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ABSTRACT

The loss of kinétoplast DNA in Leishmania tarentalae, 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 unaffecied and cell and kinctoplast divi-

_ sion proceeded normally for several gencrations. An approximately equal distribution of

parental kinctoplast DNA between daughter kinctoplasts resulted in a decrease.in the

- average amount of DNA per kinctoplast. The final disappearance of the stainable kincto-

plast DNA occurred at a cell division in which all the remaining visible kinctoplast DINA
was rctained by onc of the daughter cells. The sclective inhibition of kinctoplast DNA
synthesis was caused by a selective localization of acriflavin in the kinetoplast. 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 cxhibited an increasing impairment of colony-forming ability and rate of
respiration. No change in the electrophoretic pattern of total cell soluble proteing was
apparent. The data fit the working hypothesis that the loss of kinctoplast DNA lcads to a
respiratory defect which then leads to a decrease in biosynthetic reactions and eventual
cell dcath. A possible use of the selective localization of acriflavin in the kinetoplust to
photooxidize selectively the kinetoplast DNA is suggested.

INTRODUCTION

The kinctoplast is a specialized portion of a mito-
chondrion containing a large amount of DNA,
This organelle is characterisiic of flagellaics of the
order kinctoplastida (Honigsberg et al,, 1964},
and seems to be cspecially adapted for the complex
life cycles of these mostly parasitic cells (Vicker-
man, 1962; Rudzinska ct al., 1964). The historical
“kinetoplast” (Rabinowitsch and Kempner, 1899)
was a small granule located at the base of the

flagellum. It stained dark with dyes, such as
Giemsa’'s, and was Feulgen-positive (Bresslau and
Scremin, 1924). Numerous clecctron microscope
and histochemical studics have since shown this
granule to be a specialized portion of a highly
extended, convoluted mitochondrion (Clark and
Wallace, 1960; Ris, 1962; Rudzinska ct al., 1964;
Schulz and MacClure, 1961; Steinert, 1960,
1964; Trager and Rudzinska, 1964; Anderson and
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Ellis, 1965; Vickerman, 1962). The staining
properties result dfrom the existence of a fibrous
bundle of DNA siwated aneriorly within the
mitochondrial matrix directly opposite the basal
body of the flagellum. The DNA-containing por-
1ion of the chondriome characteristically is a
lightly concave, clongated disc-shaped structure
which has typical mitochondrial cristae toward the
posterior portion and mitochondrial tubules ex-
tending from its lateral ends. Icis likely that in all
the hemoflagellates (family, Trypanosomaticlae)
the ¢ntire mitochondrial complement of the eell
is connected 10 the disc-shaped body containing
the stainable DNA. This portion of the chondriome
is a permanent fixture of the cell, whereas the
mitochondrial ramifications are variable in both
extent and appearance (Vickernan, 1962). The
term kinetoplast will be retained to distinguish
the disc-shaped structure, even though it is not a
scparate organelle.

The kinetoplast DNA differs from the nuclear
DNA in buoyant density in CsCl (du Buy et al,,
1965; Riou et al., 1966), and in annealing be-
havior (clu Buy et al., 1966). Swinert and Sieinert
(1962) found that it replicates within the nuclear
S period, unlike all other mitochondrial DNA
which have been studied carefully (Evans, 1966;
Parsons, 1965; Neubert ct al., 1965), The in vive
molecular weight of the kinetoplast DNA s
unknown.

"One of the most interesting and uscful propertics
of the kinetoplast is its susceptibility 1o elimination
" by certain dyes (Werbiwki, 1910). Trager and
Rudzinska (1964) and Miihlpforcdt (1963) found
by electron microscopy that dye-induced so-called
“akinctoplastic” cclls lack the kinctoplast DNA
structure but retain the kinetoplast membranes.
There is no change in the fine structure of the
nucleus or of other cytoplasmic organclles. How-
ever, the mitochondrial cristac appear degencrate.
Trager and Rudzinska proposed the use of the
term ““dyskinetoplastic’® rather than the previous
akinctoplastic, because ol the rcicntion of the
mitochondrial membranes.

