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The influence of suramin on O®-alkylguanine-DNA alkyl-
transferase (AT), DNase | and poly(adenosine diphos-
phate ribose)polymerase (PADPR) as well as on primary
cultures of rat and chick embryo cells was examined
by using some short-term tests. AT and DNase | were
inhibited by suramin in a dose-dependent manner
(DE;, = 65 and 100 pg/ml, respectively). PADPR activity
was increased over a concentration range of
40-320 ng/ml. At concentrations above 40 pg/mi suramin
decreased scheduled and unscheduled DNA synthesis.
At doses of below 20 ug/mli the substance slightly stimu-
lated unscheduled DNA synthesis in embryonic cells.
Suramin enhanced nucleoid sedimentation and dimin-
ished the viscosity of alkaline cell lysates. From the
present results it is concluded that suramin, at clinically
relevant concentrations, is able to interact with enzyme
systems which are critical to important nuclear functions
and to interfere—in a cell specific manner—with histones
and/or matrix proteins, resulting in greater chromatin
compactness.
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Introduction

Suramin, a polysulfonated naphthylurea, is used in
the treatment of African trypanosomiasis and
onchocerciasis.! The substance was found to inhibit
reverse transcriptase of RNA tumor viruses® and,
therefore, has been tested in the therapy of acquired
immunodeficiency syndrome (AIDS).” Because of
important toxic reactions the drug was abandoned
in the treatment of AIDS;* however, it has recently
been reported to exhibit antitumor activity in some
systems of advanced cancer.””

Suramin exerts a variety of biological effects. For
example, it binds several growth factors in vitro® and
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inhibits many different enzyme proteins such as
protein kinase C, various ATPases, lysosomal
enzymes, and enzymes concetned with DNA and
RNA metabolism.>*!! However, it is difficult to
evaluate which, if any, of these targets is involved
in the antitumor activity. One important mechan-
ism could be the nucleotoxic activity of the drug
by interfering with DNA-related enzymes such as
DNA polymerases’ or with chromatin structure.

Our principal approach has been, therefore, to
obtain more detailed information about the possible
nucleotoxicity of suramin by biochemical and
physico-chemical methods. In a first series of
experiments three DNA-directed enzymes, i.e.
O%-alkylguanine-DNA  alkyltransferase  (AT),
DNase I and poly(adenosine diphosphate-ribose)-
polymerase (PADPR), were examined. In a second
series of experiments, the influence of suramin on
scheduled DNA synthesis, unscheduled DNA
synthesis and RNA synthesis was investigated.
Additional investigations focussed on possible
suramin—chromatin interactions studied by nucleoid
sedimentation and viscometry of alkaline cell lysates
(ALV). Finally, the effect of suramin on DNA
repair induced by UV light or X-irradiation was
examined. The experiments were performed in liver
and brain cells of the chicken embryo and in thymic
cells of the rat in order to compare different cell
types and various developmental stages.

Materials and methods
Chemicals

(5,6-’H]Uridine ([*H]U, specific activity 1.48 TBq/
mmol) and nicotinamide-[U-"*C]adenine dinucleo-
tide (["*CIJNAD, ammonium salt, specific activity
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11.0 GBq/mmol) were purchased from Amersham
Buchler (Braunschweig, Germany). [’H]methyl-
thymidine ([*H]dT, specific activity 1.85-2.96 TBq/
mmol) was from New England Nuclear (Boston,
MA, USA). Suramin was a generous gift of the
Bayer AG (Leverkusen, Germany). DNase I from
bovine pancreas was obtained from Sigma (no.
D-0876, 550 Kunitz units/mg protein, EC 3.1.21.1.,
Munich, Germany). The other substances were
bought from Merck (Darmstadt, Germany), Serva
(Heidelberg, Germany) and Sigma.

Animals and cell preparation

We used fertile eggs from White Leghorn chickens
and female Wistar rats (180-200 g body weight).
The embryos were removed from the eggs and
sacrificed by decapitation at the stage of 15 days
after beginning of incubation. Liver cells were
prepared as described previously,'? tissue solution
being performed by collagenase (0.1% in Hank’s
solution, Ca?’* and Mg?* free). Brain cell
suspensions were obtained by the same procedure
without collagenase. The cell suspensions were
adjusted to final concentrations of 1-12.5 x
10° cells/ml, providing comparable RNA or DNA
contents. Cell viability was determined by trypan
blue dye exclusion. Thymic cells of the rat were
prepared as described previously.'

