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Interactions of novobiocin (NB) and nalidixic acid (NA) with thiols were investigated
in vitro in thymic (T-) and splenic (S-) cells of the rat, by determining nucleic acid synthesis as
well as nucleoid sedimentation and viscosity of alkaline cell lysates. In T-cells NB, at concen-
trations of 0.35—1.4 muM, increased unscheduled DNA synthesis (UDS) and RNA synthesis
(RNS), whereas S-cells underwent a dose-dependent inhibition of UDS and RNS following
exposure to NB at concentrations >0.7 mM. Combining NA and thiols (e.g., dithiothreitol)
resulted in a slight stimulation of UDS in S-cells and in a highly significant increase of UDS in
T-cells ascribed to a depletion of the cellular thymidine pool. In both cell types, neither NB nor
NA exerted a significant effect on thiol-induced DNA damage. At a concentration of 1.4 mm,
NB increased the viscosity of alkaline T-cell lysates; the opposite effect was observed in S-cells.
From these results as well as from previous investigations we conclude that T- and S-cells dif-
fer in their state of chromatin conformation. This interpretation offers a simple model for the
study of the influence of chromatin structure on cell-specific physico-and/or chemico-biologi-

cal interactions.

Introduction

Splenic cells (S-cells) and thymic cells (T-cells)
are used as model systems to investigate the effects
of various agents on mammalian cells (see, e.g.,
refs. [1—6]), including in vivo/in vitro systems for
biological monitoring [7]. Significant differences
exist, however, between both cells types [1—4].

As shown in previous investigations, the DNA
topoisomerase II inhibitors novobiocin (NB) and
nalidixic acid (NA) stimulate unscheduled DNA
synthesis (UDS) without detectable DNA damage,
the extent of stimulation being much higher in T-
than in S-cells [8]. Since NB and — to a lesser ex-
tent — NA, at concentrations normally used to
inhibit eukaryotic type II topoisomerase activity
(100—1000 pg/ml) influence chromatin structure
[3, 9, 10], and since chromatin structure is cell-spe-
cific (see, e.g., refs. [11, 12]), the possibility must be
considered that both substances change the acces-
sibility of DNA within the chromatin complex in a
cell-specific manner. To test this assumption, ribo-
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nucleic acid synthesis (RNS) as well as the effect of
thiyl radicals [13—15] were investigated in T- and
S-cells treated with NB or NA in vitro using bio-
chemical and physico-chemical methods. The bio-
chemical methods comprised scheduled DNA syn-
thesis (SDS), UDS, and RNS. Physico-chemical
procedures consisted of nucleoid sedimentation
and viscometry of alkaline cell lysates.

Materials and Methods
Chemicals

Chemicals were purchased from Merck (Darm-
stadt, Germany) and Sigma (Miinchen, Germany).
Methyl-[*H]thymidine (dT-*H; 3 TBq/mmol) and
5.6-[*HJuridine (U-H; 2 TBq/mmol) were from
DuPont NEN Research Products (Dreieich, Ger-
many) and Amersham Buchler (Braunschweig,
Germany), respectively.

Cells

T- and S-cells were prepared in Hank’s balanced
(Mg?*- and Ca’*-free) salt solution as previously
described [8]. Cell viability was assayed microscop-
ically by trypan blue exclusion (0.01 ml 2% trypan
blue to 0.1 ml cell suspension) throughout the
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experimental period. Following incubation peri-
ods of 30, 60, and 90 min, 98.6 + 5.1, 89.5+ 8 and
77.1 = 6.9% of the cells were viable. No significant
differences existed between the two cell types.

Treatment of cells

Stock solutions of test substances were freshly
prepared in Hank’s solution. 0.1 ml of these solu-
tions were added to 1 ml of the cell suspensions.
To study the interactions between NB (or NA) and
thiyl radicals, the cell suspensions were first incu-
bated for 30 min at 37 °C with the topoisomerase
II inhibitors. Thereafter, cells were washed three
times in Hank’s solution. The final cell sediment
was resuspended in Hank’s medium containing the
thiols, i.e., dithiothreitol (DTT), cysteine- HCI
(CY-E), cysteamine-HCl (CY-A), and S-(2-
Aminoethyl)-isothiuroniumbromide- HCl (AET)
at concentrations of 1.3, 2.6, and 5.2 M.

