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Abstract—The influence of four sulfated bis-lactobionic acid amides (BLAA) of molecular weights
between 2388 and 2514 on O%-alkylguanine-DNA alkyltransferase (AT), DNase I and nucleic acid
synthesis as well as on nucleoid sedimentation and the viscosity of alkaline lysates of chicken embryo
cells was studied in vitro. The activities of AT and DNase I were inhibited by BLAA in a dose-
dependent manner. Depending on the polyanion used, concentrations depleting AT activity by 50%
ranged between 3.5 and 7.0 uM, whereas BLAA concentrations of almost 250~320 uM were needed to
halve DNase I activity. At concentrations above 8 uM, BLAA decreased scheduled DNA synthesis in
a dose-dependent fashion whereas RNA synthesis remained unchanged even at the highest BLAA
concentrations used (2mM). In chicken embryo brain cells BLAA exerted a biphasic effect on the
nucleoid sedimentation and the viscosity of alkaline cell lysates reflecting a decrease in chromatin
compactness at lower BLAA concentrations (10-100 uM) and an increase in chromatin compactness at
higher polyanion concentrations (=200 uM). The remarkably high sensitivity of the nuclear enzyme

AT deserves further investigation in regard to the fate of the polyanions within cells and tissues.

In the course of the search for new antithrombotic
substances, a series of sulfated bis-lactobionic acid
amides (BLAAS$) (Fig. 1) were synthesized. The
compounds are highly charged polyanions of low
molecular weight [1, 2]. Aside from the anticoagulant
activity of heparin and heparinoids, polyanions
exhibit a number of other biological effects in vitro
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Fig. 1. Chemistry of BLAA.
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and in vivo some of which may be of therapeutic
and/or toxicological interest [3], especially in relation
to antiproliferative/antitumor activity [4-6]. Recent
investigations focused on a polysulfated naph-
thylurea, suramin, possessing antitumor activity in
some advanced cancers [7-9]. Its mechanism(s) of
action, however, is/are not understood. In addition
to the generally accepted binding of the polyanion
to many growth factors [10], its antiproliferative
action, when the compound is used at clinically
relevant concentrations, may include the inhibition
of critical enzymes [9, 11-13]. Because the BLAA,
like suramin, are characterized by a high negative
charge and low molecular weight, the possible
interaction of these polyanions with some DNA-
directed enzyme systems and nuclear structures was
investigated. The enzyme systems comprised O°-
alkylguanine-DNA alkyltransferase (AT) and neutral
deoxyribonuclease (DNase I) as well as scheduled
DNA synthesis and RNA synthesis. Nuclear
structures were examined on the basis of nucleoid
sedimentation and the viscosity of alkaline cell
lysates.

MATERIALS AND METHODS

Chemicals. The BLAA were synthesized by
standard chemical methods [14] and purified to
>99.5% by differential precipitation and chro-
matographic procedures. A series of analytic
methods, including elementary analysis, *C-NMR
spectroscopy, 'H-NMR spectroscopy, cellulose
acetate electrophoresis and HPLC, were used to
establish the identity and purity of the substances.
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Their molecular weights are 2388 (LW 10082), 2430
(LW 10078), 2472 (LW 10086), and 2514 (LW
10079). [5.6-*H]Uridine ([*H]JU, sp. act. 1.48 TBq/
mmol) was purchased from Amersham Buchler
(Braunschweig, Germany). [H]Methyl-thymidine
([PH]dT, sp. act. 1.85-2.96 TBq/mmol) was obtained
from New England Nuclear (Boston, MA, U.S.A.).
DNA treated with N-[*H]methyl-N-nitrosourea
(7.7 ug containing 100 fmol O%-methylguanine, sub-
strate of AT) had been prepared previously [15].

