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ABSTRACT

The accumulation of iron, zinc and phosphorus, the distri
bution of phosphorus, and the turn over of phosphorus compounds
have been investigated for the culture form of Trypanosoma cruzi.
This study was planned (1) to add to the knowledge of the biochemis
try and physiology of this important human parasite and (2) to serve
as a basis for future comparative studies of trace metal utilization
by members of the family Trypanosomidae.
Studies of ion accumulation were carried out with the radio
active isotopes, Fe^, Zn®^ and

Uptakes were determined as

a function of time, culture and incubation.

Time course studies

showed typical uptake patterns for these ions with approximately
3.64 x 10"^ p.M iron, 1.65 x 10" ^ juM zinc and 4. 49 x 10^ pM phos
phorus being accumulated in an 8 hour period by 10 1 0 trypanosomes
incubated in Krebs-Ringer-Phosphate at 24°C.
The effect of culture was investigated to determine-the neces
sity of constant culture conditions for future comparative studies.

It

was found that zinc and phosphorus accumulations were insensitive
to modifications of '.he culture media but that iron uptake was signi
ficantly elevated when serum or hemoglobin and serum were substi
tuted for defibrinated blood in the diphasic blood-agar cultures.

• xi

Decreases in the blood concentration of the cultures gave decreases
in iron uptake and it was therefore postulated that increased iron accu
mulation is due to the protoporphyrin, iron protoporphyrin ratio
rather than concentration.
Incubation conditions were varied as to temperature, trypanosome

concentration, ion concentration and, in the case of iron, to

the presence or absence of glucose.
The accumulation of iron increased with increases in tem
perature throughout the range of investigation, 5°C to 37°C.

Zinc

uptake increased from 5°C to 24°C but had a significantly lower accu
mulation by organisms incubated at 37°C.

Analysis of these data

showed that the accumulation of iron by T_. cruzi has a low activation
energy (E"'~ = 596. 7 cal/mole) for this temperature range and that
the activation •"•ner^y for zinc accumulation between 5°C and 24°C
was also low (E''~ = 1256. 3 cal/mole).

Temperature coefficients
*

(Q 1 0 ) for the accumulation of iron and zinc were found to be 1. 04
(constant between 5°C and 37°C) and 1.05 (between 5°C and 24°C)
respectively.
These temperature data as well as the accumulation rates of
the time coursc study are consistent with the hypothesis that iron and
zinc accumulation are by diffusv

The finding of a lack of stimula

tion by glucose to iron accumulation also supports a passive trans
port.

While not analyzed as to the effect of temperature, time

xii

course analysis of phosphate uptake is inconsistent with diffusion as
the mechanism for its accumulation.
In general, trypanosome concentration was found to be in
versely proportional to ion accumulation.

At low concentrations

(<1.5 x 10^/trypanosomes/ml) iron and zinc uptake were indepen
dent of population densities.

The points of inflection between concen

tration independency and dependency will be sought as points of com
parison in comparative studies.

Similarly, doubling of the iron and

zinc concentrations gave 2 and 1.7 x increases in accumulation re
spectively.

Reduction of phosphate concentration by incubation of

trypanosom.es in Krebs-Ringer without phosphate gave a larger
decrease in accumulation than in phosphate concentration, indicating
inefficient phosphate accumulation at low concentrations (0.005 p.g
P/ml).
The phosphorus content of_T. cruzi was found to be 3. 82 mg
P/g trypanosomes (wet weight). Of this 2. 19 mg were isolated in
i
the acid-soluble fraction; 0. 82 mg in the nucleic acid fraction; 0. 49
in the phospholipid fraction; and 0. 18 in the phosphoprotein fraction.
Turnover studies of those fractions showed a rapid incorporation of
p32 into the acid-soluble and phosphoprotein fractions with less rapid
accumulation into the nucleic ac 1 and phospholipid fractions.

INTRODUCTION

Trypanosoma cruzi was first described by Chagas in Brazil
in 1909 and was found by him to be the causitive agent of South Ameri
can trypanosomiasis or Chagas disease.

This hemoflagellate is a

member of the family Trypanosomidae, a closely related group of
organisms which are all parasitic to a greater or lesser degree and
which includes a number of important parasites of man and of his
domestic animals.
Because of their economic importance, the Trypanosomidae
have attracted a large number of investigators.

Early investigations

were concerned with the chemotherapy and the nature of host injury
of man's trypanosomes c.nd leishmanias, but in recent years these
have been largely replaced by studies of the physiology and biochem
istry of these parasites and their economically unimportant relatives.
While information is, still fragmentary, there is a growing body of
knowledge of the comparative nutrition and comparativej^hysiology
of the Trypanosomidae (A. Lwoff, 1951).which is adding to the under
standing of the relationships betv/eer. the members of this family.
Of the genera of Trypanosomidae, the genus Trypanosoma,
endoparasites of vertebrates, is the best known.

Hoare (1948

and 1957) has proposed a classification of the important mammalian
1

trypanosom.es based on their morphologies and life histories.

This

classification, shown in Figure 1, has been substantiated by physio
logical studies (von Brand, 1951 and 1952), though, not without some
disagreement (Fulton and Spooner, 1959).
The physiological evidence, to date, has been almost entirely
from the areas of respiratory physiology and carbohydrate metabo
lism-.

The literature in these areas is quite extensive:

von Brand,

1951 and 1952 (reviews of the literature); von Brand and Agosin,
1955; von Brand, Weinbach, and Tobie, 1955; Fulton and Spooner,
1956, 1957, and 1959; Grant and Fulton, 1957; Ryley, 1951 and 1956;
'Thurston, 1958; Warren, 1957 and 1960; and Zeldon, 1960a, 1960b,
1960c, and 1960d.

