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Abstract—Human topoisomerase I (Topl) plays a pivotal role in cell replication and transcription, and therefore is an important
anti-cancer target. Homocamptothecin is a lead compound for inhibiting Topl, and is composed of five conjugated planar rings
(A-E). The homocamptothecin E-ring B-hydroxylactone opens slowly to a carboxylate at pH > 7.0. We analyzed, which form of
homocamptothecin was biochemically relevant in the following ways: (1) the homocamptothecin carboxylate was tested for activity
in vitro and found to be inactive; (2) homocamptothecin was incubated with Topl and dsDNA, and we found that the homocampt-
othecin B-hydroxylactone form was stabilized; (3) the homocamptothecin E-ring B-hydroxylactone was modified to prevent opening,
and the derivatives were either inactive or had low activity. These results indicated that the homocamptothecin B-hydroxylactone
was the active form, and that an E-ring carbonyl oxygen and adjacent unsubstituted/unprotonated ring atom were required for full
activity. Homocamptothecin and derivatives were docked into a Topl/DNA active site model, in which the +1 deoxyguanosine was
rotated out of the helix, in order to compare the interaction energies between the ligands and the Topl/DNA active site with the in
vitro activities of the ligands. It was found that the ligand interaction energies and in vitro activities were correlated, while the ori-
entations of the ligands in the Topl/DNA active site explained the importance of the E-ring B-hydroxylactone independently of
E-ring opening. An essential component of this Topl/DNA active site model is the rotated +1 deoxyguanosine, and in vitro exper-
iments and molecular modeling studies supported rotation of the +1 deoxyguanosine out of the helix. These results allow for the
rational design of more potent Topl inhibitors through engineered interactions with as yet unutilized Topl active-site residues
including: Glu356, Asn430, and Lys751.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Human topoisomerase 1 (Topl) relaxes supercoiled
- DNA and so allows for cellular replication and tran-
Abbreviations: Topl, human topoisomerase I; HCPT, homocampto- scription.1*3 This key role of Topl has made it an
thecin; CPT, camptothecin; dsDNA, double-stranded DNA; ssDNA, anti-cancer target and several reviews have compiled
single-stranded DNA; dG, deoxyguanosine. the numerous Topl inhibitors that have been isolated,

Keywords: Human topoisomerase I; Homocamptothecin E-ring lac- . . . . . 453
tone: Rotated +1 dG. synthesized, and evaluated in vitro and in vivo.

* Corresponding author. Tel.: +1-301-496-5944; fax: +1-301-402- Camptothecin (CPT, Table 1) is a Topl inhibitor that
0752; e-mail: pommier@nih.gov was first isolated from the Chinese tree Camptotheca
Deceased. acuminata.® CPT is the lead compound for derivatives
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Table 1. hCPT E-ring lability and inhibition of Topl by CPT/hCPT and derivatives

CPT (E-ring)

hCPT 20-ketopropyl (E-ring) hCPT ketone (E-ring)

Ligand Relative inhibition of Topl A-ring position

9 10 11
CPT 0.9 H H H
hCPT 1.0 H H H
hCPT 20-ketopropyl® 0.1 H H H
hCPT ketone® N.D. H H H
hCPT 9.10 diF 10.5 F F H
hCPT 10,11 diF 12.0 H F F

N.D., not detected.
#Racemic ligands.

that have resulted in more potent Topl inhibitors and
these have been discussed in several reviews.>’

Mechanistically, Topl attacks the backbone phosphate
of supercoiled DNA with the active-site Tyr723. This re-
sults in a tyrosyl-phosphate bond between Tyr723 and
the 3’ end of the —1 cleavage-site deoxynucleoside,
and a free 5'-OH on the +1 cleavage-site deoxynucleo-
side (+1 deoxynucleoside).®'° We have previously pro-
posed that Topl then rotates the +1 deoxynucleoside
with its free 5’-OH out of the helix to prevent premature
religation of partially relaxed DNA,'">!? thus making
Topl a processive enzyme.'? After the DNA is fully
relaxed, rotation of the +1 deoxynucleoside back into
the helix would then be favored to allow both religation
of the DNA and for Topl to bind another supercoiled
DNA.!? Here we experimentally tested whether the +1
deoxyguanosine (dG) rotated out of the helix when
Topl was trapped in covalent complex with DNA by
an inhibitor, and then computationally analyzed the
interactions between the +1 dG and Topl.

Religation is inhibited by CPT and its active deriva-
tives.>!* In the above model, CPT binds in the Topl/
DNA active site such that it blocks the rotated +1 de-
oxynucleoside from re-entering the helix and so traps
Topl in covalent complex with DNA.'? In the cell,
CPT-stabilized Topl/DNA covalent complexes generate
double-strand DNA (dsDNA) breaks after collision
with replication complexes,'>'7 and these dsDNA
breaks in the cell are thought to trigger a cytotoxic cas-

cade that results in cell death.'®2° In this way actively
dividing cells, such as cancer cells, can be targeted by
CPT and derivatives. CPT-resistant cells have been
selected for in cell culture, while molecular modeling
studies have been used to engineer Topl resistance to
10-OH derivatives of CPT.!?> To date over 10 Topl
mutations resulting in resistance to CPT and 10-OH
derivatives have been identified.>!> The Topl] resistance
mutations cluster predominately around the +1 base
pairs in the Topl/DNA active site.’