The specific activity for Of-methylguanine was
considered to be the same as for the methylation of
the substrate DNA with [*H|methylnitrosourea
(94.7 x 10° Bq/mmol). An enzyme extract of
chicken embryo liver and/or brain [15] was used for
AT. The specific AT activity expressed in fmol of
transfer of O%[*H]methylguanine per 250 ug extract
protein was 43.8 * 4.2 (liver) and 28.2 + 3.6 (brain).
DNase I from bovine pancreas (EC 3.1.21.1) was
obtained from Sigma (Deisenhofen, Germany; no.
D-0876, 550 Kunitz units/mg protein). The other
substances were bought from Merck (Darmstadt,
Germany), Serva (Heidelberg, Germany), Sigma
and Aldrich (Steinheim, Germany).

Animal and cell preparation. Fertile eggs from
White Leghorn chickens from a conventional
breeding farm were used. The embryos were
removed from the eggs and killed by decapitation
at the developmental stage of 15 days. Liver and/or
brain cell suspensions were prepared as described
previously [16] and adjusted to final concentrations
of 1x 10°-12.5 x 10°celis/mL. of Hanks solution
(Ca®*, Mg?*-free). Cell viability was assessed by
Trypan blue dye exclusion.

Treatment of the cells and enzymes. Freshly
prepared polyanionic stock solution (0.1 mL),
containing the substances at 11 times the con-
centrations needed in the test assays, was added to
1mL of the cell suspension; this was followed by a
30 min preincubation period at 37°. When examining
the polyanionic effects on the enzymes, the stock
solutions were first mixed with the substrate solution.
After a 30 min preincubation period at 37°, DNase
I solution or protein extract (AT) was added to the
enzyme assays.

Analytical procedures. The AT assay was per-
formed as described [15]. [PH]N-Methyl-N-nitroso-
urea-treated DNA (7.7 ug containing 100 fmol 0%
methylguanine, ~2000cpm) was incubated with
increasing concentrations of protein extract (100~
400 ug) at 37° for 15 min in a buffer containing 50 mM
Tris, 1mM EDTA and 6 mM B-mercaptoethanol
(pH 8.3) giving a total volume of 1.1mL. The
reaction was stopped by adding 1 mL 4 M perchloric
acid (PCA) to precipitate both DNA and protein.
The DNA was hydrolysed by heating at 70° for
30 min. The samples were centrifuged (10 min at
7000 g) and the washed protein pellet (twice in 1M
PCA) resuspended in 0.1 mL 0.01 M NaOH. The
amount of [*H]methy! transferred to the acceptor
protein (AT) was given by the amount of radioactivity
in the protein pellet. This was quantified by liquid
scintillation counting in Beckman Ready-Solv
Protein*™. The test proved linear between 100 and
400 g protein/assay.

DNase I activity was

estimated spectro-

photometrically at 260nm on the basis of the
hyperchromic effect of the fraction soluble with 1 M
PCA (precipitation assay) as well as by the increase
in absorbance of the whole reaction mixture at
260 nm during an incubation period of 20 min (kinetic
assay) [15]. The DNase I assay consisted of 800 ul
Tris-HCI, pH 7.4, 100 uL DNase I solution, 50 uL
DNA gcalf thymus DNA, Na salt, molecular weight
9 X 10° Aldrich) solution containing 250 ug DNA
and 50 ul. 4 M MgCl,. By incubating this assay at
room temperature, a linear increase in the extinction
of the reaction mixture measured automatically at
260 nm was produced for at least 2.5min (kinetic
assay). Under the same conditions a linear increase
in UV extinction of the PCA-soluble DNA fraction
could be observed for almost 20 min (precipitation
assay).

Nucleic acid synthesis was measured in vitro by
the incorporation of ["H]dT and [PH]U, respectively,
in the PCA-insoluble cell fraction [16,17]. To
measure scheduled DNA synthesis, [PH]dT was
added to the cell suspension (50 uL with an activity
of 46.25kBq to 500 uL cell suspension), and the
cells were incubated for 90min at 37°. The
incorporation of [PH]dT was stopped by the addition
of cold PCA to a final concentration of 1.0 M.

