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ABSTRACT 

The loss of kinetoplast DNA in Leishmania tarentolae, which occurs in the presence of low 
concentrations of acriflavin, was found to be a result of selective inhibition of replication of 
this DNA. Nuclear DNA synthesis was relatively unafTectcd and cell and kinetoplast divi­
sion proceeded normally for several generations. An approximately equal distribution of 
parental kinetoplast DNA between daughter kinetoplasts resulted in a decreEisc in the 

' average amount of DNA per kinetoplast. The final disappearance of the stainable kineto­
plast DNA occurred at a cell division in which all the remaining visible kinetoplast DNA 
was retained by one of the daughter cells. The selective inhibition of kinetoplast DNA 
synthesis was caused by a selective localization of acriflavin in the kinetoplzist. The ap­
parent intracellular localization of dye and the extent of uptake at a low dye concentration 
could be manipulated, respectively, by varying the hemin (or protoporphyrin IX) concen­
tration in the medium and by adding red blood cell extract (or hemoglobin). Hemin and 
protoporphyrin IX were found to form a complex with acriflavin. During growth in acri­
flavin, cells exhibited an increasing impairment of colony-forming ability and rate of 
respiration. No change in the electrophoretic pattern of total cell soluble proteins was 
apparent. The data fit the working hypothesis that the loss of kinetoplast DNA leads to a 
respiratory defect which then leads to a decrease in biosynthetic reactions and eventual 
cell death. A possible use of the selective localization of acriflavin in the kinetoplast to 
photooxidize .selectively the kinetoplast DNA is suggested. 

I N T R O D U C T I O N 

The kinetoplast is a specialized portion of a mito- flagellum. It stained dark with dyes, such as 
chondrion containing a large amount of DNA. Giemsa's, and was Feulgen-positive (Bresslau and 
This organelle is characteristic of flagellates of the Scremin, 1924). Numerous electron microscope 
order kinetoplastlda (Honigsbcrg et al., 1964), and hislochemical studies have since shown this 
and seems to be especially adapted for the complex granule to be a specialized portion of a highly 
life cycles of the.se mostly parasitic cells (Vicker- extended, convoluted mitochondrion (Clark and 
man, 1962; Rudzinska et al., 1964). The historical Wallace, 1960; Ris, 1962; Rudzinska ct al., 1964; 
"kinetoplast" (Rabinowitsch and Kcmpner, 1899) Schulz and MacClure, 1961; Steinert, 1960, 
was a small granule located at the base of the 1964; Trager and Rudzinska, 1964; Anderson and 
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Ellis, 1965; Vickerman, 1962). The staining 
properties result -from the existence of a flbrous 
bundle of DNA situated anteriorly within the 
mitochondrial matrix directly opposite the basal 
body of the flagellum. The DN.A-coniaining por­
tion of the chondriome charactcristicaUy is a 
lightly concave, elongated disc-shaped structure 
which has typical mitochondrial cristae toward the 
posterior portion and mitochondrial tubules ex­
tending from its lateral ends. It is likely that in all 
the hemoflagcllates (family, Trypanosomatidae) 
the entire mitochondrial complement of the cell 
is connected to the disc-shaped body containing 
the stainable DNA. This portion ofthe chondriome 
is a permanent fixture of the cell, whereas the 
mitochondrial ramifications are variable in both 
extent and appearance (Vickerman, 1962). The 
term kinetoplast will be retained to distinguish 
the disc-shaped structure, even though it is not a 
separate organelle. 

The kinetoplast DNA diflfers from the nuclear 
DNA in buoyant density in CsCl (du Buy et al., 
1965; Riou et al., 1960), and in annealing be­
havior (clu Buy et al., 1966). Steinert and Steinert 
(1962) found that it replicates within the nuclear 
S period, unlike all other mitochondrial DNA 
which have been studied carefully (Evans, 1966; 
Parsons, 1965; Neuberi ct al., 1965). The in vivo 
molecular weight of the kinetoplast DNA is 
unknown. 

One ofthe most interesting and useful propenies 
of the kinetoplast is its susceptibility lo elimination 
by certain dyes (Werbiizki, 1910). Trager and 
Rudzin.ska (1964) and Miihipfordt (1963) found 
by electron micro.scopy that dye-induced so-called 
"'akinetoplastic" cells lack the kinetoplast DNA 
structure but retain the kinetoplast membranes. 
There is no change in the fine structure of the 
nucleus or of other cytoplasmic organelles. How­
ever, the mitochondrial cristae appear degenerate. 
Trager and Rudzinska proposed the use of the 
term "dyskinetoplastic" rather than the previous 
akinetoplastic, because of the retention of the 
mitochondrial membranes. 

The existence of such dye-induced "mutants" 
provides a convenient tool for study of the po.ssiblc 
genetic role of the kinetoplast DNA. However, the 
production of dyskinetoplastic cells is not a repeat-
able, controllable process. No one system has been 
worked out in terms of cultural conditions, I'c-
pcatability, and mechanism of action of the dye. 
This paper provides such a study. Fairly optimal 

exi)eriincnial conditions for the production of 
dyskineiopla.stic Leishmania tarentolae cells by 
acriflavin were obtained, and the mode of action 
of acriflavin was investigated. 