An important problem with CPT is that the electrophilic
six-member E-ring can readily open to a carboxylate at
pH > 7.0.21:22 There have been conflicting reports as to
whether or not CPT carboxylate inhibits Topl. While
Hertzberg et al.?? reported that the CPT a-hydroxylac-
tone and carboxylate had equal activities in vitro, an-
other study reported that the CPT carboxylate had
significantly lower activity in vitro.?* These divergent re-
sults may be due to the reversibility of the CPT E-ring
carboxylate to the a-hydroxylactone during the assay.?
When the a-hydroxylactone forms of soluble CPT deriv-
atives were added to human plasma, the E-ring opened
and the resulting carboxylate form was bound by serum
albumin.?!2%27 This drove the equilibrium toward the
carboxylate form, and resulted in the rapid clearance
of CPT a-hydroxylactone from the blood with a half-life
of approximately 21 min.?! In order to stabilize the CPT
E-ring, a seven-member E-ring derivative of CPT was
synthesized and named homocamptothecin (hCPT, BN
80245,%8 Table 1). The hCPT B-hydroxylactone E-ring
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exhibited significantly slower opening than the CPT E-
ring in vitro, while at the same time hCPT demonstrated
increased inhibition of Topl in cell culture assays.?® This
raised the question as to whether a labile E-ring was
essential for CPT and hCPT activity against Topl.
Interestingly, while the hCPT E-ring does slowly open
at pH > 7, this is an irreversible reaction.?® In contrast
to the inconclusive tests due to the reversibility of the
CPT carboxylate (see above), conclusive testing can be
done to determine whether the hCPT carboxylate form
is active.

We used several approaches to examine the role of the
hCPT E-ring lactone in inhibition of Topl: (1) We deter-
mined experimentally that the hCPT carboxylate was
inactive in vitro and that the hCPT B-hydroxylactone
was stabilized in the presence of Topl and dsDNA. (2)
We investigated a structural isomer of hCPT in which
the hCPT E-ring B-hydroxylactone was reorganized as
a ketone to prohibit E-ring opening (hCPT ketone, see
Table 1). In addition, a hCPT derivative containing a
six-member E-ring was made in which opening of the
ring was also blocked (Table 1; hCPT 20-ketopropyl).
(3) To gain insight into the activity of hCPT and the
inactivity of the hCPT ketone derivative, the closed E-
ring forms of all ligands were docked into a Topl/
DNA active-site model. This allowed for the compari-
son of the ligands interaction energies with the Topl/
DNA active site, with their respective in vitro activities.

2. Results and discussion
2.1. In vitro activities of hCPT and derivatives
hCPT, the fluorinated derivatives hCPT 9,10 diF

(28a%°), hCPT 10,11 diF (BN80195,2% 28b%°) and the
hCPT ketone and hCPT 20-ketopropyl derivatives

A = 23 L2
'4—13—’-

5'-AAAAAGACTTGGAAAAATTTTTA*
TTTTTCTGAACCTTTTTAAAAR-5

(Table 1, Dul441 and Dul4423%) were tested for their
ability to block Topl religation of bound DNA in vitro.
Ligands were incubated at concentrations from 0.01 to
10 uM with Topl and an end-labeled dsDNA containing
a single high-affinity —1T/+1G Topl cleavage site (Fig.
1A, see Experimental). Topl DNA cleavage products
were separated by electrophoresis (Fig. 1B) and quanti-
fied (Table 1, CPT, hCPT, hCPT 20-ketopropyl were
quantified at 10uM, while hCPT 9,10 diF and hCPT
10,11 diF were quantified at 1 uM). The results shown
in Figure 1B indicated that CPT and hCPT had similar
activities in this assay. The fluorinated hCPT derivatives
hCPT 9,10 diF and hCPT 10,11 diF were ~11-fold more
potent than hCPT in inhibiting Topl religation (Table
1). Fluorines can make H-bonds, and the F-H contact
strength has been estimated to be up to 4kcal/mol,?' ver-
sus oxygen H-bonds, which have an O-H contact
strength between 5 and 10kcal/mol.>?> The increase in
the activity of hCPT 9,10 diF and hCPT 10,11 diF sug-
gested that the A-ring fluorines were within H-bonding
distance of an H-bond donor in the Topl/DNA active
site. In contrast, hCPT ketone does not have detectable
activity against Topl (Fig. 1B), while hCPT 20-ketopro-
pyl had low activity against Topl (Fig. 1B, Table 1).

2.2. hCPT E-ring opening

One possible explanation for the lack of activity of
hCPT ketone and hCPT 20-ketopropyl is that their
E-rings cannot open to a carboxylate. Exogenously sup-
plied hCPT carboxylate is inactive (Fig. 1B). However,
it is possible that the carboxylate form of hCPT is active
only when formed in situ in the Topl/DNA active site.
To test this possibility, hCPT E-ring opening was ana-
lyzed in the presence of buffer (pH10.5 and 7.4), and
Topl and dsDNA (Fig. 2, see Experimental). At
pH10.5 the hCPT E-ring opened quantitatively (Fig.
2B) while at pH7.4 only 4.4% of the carboxylate form

B ]C; hCPT hCPT hCPT 20- hCPT hCPT
T, %10diF | 10,11 diF | , ketopropyl | lactone | carboxylate |
C Tiolor 1 1 ofor .1 1 1olor . 1 1ofor 0 1 1ofor . 1 10]o1 1 1 10]

Figure 1. In vitro inhibition of Topl by hCPT and derivatives. (A) Schematic diagram of the 3’-labeled 23-mer dsDNA substrate (the 3*P-cordycepin
label is indicated by *), with Topl (black circle) making a covalent bond to the DNA backbone resulting in the 13-mer cleavage product. (B) Topl
oligo assay for CPT, hCPT and derivatives. Reaction products were separated in denaturing PAGE. Lanes: C, control reaction with no added Topl;
T, reaction with Topl and oligo, but no inhibitor. All ligand concentrations are in pM. The 23-mer oligo is indicated on the left, as is the 13-mer

cleavage product.
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Figure 2. Analysis of hCPT E-ring opening in the absence or presence
of Topl and dsDNA. The hCPT B-hydroxylactone and carboxylate
(Carb) forms were separated by HPLC (detection at 367nm) and
eluted at 11.2 and 7.8 min, respectively (see Experimental). (A) hCPT
T =0 control; (B) hCPT pH10.5 buffer T =1h; (C) hCPT pH7.4
buffer, T = Sh; and (D) hCPT pH7.4 buffer plus Topl and dsDNA,
T = 5h. The percentages of hCPT carboxylate (Carb) are given. The
hCPT lactone peak in A is less than the hCPT carboxylate peak in B,
due to the difference in their respective extinction coefficients.