Treatment of the cells

Suramin stock solutions were freshly prepared in
Hank’s medium at 11 times the concentrations
needed in the cell suspensions. In general, 0.1 ml of
the stock solution was added to 1 ml of the cell
suspensions. The addition of the test substance was
followed by a 30 min incubation of the cells at 37°C
prior to analytical procedures. When examining the
effects of suramin on DNase I or AT, the stock
solutions were first mixed with the substrate.
Following a 30 min preincubation period at 37°C,
DNase I solution or protein extract (AT) was added
to the DNase I and AT assays, respectively.

X-irradiation. For X-irradiation in vitro, the Kris-
talloflex 710H X-ray machine (Siemens, Erlangen,
Germany) was applied (55kV, 39.9mA, half
value layer 0.16 mm Cu, filtration with
0.16 mm Cu) at a dose rate of 1 Gy/min (calibrated
with a Siemens dosimeter in the center of the useful
X-ray beam). During the exposure the cell
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suspensions remained within micro test tubes
(Eppendorf 3812) placed on ice at the onset of
irradiation. The control preparations were sham-
irradiated.

UV irradiation. For UV irradiation, the cell
suspensions were spread over ice-cooled Petri
dishes (0.045 ml/cm?) and exposed or sham-exposed
with a germicidal tube (Phillips TUW 30W,
delivering its most energy at 254 nm at an incident
fluence of 4 J/m?/s).

Analytical procedures

AT activity was determined in tissue extracts of the
chick embryo liver as described previously.'
Briefly, the method was based on the transfer of
*H-labelled methyl groups from the O%-position of
guanine in the substrate DNA to the acceptor
protein of the tissue extract. Enzyme activity was
represented by the amount of radioactivity in the
unsoluble protein which was determined by liquid
scintillation counting.

The criterion for DNase I activity was the
hyperchromic effect of the perchloric acid (6%)-
soluble fraction of the assay.'* Calf thymus DNA
(Na salt, M, = 8900000, minimum 95% DNA,
Aldrich) was used as the substrate.

PADPR activity was assessed in permeabilized
cells by the incorporation into the acid-insoluble
precipitates of the ADP-ribose portion of
[“CINAD."

Scheduled DNA synthesis and RINA synthesis were
measured in vitro by the incorporation of [PH]dT
and [PH]U, respectively, into the perchloric acid
precipitate (6%) of the cells.”'® In order to
determine anscheduled DN.A  synthesis, scheduled
DNA synthesis was suppressed by hydroxyurea
(10" M) which was added to the Hank’s medium
during the cell preparation and the following
incubations.

The DNA and RNA content of the assays was
quantified from UV absorbance (wavelength
260 nm) using calf thymus DNA and yeast RNA,
respectively, as standards. Radioactivity was de-
termined by liquid scintillation counting in Ready
solv MP® (Beckman).

For viscometry of alkaline cell lysates, the device of
Marshall and Ralph'” was slightly modified.”® To
3 ml of lysis medium, 0.3 ml of the cell suspensions
(about 107 cells) was added.

The nucleoid sedimentation technique was per-
formed as described for thymic and splenic cells of
the rat."



Results
Biochemical investigations

The first series of experiments was aimed at testing
the influence of suramin on the activities of some
DNA-directed enzymes, and on scheduled and
unscheduled DNA synthesis and RNA synthesis.
The results are presented in Table 1 and Figure 1.
Suramin inhibited AT as well as the DNase I
reaction in a dose-dependent fashion, the extrap-
olated DE;, values (concentration depleting activity
by 50%) being about 65 and 100 ug/ml, respec-
tively. For determination of PADPR activity
we used thymic cells because of their high potential
of PADPR-induction following DNA damage as
compared with chick embryo cells.** Suramin
increased PADPR activity over a concentration
range of 40-320 ug/ml. At higher doses, the enzyme
activity returned to the control level (Table 1).

As presented in Figure 1, scheduled DNA
synthesis was inhibited by suramin in the embryonic
cells, liver cells being more sensitive than brain

Influence of suramin

Table 1. AT, DNase | and PADPR activity following
suramin treatment expressed as percent of untreated
controls (data points represent the mean of two to three
experiments which were done in triplicates +SD)