M A. T E KIA .V. S A iN O M .13 T1 f O I) S 

Maten'xils 

Neutral acriflavin was purchased froni Nutritional 
Biochemicals Corporation (Cleveland,. O.); acridine 
orange wiis purchased from .Mlied Chemical Corp. 
(National .^nalino Division, New York). llford L-4 
emulsion was purchased from llford Clieinical Com­
pany, England. Kccrystnllized hcniin was obtained 
from the .Nutritional Biochemicals Corporation, 
protoporphyrin I \ . from Calbiochem. (Los Angeles, 
Calif), and rccrystallized horse hemoglobin from 
Pentex, Inc., Kankakee, III. 
• Thymidine-''!-! (specific activity 6.7 c/inuiole) was 
purchased from the New England Nuclear Corp. 
(Boston, Mass.) and Tergito! TP-9 from Union 
Carbide Corporation (Chemical Division, New York). 

.Media 

Ked blood cell cxtr.-ict was prepared from horse 
red blood cells washed once with Locke's solution. 
The cells were resuspended in 2 volumes of Locke's 
solution and were frozen and thavi'cd three times in 
eth;inol-dry ice. .Stroma were removed by centrifug­
ing at 18,000 g for .W min at 4°C. The extract was 
stored frozen at — UO°C in sin.'ill quantities. The 
standard addition to mediuni C (Trager, l'J.̂ 7) in­
volved a 1/30 dilution which gave a linal hemoglobin 
concentration of '.̂ .G iiig/inl. The iiie;isured liemo-
globin heme was 110 /ig/ml (.\cufeld et al., 1958). 

Ijlemin was dissolved its the hciiiutin molecule in 
0.0.5 N NaOI-l at a concentration of 2 mg/ml. It was 
sterilized by filtration through Millipore H.A filter 
and stored frozen in small quantities.- Unless other­
wise noted, lieinin was standardly added at a con­
centration of 24 ^g/ml to iiicdiuiii C Just prior to 
inoculation. 

The standard iiiediuiii to wiLsh cells (SBG) con­
sisted of 0.1."i M NaCI-0.02 M glucose-0.02 M phosphate 
bufTer (pH 7.9). 

.•\crillaviii was dissolved in redistilled water at I 
iiig/iiil, sterilized by autocl.'iviiig, and kept in dark­
ness at 4°C. The same bottle of dye was used for all 
experiments. 

Celli, 

A strain of Leishmania lareniolae was used which has 
been growing continuously in a deiined iiiedium 
(medium C; Trager, l'J.57) since lO.'iD. Cells were 
grown at 27°C in the dark in '.V) ml of medium C in 
station:u-y 2.')0-ml ir.rleniiieyer llasks equipped with 
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cotton plugs wrapped in gauze ;u»d covered with 
p.irafiliii, or in 300-ml quantities in 2.')00-iiil llat-
bottomed flasks. No antibiotics were used. Qiltures 
were inoculated with about 0.5-1.0 X 10' cells per 
milliliter. Cell counts were made by diluting a 
sample l ; l with '.^.7% formalin in 0.1.1 M NaCI-
0.015 M Na citrate (pl-l 7.0), and counting .'«):)-C00 

. cells in a heiiiaeytoiiieter at X 4110. 
Before being stained with Giemsa's, cells were 

mixed with an equal volume of 1% albumin in 0.25 
M sucrose, centrifuged down at 2,.500 rpm for 10 min 
(International PR-2 refrigerated centrifuge), and 
smeared. Smears were rapidly air-dried, fixed with 
absolute methanol for 5 min, and stained with 
Giemsa's for 30 min. 

CsCl Gradieid Cciitrifvyation 

This procedure was carried out according to 
Meselson et al. (1957). The solutions were centrifuged 
in a Spinco model iL at 44770 rpm for at least 20 hr. 
Tracings of the UV absorption negatives were 
obtained with a Joycc-Loebcll densitometer. 

holatiwi of DNA 

The phenol-pH 9 method of Saito and Miura 
(1963) was used. If little material was at hand, the 
aqueous layer of the phenol extract was extracted 
10 times with ether and dialyzed for 3 days against 
four changes of 0.15 M NaCl at 4°C. It w.xs then 

Total Cell DNA - Leishmania tarentolae 

Ayo =0.013 g/cc 

p =1.712 g/cc 

/» =1.716 g/cc ! 

treated with 10 /ig pancreatic ribonuclease per 
milliliter for 30 min at 37°C and quickly dialyzed 
again. D \ . \ concentration was measured by the 
Burton (1956) modification of the diphenylaminc 
assay, with calf thymus D.M.A as a standard. 

Fluorescence Micro-tcopi/ 

A Zeiss fluorescence microscope was u.sed with 
excitor filters BG-3 and BG-12 and barrier filters 
50-47. 

liadioaiiftxjraphjj 

The cells were smeared onto presubbed slides 
(Caro, 1964),' air-dried, and li.xed in methanol. 
Enzyme digestion was perfornied at this point if 
desired: dcoxyribonuclcase, 0.02% in 0.02 M phos­
phate bufi'er, 3 niM MgSO^ (pH 6.11) 2 lir at 24°C. 
The slides were then extracted with cold 5% 
trichloroacetic acid for 5-10 min, given four 30-min 
washes in 70% ethanol and a 5 min wash in 95% 
ethanol, and air-dried. They were dipped in 1:1 
diluted llford 1.-4 emulsion, dried, and stored in 
light-proof boxes at 4°C. Exposed slides were de­
veloped with Kodak D-19 developer (Eastman Kodak 
Q)., Rochester, N. Y.). If necessary, they were 
stained with Giemsa's according to Gude et al. (1955). 

