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An investigation into the biological activity of
the selected histidine-containing diketopiperazines
cyclo(His-Phe) and cyclo(His-Tyr)

K. McCleland, P. J. Milne, F. R. Lucieto, C. Frost, S. C. Brauns,
M. Van De Venter, J. Du Plessis and K. Dyason

Abstract

Although cyclic diketopiperazines have been known since the beginning of the century, only now
have they attracted considerable interest with respect to their biological activity. The aim of this
study was to determine if the diketopiperazines cyclo(L-histidyl-.-phenylalanyl) (cyclo(His-Phe)) and
cyclo(-histidyl-L-tyrosyl) (cyclo(His-Tyr)) have significant biological activity relevant to the treatment
of cardiovascular-related disease states, cancer and infectious diseases. Haematological studies were
performed, including thrombin substrate binding, blood clotting time, platelet adhesion, platelet
aggregation and fibrinolysis assays. A cytotoxicity screening utilizing a tetrazolium-based assay on
the cell lines HeLa, WHCO3, and MCF-7 was performed. The whole-cell patch-clamp technique was
used to investigate ion-channel activity in ventricular myocytes of rats, and isolated rat heart studies
were performed to investigate the cardiac effects involving heart rate and coronary flow rate.
Cyclo(His-Tyr) produced a significant prolongation of blood clotting time, slowing of clot lysis and
inhibition of ADP-induced platelet adhesion and aggregation (P<0.05). Cyclo(His-Phe) showed
significant (P<0.05) anti-tumour activity, causing greatest reduction of cell viability in cervical
carcinoma cells. Preliminary results from patch-clamp studies indicate that both diketopiperazines
caused blocking of sodium and calcium ion channels, but opening of inward rectifying potassium ion
channels. In the rat isolated heart studies, cyclo(His-Phe) caused a gradual reduction in heart rate
(P=0.0027) and a decrease in coronary flow rate (P=0.0017). Cyclo(His-Tyr) significantly increased
the heart rate (P=0.0016) but did not cause any significant change of coronary flow rate (P>0.05).
Cyclo(His-Tyr) showed notable (P<0.05) antibacterial activity and both diketopiperazines showed
excellent antifungal activity (P<0.05). These observations reveal diketopiperazines to be ideal lead
compounds for the rational design of an agent capable of preventing metastasis, inhibiting tumour
growth, and as potential chemotherapeutic, antiarrhythmic and antihypertensive agents, as well as
potential antibacterial and antifungal agents.

Introduction

In recent years there has been a growing awareness of the diversity and biological roles
played by many of over one-hundred diketopiperazines found in nature. Many deriva-
tives have antiviral (e.g., the gliotoxins and sporidesmins), phytotoxic (e.g., cyclo(Pro-
Tyr)) and antibiotic (e.g., bicyclomycin) properties, whereas simple members like
cyclo(His-Pro), cyclo(Pro-Leu), cyclo(Asp-Pro), cyclo(Pro-Val) and cyclo(Pro-Phe)
show various biological activities (Prasad 1995). For this reason, many of these diketo-
piperazines are now regarded as important metabolic intermediates rather than as
protein artifacts. A host of other diketopiperazines, or cyclic dipeptides, are reportedly
endogenous in different living organisms or exist as either by-products of manufacturing
processes or simply degradation products of larger proteins and peptides. Although
there is no doubt that many of these cyclic dipeptides may possess interesting and
possibly economically beneficial biological activity, evaluations on a small scale have
only begun in 1995 (Prasad 1995).

It has been shown that these agents can be used as templates from which peptidomi-
metic analogues with enhanced activity can be designed (Henczi & Weaver 1995). The
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Figure 1 Structures of the histidine-containing diketopiperazines
cyclo(His-Phe) and cyclo(His-Tyr).

general structure of homodetic diketopiperazines bears a
diketopiperazine nucleus with two side chains of amino
acid residues. Modification of the primary structure of the
diketopiperazine and the resultant alteration in the R sub-
stituents attached to the diketopiperazine ring (Figure 1)
may be utilized to manipulate the hydrophilicity and other
physicochemical properties, thereby affecting the biological
activity (Crescenzi etal 1973; Sijpkes etal 1994).

The search for new anti-cancer drugs over the past 20
years has proved to be difficult, with few cytotoxic drugs
having been specifically designed to attack particular cellu-
lar targets. Fascinating alternative sources of new cytotoxic
compounds are continually under assessment (Carmichael
1994). As solid tumours rely upon the bloodstream to
deliver nutrients necessary for growth, it follows that inter-
ference with that supply may compromise tumour growth
(Murray 1991). The procoagulant activity of tumour cells
has been thought to enhance metastasis by encasing the
cells in a fibrin clot, thereby allowing them to escape detec-
tion and clearance by the host immune system. Some of the
molecules involved in blood coagulation might therefore
represent novel targets for a new generation of therapeutic
agents designed to inhibit tumour growth and prevent
metastasis (Bromberg & Cappello 1999). Drugs directed
against new targets such as angiogenesis, tumour invasion
and metastasis, as well as signal transduction, have great
potential as comparatively selective anti-cancer agents
(Carmichael 1994). Various diketopiperazines have been
demonstrated to possess anti-cancer properties with studies
by Graz etal (2000) suggesting selective inhibition of carci-
noma cells (Milne et al 1998; Graz etal 2000).

Cardiac cellular injury leads first to reversible alterations
in electrical and contractile properties followed by irrever-
sible alterations and cell death (cardionecrosis). The three
main causes of cardionecrosis are ischaemia (reduction of
blood supply), anoxia (reduction of oxygen supply) and
direct toxic action on the heart (Godfraind etal 1986).

