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The three-dimensional structure of a 70-kilodalton amino terminally truncated form of
human topoisomerase | in complex with a 22—-base pair duplex oligonucleotide, deter-
mined to a resolution of 2.8 angstroms, reveals all of the structural elements of the
enzyme that contact DNA. The linker region that connects the central core of the enzyme
to the carboxyl-terminal domain assumes a coiled-coil configuration and protrudes away
from the remainder of the enzyme. The positively charged DNA-proximal surface of the
linker makes-only a few contacts with the DNA downstream of the cleavage site. In
combination with the crystal structures of the reconstituted human topoisomerase |
before and after DNA cleavage, this information suggests which amino acid residues are
involved in catalyzing phosphodiester bond breakage and religation. The structures also
lead to the proposal that the topoisomerization step occurs by a mechanism termed

“controlled rotation.”

Topoisomerases are ubiquitous and essen-
tial enzymes that solve the topological
problems that accompany DNA replica-
tion, transcription, chromatin assembly,
recombination, and chromosome segrega-
tion by introducing transient breaks into
the helix (1-3). Strand cleavage by all
topoisomerases involves nucleophilic at-
tack by a catalytic tyrosine residue on the
scissile phosphodiester bond that culmi-
nates in the formation of a covalent bond
between the enzyme and one end of the
broken strand. The accompanying report
(4) describes the three-dimernsional struc-
ture of a form of human topoisomerase I
(topo I) reconstituted from two fragments
of the protein (core and COOH-terminal
domains), complexed either nonco-
valently or covalently with a 22—base pair
(bp) DNA oligonucleotide. Here we
present the crystal structure of an NH,
terminally truncated 70-kD form of the
human enzyme composed of residues
Lys'” to Phe’® (topo70) in a noncova-
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lent complex with double-stranded DNA.
This structure includes the linker region
(residues Pro®¢ to Lys’!'?) that is missing
in the reconstituted enzyme. The spatial
organization of the amino acid residues in
the vicinity of the scissile phosphate in
the DNA, in conjunction with informa-
tion from mutagenesis studies and the pat-
tern of conserved amino acid residues, sug-
gests a chemical mechanism for the nick-
ing-closing reaction. The presence of two
positively charged surfaces downstream of
the cleavage site that make minimal con-
tacts with the DNA helix would appear to
be more consistent with a modified form
of the “free rotation” model for DNA re-
laxation, called “controlled rotation,”
than with the “strand passage” model fa-
vored for Escherichia coli topo 1 (1, 2, 5).

Crystals of an inactive mutant form of
topo70 [in which Tyr"®® is mutated to Phe
(Y723F)] in complex with a 22-bp oligo-
nucleotide were obtained after expression
of topo70 in insect cells and after screen-
ing more than 50 different oligonucleotide
variations of a high-affinity topo I-bind-
ing site from the ribosomal DNA of Tet-
rahymena thermophila (6). Repeated cycles
of macroseeding were required to obtain
crystals of sufficient size for data collec-
tion, and both cryocooling and synchro-
tron radiation were ' necessary to obtain
data beyond 3 A resolution (Table 1).
Although crystals could be grown repro-
ducibly, they consistently exhibited both a
high degree of nonisomorphism and a
large mosaic spread. The b axis of the
monoclinic crystals varied by 12 A, and
the B angle showed a range of 10°. This
variation made the identification of useful
isomorphous heavy-atom derivatives ex-
tremely difficult, despite our having col-

lected ~120 data sets after examining
more than 700 crystals with the x-ray
beam.

Molecular replacement approaches (7),
using a variety of available search models,
allowed us to position a 22-bp straight
B-form DNA into the monoclinic cell
along the c axis (8). However, the phases
calculated from this model, alone or in
combination with weak phases from a

‘crystal with three iodinated bases in the

DNA, were not sufficient to solve the
structure of the topo70-DNA complex.
We could only achieve the structure solu-
tion by molecular replacement using the
structure of the reconstituted human topo
I (4). However, despite numerous rounds
of structural refinement (9), the phases
derived from the reconstituted model were
not sufficient to allow the linker domain
to be traced. Ultimately, by combining
these phases with weak multiwavelength
anomalous dispersion (MAD) phasing in-
formation from a crystal containing a
hexabrominated oligonucleotide—topo70
complex, the structure of the linker do-
main was eventually elucidated ( Table 1).

The 77-residue linker domain appears
to consist mainly of two long a helices
connected by a short turn formed by resi-
dues Met®” to Ala®?8, creating an antipa-
rallel coiled-coil (Fig. 1, A and B). The tip
of the coiled-coil has low temperature fac-
tors probably as a result of crystal contacts
of this region with a neighboring topo70
molecule in the crystal. Residues Asn’!! to
Leu”®, which connect the linker to the
COOH-terminal domain, display quite
high temperature factors, and residues
Pro®¢ to Phe®®, which bridge the core
and linker domains, are disordered. The
two long helices (al8 and «19) of the
linker domain are well defined in density
and interact with each other through a
number of classical hydrophobic leucine-
leucine contacts (Fig. 1) and also through
contacts involving the aliphatic portions
of long, charged side chains as exemplified
by the interaction between residues Lys®**
and Leu®®® (Fig. 1B). There is clear evi-
dence of a heptad repeat in the two ~30-
residue-long helices making up the coiled-
coil (Fig. 1C).