Visible irr(i(U(tt.ion nj L. Tarentolae 
Cells were treated with acriflavin for .'i-5 hr at 

27°C in medium C and then wiushed three times in 

Dyskinetoplastic Leishmania tarentolae 
Total Cell DNA 

.SP-8 
I' marker 

DNA 

FiGUHK 1 CsĈ I iiiiiilyliciil iillraeeiitrirugnlioM of total cell l.)N.\ from iiorinsil («) and 70% dyskiiiuln-
plastie (6) L. tarentolae. Phage Sl*-8 DN.\ was used as a density iiiarkor. 
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Fiui.'KK 2 'J'lie inliibition of kinetoplast l ' ) \ . \ .synthesis by iieriflaviii. Cells wore in mediuni C with (n) 
and witliuut (b) i-uil liluod cull exlniet. Dye was iidilod nt 0 lir, .samples of tlio eultiii-os were eiiiitrifugod, 
iind lliu pullets were I'esuspuiKlud in (l.'2 ml medium C, 1% bovine .serum albumin. Tliesu .samples were lliuii 
given 30-iiiin pul.scs of tliyiiii(liiiu-''ll (iiO jur/iiil; (i.7 c/iiimolvs) at tlic indicated times, smeiii-ed, and proc-
e.s.sed fur i-adioautogrHpliy. Dye-treated cells were cumpiirud to uiitii-nted coiitrnls at eaeli point.. Tliu 

. folluwiiig metliiHl was used to C!il(:iil:ite per euiit inliibition of kinetoplast D.N'A .synthesis: (;V, iiuelu 
label; A', kiiiuloplnstic label; e, eoiitrol; and /'.', e.\perimuiital): 

%(;V -I- K)r + %/vV| - [%(;V -\- K)^ + %/v^.| 

[%C:V -t- /O, -t- %/vVl 

luar 

KiuuiU': S Uailioautogrnpli of incorporation of tliymi-
(liiiu-'M into nuelunr (N) and kinetoplast (K) DN.'\ of 
/.. tarentolae. Grown for six genuriitioiis in presence of 
label. 1 niniitli cxposui-e. I'lia.su-coiitrasl; X 1000. 

SBG. The cells were irradiated in 2-inl portions in 
Pyrex tubes (1.3 cm lu) and stirred with a small 
magnetic bar. The light source was a water-filtered 
xenon arc lamp (Bausch & Loiiib Incorporated, 
Rochester, N. Y.), with an intensity of approximately 
0.68 X 10' erg/cmVsec.' 

Agar Plating 

The cells were plated by spre.iding 0.1-0.2 ml of 
cells in SBG-1% bovine serum albumin evenly over 
the agar surface by tilting. The plates were taped. 

1 1 thank .VTr. 
measurement. 

Paul Rosen for carrying out this 
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inverted, and stored at 27°C. The agar medium con­
sisted of 1% Bactoag.-ir (Difco Laboratories, Detroit, 
Mich.) and 2.5% rabbit blood. 

Electrophoresis and Protein .'l,i,ia!/ 

The Ixjwry et al. (I'J.'il) Folin-pheiiol ;is.s;iy was 
employed with bovine serum albuiiiiii as the standard. 

Electrophoresis was carried out on I X 'Jj.i inch 
strips of Sepraphore III (Gelmaii Insli-uinent Corpo­
ration) at 450 V for 4.'iiiiin at 4°C in high resolution 
buffer, pH H.ti, (Gelman Inslrunienl Company, .Ann 
.'\rbor, Mich.) diluted in proportions of one packet 
per 2200 ml of water. Strips were stained with Pon­
ceau S in 5% irichloroacetic acid and destained in 
acetic acid. 

R E S U L T S 

Afo(h of Action of .'Icrijl/ivin 

LOSS OF THE sATiii.LiTii BANo: Total Cell 
DNA isolated from normal L. tarantolae gave 
two bands on CsCl equilibrium gradient centrifu­
gation- (Fig. 1 a), the .satellite being lighter in 
buoyant density and hence higher in per cent 
adenine plus thymine if no unusual bases were 
present (Schildkraut et al., 1962). The satellite 
band, which represented 5-10% of the total cell 
D N A in several CsCl gradients, could not be 
found in total cell D N A from 70% dyskinetoplastic 
L. tarentolae (Fig. 1 b). This indicates that the 
satellite is probably kinetoplast DNA. However, 
by use of another method, light microscope radio-
autography of cells labeled over six generations, 
the relative amount of kinetoplast DNA in normal 
cells was found to be 21%. 'I'he most probable 
explanation for the failure to observe the expected 
value of kinetoplast DNA in the phenol-extracted 
preparation is a difl'erential dissociability of the 
two types of DNA from their respective proteins 
and a loss of the protein-bound kinetoplast DNA 
in the interface. 

The sedimentation rate of the nuclear DNA, 
mea.surecl by velocity .sedimentation in sucrose 
gradients, was relatively unaffected by the acri­
flavin treatment. 

