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Abstract: Anthraquinone peptide derivatives have previously been shown to inhibit the enzyme topoisomerase I (topo I), a
pharmaceutical target for the prevention of malignant carcinomas. A highly efficient procedure for the attachment of the
anthraquinone moiety to the N-terminus of a peptide on a solid support is reported. This methodology provides a convenient
method for the synthesis of labelled peptides, with potential applications for chemotherapy, DNA detection and protein purification.
As the synthetic strategy utilizes the solid phase, it should also be amenable to the generation of combinatorial libraries. The
utility of the method by synthesizing a pool of peptides and assaying for topo I inhibition is demonstrated. Copyright © 2005

European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Intense interest has been focused on the anthraquinone
pharmacophore due to its potential utility in cancer
chemotherapy. The planar anthraquinone ring system
is able to bind DNA by inserting between DNA base
pairs, a binding mode termed intercalation [1]. This
enables drugs based on the anthraquinone scaffold to
interact with DNA metabolizing enzymes. Inhibition of
the DNA relaxing enzymes topoisomerase I and II (topo
I and II) results in the stabilization of a ternary complex
between inhibitor, DNA and enzyme termed the ‘cleav-
able complex’ [2]. During the process of cell mitosis it
is thought that this complex collides with the replica-
tion fork to produce broken strands of DNA, an event
that induces the cell to undergo apoptosis (programmed
cell death) [3]. Of the drugs in common clinical use
for chemotherapy, doxorubicin and mitoxantrone have
been shown to form cleavable complexes with topo II
and camptothecin and its analogues (Figure 1) with
topo I [2,3]. As such, topoisomerase inhibition repre-
sents a key therapeutic target in chemotherapy. The
clinical dosage of topoisomerase inhibitors is limited
by their cardiotoxicity, due to non-specific binding and
redox-metabolism of the anthraquinone moiety result-
ing in the generation of free radical species [4,5]. There
is therefore a need to generate increased structural
diversity for substituted anthraquinones in order to
ameliorate the side effects clinically experienced with
this class of drug.

Although there has been extensive work in the
synthesis of anthraquinones with bis-amine substi-
tutions [6-8] this synthetic route is limited in scope
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to simple amines. An alternative approach has been
to functionalize the anthraquinone moiety with an
aminoalkyl spacer, which functions as a linker upon
which a peptide chain can be constructed [9,10].
This methodology allows for greater structural diver-
sity but is hindered by the necessity of the spacer
region between the two pharmacophores. Cummings
and co-workers have developed a solution phase syn-
thesis of a range of anthraquinones mono-substituted
with a range of amino acids and dipeptides [11-13].
Upon biological evaluation some of the compounds
were found to inhibit the action of topo I, although
they showed no cleavable complex formation with topo
II [11-13]. In vitro assays showed that the compounds
which exhibited topo I inhibition possessed moderate
activity against tumour cell lines and one of these com-
pounds, 4-hydroxy-anthraquinone-1-ylTyr ethyl ester
showed antitumour activity against HT-29 (colon can-
cer) and NXOO2 (non small-cell lung cancer) xenografts
in mice [11]. As yet few attempts have been made to
synthesize these molecules on the solid phase, presum-
ably in part due to the absence of suitable synthetic
methodology. This paper reports the first solid phase
synthesis of anthraquinone-peptides (Figure 2) with the
anthraquinone moiety directly linked to the amino
terminus of the peptide. These novel anthraquinone-
peptides are further evaluated as topo I inhibitors
and relationships obtained between their structure and
inhibitory activity.

MATERIALS AND METHODS

Boc amino acids and resins were purchased from Novabiochem
Ltd, Nottingham, UK. All other chemicals unless otherwise
stated were obtained from Aldrich Chemical Co, Dorset,
UK. Dried organic solvents were obtained by storing the
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Camptothecin

Lactone Carboxylate

Figure 1 Structure of camptothecin (CPT), a known topo I
inhibitor, in ring closed (lactone) and ring opened (carboxy-
late) forms.

commercially available solvents over activated 4A molecular
sieves. Organic solutions were dried over anhydrous sodium
sulphate. All reactions were carried out under a positive
nitrogen pressure unless otherwise stated. Agarose for gel
electrophoresis was supplied by Pharmacia AB, Uppsala,
Sweden. Topo I enzyme was purchased from TopoGEN Inc.
Ohio, USA. Chromatography columns were packed using 25 g
of silica gel 60.