The action potential and electrophysiology of the heart
depends greatly on the movement of ions, namely Na¥,
Ca®" and K, across cell membranes facilitated by ion
channels, passive exchangers and active transport pumps
(Marban etal 1998). Calcium-channel-blocking agents,
such as verapamil, nifedipine and diltiazem, have long
been studied for potential application in cardiovascular
disorders, including angina, paroxysmal supraventricular
tachyarrhythmias, atrial fibrillation, hypertension and car-
dioplegia (Cook 1988; Narahashi & Herman 1992). The
potential calcium-channel-blocking effect of diketopipera-
zines was demonstrated in studies by Milne etal (1998),
where cyclo(Trp-Trp) and cyclo(Trp-Pro) were shown to
block calcium channels in rat ventricular myocytes. The
cellular site of action of a number of drugs used therapeu-
tically seems to involve the modulation of membrane potas-
sium ion channels (e.g., blockers of K™ channels are able to
promote the secretion of insulin from the pancreas and to
suppress dysrrhythmias of the heart, whereas opening of
K™ channels can play a role in the relaxation of a variety of
smooth muscles, thereby having potential antihypertensive
effects (Cook 1988)). Developing selective K'-channel
modulators should indeed be plausible since these channels
represent novel sites for therapeutic drug action in the near
future (Cook 1988). The diketopiperazines have recently
shown potential for use in the treatment of cardiovascular
dysfunction as demonstrated by isolated perfused rat heart
experiments where isomers of cyclo(Trp-Pro) showed anti-
arrhythmic potential (Jamie etal 2002). A decrease in ven-
tricular fibrillation may reduce the mortality rates in acute
myocardial infarction (Jamie etal 2002).

The increased resistance of various bacteria toward
available antibiotic drugs has initiated intensive research
efforts into identifying new sources of antimicrobial sub-
stances (Kolusheva et al 2000). Considering this rapid esca-
lation of bacterial resistance to antibiotics, there is a
profound need for novel antimicrobial agents but few new
drugs are appearing on the horizon. The pharmaceutical
industry is moving away from drug discovery by chemical
alteration of existing compounds and the screening of new
compounds, but is looking towards rational drug design to
provide new candidates for the antimicrobial drug market
(Graz etal 1999). Short antimicrobial peptides (10-30 resi-
dues) are prevalent in nature as part of the intrinsic defence
mechanisms of most organisms and have been proposed as
a blueprint for the design of novel antimicrobial agents.
Antimicrobial peptides are generally believed to kill bac-
teria through membrane permeabilization and extensive
pore formation (Hancock 1999). Antimicrobial peptides
have a great potential to be the next breakthrough class
of antimicrobials and the first truly novel class of antibio-
tics in 30 years (Hancock & Lehrer 1998). Thus, research
into the antimicrobial activity of cyclic dipeptides is not
only justified but also essential for the discovery of new
antimicrobial agents (Graz etal 1999). Six- and eight-resi-
due cyclic p,L-a-peptides possess unique structural features
that are not found in the natural class of peptide antibiotics
or their derivatives. They act preferentially on Gram-
positive or Gram-negative bacterial membranes compared
with mammalian cells, increase membrane permeability,
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collapse transmembrane ion potentials and cause rapid
cell death. The effectiveness of this class of materials
as selective antibacterial agents is highlighted by the
high efficacy observed against lethal methicillin-resistant
Staphylococcus aureus infections in mice. The unique abio-
tic structure of the cyclic peptides and their quick bac-
tericidal action may also contribute to limit temporal
acquirement of drug resistant bacteria. The low-molecu-
lar-weight D,L-a-peptides hold considerable potential in
combating a variety of existing and emerging infectious
diseases (Fernandez-Lopez etal 2001).

This study aimed to investigate the biological activity
of the selected histidine-containing cyclic diketopipera-
zines, cyclo(L-histidyl-L-phenylalanyl) (cyclo(His-Phe)) and
cyclo(L-histidyl-L-tyrosyl) (cyclo(His-Tyr)). In continuation
of our research to identify diketopiperazines with biological
activity, a primary screen was performed on the above
mentioned diketopiperazines. The next step, once the
most promising diketopiperazines are identified, is struc-
tural modification to increase the biological activity.

Materials and Methods

Chemicals and solutions

The diketopiperazines were synthesized from their corres-
ponding sterically pure linear precursors (Bachem), using
a modified phenol-induced cyclization procedure, adapted
from Kopple & Ghazarian (1968). All other chemicals and
solutions used were of analytical grade and purchased from
Sigma (St Louis, MO). Structural elucidation was accom-
plished by infrared spectroscopy, mass spectrometry,
nuclear magnetic resonance spectroscopy and melting-
point determination. The structures of the diketopipera-
zines are shown in Figure 1. The diketopiperazines and
solutions were stored at 4°C.

Ethical approval

The use of human blood samples in the haematological
studies was approved by the Human Ethics Committee of
the University of Port Elizabeth. The use of experimental
animals was approved by the Animal Ethics Committee
of the University of Port Elizabeth. Ethical approval
was obtained from the ethical committee of North West
University, Potchefstroom Campus, for the ion channel
studies (ethics number: FLG-02D01).

Cell cultures and microorganisms

All manipulations were performed using sterile culture
techniques. HeLa, WHCO3 and MCEF-7 carcinoma cell
lines were routinely maintained as monolayers in multiple,
25cm? culture flasks (Corningware, Cambridge, MA)
in RPMI 1640 growth medium (pH 7.4) (Highveld
Biological, Johannesburg, South Africa), supplemented
with 10% heat-inactivated fetal calf serum (FCS)
(Highveld Biological) at 37°C (5% CO,) and 2mwm gluta-
mine (Highveld Biological) in a humidified atmosphere.
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This antibiotic-free medium allowed for early detection of
microbial contamination and was replaced every 48 h. To
standardize the culture conditions with respect to the cyto-
toxicity assay, cell lines were sub-cultured 24 h before the
day of the experiment. The bacterial cultures used were
obtained from the culture collection in the Department of
Biochemistry and Microbiology at the University of Port
Elizabeth.