accumulated over 5h (Fig. 2C), consistent with previ-
ously published data.?® Interestingly, in the presence of
Topl and dsDNA only 2.9% of the hCPT E-ring opened
(Fig. 2D; Top1/dsDNA:hCPT ratio of 2:1), and this re-
sult is consistently less than the buffer control (Fig. 2).
Thus, Topl and dsDNA do not catalyze E-ring opening
of hCPT. These results are unambiguous because once
the hCPT E-ring opens, it cannot close.?® In addition,
equal amounts of total hCPT (B-hydroxylactone and
carboxylate) were recovered from the reactions regard-
less of whether they contained only buffer or in addition
Topl and dsDNA (Fig. 2), demonstrating that hCPT
did not co-precipitate with Topl and dsDNA in the
methanol precipitation step (see Experimental). Since
the carboxylate form of hCPT was inactive (Fig. 1B),
and hCPT E-ring opening was suppressed in the pres-
ence of Topl and dsDNA (Fig. 2D), we concluded that
the E-ring opened form of hCPT does not inhibit Topl.
Thus, only the lactone forms of CPT, hCPT and deriv-
atives were used in the molecular modeling studies.

2.3. Topl1 interaction with the +1 dG in vitro and via
molecular modeling studies

An essential component of this Topl/DNA active site
model is the rotated +1 dG.'"!> Here we analyzed the
interaction of the Topl/DNA active site with the +1

dG in vitro. hCPT was used to trap Topl in covalent
complex with dsDNA, and then CoCl, was used to gen-
erate sulfate radicals from KHSOs (see Experimental).
The sulfate radicals specifically oxidize extra-helical
guanines.?*3* The oxidation reaction was allowed to
proceed for S5Smin and then stopped with EDTA. Piperi-
dine was then used to cleave the backbone of the DNA
3’ to the oxidized guanines, leaving a 5’ phosphate.?
The reaction products were then separated by 20%
PAGE with 7M urea. In Figure 3 lane 4, the +1 dG
in the hCPT trapped Topl/DNA cleavage complex
was oxidized and cleaved off to give a 22-mer product
with a 5’ phosphate (Fig. 3). In the presence of Topl
and dsDNA (Fig. 3, lanes 6) a modest amount of oxida-
tion specific for the +1 dG occurred, while in the absence
of active Topl (Fig. 3, lanes 7-8) there was minimal oxi-
dation of dG’s with no selectivity for the +1 dG. The use
of PAGE purified oligonucleotides in this assay elimi-
nated the nonspecific background bands seen in Figure
1B (see Experimental).

In order to determine if the rotated +1 dG made favora-
ble interactions with the solvated Topl/DNA active site,

A

- 33 >
- 23 >

5-AAAAAGACTTGAAACGTTTTACAACAATTAAAA®
TTTTTCTGAACTTTGCAAAATGTTGTTAATTT-5'

27- - -
23 - D @ =
- & o - -

17- & -

Figure 3. Oxidation of rotated deoxyguanosines followed by cleavage
of the DNA backbone 3’ to the oxidized deoxyguanosine by piperidine
(see Experimental). Lane 1, oxidized ssDNA (800uM CoCl, and 10-
fold excess of KHSOs) followed by treated with piperidine; Lane 2,
Topl, dsDNA and hCPT were incubated for 15min and then treated
with piperidine (no oxidation step); Lanes 3-4, Topl, dsDNA and
hCPT were incubated for 15min, oxidized (200 and 800 uM CoCl, and
10-fold excess of KHSOs, respectively) and then treated with piperi-
dine; Lanes 5-6, Topl and dsDNA were incubated for 15min, oxidized
(200 and 800uM CoCl, and 10-fold excess of KHSOs, respectively)
and then treated with piperidine; Lanes 7-8, dsDNA was incubated for
15min, oxidized (200 and 800 uM CoCl, and 10-fold excess of KHSOs,
respectively) and then treated with piperidine.
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Figure 4. Stereo view of ligands (A, B) and the rotated +1 dG (C) in the Topl/DNA active site. For A and B the view is looking toward the major
groove of the DNA, down the main axis of Tyr723. DNA is light blue, amino acid side chains are yellow, nitrogens are blue, oxygens are red, and
hydrogens are white (for clarity, only selected hydrogens are shown, and waters and counter ions are not shown). Note that the +1 dG has been
rotated out of the DNA helix. The Topl active-site Tyr723 is covalently linked to the —1 thymine. Scissile-strand bases indicated by (S), while the
nonscissile-strand bases are indicated by (N). (A) hCPT 9,10 diF is green and fluorines are magenta, A ring to the left, E ring to the right. Hydrogens
are shown only on the A-ring and the E-ring 20-OH. (B) hCPT ketone is green, hydrogens are shown only on the A-ring, the 20-OH, and the E-ring
ketone. (C) The orientation in A was rotated ~90° to the left. View from the minor groove, perpendicular to the main axis of Tyr723, showing the
rotated +1 dG and Topl residues Argd88, Asp533, and Arg590. Bases are labeled as in A and B.

the solvent, rotated +1 dG, and the following Topl res-
idues were minimized: Arg488, Asp533, Ile535, and
Arg590. After minimization, it was found that Arg590
makes H-bonds/electrostatic interactions with the +1
dG carbonyl oxygen and ring nitrogen (N7), while
Argd88 makes H-bonds to the ribose ring oxygen and
the 5'-OH oxygen (Figs. 4C and 5B). The +1 dG 5'-
OH hydrogen also makes an electrostatic interaction
with Asp533 (Fig. 5B). In addition, Asp533 acts as a
doorstop by preventing the +1 dG from rotating further
out of the helix and in so doing aligns it for optimal
interactions with Argd88 and Arg590 (Fig. 4C). The
interaction energy between the rotated +1 dG and
Topl is —180.05kcal/mol (van der Waals —28.25kcal/
mol, electrostatic —151.80kcal/mol). The dominant
electrostatic component of this interaction energy is
consistent with the salt reversibility of CPT trapped
Topl/DNA covalent complexes.>?

