligonucleotide (0.1 mM in 6 mM
NaCl), and 4µL of protein [5 mg/mL in 10 mM Tris-HCl
(pH 7.5), 1 mM EDTA, and 5 mM dithiothreitol]. Crystal
size was improved by macroseeding every 4 days into freshly
prepared drops of the same composition, which produced
diffraction-quality crystals after a minimum of four transfers.
Crystals were cryoprotected by soaking in a solution of 20%
ethylene glycol and 80% crystallant for 5 min prior to cooling
in either liquid nitrogen or a nitrogen gas stream at 100 K.
Data to 2.6 Å resolution were collected from a single crystal
at 100 K at the Advanced Photon Source, beamline 19-ID,
using a CCD detector and incident radiation with a wave-
length of 1.07 Å. These data were processed and reduced
using the HKL-2000 package (Table 1;25).

The structure of this protein-DNA complex was deter-
mined by molecular replacement (26) using the crystal
structure of a 70 kDa form of human topoisomerase I in
noncovalent complex with DNA (8, 9) as a search model.
Rigid-body, positional, and individualB-factor refinement
was carried out with X-PLOR (27), including a bulk solvent
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model and an overall anisotropicB-factor correction. Manual
adjustments to the model were performed in conjunction with
refinement using the program O (28). Rfree was used as a
cross-validation tool at all times during refinement (29); as
such, 7% of the data were set aside for this purpose prior to
any structural refinement. The WilsonB-factor for the data
was 56.2 Å2. Novel regions of the structure (particularly the
deoxyribonucleotides at the-1 position, residues 203-214,
and the ends of the DNA oligonucleotides) were positioned
into σA-weighted difference maps (30). The linker domain
region of the molecule (Pro-636-Lys-712) exhibited indi-
vidual B-factors in excess of 80 Å2 (and frequently greater
than 120 Å2) and exhibited no interpretable electron density
in 2Fobs- Fcalc maps; thus, the linker domain was considered
disordered and is not present in the completed structure. At
later stages of refinement, 353 solvent sites were added to
the model. The final model exhibited good geometry (Table
1) and no Ramachandran outliers as assessed using the
program PROCHECK (31).

Coordinate superpositions and the calculations of root-
mean-square deviations were performed using X-PLOR (27).
Figures were created using MOLSCRIPT (32), Bobscript
(33), and Raster3D (34, 35). Coordinates have been deposited
at the RCSB Protein Data Bank (entry 1EJ9).

RESULTS

OVerall Structure of the Complex.To examine further the
nature of the interaction between human topoisomerase I and
its DNA substrate, we pursued the structural characterizations
of a 70 kDa form of the enzyme in noncovalent complexes
with DNA oligonucleotides containing either guanine, ade-
nine, or cytosine at the-1 position in the scissile strand
rather than the favored thymine. It had been shown previ-
ously that thymine is preferred approximately 10-fold over
the other three nucleotide bases in this scissile strand position
(23). In addition, several crystal structures of human topo-
isomerase I in complex with DNA revealed that the side
chain of Lys-532 forms a hydrogen bond with pyrimidine
O2 on the thymine base at this position, and that this is the

only base-specific interaction observed between human
topoisomerase I and DNA (7-9). Crystals of human topo-
isomerase I DNA complexes were obtained only in the
presence of the duplex oligonucleotide containing a cytosine
at the-1 position in the scissile strand, which is the only
other base with an oxygen in the same position as in thymine.
Crystallization trials in the presence of DNA duplexes
containing either guanine or adenine at this position yielded
only amorphous precipitates.

The 2.6 Å crystal structure of the noncovalent complex
between human topoisomerase I and a 22 bp duplex DNA
oligonucleotide with cytosine at the-1 position of the
scissile strand was refined using X-PLOR with a crystal-
lographicR-factor of 0.214 and a cross-validatingRfree of
0.281 (see Table 1;27, 29). This represents the highest-
resolution and best refined structure of a 70 kDa form of
human topoisomerase I in noncovalent complex with DNA
to date, exceeding the 2.8 Å structure with a finalR-factor
and an Rfree of 0.224 and 0.312, respectively, reported
previously (8, 9).