A DALI search (10) revealed a very
high degree of structural similarity of the
linker domain with the two helices of the
natural repressor of primer (Rop) protein
from E. coli (11) and the GreA transcript
cleavage factor from E. coli. The highest
degree of similarity was found with a mod-
ified form of Rop that has a two—amino
acid insertion (Rop<<2aa>) in the turn
region that more effectively registers the
heptad repeat of the hydrophobic residues
(Fig. 1, A and C). A total of 60 residues of

SCIENCE ¢ VOL. 279 ¢ 6 MARCH 1998 ¢ www.sciencemag.org



Rop<2aa> and the linker can be super-
imposed with a root-mean square (rms)
deviation for Ca atoms of 0.8 A, yet the
amino acid sequence identity is only 3.3%
(Fig. 1C). Bringing the two linker helices
together results in the formation of three
interhelix salt bridges and nine hydropho-
bic pairwise interactions and buries 1030
A? of surface area (Fig. 1C). The solvent-
exposed surfaces of the linker helices (a18
and a19) are highly charged and generally
polar in nature. The DNA proximal (top)
side of the coiled-coil has a large net
positive charge, with nine lysine and argi-
nine residues and only two aspartic acid

side chains. In contrast, the bottom sur-
face of the linker region is only slightly
positively charged with seven lysine and
arginine residues counterbalanced by six
aspartic and glutamic acid residues (Fig.
1C). It seems likely that the asymmetrical
organization of charges along the surface
of the linker plays a functional role in the
mechanism of human topo .

The linker domain helices protrude
away from the core and COOH-terminal
domains, with contacts occurring only.be-
tween the last helix (a17) of core subdo-
main III and the COOH-terminal end of
the second linker helix («19) (Fig. 1B).

| REPORTS |

Residues Pro®!3, Leu®!?, and the aliphatic
portion of the Arg®®* side chain in core
helix 17 engage in hydrophobic interac-
tions with Val?®3, 1le”4 and Leu’!® of
linker helix 19. In addition, there are two
interdomain salt bridges, Arg®*4-Glu™'°
and Arg®?'-Asp™’, between helices 17
and 19 (Fig. 1B). No other interactions
are observed between the linker domain
helices and the remainder of the topo70
molecule. As such, the linker domain
might be free to shift with respect to the
core by moving hydrophobic surfaces
along each other, a phenomenon that
could explain the extreme degree of non-

Table 1. Crystallographic structure determination of residues 641 to 716 of
70-kD human topo I. MAD data were collected from a crystal containing six
5’-bromo-3’" deoxyuridine nucleotides on the DNA oligonucleotide, at posi-
tions -9, +1, +3, +4, +5, and +6 on the intact strand. The mean figures of
merit [(| SP(a)e/SP(a)[ ), where « is the phase and P(a) is the phase prob-
ability distributlon] of the MAD phasing information alone before phase com-
bination were 0.32 and 0.20 for acentric (acen.) and centric (cen.) data,
respectively (iso, isomorphous; anom, anomalous). Data used for refinement
were collected from a crystal containing an unsubstituted DNA oligonucleo-
tide. For the crystallization procedure human topo70 Y723F mutant was
purified from a baculovirus-insect cell (SFQ) expression system as described
(79). Duplex oligonucleotides were prepared as described (4). Topo70-DNA
cocrystals were grown by vapor diffusion at 22°C from sitting drops that were
prepared by mixing 6 wl of crystallant (5 mM tris-HCI, pH 6.0, 20 mM
MES-HCI, pH 6.8, 27% v/v PEG 400, 145 mM MgCl,, and 30 mM dithio-
threitol), 2 l of water, 2 ul of duplex oligonucleotide (0.1 mM in 6 mM NaCl),
and 4 pl of protein (5 mg/mlin 10 mM tris-HCI, pH 7.5, 1 mM EDTA, and &
mM dithiothreitol). Crystal size was increased by multiple rounds of macro-
seeding into freshly prepared crystallization drops once every 3 days. For
structure determination and refinement, crystals were cryoprotected by
soaking them in a 4:1 mixture of crystallant plus ethylene glycol for 4 min at
22°C and were flash-frozen in liquid nitrogen or a nitrogen gas stream cooled
to 100 K. Data were collected at 100 K at Stanford Synchrotron Radiation
Laboratory, Cornell High Energy Synchrotron Source, and Brookhaven Na-
tional Laboratory. Crystals were of space group P2, witha = 56.6 A, b = 123
A c =718A, and B = 97°, but they exhibited marked crystal-to-crystal
nonisomorphism. The monoclinic b lengths and B angles varied from 118 to
130 A and 92° to 102°, respectively, among the ~120 data sets collected,