These studies have been extended to the enzyme

systems involved in respiratory metabolism in recent years, but
this information is almost exclusively for one species, Trypanosoma
cruzi (Agosin and von Brand, 1955; Agosin and Weinbach, 1956;
Baernstein; 1953a and 1953b; Baernstein and Rees, 1952; Baernstein
/

and Tobie, 1951; Fulton and Spooner, 1959; and Seaman,. 1953 and
1956).
Very little is known concerning protein and lipid metabolism.
The literature in this area is limited largely to the effects of amino
acids and fatty acids on the resp':~atory rate of the trypanosomes
(von Brand, et al. , 1949; Moulder, 1948; Ryley, 1951; Thurston, 1958;
Tobie, von Brand, and Mehlman, 1950; and Zeldon, 1960b).
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Figure 1.

Classification of important mammalian trypanosomes according
to Hoare. From Manwell, 1961.
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Even less is known of the inorganic metabolism of trypanosomes.

All of the data available are for a single species, Trypano

soma equiperdum.

In 1948, Moraczewski and Kelsey reported studies

of the uptake and distribution of phosphorus in this organism.

This

work was repeated with modifications by Cantrell (1953) and phos
phorus utilization was used by him to measure the effect of drug
treatment on the metabolism of T. equiperdum (Cantrell, 1954).
Mulvey has recently (1960) published studies of the uptake and fate
of phosphorus, iron and sodium in this'species.
The present study is the first of a series planned to add to
the knowledge of the inorganic metabolism of the Trypanosomidae
and to aid in the study of their relationships.

It is my belief that

careful analysis of inorganic, especially trace element, utilization
can be correlated with enzymatic composition and can be used to
show relationships between members of this group.
Green (1941) has stated:
. . there is no rational explana/
tion of how traces of some substances can exert profound biological
activity except in terms of enzymatic phenomena. " His thesis in the
case of trace elements is supported by the growing number of enzymes
whose activity has been found to be dependent upon association with
these trace substances.

Reviewd of the subject reflect the informa

tion being accumulated in this area: Gurd, 1954; Lamb, Bentley, and
Beattie, 1958; McElroy and Nason, 1954; Underwood, 1962; Vallee,

1955; Vallee, 1960; Vallee and Hoch, 1954.

I propose that changes in

trace element utilization indicate changes in enzymatic composition
and that measurements of trace element utilization can be used to
survey taxonomic groups for enzyme, and therefore genetic, changes.
This investigation is concerned with the utilization of iron,
zinc and phosphorus by the culture form of Trypanosoma cruzi. This
organism has been used in this initial study because of its position in
the genus and because it is physiologically and biochemically the most
thoroughly investigated trypanosome species.

Placed in the lewisi

group (Figure 1), T. cruzi is thought to be one of the most primitive
members of the genus on the basis of biological and physiological
evidence (Iloare, 1948 and 1957; von Brand, 1951 and 1952; and Fulton
and Spooner, 1959).

This position is further indicated by the place

ment of this parasite in a separate genus, Schizotrypanum, by some
investigators (Dias, 1948; Warren, 1960; and Zeldon, 1960a) based
on its life cycle which appears to be primitive and appears to occupy
/

an intermediate position between the trypanosomes and leishmanias.
The respiratory physiology and carbohydrate metabolism of
T. cruzi have been studied as thoroughly as those of any other trypano
somes and, as noted above, knowledge .of the enzymatic composition
of this specics is far advanced to that of any of the other species.
This information will be valuable when attempts are made to correlate
trace element utilization with enzyme systems.

' Iron and zinc have been selected for this study because they
have, been found to occur in important metalloenzymes in other organ
isms and because certain of these enzymes appear to have undergone
change in trypanosome evolution.

Phosphorus uptake and distribution

have been investigated as a comparison to the work done by Moraczewski and Kelsey (1948) and Cantrell (1953 and 1954) on the phos
phorus metabolism of Trypanosoma equiperdum.
It is thought that the evolution of the trypanosomes has been
accompanied by a loss of respiratory enzymes.

A complete cyto

chrome system appears'to be present and active in members of the
Lewisi group whereas the African trypanosomes have no detectable
cytochromes.

There is disagreement as to where the losses occur

and whether the losses are complete or whether these enzymes occur
in amounts below the limits of detection of the methods employed (von
Brand, 1951 and 1952 and Fulton and S'pooner, 1959).

I believe that

a study of the comparative'utilization of iron, an essential component
I

of the cytochromes, may indicate in which organisms a loss of
enzymes of this system occurs.

Corresponding changes may have

occurred in the dehydrogenase systems and zinc utilization may indi
cate these changes since many of the dehydrogenases have been found
to be zinc metalloenzymes.

Figure 2 compares the effects of cyanide

and iodoacetate on the respiration of certain of the important trypano
somes which have been arranged in the order proposed by Hoare

lewisi

congolense rhodesiense gnmbicnse

evansi

equinum

Figure 2. Oxygen consumption of the bloodstream form of various trypanosomes under the influence of -O- cyanide and -O- iodoacetate. From von Brand,
1951.

\

-

-

8

(Figure 1).

The decreasing cyanide sensitivity and the increasing

iodoacetate sensitivity have been used as evidence for the loss of cyto
chromes and the increase of flavin dehydrogenases (von Brand, 1951
and 1952).
The present study of the iron, zinc and phosphorus metabo
lism of the culture form of Trypanosoma cruzi is the first of a series
planned to (1) increase the information available as to the inorganic
metabolism of trypanosomes and (2) test the hypothesis that the
study of trace element utilization can be used to survey taxonomic
groups for changes in enzymatic composition.

MATERIALS AND METHODS

Organisms
The trypanosom.es used in this study were derived from the
Brazil strain of Trypanosoma cruzi.