NMR spectra were recorded on a Bruker 300 MHz instru-
ment. Mass spectra were recorded on a Micromass VG Quatro
II mass spectrometer operating in electrospray mode. UV
spectra were recorded on a Hitachi U-2000 spectrophotome-
ter. RP-HPLC procedures were performed using a Gilson 715
Instruments apparatus equipped with two slave 306 pumps.
Solvent A consisted of TFA/Hs0 (0.1% v/v), solvent B of
TFA/MeCN (0.1% v/v). Both solvents were filtered through
a 45 pm pore filter prior to use. Absorption readings were
taken on an Applied Biosystems 759A absorbance detector.
Gel photographs were recorded by an Epson GT-8000 scan-
ner. Densitometric analysis was performed using the Phoretix
v.5.01 software package, Non-Linear Dynamics Ltd, Newcastle.

Analytical and Preparative RP-HPLC

For analytical RP-HPLC, the peptide sample (1 mg) was placed
in an Eppendorf (1 ml) and dissolved in MeCN/H2O (200 pl,
1:1 v/v.) The sample was centrifuged and an aliquot (10 pl)
injected onto a C-18 analytical column (Vydac). The sample
was eluted by a gradient of O to 80% solvent B over a period of
20 min with a flow rate of 1 ml/min monitoring at 216 nm. For
preparative RP-HPLC the crude peptide (15 mg) was dissolved
in DMF (20 ml). Solvent A (100 ml) was added and the solvent
was filtered through a 45 pm pore filter. The filtrate was
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pumped onto a C-18 preparative column (Spherisorb) via a 3-
way tap and syringe in the inlet tube to the slave 306 pump for
solvent A. The peptide was eluted by a gradient running from 0
to 100% B in 30 min at a flow rate of 10 ml/min monitoring at
230 nm. The elutant was lyphophilized overnight. The product
was examined by analytical RP-HPLC and the procedure
repeated until greater than 99% pure (typically two or three
runs). The final product was then dried in a desiccator over
phosphorous pentoxide.

Solid Phase Synthesis of Anthraquinone Peptides

The reaction was performed on a 0.25 mmol scale using the
Boc strategy. The initial loading reaction was performed by
the in situ formation of the active ester of the Boc amino
acid with subsequent attachment to the hydroxyl group with
3 equivalents each (relative to the amount of free amine on
the resin) of the Boc protected amino acid, DCC, HOBt and
1 equivalent of DMAP in DCM (10 ml). The reaction vessel
was shaken for 2 h and then the resin was washed with
DCM (3 x 10 ml) and DMF (3 x 10 ml). The Boc group was
removed by treating the resin with TFA/DCM (10 ml, 1:1 v/v)
for 30 min. The resin was then washed with DCM (10 ml,
3 x 5 min) and a quantitative ninhydrin assay was performed
to determine the substitution.

For each subsequent coupling step 3 equivalents each of
Boc amino acid, BOP, HOBt and 9 equivalents of DIPEA in
DCM (10 ml) were used and the reaction was carried out
for 40 min. The resin was washed with DMF (3 x 10 ml) and
DCM (3 x 10 ml) and subjected to the ninhydrin assay. The
procedure was repeated until the ninhydrin assay gave a
negative result. The Boc group was then removed and the
resin was washed as usual with DCM (10 ml, 3 x 5 min).
The cycle of coupling and deprotection was repeated until
the desired sequence of amino acids was assembled. A final
deprotection step was performed and the resulting TFA salt
neutralized by washing with a DIPEA/DMF solvent (10 ml, 2%
v/v, 2 x 10 min) to obtain a free amino terminus. The resin
was washed with DMF (3 x 10 ml), DCM (3 x 10 ml), diethyl
ether (3 x 10 ml) and dried under reduced pressure.

Condensation of Leuco-quinizarin and
Amino-terminus of the Peptide

The dried resin was transferred to a 2-necked round bottom
flask (250 ml) equipped with stirrer bar and condenser.
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Figure 2 Synthetic route for the solid phase synthesis of mono substituted anthraquinone peptides.

Leuco= quinizarin
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Figure 3 Chemical structures of quinizarin and leuco-
quinizarin.

Leuco-quinizarin (Figure 3b) was prepared from quinizarin
(Figure 3a) by the procedure of Greenhalgh and Hughes
[14] and purified by column chromatography before each
condensation reaction. Leuco-quinizarin (180 mg, 0.75 mmol,
3 eq.) was then added to the round bottom flask containing
the resin. Dry DMF (20 ml) was added and the flask and
condenser was flushed with nitrogen and sealed with a rubber
septum. A positive pressure of nitrogen was maintained and
the apparatus lowered into an oil bath pre-heated to 120°C
and left stirring overnight. Acetone (200 ml) was added to the
warm reaction mixture with stirring and oxygen was gently
bubbled through for 2 h. The resin was then filtered and
washed with DMF (100 ml), acetone (100 ml), DCM (100 ml)
and then with diethyl ether (3 x 20 ml). The resin was then
dried under reduced pressure.