The structure of the complex reported here (which we will
call the “minus 1C” structure) is quite similar overall to the
structures of human topoisomerase I-DNA complexes
determined previously1 (Figure 1;7-9). The 22 bp duplex
DNA oligonucleotide still adopts an essentially B-form
conformation, and the enzyme contacts the DNA over the
central 10 base pairs (from position-5 to +4; see Materials
and Methods for base numbering) surrounding the cleavage
site. The overall fold of the protein is conserved, with the
core and COOH-terminal domains lining up remarkably well
with the form 11 structure, as shown in Figure 1. In addition,
similar to a subset of several form 1 complexes described
previously (9), the linker domain region (Pro-636-Lys-712)
of the minus 1C structure was found to be disordered and is
not present in the final model.

The root-mean-square deviations (rmsds) between the
minus 1C structure and the other structures of human
topoisomerase I in complex with DNA reported previously
(7, 8) are between 1.2 and 1.5 Å when all equivalent
nonsolvent atoms are superimposed (Table 2). The protein
regions of the complexes align even more closely together,
exhibiting rmsds of only 1.0-1.3 Å over all equivalent
protein atoms and only 0.7-1.2 Å over equivalent CR
positions. When the core subdomain III regions of the minus
1C and a minus 1T structure are superimposed as in Figure
1, the “cap” regions (core subdomains I and II as shown in
blue and yellow, respectively, for the minus 1C structure)
of each molecule deviate little in structure; they are related
by a rigid-body rotation of only 1.6° about an axis close to
vertical when the complex is oriented as in Figure 1. The
DNA oligonucleotide regions of the molecule, however,
deviate more significantly in structure. The rmsds over all
equivalent DNA atoms are 2.1-2.3 Å, and over phosphorus
atoms are 2.1-2.4 Å (Table 2). As can be seen in Figure 1,
the ends of the DNA oligonucleotide have shifted relative

1 Previous structures all contained a minus 1T oligonucleotide, and
included a 70 kDa form of the enzyme in a noncovalent complex with
DNA (form 1; 8, 9), and two reconstituted forms of the enzyme (7),
one in a noncovalent complex (form 2) and one in a covalent complex
(form 6) with DNA. Reconstituted human topoisomerase I is the
noncovalent complex between the 58 kDa core and the 6.3 kDa COOH-
terminal domains.

Table 1: Crystallographic Statistics

resolution (Å; highest shell) 15-2.6 (2.72-2.60)
space group P21

unit cell dimensions a ) 56.98 Å,b ) 124.92 Å,
c ) 72.29 Å,â ) 93.84°

no. of total reflections 105936
no. of unique reflections 29834
mean redundancy 3.6
Rsym (highest shell) 0.068 (0.288)
completeness (%) (highest shell) 96.8 (87.0)
meanI/σ (highest shell) 21.2 (4.2)
Rcryst (highest shell) 0.214 (0.320)
Rfree (highest shell) 0.281 (0.366)
rmsd

bond lengths (Å) 0.015
bond angles (deg) 1.74
dihedrals (deg) 22.1
impropers (deg) 1.58

no. of protein atoms 3966 (residues 203-633 and
714-765)

meanB, protein atoms (Å2) 53.6
no. of DNA atoms 896
meanB, DNA atoms (Å2) 51.5
no. of solvent atoms 353
meanB, solvent atoms (Å2) 66.2
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to that in the form 1 DNA duplex. The observed shifts were
perpendicular to the DNA helical axis and were up to 4.2 Å
in magnitude upstream of the cleavage site (at the-10
phosphate), and up to 5.4 Å downstream of the cleavage
site (at the+12 phosphate). These are the largest shifts in
the DNA position between any human topoisomerase
I-DNA complex structures observed to date; the maximum
shift observed previously was 1.8 Å between two minus 1T
structures (9).