Stock cultures were obtained

from Dr. .Eleanor J. Tobie, Laboratory of Parasitic Diseases,
National Institutes of Health.

The culture form of this parasite was

used throughout the investigation.

Culture
Trypanosoma cruzi was grown on the blood-agar medium of
Senekjie. (1943) as modified by Tobie, von Brand, and Mehlman (1950).
This medium consists of a blood-agar base with a Locke's solution
overlay.

In early cultures the base was prepared by infusing Bacto

beef, 50 g, with 1000 ml glass distilled water for one hour at 56°C.
The temperature was then elevated to 80°C for 5 minutes to precipii
tate a portion of the protein.

The infusion was filtered and the follow

ing added to the filtrate: Neopeptone (Difco), 20 g; and NaCl, 5 g.
The pH of the resulting solution was adjusted to 7. 2 with 0. 1 N
NaOH.
In later cultures, brain-heart infusion medium (Difco) was
substituted for the Bacto beef.

This modified base was prepared by
9

suspending 37 g of brain-heart infusion medium, 10 g of Neopeptone,
and 5 g of Bacto agar in 1000 ml of glass distilled water.

The pH of

the resulting suspension was 7.2 to 7.4 and required no adjustment
with NaOH.
Both types of base were sterilized by autoclaving at 15
pounds pressure for 20 minutes.

The sterile medium was allowed

to cool to 45-50°C and sterile, defibrinated rabbit blood added to
give a 10% (v/v) blood-agar base.

Cooling before the addition of the

blood was necessary to prevent inactivation of unknown growth fac
tors in the blood.

The blood was obtained by cardiac puncture and

was defibrinated by gentle shaking with glass beads.
In experiments in which cultural conditions were investi
gated as to their effect on the utilization of the inorganic constituents
by the trypanosomes, cultures were utilized in which the concentra
tion of the blood was varied in the base.

In other cultures the blood

was omitted or replaced by horse serum (Difco) or horse serum and
i
hemoglobin (Difco). Hemoglobin was added prior to sterilization to
give a 1. 5% (w/v) concentration and sterile horse serum was added
after cooling the sterilized medium to give a final concentration of
5% (v/v).
The sterile blood-agar base was dispensed while still warm
in 25 ml amounts into sterile 250 ml Erlenmeyer flasks and in 5 ml
amounts in sterile screw top t.est tubes.

The tubes were slanted and

both were allowed to solidify.

Sterile Locke's- solution was added to

the solid base; 15 ml to each of the flask cultures and 3 ml to each of
the slants.

The Locke's solution had the following composition:

NaCl - - -

;8.. 0 g

KC1

-

0. 2 g

CaCl2 - - - - - - - - - - - - 0.2 g
KH 2 P0 4

0. 3 g

Glucose

- - 2.5 g

Glass distilled water - - - -1000.0 ml
It was sterilized by autoclaving at 15 pounds pressure for 20 minutes.
After equilibration to room temperature, the cultures were
inoculated with trypanogomes from stock cultures of 10 to 15 day
incubation.

One ml of inoculum was added to each of the flask cul

tures and 0. 1 ml to each tube culture.

The flasks were incubated at

24°C (+0. 3°C) in a Precision Scientific Low Temperature Incubator
(B. O. D. box).

After 12 to 15 days incubation the trypanosomal
t
growth was maximum and these cultures were used experimentally.
The slant cultures were incubated for 10 to 15 days at room tempera
ture and were utilized to inoculate

new cultures.

Uptake Studies
General procedures.

Except as otherwise indicated, uptake

studies were carried out with trypanosomes suspended in KrebsRinger-Phosphate solution.

The KRP, pH 7. 4, was prepared

12

according to Cohen, 1957.

The trypanosome suspension was prepared

by filtering the overlay of several flask cultures through four layers
of cheese cloth to exclude contamination by agar particles from the
base.

The organisms were separated from the culture medium by

centrifugation at 100 x g for 10 minutes and were washed three times
with KRP'.

The washed trypanosom.es were resuspended in KRP and

the final volume adjusted to give the desired concentration of organ
isms.

In some of the studies of phosphate uptake, Krebs-Ringer

solution without phosphate was used to wash and resuspend the trypanosomes.

Aliquots (25 ml) of the suspension were placed in 125 ml

Erlenmeyer flasks which were used throughout the study as reaction
flasks.
The radioactive isotope of the inorganic ion being studied
was added to the reaction flask to give the desired activity.

Aliquots

(3. 0 ml) of the complete reaction mixture were removed from each
flask and counts of radioactivity and trypanosome numbers were
made to insure the comparability of the flasks.
ments were made as described below.

Radioactive measure

Trypanosomal concentration

was determined by duplicate hemocytometer counts of dilutions of a
portion of each aliquot.
The reaction mixture and incubation were varied as described
below.

After incubation, two 10 ml aliquots were removed from

each flask and centrifuged for 10 minutes at 100 x g to remove the

13

trypanosomes from the reaction mixtures.

The organisms were

washed three times with KRP and resuspended.

A 2. 0 ml aliquot of

the suspension was removed from each tube for the determination
of radioactivity and one milliliter was removed and diluted for hemocytometer counts.

Average values of these duplicate determinations

were used as the measure of the uptake of the radioactive material
in each of the experimental flasks, being expressed as activity per
number of organisms.
Time course studies.

Trypanosomes from a series of iden

tical reaction flasks were harvested after varying periods of incuba
tion with the radioisotopes of iron, phosphorus and zinc.

Except as

otherwise noted, the incubation temperature was 24°C.
Effect of culture.