Effect of cyclo(His-Phe) and cyclo(His-Tyr) on
thrombin substrate, thrombin time, platelet
adhesion, platelet aggregation and fibrinolysis

A modified method adapted from Rob etal (1997) was
utilized for the thrombin substrate assay. The method
involved the reaction of the enzyme thrombin with a chromo-
genic thrombin specific substrate known as S2238 (a-
Phe-L-pipecolyl-L-Arg-p-nitroanilide) (Chromogenix). The
progression of this colour reaction was measured in terms
of the change in absorbance in a 96-well flat-bottom micro-
plate reader (Costar, Corning).

The thrombin time assay involved the measurement of
the time taken for normal human plasma to clot, detected
by the first sight of a white fibrin thread, induced by
thrombin. Heparin was used as a positive control to estab-
lish a standard curve. This was followed by measurement of
the prolongation of clotting time by the two diketopipera-
zines. The method utilized for this assay was modified and
adapted from Tanaka etal (1999).

Methods utilized for the platelet adhesion assay were
adapted from Bellavite etal (1994). A photometric method
for platelet count in plasma or in suspension by means of a
spectrophotometer and a microplate reader was utilized, as
developed by Walkowiak et al (1997). Blood was drawn by
venipuncture from a healthy subject who had abstained
from any medication, alcohol and nicotine for two weeks
and had fasted for at least 8 h. The blood was collected in
4.5-mL tubes containing 0.5mL of 0.105mwm trisodium
citrate. The blood was then centrifuged at 300g for
10min to obtain platelet-rich plasma (PRP), which was
then re-centrifuged at 900 g for 20 min to obtain platelet-
poor plasma (PPP). Linearity of acid phosphatase versus
platelet number was determined before the assays. Con-
centration ranges of 0.0125-0.1250 UmL ™" (final concen-
tration) for thrombin and 3.125-25um for adenosine
diphosphate (ADP) (final concentration) were utilized to
obtain standard curves. Thrombin at a final concentration
of 0.0625UmL ™" and ADP at 25 um were then utilized in
the assays. Both agonists were made up in a buffer supple-
mented with 4 mm CaCl, and 4 mm MgSQ,. Platelets were
at a concentration of 4.5x 10%well for the thrombin-
induced assay and 2.25x 10°/well for the ADP-induced
assay. The diketopiperazines were dissolved in the buffer to
give a final concentration of 0.125-1 mm. The absorbance
was read at 412nm in the microplate reader and the num-
ber of cells adhering was calculated on the basis of a
standard curve obtained from the known number of plate-
lets (linearity of acid phosphatase). The percentage inhibi-
tion of agonist-induced adhesion was then calculated.
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The platelet aggregation assay was performed using
the agonists thrombin and ADP, to determine platelet
aggregation responses in the presence of the two diketo-
piperazines, by means of a method adapted from
Walkowiak etal (1997) and Bednar etal (1995). A plate-
let-free control for 100% transmission, platelet suspension
control for 0% transmission, a thrombin/ADP control
and a positive control (acetylsalicylic acid) were used.

The method utilized for the fibrinolysis assay was modi-
fied and adapted from Schatteman etal (1999). A 160 mm
CaCl, solution was utilized to initiate clotting of the
plasma, and two controls, tissue-type plasminogen activa-
tor (t-PA) and streptokinase, were used. A diketopipera-
zine-free control (containing only t-PA/streptokinase),
t-PA-/streptokinase-free and diketopiperazine-free positive
control and blank were used. The effect of the diketopi-
perazines on t-PA- and streptokinase-induced clot lysis
could therefore be illustrated graphically.

Anti-cancer activity of cyclo(His-Phe)
and cyclo(His-Tyr)

HeLa (cervical), WHCO3 (oesophageal) and MCF-7
(breast) carcinoma cell lines were routinely maintained in
RPMI 1640 growth medium (pH 7.4) (Highveld Biological,
Johannesburg, South Africa) supplemented with 10% heat-
inactivated FCS at 37°C (5% CO,) and 2mm glutamine
(Highveld Biological) in a humidified atmosphere. Each cell
line was seeded at a density of 25000 cells/mL. The cells
were allowed 24 h for attachment and on the day of the
assay, cells were lifted by trypsinization and diluted to
1 x 10° cells/mL with RPMI 1640 growth medium. One-
hundred microlitres of each respective cell suspension was
then seeded into the appropriate wells of 96-well microtitre
plates. Diketopiperazines and melphalan (positive control)
were initially solubilized in 0.5% dimethyl sulfoxide
(DMSO) and stock concentrations of 0.04—-1 mm were pre-
pared. One-hundred microlitres of each were added to the
appropriate wells. The samples were incubated at 37°C
(5% CO,, humidified atmosphere) for 72h and cells were
subsequently processed for 3-(4,5-dimethylthiazol-2-yl)-2,
S-diphenyl tetrazolium bromide (MTT) reductivity. The
number of viable cells was assessed using the modified
MTT assay as described previously (Mosmann 1983;
Carmichael etal 1987).

Effect of cyclo(His-Phe) and cyclo(His-Tyr) on
sodium, calcium and delayed-rectifier potassium
channels in ventricular myocytes of rats

Ventricular myocytes from the hearts of Sprague Dawley
rats, 200-300 g, were isolated by enzymatic dispersion of
the cells with 9mg collagenase type II (Sigma, St Louis,
MO) and 3 mg protease type XIV (Sigma, St Louis, MO)
on a Langendorff apparatus as previously described by
Mitra & Morad (1985) and adjusted by Tytgat (1994).
The rats were anaesthetized with pentobarbitone before
removing the heart.

A Dagan 8800 total clamp amplifier (DAGAN
Corporation, Minneapolis, MN) was used for patch clamp-
ing and electrodes were made from borosilicate glass using
a Flaming/Brown model P-27 micropipette puller (Sutter
Instrument Company, Novato, USA). Electrodes (2-4 mQ)
were heat polished before seal formation. A GQ seal was
formed by light suction. The patch was ruptured and inter-
nal dialysis was allowed to reach equilibrium (10 min). A
multibarrel superfusion system with micro valves, which
allowed changes in the bath solutions in less than 1s, was
used. The cells were exposed to each diketopiperazine
individually at a concentration of 100 um. The pclamp 5.5
program (Axon Instruments Inc., 1989) was used to control
the experiments and to store the acquired data.