Analytical procedures

Nucleic acid synthesis was measured by the up-
take of dT-*H (SDS, UDS) and U-*H (RNS) into
the perchloric acid (6%) precipitate of the cells as
previously described [8]. In order to determine
UDS, SDS was suppressed by the ribonucleotide
reductase inhibitor hydroxyurea (HU, 1072wMm).
Changes in the intracellular dT- and U-pool sizes
were examined by dilution of the *H-labelled nu-
cleosides with increasing molarity of (unlabelled)
thymidine and uridine, respectively [16]. Depletion
of the intracellular nucleoside pool sizes reduces
the concentrations of unlabelled nucleosides neces-
sary to inhibit the incorporation of labelled nu-
cleosides into nucleic acids — and vice versa.

Viscometry of alkaline cell lysates and the
nucleoid sedimentation technique were performed
as described in previous papers (see refs. [4] and
[8], respectively).

In general, the data points represent the average
of at least 2 or 3 independent experiments which
were done in triplicate.

Results

In a previous study in T- and S-cells, we found
that NB inhibits and NA enhances SDS in vitro [8].
As shown by Table I, NB (0.35—1.4 mM) and NA
(0.9—7.2 mm) stimulated UDS and RNS in T-cells.
After exposure to NB, S-cells remained without
significant effects (NB, 0.35 and 0.7 mM) or under-
went a concentration-dependent inhibition of
dT-*H and U-’H incorporation (NB, 1.4 and
2.8 mM). NA slightly enhanced UDS and RNS in
S-cells (Table I). A parallelism between UDS and
RNS follows therefore from the investigations in
T- and S-cells treated with NB and NA.

In a further series of experiments, the effects on
SDS, UDS, and RNS of dithiothreitol (DTT)
alone or in combination with NB or NA were
studied. Fig. 1 shows that the thiol depletes SDS of
both cell types as well as UDS of S-cells. Combin-
ing NB (1.4 mMm) and DTT (5.2 mm) resulted in a
small stimulation of UDS in S-cells and in a dose-
dependent increase in UDS up to 220% in T-cells
(Fig. 1). Under the same conditions, RNS re-
mained unchanged (1.3 and 2.6 mm DTT) or was
slightly inhibited at a DTT concentration of
5.2 mMm (results not shown). Similar results were
obtained when DTT was substituted by other
thiols, i.e., CY-E, CY-A, and AET at equimolar

Table I. Mean (% standard deviation) incorporation of dT-*H (UDS) and U-*H (RNS) into the PCA-insoluble frac-
tion of T- and S-cells following exposure to NB and nalidixic acid. Incorporation rates in per cent of the controls

(= 100%).
Novobiocin Thymic Cells Splenic Cells

0.35 0.70 1.4 2.8 0.35 0.70 1.4 2.8 mMm
UDS 13110 20521 230+28 105%18 103+ 6 93+ 5 43+11 10 5 %
RNS 139+£20 19728 27327 81x17 108+ 7 100=%10 84+ 14 58+17 %
Nalidixic Acid

0.90 1.8 3.6 7.2 0.90 1.8 3.6 1.2 mMm
UuDS 11517 14110 169+28 205%+20 10010 116%+12 133+ 8 123x13 %
RNS 121+ 7 16717 20416 22227 108+ 7 122+ 9 13017 14611 %
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Fig. 1. Mean (* standard deviation) incorporation of
dT-*H into the perchloric acid (PCA) — insoluble frac-
tion of T- and S-cells following exposure to dithiothreitol
(DTT) alone or in combination with novobiocin (NB).
Incorporation rates in per cent of the controls (= 100%).
—®—: UDS in T-cells without NB-pretreatment,
—+—: UDS in T-cells pretreated with 1.4 mMm NB,
—O—: SDS in T-cells without NB-pretreatment,
———0-——: UDS in S-cells without NB-pretreatment,
———V———: UDS in S-cells pretreated with 1.4 mm
NB.

concentrations. Treatment of T- and S-cells with
NA and thiols did not influence UDS significantly
(results not shown).