The existence of such dye-induced “mutants™
provides a convenient tool for study of the possible
genctic role of the kinctoplast DNA. However, the
production of dyskinctoplastic cells is not a repeat-
able, controllable process. No one system has been
worked out in terms of cultural conditions, re-
peatability, and mechanism of action of the dye.
This paper provides such a study. Fairly optimal
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experimenal conditions for the production of
dyskincloplastic Leishmania tarentolee  cells by
acriflavin were abtained, and the mode of action
of acriflavin was investigated.

MATERIALS AND METIIODS

© Materiale

Neurral acriflavin was purchased from Nurritional
Biochemicals Corporation (Cleveland,. O.); acridine
orange was purchased frain Allicd Chemical Corp.
(National Analine Division, New York). llford L-4
emulsion was purchased from 1lford Chemical Com-
pany, England. Recrystallized hemin wag obtained
from the Nutritional Biochemicals Corporation,
protaporphyrin 1X.{from Calbiochem. (Los Angeles,
Calif), and rcerystallized horse hemoglobin from
Pentex, Ine., Kankakee, 1L
* Thymidioe-"H (specific activity 6.7 ¢/inwmole) was
purchased [rom the New Englund Nuclear Corp.
(Boston, Mass.) and Tergitol TP-9 from Union
Carbide Corporation (Chenical Division, New York).

Media

Red binod eell exteact was prepared fromn horse
red hload cells washed once with Locke’s solution.
‘The cells were resuspended in 2 voluines of Locke’s
solution and were frozen and thawed three titnes in
ethanol-dry ice. Strom weré removed by centrifug-
ing at 18,000 g for 30 min at 4°C. The cxtract was
slored frozen at —20°C in small guantitics. The
standard addition to medivin € (Trager, 1957} in-
volved o 1/30 dilution which gave a final henoglobin
concentration of 4.6 mg/inl. The mcasured hemo-
globin heme wis 110 g finl (Neufeld et al., 1958).

Hemin was dissolved as the hCIIl-'_ltill molecule in
0.05 N NaOH at a’concentration of 2 ig/inl, Tt was
sterilized by flration through Millipore HA filter
and stored frozen in small quantitics.- Unless other-
wise noted, huinin was standardly added at a con-
centration of 24 pg/ml to medium G just prior to
inoculation. .

The standard edium 0 wash cells (SBG) con-
sisted of 0.15 M NaCl-0.02 m glucose—0.02 m phasphate
buffer (pH 7.9).

Acriflavin was dissolved in redistilled water at 1
mg/inl, swerilized by autoclaving, and kept in dark-
ness it 4°C. The same bottle of dye was used for all
experiments.

Cellx

A strain of Leishmania iareniolae was used which has
been growing comtinuously in & defined medium
(medium C; Trager, 1957) since 1959 Cells wure
grown at 27°C in the dark in 30 ml of medivm G in

. stationary 200-m] Erlenmeyer flasks equipped with
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cotton plugs wrapped in gauze and covered with
parafiln, or in 3Nl guantities in 2%X)-ml (lat-
hottomed flasks. No antibiotics were used. Cultures
were inoculated with about 0.5-1.0 X 10% cells per
milliliter, Cell counts were made by diluting a
sample 1;1 with 3.7% formalin in (.15 s NaCl-
0.015 m Na citrate (pH 7.0), and counting 30:)-600
cceclls in a hemacytomcter at X 480L
Before being stained with Giemsa’s, cells were
ixed with an equal volume of 19} albumin in (.25
M sucrose, centrifuged down at 2,500 rpm for 1V min
(International PR-2 refrigerated centrifuge), and
suteared. Sincars were rapidly air-dried, fixed with
absolute tnethanol for 5 min, and stained with
Giemsa’s for 30 min.

CsCl Gradient Cenlrifugation.

This procedure was carticd out according to
Mesclson et al. (1957}, The solutions were centrifuged
in a Spinco model E at 44770 rpin for at least 20 hr.
Tracings of the UV absorption negatives were
obtained with a Jayce-Lochell densitometer,

Isolation of DN A

The phenol-pH 9 method of Saito and Miura
(1963) was used. 1f 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 0.13 M NaCl at 4°C. It wns then

Total Cell DNA - Leishmonio torentoloe
~  Ap=0013 g/cc

P 1742 gicc
P 1716 g/¢cc

n

AN
5P-8
marher
DNA

=1,703 g/ce
P 19/

treated with 10 pg pancreatic ribonuclease per
williliter for 30 min at 37°C and quickly dialyzed
again. DNA coricentration was measured by the
Burton (1956) modification of the diphenylamine
asgay, with calf thyinus DNA as a standard.