2.4. Ligand interactions with the solvated Top1/DNA
active site

Analysis of the minimized hCPT 9,10 diF Topl/DNA
active site in Figure 4A (see Experimental) revealed that
the hCPT 9,10 diF orientation in the active site cavity
was perpendicular to the main axis of the DNA, parallel
to the bases, and projected outward from the major
groove (Fig. 4A; hCPT adopts a similar orientation,
data not shown). The hCPT 9,10 diF D-ring stacks on
top of the scissile-strand —1 thymine, the E-ring 20-ethyl
projects underneath the scissile-strand +2 guanine (in
the space vacated by the rotated +1 dG), while the A-
ring 10-F approaches Asn352. Interestingly, the current
model is consistent with the strong hCPT preference for
a +1 dG.%¢ The rotated +1 dG leaves a cavity within the
helix that the hCPT 9,10 diF E-ring 20-ethyl fills in this
model (Fig. 4A). A +1 dC would leave a smaller cavity,
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@@ Ligand bonds
Top1 bonds

@@ DNA bonds

@---@® H-bonds/electrostatic interactions

Figure 5. Flattened views of Figure 3A and C showing H-bonds/
electrostatic interactions. (A) hCPT 9,10 diF is green and H-bonds/
electrostatic interactions with Topl residues and bound DNA are
indicated by dashed lines. (B) The H-bonds/electrostatic interactions
between the rotated +1 dG and Topl residues are indicated by dashed
lines. Hydrogens are not shown.

and the complementary nonscissile-strand +1 dG would
then make a steric clash with the E-ring 20-ethyl (data
not shown).

H-bonds/electrostatic interactions between hCPT 9,10
diF and the Topl/DNA active site include the following:
(1) the E-ring carbonyl oxygen makes a H-bond with
Lys532 an essential residue®’ (Fig. SA, Insight 11 H-
bond parameters), and this is the dominant electrostatic
interaction between hCPT 9,10 diF and Topl; (2) the D-
ring carbonyl oxygen makes a H-bond to Asn722, that
when mutated to Ser results in Topl resistance to
CPT.?® Removal of the D-ring carbonyl oxygen resulted
in an inactive CPT derivative;*° (3) the E-ring 20-OH
oxygen makes an electrostatic interaction with Arg364

(~4 A). Mutation of Arg364 to His resulted in Topl/Ar-
g364His resistance to CPT.*° The electrostatic interac-
tion between the E-ring 20-OH and Arg364 is
consistent with the mutability of the 20-OH to unproto-
nated electronegative atoms (i.e., Cl, Br) while retaining
a fraction of the original activity;*! (4) the E-ring 20-OH
hydrogen makes a H-bond to the scissile-strand —1 thy-
mine carbonyl oxygen, and the loss of this H-bond by
CPT 20-Cl/Br derivatives is likely responsible for the
reduction in their activities.*! The hCPT 9,10 diF A-ring
10-F accepts a H-bond from the Asn352 nitrogen, while
the adjacent A-ring 11-H makes a weak electrostatic
interaction with the exposed Asn352 nitrogen. In con-
trast, when hCPT 10,11 diF is in the same orientation
the A-ring 10-F H-bonds to Asn352 while the 11-F
makes a repulsive interaction with the exposed Asn352
nitrogen. The repulsive interaction between the A-ring
11-F and Asn352 resulted in the Asn352 NH, rotating
during the minimization until it became perpendicular
to the plane of the A-ring. This allowed Asn352 to avoid
a repulsive electrostatic interaction with the hCPT 10,11
diF A-ring 11-F while still H-bonding to the adjacent
10-F (data not shown). Mutation of Asn352 to Ala re-
sults in a Topl that is inhibited to the same extent by
CPT as by the more potent 10-OH derivatives.!? The
flexibility of Asn352 during molecular dynamics simula-
tions of a Topl/DNA complex*? supports it being al-
lowed to adopt the different orientations presented here.

2.5. Interaction energies between ligands and the solvated
Top1/DNA complex

In order to see if the binding orientations of the ligands
correlated with their in vitro activities, the nonbond
interaction energies between all the minimized ligand/
Topl/DNA complexes were calculated (Table 2, see
Experimental). While CPT has similar in vitro activity
as hCPT (Table 1), it does have a weaker van der Waals
interaction energy than hCPT. This can be attributed to
the smaller and less bent CPT E-ring and consequently
reduced surface contact area with the scissile-strand
—1 thymine and the rotated +1 dG ribose (data not
shown). The larger and more bent hCPT E-ring’s in-
creased van der Waals interaction with the active site,
including the rotated +1 dG ribose, may contribute to
its greater resistance to the use of salt to force it out
of the Topl/DNA active site (Fig. 4A), versus CPT.?¢
The hCPT 20-ketopropyl (in which the E-ring cannot
open) was docked in the same orientation as hCPT;
however, it had low activity against Topl (Table 1)
and a 3.7kcal/mol weaker electrostatic interaction en-
ergy (Table 2). This is consistent with the hCPT 20-keto-
propyl not having an E-ring carbonyl oxygen that can
H-bond to Lys532 (see Table 1). The stronger hCPT
20-ketopropyl van der Waals interaction energy can be
attributed to the increased contact the extended E-ring
20-ketopropyl makes with the +2 scissile-strand adenine
and Arg364 (as compared to the shorter and more angu-
lar CPT 20-ethyl, data not shown). The inactive hCPT
ketone derivative, like the hCPT 20-ketopropyl, also
has a significant loss in electrostatic energy versus hCPT
(5.8 kcal/mol, Table 2), even though the hCPT ketone
has an E-ring carbonyl oxygen that is in an orientation
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Table 2. Interaction energies between ligands and the Topl/DNA complex