NB has a marked effect on mitochondria and
lowers the intracellular ATP/ADP ratio [17]. Pos-
sible changes in the cellular nucleic acid precursor
pools must be considered, therefore. The results
obtained by isotope dilution (Fig. 2) suggest a de-
pletion of the thymidine- and an expansion of the
uridine-pool in T-cells after exposure to the com-
bined action of NB and DTT.

Physico-chemical investigations

DNA damage was measured by nucleoid sedi-
mentation and viscometry of alkaline cell lysates
(Table II). At a concentration of 2.6 mMm, DTT
diminished nucleoid sedimentation in T-cells by
about 60 and in S-cells by almost 10%. NB alone
or in combination with the thiol had no significant
effects.

The viscosity of alkaline cell lysates was slightly
decreased by DTT in T-cells whereas an increase
by about 10% was observed in S-cells.

NB elevated the viscosity of alkaline lysates of
T-cells. The opposite effect was seen in S-cells
(Table II). Like NB, other agents interfering either
directly or indirectly with chromatin, e.g., 3-amino-
benzamide, Hoechst 33258, and hyperthermia,
revealed significant differences between T- and
S-cells (Table III).

Discussion

At the expense of ATP hydrolysis, DNA topo-
isomerases II modify DNA topology “in vivo by
passing an intact nucleic acid helix through a tran-
sient double-stranded break generated in a second
helix” [18] (for reviews see, e.g., refs. [19—21]).

Table II. Nucleoid sedimentation (SED) and viscosity of alkaline
lysates (VIS) of T- and S-cells following exposure to NB (1.4 mm),
DTT (2.6 mM), and a combination of both substances. Values in

per cent of the controls (= 100%).

Treatment Thymic Cells Splenic Cells

SED VIS SED VIS
Novobiocin 100+ 8 141%7 100+ 6 51+ 9 %
Dithiothretol 3810 879 8810 111x12 %
Combination 50+ 8 977 92+ 5  S53x11 %
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Fig. 2. Mean (= standard deviation) incorporation of dT-*H (Fig. 2A) or U-*H (Fig. 2B)
into the PCA-insoluble fraction of T-cells following exposure to 1.4 mm NB (—@—) or
1.4 mM NB and 2.6 mm DTT in combination (—+—). Incorporation rates in per cent of

the controls (= 100%).

Table III. Viscosity of alkaline lysates of T- and S-cells following exposure to NB, 3-aminobenzamide (3-AB),
Hoechst 33258, and hyperthermia. Concentrations of the substances used: I, II, III, and IV, resp.: NB: 0.35, 0.7, 1.4,
and 2.8 mMm, 3-AB: 1.25, 2.5, 5.0, and 10.0 mMm, Hoechst 33258: 25, 50, 100, and 200 pg/ml, resp. — Mechanism(s) of
action: NB: See text, 3-AB: Inhibition of the enzyme poly(ADP-ribose)polymerase which, through ribosylation of
various nuclear acceptor proteins, adds negative charges to basic proteins (e.g., histones), resulting in a less condensed
chromatin [23—25], Hoechst 33258: DNA minor groove intercalation [26, 27], hyperthermia: Increase of the nuclear

matrix protein mass [28, 29].