which led to high R, values (10 to 25%) between native data sets. Extensive
alterations in cryoprotecting and flash-freezing protocals, including freezing in
liquid propane, did not alleviate this problem. The structure was solved by
molecular replacement with AMORE (7) by using the structure of the nonco-
valent complex of reconstituted human topo | bound to a 22-bp DNA duplex
oligonucleotide as the search model (4). However, interpretable electron den-
sity for the 77-residue linker domain (~10% of the asymmetric unit by mass)
was not evident in o,-weighted (20) partial model maps or in o ,-weighted
phase-combined maps that used single isomorphous replacement phases
from a crystal with three 5-iodo-deoxyuridine substitutions on the DNA oligo-
nucleotide. A four-wavelength MAD experiment was conducted at Stanford
Synchrotron Radiation Laboratory, beamline 1-5, with a single crystal contain-
ing six 5'-bromo-3" deoxyuridine substitutions on the DNA oligonucleotide (a
=56.9A,b=1203A c=715A B = 100.7°). Heavy-atom refinement and
MAD phasing were conducted with SHARP (27) with the high-energy refer-
ence data set (0.8996 A) as the “pseudo” native. The o,-weighted phase
combination between model phases and MAD phases to 3.2 A resolution
(Res.) gave clear, interpretable density for 72 of the 77 residues of the linker
domain (Fig. 1, A and C), which were built with the program O (22). The model
was then positioned into a 2.8 A resolution native data set (@a=156.5 Ab=
118.4A c=716A, B = 101.2°), and the remainder of the linker domain (with
the exception of residues 636 to 640) was traced and side chains were built
into o ,-weighted 2| F . | = |F .. and |F .l = [F .| maps. The model was
refined by X-PLOR (9) with simulated anneahng (23) and iterative model adjust-
ments with O. The final complex model contains residues 215 to 635 and 641
to 765 of human topo | and a 22-bp DNA duplex oligonucleotide, with good
geometry and no Ramachandran outliers (24). Figures were created with
MOLSCRIPT (25), Raster3D (26, 27), and GRASP (28).

MAD phasing information

o 'DhP§ Rcullis”
Wave- Res. (A) Reflections Complete (%) Ry, (%) + (%) F oo T ot
length (last shell) unique/total (last shell) (last shell) Ranom (electrons) Acen. c Acen.
' en. . Cen.
(iso/anom) (iso/anom)
0.8996 A 30-3.2 15,385/51,036 97.9 (78.0) 6.8 (34.4) 4.6 -3.0/3.5 —/0.74 — —/0.91 —
. (8.3-3.2)
0.9196 A 30-3.2 15,443/86,569 98.0 (96.7) 6.8 (37.2) 3.8 —6.8/4.4 0.92/1.10 0.79  0.49/0.89 0.57
. (3.3-3.2)
0.9208 A 30-8.2 15,387/54,437 98.0 (95.1) 1(35.4) 3.9 -8.1/1.9 0.19/0.49 0.23 0.65/0.94 0.68
. (3.3-3.2)
0.9342 A 30-8.2 15,5622/52,913 98.0 (83.1) 6.3 (38.6) 4.2 —-3.7/0.4 0.28/0.32 0.25  0.63/0.95 0.67
(8.3-3.2)
Structural refinement
Res. (A) Reflections Redundancy Complete (%) Rsym* (%) No. protein and RT Rires’ Rmsd* Rmsd**
(last shell) unigue/total (last shell) (last shell) DNA atoms (%) (%) bonds (A) angles (°)
8-2.8 21,217/63,314 3.0 94.7 (86.8) 5.5 (30.5) 5369 24.2 33.7 0.012 1.70
(2.9-2.8)
R, = 3l — (H/2I, where [ is the observed intensity and (/) the average intensity of multiple. symmetry-related observations of that reflection. tRanom = 2MFpy —

sym

11~ pll/ 2{lpnl), where 1+l and /=4I are the intensities of the Bijvoet pairs and (I/p1) is the average of these Bijvoet intensities.
(rmsiF 1)/(rms E), where Il is the heavy-atom structure factor amplitude and £ the residual lack of closure error.

heavy-atom substitutions.
= SIEVSIFpyl — IFp.
the observed data).

§PhP (phasing power) =

qR = SIFoPS,| — IFealC I/ ZIFORS). #Ry, = SIFOPS | —
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Mean scattering factors (f) observed for
IR

cullis

IF,11/2IFobs | where 1F9PS,| s from a test set not used in structural refinement (7% of
**Rmsd values are rms deviations from ideal bond lengths and bond angles.
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isomorphism seen in the crystals.