Extracellular and intracellular solutions were made up
and used for the ion channel experiments. Sodium ion
channel experiments: extracellular solution (composition
in mm) (pH 7.4, made up in milli-Q water, NaCl 137, KCI
5.4, MgCl, 0.5, HEPES-NaOH 11.6, CaCl, 1.8, glucose
10); intracellular solution (composition in mm) (pH
adjusted to 7.2 with NaOH, made up in milli-Q water,
CsCl 125, MgCl, 5, EGTA 15, HEPES 10, TEA-CI 20,
Na,-ATP 5). Calcium ion channel experiments: extracellu-
lar solution (composition in mMm) (pH adjusted to 7.4 with
HCI, made up in milli-Q water, MgCl, 0.5, HEPES 10, Tris
138, CaCl, 5.4, CsClI 20, glucose 5); intracellular solution
(composition in mm) (pH adjusted to 7.2 with CsOH, made
up in milli-Q water, CsCl 125, MgCl, 5, EGTA 15, HEPES
10, TEA-CI 20, Mg-ATP 5). Potassium ion channel experi-
ments: extracellular solution (composition in mMm) (pH
adjusted to 7.4 with HCI, made up in milli-Q water, NaCl
130, KC14, MgCl, 1, HEPES-NaOH 10, CaCl, 1.8, glucose
10, 0.2 x 10~° M nisoldipine); intracellular solution (compo-
sition in mm) (pH adjusted to 7.2 with NaOH, made up in
milli-Q water, MgCl, 2, EGTA 11, HEPES 10, CaCl, 1,
Na,-ATP 5).

Effect of cyclo(His-Phe) and cyclo(His-Tyr) on
heart rate and coronary flow rate of rat hearts

Male Long Evans rats, 250400 g, were anaesthetized and
maintained under ether in a dessicator until they lost pain
and blink reflexes. Heparin sodium (Fresenius-Kabi, SA)
was injected intravenously into the femoral vein. The heart
was removed and arrested in ice-cold oxygenated Krebs-
Henseleit buffer solution (pH 7.4, 4°C) containing (in mm):
Na' 118, H,PO,~ 1.2, Mg*" 1.2, Ca®* 2.5, HCO5~ 25, Cl~
123, SO~ 1.2, K* 5.9 and glucose 11.1 (Bova etal 1997;
Wu etal 1997). It was then mounted as described pre-
viously (Lubbe etal 1978). A dual-perfusion Langendorff
system was used (Langendorff 1895) and hearts were per-
fused with Krebs-Henseleit buffer aerated with carbogen
(5% CO,, 95% O,) (Afrox Pty, Ltd). The hearts were
allowed to stabilize for 15min before exposure to 100 um
diketopiperazine dissolved in 2% DMSO in Krebs-
Henseleit buffer. Diketopiperazine-free controls were used
containing Krebs-Henseleit buffer and 2% DMSO. Heart
rate was recorded and coronary flow was measured at
S-min intervals for 30 min.
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Antibacterial and antifungal activity
of cyclo(His-Phe) and cyclo(His-Tyr)

The test organisms included Gram-positive bacteria
(Staphylococcus aureus, Streptococcus pyogenes, Bacillus
subtilis), Gram-negative bacteria (Escherichia coli, Pseudo-
monas aeruginosa, Klebsiella pneumoniae, Salmonella typhi-
murium) and yeast fungus (Candida albicans).

The antimicrobial activity of the diketopiperazines was
firstly assayed according to the Kirby-Bauer disc-diffusion
method. Cyclo(His-Phe) and cyclo(His-Tyr) were dissolved
in DMSO and diluted in milli-Q water to give test solutions
of 10mgmL~" and 1 mgmL~'. Chloramphenicol was used
as the control at a concentration of 30 ugmL~". Pour-plate
overlays from overnight cultures of the test organisms in
nutrient broth (Biolab) were prepared on standard nutrient
agar. Agar plates were prepared using Antibiotic Agar No 1
(Merck, Darmstadt, Germany) for the bacterial specimens
and Sabourauds 2%-Dextrose Agar (Merck) for the fungal
specimens. The nutrient agar plates were inoculated uni-
formily with 100 4L of the overnight broth culture of test
organism (1 x 107 colonies/mL). Holes (6 mm) were then
sucked out of the media with a sterile disposable glass
pipette and filled with 25 L of the test sample. At a con-
centration of 10mgmL ™" of cyclic dipeptide, the quantity
per hole was 250 ug, and at 1mgmL™", the amount of
cyclic dipeptide was 25 ug per hole. The final concentration
of chloramphenicol used was 750 ug per hole. The plates
were incubated at 37°C for 24 h. Antibacterial and anti-
fungal activity was determined by measuring the zone of
inhibition (mm) around the holes.

Secondly, a method adapted from Eloff (1998) and
Thom etal (1993), using the tetrazolium salt p-iodonitro-
tetrazolium (INT) violet, was used to test the antimicrobial
activity of cyclo(His-Phe) and cyclo(His-Tyr). Final con-
centrations utilized in the assay were as follows: test organ-
isms 2 x 10® colonies/well, diketopiperazines 0.50 mgmL ™"
and 0.25mgmL"", chloramphenicol 0.005mgmL™" as a
positive control, and INT 0.057mgmL~". After addition
of INT, the microtitre plates were incubated at 37°C for 1 h
and the absorbance was measured at 540 nm (for the bac-
teria) or 600nm (for C. albicans). The percentage of the
inhibition of each sample was then calculated, based on the
positive bacterial growth control.

Statistical analysis

Results were calculated as means £ standard deviation
(s.d.) and plotted graphically. For haematological studies,
significance was examined using analysis of variance and
significant differences in means were tested using the paired
t-test and defined as P < 0.05. For anti-cancer studies,
significance in activity was determined using a one-way
analysis of variance. In calcium ion channel studies, devia-
tion in VY% was determined graphically using an activation
curve obtained from the Boltzman equation. For cardiac
studies, significant differences in means were also examined
using the paired z-test and defined as P < 0.05. For anti-
microbial studies, analysis of variance was carried out to
determine whether the reduction in cell viability by the
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compounds being tested was statistically significant from
each other (i.e., if the analysis of variance test showed
P < 0.05, separate t-tests were performed on each concen-
tration of cyclic dipeptide). Values of P < 0.05 were con-
sidered statistically significant.