Because it was unclear whether this alteration in the DNA
region of the structure was due to a rigid-body shift or an
induced bend in the DNA duplex, we superimposed the DNA
oligonucleotides of each structure using only their 42
equivalent phosphorus positions. The results of this super-
position are shown in Figure 2. After a rigid-body rotation
of 4.5° about an axis centered between the-1 and-2 base
pairs (see Materials and Methods), the minus 1T DNA duplex
superimposes onto that of the minus 1C structure with an
rmsd of 2.4 Å (Table 2 and Figure 2, bottom). The helical
axes of each duplex [the central lines in each DNA duplex
in Figure 2, calculated using NUPARM (36)] appear to align
well after superposition, as the distance between the upstream
and downstream regions of the oligonucleotide decreased
from 4.5 and 2.7 Å, respectively, to 1.8 and 0.9 Å. The
phosphate groups at the ends of the DNA oligonucleotide,
however, align less well, indicating that a certain degree of

flexibility in the DNA is allowed in the regions outside that
which is contacted by the protein. Therefore, it appears that
the DNA duplex in the minus 1C structure is shifted relative
to the minus 1T structure largely by a rigid-body rotation,
but that some level of flexibility in DNA structure is
accommodated by the protein-DNA complex away from
the DNA-binding site.

Additional Residues at the NH2 Terminus.Compared to
the minus 1T structures, 12 additional residues (Trp-203-
Gly-214) at the NH2 terminus of the molecule could be fitted
into σA-weighted difference maps and were refined in the
minus 1C structure (Figure 3). This extends the NH2 terminus
of the structurally known region of human topoisomerase I
from Ile-215 to Trp-203. Although the protein constructs used
in all the structure characterizations of human topoisomerase
I begin at Lys-175, interpretable density at the NH2 terminus
of the molecule had never been extended back beyond Ile-
215 (7-9). It is not clear what is unique about the current
structure that allowed us to extend the model by these 12
residues at the NH2 terminus. Trp-203 of this newly visible
region makes a 3.3 Å parallel aromatic stacking interaction
with His-346 of core subdomain I; each of these residues is
conserved in the known vertebrate topoisomerase I se-
quences. It has been shown previously that histidine residues
pack preferentially against tryptophan side chains in proteins
using such a parallel stacking arrangement (37). This stretch

FIGURE 1: Overview of the minus 1C structure reported here, superimposed on the structure of a 70 kDa form of human topoisomerase I
in a noncovalent complex with DNA reported previously (minus 1T form 1, rendered in gray;8, 9). The minus 1C structure is rendered
with core subdomains I-III in yellow, blue, and red, respectively, the COOH-terminal domain in green, and the 22 bp DNA oligonucleotide
in magenta. The 12 NH2-terminal residues novel to this structure are shown in cyan. The structures were superimposed using the 200 CR
positions of core subdomain III. Note that the linker domain was disordered in the minus 1C structure and is therefore not present in the
model.
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of 12 amino acids also interacts with the upper portion of
R-helix 8 of core subdomain III, and the side chain of Trp-
205 is 3.7 Å from Gly-437 (Figure 3). A glycine residue is
conserved in this position in 13 of 14 cellular topoisomerases
I with known sequences. It is thought that the upper region
of R8 functions as part of the “hinge” by which the enzyme
opens to clamp around its DNA substrate (7). The proper
positioning of this stretch of 12 amino acids at the NH2

terminus of the molecule may be critical for the opening
and closing mechanism of human topoisomerase I as
discussed below.

Lys-532 to Pyrimidine O2 Interaction.The interaction
between Lys-532 and O2 of the pyrimidine base at the-1
position in the scissile strand is intact in the current minus
1C structure, similar to structures of human topoisomerase
I in complex with DNA determined previously (Figure 4A;
7-9). In all the minus 1C and minus 1T structures, the length
of the observed hydrogen bond between theε-amino group
of Lys-532 and the O2 atom of the pyrimidine base in the
-1 position of the scissile strand is between 2.8 and 3.0 Å
(Table 3). Thus, the replacement of the favored thymine base
in this position with cytosine did not abrogate this hydrogen-
bonding interaction. In addition, it remains the only base-
specific interaction between human topoisomerase I and its
DNA substrate observed in any structure. As can be seen in
Figure 4B, the interaction between Lys-532 and the cytosine
O2 atom in the minus 1C structure is analogous to the Lys-
532-thymine O2 interaction seen in the minus 1T structure.
The existence of the N2 group in the-1 guanine base in
the intact strand (which base pairs with the scissile-1 C
base) does not appear to greatly distort this region of the

structure (Figure 4A,B). Lys-532, however, is shifted slightly
down and away from the N2 group of the-1 guanine base
relative to the minus 1T structure, and this shift may be
caused by the presence of the N2 group in the minor groove.