Suramin DNA related enzymes
(ug/ml)
AT DNase | PADPR
10 105+ 5 100 + 5 ND
20 101 +7 97 +7 97 + 13
40 85+ 1 95 + 4 110+ 2
80 45+ 8 66 +8 173 + 20
160 19 +2 2+1 187 + 7
320 6+2 ND 140 + 40
640 2+3 ND 90 + 13

cells. Thymic cells behaved like brain cells (results
not shown in Figure 1 because the plots of thymic
and brain cells were almost identical). The DE;,
values for liver cells were 80 ug/ml, and for brain
and thymic cells about 320 ug/ml. Unscheduled
DNA synthesis was also depleted by suramin in a
dose-dependent manner, 50% inhibition being
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Figure 1. Influence of suramin on scheduled DNA synthesis (SDS) and
unscheduled DNA synthesis (UDS) of brain (@) and liver {(l) cells measured by
[*H]dT incorporation. (Q) UV-stimulated UDS of brain cells, ((J) UV-stimulated
UDS of liver cells. The values represent the mean of three experiments which
were done in triplicate (per cent of untreated controls +SD).
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obtained at about 300 ug/ml in brain, liver and
thymic cells. A significant stimulation of un-
scheduled DNA synthesis was observed at low
concentrations of suramin (below 20 ug/ml) in the
embryonic cells (Figure 1) but not in thymic cells
(results not shown). When unscheduled DNA
synthesis was stimulated by UV irradiation, the cells
responded to suramin by a significantly greater
inhibition of [?’H]dT incorporation; no increase in
unscheduled DNA synthesis could be observed at
low concentrations (Figure 1). RNA synthesis was
not influenced even at high concentrations of
suramin (1000 pg/ml) (results not shown).

Physico-chemical investigations

In order to investigate possible chromatin interac-
tions, a further series of experiments comprised
nucleoid sedimentation and viscometry of alkaline
cell lysates following suramin treatment. The results
are presented by Figure 2. Suramin increased the
sedimentation distance in brain, liver and thymic
cells in a dose-dependent fashion with remarkable
cell specific peculiarities. In liver cells about 200%
of the sedimentation distance of untreated controls
was reached at 240 ug/ml suramin, whereas thymic
cells exhibited only 155% and brain cells 140% at
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the same concentration. In the presence of
proteinase K (1.0 mg/ml lysis medium) the effect
was abolished (Figure 2). When DNA damage was
measured by the viscosity test, the viscometry of
the alkaline lysates decreased in a strictly
dose-dependent manner (DEs, ~ 120 pug/ml) (re-
sults not shown).

Additional investigations focused on the effects
of suramin on X-ray- or UV-light-induced DNA
repair reactions measured by nucleoid sedimenta-
tion. The investigations were petformed in thymic
cells because of their substantially higher post-
irradiation DNA repair as compared with chicken
embryo cells.”’ The repair process was studied by
incubating UV- (64 J/m®) or X- (8 Gy) irradiated
cells at 37°C for 30 min after exposure in the
presence of suramin. Control cells were kept at 4°C
during the 30 min repair period. As presented in
Figure 3, a 30 min repair period increased the
sedimentation distance in X-irradiated cells to the
same extent at each tested suramin concentration.

When the cells were exposed to UV light, a
30 min post-incubation period reduced sedimenta-
tion distance reflecting endonucleolytic DNA
degradation during long patch repair.! As shown
in Figure 3, suramin increased sedimentation
distance of UV-irradiated cells both in controls
(4°C) and post-incubated cells (37°C), the dose-
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Figure 2. Influence of suramin on nucleoid sedimentation (SED). Left side: (@)
brain cells, (l) liver cells and (A) thymic cells. The values represent the mean
of three experiments in per cent of untreated controls +SD. Right side:
sedimentation distance (cm) of liver cells. White columns: without proteinase K,

shaded columns: with proteinase K.
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Figure 3. Influence of suramin on nucleoid sedimentation (SED) of thymic
cells immediately following exposure to X-rays or UV light (@) and after a
repair period of 30 min (Q). The values represent the mean of two

experiments (cm) +SD.

response curve being almost identical. Therefore,
tepair processes measured by nucleoid sedimenta-
tion were not influenced by suramin.

Discussion

A variety of biological systems have been shown to
be affected by suramin, the molecular basis of the
antitumor activity being hitherto unknown.*>*
Mainly, its interference with a wide range of growth
factors is to be considered as an important
mechanism of anticancer activity; however, interac-
tion with other cell compartments might be equally
important.

Suramin is taken up into the cell by endocytosis
and penetrates to the nucleus.'’ Bojanowski e a/."!
found a 3 times higher concentration of radio-
labeled suramin in the nucleus than in the
cytoplasma. Therefore, and because of the high
sensitivity of some DNA related enzymes in vitro,
e.g. DNA and RNA polymerases”'® and DNA
topoisomerase I1,'" the effects of suramin on nuclear
functions should be studied more extensively.

Our aim was, at first, to investigate the influence
of suramin on some nuclear enzymes, which, to our
knowledge, have not been examined before. As
presented in Table 1, the enzyme activities are

influenced by suramin at concentrations easily
achievable in vivo.”