The samples were cooled for 15min and then
centrifuged (Smin at 6500¢). The washed pellet
(twice in 1M PCA) was solubilized by heating in
1M PCA to 70° for 20 min and, after cooling of the
samples to —15° for 20 min, centrifuged at 6500 g
for 10 min at room temperature. The DNA content
of the supernatant was determined from UV
absorbance (wavelength 260 nm) using calf thymus
DNA as a standard, and radioactivity was quantified
by liquid scintillation counting in Ready Solf MPR
(Beckman). The radioactivity was related to the
DNA content of the assays.

When determining RNA synthesis, to 500 uL. of
the cell suspensions [PHJU was added (50 ul. with
an activity of 37 kBq}, and the celis were incubated
for 45min at 37°. The incorporation of [PHJU was
stopped by the addition of cold PCA to a final
concentration of 0.125 M. After centrifugation (5 min
at 9000 g, 4°) and washing (three times in 0.125M
PCA, 4°), the pellet was dissolved in 1.5mL 1M
NaOH at room temperature. After 1hr 0.5mL 4M
HCl was added, and then the samples were
centrifuged (10min at 900g). The supernatant
(hydrolysed [*HJU-RNA) was saved to quantify
[*H]U incorporation by liquid scintillation counting
in Ready-Solv EP (Beckman). RNA in this
supernatant was read at 260 nm against hydrolysed
yeast RNA standard.

Nucleoid sedimentation reflects DNA supercoils,
i.e. the three-dimensional organization of DNA.
Changes in nucleoid compactness are determined by
low speed sucrose gradient sedimentation [18, 19].
The sedimentation assay was carried out in chicken
embryo brain cells as described earlier for thymic
and splenic cells of the rat [20]: in order to obtain
the nucleoid fraction for sedimentation, the lysis
medium on the top of a sucrose gradient (15-30%
(w/w), pH8.0) contained 1.5M NaCl, 100 mM
Na,EDTA and 7g Triton X-100 per liter. The
sucrose gradients contained 1 M NaCl, 0.02 M Tris,
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Fig. 2. AT activity after exposure to BLAA. AT activity

expressed as per cent of BLA A-free controls; actual values:

43.8+4.2fmol of OS-PH]methylguanine transfer per

250 ug extract protein (liver). (@) LW 10078, LW 10079,

LW 10086, (©) LW 10082. BLAA concentrations on a log
scale.

0.001 M Na,EDTA and 1mg Hoechst 33258 per
liter. Thirty minutes after the addition of the cells
(250 uL containing ~ 5 x 10°cells) to the lysis
medium (340 L) on the top of the gradient, the
tubes (HT 90426 Kontron) were centrifuged in the
SW41 rotor (Beckman ultracentrifuge 1.2) at 20° and
25,000rpm for 90 min. Thereafter, the gradients
were illuminated by UV light to visualize the DNA-
Hoechst 33258 complex. The sedimentation distance
was measured from the top of the gradient-lysis
mixture to the center of the nucleoid band.

To measure the viscosity of alkaline cell lysates,
the method of Marshall and Ralph [21] was slightly
modified [22].

In general each data point represents the mean of
at least two to three independent experiments which
were carried out in triplicate.

RESULTS

BLAA inhibited AT (Fig. 2) and the DNase I
reaction (Fig. 3) in a dose-dependent manner. The
EDs, values, however, differed by one to two orders,
i.e. AT: 3.5-7.0 uM, DNase I: 250-320 uM. With
respect to AT, LW 10082 seemed to be slightly less
active than the other polyanions (Fig. 2).

As to the DNase I activity, the shapes of the dose-
effect relationships of the four polyanions were
similar (Fig. 3). The kinetic assay was more sensitive
than the precipitation method, especially at higher
BLAA concentrations (Fig. 3). As was the case with
AT, LW 10078, LW 10079 and LW 10086 showed a
significantly higher DNase I inhibiting activity than
the polyanion with the lowest molecular weight (LW
10082). At DNA concentrations of 31.25-125.0 ug/
assay (1.1 mL), the Lineweaver-Burk plot revealed
competitive DNase I inhibition by BLAA (Fig. 4).