High HF Cleavage

The resin was placed in a Teflon vessel and a p-creosol
scavenger (50 mg) was added. The vessel was cooled in liquid
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nitrogen and evacuated. Anhydrous HF (15 ml) was distilled
into the vessel and the mixture was stirred at 0°C for 1 h.
The HF was removed by a stream of nitrogen gas. The resin
was first washed with diethyl ether (3 x 20 ml), treated with
TFA/DCM (50 ml, 1:1 v/v) and the filtrate was concentrated
under reduced pressure. Cold diethyl ether (20 ml) was added
and the precipitate filtered and washed with diethyl ether
(8 x20ml to give crude product, which was purified by
RP-HPLC and characterized by ESMS. All new compounds
(Table 1) reported in this paper gave satisfactory analytical
data.

4-Hydroxy-anthraquinone-1-ylGlyGly 1. UV-Vis (DMF) A (log
) 555 (3.97) 594 (3.92) nm, 'H NMR (300 MHz, (CD3)2S0)
5, 4.18 (d, J =4.8 Hz, 2H, glycyl CHs) 3.84 (d, J = 5.5 Hz,
2H, glycyl CHg) 7.27 (d, J = 9.6 Hz, 1H, anthraquinone CH2)
7.37 (d, J =9.6 Hz, 1H, anthraquinone CHS3) 7.80-8.05 (m,
2H, anthraquinone CH6,7) 8.20-8.35 (m, 2H, anthraquinone
CH5,8) 8.45-8.55 (m, 1H, NHCO) 10.35-10.45 (m, 1H,
anthraquinone NH) 12.45-12.80 (s br, 1H, CO2H) 13.5 (s,
1H, anthraquinone OH).

4-Hydroxy-anthraquinone-1-ylGlySAla 2. UV-Vis (DMF) A
(log &) 554 (3.97) 591 (3.85) nm, 'H NMR (300 MHz,
(CD3)2S0) § 2.42 (t, J =6.8 Hz, 2H, Balanyl CHy) 3.2-3.5
(Balanyl CHg, obscured by water) 4.06-4.14 (m, 2H, glycyl
CHy) 7.25 (d, J =9.6 Hz, 1H, anthraquinone CH2) 7.39
(d, J =9.6 Hz, 1H, anthraquinone CH3) 7.85-8.01 (m, 2H,
anthraquinone CH6,7) 8.20-8.31 ((m, 3H, anthraquinone

Table 1 Structure, RP-HPLC Retention Time and Mass Spectra for Anthraquinone Peptides Studied. N/A: Not

applicable
0O X
O OH
Compound X RP-HPLC ESMS
Retention time/min m/z
1 Gly-Gly-OH 17.2 354 [M — H|~
2 Gly-BAla-OH 18.1 367 [M — H]~
3 BAla-Gly-NHa 17.4 368 [M + H|"™
4 L-Ala-Gly-NHa 12.3 368 [M + HJ*
5 L-Ser-Gly-NHgy 17.8 383 [M — H]~
6 L-Tyr-Gly-NHsa 19.6 460 [M + H]*"
7 L-Tyr-Gly-OH 18.7 459 [M — H|~
8 L-Tyr-L-Ala-OH 19.7 473 [M - H]~
9 L-Tyr-BAla-OH 19.2 473 [M - H|~
10 Gly-L-Tyr-OH 19.0 459 [M — H]~
11 L-Phe-OH N/A 443 [M — H]~
12 L-Tyr-OH N/A 403 [M — H]~
13 Phe (NOs) N/A 387 [M —H]~
14 Gly-Gly-L-Lys-L-Arg-L-Ala-L-Arg-L-Glu- 14.4 446 [M + 3H]3+
L-Asn-L-Thr-L-Glu- L-Ala-Gly-NHg
15 Gly-L-Ser-L-Ala- Gly-NHy 17.3 512 [M + H]*
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CH5,8 & CONH)10.33-10.44 (m,
anthraquinone OH).

1H, NH) 13.57 (s, 1H,

4-Hydroxy-anthraquinone-1-yl AlaGly-NH2 3. UV-Vis (DM-
F) A (log ¢) 554 (3.97) 591 (3.84) nm, 'H NMR (300 MHz,
(CD3)2S0) 8, 2.54 (t, J = 6.9 Hz, 2H, Balanyl CHjs) 3.20-3.50
(Balanyl CHg, obscured by water) 3.60-3.70 (m, 2H, glycyl
CHz) 7.02-7.08 (s, 1H, CONHy Ha) 7.30 (s, 1H, CONHy
Hb) 7.34 (d, J =9.6 Hz, 1H, anthraquinone CH2) 7.53 (d,
J=9.6 Hz, 1H, anthraquinone CH3) 7.76-7.94 (m, 2H,
anthraquinone CH6,7) 8.16-8.27 (m, 3H, anthraquinone
CH5,8 & CONH) 10.21-10.29 (m, 1H, anthraquinone NH)
13.61 (s, 1H, anthraquinone OH).