Thymic Cells Splenic Cells
I 11 111 v | 11 11 v

Novobiocin 100+ 8 107 7 130 9 98+ 9 98+ 8 90x 6 519 11+ 5%
3-Aminobenzamide 102+ 9 108%=10 10211 109x 6 70+ 8 54+ 8 38x 6 27 7%
Hoechst 33258 11417 118x18 14310 143+14 173£13 192+33 231+£27 259%25%
Hyperthermia 60 min /43 °C 60 min /43 °C

87+ 12 48 +5

30 min /45 °C 30 min /45 °C

110 £ 14 28+ 5

Apart from its effect on DNA topoisomerase 1I,
NB interacts with histones and is able, therefore,
to modulate chromatin conformation through a
topoisomerase II — independent mechanism
[9, 10]. The increase in viscosity of alkaline cell
lysates of NB-treated T-cells [3] suggested that NB

lowers, within a definite concentration-range,
chromatin compactness so that the DNA becomes
more accessible to exogenic (e.g., thiyl radicals)
and/or endogenic (e.g., transcription factors)
agents. Apparently consistent with this assump-
tion are the findings that thiols stimulate UDS in
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NB-pretreated T-cells (Fig. 1) and NB as well as
NA elevate, particularly in T-cells, UDS and RNS
(Table I) without detectable DNA damage [8] (Ta-
ble II). With respect to stimulation of UDS var-
ious mechanisms, however, especially DNA dam-
age and changes in the cellular nucleic acid precur-
sor metabolism [16], must be considered. DNA
damage following exposure of T-cells to DTT
could not be enhanced by NB-pretreatment (Ta-
ble II). Whereas neither nucleoid sedimentation
nor viscometry of alkaline cell lysates support,
therefore, the assumption of higher DNA accessi-
bility to thiyl radicals, the results obtained by iso-
tope dilution (Fig. 2) suggest a depletion of the
thymidine pool in T-cells after the exposure to the
combined action of NB and DTT. In other words:
The thiol-induced stimulation of unscheduled
dT-*H incorporation into the DNA of NB-pre-
treated T-cells may be due to variations in the cel-
lular thymidine pool size. In this context, one
should notice that thymocytes contain very small
quantities of deoxyribonucleotides and ribonu-
cleotides, pool sizes of, e.g., ATP, GTP, dATP,
and dTTP being less than 10% of the pool sizes
commonly observed in mammalian cells [22].
Apart from the cell-specific peculiarities regard-
ing a possible koergism between NB and thiols,
viscosity of alkaline lysates of NB-treated cells
showed another striking difference between both
cell types (Table II): Whereas NB increased the
viscosity of T-cell lysates at a concentration of

- Differences between Thymic and Splenic Cells of the Rat

1.4 mM, the opposite effect was observed in S-cells
thus confirming previous investigations [3]. To ex-
plain some S- and T-cell — specific responses to
chromatin-interactive agents, we propose various
chromatin-transition states (Table V). In this con-
text, it is suggested that T-cells are characterized
by a high amount of negatively supercoiled DNA
whereas in S-cells positively supercoiled DNA pre-
vails. In support of this conclusion, it could be
shown that various agents interfering either direct-
ly (e.g., Hoechst 33258, hyperthermia) or indirect-
ly (e.g., 3-aminobenzamide) with chromatin reveal
also significant differences between T- and S-cells
(Table III).

Though chromatin structure of T- and S-cells
must be studied by more sophisticated methods,
we conclude from previous investigations and
from the present results that the — hypothetically
assumed — higher accessibility of “dynamic chro-
matin” may be limited to endogenous rather than
to exogenous factors and that both cell types offer
a simple model to investigate the influence of chro-
matin conformation on cell-specific reactions to
physical and/or chemical agents.
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Table IV. Schematic representation of the proposed transition states of chromatin
conformation in T- and S-cells after treatment with NB at increasing concentrations.
As to the terms “static” and “dynamic chromatin” see ref. [10].

Novobiocin at increasing concentrations (> 0.35 m)

Chromatin Chromatin Chromatin Chromatin
Conformation I Conformation II Conformation I11 Conformation IV
“Static “Dynamic “Static Highly condensed
Chromatin” Chromatin” Chromatin™ Chromatin
DNA negatively  Relaxed DNA positively Depletion of, e.g.,
supercoiled DNA supercoiled nucleic

and

Prevails in
S-cells

Prevails in
T-cells

Stimulation of, e.g.,
UDS and RNS

protein synthesis

A transition of conformation III into conformation IV is suggested in 3-aminobenz-
amide- and/or hyperthermia-treated S-cells whereas Hoechst 33258 seems to elevate
the amount of conformation II in the same cell species (Table III).