Whereas RNA synthesis remained unchanged,
DNA synthesis decreased under the influence of
BLAA in a concentration-dependent manner with
EDsy being about 500-1000 uM. Liver cells seemed
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Fig. 3. DNase I activity after exposure to BLAA. DNase

I activity expressed as per cent of BLAA-free controls;

actual values: 1.375 Kunitz units per assay, resulting within

8 min in an increase in extinction of 0.45 + 0.05 (kinetic

assay, 22°). (O) Precipitation assay (LW 10082), (@) kinetic

assay (LW 10082), (@) kinetic assay (LW 10078, LW
10079, LW 10086).

1

x

/

0

i T T
0 0,005 0,01 0,015 0,02 0,025 0,03 0,035
11s]

Fig. 4. DNase I activity after exposure to the BLAA LW

10082 (kinetic assay). Lineweaver-Burk plot with an

enzyme activity of 1.357 Kunitz units and DNA

concentrations of 125, 62.5 and 31.25 ug/assay (1.1 mL).
(®) Control assay, (@) 320 uM LW 10082.

to be slightly more sensitive than brain cells (Fig.
5). No significant differences were observed between
the four polyanions used. At a concentration of
320 uM, for example, LW 10082, LW 10078, LW
10086 and LW 10079 inhibited DNA synthesis by
34=5,38+10, 35+ 9 and 37 + 6%, respectively.
With respect to nucleoid sedimentation and
viscosity of alkaline cell lysates, the addition of
BLAA to chicken brain cells resulted in a biphasic
effect: at 12-96 uM nucleoid sedimentation decreased
by about 10-20%. Within the same concentration
range, the viscosity of alkaline cell lysates increased
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Fig. 5. Nucleic acid synthesis of chicken embryo cells after

exposure to the BLAA LW 10082. (©) DNA synthesis in

brain cells, (@) DNA synthesis in liver cells, (A) RNA

synthesis in brain cells, (@) RNA synthesis in liver cells.
LW 10082 concentrations on a log scale.
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Fig. 6. Viscosity of alkaline lysates (VISC) and nucleoid

sedimentation (SED) of chicken embryo cells after exposure

to the BLAA LW 10082 (LW 10078, LW 10079 and LW

10086 with almost identical results). Values expressed as

per cent of BLAA-free controls; (@) VISC, (O) SED.

Control values: SED, brain cells: 1.7 £ 0.3cm; VISC,
brain cells: 12 + 3 sec.

by almost 2040% (Fig. 6). At higher polyanion
concentrations (>96 uM), the values returned to the
control level, and at very high BLAA additions
(>192 uM), nucleoid sedimentation tended to
increase whereas the viscosity of alkaline cell lysates
diminished (Fig. 6).

DISCUSSION

A polyanionic drug, suramin, appears to be a new
therapeutic concept in the treatment of some tumors
[7-9], though the molecular basis of its anticancer
activity remains unclear. In addition to the well-
documented interference of the drug with a wide

range of growth factors [10], further effects on DNA-
related enzymes, such as DNA and RN A polymerases
[12,23,24] or topoisomerase II [11], are seen in
vitro at clinically relevant concentrations (<210 uM).
The synthetic BLAA LW 10082 prolongs thrombin
clotting times, when induced by human thrombin,
in a concentration range of about 0.8-4 uM [25].
Whereas DNase I activity (Fig. 3), DNA synthesis
(Fig. 5) as well as nucleoid sedimentation and
viscosity of alkaline cell lysates (Fig. 6) remained
unchanged at these concentrations, BLAA con-
centrations as fow as 3.5-7.0 uM were able to inhibit
AT by about 50% (Fig. 2).