4-Hydroxy-anthraquinone- 1-ylAlaGly-NH, 4. UV-Vis (DM-
S0) A ((log &) 555 (3.97) 598 (3.84) nm, 'H NMR (300 MHz,
(CD3)2S0) 6§, 1.44 (d, J = 6.6 Hz, 3H, alanyl CH3) 3.65-3.75
(m, 2H, glycyl CHs) 4.45-4.55 (t, J = 7.0 Hz, 1H, CH) 7.08 (s,
1H, CONHg Ha) 7.33 (d, J = 9.6 Hz, 1H, anthraquinone CH2)
7.36 (s, 1H, CONHy Hb) 7.39 (d, J = 9.6 Hz, 1H, anthraquinone
CHS3) 7.83-8.01 (m, 2H, anthraquinone CH6,7) 8.21-8.39 (m,
3H, anthraquinone CH5,8 & CONH) 10.45 (1H, anthraquinone
NH) 13.57 (s, 1H, anthraquinone OH).

4-Hydroxy-anthraquinone-1-ylSerGly-NH, 5. UV-Vis (DMF)
A (log ¢) 553 (3.96) 595 (3.85) nm, 'H NMR (300 MHz,
(CD3)2S0) 8, 3.60-3.90 (m, 4H, seryl CH,OH & glycyl CHy)
4.43-4.51 (m, 1H, seryl «CH) 7.15 (s, 1H, CONHg Ha) 7.31 (s,
1H, CONHg Hb) 7.36 (d, J = 9.6 Hz, 1H, anthraquinone CH2)
7.4 (d, J =9.6 Hz, 1H, anthraquinone CH3) 7.86-8.00 (m,
2H, anthraquinone CH6,7) 8.23-8.35 (m, 3H, anthraquinone
CH5,8 & CONH) 10.52 (1H, anthraquinone NH) 13.58 (s, 1H,
anthraquinone OH).

4-Hydroxy-anthraquinone-1-ylTyrGly-NH5 6. UV-Vis (DMF) A
(log £) 555 (3.97) 589 (3.94) nm, 'H NMR (500 MHz, CF3COOD)
8, 3.27-3.35 (m, 2H, tyrosyl SCHsz) 3.86-4.09 (m, 2H, glycyl
CHy) 4.69-4.77 (m, 1H, tyrosyl «CH) 6.71 (d, J = 8.6 Hz, 2H,
tyrosyl ar. CH) 6.97 (d, J = 8.6 Hz, 2H, tyrosyl ar. CH) 7.34 (d,
J = 9.6 Hz, 1H, anthraquinone CH2) 7.62, (d, J = 9.6 Hz, 1H,
anthraquinone CH3) 7.75-7.81 (m, 2H, anthraquinone CH6,7)
8.15-8.23 (m, 3H, anthraquinone CH5,8 & CONH) 10.64 (1H,
anthraquinone NH) 13.57 (s, 1H, anthraquinone OH).

4-Hydroxy-anthraquinone-1-yITyrGly 7. UV-Vis (DMF) A (log
€) 280 (3.92), 555 (3.90) 593 (3.88) nm, 'H NMR (300 MHz,
(CD3)2S0) 6, 2.85-3.20 (m, 2H, tyrosyl SCH2) 3.78 (2H, glycyl
CHg) 4.54-4.67 (m, 1H, tyrosyl « CH) 6.64 (d, J = 8.5 Hz, 2H,
tyrosyl ar. CH) 7.10 (d, J = 8.5 Hz, 2H, tyrosyl ar. CH) 7.23
(d, J =9.6 Hz, 1H, anthraquinone CH2) 7.28 (d, J = 9.6 Hz,
1H, anthraquinone CH3) 7.83-7.99 (m, 2H, anthraquinone
CH6,7) 8.21-8.39 (m, 3H, anthraquinone CH5,8 & CONH)
9.25 (s, 1H, tyrosyl OH) 10.45 (1H, anthraquinone NH) 13.5
(s, 1H, anthraquinone OH).