INHIBITION OF KINETOPLAST DNA REP­
LICATION : A rapid inhibition ofthe synthesis of 
kinetoplast DNA was brought about by treatment 
of cells with acriflavin (Fig. 2). Concentrated 
samples of cells were given 30-min ]>ulses of 
thymidine-'H in medium C containing 1 % bovine 

" I would like to thank Dr. David T.uck for assistance 
with the analytical ultracentrifugation. 

serum albumin and then were smeared and proc­
essed for radioautography. The acid-insoluble 
label was demonstrated to be in DNA by the use 
of DNase digestion of control slides. The kineto­
plast grains could easily be distinguished from the 
nuclear grains, as illustrated by the overexpo.sed 
radioautograph in l<'ig. 3. 

Two acriflavin concentrations were examined: 
47 and 333 m/xg/ml. It will be shown later that the 
optimal level for the production of dyskineto­
plastic cells under the proper cultural conditions 
is approximately 150-200 m/ig/ml. .As seen in 
Fig. 2 a, the inhibition of kinetoplast DNA syn­
thesis in medium C with red blood cell extract 
rapidly reached a maximum of 50 -60% with 47 
m/ig/ml and 90-100% with 333 m/ug/rnl. The 
actual data are given in Table I. 

The ab.sence of red blood cell extract in the 
culture medium (medium C) decreased the rate 
and extent of inhibition of kinetoplast DNA syn­
thesis (Fig. 2 b). The use of red cell extract derived 
from Trager's observation (Personal communica-

T A B L E I 

Elfecl of Aciiflavin on DNA Synthesis in 
L. lareniolae 

Acrillavin 

ninfilnil 

0 

47 

:v« 

Time 

lir 

0 
1.3 

10.5 
Iti 
0 
1.3 

10.5 
18 
0 
1.3 

10.5 
18 

Cdl.1 
l:iliclcil 

% 
16 
23 
35 
31 
14 
21 
36 
34 
IC 
20 
27 
19 

Dislrihiiliiin i>ri: 

X + K ff 

% % 
81 18 
83 13 
•.)2 4 
92 7 
80 17 
52 46 
41 .57 
40 .18 
.50 48 

3 97 
2 98 
0 100 

ibcl 

K 

% 
I 
4 
4 
1 
3 
2 
2 
2 
2 
0 
0 
0 

The d:ita for Fig. 2 a. Cells were grown in medium 
C with red blood cell extract and hemin at 20 
/jg/inl, pulsed with thymidine-'H for 30 min at 
the indicated times, and processed for radio-
autography. The percentages of cells having both 
nuclear and kinetoplast label (A' -|- K), pure 
nuclear label (N), and pure kinetoplast label (A') 
are given. .An organelle was scored as labeled if 
it had more than two grains. 200-500 cells were 
counted for each point. 
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tion.) that the production of dy.skinetoplastic cells 
was greatly stimulated by such an addition. 
Human, horse, and rabbit red blood cell extracts 
and horse hemoglobin, all were equally effective. 

The increase in the ixircentage of cells under­
going total DNA synthesis (cells with moi°e than 
two grains) with time, at the various acriflavin 
levels, is shown in Fig. 4. The higher acriflavin 
concentration clearly affected the rate of total 
cell DNA synthesis more than the lower concen­
tration. It was also demonstrated by direct count­
ing exiKriments that low acriflavin concentrations 
had no great effect on total cell uptake of thyini-
dinc-"C over a 2 hr period. These facts indicate 
that the lower acriflavin level, which inhibits 
kinetoplast DNA synthesis by 50-60%, has no 
great eftect on nuclear DNA synthesis, whereas 
the higher level significantly aflects nuclear DNA 
synthesis also. The failure'(in Fig. 4) to ob.serve a 
significant dilTcrence in the presence (a) or ab­
sence (A) of red blood cell extract is probably due 
to the procedure of scoring a cell as undergoing 

DNA synthesis if it has more than two grains over 
the nucleus or kinetoplast. The inhibition of 
kinetoplast DNA synthesis would not be apparent 
in this method. 

It should be noted that all dye concentrations, 
unless othei-wisc indicated, were prepared on a dry 
weight basis with commercial "neutral acriflavin" 
(Nutritional Biochemical Corporation). Purified 
acriflavin gave identical i°esults at lower dye con­
centrations. 

KINETICS OF I.OSS OV STAINAIILE KINETO­
PLAST D N A : The increase in the percentage of 
dyskinetoplastic cells as a function of time of 
growth in a fairly optimal level of acriflavin was 
measured (Fig. 5). Cells were scored from Giemsa-
stained smears and only those cells having nothing 
at all visible in the kinetoplast region were termed 
dyskinetoplastic. Cells with small dots for the 
kinetoplast were termed "normals," although they 
are clearly abnormal in their content of kineto­
plast DNA. Since the staining properties of the 
kinetoplast arc due mainly, if not entirely, to the 

FiG'ijiii': 4 'i'lie cffoct of iierifliivin on 
tlic puR-ciitagc of cells undergoing tntiil 
DNA syiitliesis. See Fig. 2 for details. 
Cells with more tliaii two grains were 
seoi-ud as undergoing DN.A s,yiitliusis. 
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kinetoplast DNA (Steinert, 1965), the size of the 
kinetoplast granule is a valid indication of the 
amoimt of DN.A. The loss ofthe ability ofthe kine­
toplast to stain with Giemsa's after DNase treat­
ment of fixed smears was confirmed for L. tiirrntolac. 
The complete loss of acridine-orange staining of 
the kinetoplast region of dyskinetoplastic cells was 
also confirmed for L. lareniolae. 