Fluorescence Microscopy

A “ciss [uorescence microscape was used with
excitor filters BG-3 and BG-12 and barrvier [flters
50-47. :

Radiowutography

The cells were smeared onto presubibed  slides
(Carn, 19%64)," air-dried, and flixed in methanol.
Enzyine digestion was performed ai this point if
desired: deoxyribonuclease, 0.02% in 0.02 M phos-
phatc buffer, 3 ms MgSO, (pH 6.8) 2 hr at 24°C.
The slides were then extracted with cold 5%
trichloroacetic acid for 5-10 min, given four 30-min
washes in 709, ethano! and a 5 min wash in 95%
cthanol, and air-dricd. They were dipped in 1:1
diluted Ilford L-4 ecmulsion, dricd, and stored in
light-proof boxes at 4°C. Exposcd slidés were de-
velaped with Kodak D-19 developer (Eastinan Kodak
Co., Rachcster, N. Y.). If necessary, they werc
staincd with Giemsa’s according to Gude et al. (1435).

Visible Irradiation of L. Tarentolae

Cells were treated with acriflavin for 3-5 hr at
27°C in medium C and then washed three tines in

Dyskinetoplostic Leishmonro tarentoloe
Total Cell DNA

"

P rLTIS gree

|

SP-8
*“morker
DNA

®

Figunre 1 CsCl anulytical ulirmeentrifugation of total cell DNA from norual () amd 70%, dyskineto-
plastic (1} L. farentolae. Phage S8 DNA wos used ag n density marker.

i
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Fiouur 2

The inhibitivn of kinctoplast DNA synthesia by seviflavin, Cells were in medinm C with (a)
and without (8) red hlooed cell extract. Dye was adided at 0 lir, samples of the cultures were cantrifuged,

and the pellels were resaspended in 0.2 ml mediuin €, 1% bovine senan albumin, These sumples were then
given $0-min pulses of thymidine-H {80 ge/inl; 6.7 ¢/mmoles) at the indiented times, smeared, and proe-
exsedd for rudioautography. Dyu-treated eells were compared to untrealed controls at ench point. The
following methent wos used to caleulate per cent inhibition of kinctoplast DNA synthesis: (N, nuelear
label; K, kinetoplastic label; ¢, einirol; and E, experiinental):

TN + K)o + Gl — TN + K)y + D]

%W +

Ficunx 3 Ralivautograph of incorporation of thymi-
line*H into nuclenr (N} and kinetoplast (K) DNA of
L. tarentolae. Grown for six gencrtions in presence of
label. 1 month exposure. Phasc-eontrast; X 1004,

K + ok

SBG. The celis were irradiateed in 2-l portions in
Pyrex tubes (1.3 cm w) and stirred with a small
magnetic bar. The light source was a water-filtered
xenon are lamp (Bausch & Lomb Incorporated,
Rochester, N. Y.}, with an intensity of approximately
0.68 X 108 erg/cin?/sce.!

Agar Plating

The cells were plated by spreading 0.1-0.2 nl of
cells in SBG-1%, bovine serum albuinin evenly over
the agar surface by tilting. The plates were taped,

11 thank Mr. Paul Rosen for carrying out this
measureinent,
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inverted, and stored at 27°C. The agar mediuin con-
sisted of 19, Bactoagar (Difco l.aboratories, Detroit,
Mich.) and 2.5Y% rabbit blood.

Electrophoresis and Protein. Assay

The lowry et al. (1U31) Folin-phenol assiy was
employed with hovine serum albuwimnin as the standard.,

FElectrophioresis was carried out on | X 631 inch
sirips of Scpraphore [T (Gelman Instrument Corpo-
rition) at 450 v for 45-min at 4°C in high resolution
buffer, pH 8.6, (Gelman Instrument Cotnpany, Ann
Arbor, Mich.) diluted in proportions of one packet
per 2200 wl of water, Strips were stained with Pon-
ceau S in 5%, wichloroacetic acid and destained in
acetic acid,