4-Hydroxy-anthraquinone- 1-yITyrAla 8. UV-Vis (DMF) 1 (log
&) 556 (3.90), 594 (3.85) nm, 'H NMR (300 MHz, (CD3)2S0)
8, 1.29 ((d, J = 7.4 Hz, 3H, alanyl CH3) 2.79-2.95 ((m, 1H,
tyrosyl BCHo Ha) 3.05-3.20 (m, 1H, partially obscured by
water, tyrosyl SCHy Hb) 4.18-4.30 (m, 1H, alanyl o« CH)
4.56-4.67 (m, 1H, tyrosyl « CH) 6.62 (d J =8.5Hz, 2H,
tyrosyl ar. CH) 7.08 (d J = 8.5 Hz, 2H, tyrosyl ar. CH) 7.16
(d J =9.6 Hz, 1H, anthraquinone CH2) 7.29 (d J =9.6 Hz,
1H, anthraquinone CH3) 7.82-7.99 (m, 2H, anthraquinone

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

CH6,7) 8.20-8.41 (m, 3H, anthraquinone CH5,8 & CONH)
9.23 (s, 1H, tyrosyl OH) 10.48 (1H, anthraquinone NH) 13.60
(s, 1H, anthraquinone OH).

4-Hydroxy-anthraquinone- 1-yITyrB Ala 9. UV-Vis (DMF) i (log
€) 557 (3.83), 594 (3.82) nm, 'H NMR (300 MHz, (CD3)2S0)
3, 2.29-2.40 (m, 2H, Balanyl CHy) 2.84-3.09 (m, 2H, tyrosyl
BCH2) 3.20-3.34 (m, 2H, partially obscured by water, falanyl
CHs) 4.46-4.57 ((m, 1H, tyrosyl « CH) 6.64 (d J = 8.5 Hz, 2H,
tyrosyl ar. CH) 7.07 (d J = 8.5 Hz, 2H, tyrosyl ar. CH) 7.19
(d J =9.6 Hz, 1H, anthraquinone CH2) 7.28 (d J = 9.6 Hz,
1H, anthraquinone CHS3) 7.81-7.99 (m, 2H, anthraquinone
CH6,7) 8.18-8.34 (m, 3H, anthraquinone CH5,8 & CONH)
9.24 (s, 1H, tyrosyl OH) 10.45 (1H, anthraquinone NH) 12.25
(s br, 1H, COgH) 13.54 (s, 1H, anthraquinone OH).

4-Hydroxy-anthraquinone- 1-ylGlyTyr 10. UV-Vis (DMF) 1 (log
) 554 (3.91) 589 (3.84) nm, 'H NMR (300 MHz, (CD3)2S0)
3, 2.73-2.82 (m, 1H, tyrosyl SCHy Ha) 2.96-3.02 (m, 1H,
tyrosyl BCHg Hb) 4.04-4.11 (m, 2H, glycyl CHg) 4.43-4.46
(m, 1H, tyrosyl «CH) 6.66 (d, J =8.5 Hz, 2H, tyrosyl ar.
H) 7.02 (d, J=8.5Hz, 2H, tyrosyl ar. H 7.06 (d, J=
9.6 Hz, 1H, anthraquinone CH2) 7.30 (d, J =9.6 Hz, 1H,
anthraquinone CH3) 7.80-7.95 (m, 2H, anthraquinone CH6,7)
8.19-8.35 (m, 3H, anthraquinone CH5,8 & CONH) 9.26 (s,
1H, tyrosyl OH) 10.4 (1H, anthraquinone NH) 13.55 (s, 1H,
anthraquinone OH).

4-Hydroxy-anthraquinone-1-ylPhe 11. TLC (5% v/v MeOH/
CHCl3) Rf 0.15, UV-Vis (DMF) 1 (log ¢) 556 (3.75) 597
(3.65) nm, 'H NMR (300 MHz, CD3CN) §, 2.96-3.20 (m,
2H,partially obscured by water, Phe SCHjy) 4.45-4.60 (m, 1H,
Phe « CH) 7.05-7.40 (m, 7H, Phe ar.H.and anthraquinone
CH2,3) 7.80-7.93(m, 2H, anthraquinone CH6,7) 8.21-8.32
(m, 2H, anthraquinone CH5,8) 10.60 (1H, anthraquinone NH)
13.69 (s, 1H, anthraquinone OH).

4-Hydroxy-anthraquinone-1-ylTyr 12. TLC (30% v/v MeOH/
CHCl3) Rf 0.42, UV-Vis (DMF) 1 (log ¢) 560 (3.84) 598
(3.72) nm, 'H NMR (300 MHz, CD3CN) §, 3.05-3.30 (m,
2H, partially obscured by water, tyrosyl SCHjs) 4.65-4.77
(m, 1H, tyrosyl « CH) 6.68 (d J = 8.4 Hz, 2H, tyrosyl ar. H)
7.07 (d J = 8.4 Hz, 2H, tyrosyl ar. H) 7.16 (d, J = 9.6 Hz, 1H,
anthraquinone CH2) 7.30 (d, J = 9.6 Hz, 1H, anthraquinone
CH3) 7.73-7.95 (m, 2H, anthraquinone CH6,7) 8.23-8.38
(m, 2H, anthraquinone CH5,8) 10.41 (1H, anthraquinone NH)
13.55 (s, 1H, anthraquinone OH).

