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SUMMARY Novobiocin has an inhibitory effect on DNA synthesis in human
lymphoblastoid cells similar to that observed with other mammalian cells. A
concentration and time-dependent increase in sedimentation of DNA nucleoids,
derived from human lymphoblastoid cells, was observed in the presence of
novobiocin. No decrease in the degree of negative supercoiling of DNA,.deter-
mined by sedimentation on sucrose gradients in the presence of ethidium bromide,
was obtained when cells were incubated with novobiocin. The latter findings
are contrary to results obtained with other mammalian cells. Alteration in
sedimentation rate of nucleoids after novobiocin treatment, at concentrations
up to 0.25mg/ml, does not correlate with inhibition of DNA synthesis.
Novobiocin, by binding to the B subunit of DNA gyrase in prokaryote cells,
interferes with the energy transduction step during the process of negative
supercoiling of DNA(l). The inhibitory effect of novobiocin on DNA replication

in E. coli cells can thus be explained by its ability to prevent production of

supercoils in DNA(2,3).

It has also been reported that novobiocin inhibits DNA synthesis in both
intact and permeable Chinese hamster ovary cells(4), synthesis of SV40 DNA in
cv-1 cells (5), and synthesis of rat liver mitochondrial DNA(6). Incubation of
Chinese hamster cells with novobiocin reduces the sedimentation of nucleoids in
neutral sucrose indicating a reduction in the number of supercoils(4). Evidence
for a reduction in the amount of supercoiled DNA after novobiocin treatment has
also been provided by determining changes in density of closed circular Sv40
DNA using CsCl-ethidium bromide density gradient analysis(5). It has been
suggested that the ability of novobiocin to inhibit supercoiling of mitochon-
drial DNA is consistent with the presence of a mitochondrial DNA gyrase(6).
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Evidence outlined above for changes in supercoiling does not by itself prove

the existence of a DNA gyrase in mammalian cells. Recent results demonstrate
that inhibition of SV40 DNA synthesis by novobiocin can be explained by its
inhibitory effect on the enzyme DNA polymerase a(5). Furthermore novobiocin

inhibition of DNA synthesis in yeast is not specific for a particular enzyme (7).

I have examined further the effect of novobiocin on supercoiling of DNA
in human cells and its relationship to inhibition of DNA synthesis. The results
show a time and concentration-dependent increase in nucleoid sedimentation in
the presence of novobiocin. No changes in the degree of negative supercoiling
is evident and increased sedimentation appears to be due to a structural change

other than a change in the amount of supercoiling.

MATERTALS AND METHODS

Chemicals and radioactive nuclides: Novobiocin and bovine serum albumin were
purchased from Sigma. Ethidium bromide was obtained from Sigma, GF/C filters
(25mm diameter, 0.45p pore size) were used to retain acid - precipitated DNA.
In experiments measuring DNA synthesis GF/C strips (1.5 x 20mm) were used. [3H]
thymidine (26 Ci/mmol) was obtained from the Radiochemical Centre, Amersham.

Cell culture: Epstein Barr Virus-transformed lymphoblastoid cells were used in
this study. Lymphocytes were transformed at the Queensland Institute of Medical
Research as described previously(8). Cells were grown in RPMI 1640 medium
(Gibco) supplemented with streptomycin(60ug/ml), penicillin (100 IU/ml) and 10%
foetal calf serum, in an atmosphere of 5% CO, in air at 37°C.

Measurement of DNA synthesis: Cells(5 x 105/ml) were plated out and incubated
for one generation, and novobiocin was added at various concentrations ranging
from 0-2mg/ml 15 min prior to addition of [3H]thymidine (5uCi/ml) . Novobiocin
(20mg/ml)was freshly prepared in RPMI 1640 medium for each experiment. The cells
were then incubated for a further 2 hr in the presence of drug. In some experi-
ments novobiocin was removed by washing the cells repeatedly, before incubation
with [3H]thymidine. At the end of the incubation period cells were aliquoted
out into microtitre plates, 105 cells/microwell and placed in a -70°C REVCO. On
thawing, cells were collected onto GF/C strips using a multi-harvesting device.
Washing was carried out with H;0(5ml/well) followed by 5ml of ice-cold 5%(w/v)
trichloroacetic acid(TCA). This was followed by washing strips in ethanol to
remove TCA. Samples were dried and subsequently counted using a toluene scin-
tillator in a Beckman LS-250 liquid scintillation counter. Incorporation of [38n]
thymidine in acid-precipitable DNA was expressed as dpm/lO6 cells.