RESULTS
Mode of Action of Acriflavin

LOSS OF THE SATELLITE BAND: Total cell
DNA isolated from normal L. farentelas gave
two bands on CsCl equilibriumn 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 Lthe total cell
DNA in several CsCl gradients, could not he
lound in total cell DNA from 709 dyskinctoplastic
L. tarentolae (Fig. 1 b). This indicatcs that the
satellite is probably kinetoplast DNA. Howewer,
by use of another methed, light microscope radio-
autography of cells labeled over six gencrations,
the relative amount of kinctoplast DNA in normal
cclls was found to be 21%. The most probable
explanation for the [ailure to observe the expected
value of kinctoplast DNA in the phenol-extracied
preparation is a differential dissociability of the
two types of DNA from their respective proteins
" and a loss of the protein-bound kinctoplast DNA
in the inwrface.

The sedimentation rate of the nuclear DNA,
measured. by velocity sedimentation in sucrose
gradients, was relatively unaffecied by the acri-
flavin treatment.

INHIBITION OF KINETOPLAST ONA REP-
LicaTron: A rapid inhibidon of the synthesis of
kinctoplast DNA was brought about by treatment
of cells with acriflavin (Fig. 2). Concentrated
samples of cells were given 30-min pulses of
thymidine-’H in medium C containing 1% bovine
21 would like to thank Dr. David Tuck for assistance
with the analytical ultracentrifugation.
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scrum albumin and then were smeared and proc-
cssedl for radioautography. The acid-insoluble
label was demonstrated to be in DNA by the use
of DNasc digestion of control slicles. The kincto-
plast grains could easily be distinguished from the
nuclear grains, as illustrated by the overexposed
radioautograph in Fig. 3.

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

The absence of red blood cell extract in the
culture medium (medium C) decrecased the rate
and extent ol inhibition of kinetoplast DNA syn-
thesis (Fig. 2 4), Thc use of red cell exiract deriverl
from Trager's observation (Personal communica-

TABLE 1

Lffect of Acriflazin on DNA Synthesis in
L. tarentolac

Distrilmtion of label

Cells
Acrifavin Time labeled N 4+ K N K
mpgfmt hr b % A %
] U] 16 81 18 1
1.3 23 a3 13 4
1.3 35 92 4 4
18 31 92 7 1
47 n 14 &) 17 3
1.3 21 52 46 2
1.5 36 41 57 2
18 4 40 h 2
333 0 16 50 48 2
1.3 26 3 97 0
10,5 27 2 94 0
14 19 0 100 0

The data for Fig. 2 a. Cells were grown in medium
C with red bloed cell extract and hemnin at 20
pg/ml, pulsed with thymidine-*H for 30 iin at
the indicated times, and processed for radio-
autography. The percentages of cells having both
nuclear and kinetoplast label (¥ + K), purc
puclear label (¥}, and pure kinetoplast label (K)
are given. An organclle was scored as labeled if
it had more than twe grains. 200-500 cells were
counted for cach point.

T
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tion.) that the production of dyskincroplastic cells
was greatly stimulated by such an  addition,
Human, horse, and rabbit red blood cell extracts
and horse hemoglobin, all were equally eflective.

The increase in the percentage of cells under-
going ttal DNA synthesis {cclls with more than
wo grains) with time, at the various acritlavin
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 direet count-
ing cxperiments that low acrillavin concentralions
had no great efiect on total cell uptake of thymi-
dine-"C over a 2 hr period. These facts indicate
that thc lower acriflavin levet, which inhibils
kinctoplast DNA synthesis by 50-60%, has no
great effect on nuclcar DNA synthesis, whercas
the higher level significanily affects nuclear DNA
synthesis also. The failure (in Tig. 4} 10 observe a
significant dilference in the presence {(#) or ab-
sence (B) of red blood cell extract is probably due
10 the procedure of scoring a cell as undergoing

39

33|

27

21

47 mugq /ml

O mug/smi

IZImug/ ml

+ Red blood cell exiroct

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

It should be nowed that all dye concentrations,
unltss otherwise indicated, were prepared on a dry
weight basis with commereial “neutral acriflavin®
{Nutritional Biochemical Corporation). Purificd
acriflavin gave identical results ac lower dye con-
centrations,