The mutagenic, carcinogenic and cytotoxic proper-
ties of alkylating agents, such as alkylnitrosamines,
are largely ascribed to the introduction and
persistence of OS-alkylguanine in the DNA. This
lesion is normally removed from DNA by AT [26—
29]. AT is an alkyl acceptor protein which carries
the alkyl group from the O%-position of the guanine
to a cysteine residue of the same AT protein via a
suicidal mechanism. The mechanism, however, by
which the alkyl group is transferred is not fully
understood [28,29]. It is suggested that a basic
residue of the AT protein, e.g. arginine, interacts
with the acceptor protein. This interaction probably
leads to the generation of a thiolate anion that
attacks the alkyl group [28, 29]. Like nucleic acids,
polyanions in general may be non-specifically bound
to the AT protein which interferes with its access to
the alkylated base, thus inhibiting AT activity [30].
From a clinical point of view, the possibility has to
be considered that inhibition of AT activity may
potentiate the antineoplastic effectivity [31, 32] and/
or enhance the carcinogenic/mutagenic [33] activity
of alkylating agents. Because AT is a nuclear enzyme
[26-29], investigations are needed on the distribution
of BLAA within the cells. Suramin is taken up into
the cell by endocytosis and concentrated to some
extent (about three times) within the nucleus [11]. By
using [*H]polypentose sulfate and autoradiography,
Benes and Tallova [34] demonstrated that the
polyanion, in vitro, reaches the nuclei of bone
marrow  cells. Therefore, an intracellular/
intranuclear penetration of BLAA might also be
possible.

The inhibition of DNA synthesis by polyanions
[12,13,35] is due to a direct action on DNA
polymerases, mainly polymerase «; the polyanionic
negative charges are “assumed to interact elec-
trostatically with positively charged side chains in
the DNA-binding site” of the enzyme [36]. For a
number of synthetic polyanions it could be shown
that the extent of inhibition depends on the molecular
distance between neighbouring charges [36]. The
BLAA, like other polyanions [37, 38], are able to
inhibit DNases. However, concentrations of at least
>40-80 uM were needed to inhibit DNase 1
significantly (Fig. 3), which reflects a rather low
specificity. As in the case of DNA polymerase o
[36], polyanionic interaction is suggested by the
competitive character of the enzyme inhibition. As
shown by various investigators (see e.g. [33]),
polyanions bind to histones thereby diminishing the
DNA attachment sites. A decrease in DNA
attachment sites would reduce DNA compactness.
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Table 1. Comparison of LW 10082 and suramin with respect to their effects
on some DNA-related enzymes, DNA and RNA synthesis, nucleoid
sedimentation, and viscosity of alkaline cell lysates

Parameter LW 10082 Suramin
Molecular weight 2388 1429
Number of SO; Na* groups 16 6
Plasma concentration =4.2* =210 uMt
AT inhibition (EDs) ~7.0 ~45 uM
DNase I inhibition (EDsg) ~320 ~70 uM
RNA synthesis No effect No effect
SDS inhibition (EDs) ~1000 ~56 uM
SED increase (EDsg =1000 ~85 uM
VISC decrease (EDsy) =1000 ~85 uM

* Klauser [25], t Scher [8], Stein [9].
SDS, scheduled DNA synthesis; SED,

viscosity of alkaline cell lysates.

This is confirmed in the present investigation by the
decrease in nucleoid sedimentation and the increase
in the viscosity of alkaline lysates of brain cells at
BLAA concentrations of 12-96 uM (Fig. 6). The
decrease in viscosity of alkaline cell lysates and the
increase in nucleoid sedimentation at very high
BLAA concentrations (Fig. 6) reflect greater
nucleoid compactness. Because various—enzymatic
and non-enzymatic—mechanisms are implicated in
regulating chromatin structure (see e.g. [39,40]),
further investigations are needed with regard to the
mechanisms of chromatin—polyanion interactions.

A comparison between the BLAA, e.g. LW
10082, and suramin (Table 1) shows that both classes
of compounds, like other polyanions, are able to
interfere with many proteins in vitro, including
nuclear enzymes and histones. When compared to
DNase I, DNA synthesis and chromatin-polyanion
interactions, a remarkably high inhibition by BLAA
is seen for the repair enzyme O°%-alkylguanine-DNA
alkyltransferase. Their potential in vive awaits
analysis of the distribution of the BLAA within
tissues and cells.
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