The uptakes of the radioions were deter

mined for trypanosomes grown under different culture conditions.
Organisms grown in diphasic blood-agar medium were compared
with those grown on media in which the blood had been replaced with
I
horse serum and hemoglobin. Uptakes were also determined for
organisms grown in media containing varying concentrations of blood.
Effect of temperature.

To determine the effect of tempera

ture on the uptake of inorganic ions, trypanosomes were incubated
at 5°C, 24°C, and 37°C and their activities determined after four
hours of uptake at these temperatures.

Effect of the concentration of organisms.

The effect of the

concentration of trypanosomes on their uptake of radioions was
studied by comparing organisms incubated in reaction flasks which
differed only in the population densities of the organisms.
Effect of the concentration of inorganic ions. Uptakes of
radioisotopes were measured for organisms incubated with isotopic
concentrations of 0. 1 jic and 0. 2 }ic/ml of reaction mixture. In
studies of phosphorus uptake, incorporation of radiophosphorus was
compared for trypanosomes suspended in KRP (0. 1 M phosphate)
and in Krebs-Ringer solution without phosphate.
Effect of substrate.

Glucose was added to the reaction mix

ture to study the effect of substrate on the uptake of radioiron.
Organisms from flasks containing no substrate were compared with
organisms from flasks having final concentrations of 0. 01, 0.1 and
1. 0 M glucose.

Isolation of Organic Phosphorus Compounds
The organic phosphorus compounds of Trypanosoma cruzi
were separated into four fractions: acid-soluble components, phos
pholipid fraction, nucleic acid fraction, and phosphoprotein fraction.
The method of isolation which is illustrated in Figure 3, is a modifi
cation of the methods of Schneider, 1945, and Huggins and Cohn,
1959.
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TRYPANOSOMES
Wash: 0. 9% NaCl
Weigh
Homogenize: 5 ml 10% trichloroacetic
acid (TCA), ice cold
Aliquot: 1 ml
1
TOTAL PHOSPHORUS
Extract: 5 ml 10% TCA at 5°C,
x 3
1
ACID-SOLUBLE
FRACTION

RESIDUE
Wash: 5 ml water, x 2, discard
5 ml acetone, x 1, discard
Extract: 3 ml ethanol: ether (3 • 1)
at 50°C for 3 min., x 3

1
PHOSPHOLIPID
FRACTION

RESIDUE
Extract: 3 ml 10% NaCl at 100°C
for 30 min., x 3
OR
Extract: 5 ml 5% TCA at 90°C
for 15 min. and
Wash: 2. 5 ml 5% TCA, x 2, retain
—

1
NUCLEIC ACID
FRACTION
1
PHOSPHOPROTEIN
FRACTION

RESIDUE

Figure 3.

Scheme for the separation of the phosphorus-

containing fractions of Trypanosoma cruzi.
the procedure are given in the text.

Complete details of
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Preparation of trypanosomes.

Trypanosomes, isolated as

described above, were washed three times with 0. 9% NaCl, sedimerited by centrifugation at 1000 x g for 15 minutes in the cold
(5°C), and the wet weight of the pellet determined.
Isolation of acid-soluble components.

The trypanosomes

(approximately 1 g per sample) were disrupted by homogenation with
a Teflon homogenizer for 5 minutes with 5 ml of ice cold trichloro
acetic acid (10%).

The homogenate was transferred to a centrifuge

tube and a one ml aliquot removed for total phosphorus determina
tions.

The remaining homogenate was centrifuged and the super

natant decanted and retained as a portion of the acid-soluble fraction.
This and all subsequent centrifugations were performed at 1000 x g
for 10 minutes.

The precipitate was washed three times with ice

cold 10% trichloroacetic acid, the washes being first used to remove
any homogenate remaining in the homogenizing vessel.

The washes

were added to the original supernatant and the volume of this acidI
soluble fraction was adjusted to 20 ml. The isolation of the acidsoluble components was carried out in a walk-in cold room at 5°C.
Isolation of phospholipid fraction.

The acid-insoluble resi

due was washed two times with water, one time with acetone, and
then extracted three, times with 3 ml portions of 3: 1 ethanol ether
at 50°C.

The combined extracts were brought to 10 ml and consti

tuted the phospholipid fraction.
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Isolation of nucleic acid fraction.
was isolated by two different methods.

The nucleic acid fraction

Both methods gave comparable

results in terms of jig of phosphorus per mg of trypanosomes.

The

first method (Huggins and Cohn, 1959) involved three 30 minute
extractions of the lipid-insoluble residue with 3 ml portions of 10% '
NaCl at 100°C.

In later determinations, the residue was extracted

with trichloroacetic acid instead of the NaCl (Schneider, 1945).

Five

ml of 5% trichloroacetic acid was used to extract the residue at 90°C
for 15 minutes and the tubes were cooled and centrifuged.

The resi

due was washed twice with 2. 5 ml of the acid and the washes added
to the extract. In both procedures the final volume of the nucleic
acid fraction was adjusted to 10 ml.
Phosphoprotein fraction.

The residue remaining after extrac

tion of the nucleic acids contained the phosphoproteins and was sus
pended in water to give 5 ml final volume.

Determination of PhQsphorus
The total phosphorus content of Trypanosoma cruzi and the
phosphorus content of its organic phosphorus fractions were deter
mined by the method of Fiske and Subbarow (1925) as modified by
Gomori (1942).
Wet incineration.

One ml aliquots of the original homoge-

nate (after proper dilution) and of the phosphorus fractions, two 1 ml
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water blanks, and four phosphate standards (10 to 20 p.g P/sample)
were treated with 0. 3 ml of 10 N sulfuric acid at 140°C in an oven
overnight.

After cooling, 3 drops of 30% hydrogen peroxide were

added and the tubes reheated at 140°C for 2 to 3 hours.