4-Hydroxy-anthraquinone-1-ylPhe(NO5) 13. TLC (20% v/v
MeOH/CHCIl3) Ry 0.38, UV-Vis (DMF) 1 (log ¢) 583 (3.78)
622 (3.72) nm, 'H NMR (300 MHz, CD3CN) §, 3.20-3.60 (m,
2H, obscured by water, Phe SCHjg) 4.46-4.58 (m, 1H, Phe «
CH) 7.18 (d, J = 9.6 Hz,1H, anthraquinone CH2) 7.26 (d, J =
9.6 Hz, 1H, anthraquinone CH3) 7.36-7.53 (m, 2H, Phe ar. H)
7.68-7.96 (m, 2H, Phe ar. H) 7.99-8.08 (m, 2H, anthraquinone
CH6,7) 8.18-8.29 (m, 2H, anthraquinone CH5,8) 10.53 (1H,
anthraquinone NH) 13.71 (s, 1H, anthraquinone OH).

4-Hydroxy-anthraquinone- 1-ylGly-Gly-Lys-Arg-Ala-Arg-
Glu-Asn-Thr-Glu-Ala-Gly-NH5 14. UV-Vis (H20) X (log ¢) 317
(3.43) 544 (3.49) 577 (3.40) nm.

4-Hydroxy-anthraquinone- 1-ylGly-Ser-Ala-Gly-NH25 15. UV-
Vis (DMF) A (log ) 554 (3.86) 584 (3.80) nm, 1H NMR (300 MHz,
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(CD3)2S0) § 1.26 (d J = 6.9 Hz, 3H, alanyl CHgs) 3.57-3.68 (m,
4H, glycyl CHa & seryl BCH,OH) 4.16-4.35 (m, 3H, alanyl « CH
& glycyl CHg) 4.38-4.47 (m, 1H, seryl « CH) 5.14-5.18 (m, 1H,
seryl OH) 7.11 (s, 1H, CONHz Ha) 7.16 (s, 1H, CONH2 Hb) 7.29
(d J = 9.6 Hz, 1H, anthraquinone CH2) 7.39 (d J = 9.6 Hz, 1H,
anthraquinone CH3) 7.83-8.01 (m, 2H, anthraquinone CH6,7)
8.06 (1H, CONH) 8.21-8.42 (m, 4H, anthraquinone CH5,8 & 2
CONH) 10.38-10.49 (m, 1H, anthraquinone NH) 13.57 (s,1H,
anthraquinone OH).

Topoisomerase | Inhibition Assay

The linking number of DNA is a mathematical relationship for
quantifying the amount of supercoiling of the DNA polymer.
For constrained sections of DNA it has been shown that the
number of times each polynucleotide chain crosses over the
other (twisting number) and the number of times each double
stranded section crosses over itself (writhing number) are
related [15]. Physical manipulation of double stranded DNA
can result in different topomers, converting T to W or vice
versa, but cannot change the overall number of crosses. This
number of crosses is therefore a more accurate description
of the supercoiled state of the DNA than either the T or
W number alone and is represented by the linking number
L (where L=T+ W) [15]. In order to metabolize DNA it is
necessary to unwind it from its supercoiled storage topomer.
As the DNA is constrained between nucleosomes nature has
evolved the topoisomerase enzymes as a means of changing
the linking number of sections of DNA and so removing
supercoils. Topo I changes L in integer steps of one while topo
II changes L in steps of 2 [16]. In the case of topo I the enzyme
accomplishes this by transiently creating a single stranded
nick in the phosphodiester backbone of one DNA strand, with
the Tyr723 residue of the enzyme forming a covalent bond
on the 3’ side of the break [17]. In effect this abolishes the
linking number constraint, allowing the DNA to freely rotate
about the remaining phosphodiester bond, reducing supercoils
without increasing the number of helical repeats. The enzyme
then re-ligates the backbone, regenerating the DNA polymer
with a lower linking number [17]. Topo I cleavable complex
inhibitors interfere with this event by stabilizing the reaction
intermediate at the point in the mechanism when the enzyme
has cross-linked to the DNA and severed one phosphodiester
bond, preventing further progression in the enzymatic cycle
and accumulating nicked DNA.