Because the NH,-terminal domain of
human topo I has no defined spatial orga-
nization (4), the three-dimensional struc-
ture of the topo70-DNA complex provides
a view of all the well-defined structural
domains of human topo | that interact
with DNA. As has been seen in all six
crystal forms of human topo I-DNA com-
plexes obtained thus far, the blunt-ended
oligonucleotide duplexes are
head-to-tail in the crystals (4, 8). The
core and COOH-terminal domains of
topo70 form a clamp around the DNA in
a manner very similar to that seen in the

stacked-

reconstituted enzyme (4). A view of the
electrostatic surface potential of topo70
demonstrates that the DNA-proximal sur-
face of the linker domain is highly posi-
tively charged (Fig. 2A), as is the central
hole of the enzyme, which. matches very
well the negative charges of the DNA
sugar-phosphate backbone. Comparing
the —4 to +6 base pair regions of the DNA
in the topo70-DNA complex with the re-
constituted topo [-DNA complexes (4)
yields an rms deviation of 0.6 A. The
remaining flanking base pairs display an
rms deviation of 1.3 A. In addition, the
core and COOH-terminal modules of

topo70 are also very similar in structure to
those of the reconstituted enzymes, with
an overall rms deviation between Ca at-
oms of 1.2 A. Significant deviations only
occur near the active site where residues
Gly"'7 to Asn’? adopt a short helical
conformation («20) in the topo70-DNA
complex (Figs. 1B and 2B).

In our crystals the long axis of the linker
domain points ~30° away from the DNA
helical axis (Fig. 2, A and B). The tip of the
linker is 35 A removed from the nearest
phosphate group in the pseudocontinuous
DNA helix. Moreover, the highly positively
charged top surface of the coiled-coil,

Fig. 1. Structure of the linker region of 70-kD human
topo |. (A) Stereoview of the linker domain (Ser5*3 to
Arg”®®) of human topo | (linker, orange, Ca trace)
structurally aligned with a variant of the coiled-coil of
E. coli repressor of primer (Rop<2aa>, black, Ca
trace) (11). The side chains that form the hydrophobic
interface of each coiled-coil are also shown for the
linker (orange) and Rop<2aa> (cyan). (B) Cutaway
view of a three-helix sheet formed by hydrophobic
interactions between the linker domain helices (@18
and «19) and helix 17 of core subdomain Il as seen in
topo70. Helix 20 of the COOH-terminal domain is in
green. All side chains that engage in hydrophobic
interactions in the three-helix sheet are in gray and
labeled according to their domain designation as link-
er (orange) or core subdomain Ill (red). Active site
residues His®32 and Phe”2® are also shown. (C) Struc-
ture-based sequence alignment of E. coli Rop<2aa>
(71) (accession number P0O3051), the E. coli transcript
cleavage factor GreA (29) (accession number
X54718), and the linker domain of human topo | (30).
The pairwise hydrophobic and salt bridge interactions
that stabilize the coiled-coil of the human linker are B
represented by numbers in gray or colored boxes,
respectively. Side chain properties are represented

with colored boxes: cyan for polar, green for positive

charge, red for negative charge, and gray for hydro-

phobic. DNA contacts made by the human residues

Arg®5¢ and Lys"®® are indicated with light blue boxes.
Residues with side chains on the top (DNA proximal),

side, and bottom surfaces of the coil-coiled are indi-

cated with colored boxes, and the surface charge

ratios are on the right.

C
Rop<2aa> 10 50
|
Rop<2aa> 1-65 .....MEEQEKTARNMBRFINS .QNLTLEEKENELN........ DIQ D ELERS| GD GENL
Greh 1-79 MQAIP ll.l LD]' RPE I EHGDLKIH R.l E IKDRE VTK
Linker 638-716 KTIEK D KIQ D RRD . MEKDA! Q EQEM !!K
=5 |
Topo I Linker 638 544 647 651 654 GSB 661 665 668 672 680 684 GB'I' 691 694 698 101 705 708 '1'12
Hydrophobic Interactions @ @ ® ® § §E § 8 8 -4 I FE ¥
Salt Bridge Interactions B ENR g |
“Top Surace | I | I N | . | E I - i & B R N I
Facing DNA Top Surface 9 Pos./2 Neg.
Side Surface ] | | | ] | | g Z ’ Em 1 Pos./3 Neg.
Bottom Surface I I m =B | B I l L B B B B 8 Pos./6 Neg
Rop<2aa> Secondary
Structure
Helix 1 Helix 2

Linker

Secondary
Structure

1536 SCIENCE e VOL. 279 » 6 MARCH 1998 * www.sciencemag.org



which faces the DNA, only makes two con-
tacts with the duplex involving residues
Lys®° and Arg’®. These residues, which
are located at the core-proximal end of the
linker and are conserved as lysine or argi-
nine in all cellular type | topoisomerases