KINETICS OF LOSS OF STAINABLE KINETO-
PLAST BNA: The increase in the percentage of
dyskinctoplastic cells as a function of time of
growth in a [airly optimal level of acriflavin was
measured (Fiy. 5). Cells were scored from Giemsa-
stained smears and only those cells having nothing
at all visible in the kinctoplast region were termed
dyskinctoplastic. Cells with small dots for the
kinetoplast were termed “normals,” although they
arc clearly abnormal in their content of kincto-
plast DNA. Since the staining properties of the
kinctoplast are duc mainly, if not entircly, to the

[+} 5 10 15

Cells undergoing DNA synthesis (per ceni)

20

Fuatier: 4 The effcet of acriflavin on

the percentage of eclls unddergoing total

DNA synthesis. Sce Fig. 2 for detaily.

Cells with more than iwo grains were
j  seored ag undergoing DNA synthesis.

15 0 333 mug/mi
<
9_
+ ®
1 1 1
] 5 10 15
Time (nr)
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kincloplast DNA (Steinert, 1965), the size of the
kinctoplast granule is a valid indication of the
amount of DNA. The loss of the ability of the kine-
toplast 10 stain with Giemsa’s after DNase treat-
ment of fixed smears was confirmed for L. tareatolac.
The complete loss of acridine-orange staining of
the kinctoplast region of dyskinetoplastic cells was
also confirmed for L. larentolue.

Fig. 5 also presents the growth curves of the un-
reated and acriflavin-treated cells. The log-phase
growth rates are incentical (9 hir doubling time),
but there is some tnhibition of the final cell yicld
under these cultural conditions. The curve for the
percentage of dyskinetoplastic cells shows a lag for
about 20 hr, then a sharp rise and a platcau. When
plotted against the number of cell divisions, the
increase in dyskinewoplastic cells is linear after
three cell divisions, as would be expected con-
sidering the hypothesis that the kineroplast DNA
is inhibited from replicating and is being diluted
out.

MORPHOLOGICAL DISTRIBUTION OF STAIN=
ABLE EKINETOPLAST DNA DURING GROWTH

60 =90
50

40 890
I 30 O mug acriflovin /ml 1
g H70
20 o
@ 136 mug/ml S
o) > He0
= b3
~ o
- a
E OF 136 mug/m! -—450 &
~ 4 [
vl —
i da0 £
SR -1 ©
% b €
H]
B er 430 2
9 hr @
€ 3 Jioubiin o

z lime dz0

2k
=10
| L y . 4 O mpg/smi |
Q 20 40 60 80 100

. Time (hr)

Figvue 3 Kincties of the ellect of acriflavin on L,
tarentolae. Coruparison of the growth eurves of cells
with ond without acriflavin at a fairly optimal level
(136 mpg/ml), und the kincties of appearance of
completely dyskinetoplastic cells. Cells were in wedium
C, with red blood cell extruct; the hemin concentration
wis 5 pg/ml. ’

066

TN AGRIFLAVIN: For comparison with dye-
treated cells, normal, untrealed cells are shown
in the micrograph of Fig. 6. 'The stainable kineto-
plast (R} is visible as a prominent dark granule ar
the base of the flagellum, The other granules ob-
served in the vicinity of the nucleus in the eclls at
the lower left are most probably *““volutin®™ gran-
ules as cdescribed by Orinerod (1961).

The dye-treated situation is schematically repre-
senied in Fig. 7, which shows the major division
forms seen in a log-phase, acriflavin-treated cul-
ture. The first few divisions in the presence of the
dve produce a decrease in the size of (he stainable
kinctoplast, as illusirated by the micrograph in
Fig. 8 a.

‘Fhe final disappearance of the stainable kinewo-
plast occurs at an “all and none” division, which
yiclds onc normal and onc dyskinctoplastic cell
(Fig. 8 b and ¢). These observalions 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 & and ¢ and the longi-
tudinal nature of the normal divisions in Fig. 8 a
are purely fortuitous and merely represent differ-
cnt times in the division pracess.

Completely dyskinetoplastic cells can continue
to divide at least once. This is demonstratecd by
the data in Table 1I in which are presented the
percentages of binucleate division forms of nortnal
and dyskinetoplastic cells during growth in acri-
ilavin. Binucleate division forms of dyskineto-
Plastic cells occur ar about one-hall the rawe of
normal cells. Such forms are shown in the micro-
graphs of Fig. 8 d, e, and f. Table 111 # gives the
actual percentages of each of the major division
forms scen in slides prepared at various times
during growth in acriflavin.