Sucrose-gradient analysis: The method of Cook and Brazell(9) was used to deter-
mine nucleoid sedimentation. Nucleoids, structures resembling nuclei, contain
superhelical DNA, nuclear RNA, and depleted in protein, are formed by cell lysis
using a non-ionic detergent and high salt conditions(9). DNA in these structures
appears to be intact, supercoiled and circular in character(10). Sucrose gradient
(10-30% sucrose; 13.4ml; pH 8.0) contained 1.95M NaCl, 0.01 M Tris, and 0.001 M
EDTA. In some experiments different concentrations of ethidium bromide were
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Fig. 1. Inhibition of DNA synthesis in lymphoblastoid cells by novobiocin.

included in the sucrose solutions. Cells(lOG/ml) were incubated at various con-
centrations of novobiocin for the appropriate time. After incubation cells were
harvested by centrifugation at 300g for 1Omin. The cell pellet was resuspended

in Hank's balanced salt solution. In some experiments novobiocin was subsequently
removed from cells by repeated washing with Hank's solution. A mixture contain-
ing 100ul of cells (2-4 x 10%) in Hank's balanced salt solution and 3 volumes of
lysis solution (2M NaCl, 0.01 M EDTA, 0.5% Triton X-100; pH 8.0) was layered on
top of a sucrose gradient - using a wide bore pasteur pipette. Lysis was allowed
to proceed for 10 min before centrifugation at either 25,000 rpm for 15-20 min

or 30,000 rpm for 25-30 min at 12°C in a Beckman L2-65B ultracentrifuge using an
SW4l rotor. The position of the nucleoid peak in the gradient was determined by
pumping the gradient through an absorbance monitor at 254nm wavelength. Nucleoids
from untreated cells were run in each gradient set and the relative position of
nucleoids from treated cells was determined by reference to that of untreated
cells.

RESULTS

Novobiocin inhibition of DNA synthesis:

Incorporation of [3H]thymidine into DNA in lymphoblastoid cells was inhibited
in a dose-~dependent manner by novobiocin{Fig.l). Synthesis was reduced to approx-
imately half the control value at 0.1-0.25mg/ml novobiocin. The extent of in-
hibition is in keeping with results obtained with other mammalian cells. Removal
of the drug from the cells by extensive washing followed by an incubation period
of 5 hr prior to labelling with [3H]thymidine resulted in a reversal of the in-
hibitory effect of the drug, on DNA synthesis, at concentrations up to 0.5mg/ml
(results not shown). This would suggest that novobiocin does not bind covalently

to DNA or other macromolecules in these cells.
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Fig. 2. Effect of novobiocin concentration on sedimentation of nucleoids
from lymphoblastoid cells. Distance sedimented is expressed as a
ratio relative to untreated nucleoids. Error bars give standard
error of the mean (S.E.M.)

Fig. 3. Effect of incubation time of novobiocin(2mg/ml} on the sedimentation
of nucleoids. Error bars represent S.E.M.

Effect of novobiocin on DNA structure:

Lysis of mammalian cells in non-ionic detergent and high salt concentration
results in the release of structures resembling nucleoids which contain super-
helical DNA. The introduction of single strand breaks into nuclecids reduces
the degree of supercoiling and in turn the sedimentation coefficient of these
structures on sucrose gradients(9). I have examined the effect of increasing
concentration of novobioccin on the supercoiled structure of DNA in lymphoblastoid
cells using sucrose gradient analysis. It is evident from the
results in Fig. 2 that at concentrations up to 0.25mg/ml no significant change
in the sedimentation of nucleoids from these cells relative to untreated cells
is observed. However at higher concentrations of novobiocin a dose-dependent
increase in sedimentation occurs reaching a value approximately three times
that observed with untreated cells at a concentration of 5mg/ml novobioéin.

This increase in sedimentation in the presence of novobiocin is also time-

dependent. A linear response with time is observed up to 30 min,in the presence
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Fig. 4. Effect of ethidium bromide concentration on sedimentation of
nucleoids from untreated((Q), and novobiocin(2mg/ml) treated cells
( @).Exvor bars represent S.E.M.

of drug, levelling off at longer times(Fig. 3). The results obtained in Fig. 2
and Fig. 3 are consistent with an increase in the degree of supercoiling of

DNA in cells treated with novobiocin.