Ligands van der Waals Electrostatic Total energy
CPT —55.83% —31.68 —87.51
hCPT —58.01 —30.29 —88.30
hCPT 20-ketopropyl —56.35 —26.60 —82.95
hCPT ketone —57.12 —24.44 —81.56
hCPT 9,10 diF —58.65 —34.89 —93.54
hCPT 10,11 diF —59.29 -32.79 -92.08
#kcal/mol.

similar to the E-ring carbonyl oxygen of CPT (Table 1).
This lack of activity by the hCPT ketone can be ex-
plained by the E-ring C22 hydrogen’s (Table 1) making
a repulsive van der Waals interaction with the rotated
+1 dG ribose hydrogen’s that force the hCPT ketone
to move toward/under Asn352 (Fig. 4B). The net result
is the loss of the H-bond between the hCPT ketone E-
ring carbonyl oxygen and Lys532, loss of the electro-
static interaction between the E-ring oxygen and
Lys532 (since it is replaced by a methylene group; see
Table 1), reduction in the van der Waals/electrostatic
interactions with Arg364 and Asn722, and reduction in
the E-ring van der Waals interaction with the +1 rotated
dG ribose. The fluorinated derivatives hCPT 9,10 diF
and hCPT 10,11 diF have significantly stronger electro-
static interaction energies than hCPT (Table 2), and this
correlates with their respective A-ring 10-F H-bonding
to Asn352 (Figs. 4A and 5A).

3. Conclusions

In the battle against cancer, Topl is a key target because
of its pivotal role during cellular transcription and rep-
lication.! hCPT is a lead compound for the develop-
ment of more potent Topl inhibitors. In order to gain
insight into the structure—activity relationship of hCPT
and derivatives we used in vitro assays as well as compu-
tational analyses of the ligands’ interaction with a sol-
vated Topl/DNA active-site model. Our results shows
a strong correlation between the in vitro activities of
Topl inhibitors and their interaction energies with the
Topl/DNA covalent complex, with electrostatic interac-
tions playing a defining role in ligand activity.

Here we demonstrated that the hCPT carboxylate was
inactive in vitro (Fig. 1B). In addition, hCPT E-ring
opening was suppressed in the presence of Topl and
dsDNA (Fig. 2D). These results indicated that the carb-
oxylate form of hCPT was not involved in inhibiting
Topl. The in vitro oxidation results for the cleavage site
+1 dG indicated that it rotated out of the helix when
hCPT trapped Topl in covalent complex with dsDNA,
and this gives experimental support to a key part of
our Topl/DNA active-site model.'!!> The presence of
a 22-mer oxidation product with only Topl and dsDNA
(Fig. 3B, lane 6), indicates that Topl bound the dsDNA
and rotated the +1 dG out of the helix, at which time it
was oxidized. Since the dsSDNA was fully relaxed, Topl
immediately rotated the oxidized +1 dG back into the
helix and religated the DNA without making a stable
Topl/DNA covalent complex and corresponding 23-

mer cleavage product (Fig. 3B). A 7,8-dihydro-8-oxo-
guanine (an oxidized dG) at the +1 cleavage site did
not prevent cleavage and religation of the dsDNA
by Topl.** Since Topl has a low affinity for
relaxed dsDNA it may be difficult to visualize, by X-
ray crystallography, Topl in covalent complex with
native dsDNA in which the rotated +1 dG makes a
stable interaction with Topl residues: Argd88, Asp533,
and Arg590.

Computational analysis of the rotated +1 dG’s interac-
tion with Topl revealed a network of H-bond/electro-
static interactions between it and Arg488, Asp533, and
Arg590 (Fig. 5B, see Results and discussion). Interest-
ingly, Arg590 makes a guanine specific contact with
the rotated +1 dG (Fig. 5B), and this is consistent with
the majority of Top1 cleavage sites containing a +1 gua-
nine.?® It has been proposed that one role of Asp533 is
to hold the +1 dG out of the helix to prevent premature
religation of the supercoiled DNA backbone, and so
allow Topl to fully relax the DNA.!!2 Mutation of
Asp533 to Gly results in a Topl, which has a 10-fold
higher religation rate'*® and is resistant to CPT.** The
increased religation rate of Topl Asp533Gly can be
explained by the loss in the stabilization of the rotated
+1 dG by Asp533, thus allowing it to re-enter the helix
and religate the DNA backbone more readily. Similarly,
the CPT resistance of Topl Asp533Gly can be attrib-
uted to a +1 dG that more freely rotates back into the
helix, thus blocking entry of CPT into the Topl/DNA
active site.