In the presence of ethidium bromide, agarose gel elec-
trophoresis allows resolution of nicked DNA (form II) from
covalently closed circular DNA (form I). Ethidium bromide acts
as an intercalator, inserting into the DNA helix and introduc-
ing writhes (increasing W) as the DNA unwinds (reducing T)
to allow access to the intercalator. Both supercoiled (Is) and
relaxed (Ir) DNA therefore migrate to the same position on
an ethidium bromide gel. Nicked DNA, due to its freedom to
rotate about the single phosphodiester bond, has no linking
constraint and hence shows no increase in writhe upon drug
intercalation. Covalently closed plasmids will therefore migrate
to approximately the same position on the gel, regardless of
whether they were initially relaxed or supercoiled, whereas
nicked DNA migrates separately. As such, the shift in the
equilibrium position between nicked and covalently closed
DNA upon formation of the cleavable complex can be mea-
sured by gel electrophoresis. The efficacy of topo I inhibitors
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is therefore established by monitoring the amount of nicked
DNA produced during the course of an in vitro DNA relaxation
reaction [1].

Media, pipette tips, stock solutions, distilled water and
centrifuge tubes were sterilized by autoclaving at 120°C and
15 psi for 20 min. Chemicals and proteins were sterilized
by filter sterilization where appropriate. Topo I was diluted
into the reaction buffer supplied (10 X: 100 mm Tris-Cl pH
7.9, 10 mm EDTA, 1.5M NaCl, 1% BSA, 1 mMm spermidine,
50% glycerol) so that the final concentration of enzyme was
0.5 U/ul and stored at —70°C before use. For the topo I
relaxation buffer Tris (1.21 g, 10 mmol), KC1 (3.73 g, 50 mmol)
and MgCl, (1.02 g, 5 mmol) were dissolved in water (75 ml)
and the pH was adjusted to 7.5 with concentrated HCI. 0.5 m
EDTA (200 ul, pH 8.0) and BSA (15 mg) were added with
stirring and the volume made up to 100 ml. For the agarose
gel buffer Tris (108 g, 0.89 mole), boric acid (55 g, 0.89 mole)
and 0.5 M EDTA (40 ml, pH 8.0) were diluted with water (2 1)
to make a Tris-borate-EDTA (TBE) buffer. This solution was
diluted five-fold before being used for electrophoresis. For the
topo I stop buffer sucrose (50 g), 0.5 m EDTA (10 ml, pH 8.0)
bromophenol blue (100 mg) and SDS (200 ul, 5% w/v) were
dissolved in water (100 ml).

Anthraquinone peptides were dissolved in DMSO at a
concentration of 1 mg/ml and diluted to the final assay
concentration (125 um) in buffer. Plasmid DNA (0.5 ug) was
incubated with relaxation buffer (4.50 ul), topo I enzyme
(10.0 ul, 5 U) and the drug solution (2.25 ul) and diluted with
water (to 45 pl). The solution was then incubated at 37°C for
30 min. A pre-warmed solution of proteinase K/SDS (5.0 pl,
5 mg/ml proteinase K and 5% w/v SDS) was then added
and the mixture incubated for a further 30 min. The reaction
was terminated by the addition of stop buffer (5.0 ul) and an
aliquot (20.0 pl) of the reaction mixture was run on an agarose
gel in TBE buffer containing ethidium bromide (1 pg/ml) at
70 V for 100 min. The agarose gel was then washed with water
(8 x 15 min). The DNA was visualized under a transilluminator
and the gel photograph recorded for densitometric analysis.
In control experiments with neither enzyme nor inhibitor low
background levels of nicked DNA were observed, which were
then subtracted from the initial values, leaving a corrected
ratio which represents the change in the level of nicked
DNA upon addition of the inhibitor. For comparison between
compounds, the difference in cleavable complex formation was
expressed as a percentage of the amount of cleavable complex
formed by compound 12 (125 um), the most effective inhibitor.
CPT (100 nm) was evaluated as a reference compound.
Experiments were repeated three times and the values are
expressed as the mean of these experiments (Figure 4).

RESULTS AND DISCUSSION

Peptides with an amide or carboxylic acid at the C-
terminus were synthesized manually on the solid phase
using standard peptide synthesis protocols. Following
the final deprotection step the free amino terminus was
linked to leuco-quinizarin (presumably via formation
of the Schiff's base although this putative reaction
intermediate was never isolated due to spontaneous
oxidation) to form the anthraquinone peptide on the
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Figure 4 Effect of anthraquinone peptides on Topo I cleav-
able complex formation. Cleavage reactions were performed
using the method described by Hsiang et al. [11] with mod-
ified reaction conditions (see methods section). The amount
of cleavable complex formed for each inhibitor was expressed
as a percentage of the amount formed by 12, the most active
inhibitor. The inhibitory activity of anthraquinone peptides
1-13 (125 pum) was compared with that of CPT (100 nm). Exper-
iments were repeated (n = 3) and error bars (SD) applied.

solid support. HF cleavage resulted in liberation of
the target compound in high yield (Figure 2). For
anthraquinone peptides with a requirement for a free
carboxylic acid at the C-terminus the synthesis was
conducted on Merrifield’s hydroxymethyl resin while
the peptides requiring an amide group at the C-
terminus the MBHA resin was utilized. This method
of synthesizing anthraquinone peptides is therefore
applicable to a number of solid phase protocols.