Results

Effect of cyclo(His-Phe) and cyclo(His-Tyr)
on thrombin substrate, thrombin time, platelet
adhesion, platelet aggregation and fibrinolysis

No statistically significant inhibition of thrombin substrate
binding was observed for either diketopiperazine.
However, in the thrombin time assay, a concentration-
dependent prolongation of blood clotting time of normal
human plasma, induced by thrombin, was observed for
both diketopiperazines, suggesting an inhibitory effect of
thrombin. Cyclo(His-Tyr) produced more pronounced
effects causing doubling of clotting time at a concentration
0f 0.0929 mm. However, compared with heparin, cyclo(His-
Tyr) prolonged clotting time to a much lesser extent, since
heparin doubled clotting time at a considerably lower con-
centration of 0.1029 uM. Both diketopiperazines concentra-
tion-dependently inhibited the adhesiveness of platelets
stimulated by ADP and thrombin, with cyclo(His-Tyr) at
1 mm showing the greatest inhibition of ADP-induced plate-
let adhesion (60.2+2.9%). The diketopiperazines caused
significant inhibition of thrombin- and ADP-induced platelet
aggregation, with maximum inhibition being observed for
0.25mm cyclo(His-Tyr) (P=2.0600 x 10~°) against ADP.
Cyclo(His-Tyr) (1 mm) caused significant slowing of clot
lysis stimulated by t-PA and streptokinase (P < 0.05).

Anti-cancer activity

At 1 mm, cyclo(His-Phe) significantly reduced the growth
of all three cell lines (P < 0.05) after a 72-h exposure
period. Cyclo(His-Phe) reduced the growth of HeLa cells
the most, to 43.2 £ 6.2% (P < 0.05) cell viability, suggesting
cyclo(His-Phe) to be most active in terms of ability to
induce cell death in HeLa (cervical carcinoma) cells. This
anti-tumour activity in comparison with melphalan, the
positive control used, is illustrated graphically in Figure 2.
Cyclo(His-Tyr) showed less anti-cancer activity than
cyclo(His-Phe). Cyclo(His-Tyr), however, did cause sig-
nificant concentration-dependent reduction of WHCO3
cell growth, with the most significant effect at 1 mm (cell
viability 76.1 +£4.1%).

Effect of cyclo(His-Phe) and cyclo(His-Tyr) on
sodium, calcium and delayed-rectifier potassium
channels in rat ventricular myocytes

Both diketopiperazines had an effect on sodium, calcium
and delayed-rectifier potassium channels. For each channel
type, the diketopiperazines were tested on two different cells.
Due to the low number of replicates the results are inter-
preted as a preliminary indication of the ion channel activity
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Figure 2 Effect of cyclo(His-Phe) on HeLa, WHCO3 and MCF-7
growth after a 72-h exposure period (error bars represent the s.d. of
quadruplicate measurements). *P < 0.05 vs drug-free control for all
3 cell lines. Melphalan 0.1 mm was included as positive control.

of the diketopiperazines tested in this study and justification
for the use of experimental animals in isolated heart studies.
Both diketopiperazines blocked sodium ion channels, with
cyclo(His-Phe) reducing the control current at —40mV by
61% and cyclo(His-Tyr) by 63% after a 5-min exposure.
The maximum inward sodium current measured at —40 mV
in the control was decreased by 57% in the presence of
cyclo(His-Phe) and by 63% in the presence of cyclo(His-
Tyr). This sodium channel antagonistic activity (results not
shown) was almost completely reversible for cyclo(His-Tyr)
but only weakly reversible for cyclo(His-Phe).

In the calcium channel studies, the maximum inward
current was decreased by 58% by cyclo(His-Phe) (Figure 3)
and 52% by cyclo(His-Tyr), suggesting that cyclo(His-Phe)
could have a greater blocking effect on calcium ion chan-
nels. Both diketopiperazines influenced the voltage depen-
dence of activation by shifting it to a more negative
potential. This indicates that their effect on calcium chan-
nels is voltage dependent. Due to the similarities in effects,
only the effect of cyclo(His-Phe) on calcium ion channels is
shown in Figure 3.
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Figure 3 Influence of 100 um cyclo(His-Phe) (circles) on calcium

channels in rat ventricular myocytes. Squares represent the current—
voltage relationship in the absence of cyclo(His-Phe). ICa, calcium
ion current; MP, applied potential to myocytes.
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Figure 4 Effect of 100 um cyclo(His-Tyr) (circles) on the current—
voltage relationship of inward rectifying potassium currents in rat
ventricular myocytes. Squares and diamonds represent the current—
voltage relationship in the absence of cyclo(His-Tyr). IK, potassium
ion current; MP, applied potential to myocytes.

The inward potassium current was increased by 50% at
—100mV and by 185% at —130mV for cyclo(His-Phe) and
by 40% at —100mV and by 350% at —130mV for cyclo
(His-Tyr) (Figure 4). The outward potassium currents were
not significantly influenced by either diketopiperazine. Both
diketopiperazines, particularly cyclo(His-Tyr), enhanced the
inward rectifying potassium currents by keeping these
channels open for longer, with effects being only partially
reversible.