Oxidation

with the peroxide was repeated, if necessary, until a colorless solu
tion was obtained.
Analysis.

To each of the tubes were added:

2. 5 ml of

molybdate-sulfuric reagent (2 parts of 5% Na2MoO^ • 2 H^O: 1 part
of 10 N H2SO4: 1 part of H2O): 5 ml H^O; 1. 0 ml of 1% monomethylpara-amino-phenol (Elon, Eastman Kodak) in 3% sodium bisulfite
solution and the volume brought to 10. 0 ml with water.

Color inten

sity was measured spectrophotometrically (Coleman Spectronic-20)
at 750 mu. • The values obtained for the unknowns were compared
with the standards and ^ig P/mg try >unosomes (wet weight) were
calculated for each fraction.

Incorporation of Phopphorus into Organic Phosphorus Compounds
The rate at which phosphorus is incorporated into the organic
phosphorus fractions was measured by determining the specific acti
vities (counts/min/pg P) of the phosphorus fractions of trypanosomes
incubated with radiophosphorus for varying time periods.

Measure

ments of the radioactivity of 2. 0 ml ^"quots of the fractions were
made as described below.

Radioactive Materials and Measurements .
Radioactive isotopes.

The radioisotopes used in this inves

tigation were obtained from the Oak Ridge National Laboratory.
Radiophosphorus (P^ 2 ) was purchased as H3PO4 in HCl solution and
had high specific activities (approximately 40 mc p32/mg p).

Radio-

iron (Fe^) was supplied as FeCl3 in HCl and had specific activities
of approximately 2 mc Fe 5 ^/ mg.Fe.
form of

ZnCl2

Radiozinc (Zn 65 ) was in the

in HCl solution and had specific activities of less than

0. 7 mc Zn® 5 /mg Zn.

In all of the studies, dilutions of the stock iso

tope solutions were designed to give 0.1 or 0. 2 ;ic/ml activities in
the complete reaction mixture.

Using the counting methods as des

cribed below, these activity levels were recorded as counts per
minute as follows:

'

Phosphorus-32 (0. 1 pc/ml) - - -1.8 x 10^ count/min
Iron-59 (0. 1 pc/ml) - - - - - -9.8 x 10^ count/min
ZinC-65 (0. 1 jic/ml)- - - - - - 5. 7 x 10^ count/min
1
Measurement of radioactivity. All measurements of radio
activity were made on 2. 0 ml samples using a deep well scintillation
detector with a sodium iodide, thallium activated, crystal (Nuclear Chicago, Model DS 202).

Samples were counted in plastic centrifuge

tubes (Lusteroid, 13 x 199 mm) and were delivered by volumetric
pipettes to insure a constant volume.

Counts were recorded on a

gamma-ray spectrometer (Nuclear-Chicago, Model 132A).

The

20

spectrometer was used as. an integral counter in these studies with
the base voltage at 800 and a gain of 2.

Preliminary determinations

of detector plateau curves for Zn®^ and Fe^® were used to determine
the operating voltage.
All counts were made for a preset time (usually 5 minutes)
and were corrected for background counts which were determined
before and after counting.

All counting was done within 24 hours of

incubation and no corrections were made for decay.

Statistical Methods
Means and their standard errors have been calculated for
the accumulation of the radioisotopes of iron, zinc and phosphorus
and for the phosphorus content of Trypanosoma cruzi as a function of
time, culture conditions, temperature, concentrations of organisms
and isotopes, and substrate.

Mean values shown in the tables are

followed by their standard errors; standard deviations., standard
errors, and ranges are shown using the method of Dice and Leraas
(1936), as modified by Hubbs and Perlmutter (1942).
Methods for calculating t_values and the_F ratios of analysis
of variance were taken from Simpson, Roe and Lewontin (1960).

RESULTS AND DISCUSSION

Accumulation of Radioions as a Function of Time.
Time courses for the accumulations of the radioisotopes of
iron, zinc and phosphorus are shown in Figures 4, 5, and 6.
for the three figures are from Tables 1, 2, and 3.

Data

The accumulation

of the ions follows the usual pattern of ion uptake, having a high ini
tial rate with decreasing subsequent rates (Hevesy, 1948).
Approximations of the amounts of ions accumulated can be
made from the specific activities supplied with the isotopes and the
count rates associated with these activities; counts/minute /p.g ion/
0. 1 juc isotope: counts/minute/jug ion of sample.

The values so

obtained are approximations due to the specific activity being an
approximate value (+10%) and the random nature of the isotopic dis
integrations.
The radioiron had a specific activity of approximately 2 mc
Fe^/mg Fe and 0. 1 juc Fe^/ml gave 9. 8 x 10^ counts/minute.
From these values it is found that the incubation mixture, which
contained 0. 1 p.c Fe^/ml, had an iron concentration of 0. 05 ;ug Fe/
ml.

During the eight hour period of incubation, 2. 04 jig iron were

accumulated by 10 ^ trypanosomes.

Of the total uptake, 1. 48

jj.c

(72. 5%) were accumulated during the first hour; 0. 14 jug (6. 5%) during
21
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the second hour; and 0. 07 jag (3. 4%) during each of the remaining
six hours.
The specific activity of the radioactive zinc was approxi
mately 0. 7 mc Zn^/mg Zn and 0. 1 jxc Zn^/ml gave 5. 7 x 10^
counts/minute.

The trypanosomes, incubated in 0. 1 jac Zn

Rc

/ml

or 0. 14 jug Zn/ml, accumulated 11. 2 jag. zinc/10^ trypanosomes in
the ten hour period.