Core Subdomain 11

Core Subdomain 111

Fig. 2. Structure of human topo | in complex with
DNA. (A) The GRASP (28) electrostatic potential sur-
face of the human topo70-DNA complex illustrates
the circumferential binding of topo | around the B-
form DNA shown in stick. Regions of the protein that
have positive electrostatic potential (>15 kgT/e) are
shown in blue, negative regions (<15 kgl/e) in red,
and neutral regions in white (kg is Boltzman’s con-
stant, T is temperature, and e is the unit of charge,
1.8021 x 1079 C). (B) Cutaway view of the linker
domain helices (@18 and «19), the DNA, and helices
17 and 20 of core subdomain Ill and the COOH-
terminal domain, respectively. Side chains that line
the top surface of the linker domain are labeled in
orange (30). (C) Schematic representation of the pro-
tein-DNA interactions of human topo70 bound non-
covalently to the 22-bp duplex. All interactions with
distances =3.5 A are indicated (dotted lines with ac-
tual distances in angstroms). DNA interactions with
protein side chains (transparent or colored elongat-
ed ovals) or main chain nitrogen atoms (small or-
ange ovals) are indicated with adjacent colored dots
corresponding to the adopted domain classifica-
tions (yellow, core subdomain |; blue, core subdo-
main Il; red, core subdomain lll; orange, linker do-
main; green, COOH-terminal domain). The ob-
served interactions are limited almost exclusively to
protein-phosphate interactions (large gray dots).
The -1 and +2 bases are the only bases that are
contacted by the protein, as indicated with bold
black boxes. Both contacts occur in the minor
grove, one between the terminal amino group of
Lys532 and O2 atom of the —1 thymidine base, and
the other between the guanidinium group of Arg4
and the N3 atom of the +2 guanidine base. Small
red dots indicate interactions between Arg3®* and

the ribose oxygens in positions +2 and +3 on the cleaved strand. The
phosphate-deoxyribose backbone of the intact strand is shown in blue,
and that of the scissile strand is shown in magenta and pink to indicate

www.sciencemag.org * SCIENCE ¢ VOL. 279 * 6 MARCH 1998

(8), respectively make interactions with the
phosphate between the +7 and +8 nucle-
otides on the noncleaved strand and the
phosphate between the +9 and +10 nucle-
otides on the cleaved strand (Fig. 2C). In
contrast, the remaining seven positively

REPORTS

charged residues and seven polar residues
on the top side of the coiled-coil make no
interactions with phosphates or any other
oligonucleotide atom.

This phenomenon of positively charged
residues on a pair of helices facing but not
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contacting the phosphate-deoxyribose
chain is repeated elsewhere in the com-
plexes of human topo I with DNA. The
“nose cone” helices 5 and 6 of core sub-
‘domains I and II also have DNA-proximal
segments (residues Thr’® to Tyr’38) with
six positively charged residues pointing in
the direction of the duplex phosphates
(4). However, only Arg>'® makes direct
contact with the phosphate between the

+5 and +6 nucleotides on the cleaved
strand (Fig. 2C). The other five positive
charges do not contact the oligonucleo-
tide duplex in any of the three crystal
structures we have solved so far [this re-
port and (4)]. Apparently, human topo |
contains two positively charged surfaces,
facing but not contacting the DNA, with
each surface residing in intriguing helical
portions of the enzyme. It is most likely

that these helices play an important role
in the mechanism of topoisomerization.
The three-dimensional structures of re-
constituted human topo I in covalent and
noncovalent complex with DNA (4) and
the topo70 structure with its linker do-
main described here provide close-up
-views of the active site region before and

after DNA cleavage (Fig. 3, A to C). In

His632

E Arg488

His632

Arg590

"Phe723Tyr"

combination with a structure-based align-

<u His632

Fig. 3. The active site of human topo | and a model for
the cleavage reaction. Stereoviews of the active site
region as seen in (A) the noncovalent complex of hu-
man topo70, (B) the noncovalent complex of reconsti-
tuted human topo | (4), and (C) the covalent complex of
reconstituted human topo | (4). In (A) and (B) an On
atom has been purposefully added to the residues la-
beled Phe723Tyr to depict the nucleophile that attacks
the phosphodiester bond. Hydrogen bonds (dotted
lines) and distances (in angstroms) are shown. The ac-
tive site residues Arg*®8, Arg®®°, and His®3? (not visible
in the covalent complex of reconstituted topo [) and
Tyr™22 or Phe723Tyr are depicted with thick bonds. The
ribose-phosphate backbone of the —1 and +1 residues
belonging to the scissile strand are depicted with thin
bonds, and the DNA bases are indicated with text. (D)
Schematic diagram depicting a possible intermediate
stage in the cleavage phase of topo | catalysis. The
conserved active site residues Arg*®®, Arg®®°, and
His®32 from core subdomain lll, as well as the catalytic
Tyr"22 of the COOH-terminal domain, are depicted sur-
rounding the scissile phosphate, which is coordinated
in a trigonal bipyramidal fashion.
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ment of all eukaryotic topoisomerase I se-
quences (8), the results of several mu-
tagenesis studies (12), and a structural
comparison of topo I with bacteriophage
integrases (13), this information suggests a
mechanism for phosphodiester bond
breakage and religation by topo I. Replac-
ing the observed Phe??® with a tyrosine
residue in the Y723F mutant form of the
topo70 structure (Fig. 3A), or of the re-
constituted protein structure (Fig. 3B),
brings the Om oxygen to within 2.9 A of
the phosphorus atom in both crystal forms.
The tyrosine hydroxyl is positioned per-