Table LIL & demonstrates that the wtal number
of cells having some kinetoplast DNA increases
approximately logarithmically for 1wo 1o three cell
clivisions and then remains constant, as would be
implicd by a failure to transfer replicates of kinelo-
plast DNA into both daughter cells,

ACRITLAVIN DOSE-RESPONSE CURVES,
COMMERCIAL DYFR: The variation in final eell
vield and percentage of dyskinetoplastic cells with
the acriflavin concentration is shown in Fig. 10. The
cells were grown to stationary phase in medium C
with {2) and without () red bloed cell extract.
The hemin concentration was 5 u/ml. In both
cases there is an increasing inhibition of cell growth

Tue Jourxal or CeuL Bioroay - VorLume 37, 108
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Fiauue 6 Noewal, nntreated L. farenfolae grawn in medinm C. Giemsa stain, The stainable kineloplast

(K) und the nuclens (¥) are appurent. X LML

'(@) Dyskinetoplastic cells

<=
IN-OK=IF IN-OK=2F 2N-0OK-2F
(® Normal cells

IN-1K IN-2K 2N-2K 2N-IK  IN-IK-2F

Figure 7 Schematie diagram of ninjor division forms
sen in Giensn-stained smears of cells growing in
presence of acriflavin (136 mgg/ml). N, uuclews; K,
kinctoplust; ¥, flagellum. '

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

The presence of red blood cell extract (Fig. 10 4)
increases the maximum percentage of dyskincto-
plastic cells oblained but does not greatly alfect
the total cell viclds under these culiural condi-
tions.

An identical experiment at a high hemin con-
centration (20 ug/ml) is shown in Fig. 11, In this
case the presence of red cell extract both increases

Lawwey Sovmeson  Aeriflecin Effects on Kinefoplust 667



. ——— - _—— . - -

Figunr 8  Abberrant division forms seen in acriflavin-treated (136 mg/ml) culiure. ¢ and b, Decrease
in size of stninable kinctoplast {K) wpon cell division. ¢, all and noue kinetoplast division {arrow). d—f,
Division of dyskineluplastic cells {arrows}. Giesma stain, X 1300
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Figuire B The incrense in the percentage of all and
none division forms during growth in presence of acri-
lavin (186 mpg/l). :

the maximum percentage of dyskinetoplastic cells
obtained and causes a greater inhibition of cull
growth at lower dye concentrations. The data
from this experiment are replotted in Fig. 12 as
the pereentage of inbibition of cell growth, so
that the effect of red blood cell extract in increas-
ing the sensitivity of the cells 1o the dve can be
seen more clearly.

ACRIFLAVIN DOSF-RESPONSE CURVES-
PURLIFIED DYE: Acriflavin (2,8 diamino-N-
methylacridinium chloride) was purified from
commercial “‘neutral acriflavin” by the method of
Albert (1966). Purity was ascertained by paper
chromatography on Whatman No. | paper in
butanol-5-¥-acetic acid (7:3) (Albert, 1966, page
130). Purified acriflavin gave an Ry of 0.3¢ and
proflavin 0.63. The absorption spectrum of the
purified sample in phosphate buffer (pll 6.8,
I'/2 = 0.1) was identical with that reported by
Tubbs ct al., (1964) for purified acriflavin. Com-
mercial acrilavin separated into two components
on chromatography, corresponding to proflavin
and acriflavin. The molar extinctlion cocfficient of
4.68 x 10 (452 mg) of Tubbs et al. (1964) was
used for caleulation of concentrations of the pur-
ificd acriflavin.