Of this, 5.1 jj .g zinc (45. 5%) were accumulated

during the first hour; 1. 5 jag (13. 4%) during the second hour; 1. 3 jag/
hour (11. 6%) during the third and fourth hours; 0. 55 jag/hour (4. 5%)
during the fifth and sixth hours; and 0. 22 jag/hour (2. 0%) during the
four remaining hours.
The radioactive phosphorus, as purchased, had a specific
activity of about 40 mc P^^/mg P. It was diluted with non-radioactive
phosphorus when added to the. KRP (0. 1 M phosphate).

When the con

centration of the incubation mixture was 0. 2 jac 'Paired., the concen
tration of phosphorus was 2. 11 x 10^ jag/ml and the specific activity
was 1 mc p32/io. 5 x 10^ mg P.
was 3. 6 x 10^ counts/minute.

The count rate for this concentration

The eight hour uptake of phosphorus

was 138. 5 yug/lO^ trypanosomes.

The first hour accumulation was

64. 3 Mg (46. 5%); the second hour was 24. 1 jug (17. 4%); the third and
fourth hours were 5. 1 pg/hour (3. 7%) and the remaining rate was
10. 0 jug/hour 7. 2%).
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Figure 4.
time.

Accumulation of radioactive iron as a function of

Trypanosom.es, 2. 6 x 10^/ml, incubated in KRP at 24°C with

0. 1 juc Fe^/ml.

Data from Table 1.
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TABLE 1

ACCUMULATION OF RADIOACTIVE IRON AS A FUNCTION OF TIME

TIME

N

hours

MEAN

RANGE

counts/minute/ 10® trypanosomes

1

8

290. 37 + 16. 80

216 - 391

2

6

317.59 + 43.42

227 - 528

4

8

344. 16 + 19. 09

• 279 - 415

8

6

401.01 + 37. 69

316 - 505

Trypanosomes, 2. 6 x 10®/ml, incubated in KRP at 24°C
with 0. 1 jic Fe

CQ

/ml.

Data graphed in Fig. 4.
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Figure 5.
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Accumulation of .radioactive zinc as a function of

Trypanosomes, 2. 8 x 10®/ml, incubated in KRP at 24°C with

0. 1 jic'Zn^/ml.

Data from Table 2.
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TABLE 2

ACCUMULATION OF RADIOACTIVE ZINC AS A FUNCTION OF TIME

TIME

RANGE

MEAN

N

counts/minute/10® trypanosomes

hours

4. 44

197 - 215

1

4

205. 78 +

2

6

264.63 + 17.43

228

319

4

4

369.44 +

7.05

355

385

6

4

414.86 + 21.03

376

456

10

4

448. 08 + 31. 6-2

389

504

Trypanosomes, 2. 8 x 10^/ml, incubated in KRP with
t

0. 1 /nc Zn 6 5 /ml at 24°C.

Data graphed in Fig. 5.
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Accumulation of radioactive phosphorus as a
Trypanosomes, 1. 6 .x 10^/ml, incubated in KRP

at 24°C with 0. 2 juc p3 2/ m ]__

Data from Table 3.
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TABLE 3

ACCUMULATION OF RADIOPHOSPHORUS AS A FUNCTION OF TIME

TIME

N

hours

MEAN

RANGE

counts/minute/10 ^ trypanosomes

1

12

109. 60 +

4. 79

93 - 140

2

12

150.91 +

7.50

102 - 192

4

;6

168. 00 +

5. 26

147 - 183

8

11

236. 18 + 22. 86

149 - 369

Trypanosomes, 1. 6 x lO^/ml, incubated in KRP at 24°C
with 0. 2

jic p 3 2 / m i .

Data graphed in Fig. 6.
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The accumulations of iron, zinc and phosphorus are best
compared in terms of the moles of the ion accumulated.

The follow

ing are the micromoles of the ion accumulated by 10*® trypanosomes
during eight hours of incubation:
Iron. . . . . 3.64 x 10"^ jaM/lO*® trypanosomes
Zinc

1. 65 x 10~* jiM/10*® trypanosomes

Phosphorus. .4.49 x 10^

jaM/lO*® trypanosomes

It can be seen that the rate of uptake of phosphorus greatly exceeds
that of iron and zinc (1.2 x 10 4 and 2. 7 x 10 3 times respectively)
and that zinc accumulation is greater (4. 5 times) than that for iron
but of the same relative order of magnitude.
The uptakes of the radioions of the present study differ
from those reported by Mulvey (1959 and 1960) for Trypanosoma
equiperdum.

The majority of his data indicate a rapid accumulation

of isotopes, as found with T. cruzi, followed by a decrease in acti• vity after one to two hours of incubation. The decrease in activity
t
is observed in all cases in which iron accumulation is being measured
for longer than for two hours and in all but two of the experiments with
phosphorus.

The loss of activity occurs both in the presence and

absence of glucose and therefore cannot be explained on the basis of
the high degree of substrate dependency found in T. equiperdum
(Thurston, 1958).

Respiratory rates determined by Mulvey (1959),

while not showing any corresponding decrease, were not continued
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for longer than two hours and cannot.be used to determine definitely
whether the organism had undergone any metabolic damage.

Were

the decrease found only in the iron uptakes,- it would be very attrac
tive to use this as evidence for a decrease of iron dependency due to
the loss of heme proteins in T. equiperdum.

The decrease in phos

phorus uptake, however, could hardly be taken as indicative of the
nonessentiality of phosphorus.
Although a large volume of literature exists in the area of
mineral metabolism, the bulk of the investigations have been in the
• area of uptake, distribution and excretion of ions in intact, multi
cellular organisms, especially mammals, and relatively few are per
tinent to the present investigation.
Saltman and his coworkers (Saltman, Fiskin, and Bellinger,
1956; Saltman, et al., 1956; Bass, Bernick, and Saltman, 1957; and
Saltman, 1958), while working with a mammalian tissue, rat liver,
utilized tissue slices and cell suspensions to study ion uptake.
i

Their studies involved the accumulation of trace metal ions (iron,
zinc and copper) which they found behaved similarly and quite different
from the "bulk elements" such as phosphorus.
Their findings indicate that the uptake of the isotope paral
lels the total ion increase and that measurements of radioactivity
are sufficient to follow the accumulation of the ions.