Fig. 5 also presents the growth curves of the un­
treated and acriflavin-treated cells. The log-pha.se 
growth rates ai°e indcntical (9 hr doubling time), 
but there is some inhibition of the final cell yield 
under these cultural conditions. The cui-ve for the 
percentage of dyskinetoplastic cells shows a lag for 
about 20 hr, then a sharp rise and a plateau. When 
plotted against the number of cell divisions, the 
increase in dyskinetoplastic cells is linear after 
three cell divisions, as would be expected con­
sidering the hypoihesis that the kinetoplast DNA 
is inhibited from replicating and is being diluted 
out. 

MORPHOLOGICAL DISTRIBUTION OF STAIN­

ABLE KINETOPLAST DNA DURING GROWTH 

70 I 

50 o 

40 =r 

80 100 40 60 
Time (hr) 

FiGLHE M Kinetics of tlie elVoet of aeriflaviii on L. 
tarentolae. Coniparisoii of the growth curves of cells 
with und without neriflavin at a fairly optimal Icvd 
(130 m/ig/iiil), and the kinetics of appearance of 
coni|>letcly dyskiiivtoplnstie cells. Cells weiv in medium 
C, with i-ed blood cell extract; tlic licinin eoneenlratinii 
was 5 lig/ml. 

IN ACRIFLAVIN: For comparison with dyc-
trcated cells, normal, untreated cells are shown 
in the micrograph of Fig. 6. The stainable kineto­
plast (A') is visible as a prominent dark granule at 
the base of the flagellum. The other granules ob­
served in the vicinity of the nucleus in the cells at 
the lower left are most probably "volutin" gran­
ules as described by Ormerod (1901). 

The dye-treated situation is schematically repre­
sented in Fig. 7, which shows the major division 
forms seen in a log-pha.se, acriflavin-treated cul­
ture. The first few divisions in the presence of the 
dye produce a decrease in the size of ihe stainable 
kinetoplast, as illustrated by the micrograph in 
Fig. 8 a. 

The final disappearance of the stainable kineto­
plast occurs at an "all and none" division, which 
yields one normal and one dyskinetoplastic cell 
(Fig. 8 b and «). These obsei'vaiions would indicate 
that the percentage of such all and none divisions 
increase with time. This is verified in Fig. 9. 

The transverse nature of the all and none divi­
sions presented in Fig. 8 b and c and the longi­
tudinal nature of the normal divisions in Fig. 8 a 
arc purely fortuitous and mci-ely represent difler­
ent times in the division process. 

Completely dy.skinetoplastic cells can continue 
to divide at least once. This is demonstrated by 
the data in Table II in which are presented the 
percentages of binucleate division forms of normal 
and dyskinetoplastic cells during growth in acri­
llavin. Binucleate division forms of dyskineto­
plastic cells occur at about one-half the rate of 
normal cells. Such forms are shown in the micro­
graphs of Fig. 8 d, e, and / . Table I l i a gives the 
actual percentages of each of the major division 
forms seen in slides prepared at various times 
during growth in acriflavin. 

Table III /; demonstrates that the total number 
of cells having some kinetoplast DNA increases 
approximately logarithmically for two to three cell 
divisions and then remains constant, as would be 
implied by a failure to transfer replicates of kineto­
plast DNA into both daughter cells. 

ACRIFLAVIN ' D O S E - R E S P O N S E CURVES, 
CO.MMERCIAL D V E : The variation in final cell 
yield and percentage of dyskinetoplastic cells with 
the acriflavin concentration is shown in Fig. 10. The 
cells were grown lo stationary phase in medium C 
with (a) and without (h) red blood cell extract. 
The hemin concentration was 5 ju/ml. In both 
ca.ses there is an increasing inhibition of cell growth 
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KiniJKE (i Noi'iiisil, iinta-aled /.. tarentolae grown in iiiediiim C. (iiuiiisii shiiii. Tlio stainable kiiiuioplast 
(A') and llie nueluiis (N) arc apparent. X LKIO. 

(a) Dyskinetoplastic cells 

IN-OK-IF IN-0K-2F 

0 Normal cells 

IN-IK 

2N-0K-2F 

IN-2K 
005 

2N-2K 

(bcr; 

2N-1K IN-IK-2F 

FiGUKE 7 Selieiiiatie diagraiii of major division forms 
.seen in fiieiiisa-stiiiiied smears of cells growing in 
presence of neriflavin (13(1 m/ug/ml). .V, nucleus; A', 
kinetopliist; F, fliigellum. 

with increasing concentration of dye. The per­
centage of dyskinetoplastic cells reaches a maxi­
mum at about 50% growth inhibition and then 
drops or reaches a plateau level. 

The presence of red blood cell extract (Fig. 10 a) 
increases the maximum percentage of dyskineto­
plastic cells obtained but does not greatly affect 
the total cell yields under these cultural condi­
tions. 