Water Adjacent to the ActiVe Site.A water molecule was
observed adjacent to the active-site residues in the minus
1C structure. The solvent site appeared as a 3.8σ peak in a
σA-weighted (see Materials and Methods) difference density
map, and at the completion of structural refinement had a
thermal displacement parameter (B-factor) of 62.8 Å2 (the
meanB-factor for all solvent sites was 66.2 Å2; see Table
1). It makes a short, 2.5 Å hydrogen-bonding interaction with
the guanidinium group of Arg-590 (Figure 5). In addition,
if a hydroxyl group (“OH” in Figure 5) is added to the Phe-
723 side chain to create a “pseudo-tyrosine”, this hydroxyl
oxygen would be 3.0 Å from the phosphorus atom of the
scissile phosphate group and 2.3 Å from this adjacent water
molecule. Since no amino acid side chain is observed to be
positioned properly to function as a general base to activate
the nucleophilic tyrosine, it was suggested that the proton
might be abstracted by a hypothetical water molecule as the
reaction proceeds (8). The solvent site observed in the current
structure appears to be appropriately placed to function as
this putative catalytic water.

Rotation of the Scissile Phosphate Group.One of the most
striking features detected in the minus 1C structure was the
observed rotation of the scissile phosphate group by 75°

Table 2: Root-Mean-Square Deviations between the Noncovalent
Minus 1C Structure and Other Human Topoisomerase I-DNA
Complex Structuresa

Topo70
noncovalent
minus 1T
(form 1)

reconstituted
noncovalent
minus 1T
(form 2)

reconstituted
covalent minus

1T (form 6)

all nonsolvent atoms
rmsd (Å) 1.49 1.26 1.38
no. of atoms 4680 4675 4583

all protein atoms
rmsd (Å) 1.31 1.01 1.13
no. of atoms 3784 3779 3691

CR positions
rmsd (Å) 1.20 0.68 0.84
no. of atoms 471 471 458

all DNA atoms
rmsd (Å) 2.12 2.16 2.34
no. of atoms 896 896 892

P positions
rmsd (Å) 2.32 2.16 2.43
no. of atoms 42 42 41

a Form 1 is the noncovalent complex between an NH2-terminally
truncated 70 kDa form of human topoisomerase I with an inactivating
Tyr-723-Phe mutation and a 22 bp duplex DNA oligonucleotide
(Topo70;8, 9). Forms 2 and 6 both contain a reconstituted form of the
enzyme [58 kDa core and 6.3 kDa COOH-terminal domains in a 1:1
noncovalent complex (41)] in complex with a similar 22 bp DNA
oligonucleotide. The form 2 structure is a noncovalent complex with
DNA (with an inactivating Tyr-723-Phe mutation), while in the form
6 structure, the active-site Tyr-723 is intact and the enzyme is trapped
in its covalent complex with DNA via a 3′-phosphotyrosine linkage
(7). Forms 1, 2, and 6 all have a thymine at the-1 position of the
scissile strand (minus 1T).