A comparison of dosc-response curves of cells
treated with commercial acriflavin (g) and puri-
fied acriflavin (#) is shown in Fig. 13. The morpho-

# These experiments were performed in collaboration
with Mr. Andrew Balber.

logical responsc to purilicd acriflavin is identical
with the response to the commercial dye discussed
above. However, the optimal concentration of
purified acriflavin (8), in terms of percentage of
dyskinctoplastic cells, is 60-90 mug/mi, whereas
the optimal concentration of commereial dye is
about 200 myg/ml (a). Also the initial slope of the
curve for per cent dyskinetoplastic cells with puri-
fied dye is approximately twice that of the curve
with commercial dye. This implics that the im-
puritics in the commercial dyc arc inactive in
producing dyskinetoplastic cells and possibly even
inhibitory. This was verified by repeating the
above experiment with proflavin (dihydrochloride;
Allicd Chemical Corp.), thc main impurity in
commercial acriflavin. Fig. 14 demonstrates that
proflavin is enuirely inactive in both the inhibition
of cell division and the production ol dyskincto-
plastic cells until it is in a relatively high con-
centration {790-mpg/ml). However, the normal
amount of 20%, proflavin in commercial acriflavin
could not account for the large differences ob-
served, unless the proflavin were competing with
acriflavin and inhibiting its effects; hut this was
not investigated.

THE EFFEGT OF HEMIN ON THFE RESPONSE
TO AGRIFLAVIN: L. larentolae is a hemin-
dependent  organism; protoporphyrin  IX (27
ug/ml) and iron could not substituie for hemin
in medium C. As demonsiraled above (Figs. 10
and 1), the quantitative response to acriflavin is
highly dependent on the hemin concentration,
cspecially in the presence of red cell extract. A

TABLE 11

Division Forms of Dyskineloplasiic and Normal
Cells from Same Cullure al Various Times During
Grawth in Presence of Acriffavin (136 mpg/mi)

Binuclente division forms

Lakuey Simp=ox

Dyskinelop -
Time cealls Normnal Dyskinetoplastic
hr % % %J
15 0.7 1 —_
39 16 )] 4
49 3 6 3
60 44 1) 3
84 62 0 4 -

The mediun contained red blood cell extract and
hemin (20 pg/ml).
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TABLE III

Percentages of Major Division Forms in Acrifiavin-Treated Culture and Increase in Normal Cells During Growth
of Culture

Table LIl a

Dyskincloplastic Normal
IN-DR-IF IN-OK-2F 2N-OK-2F IN-IK IN-2ZK 2N-2K 2N-1K IN-1K-2F
Time Dyincponic (03 (0 3= :

Ly % % % ¢ Yo % % %o %

15 0.7 —_ - — 80 10 9 1 V)

39 16 94 2 4 86 t 7 2 1

49 3 ul 6 3 85 8 3 3 1

60 44 93 4 3 79 6 3 5 )

84 62 % 1 4 85 6 2 8 1

Table IIT &
Dyskineto-

Time plastic Cell cencentrating No. normals

hr S X100 mi Xiosfmt

0 "0 1.0 1.0

22 7.0 5.5 5.1

5 53 13 7.4

70 65 18 6.4

95 6y 20 6.3

The cells were in mediumn C with red blood cell extract and hemin at 20 pgg/ml. The acriflavia concentra-
tion was 136 mgg/ml (commercial dye). 200-600 cetls were counted for each value. Tables LI1 g and b
represent scparate experiments. N, nucleus, X, kinetoplast; &, flagellum.

growth-dose response curve for untrcated normal
cells is presented in Fig. 15. Cells could be sub-
cultured continuously ai 0.2 ug/ml, although the
standard hemin concentration in Trager's (1957)
medium C was 24 pg/ml. Continuous growth at
0.2 pg/ml had no cffect on the shape of the growth
curve or on final ecll yiclds. The actual minimal
nutritional requirement for hemin is probably
even lower than 0.2 ug/ml because hemin tends
to form aggregates in agueous 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 sitwation with dye-treated cells was quite
different and is shown in Fig. 16. The percentages
of dyskinetoplastic cells obtained at each hemin
Jevel are plotted on the same graphs. Proto-
porphyrin IX could substitute for herain, in this
effect, in approximately cquimolar quantities,
provided the cells were given, in addition, the
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minimal nutritional requirement of 0.2 gg hemin
per milliliter. .

It is clear from Fig. 16 a that increasing the
liemin concentration in the presence of red bloetl
cell extract allows more cell divisions 10 occur and
thereby produces a greater yield of dyskineto-
plastic cells. This is shown more clearly in Fig. 17,
in which the data from Fig. 16 a are reploued in
ierms of percentage of dyskinctoplastic cells
eersus pereentage inhibition of cell growih by the
dye. Recerystallized horse hemoglobin could sub-
stitute for horse red blood cell extract in this effect.