}
*-.*/

{ Binding

»

Noncovalent
complex

Cleavage

A
\

Covalent
Intermediate

Intermediate h
D

fectly for nucleophilic attack and subse-
quent covalent attachment to the 3’ end
of the broken strand because it is colinear
with the O5’-P scissile bond. Other resi-
dues near the phosphodiester bond that is
cleaved are as follows: Arg*®, interacting
with one nonbridging oxygen O1 (pro-R
atom); Arg®®, also near Ol; and His%3?
next to the other nonbridging oxygen, O2.
These residues are absolutely conserved
among all cellular and viral topo I enzymes
(8), and mutagenesis studies of human,
yeast, and vaccinia topo I have indicated
that each of these residues plays an essen-

&
/

Release \

Noncovalent
complex

Religation

Covalent

Controlled Rotation

Fig. 4. The controlled rotation mechanism of human topo |. The highly negatively superhelical substrate
DNA (red with right handed writhe) becomes partially relaxed through steps (A) through (G) and is
converted to the less supercoiled state depicted in green. Human topo | (topo70) is rendered as a
bilobed structure with core subdomains | and Il forming the “cap” lobe (cyan), and core subdomain Il
plus the COOH-terminal and linker domains forming the “catalytic” lobe (magenta). The structure shown
in (D) is expanded by a factor of 2 and shows the Ca trace of the protein with the rotating DNA depicted
as a series of different-colored rotation states that show the DNA segment at 30° intervals. Because the
shape of the enzyme is complementary to but not always in direct contact with the surface of the
substrate DNA, small rocking movements (small arrows) may be allowed during the events of controlled

rotation.
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tial role in the nicking-closing reaction
(12).

For the catalytic mechanism of the cel-
lular topo I enzymes, it seems reasonable to
propose that the absolutely conserved
Arg*® and Arg®® residues in human topo I
contribute to the stabilization of the pen-
tavalent coordination state' through hydro-
gen bonding to one of the nonbridging
oxygen atoms of the scissile phosphate (Fig.
3D). The other nonbridging oxygen would
be stabilized in the pentavalent intermedi-
ate through hydrogen bonding to the Ng2
atom of His®2, which is also positioned
near the 5’-oxygen of the scissile bond, and
might in addition function as a general acid
by donating a proton to the 5'-leaving
group during the cleavage reaction (Fig. 3,
A, B, and D). '

In the crystal structures there is no side
chain atom within a 4 A radius of the
hydroxyl of Tyr’?* that could act as a
general base. The closest such amino acid
is His%?, which is unlikely to be involved
as a general base because the Ne2 atom of
His®*? is 4.3 A away from what would be
the hydroxyl oxygen of Tyr’?? in the crys-
tal structure of the reconstituted noncova-
lent complex (4) and 5.5 A away in the
topo70 noncovalent - complex reported
here. One possible explanation is that the
presence of phenylalanine instead of ty-
rosine at position 723 in these two struc-
tural forms shifts His®3? away from its nor-
mal position where it does indeed act as a
general base to abstract the proton from
the attacking hydroxyl. Alternatively, it
may be that the proton is transferred to
water as catalysis proceeds (Fig. 3D). Fur-
ther work will be required to establish the
role of a base in the cleavage reaction of
human topo L.

In the structure of the covalent com-
plex (4), the 5'-SH group of the +1 nu-
cleotide is not in line for nucleophilic
attack on the phosphorus atom of the
tyrosine-phosphate linkage (Fig. 3C).
However, if one invokes a rotation of
~180° about the C4’-C5' bond of the
terminal deoxyribose group, a 5’-OH in
place of the 5'-SH would assume an ideal
position for nucleophilic attack on the
phosphorus atom. Our crystal structure
does not reveal why the 5'-SH is inactive
in religation, but it is unlikely to be due to
the sulfur being intrinsically a weak nu-
cleophile because the cysteine sulfhydryl
of some protein tyrosine phosphatases has
been shown to be an effective nucleophile
in the hydrolysis of a phosphotyrosine
bond (14, 15). It seems more likely that
the failure lies in the difference in the
geometry of the 5’ carbon-sulfhydryl group
as compared with the 5’ carbon-hydroxyl
group of the natural substrate for religa-
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tion. The His®? residue could serve as a
general base to increase the nucleophilic-
ity of the attacking 5'-OH; however, this
role for His®*? must remain provisional
because this residue is not visible in the
structure of the covalent complex (4).
Despite considerable debate, the mech-
anism of DNA relaxation after formation of
the covalent complex and before religation
remains elusive (I, 2). The free rotation
and strand passage models represent the two
extremes of a continuum in the conceptual
framework for how topo I might effect
changes in linking number. The free rota-
tion model supposes that the 5’ terminus of
the broken strand is released from the ac-
tive site and is allowed to rotate freely about
the complementary unbroken strand. Ac-
cording to this model, multiple winding
events could occur for each cleavage-religa-
tion cycle, which is in agreement with the
observations of Stivers et al. on the vaccinia
viral topo I (16). In contrast, the strand
passage model proposes that the unbroken
strand is passed through an enzyme-bridged
gate that is formed by covalent attachment
to the 3" end and by noncovalent binding

to the 5’ end of the broken strand. Accord- .

ing to this model, only a single winding
event would occur for each cleavage-religa-
tion cycle.