FIGURE 2: Rigid-body shift in the position of the DNA oligonucle-
otides between the minus 1C and minus 1T form 1 structures. The
DNA oligonucleotides are first shown in the same orientation as
in Figure 1, aligned by the superposition of the CR positions of
the core subdomain III regions of the enzyme, with the minus 1C
DNA in red and the minus 1T DNA in blue. The minus 1T
oligonucleotide (light blue) was subsequently superimposed on the
minus 1C (red) oligonucleotide using the positions of the 42
equivalent phosphorus atoms in the oligonucleotides. This super-
position resulted in a 4.5° rigid-body rotation of the minus 1T
oligonucleotide about an axis normal to the page and centered
between the-1 and the-2 base pairs. The DNA helical axes of
each duplex [calculated using NUPARM (36)] are rendered as solid
lines. The site of DNA strand cleavage is indicated (CL).
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about a pseudobond between the O5′, P, and O3′ atoms and
the subsequent reorientation of the nonbridging oxygen
atoms.σA-weighted difference density maps calculated in
the initial stages of structural refinement clearly indicated
that a shift in the position of the nonbridging oxygens of
the scissile phosphate was in order (Figure 6A). When the
rebuilding of this area and structural refinement of the minus
1C structure were complete, theε-amino group of Lys-532
was observed to be within hydrogen-bonding distance (3.2
Å) of O1P (Figure 5). In addition, the interactions between
the active-site residues and the nonbridging oxygens of the
scissile phosphate were observed to have changed signifi-
cantly. As shown in Table 4 and Figures 5 and 6B, the two
active-site arginine residues, Arg-488 and Arg-590, make
3.0 and 2.8 Å interactions, respectively, with the O1P atom,
and His-632 makes a 2.9 Å interaction with the O2P atom
in the minus 1T form 1 structure (similar interactions are
observed in the form 2 structure;8). While the His-632-
O2P interaction is still conserved in the minus 1C structure
(at 2.6 Å), O1P is now observed to interact with Lys-532
and Arg-488 (at 3.2 and 2.6 Å, respectively), and Arg-590
appears to be intermediate (3.3 and 3.6 Å) between both
nonbridging oxygen atoms. Thus, the proximity between Lys-
532 and the scissile phosphate oxygen implicates Lys-532
as an active-site residue. The involvement of a lysine residue
in the catalytic mechanism of the type IB topoisomerases
had been suggested on the basis of mutational analysis of
vaccinia topoisomerase and XerD, a structurally and func-
tionally related tyrosine recombinase fromSalmonella ty-
phimurium(38, 42). In addition, the orientation of the scissile
phosphate group in the minus 1C noncovalent structure is
similar to that observed in the covalent minus 1T complex
of human topoisomerase I and DNA reported previously (7).
As shown in Figure 6C, the O1P and O2P atoms are similarly
oriented in these structures, as opposed to the orientation
observed for this group in the noncovalent minus 1T form 1
and form 2 structures (Figure 6B). These results suggest that
a greater degree of structural flexibility exists at the active
site of the enzyme than was initially appreciated, and suggest
alterations to the proposed active-site mechanism for the
enzyme as discussed below.

DISCUSSION

Several novel features of the 2.6 Å crystal structure
reported here of human topoisomerase I in noncovalent
complex with a DNA duplex containing a cytosine in the

-1 position of the scissile strand have implications for the
proposed DNA-binding and active-site mechanisms of the
enzyme. Overall, the structure is quite similar to the human
topoisomerase I-DNA complex structures described previ-
ously, with rmsds between 1.3 and 1.5 Å between all
equivalent atoms. The linker domain of the minus 1C
structure, however, was found to be disordered (Figure 1),
similar to that of a subset of form 1 structures described
previously (9). This observation lends further support to the
notion that the linker domain of human topoisomerase I is
highly flexible. This flexibility has been proposed to play a
critical role in the proposed “controlled rotation” mechanism
for the relaxation of superhelical tension by the enzyme (8,
9).

The DNA oligonucleotide region of the minus 1C structure
was also observed to be shifted relative to form 1 structures
described previously (9). These shifts (up to 5.4 Å in
magnitude) were the largest yet observed for the DNA
oligonucleotide of a topoisomerase I-DNA complex struc-
ture (Figures 1 and 2). Although they appear to be the result
of a rigid-body shift in the position of the DNA duplex, they
nonetheless suggest that the human topoisomerase I-DNA
interaction can accommodate a greater degree of flexibility
than has been previously appreciated. Because the DNA
oligonucleotides are confined within the crystalline lattice,
stacking head-to-tail to form a pseudo-continuous DNA helix
in all the crystal forms of human topoisomerase I-DNA
complexes described thus far, it has been difficult to assess
the full degree to which the enzyme might distort its DNA
substrate. These results give us the first indication that this
type of rigid-body shift is accommodated within the topo-
isomerase I-DNA interaction.