The time

course curves of their investigations are quite similar to those
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found for iron and zinc in the present investigation.
Saltman postulates a two step process for trace metal accumu
lation; (1) diffusion of the ions to ion binding 'sites and (2) binding
of the ions to ion binding entities by reactions which are rapid in com
parison to the rate of diffusion.

For this process he proposes use of

the rate equation
'

=

k (Q„ - Q)

where Q is equal to the amount of the ion at time t, Q «« is equal to
the amount of ion at infinite time, and k is the rate constant.

Inte

gration yields
i
ln

Q~

-

Q

Q- - Qo

, ,
-kt

where Q 0 is equal to the amount of ion initially present. When time
course data are plotted as log (Q^ - Q)/(Q mo - Q 0 ) vs. time,
linearity is taken as an indication that the ion being investigated is
behaving in a manner consistent with the postulations. When data for
iron and zinc from the present study are treated in this manner the
points are found to form a straight curve.

Phosphorus data, how

ever, does not plot linearly, as has been found for the uptake of
"bulk elements" in other systems; these ions being normally actively
transported (Saltman,. 1958.; Sacks, 1958; Goodman and Rothstein,
1954).

The marked accumulation of phosphorus by T_. cruzi might
be expected in view of the fact that this organism stores volutin.
While the nature of volutin remains incompletely understood, it is
known that free-living protozoa which store this material have a pro
nounced phosphorus metabolism and the same would be expected of
the parasitic protozoa in which it occurs.
Phosphate uptake was measured in the absence of substrate
(endogenously).

Most colls, including yeast (Mullins, 1942), other

microorganisms (Kamen and Spiegelman, 1948), and cells of higher
organisms (Sacks, 1958) have a greatly reduced phosphate uptake
under endogenous conditions as compared with their exogenous
rates.. This would not be expected for T. cruzi since this organism
has a relatively low utilization of glucose and its endogenous oxygen
consumption is not greatly increased with the addition of carbohy
drate substrates (von Brand, 1952; Warren, 1960; and Zeledon,
1960b).

This organism apparently can metabolize quite normally

for long periods of time by utilizing stored energy sources.

Accumulation of Radioions as a Function of Culture
The composition of the culture media in which Trypanosoma
cruzi was grown was varied to obtain an indication as to how great
an effect differences in culture would have on ion accumulation.
The trypanosomes to be utilized in comparative studies of ion
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metabolism vary in their optimal culture conditions and it was
desirable to know what effect such variations might have.

In addi

tion, comparisons between culture and bloodstream forms, which bynecessity differ greatly in their growth environment, could only be
made if the conditions under which they grew had little or no effect
on ion uptake.
Figure 7 shows the accumulation of radioactive iron as a
function of time for organisms grown in blood-agar cultures contain
ing 10% defibrinated blood (lower curve) and organisms grown in
identical diphasic cultures except for the substitution of horse serum
for the defibrinated blood (upper curve).

The uptake is 3. 2 times as

great for the trypanosomes grown only with serum; 5. 76 fig iron/
10^ trypanosomes being accumulated during the four hour period as
compared with 1. 78 jug for trypanosomes grown in normal medium.
The substitution of hemoglobin and serum for blood in di
phasic cultures produces organisms which have an intermediate iron
/

uptake.

The three culture conditions are compared in Figure 8.

Anal

ysis of variance of the data of Table 5 is shown in Table 6 and indi
cates that a significant difference exists between the organisms grown
with blood, with hemoglobin and serum, and with serum. • Significant
differences exist between all three culture conditions as shown by
t-test comparisons (blood vs. hemoglobin and serum: _t = 3. 8486,
P<0.005; hemoglobin and serum vs. serum: t = 2.3575, P< 0.025).
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Figure 7.

Accumulation of radioactive iron as a function of

time and culture conditions.

O Trypanosomas, 2. 5 10^/ml, grown

on medium containing serum and incubated in KRP at 24°C with 0.1"
juc Fe^/ml.

O From Figure 4.

Data from Tables 1 and 4.
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TABLE 4

ACCUMULATION OF RADIOACTIVE IRON BY TRYPANOSOMES
GROWN ON MEDIUM CONTAINING SERUM

TIME

N

MEAN

RANGE

counts/ minute /10® trypanosomes

hours
1

3

866.67 + 17.61

836 -

898

2. 5

3

972..33 +

952 -

987

4

4

8. 41

1111.75 + 16. 10

1082 - 1152

8

Trypanosomes, 2.5 x 10 /ml, grown on medium containingserum and incubated in KRP at 24°C with 0. 1 /ic Fe^®/ml.
graphed in Fig. 7.

Data
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Effect of culture on the accumulation of radio

Trypanosomes, 3. 2 x 10^/ml, incubated in KRP for

four hours at 24°C with 0. 2 p.c Fe^/ml.
text.

Data from Table 5.

Cultures as described in
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TABLE 5

EFFECT OF CULTURE. ON THE ACCUMULATION OF RADIOIRON

CULTURE

N

MEAN

RANGE

counts/minute/10® tr ypanosomes
Blood, 10%

6

448. 02 +

6. 71

430 -

474

Hemoglobin
and Serum

6

657.32 +

53.88

476 -

787

Serum

6

956. 16 + 114. 55

636 - 1152

Trypanosomes, 3. 2 x lO^/ml, incubated in KRP for four
hours with 0. 2 ^ic Fe^/ml.
graphed in Fig. 8.