The conditions required to attach the anthraquinone
group to the peptide chain are not typical of peptide
synthesis. The successful synthesis of compounds 14
and 15 indicates that the methodology is applicable
to the synthesis of anthraquinone peptides with longer
sequences than the dipeptides presented in this paper.
The compounds 14 and 15 were not used in biological
studies.

A selected range of compounds based on known
topoisomerase inhibitors [11] (Table 1) were synthesized
and evaluated for their topo I inhibitory activity
(Figure 4). Analysis of the experimental inhibition data
supports a consistent structure-activity relationship for
the anthraquinone peptides as topo I inhibitors that
may lead to the future development of more active
analogues. From the pool of compounds synthesized,
the two phenylalanine derivatives para substituted
with either a hydroxy or a nitro group (12 and
13) have emerged as the most active compounds in
the topo I inhibition assay. Both were more active
than the CPT standard, although at a much greater
concentration (125 pm compared with 100 nm). The
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dipeptide tyrosine analogues 6-10 showed reduced
activity when compared with 12, suggesting that a
single amino acid is the optimum requirement in
the anthraquinone side chain. For the dipeptides,
conversion of the carboxylic acid to an amide for 6
as opposed to 7 resulted in a decrease in activity,
indicating a preference for the carboxyl group. In
contrast, the Tyr and 4-nitro Phe derivatives 12
and 13 were equally active, showing more tolerance
for the aromatic substituent. A group with hydrogen
bonding capabilities was, however, important, as the
Phe derivative 11 showed a large decrease in cleavable
complex formation when compared with either 12 or
13. Similarly the Ser derivative 5 also showed similar
activity to the equivalent Tyr analogue 6, whereas the
Ala analogue 4 showed no activity. The presence of a
hydrophilic group on the first amino acid attached to
the anthraquinone ring system was therefore extremely
important. Confirming this conclusion, the alkyl chain
Ala, Gly and BAla derivatives 1-5 showed little to
no activity. However, increasing the length of chain
resulted in a slight gain in activity as both peptides
2 and 3 (with BAla residues extending the peptide
chain by a methylene unit) showed enhanced cleavable
complex formation.

The ability of the most active anthraquinone peptides
to stabilize cleavable complex formation in an analo-
gous manner to CPT prompts a structural comparison
between the two classes of compound. In aqueous solu-
tion CPT is in dynamic equilibrium between the lactone
and carboxylate species due to hydrolytic ring open-
ing, with the lactone predominating at low pH and the
carboxylate under basic conditions (Figure 1). The «
hydroxy group adjacent to the lactone functionality is
thought to stabilize the tetrahedral transition state and
so increase the rate of hydrolysis, rendering the lactone
ring more reactive than is generally the case with cyclic
esters [18]. At pH 7.5 the equilibrium position results
in the carboxylate as the predominant species [18].
Additionally synthetic derivatives resistant to hydroly-
sis due either to the removal of the « hydroxy group
or to modifications to the lactone show a loss of topo
I inhibitory activity [16]. It is therefore reasonable to
compare the most active anthraquinone peptides with
the carboxylate form of CPT. Such a comparison of 12
and 13 to CPT reveals several similarities. Both possess
extensively conjugated aromatic ring systems allowing
intercalation binding with DNA. Additionally both com-
pounds possess a carboxylic acid and either an alcohol
or nitro group, giving possibilities for hydrogen bond-
ing interactions with the topo I enzyme to stabilize the
cleavable complex. The identification of such structure-
activity relationships is predicted to be of use in the
future design of topo I inhibitors.

Although this paper has primarily focused on the
synthesis of anthraquinone peptides for their potential
use in chemotherapy, the solid phase methodology
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is widely applicable for alternative applications. The
anthraquinone ring system functions as an intense
chromophore (A = 550 E™* = 8000 m~! cm™1) allowing
the detection of peptides by UV-Vis spectroscopy. As
such it provides an attractive choice for labelling
peptides, either at the N-terminus or on the amino
groups of lysine or ornithine. The facile synthesis
of anthraquinone labelled peptides allows a range of
biochemical applications to be explored. Dye-ligand
affinity systems have already been used for protein
purification [19] and labelled peptides as biochemical
probes for DNA detection [20]. It is therefore anticipated
that anthraquinone peptides will find diverse biological
applications.
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