The 12 additional residues added to the NH2 terminus of
the structure (Trp-203-Gly-214) pack against the human
topoisomerase I protein in a region involving small portions
of core subdomain I, the COOH-terminal domain, and
R-helix 8 of core subdomain III (Figures 1 and 3). The upper
portion of R8 has been proposed to function as part of the
hinging mechanism that allows human topoisomerase I to
open up and clamp around its substrate DNA duplex (7);
this region of the enzyme is protease sensitive in the absence
of DNA and becomes relatively protease resistant when DNA
is added (12). Trp-205 and Trp-206 are part of a group of
large aromatic residues that cluster around the top ofR8 and
the adjacent region of the COOH-terminal domain; these

FIGURE 3: Stereoview of the 12 new residues built at the NH2 terminus of the minus 1C structure. The orientation of the molecule in this
figure is similar to that in Figure 1. The amino acid backbone from Trp-203 to Gly-214 is rendered in cyan, and the aromatic residues in
this stretch of the molecule are shown in magenta. Gly-437, a putative hinging residue near the top ofR8 in core subdomain III (red), is
rendered in yellow, and His-346 of core subdomain I (yellow), which stacks in a planar fashion on Trp-203, is rendered in orange.

Human Topoisomerase I-DNA Complex Structure Biochemistry, Vol. 39, No. 23, 20006837



aromatic residues include Trp-441 and Trp-754 in addition
to Trp-205 and -206. Each of these residues is conserved in
the higher eukaryotic topoisomerases I with known se-

quences. It has been shown that the replacement of the
residue equivalent to Gly-437 in yeast topoisomerase I (Gly-
369) with aspartic acid leads to a diminished level of DNA
binding by the enzyme (39). In addition, it has been
suggested that the main-chain flexibility of the conserved
glycine residue at position 437 in human topoisomerase I
(and position 369 in the yeast enzyme) may be critical for
the opening and closing mechanism of the protein (39).
Replacement of Gly-437 with a non-glycine residue may
reduce the DNA binding affinity of the enzyme simply by
restricting theφ-ψ flexibility of this critical residue. (Gly-
437 is found in human topoisomerase I in anR-helical region
of the protein, withφ and ψ angles of-60° and -24°,
respectively.) In addition, the proper positioning of the Trp-
203-Gly-214 region, including the formation of the con-
served hydrophobic cluster that includes residues Trp-205,
Trp-206, Trp-441, and Trp-754, may also be a critical final
step in the proper closing of the enzyme around its DNA
substrate. This step might be disrupted by the introduction
of a charged amino acid in place of Gly-437, which would
require the repositioning of several of these hydrophobic
residues. These results suggest that the conserved hydro-
phobic cluster made up in part by the 12-amino acid stretch
observed for the first time in this structure might play an
important role in the opening and closing mechanism of the
enzyme.

A water molecule was positioned adjacent to the active-
site residues, including Tyr-723-Phe, in the minus 1C
structure (Figure 5). Because no protein residue was observed
in an appropriate position to function as a general base during
catalysis, we previously proposed that the proton on the
attacking nucleophile was lost to a water molecule as the
covalent intermediate was formed (8). At the time of the
publication of this mechanism, no ordered water molecule

FIGURE 4: (A) Positions of the active-site residues and Lys-532 in
the minus 1C structure. The molecule in this figure is rotated
approximately 180° about the vertical axis relative to Figure 1. The
scissile and intact DNA strands are rendered in yellow and light
gray, respectively, and the scissile phosphate is shown in cyan. Lys-
532 (red) makes a 2.9 Å hydrogen bond with O2 (magenta) of the
cytosine base in the scissile-1 position; the base-pairing guanine
at this position is rendered partially transparent so that the position
of its N2 (blue) can be seen relative to Lys-532. The remaining
active-site residues, Arg-488, Arg-590, and His-632 (seen essentially
end-on), are rendered in white and red, or in white and green (for
Tyr-723-Phe). (B) Closeup view of the interactions between Lys-
532 and the pyrimidine O2 atoms in the minus 1C and minus 1T
form 1 structures. The C‚G base pair at the-1 position in the minus
1C structure is shown in yellow and Lys-532 in red, and the
equivalent regions of the minus 1T form 1 structure (including the
T‚A base pair at the-1 position) are in gray. The positions of the
C1′ atoms linking the bases to the deoxyribose rings of the sugar-
phosphate backbone are also indicated. The minus 1T form 1
structure was superimposed on the minus 1C structure using all
equivalent CR positions.