O%-alkylguanine is known to be mainly respon-
sible for mutagenic and carcinogenic lesions of a
number of alkylating agents.”* The repair of
O%-alkylguanine is achieved by an alkyl acceptor
protein, AT, which carries the alkyl group from the
O®-position of the guanine to a cysteine residue of
the same AT protein.* Suramin inhibited AT
reaction in a concentration-dependent manner, the
DEj;, being about 65 ug/ml. Under the experimental
conditions used, effects of potentially suramin-
modified DNA on AT cannot be distinguished
from direct interactions of suramin with the AT
protein, but this question might be considered as
secondary to possible in vivo effects. With respect to
clinical oncology, direct and/or indirect inhibition
of AT activity by suramin may provide a basis to
potentiate the antineoplastic activity of alkylating
chemotherapeutic agents.”’*® The reaction of
DNase I, a DNA degrading enzyme,” was nearly
abolished at 160 ug/ml suramin. The Michaelis—
Menten plot revealed competitive inhibition (results
not shown) suggesting polyanionic interactions.’ In
spite of the fact that the results can only
be interpreted in terms of a model system, the
possibility should be considered that other neutral
endonucleases are also inhibited by suramin.
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PADPR, which plays a fundamental role in a
number of nuclear functions such as DNA repair,
differentiation and gene expression, is tightly bound
to chromatin and catalyzes the poly(ADP-ribosyl)-
ation of structural chromosomal proteins and
nuclear enzymes.*® It was activated by suramin
when measured by the incorporation of the
ADP-ribose portion of ['*CINAD. Although the
enzyme activity is increased by single- and
double-strand breaks and by agents which provoke
DNA breaks,***! the alkaline elution assay exhibited
no evidence for suramin-induced strand breaks.''?
Therefore, further investigations should be per-
formed to elucidate the mechanism of PADPR
stimulation by suramin.

The strong but not complete inhibition of DNA
synthesis (Figure 1) is in agreement with the
investigations of Jindal e# 4/’ who demonstrated
complete depression just at long incubation periods
(over 2 days). Therefore, the uncomplete inhibition
of [*H]thymidine incorporation in the present study
could be explained by short-time exposure (30 min)
of the primary cell cultures to suramin. Un-
scheduled DNA synthesis, as well as UV-
stimulated unscheduled DNA synthesis, involving
mainly DNA polymerase a were also decreased,
supporting the results of other authors who found
the inhibition of DNA synthesis to be due to a
direct action on DNA polymerases, predominantly
polymerase «.>'® The slight stimulation of un-
scheduled DNA synthesis in the embryonic cells at
suramin concentrations below 20 pug/ml might be
explained in terms of a stimulation of DNA
polymerase o which has been shown by Jindal ez
al.’ at concentrations below 30 ug/ml.

The decrease in wviscometry of alkaline cell
lysates and the increase in nucleoid sedimentation
distance (Figure 2) by suramin reflect suramin—
chromatin interactions resulting in greater nucleoid
compactness. Since the effect on nucleoid sedi-
mentation could be abolished by treatment with
proteinase K (Figure 2}, it is concluded that suramin
interferes with histones and/or matrix proteins
probably because of its polyanionic character.’ The
different sensitivity of liver, brain and thymic cells
might reflect, therefore, a different constitutive
chromatin compactness and/or a different histone-
and/or matrix protein—nucleic acid relation.

In order to investigate the influence of suramin
on DNA repair processes, nucleoid sedimentation
was assessed after a 30 min post-exposure period.
Following X-itradiation, DNA repair (‘short patch
repair’)” is characterized by an increase in
the sedimentation distance (e.g. Tempel* and
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Snyder®), whereas in UV-irradiated cells (‘long
patch repair’)?'”’ only the endonucleolytic DNA
degradation can be measured during the short
post-exposure period by a decrease in nucleoid
sedimentation. Both repair phenomena were not
influenced by suramin (Figure 3).

Conclusion

One cannot ignore the possibility that suramin
binds to many proteins in a non-specific fashion.
Therefore, it might be very difficult to relate
antitumor activity of suramin to a small number of
effects, e.g. interaction with single enzymes. Despite
this fact, the observed high sensitivity of enzyme
systems which are critical to essential nuclear
functions could play an important role in the
cytotoxicity of suramin. With respect to possible
suramin effects on nuclear functions #n vive, i.e.
under clinical conditions, the fate of the polyanion
within the cell has to be followed in a more
quantitative manner. Cell-specific chromatin con-
densation may be a further significant determinant
with regard to the tissue specificity of the drug.
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