An identical experiment at a high hemin con­
centration (20 /ig/ml) is shown in Fig. 11. In this 
case the presence of red cell extract both increases 
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FiGiJiU': 8 .Abburraiit division forms seen in aeriflavin-treatod (13(i iiijit/iiil) eiilliiru. u mid b. Decrease 
in size of stainable kinetopliist (A') upon cell division, c, all and iiniu: kinetoplast division (arrow), il-f, 
Division of dyskinetoplastic colls (sirrows). (•iu.siiia stiiiii. X 13(X). 
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FlGUKE !) Tlie iiiereii.st; in tliu percentage of all and 
none division forms during growlli in presence of acri-

. flavin (13(i musr/inl)-

the maximum percentage of dyskinetoplastic cells 
obtained and causes a greater inhibition of cell 
growth at lower dye concentrations. The data 
from this experiment arc replotted in Fig. 12 as 
the jxirccntage of inhibition of cell growth, so 
that the eflect of red blood cell extract in increas­
ing the .sensitivity of the cells to the dye can be 
seen more clearly. 

A C R I F L A V I N D O S E - R E S P O N S E C U R V E S -

PURii-iED D Y E : ' Acriflavin (2 ,8 d iamino- \ -
methylacridinium chloride) was purified from 
commercial "neutral acriflavin" by the method of 
Albert (1966). Purity was ascertained by paper 
chromatography on Whatman No. I paper in 
butanol-5-.iV-acetic acid (7:3) (Albert, 1966, page' 
150). Purified acriflavin gave an Rj of 0.54 and 
praflavin 0.63. The absorption spectrum of the 
purified sample in phosphate buffer (pl-l 6.8, 
r / 2 = 0.1) was identical with that reported by 
Tubbs et al., (1964) for purified acriflavin. Com­
mercial acriflavin .separated into two components 
on chromatography, corresponding to proflavin 
and acriflavin. The molar extinction coefficient of 
4.68 X 10' (452 m/i) of Tubbs et al. (1964) was 
used for calculation of concentrations of the pur­
ified acriflavin. 

A comparison of dose-response cuives of cells 

treated with commercial acriflavin (a) and puri­

fied acriflavin (A) is shown in Fig. 13. The morpho­

logical response to purified acriflavin is identical 
with the response to the commercial dye discu.ssed 
above. However, the optimal concentration of 
purified acriflavin (6), in terms of percentage of 
dyskinetoplastic cells, is 60-90 m/xg/ml, whereas 
the optimal concentration of commercial dye is 
about 200 m^g/ml (a). Also the initial slope of the 
curve for [xir cent dyskinetoplastic cells with^puri-
fied dye is approximately twice that o^ the curve 
with commercial dye. This implies that the im­
purities in the commercial dye arc inactive in 
producing dyskinetoplastic cells and possibly even 
inhibitory. This was verified by re]jcating the 
above experiment with proflavin (dihydrochloridc; 
Allied Chemical Corp.), the main impurity in 
commercial acriflavin. Fig. 14 demonstrates that 
proflavin is entirely inactive in both the inhibition 
of cell division and the production of dyskineto­
plastic cells until it is in a relatively high con­
centration (790m/tig/ml). However, the normal 
amount of 20% proflavin in commercial acriflavin 
could nol account for the large differences ob­
served, unless the proflavin were competing with 
acriflavin and inhibiting its effects; but this was 
not investigated. 

THE EFFECT OF HEMIN ON THE RESPONSE 
TO ACRIFLAVIN: L. tarentolae is a hemin-
dependent organism; protoporphyrin I X (27 
/ug/ml) and iron could not substitute for hemin 
in medium C. As demonstrated above (Figs. 10 
and II), the quantitative rcsponse to acriflavin is 
highly dependent on the hemin concentration, 
especially in the presence of red cell extract. A 

T.ABLE II 

Division Forms of Dyskinetoplastic antl Normal 
Cells from Same Culture at Various Times During 
Growth in Presence of Acriflavin {136 mug/ml) 

Time 

hr 

15 
39 
49 
60 
84 

Ovtikinclciplastic 

% 
0.7 

16 
31 
44 
C2 

Biniiclc.-iic 

Nurmnl 

% 
10 
10 

c 
10 
10 

division rorin.1 

Oyskinctoplastir. 

% 
— 
4 
3 
3 
4 

•' These experiments were performed in collaboration 
with Mr. .Andrew Balber. 

The medium contained red blood cell extract and 
hemin (20;ig/ml). 
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T A B L E III 

Percentages of Major Division Forms in Acriflavin-Trealed Culture and Increase in Normal Cells During Growth 
of Culture 

.Time D) 

hr 

15 
39 
49 
60 
84 

Time 

hr 

0 
22 
51 
70 
95 

•akinetoplastic 

% 
0.7 

16 
31 
44 
62 

Dyskineto­
plastic 

% 
0 
7.0 

53 
65 
69 

IN-OK-IF 

( 0 ^ 

% 
— 
94 
91 
93 
95 

Dyskinctophistic 

IN-0K-2F 

(o^ 
% 
— 
2 
0 
4 
1 

Table III a 

2N-0K-'.JF IN-IK 

(oo^ ( o . ) -

% 
— 
4 
3 
3 
4 

% 
80 
86 
85 
79 
85 

Table III b 

Cell concentration 

X «•/'"' 

1. 
5. 

15 
18 
20 

0 
5 

IN-2K 

(o:#= 

% 
10 
1-
8 
6 
6 

Normal 

2N-2K 

% 
9 
7 
3 
5 
2 

No. 