Table 3: Lys-532 to Pyrimidine O2 Hydrogen-Bonding Distances in
Human Topoisomerase I-DNA Complex Structures

distance (Å)a

minus 1C 2.82
form 1b 3.03
form 2b 2.94
form 6b 2.86

a The length of the hydrogen bond between theε-amino group of
Lys-532 and the O2 atom of the-1 scissile pyrimidine base.b See the
footnote of Table 2 and the text for definitions.

FIGURE 5: Putative catalytic water (WAT) and catalytic side chains
in the active site of the minus 1C structure. Lys-532 and Arg-488
make 3.2 and 2.6 Å hydrogen bonds, respectively, with the
nonbridging O1P of the scissile phosphate, and His-632 (shown
schematically) lies 2.6 Å from the other nonbridging oxygen, O2P.
The potential catalytic water, proposed to function as a specific
base in the strand cleavage mechanism of the enzyme, makes a
2.5 Å hydrogen bond with Arg-590. The tyrosyl hydroxyl (“OH”),
if it were to exist on the Tyr-723-Phe residue, would be 3.0 Å from
the phosphorus atom, 2.3 Å from the putative catalytic water, and
2.5 Å from the guanidinium group of Arg-590.
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had been observed in any of the human topoisomerase
I-DNA complex structures. However, in the subsequent
refinement of the minus 1T form 2 structure (PDB entry
1A35;7), a water molecule was positioned like that observed
in the minus 1C structure described here. Both solvent sites
form a close (2.5 Å in the minus 1C structure) hydrogen-
bonding interaction with the guanidinium group of Arg-590
and are positioned adjacent to Tyr-723-Phe (2.3 Å from the
OH of a pseudo-tyrosine in the minus 1C structure; Figure
5). As we still see no evidence for an amino acid side chain
adjacent to the active site that may function as a general
base, we propose that a water molecule positioned like that
observed in the minus 1C and form 2 structures may serve
as a specific base to activate the catalytic Tyr-723. In
addition, the guanidinium group of Arg-590, which lies 2.5
Å from the hydroxyl group of the pseudo-tyrosine of the
Tyr-732-Phe residue, may cause a significant downward shift
of the pKa of this tyrosine hydroxyl (40). This would facilitate
the formation of a deprotonated, phenolate form of Tyr-723
at physiological pH, further readying this essential catalytic
residue for in-line nucleophilic attack on the scissile phos-
phate group.

The hydrogen-bonding interaction between pyrimidine O2
of the -1 scissile cytosine and theε-amino group of Lys-
532, the only protein-DNA base-specific interaction ob-
served between human topoisomerase I and its DNA
substrate, is intact in the minus 1C structure (Figure 4A). In
fact, this interaction is very similar to that observed in the
previously determined human topoisomerase I-DNA com-
plex structures (Table 3 and Figure 4B;7-9). Thus, the
presence of the N2 group on the base-pairing guanine base
at the-1 position of the intact strand did not eliminate the
interaction between Lys-532 and the-1 cytosine. Crystals
were not obtained, however, in the presence of a non-
pyrimidine base at the scissile-1 position. That fact, taken
together with the observations of Been et al. (23) and
Anderson et al. (24) that thymine is primarily (with cytosine
secondarily) favored by topoisomerase I in that position,
suggests that the observed interaction between the pyrimidine
O2 atom and Lys-532 plays a critical role in the association
of the enzyme with DNA.

The nonbridging oxygens of the scissile DNA phosphate
group were observed to shift in position by a 75° rotation
about a pseudobond between the O5′, P, and O3′ atoms in
the minus 1C structure relative to their positions in the
previous noncovalent minus 1T structures (Figure 6A). This
shift brings the Lys-532ε-amino group into hydrogen-
bonding distance of one of the nonbridging oxygens of the
scissile phosphate (Figure 5), and also changes the pattern
of contact between the other active-site residues and the

