
reduced the rate of DNA synthesis b y
26 percent. Syntheses of RNA and of
protein (Figs. 4 and 5) were strongly 
inhibited at the bactericidal concentra- 
tion of quinacrine; but at the bacterio- 
static concentration RNA synthesis was
not affected (Fig. 4), and the incorpo-
ration of C14-phenylalanine  into the bac-
terial proteins was reduced by 40 per-
cent (Fig. 5). In view of the fact that
these major biosyntheses were affected
by the drug to different extents, the
observed effects were not one common
result of a general inhibition of the
utilization of glucose as a source of
energy. Such a mode of action of quin-
acrine has been suggested (8).

Quinacrine (Atebrin): Mode of ‘Action

Abstract. Quinacrine at a  concentration of 8 x 10-J mole per liter is bac-
tericidal for Escherichia coli, blocks DNA synthesis, and inhibits the syntheses of
RNA and protein ‘strongly. At a concentration of 2 x IO-4 mole per liter, the
drug is bacteriostatic, the syntheses of protein and DNA (but not that of RNA)
are partially inhibited, and the bacteria grow into giant filaments. Impairment of
DNA replication is proposed as the mode of action of quinacrine.

The antimalarial drug, quinacrine,
forms a molecular complex with DNA
(1). The acridine ring of the drug
molecule is intercalated between the
base pairs of double-helical DNA (2),
and the aliphatic diamine side chain
apparently bridges complementary DNA
strands across the minor groove by
ionic attraction to phosphate groups
(3). Consequences of the reaction of
quinacrine with DNA are (i) inhibition
of the enzymatic hydrolysis of DNA
(I), (ii) inhibition of the DNA-depend-
ent DNA and RNA polymerase reac-
tions (3, 4), (iii) reduction of the fre-
quency of spontaneous or induced mu-’
rations at low quinacrine concentrations
(5), and (iv) induction of frameshift
mutations at high concentrations (6).

Quinacrine also inhibits the growth
of many bacteria, such as Escherichia
coli (7). We studied the mode of action
of quinacrine with this organism. When
the drug was added to E. coli B grow-

ing exponentially in a synthetic medi-
um with glucose as the sole source of
carbon and energy, turbidimetry at 520
rnp showed that 2 x lo-*M  quinacrine
reduced the growth rate by 25 percent,
while 8 x 10-4M quinacrine decreased
the rate by 86 percent, measured over
an interval of 1.25 duplication times.
Figure 1 shows that 8’ X 10-*M  quin-
acrine was strongly bactericidal, but at
2 x lo-4M  the drug produced bac-
teriostasis within one half of a duplica-
tion time. Bacteria exposed to this low-

er concentration of quinacrine for 18
to 24 hours grew into giant filaments
(Fig. 2). Electron microscopy, per-
formed by R. Borasky, revealed
a characteristic twisted and braidlike
appearance of the cytoplasmic material
in the filaments.

Chemical analysis for DNA (Fig. 3)
revealed that 8 X lo-‘M  quinacrine
inhibited bacterial DNA synthesis com-
pletely, while 2 x lo-4M quinacrine

i,
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Fig. 1. Antibacterial effect of quinacrinc.
Escherichia coli strainB (ATTC # 11303)

; was grown exponentially in a synthetic
; medium. Quinacrine hydrochloride was
&.added at zero time to the concentrations
indicated; no drug was supplied to the
control culture.’ Samples were removed at

Fig. 2. Quinacrine-induced filaments of
Escherichia coli; formed during 24 hours
of growth in the presence of 2 x IO-‘M
quinacrine. These test-tube cultures were
not subjected to aeration or ‘mechanical
agitation during growth. Samples were
heat-fixed, stained with the Gram stain,

 and photographed with a Leitz Aristophot.

,

Quinacrine is an acridine homolog
of the antimalarial drug, chloroquine.
Unlike chloroquine (9), however, quin-
acrine did not produce a breakdown of
bacterial ribosomes nor a change in the
quantitative distribution of the major
categories of bacterial nucleic acids.

Inhibition of DNA replication in E.
coli by 8 X. IO-4M  quinacrine paral-
leled the inhibition of the DNA polym-
erase reaction, catalyzed by an E. coli
enzyme, at the identical drug concen-
tration (3) and accounted for the bac-
tericidal effect of quinacrine. The in-
hibition of RN,4 synthesis in E. coli
likewise matched quantitatively the in-

I I I I I I ]
10 20 30 40 50 60

Time bin)

Control

8xlo-4M

Fig. 3. Effect of quinacrine on DNA bio-
synthesis in Escherichia coli. The drug was
added to exponentially growing cultures at
zero time to the final concentrations indi-
cated. No drug was supplied to the con;
trol culture. Samples of bacteria in cult&
were taken at intervals and sedimented,
and their nucleic acids were extracted w i t h
5 percent perchloric acid at 70°C for 60
minutes. These solutions were extracted
three times with chloroform  to r e m o v e
quinacrine. DNA was then ‘determined



h i b i t i o n  in vitro of the reaction of RNA

 polymerase from E. coli (3); the  de -.’
crease in protein synthesis was prob-
ably a consequence of the decreased
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Fig. 4. Effect of quinacrine on RNA bio-
synthesis in Escherichia coli. Experimental
design and procedures were the same as
in Fig. 3, except that RNA was deter-
mined with an orcinol method (9).