Analysis of the hCPT 20-ketopropyl derivative in vitro
(Fig. 1) and its interaction energy score with the Topl/
DNA active site (Table 2) indicates that the significant
reduction in activity was due to the loss of the hCPT
E-ring carbonyl oxygen’s electrostatic interaction with
Lys532 (see Results and discussion). In addition, the dis-
ruption of the hCPT E-ring B-hydroxylactone via the
hCPT ketone derivative (Table 1) resulted in the loss
of detectable activity in vitro (Fig. 1B). Based on our
model, the lack of activity by the hCPT ketone is due
to the E-ring C22 hydrogen’s that make a steric clash
with the rotated +1 dG ribose hydrogen’s (Fig. 4B, see
Results and discussion). This result also explains the
inactivity of the CPT lactam derivative in which the E-
ring lactone ring oxygen is replaced with a protonated
nitrogen,?? in that the E-ring nitrogen’s hydrogen would
also make a steric clash with the rotated +1 dG ribose’s
hydrogens forcing the CPT lactam away from Lys532,
Asn722, and Arg364 (data not shown). Removal of
the CPT E-ring oxygen to give a five-member E-ring
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derivative with a carbonyl oxygen also resulted in an
inactive compound, though the addition of electronega-
tive atoms to the A-ring can restore a significant amount
of activity,* Replacement of the CPT E-ring lactone
carbon and ring oxygen with two methylene groups also
resulted in a compound that had diminished activity
against Topl in an oligonucleotide assay and no detect-
able activity in a supercoiled DNA assay.*® The above
derivatives indicate the importance of the E-ring carbon-
yl oxygen with an adjacent unsubstituted/unprotonated
ring atom for ‘full activity’ of CPT and hCPT. Such
an atomic arrangement gives a lactone that is by nature
labile, and so unavoidably results in the generation of
the inactive CPT/hCPT carboxylate at pH7 and above
(Figs. 1B and 2C).

In the Topl/DNA active-site model presented here the
orientation of hCPT explains the Topl Asn352Ala,
Arg364His, and Asn722Ser CPT and 10-OH CPT resist-
ance mutations, via the loss of direct electrostatic
interactions between the resistant Topl mutants and
CPT. These three Topl residues form a triangle that is
co-planar with the cleavage site +1 bases,'” and hCPT
9,10 diF can contact the three Topl residues in only
two orientations: (1) with the 20-ethyl up and the E-ring
carbonyl oxygen pointing down toward Lys532 (Fig.
4A); or (2) with the 20-ethyl down and the E-ring carbon-
yl oxygen pointing up toward the solvent (data not
shown). Only with hCPT 9,10 diF orientated as in 1
(see Fig. 4A) can the importance of the E-ring carbonyl
oxygen be explained via its H-bond with Lys533. The
consistent correlation between the in vitro activities of
the ligands presented here (Table 1) and their respective
interaction energy scores with the Topl/DNA complex
(Table 2) give strong support to the docked orientations
of the ligands in the Topl/DNA active site (Fig. 4, see
Results and discussion).

A recent X-ray crystal structure of Topl in irreversible
covalent complex with a suicide-DNA contains topote-
can, a CPT A-ring derivative, intercalated in the Topl/
DNA active site between the +1 and —1 base pairs.*’
Staker et al. proposed that the E-ring opened topotecan
carboxylate was important in inhibiting Top1 since they
detected it in the X-ray crystal structure.*’ In contrast,
our in vitro results have indicated that the hCPT carb-
oxylate is inactive (Fig. 1) and that the hCPT pB-hy-
droxylactone is stabilized by Topl and DNA (Fig. 2,
see Results and discussion). Interestingly, the same ratio
of topotecan o-hydroxylactone—carboxylate (~70:30)
was found in the Topl/suicide-DNA active site, as when
topotecan was incubated in mother liquor alone.*” This
suggests that the crystallization conditions alone favored
opening of the topotecan E-ring over time.

Interestingly, the suicide-DNA contains a backbone sul-
fur and cleavage of the suicide-DNA by Topl results in
a free 5'-SH on the cleavage-site +1 deoxynucleoside
that cannot religate.*® A 5’-SH would not form as strong
electrostatic interactions with Arg488 and Asp533 as
does the 5'OH in native DNA (Fig. 5B, see Results
and discussion). A potential consequence is that Topl
may not hold the suicide-DNA +1 deoxynucleoside

out of the helix as often, resulting in the loss of the
inhibitor binding cavity described here (see Results
and discussion). A second point is that topotecan does
not block religation of the suicide-DNA,*® and so the
observed complex in the crystal may be different from
a Topl/DNA complex where topotecan does block rel-
igation of the DNA. In the Topl/suicide-DNA/topote-
can X-ray crystal structure the E-ring closed topotecan
predominately interacts with the DNA via stacking
interactions, while making only one H-bond to
Topl.*” In contrast, the biochemical evidence on ten
reported Topl resistance mutations to CPT and
10-OH CPT indicates numerous interactions between
Topl and inhibitor.>!2

Previously, we demonstrated that SN38 (CPT 10-OH, 7-
ethyl), a potent Topl inhibitor,*! made a H-bond
with Asn352, and that mutation of Asn352 to Ala re-
sulted in Topl/Asn352Ala that was resistant to 10-OH
derivatives of CPT to the same level as it was to
CPT.'? Here the molecular modeling results for hCPT
9,10 diF binding in the solvated Topl/DNA active site
indicate that its increased potency is also due to it mak-
ing a H-bond with Asn352.

Together these correlated experimental and computa-
tional results provide insight into the mechanism of
hCPT and derivatives inhibition of Topl, while defining
the atomic requirements of the E-ring, independently of
E-ring opening. Furthermore, the Topl/DNA active-site
model presented here can be tested since the orientation
of hCPT 9,10 diF in the Topl/DNA active site indicates
that more potent hCPT derivatives could be developed
via engineered interactions with as yet unutilized Topl
active-site residues including: Glu356, Asn430 (not
shown), and Lys751 (see Fig. 4A).

4. Experimental
4.1. Synthesis of hCPT and derivatives

The synthesis of all ligands has been reported.?®=3° The
structures of all ligands were confirmed by NMR spectr-
oscopy. hCPT ketone and hCPT 20-ketopropyl were
racemic (all molecular modeling used the enantiomers
shown in Table 1), while CPT was > 95% of the 20-S
enantiomer. hCPT, hCPT 9,10 diF, and hCPT 10,11
diF were >95% of the 20-R enantiomer, these corre-
spond to the biologically active configurations shown
in Table 1.