Effect of cyclo(His-Phe) and cyclo(His-Tyr)
on heart rate and coronary flow rate

When compared with the control, cyclo(His-Phe) signifi-
cantly slowed heart rate over the experimental time period
(P=0.0027) (Figure 5). Cyclo(His-Phe) gradually reduced
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Figure 5 Effect of 100 um cyclo(His-Phe) (P < 0.05) and cyclo(His-
Tyr) (P < 0.05) on heart rate in the rat isolated heart. Values are
means + s.d., n =6 experiments.
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Figure 6 Effect of 100 um cyclo(His-Phe) (P < 0.05) and cyclo(His-
Tyr) on coronary flow rate in rat isolated heart. Values are
means + s.d., n =6 experiments.

the heart rate over time. Cyclo(His-Phe) caused an initial
3.2% reduction of heart rate after Smin of infusion and
thereafter caused a gradual reduction of heart rate of
around 8% when compared with the control. On the
other hand, cyclo(His-Tyr) significantly increased the
heart rate in relation to the control (P =0.0016). The effect
of cyclo(His-Tyr) on heart rate was significantly greater
than that caused by cyclo(His-Phe) since the paired z-test
resulted in a smaller P-value. Figure 5 illustrates how
cyclo(His-Tyr) caused a sudden initial 18.2% increase in
heart rate after Smin of infusion, thereby showing
cyclo(His-Tyr) to be faster acting than cyclo(His-Phe).
The increased heart rate thereafter remained elevated com-
pared with the control at a fairly constant rate of approxi-
mately 320 beats min~".

Cyclo(His-Phe) caused a significant decrease (P=
0.0017) in coronary flow rate when compared with the
control (Figure 6), resulting in a 16.5% reduction after
Smin of perfusion and a 28.2% reduction after 30 min
exposure. The reduction in coronary flow rate may be as
a result of the reduced heart rate observed. On the other
hand, cyclo(His-Tyr) failed to cause any significant change
in coronary flow rate when compared with the control
(P =0.1540).

Antibacterial and antifungal activity

In the Kirby-Bauer disc-diffusion assay, the zones of inhi-
bition (not shown) showed cyclo(His-Phe) to be effective
against Gram-positive bacteria but less effective against
Gram-negative bacteria. It also showed antifungal activity.
Cyclo(His-Tyr) exhibited greater activity against the
Gram-positive and Gram-negative Dbacteria  than
cyclo(His-Phe) (Table 1), and also showed higher activity
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Table 1 Antibacterial and antifungal activity of cyclo(His-Phe)
and cyclo(His-Tyr) as determined by the Kirby-Bauer disc-diffusion
method

Diketopiperazine Minimum inhibitory

concentration (ug/hole)

Gram-positive Gram-negative Fungi
bacteria bacteria
Cyclo(His-Phe) 250 250 250
Cyclo(His-Tyr) 25 25 25

against Gram-positive bacteria than against Gram-negative
bacteria when considering the zones of inhibition.
Cyclo(His-Tyr) showed greater antifungal activity since it
was more effective than cyclo(His-Phe) against Candida
albicans.

In the INT assay, the diketopiperazines failed to display
very broad antibacterial activity, having activity against
only specific organisms. The inhibitory effects are illu-
strated in Table 2. Cyclo(His-Tyr), in particular, proved
to be a potential antibacterial agent against the Gram-
positive bacteria S. pyogenes and the Gram-negative
bacteria E. coli and P. aeruginosa. Both cyclo(His-Phe)
and cyclo(His-Tyr) displayed antifungal activity against
C. albicans, with cyclo(His-Phe) in particular displaying
great potential as an antifungal agent.

Discussion

The microtitre-plate-based assay for thrombin substrate
binding, platelet adhesion, platelet aggregation and fibrino-
lysis has been shown to be sensitive enough for determining
the effects of the diketopiperazines on ADP and thrombin
activity. Both the diketopiperazines under study were
inherently more active in inhibiting the effects of ADP
than those of thrombin. ADP is therefore the molecule
involved in blood coagulation under focus, and represents
a novel target for a new generation of therapeutic agents
designed to inhibit tumour growth and prevent metastasis.
Cyclo(His-Tyr) had a greater activity than cyclo(His-Phe)
in terms of effects on thrombin time, platelet adhesion and
aggregation and fibrinolysis. This activity, as well as that of
greater activity against ADP rather than against thrombin,
can possibly be attributed to the presence of the hydroxyl
group on the tyrosine moiety, contributing to enhanced
hydrophilicity and electronegativity. Another proposed
explanation is the enhanced ability for hydrogen bonding
to ADP molecules. Cyclo(His-Tyr) produced a greater pro-
longation of clotting time than cyclo(His-Phe). This can be
seen as beneficial in terms of preventing metastasis, since it
demonstrates potential to inhibit the fibrin clot formation
in metastasis, thus allowing detection and clearance of the
cancer cells by the host immune system.

From the results of the MTT assay, it is clear that
cyclo(His-Phe) can be considered a potential anti-tumour
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Table 2
control using the INT method

Inhibition of microorganisms by cyclo(His-Phe) and cyclo(His-Tyr) expressed as a percentage of the

Microorganism Agent concn (mg mL™") Cyclo(His-Phe) Cyclo(His-Tyr) Chloramphenicol
Gram-positive bacteria
S. aureus 0.5 16.74 +2.48* 9.63+9.52 —

0.25 NI 1.13£4.01 —

0.005 — — 77.62 + 1.04*
S. pyogenes 0.5 66.67 £26.94 82.35 £ 11.35% —

0.25 33.73 £4.75*% 63.924+11.43* —

0.005 — — 66.67 £ 6.48*
B. subtilis 0.5 1.89+3.33 11.95+6.92 —

0.25 NI NI —

0.005 — — NI
Gram-negative bacteria
E.coli 0.5 57.28 £6.60* 85.99 £0.60* —

0.25 36.17 £12.38%* 45.00+10.01* —

0.005 — — 31.54 £9.73*
P. aeruginosa 0.5 32.30 £9.36* 46.57 £ 13.31* —

0.25 16.914+9.43 41.68 +3.03* —

0.005 — — 38.38 £15.45%
K. pneumoniae 0.5 NI NI —

0.25 NI 0.51+2.16 —

0.005 — — 76.43 £3.21*
S. typhimurium 0.5 16.76 £4.45% 10.47+£9.13 —

0.25 NI 1.91+£7.36 —

0.005 — — NI
Fungi
C. albicans 0.5 71.83 £4.99* 50.35 £ 17.50* —

0.25 72.46 £ 8.24* 38.38 £3.70* —

0.005 — — 50.49 + 8.94*

NI = no inhibition; *P < 0.05.