Effect of ethidium bromide:

A characteristic drop in the sedimentation of supercoiled DNA occurs in
the presence of low concentrations of ethidium bromide(?,11l). This decrease is
biphasic and appears to be indicative of an initial relaxation of negatively
supercoiled DNA at low concentrations of ethidium bromide followed by the forma-
tion of positive supercoils at higher concentrations(12,13). I have used sedi-
mentation of nucleoids in the presence of ethidium bromide to determine if the
increased sedimentation rate in the presence of novobiocin is due to an in-
creased degree of supercoiling. The results in Fig.4 describe the sedimentation
of nucleoids from untreated and novobiocin treated cells in the presence of in-
creasing concentration of ethidium bromide. A characteristic biphasic pattern
is observed in both cases. Maximum relaxation occurs at the same concentration
of ethidium (about 2ug/ml) in treated and untreated cells and the extent of
relaxation in both cases is the same. Since a minimum in sedimentation occurs
in both untreated and novobiocin treated nucleocids at 2ug/ml it seems likely

that the same amount of negative supercoiling of DNA occurs in both.
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DISCUSSION

The concentration of novobiocin which leads to 50% inhibition of DNA
synthesis in human lymphoblastoid cells was found to be similar to that causing
the same degree of inhibition in other mammalian cells(4,5). In eukaryote cells
several enzyme activities associated with DNA syntﬁesis are inhibited by novo-
biocin(5,7,14) . Data obtained with eukaryote cells would suggest that the
mechanism of inhibition of DNA synthesis by novobiocin is more complex than that

described in prokaryote cells where only DNA gyrase activity is inhibited(1l).

The results obtained in this study add to the complexity of effects ob-
served after novobiocin treatment of eukaryote cells. In the presence of novo-
biocin an increase in the sedimentation value of DNA nucleoids is obtained(Fig.Z).
These results do not agree with those obtained using Chinese hamster ovary cells
in which novobiocin caused a decrease in nucleoid sedimentation(4). However, it
should be pointed out that the decrease in nucleoid sedimentation observed in
that study, at a concentration of 1lmg/ml novobiocin, is marginal whereas -my re-
sults show a twofold increase in sedimentation at the same concentration of novo-
biocin. Furthermore the effect observed in this investigation is not specific
to lymphoblastoid cells since MM96, a human melanoma cell line, showed a similar
increase in sedimentation rate after incubation with novobiocin(results not shown)
Mattern and Painter(4) have demonstrated that a lower concentration of ethidium
bromide is required t§ completély relax superhelical DNA in novobiocin treated
cells than in untreated cells. This is consistent with a decrease in the degree
of negative supercoiling(l2). The DNA of Hela nucleoids isolated from cells
which were incubated with novobiocin was also found to be less negatively super-
coiled than that from untreated cells(15). Another study, examining novobiocin
inhibition of SV40 DNA replication, shows that SV40 DNA made during a pulse-
labelling period in novobiocin treated cells has a greater density in CsCl-
ethidium bromide than that made in control cells, indicating less negative super-

coiling(5). Contrary to the results in other mammalian cells an increased sedi-

333



Vol. 100, No. 1,1981 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

RELATIVE SEDIMENTATION

L _— 1 L

20 40 86 80 100
% Inhibition

Fig. 5. Relationship between inhibition of DNA synthesis and change in
sedimentation of nucleoids with increasing concentration of
novobiocin.

mentation of nucleoids is observed in human lymphoblastoid cells in the presence
of novobiocin. This increased rate is consistent with an increase in the degree
of supercoiling. However, the biphasic sedimentation pattern in the presence

of increasing concentration of ethidium bromide demonstrates a similar degree

of negative supercoiling in both treated and untreated cells(Fig.4), and in-
dicates that the increased sedimentation of these structures(nucleoids) is due
to other changes in chromatin structure. This could be due to an alteration in
the amount of protein remaining bound to DNA or to structural alterations due to
changes in the affinity of binding of different proteins to DNA in the presence
of novobiocin. Alternatively intercalation or some other form of association of
novobiocin with DNA might also account for the increased sedimentation. It is
possible that association of the drug oxr drug-induced alteration in protein-
nucleic acid association might also account for the density changes and differ-

ences in sedimentation in the presence of ethidium bromide reported elsewhere(4,5)

Comparative studies, using coumermycin and novobiocin to inhibit SV40 DNA
replication, suggest that the difference in supercoiling observed with novo-
biocin is due to a secondary effect of the drug(5). It also seems likely that
the alteration in sedimentation behaviour of nucleoids by novobiocin, observed in

this study, is secondary to inhibition of DNA replication, at least at lower con-

334



Vol. 100, No. 1, 1981 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

centrations of the drug. This is evident when change in sedimentation with in-
creasing concentration of novobiocin is plotted against degree of inhibition of
DNA replication over the same range of novobiocin concentrations(Fig.5). It is
clear that no change in sedimentation occurs at concentrations of novobiocin which
give up to 60% inhibition of DNA replication. A rapid increase in sedimentation
value is obtained as the degree of inhibition of DNA synthesis increases from
60-97%. In summary novobiocin alters significantly the sedimentation value of
lymphoblastoid nucleoids and does not decrease the degree of negative super-

coiling in these cells.
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