4.2. Topl expression and purification

The wild type (wt) Topl construct is similar to that
reported elsewhere.>? Briefly, the wt Topl gene was
cloned into a baculovirus transfer vector and used to
make a recombinant baculovirus following the manufac-
turer’s recommendations (BD-PharMingen, San Diego,
CA). The wt Topl was then expressed in TNS5 insect
cells (HighFive, Invitrogen Corp., San Diego, CA) via
the recombinant baculovirus, and purified via the N-ter-
minal His tag essentially as described.>3->*
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4.3. End-labeling of oligonucleotides

Oligonucleotides were based on a high affinity tetrahym-
ena rDNA Topl cleavage site.>>¢ The single-stranded
scissile-strand oligonucleotides were 3’-end-labeled with
32p_cordycepin'! to give either a 23-mer 5-AAAAAG-
ACTt/GGAAAAATTTTTA*-3', or a 33-mer 5'-AA-
AAAGACTt/GAAACGTTTTACAACAATTAAAA*-
3’ with / indicating the cleavage site, t indicating the —1
thymine to which the Topl T2yr723 makes a covalent
bond, and A* indicating the **P-cordycepin label. The
oligonucleotides used in Section 4.5 (Fig. 1) were
obtained commercially from MWG-Biotech (HPLC
purified; High Point, NC), while the oligonucleotides
used in Section 4.6 (Fig. 3) were from Oligosetc (PAGE
purified; Wilsonville, OR). Oligonucleotides were an-
nealed with a 5M excess of unlabeled nonscissile-strand
oligonucleotide to form dsDNA in either buffer 1 (Tris
10mM pH7.4, 100mM NaCl, ImM EDTA) for the in
vitro assays in Section 4.5, or buffer 2 (20mM NaPOy,
50mM NacCl) for the guanine oxidation assays in Sec-
tion 4.6, by heating for 4min at 95°C and then cooling
at a linear rate from 90 to 24°C in 60 min.

4.4. In vitro analysis of hCPT E-ring opening

In order to quantify the hCPT E-ring opening in vitro,
hCPT (1uM) was incubated at 24°C in: (1) 50mM
CAPS pH10.5, 0.1mM DTT; (2) buffer 3 (10mM Tris,
pH7.4, 50mM NaCl, 5mM MgCl,, 0.1lmM DTT);
and (3) buffer 3 and Topl with an unlabeled 22-mer
dsDNA (each at 2uM, for dsDNA see Section 4.3).
After 5h, reactions were stopped by the addition SDS
(0.5% final concentration) and centrifuged for 3min at
3000g. An aliquot was then immediately analyzed by
HPLC,”” on a Zorbax Eclipse XDB CI8 column
4.6 x 250mm (Agilent Technologies Inc., Wilmington,
DE), eluted at 1.2mL/min with a linear gradient of
acetonitrile in triecthylammonium acetate buffer [2%
(v/v), adjusted to pH5.5] that increased the acetonitrile
concentration from 20% to 35% over 15min (Fig. 2).
Experiments were done in replicates.

4.5. Topl in vitro oligonucleotide assays

The end-labeled 23-mer dsDNA substrate (~10nM, see
Section 4.3) was incubated with Topl (3nM) either with
or without the indicated ligand, for 20min at 23°C in
buffer 3. Reactions were stopped by addition of SDS
to 0.5%. To prepare the sample for electrophoresis, 3
volumes of loading buffer (98% formamide, 1 mg/mL
xylene cyanol and 1mg/mL bromophenol blue) were
added to reaction mixtures. Twenty percent denaturing
polyacrylamide gels (7M urea) were run at 60 W for
~2h. Imaging and quantification were performed using
a Phosphorlmager and ImageQuant software, respec-
tively (Molecular Dynamics, Sunnyvale, CA).

4.6. Oxidation of extra-helical deoxyguanosines
Human topoisomerase I at 0.6mg/mL in 50% glycerol,

12.5mM Tris pH7.4, 2.5mM EDTA, and 2.5mM
DTT was first diluted 1/100 in buffer 2, and then 1/10

into the reaction (final Topl concentration 8.8 nM) con-
taining buffer 4 20mM NaPO4, 50mM NaCl, SmM
MgCl,) and 10nM end-labeled 33-mer dsDNA. A
10mM stock of hCPT in 100% DMSO was diluted 1/
200 in buffer 2 and then 1/10 into the above reaction
to give SuM hCPT. The 10uL reaction was incubated
at 23°C for 15min to allow Topl/DNA covalent com-
plexes to be trapped by hCPT, after which CoCl, (Fisher
Scientific Co., Pittsburgh, PA) was added at the indi-
cated concentration followed by KHSOs at a 10-fold
molar excess (OXONE®, Sigma-Aldrich, St. Louis,
MO). The reactions were incubated for 5 additional
min at 23°C after which they were stopped by addition
of EDTA (10mM final), SDS (0.5% final), 1 pL of pro-
teinase K (0.5units) in 50% glycerol and then incubated
at 23°C for Smin. Next, 5 volumes of ethanol and 40 g
of calf thymus tRNA were added. After incubation at
—70°C for 1h, the samples were centrifuged at 13 g for
15min. The supernatant was removed and the precipi-
tated DNA/tRNA pellet was dried under vacuum. The
pellet was then resuspended in 30 uL of 10% piperidine
(Sigma-Aldrich, St. Louis, MO) and heated at 90°C
for 30min, after which the samples were then lyophi-
lized. The DNA/tRNA pellets were resuspended in
15uL of H,O and lyophilized again. The final DNA/
tRNA pellets were then resuspended in loading buffer
(98% formamide, 1 mg/mL xylene cyanol and 1 mg/mL
bromophenol blue) and loaded onto 20% PAGE con-
taining 7M urea. Imaging and quantification were per-
formed using a Phosphorlmager and ImageQuant
software, respectively (Molecular Dynamics, Sunnyvale,
CA). The ssDNA, dsDNA, and Topl/dsDNA controls
contained hCPT/Topl, hCPT/denatured Topl, and
hCPT carboxylate, respectively. hCPT (10mM) was
diluted 1/10 into 10 pL. of 50mM NaOH and incubated
for 10min at 23 °C, after which 160 uL H>O and 20 uL of
10X assay buffer 2 was added. Topl was treated the
same way. The use of PAGE purified oligonucleotides
in this assay eliminated the nonspecific background
bands seen in Figure 1B.