FIGURE 6: (A) Stereoview of the shift in the positions of the
nonbridging oxygens of the minus 1C scissile phosphate. AσA-
weighted difference map contoured at 4.5σ (light gray) and-3.0σ
(dark gray) calculated prior to any rebuilding of the model in this
area indicates that a positional shift of these atoms is appropriate.
The minus 1C structure is in dark gray, while the form 1 structure
(light gray) is shown as it was originally positioned after molecular
replacement and rigid-body refinement. (B) Superposition of active-
site residues of the Topo70 noncovalent minus 1C (black, thicker
bonds), Topo70 noncovalent minus 1T complex (Topo70 Minus
1T; white), and reconstituted noncovalent minus 1T complex
(Recons. Minus 1T; medium gray) structures. The shift in position
of the nonbridging oxygens of the minus 1C scissile phosphate
(indicated by the arrow) is evident relative to the other two
structures. In addition, the position of the Tyr-723-Phe residue has
also shifted. The structures were superimposed using the CR
positions of the active-site residues, Tyr-723-Phe, Arg-590, Arg-
488, Lys-532, and His-632. (C) Closeup of the active site of the
noncovalent minus 1C complex (black) and the reconstituted
covalent minus 1T complex (form 6; gray) superimposed using the
CR positions of the active-site residues, as in panel B. Note that
the nonbridging oxygens of the scissile phosphates of each structure
(whether in a phosphodiester linkage or a 3′-phosphotyrosine
linkage) are oriented in the similar fashion.

Table 4: Distances (in Å) between the Nonbridging Oxygens of the
Scissile Phosphate and the Non-Tyrosine Active-Site Residues in
the Minus 1C and Form 1 Structures

noncovalent
minus 1C

noncovalent form 1
(minus 1T)

O1P O2P O1P O2P

Lys-532 (NZ) 3.17a 5.48 5.61 6.00
Arg-488 (NH2) 2.56a 3.30 3.04a 4.99
Arg-590 (NH1) 3.60 3.30 2.82a 5.28
His-632 (NE2) 5.00 2.56a 3.72 2.92a

a Interactions within hydrogen-bonding distance.
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scissile phosphate group (Figure 6B and Table 4). Whereas
in the previous structures of noncovalent human topoi-
somerase I-DNA complexes Arg-488 and Arg-590 con-
tacted one nonbridging oxygen (O1P) and His-632 contacted
the other (O2P), now in the minus 1C noncovalent complex
Lys-532 and Arg-488 contact O1P and Arg-590 is observed
to be intermediate (3.3 and 3.6 Å) between the two
nonbridging oxygens. In addition, His-632 makes an even
closer contact (2.6 vs 2.9 Å) with O2P in the minus 1C
structure than previously observed (Table 4). His-632 may
perform two roles in the active-site cleavage mechanism of
the enzyme (8). First, its positive charge character may assist
in the stabilization of the pentavalently coordinated transition
state of the reaction. Second, as the cleavage mechanism
progresses, it may further function to protonate the leaving
5′-oxygen to create the free 5′-hydroxyl. In this formulation,
as catalysis proceeds the positive charge of His-632 is less
available for stabilization of the transition state, since this
residue becomes involved in the protonation of the leaving
5′-hydroxyl group. Lys-532 may then function as an active-
site residue by utilizing its positive charge character to
stabilize this transition state at the later stages.

The orientation of the scissile phosphate group in the
minus 1C structure is unique relative to the noncovalent
minus 1T structures examined to date (Figure 6B), but is
similar to that of the 3′-phosphotyrosine linkage observed
in the structure of the covalent human topoisomerase I-DNA
complex (Figure 6C;7). Perhaps a critical step in the
cleavage mechanism of the enzyme is the rotation of the
scissile phosphate, in part so that Lys-532, functioning as
an active-site residue, can be brought into proximity to
stabilize the transition state. The reason cytosine is less
favored than thymidine in the scissile-1 position may be
because it facilitates a premature rotation of the scissile
phosphate group. Such a premature rotation may be needed
with a C‚G base pair in the-1 position to stabilize Lys-532
in the presence of the guanine N2 group in the minor groove.
In summary, we propose that the active site of human
topoisomerase I is made up of Tyr-723, Arg-590, Arg-488,
His-632, Lys-532, and a catalytic water molecule. In addition,
the catalytic pathway of the enzyme may involve a rotation
of the scissile phosphate and a reorientation of the nonbridg-
ing oxygens relative to the active site residues.
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