2N-1K 

)= ( O O - : ^ 

% 
1 
2 
3 
5 
8 

normals 

X/O'/"' 
I.O 
5.1 
7.4 
6.4 
6.3 

IN-1K-2F 

( o . ^ 

% 
0 
I 
1 
5 
I 

The cells were in liiediuin C with red blood cell extract and hemin at 20^g/inl. The acriflavin concentra­
tion was 136 nv<g/ml (commercial dye). 2(X)-()00 cells were counted for each value. Tables III a and h 
represent separate experiments. Â , nucleus, K, kinetoplast; F, flagellum. 

growth-dose rcsponse curve for untreated normal 
cells is presented in Fig. 15. Cells could be sub-
cultured continuously at 0.2 /ig/ml, although the 
standard hemin concentration in Trager's (1957) 
mediuni C was 24 /ig/ml. Continuous growth at 
0.2 /ig/rni had no effect on the shape of the growth 
curve or on final cell yield.s. The actual minimal 
nutritional requirement for hemin is probably 
even lower than 0.2 /ig/ml because hemin tends 
to form aggregates in aqueous solutions (Shack 
and Clark, 1947). It is of some interest that the 
hemin-deprived cells had long flagella, unlike the 
vitamin-deprived cells of Trager (1957) which 
were aflagellate. . 

The situation with dye-trcated cells was quite 
different and is shown in Fig. 16. The percentages 
of dyskinetoplastic cells obtained at each hemin 
•level are plotted on the same graphs. Proto­
porphyrin IX could substitute for hemin, in this 
effect, in approximately equimolar quantities, 
provided the cells were given, in addition, the 

minimal nutritional requircment of 0.2 /tg hemin 
per milliliter. 

It is clear from Fig. 16 a that increasing the 
hemin concentration in the presence of red blood 
cell extract allows morc cell divisions to occur and 
thereby produces a greater yield of dyskineto­
plastic cells. This is shown morc clearly in Fig. 17, 
in which the data from Fig. 16 a arc rcploited in 
terms of percentage of dyskinetoplastic cells 
versus percentage inhibition of cell growth by the 
dye. Rccrystallized horse hemoglobin could sub­
stitute for horse rcd blood cell extract in this eflect. 

In the absence of rcd cell extract (Fig. 16 h) the 
cells arc aflected by acriflavin only at low hemin 
levels (< 10/ig/ml). This experiment agrees quite 
well with that described prcviously in Fig. 10. 
Fig. 16 b also demonstrates that the action of red 
blood cell extract is not due to its being a supplier 
of hemin, in the form of hemoglobin. This was 
demonstrated more directly by giving to cells 
with low-hcmin increasing concentrations of rcd 
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matic diagram of the effect of hemin and also red 
blood extract on the localization of acriflavin at 
various concentrations. 

Red cell extract seems mainly to increase the 

100 200 300 

Acriflavin concentration lmfiq/m\) 

FiGUitK 10 Acriflavin dase-rc.spon.sc curve at a low 
hemin level (5 /tg/nil). Cells grown for 4 days in 
medium C with (a) and without (6) red blood cell ex­
tract. 

180 270 S60 ' 440 S30 
Acriflavin cancGn;;a1ion (nyig/ni!) 

FlGUKE 11 Acriflavin dose-response curve at high 
lieniin level (30 /ig/ml). Cells grown for 4 day.s with 
(u) and (h) without red cell CNtraet. 

blood cell extract in the presence of acriflavin, 
and getting no release from growth inhibition 
(Table IV). 

It is of some interest that dyc-trcatcd cells = 
grown with less than 20 /ig hemin per milliliter ^ 
arc aflagellate, unlike those grown in absence of -
dye. It is possible that the dye inactivates certain 1 
vitamins at low hemin concentration or competes 5 
with such vitamins (such as riboflavin, for exam- g 
pie) for uptiike into the cell, and thereby inhibits .| 
formation of flagella. s 
ROLE OF RED B L O O D CELL EXTRACT AND 

HEMIN ON UPTAKE AND LOCALIZATION OF 

ACRIFLAVIN IN THE CELL: Cells treated with 
low levels of acriflavin at high hemin levels 
wcrc found by fluorescence microscopy to have 
an apparent exclusive kinetoplast localization of 
dye (Fig. 18). Cells treated with acriflavin at low 
hemin levels were observed to have the dye in the 
nucleus and cytoplasm as well. Fig. 19 is a sche-

fiemin concentration = 20 / ig /ml 

30 40 30 60 70 I 
Infiibiiion of cell growtfi (per cenil 

FIGURE 12 Variiition of percentage of dyskineto­
plastic cells with per cent inhibition of cell growth by 
various eonccntratinns of acriflavin. Data from experi­
ment in Fig. II. 
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total uptake of dye by the cell and apparently does 
not greatly affect the intracellular distribution. 

It should be noted that cells treated with the 
concentration of acriflavin which produces the 
maximal per cent yield of dyskinetoplastic cells 
(136 m/ig/ml) have the dye mosdy in the kineto­
plast, but also in the nucleus and cytoplasm. This 
explains why the maximal percentage of dys­
kinetoplastic cells is produced at a growth inhibi­
tion of 50-70% (Figs. 12 and 13). 

240 360 4S0 
Dye concentrotian (m^ATU) 

600 Tso'Dso eno 

FlGUKE 13 Comparison of d<>sc-resi)0ii.sc curves of 
cells treated (in niediuiii C with red blood coll extract) 
with cnimiiei-cial neutral acriflavin (n) and purified 
acriflavin (/j). Uracil point in b is the average of three, 
flasks with the given range. 