4.7. Molecular modeling: ligand preparation

Three-dimensional structures of the ligands (Table 1)
were constructed using the Builder module in Insight
IT version 2000.1 (Accelrys, San Diego, CA), and hydro-
gens and bond order were then added. Next, atom
potentials/partial charges were assigned by the CFF
force field (Accelrys, San Diego, CA). Note: all ligand
C-ring C15 and C16 atom potentials were manually cor-
rected from cpb (bridge carbon biphenyl functional
group) to ¢p (Sp2 aromatic carbon in either a five- or
six-member ring). The geometry of the ligands were op-
timized using the nonbond cell multipole summation
method within Insight II/Discover_3 (Accelrys, San
Diego, CA).

4.8. Molecular modeling: Top1/DNA covalent complex
preparation

The X-ray crystal structure of human topoisomerase I in
covalent complex with suicide-DNA,'® as prepared
for molecular modeling in the following ways: (1) all
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missing amino acid side chains were built in using the
Biopolymer module in Insight II and the built-in resi-
dues near the active site were orientated similar to those
in a more recent Topl structure;*® (2) all 5-iodo-deoxy-
uridines in the DNA were converted into thymines by
replacing the 5-iodo with a C5 methyl, and then the
bases were replaced with thymines; (3) the +1 scissile-
strand thymine was replaced with a guanine while the
complementary nonscissile-strand +1 adenine was
replaced with a cytosine to create a high affinity Topl
cleavage site.>> Topl does not contact these bases when
they are base paired;'? (4) the suicide-DNA backbone
sulfur atom, found at the 5’ end of the +1 scissile-strand
dG, was replaced with the native oxygen; (5) hydrogens
and bond order were added to the Topl/DNA covalent
complex, and then atom potentials/partial charges were
assigned using the CFF force field in Insight II. The fol-
lowing atoms’ bond order/potentials/partial charges
were assigned manually using CFF force field parame-
ters: the tyrosyl-phosphate bond atoms; the Tyr723 ring
atoms/hydrogens; and as needed, the +1 dG, the —1
deoxythymidine, and the DNA strands’ terminal atoms.
The CFF force field (Accelrys, San Diego, CA) includes
parameters for protein, nucleic acids, and small mole-
cules.’*-¢! (6) The +1 dG was rotated, via the backbone
P-O bond, out of the helix until the free 5'-OH oxygen
came within ~3A of Asp533; (7) hCPT 9,10 diF was
manually docked into the Topl/DNA active site such
that the E-ring 20-ethyl occupied the space vacated by
the rotated +1 dG, and the inhibitor made a network
of H-bond and electrostatic interactions with the follow-
ing active site residues: Asn352, Arg364, Lys532, and
Asn722; (8) In order to make the system electroneutral
sodium and chloride counter ions were added to the
Topl/DNA covalent complex; (9) The Topl/DNA/lig-
and complex was soaked with explicit waters until a
5A layer of water covered the Topl/DNA/ligand com-
plex. The hydrogen atoms, waters, and ions were then
minimized using the nonbond cell multipole summation
method (Insight II/Discover_3); (10) Topl residues
Argd88, Asp533, 1le535, and Arg590 were then mini-
mized to optimize their interactions with the rotated
+1 dG; (11) The DNA/water/ions above hCPT 9,10
diF were then minimized with no restraints, resulting
in the nonscissile-strand and scissile-strand deoxynucle-
osides moving up, to make room for the inhibitor. The
Topl/DNA active site was soaked a second time with
solvent and all water molecules in the system (WTR)
were renamed H20O, so that the two water subsets could
then be merged; (12) Active-site residues (excluding
Tyr723 and the tyrosyl-phosphate bond to the —1 thy-
mine), waters and ions were then minimized to optimize
their interactions with hCPT 9,10 diF and the bound
DNA. Molecular dynamics simulations were run using
the Discover_3 module of Insight II to search for alter-
nate orientations of ligand side groups and Topl1 active-
site residues.

4.9. Docking ligands into the Topl/DNA active site

Ligands were orientated such that they could make the
maximum number of H-bonds/electrostatic interactions

with active site residues and DNA including: Asn352,
Arg364, Lys532, Asn722, and the —1 scissile-strand
base. Ligands were initially docked in the same orienta-
tion as hCPT 9,10 diF in the Topl/DNA active site (see
Section 4.8). Each ligand, the Topl/DNA active-site
amino acid side chains, surrounding DNA (including
the rotated +1 dG) and all waters/ions in the system
were then minimized with no restraints in Discover_3
using the nonbond cell multipole summation method
until a Final Convergence of 15 was reached. Next,
waters within 20A of the ligand were minimized to a
Final Convergence of 1. Finally, a minimization was
run in which the ligand, active-site amino acid side
chains, surrounding DNA _(including the rotated +1
dG), and waters within 20 A were then minimized with
no restraints using the nonbond cell multipole summa-
tion method with a distance dependent dielectric until
a Final Convergence of 1 was reached. The water/ions/
DNA were then merged with Topl and the interaction
energy between each ligand and the solvated Topl/
DNA covalent complex was calculated. For the interac-
tion energy calculation between the +1 dG and Topl,
the water/ions were first merged with Topl. All interac-
tion energy calculations were done in the Docking mod-
ule of Insight II and used the nonbond atom based
summation method with a 20A cut off.
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