agent against HeLa, WHCO3 and MCF-7 cells, but in
particular against HeLa, where more than 50% reduction
in viability occurred (43.2 £ 6.2%). Cyclo(His-Phe), how-
ever, caused less than 50% reduction in cell viability in
WHCO3 and MCF-7 cells and would therefore have to
be used in conjuction with other therapeutic agents in a
combination chemotherapy strategy. In comparison with
cyclo(His-Phe), cyclo(His-Tyr) demonstrated far less
potential as an anti-tumour agent, but did show some
significant reduction in cell viability in WHCO3 cells.
This greater anti-tumour activity demonstrated by
cyclo(His-Phe) could be attributed to its greater lipo-
philicity and greater ease of tumour cell penetration.
Cyclo(His-Phe) may potentially play a vital role in
chemotherapy in the future.

The growth-inhibitory action of the diketopiperazines
was shown to be concentration dependent and is proposed
to be due to effects such as interaction with nucleotides,
effects on energy-linked reactions, ion fluxes such as cal-
cium or potassium, or protein phosphorylation (Milne et al
1998). The histidine-containing diketopiperazines have
the potential to become lead compounds for the develop-
ment of highly potent agents, capable of inhibiting the

growth and proliferation of cervical, oesophageal

and

breast carcinomas, since they have been shown in this
study to have both tumour inhibitory effects as well
as beneficial effects on tumour-induced haemostatic
responses.

Cyclo(Trp-Trp) has been shown to affect selected hae-
mostatic responses that have been directly linked to the
metastatic process and this diketopiperazine was proposed
to be a suitable agent for further development. Cyclo(Trp-
Trp) is structurally similar to the anti-tumour agent com-
pound 593 A (Sammes 1975), and it can be proposed that
similar substitution on the aromatic rings by means of
halogenation of cyclo(His-Phe) and cyclo(His-Tyr) would
enhance the inherent chemotherapeutic effect and possibly
produce the desired activity of concomitantly inhibit-
ing tumour growth and metastasis. Cyclo(His-Phe) and
cyclo(His-Tyr) therefore present possibilities to become
suitable agents for further investigation and development
in terms of their ability to inhibit both the proliferation and
metastasis of tumours.

Preliminary results demonstrate promising antagonistic
activity towards sodium and calcium ion channels for both
cyclo(His-Phe) and cyclo(His-Tyr). The diketopiperazines
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show potential as sodium- and calcium-channel blockers,
which possibly indicates therapeutic usefulness in various
clinical disease states. Cyclo(His-Tyr) displayed more
potent blocking activity of sodium ion channels in particu-
lar. This can probably be attributed to the presence of the
hydroxyl group on the tyrosine moiety, allowing longer
attachment and blocking effect of the ion channels.
Previous studies by Milne etal (1998) have shown that
other diketopiperazines block cation channels in ventri-
cular myocytes, namely cyclo(Trp-Pro), cyclo(Tyr-Pro),
cyclo(Trp-Trp) and cyclo(Phe-Pro). Cyclo(Trp-Trp) and
cyclo(Trp-Pro) were shown to block calcium channels in
the ventricular myocytes of rats, whereas cyclo(Trp-Pro)
and cyclo(Tyr-Pro) blocked delayed-rectifier potassium
channels in the ventricular myocytes from guinea-pig
(Milne et al 1998).

Drugs that block sodium channels have been used for
many years as local anaesthetics and antiarrhythmics
(Cook 1988). The class I antiarrhythmic agents used ther-
apeutically in the treatment of cardiac arrhythmias are
sodium-channel-blocking drugs. Since cyclo(His-Phe) and
cyclo(His-Tyr) showed potential sodium-channel-blocking
activity, they therefore could potentially have local anaes-
thetic or antiarrhythmic activity. However, more replicates
need to be done and numerous other factors need to be
investigated (e.g., the frequency- and use-dependence of
channel state block) before coming to this conclusion.
Calcium-channel blockers have shown promise in the treat-
ment of cardiovascular disorders (Cook 1988). Many are
being used in the treatment of angina, paroxysmal supra-
ventricular tachyarrhythmias, atrial fibrillation, hyper-
tension and cardioplegia (Narahashi & Herman 1992).
The potential L-type calcium-channel-blocking activity
of cyclo(His-Phe) and cyclo(His-Tyr), particularly of
cyclo(His-Phe), shown in these studies, indicates their
potential therapeutic usefulness in these disease states.

Several types of chemicals have been shown to open
potassium channels, and this opening effect would lead
to relaxation of the smooth muscle in blood vessels, result-
ing in vasodilatation, and an antihypertensive effect
(Narahashi & Herman 1992). As potent peripheral vasodi-
lators, smooth muscle potassium-channel openers find use
in the treatment of cardiovascular disorders, such as hyper-
tension, angina pectoris and congestive heart failure (Cook
1988). There are currently relatively few potassium-channel
openers available for widespread clinical application
(Robertson & Steinberg 1990). Both the diketopiperazines
under study demonstrated an opening effect of inward
rectifying potassium channels and therefore might possess
therapeutic potential as vasodilators to be used in various
cardiovascular disease states.

Hearts exposed to 100 um cyclo(His-Phe) showed a sig-
nificant gradual reduction in heart rate in the isolated rat
heart experiments. Cyclo(His-Phe) caused a significant
decrease (P =0.0017) in coronary flow rate when compared
with the control. Cyclo(His-Tyr) significantly increased the
heart rate in relation to the control. This change of heart
rate was significantly greater than that caused by cyclo(His-
Phe). Cyclo(His-Tyr) failed to cause any significant change
of coronary flow rate when compared with the control
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experiments, and demonstrated a profile very close to that
of the control. It caused an initial increase in coronary flow
rate and thereafter a gradual reduction in coronary flow
rate over time which, however, remained elevated for the
rest of the experimental period compared with the control,
albeit not statistically significant in terms of increased
coronary flow. Although cyclo(His-Tyr) did not have as
much calcium-channel-blocking activity as cyclo(His-Phe)
in the ion channel experiments on ventricular myocytes, it
did demonstrate some voltage-dependent calcium-channel
antagonism. Voltage-dependent calcium-channel blockage
is characteristic of dihydropyridines such as nifedipine,
which show a greater selectivity for vascular smooth muscle
— dilating coronary vessels, increasing cardiac perfusion
and hence increasing heart rate (Ferrari etal 1994).