The question arises about the mechanism in­
volved in the ability of hemin to produce the 
observed effect. The possibility that hemin 
quenches the fluorescence directly or destroys the 
dye by peroxidation was examined qualitatively. 
It was found that the addition of 20-200 m/ig 
hemin per milliliter to various concentrations of 
acriflavin (I-IOO /tg/ml in 0.02 M Tris-HCl, pH 
7.6, or in medium C) had no discernible effect on 
the fluorescence of the dye as observed under low 
power (XlOO) by Huore.scence microscopy. More­
over, the addition ofa few drops of 30% hydrogen 
peroxide to 2 ml of the acriflavin-hemin solution 
caused no apparent diminution in the intensity of 
fluorescence within 10 min. Hence it is unlikely, 
but not completely disproven, that hemin directly 
quenches extrakinetoplastic dye fluorescence or 
destroys the dye by p>eroxidation. 

The possibility was examined that hemin acts 
at the cell membrane and limits the total uptake 
of dye. Cells were pretreated with acriflavin (50 
m/ig/ml) in low-hemin medium C containing red 
blood cell extract, and then a high concentration 
of hemin (20 /ig/ml) was added. Prior to the 
addition of the hemin the dye had been visible in 
the kinetoplast, nucleus, and cytoplasm. After 1 
hr in the high-hemin solution the.-e was a marked 
diminution of fluorescence in the cytoplasm and 
nucleus but no obvious effect on the kinetoplast 
fluorescence. These results indicate that hemin 
acts within the cell and either releases the dye or 
quenches its fluorescence. It remains an open 
question whether hemin also affects the relative 
intracellular distribution of the dye. 

COMPLEX FORMATION BETWEEN A C R I -

70 

60 -

9 50 

I 20 

I " I I I "1 
120 BO 240 300 360 420 480 S40 600 

Proflavin concentration (ni^gAnl) 

KiGUiiE 14 Iniietivity of proflavin in 
the inhibition of cell growth and 
pro<luctinn of dyskinetoplaslie cells. 
Cells were grown fur 4 days in mediuni 
C with red blond cell extract and 30 
/ig lieinin/ml. 
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0 50 100 150 200 20,000 

Homin concentration im^g/ml) 

FunJitE 13 Growth response of L. lareniolae to iiiereas-
iiig lieiiiiii eoiieuiit.nitioiis in medium C. Cells wen; 
grown for one siibeiiltiire in the carry-over iimoinit of 
lieiiiiii (litiO m/ig/ml) iiiiil tlieii ii.'iod as iiioenla for this 
eNperimuiit. Cells were grown for 4 days. 

with red Diood cell eitract 
Acrillavin concentration • I36m^g/ml 

S 70 

E 6 0 

Witnoul red blood cell eitract 
Acriflavin concentration •I36fn/xg/ir 

10 20 3 0 4 0 

Hemin concentration (/xg/ml) 

l''[OijHE II) llespoiise of iicriflavin-troatud cells (130 
m/ig/ml) to iiici-easiiig lieiiiin eoneentratioiis in medium 
C with (n) and witlioiit (fc) red blood cell extract. Cells 
^rown for 4 days. 

„ ' "P Acriflavin concentration = 136tn/ig/ml 
with red blood cell extract oj 

0} 
Q. 

M 6 0 

"S u 
U 

"in u 
H- 50 

<tOi-
80 20 40 60 

Intiibition of cell growtti (percent ) 

100 

FiGUiiK 17 Variation in the pcreciihigc of dyskiiiuto-
pla.stic cells with pur cent iiiliibilion of cell growth by 
acriflavin (13(> m/ig/ml) at various liemiii eoiii:eiitrH-
t.ioiis. Dala are rroiii i:\|x:i'iiiieiit in Fig. Hi u. 

TABLE IV 

Effect nf Increasing Concentrations of lied lilood Cell 
Extract on Response of L. lareniolae lo Acriflavin 

in I.nw-Hcmin Medium C 

5 0 

40 
70 

I 
VI 

a 
o 
01 

c 

l-lcmin 
riinccn-
iniiinn 

liglml 

20 
0.2 
0.2 
0.2 
0.2 

KrrI hliiiicl 
cell c.Ylr.-icI 

% 
:<.3 
:J.:H 
0.7 

16.6 
.'«.:< 

Ni>. of 
cclLi/iiil 

XIO' 

2.̂  
4.7 
4.0 
5.1 
5.4 

Nfil<» 

Long flagella 
.'Mlagcllatc 

tt 

it 

tt 

The cell concentration and morphology were noted 
after 4 days of growth. The stand:ird concentration 
of rcd blood cell extract (3.3%) corresponds to 
H.7 mg hemoglobin-protein per milliliter or llfj-
1.50 /ig hemoglobin-hcme per milliliter. The acri­
flavin concentration was ViG ni/ig/inl. 

FLAVIN AND HEMIN:'' Preliminary spectro-
photometric evidence was obtained for the forma­
tion of a complex between acriflavin and hemin 
and also between acriflavin and protoporphyrin 
IX. The change in the absorption spectrum of 
acriflavin upon successive additions of equal 
amounts of hemin to both cuvettes is shown in Fig. 
20. There is a decrease in absorbance at the maxi­
mum and a shift towards longer wavelengths; and 
there is also an appearance of new absorption 
bands at 575 and 635 m/i. The dye appears to be 

•' These experiments were performed in collaboration 
with Mr. Andrew Balber. 
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