The structures presented here and in the
accompanying article (4) do not reveal any
protein-DNA contacts that indicate a
“tight-fisted” grip on any portion of the
DNA downstream -of the cleavage site.
Therefore, the strand passage model in its
extreme form is not likely to be the mode by
which topo I promotes topoisomerization
(17). Likewise, a model in which the helix
downstream of the break site is completely
free to rotate around the phosphodiester
bond in the intact strand can be ruled out on
the basis of the physical constraints imposed
by the structure itself. Thus, we conclude
that relaxation occurs by an intermediate
mechanism called controlled rotation, in
which ionic interactions between the DNA
and both the nose cone helices and the
linker domain regulate the winding process.

The considerations that led to the con-
trolled rotation hypothesis are as follows.
Initial modeling studies of topoisomeriza-
tion demonstrated that severe protein-
DNA clashes would occur if the DNA
downstream of the cleavage site were al-
lowed to rotate about any one of the five
rotatable bonds spanning the sugar phos-
phate bond network between the —1 and
+1 bases of the intact strand. Such clashes
would occur even if core subdomains I and
II were allowed to fully dissociate from the
DNA substrate. This observation elimi-
nates all models that involve the simple
rotation about a single bond in the intact
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strand. We next examined the predicted
movements of the downstream DNA, as-
suming that the flexibility in the DNA
could be mimicked by a pseudobond an-
chored on the 3’ bridging oxygen atom of
the phosphate between the -1 and +1
nucleotides in the intact strand. If we
modeled the DNA rotation about such a
pseudobond that was oriented along the
helical axis and tilted ~10° downward
away from the nose cone helices, the
downstream region of the DNA helix
would come into close proximity with the
distal portion of the linker domain, and
after ~180° of rotation, just pass the nose
cone helices (Fig. 4D). In addition, the
base pairs immediately proximal to the
cleavage site (+1 to +3) would partially
occupy the open space between the nose
cone helices (Fig. 2A) during DNA rota-
tion. Thus, the highly positively charged,
DNA-proximal surfaces of both the nose

cone helices and the linker domain may .

interact with the rotating DNA during
topoisomerization.

The sequence of events that lead to the
relaxation of one or more turns of a super-
helical DNA molecule are depicted sche-
matically in Fig. 4. The topoisomerization
reaction begins with the binding of topo I
to the duplex substrate (Fig. 4A). For the
binding to occur, the enzyme must initial-
ly exist in an “open” conformation, which
is most likely achieved by a hinge-bending
motion located at the interface between
core subdomains I and III (residue Pro*3!)
and the boundary between helices 8 and 9
(residue Lys*?), a region of the protein
that is sensitive to proteolysis in the ab-
sence of DNA and becomes resistant upon
DNA binding (18). The binding event is
directed in large part by the surface and
charge complementarity of the enzyme
and DNA and culminates in the complete
embrace of the DNA (Fig. 4B) such that
the lips of core subdomains I and III touch
each other. As a result, the active site resi-
dues are brought into position for attack on
the scissile phosphate, leading to cleavage of
the scissile strand and covalent attachment
of the enzyme to the 3’ end of the DNA (Fig.
4C). Once the covalent intermediate has
been formed, the release of superhelical ten-
sion can occur through one or more cycles of
controlled rotation (Fig. 4D). To illustrate
this process, we magnified the protein by a
factor of 2 and rendered it as a Ca trace, and
the rotating DNA downstream of the break
is depicted as a rainbow of conformers at 30°
intervals (Fig. 4D). Any rotation at this
stage is presumably driven by torsional
strain within the DNA. Subsequently, the
covalent intermediate (Fig. 4E) is reli-
gated with concomitant release of the

Tyr’? from the end of the DNA (Fig. 4F).