The micro-dilution technique, using 96-well microplates
and the tetrazolium salt p-iodonitrotetrazolium (INT) vio-
let to indicate bacterial and fungal growth, proved to be a
quick method and more sensitive than the agar diffusion
technique. This method was robust, inexpensive, gave
reproducible results, required only a small quantity of sam-
ple, did not require high levels of skill, left a permanent
record and required little time (Eloff 1998). This technique
proved suitable for giving an indication of the antimicro-
bial effects of the cyclic dipeptides and results from the INT
assay could be taken as more reliable than those from
the Kirby-Bauer disc-diffusion technique for reasons pre-
viously highlighted. It is possible that antimicrobial activity
may not be demonstrated using the Kirby-Bauer technique
and techniques such as the colorimetric tetrazolium-based
assays may find evidence of activity where none is reported
in the Kirby-Bauer disc-diffusion assay. However, the
Kirby-Bauer assay is, to date, still the most important
acceptable form of screening used and should always
remain the first technique chosen when assessing the anti-
microbial properties of a compound.

The antibacterial activity displayed by cyclo(His-Tyr)
can be explained by its greater ability to attach to these
bacterial cells by means of hydrogen bonding, causing dis-
ruption of cell membranes and the complex cell wall of
Gram-negative bacteria. This hydrogen bonding would
occur at the hydrophilic ends of the phospholipid units of
the cytoplasmic membrane, which point outwards in the
membrane (Jenson etal 1997). Concentration-dependent
antibacterial effects were observed for the cyclic dipeptides
studied by Milne etal (1998), including phenylalanine-con-
taining cyclo(Phe-Pro) and tyrosine-containing cyclo(Tyr-
Pro). Graz etal (1999) explained the activity of the cyclic
dipeptides as a function of the amino acids used in their
synthesis. The aromatic amino acids, phenylalanine and
tyrosine, can participate in hydrophobic interactions that
would affect the cell membrane as has been shown for other
antimicrobial peptides such as melittin, magainin, gramici-
din and cecropin (Hancock & Lehrer 1998). The effects of
these cyclic dipeptides, as well as that of cyclo(His-Phe) and
cyclo(His-Tyr), can therefore be explained by the hydro-
phobic nature of the compounds. Their hydrophobicity
would enable the cyclic dipeptide to interfere with outer-
membrane (Gram-negative) and plasma membrane (Gram-
positive) function. The loss of function could result in a loss
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of cellular integrity leading to cell death (Milne et al 1998).
The antifungal activity displayed by both diketopiperazines
could well be due to the fact that cyclo(His-Phe) is more
lipophilic and therefore can pass through the lipophilic cell
walls of fungi, which are rich in cellulose, thereby interfer-
ing with fungal growth.

S. pyogenes causes diseases such as scarlet fever, acute
tonsillitis, wound infections, impetigo, puerperal sepsis and
toxic shock-like syndrome (Hugo & Russell 1992; Volk et al
1996). E. coli is the most common Gram-negative pathogen
responsible for causing septic shock, meningitis in neo-
nates, cystitis and pyelonephritis in women, and several
distinct forms of diarrhoeal disease and dysentery (Volk
etal 1996). P. aeruginosa is a causative organism of a wide
range of infections and severe diseases, including pneumo-
nia, eye infections and infections of the urinary tract and
meninges (Hugo & Russell 1992; Volk etal 1996). It is
responsible for over 90% of deaths from cystic fibrosis
following colonization and infection of the respiratory
tract (Volk etal 1996). Difficulty in penetrating the com-
plex outer layer of Gram-negative bacteria is probably the
reason why some antibiotics are less active against Gram-
negative than Gram-positive bacteria. This is the basis of
the extraordinary non-susceptibility to most antibiotic
drugs of P. aeruginosa, a pathogen that causes life-
threatening infections in neutropenic patients and patients
with burns and wounds. The lipopolysaccharide of the cell
wall of Gram-negative bacteria is also a major barrier to
penetration (Rang et al 1999). Cyclo(His-Tyr) can therefore
play a key role in these disease states.

Increasing numbers of fungal strains are becoming resis-
tant to the currently used antifungal drugs. Fortunately,
drug resistance is not transferable in fungi, though this is
small comfort to a patient infected with a resistant strain.
An additional problem is that new strains of commensal-
turned-pathogenic fungi have emerged. New and better
antifungal agents are therefore being sought (Rang etal
1999). The antifungal activity against C. albicans displayed
by cyclo(His-Phe) therefore makes it a suitable potential
agent for treatment of candidal infections of the oral cavity,
vagina, intestinal tract and skin, and for prevention of more
serious diseases such as endocarditis, septicemia and kidney
and lung infections (Volk etal 1996; Jenson etal 1997).

Conclusion

Cyclo(His-Phe) and cyclo(His-Tyr) demonstrated a wide
variety of activity in this study, and were therefore not
clearly selective in a specific area of biological activity.
The effects of the diketopiperazines on the heart rate and
coronary flow rate of rat isolated hearts in conjunction with
the potential effects observed on sodium, calcium and
potassium ion channels of ventricular myocytes therefore
suggests their potential usefulness in cardiac disease states,
including hypertension, arrhythmias, angina and conges-
tive heart failure. The effect of the diketopiperazines on
bacterial and fungal growth demonstrates their potential
usefulness as antimicrobial agents, and their tumour-
inhibitory effects in conjunction with their beneficial effects

on tumour-induced haemostatic responses demonstrates
their potential to inhibit the growth, proliferation and meta-
stasis of tumours.
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