In the absence of red cell extract (Fig. 16 &) the
cells are affected by acriflavin only at low hemin
levels (< 10 pg/ml). This experiment agrees quite
well with that described previously in Fig. [0.
Fig. 16 ¢ 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 10 cells
with low-hemin incrcasing concentrations of red
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Figunre 10 Acriflavin dose-response curve at n low
hemin level (5 ug/ml). Cells grown for 4 dayx in
medium C with (g} and without (4} red blood cell ex-
tract.

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

It is of some interest that dyc-trcated cells
grown with less than 20 ug hemin per milliliter
arc aflagellate, unlikc those grown in absence of
dyc. 1t is possible that the dye inactivates certain
vitamins at low hemin concentration or competes
with .such vitamins (such as riboflavin, for exam-
ple) for uptake into the cell, and thercby inhibits
. formation of fiagella.

ROLE OF RED BLOOD CELL EXTRACT AND
HEMIN ON UPTAKE AND LOGALIZATION OF
ACRIFLAVIN IN THE CELL: Cells treated with
. low levels of acriflavin at high hemin levels
were found by fluorescence microscopy to have
an apparent exclusive kinetoplast localization of
dye (Fig. 18). Cclls 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-

“Tanny_Simpsox- doriffasin Effectr on. Kinetoplast

Dyskineloplosiic cells (per cent)

matic diagram of the effect of hemin and also red
blood extract on the localization of acriflavin at
various concentrations. '

Red ccll extract seems mainly 1o increase the
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Figure 11 Acriflavin dose-response curve at high
hemin level (20 pg/ml). Colls grown for 4 days with
(e} and (B) without red coll extrael. ’
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(204 mugsmi ocrilloving
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Figuar 12 Varistion of percentage of dyskineto-
plastic cells with per cent inhibition of cell growth by
various concentrations of acriflavin. Data from experi- -
ment in Fig. 1.
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total uptake of dye by the cell and apparently does
not greatly affcct the intracellular distribution.

It should bc noted that cells trcated with the
concentration of acriflavin which produces the
maximal per cent yield of dyskinetoplastic cells
(36 mug/ml) have the dyec mostly in the kineto-
plast, but also in the nucleus and cytoplasm. This
explains why the maximal percentage of dys-
kinctoplastic cclls is produced at a growth inhibi-
tion of 50-70% {Figs. 12 and 13).

Number of cells (xi0%)

O = =G M0 480 800" 750" 050 800
Dye concentration {mugAmi}

Fraune 18 Cowpurison of dose-response curves of
eells treated (in medium € with red blood cell extracl)
with commercial neutral acriflavin {a} and purified
acrifinvin (4). Each puint in & s the average of three
flasks with the given range,

The question ariscs about the mechanism in-
volved in the ability of hemin to produce the
observed effect. The possibility that hemin
quenches the fAuorescence directly or destroys the
dye by peroxidation was examined qualitatively.
Tt was found that the addition of 20-200 mug
hemin per milliliter to various concentrations of
acriflavin (1-100 ug/ml in 0.02 » Tris-HCI, pH
7.6, or in medium C) had no discernible effect on
the fluorescence of the dye as observed under low
power (X 100) by Hluorescence microscopy. More-
over, the addition of a [ew drops of 30% hydrogen
peroxide 10 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 dve by peroxidation.

The possibility was examincd that hemin acts
at the cell membrane and limis the total uptake
of dye. Cells were pretrcated with acriflavin (50
mug/ml) in low-hcmin medium C containing red
blood cell cxtract, and then a high concentration
of hemin (20 pg/ml) was added. Prior to the
addition of the hemin the dye had been visible in
the kinctoplast, nucleus, and cytoplasm. After |
hr in the high-hemin solution there was a marked
diminution of Huorcscence in the cyloplasm and
nucleus but no obvious effect on the kinctoplast
fluorescence. These results indicate that hemin
acts within the cell and cither releases the dye or
quenches its fluorescence. 1t remains an open
question whether hemin also affects the relative
intracellular distribution of the dye.

GOMPLEX FORMATION BETWELIN ACRI-
o—0 Famy
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s [} e 2 aras
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'E 20 0 §  production of dyskineloplastic cclls.
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