K. Tempel - Differences between Thymic and Splenic Cells of the Rat 951

[1] K. Tempel, Z. Naturforsch. 35¢, 106—111 (1980).
[2] K. Tempel, I. Schmerold, W. Pfahler, A. Goette,
Strahlentherapie 160, 386—393 (1984).
[3] K. Tempel, Z. Naturforsch. 44¢, 673—679 (1989).
[4] K. Tempel, Radiat. Environ. Biophys. 29, 19—30
(1990).
[5] T. P. Coogan, J. Motz, N. T. Christie, Mutat. Res.
293, 39-46(1992).
[6] G. Taudou, C. Portemer, C. Jaxel, M. Duguet,
Biochem. Pharmacol. 45, 331—337 (1993).
[7] F. Darroudi, Z. Farooqi, D. Benova, A. T. Natara-
jan, Mutat. Res. 272, 237248 (1992).
[8] K. Tempel, A. Spath, Arch. Toxicol. 60, 287—292
(1987).
[9] M. Cotten, D. Bresnahan, S. Thompson, L. Sealy,
R. Chalkley, Nucl. Acids Res. 14, 3671—3686 (1986).
[10] L. Sealy, M. Cotten, R. Chalkley, EMBO J. 5, 3305—
3311 (1986).
[11] R. H. Getzenberg, K. J. Pienta, W. S. Ward, D. S.
Coffey, J. Cell. Biochem. 47, 289—-299 (1991).
[12] A. P. Wolffe, FASEB J. 6, 3354—3361 (1992).
[13] R. Munday, Free Rad. Biol. Med. 7, 659—673 (1989).
[14] M. V. M. Lafleur, J. Retél, Mutat. Res. 295, 1-10
(1993).
[15]J. Griffiths, J. A. Murphy, Tetrahedron 48, 5543—
5556 (1992).
[16] G. R. Russell, E. J. Partick, Cancer Res. 40, 3719—
3722 (1980).

[17]1 C. S. Downes, M. J. Ord, A. M. Mullinger, A. R. S.
Collins, R. T. Johnson, Carcinogenesis 6, 1343—
1352 (1985).

[18] M. J. Robinson, A. H. Corbett, N. Osheroff, Bio-
chemistry 32, 3638 —3643 (1993).

[19]J. C. Wang, Annu. Rev. Biochem. 54, 665—697 (1985).

[20] P. D’Arpa, L. F. Liu, Biochim. Biophys. Acta 989,
163—177 (1989).

[21] N. Osheroff, E. L. Zechiedrich, K. C. Gale, Bio-
Essays 13,269—275 (1991).

[22]J. C. Donofrio, J. Meier, J. J. Hutton, Cell. Immu-
nol. 42, 79-89 (1979).

[23] S. Shall, Adv. Radiat. Biol. 11, 1-69 (1984).

[24] T. Boulikas, Anticancer Res. 11, 489—527 (1991).

[25] C. A. Realini, F. R. Althaus, J. Biol. Chem. 267,
1885818865 (1992).

[26] L. Denison, A. Haigh, G. D’Cunha, R. F. Martin,
Int. J. Radiat. Biol. 61, 69—81 (1992).

[27]1R. F. Martin, L. Denison, Int. J. Radiat. Oncol.
Biol. Phys. 23, 579—584 (1992).

[28] M. J. Borrelli, D. M. Stafford, C. M. Rausch, J. R.
Lepock, Y. J. Lee, P. M. Corry, Radiat. Res. 131,
204—-213 (1992).

[29] R. Higashikubo, J. L. Roti Roti, Radiat. Res. 134,
193-201 (1993).