T&me  Imin)

4M

Fig. 5. Effect of quinacrine on protein bio-
synthesis in Escherichia coli. Incorpora-
tion of C”-phenylalanine  into bacterial
proteins was measured by a membrane
filter technique. Quinacrine (at indicated
concentrations; none in control) and C”-
phenylalanine [S &ml (specific activity
61  rc/rmolc)] were both added t o  ex-
ponentially growing cultures at time zero.
Samples were removed at intervals and im-
mediately diluted with equal volumes of 10
percent trichloroacctic acid (containing 1
percent casamino acids). After 30 min-

 utes a t  2’C, the precipitates from the
samples were collected on Millipore filters,

washed first with 5 percent trichloroacetic
acid (containing casamino acids), and then
 three times with chloroform to remove
residual quinacrine. The filters were placed

i n  a dioxane-based scintillation fluid, and
radioactivities were counted in a Nuclear-
Chicago liquid-scintillation counter.
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production of messenger RNA. The
rates of growth and of DNA synthesis
were reduced to the same extent by
2 x IO-*&!  quinacr ine .  Others  have
stated that 4 x 10mJM quinacrine per-
mitted DNA synthesis proportional to
turbidity increases in cultures of Bacil-
lus  cerezis (IO).

Undiminished RNA synthesis and ap-
preciable protein synthesis at the bac-
teriostatic conccniration of 2 X 10-JM
quinacrine accounted for the accumula-
tion of large amounts of cytoplasmic
material in the filaments after 24 hours
(Fig. 2). This material was organized
in distinct segments which were, how-
ever, not separated by cross septa. The
fact that bacteria exposed to quinacrine
failed to initiate events resulting in cell
division may be related to the action
of the drug upon DNA. By analogy,
cells of E s c h e r i c h i a  coli in which DNA
has reacted with mitomycin C grow
within shorter times to shorter filaments
which exhibit structural characteristics
similar to those we have observed i n

the filaments grown in rhe presence of
quinacrine (1 1).

Biophysical studies on the nature of
the quinacrine-DNA complex (1-3),
in hi bit ions of DNA-dependent enzy-
matic reactions by the drug (I, 3, 4),
as well as our study on the effects of
quinacrine in whole bacterial cells are
consistent with the view that the mech-
anism of biological action of the drug
is the specific rcnction of quinncrinc
with native, double-stranded DNA and
that the resulting mode of action is an
impairment of DNA replication and, at
cytocidal concentrations, of RNA tran-
scription. That quinacrine also exerts
its antimalarial effect by acting on the
nucleic acids of plasmodia has been
postulated by Albert (12) and is sup-
ported by observations (13)  that  the
drug inhibits the incorporation of Pa-
orthophosphate into the nucleic acids
of plasmodin.
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Department of M o l e c u l a r  Biology,
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Transverse ‘I’ubulc  Apertures in z
M:~mmnlian Myocardinl  CclIs: ?f

Surf;lcc  Arrtly
*.;
!;
L
ti:

A b s t r a c t .  ‘I’lze  Ieclzrzique  of “freeze-$
efclzing” rissrzcs  f o r  elccrrorz  nzicros-  i
COPY  h a s  perrztitted observntion  o f  the;;
exler~zzll  trpcrrirres 01 rlte tranSv2rse :

trr tlut~‘s. :I‘lI2  (zpc’rlzzres  uppecr on lize
c*ell szzrJ(zce i n  upproxirnizlely  purallel  :
rows, wiziclz  cun be inrerpreted  as car- ‘i
rrspotzdirzg lorzgiludinally  to tize  spaces . *
between rhe nzyofibrils  and transversely t
IO the Z regiorzs of the myofibrils. .tL

i
On the basis of his well-known ex- i

periments on the inward conduction i:
of excitation in striated muscle, Hux- {
Icy (1) suggoslcd  (hat rhe simplest ex- .\.
planation of’ his findings was that a.!
transverse tubular network must exist ‘t
with its lumen communicaring with the :
cxtracellul;lr sp:lce,  Continuity between .:
the  lumen o.f the rransversc  tubular  b
system [T system (2 ) )  and  Ihe ex- ?,
traccllular space was first suggested on !
the basis of electron-microscopic evie ;I
dcnce in manlmalian cardiac muscle ;.
(3). and further observations have con- $+
firmed that such a continuity exists J
both in mammal ian  myocardium (4) 5
and in many other types of striated +;
fllllscle ( 5 ) . ji

The electron-microscopic evidence  ‘f
of this continuity has hitherto been  ob- ‘;i
taincd from sectioned material. T h e
development of “freeze-etching” (6) for
electron microscopy has permitted a
new approach to the study of the sur-
face relationships of the tubular SYS-

terns in muscle.  We have studied
guinea pig cardiac (papillary) muscle
using this technique (6). The “freeze-
etching” process was carried out with a
Erlzers freeze-etch apparatus (7) which
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