R

Finally, a DNA molecule with reduced
superhelicity is released (Fig. 4G), allow-
ing the enzyme to undergo another cycle
of DNA binding and relaxation.
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Natural Ligand of Mouse CD1d1:
Cellular Glycosylphosphatidylinositol
Sebastian Joyce,* Amina S. Woods, Jonathan W. Yewdell,

Jack R. Bennink, A. Dharshan De Silva, Alina Boesteanu,
Steven P. Balk, Robert J. Cotter, Randy R. Brutkiewicz

Mouse CD1d1, a member of the CD1 family of evolutionarily conserved major histo-
compatibility antigen-like molecules, controls the differentiation and function of a T
lymphocyte subset, NK1* natural T cells, proposed to regulate immune responses. The
CD1d1 crystal structure revealed a large hydrophobic binding site occupied by a ligand
of unknown chemical nature. Mass spectrometry and metabolic radiolabeling were used
to identify cellular glycosylphosphatidylinositol as a major natural ligand of CD1d1.
CD1d1 bound glycosylphosphatidylinositol through its phosphatidylinositol aspect with
high affinity. Glycosylphosphatidylinositol or another glycolipid could be a candidate

natural ligand for CD1d1-restricted T cells.

The cDI region encodes a family of evo-
lutionarily conserved proteins that closely
resemble the classical antigen presenting
major histocompatibility complex (MHC)
molecules (I, 2). CDI1d controls the func-
tion of NK1% natural T (NKT) cells (3, 4),
an unusual subset of T lymphocytes that
express receptors for natural killer cells
(NKRP-1C) and T cells [af or y8 T cell
receptor (TCR)] (5). NKT cells are thought
to play an immunoregulatory role in re-
sponses to foreign and self antigens (6, 7).
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Maturation of NKT cells depends on the
interaction of the TCR with CD1d1 (8-
10). It is unclear whether this interaction
requires the display of specific ligands in the
CD1d1 groove akin to those presented by
MHC molecules. Because the TCR reper-
toire of NKT cells is highly restricted (11—
13), they probably interact with ligand-free
CD1d1 or with CD1d1 displaying a highly
conserved ligand. The three-dimensional
structure of CD1d1 revealed a large hydro-
phobic binding site occupied by ligands
whose chemical nature could not be deter-
mined with the diffraction data (2).
Natural ligands of CD1d1 were isolated
from purified CD1d1 molecules expressed
by TAP (transporters associated with anti-
gen processing)-deficient human T2 cells
infected with a recombinant vaccinia virus
expressing the CDIdl gene (3, 14). Low
molecular weight ligands associated with
CD1d1 and HLA class I molecules (the
latter serving as controls) were isolated and
fractionated by reversed-phase high-perfor-
mance liquid chromatography (RP-HPLC)
as described (15, 16). Several peaks were
observed at 210 nm (detects peptide and

double bonds) that were associated only
with CDI1dl-derived material (Fig. 1A).
Very little, if any, absorbance was detected
at 254 or 280 nm (detects aromatic amino
acids) (17). The major peak present in
CD1d1-derived material (Fig. 1A, arrow)
corresponds to a minor peak in the fractions
from HLA-associated ligands. Each of the
six fractions constituting the major peak
(about 82 and 85 min) were refractionated
by RP-HPLC with a mixture of C;q and
cation-exchange (1:1) matrix (18). This
yielded single peaks that behaved in an
indistinguishable manner (17). Similar re-
fractionation of the HLA class [-associated
material eluting between about 82 and 85
min did not yield any signal (17), probably
because the chemical constitution of this
material prevented its recovery.

Thus, the major peak eluting between
about 82 and 85 min represents a CD1d1
ligand. To identify this material, we sub-
jected it to matrix-assisted laser-desorption/
ionization mass spectrometric (MALDI-
MS) analysis (19). The positive ion mass
spectra of each of the six refractionated
fractions contained peaks at m/z 598, 614,
636, 1211, and 1227 (Fig. 1B), conclusively
showing their identity to one another.
MALDI-MS analysis after digestion of these
samples with either carboxypeptidase or
aminopeptidase indicated that the ligands
associated with CD1d1 were not peptidic
(17).

The CDIldl-associated natural ligand
was incubated with ammonium sulfate (19)
to enhance the ion signal in the mass spec-
trometer (20). This resulted in the loss of
signals at m/z 1211 and 1227 and the gain of
signal at m/z 887 (Fig. 1C). The peak at m/x
887 was consistent with the mass of a pro-
tonated molecular ion (MH™) of a phos-
pholipid (21). The negative ion mass spec-
trum (19) of the sample treated with am-
monium sulfate revealed a (MH)™ ion of
the same species at m/y 885.3 and a frag-
ment ion at mfz 705.6 (Fig. 1D) resulting
from the characteristic, and nearly diagnos-
tic, loss of an inositol head group (22).

From these three mass spectra, one solu-
tion to the identity of the peak at m/z 1211
is that it is the MH™" ion for a phosphati-
dylinositol-diglycoside containing stearic
and arachidonic acids, glucosamine, and
mannose, with a calculated mass of 1211.4
daltons. Because it contains a negatively
charged phosphate group, it is unstable and
hence of relatively low intensity in the
positive ion mass spectrum (Fig. 1B). Under
high laser power it decomposes, cleaving
the C2-C? bond of glycerol to form a stable
fragment ion at m/y 614 that lacks a phos-
phate. The m/z 614 ion was the most abun-
dant ion in the mass spectrum and was used
to determine the identities of the acyl
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