Cultures as described in text.

Data
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TABLE 6
$

ANALYSIS OF VARIANCE OF THE EFFECT OF CULTURE ON THE
ACCUMULATION OF RADIOACTIVE IRON.

SOURCE

SUM OF
SQUARES

DATA FROM TABLE 5.

D. F.

MEAN
SQUARE

' F

14. 69

MAIN EFFECT

758,927

2

392, 964

DEVIATIONS

401, 191

15

26, 746

_P

<0. 005
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,The effect of the concentration of the defibrinated blood in
blood-agar cultures was investigated and the results are shown in
Figure 9 from the data of Table 7.

Analysis of variance (Table 8)

shows the existance of a significant difference between the four blood
concentrations. r The t_-tests indicate a significant difference between
the organisms grown in the 2% and the 4% concentrations (t = 3. 961,
P< 0. 010) and between those grown in the 4% and 6% concentrations
(t =3. 4865, P < 0. 010).

There is no significant difference between

organisms grown in the 6% and 10% blood concentrations (t_ = 0. 3941,
P > 0. 35).
Trypanosoma cruzi, like most members of the family Trypanosomidae, is unable to synthesize hematin and requires an exo
genous source of this metalloporphyrin.

The blood in the diphasic

blood-agar cultures serves as a source for this as well as for other
growth factors for this organism.

M. • Lwoff (1933a and 1933b) has

shown that one member of the family, Strigomonas fasciculata,
/

requires either the iron protoporphyrin or protoporphyrin for growth.
The same has been found true for Hemophilus influenzae (Granick
and Gilder, 1946), another of the restricted group of organisms
which are unable to synthesize their own porphyrins.

In both cases

it appears that the organism is capable of inserting the iron into the
protoporphyrin to give the iron protoporphyrin.

Granick (1954) has

direct evidence that chicken erythrocytes also have the ability to
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Accumulation of radioactive iron as a function of

the blood concentration of cultures.

Trypanosomes, 2. 6 x 10^/ml,

incubated in KRP for four hours at 24°C with 0. 1 jac Fe^/ml.
from Table 7.

Data
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TABLE 7

ACCUMULATION OF RADIOACTIVE IRON AS A FUNCTION
OF THE BLOOD CONCENTRATION OF CULTURES

BLOOD
CONC. '

'

N

MEAN

RANGE

counts/minute /10® trypanosomes

%

.2

4

241.82 + 11.10

224 - 271

4

4

292. 78 +

8. 73

274 - 316

6

4

333. 06 +

7. 51

312 - 346

10

rv
O

344. 16 + 19. 09

279 - 415

Trypanosom.es, 2. 6 x 10^/ml, grown on diphasic blood-agar
media with varying concentrations of blood.
0. 1 p. c Fe^/ml at 24°C for four hours.

Incubation in KRP with

Data graphed in Fig. 9.
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TABLE 8

ANALYSIS OF VARIANCE OF THE EFFECT OF BLOOD
CONCENTRATION ON THE ACCUMULATION OF
RADIOACTIVE IRON.

DATA FROM TABLE 7.

SOURCE

SUM OF
SQUARES

D. F.

MAIN EFFECT

31, 211. 51

3

10, 403. 83

DEVIATIONS

23, 474.66

16

1, 467.17

MEAN
SQUARE

_F

. 7. 09

_P

<0.005
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insert iron into the porphyrin nucleus.

M. Lwoff (1951) calculates

from growth data that S. fasciculata requires 6 x 10^ molecules of
porphyrin and an equal number of iron atoms per flagellate.
The increase in iron utilization by organisms grown with
serum or with hemoglo'bin and serum may be due to a reduction in
iron content of these blood fractions below that of the porphyrin and
that the trypanosomes are utilizing the iron to convert incorporated
protoporphyrin to its active metalloporphyrin form.
The decrease in iron uptake with decreases in blood concen
tration of the culture media would appear to contradict the increased
uptake in the absence'of blood.

However, no contradiction need be

concluded if the foregoing hypothesis is correct.

If the proportion

of iron to porphyrin is not altered in the blood, decreases in concen
tration would not be expected to increase the amount of protoporphy
rin over iron protoporphyrin and no increased uptake would be noted.
The decrease in iron accumulation could then be due to a decrease
t
in metabolic activity due either to the reduction of hematin or
another growth factor supplied by the blood.
Figures 10 and 11 compare the uptakes for zinc and phos
phorus for organisms grown under different culture conditions.
Although the curves of Figure 10 are only based on duplicate deter
minations, the decrease in zinc accumulation for organisms grown
with 0% and 5% blood concentrations would tend to support the'idea
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Effect of culture on the accumulation of radio
Trypanosomes, 9. 6 x 10^/ml, grown on media

containing O serum and O hemoglobin and serum.
KRP at 24°C with 0. 2 p.c p32/ m i.

Incubation in

Data from Table 9.
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TABLE 9

EFFECT OF CULTURE ON THE ACCUMULATION
OF RADIOACTIVE PHOSPHORUS

CULTURE

N

TIME

1

3

199. 25 + 54.49

128, - 302

2. 5

3

225.35 +

2.76

222.- 231

4

3

244.75 + 22.63

202 - 279

3''.

293. 12 + 20. 70

255 -.326

1

3

166. 63 +

4.29

160-174

2. 5

3

203.33 +

5. 98

196 - 215

4

3

260. 65 + 31. 68

213 - 320

8

3

290.14 + 12.75

270 - 314

8"
Hemoglobin
and Serum

•

RANGE

counts/minute/10® t rypanosomes

hours
Serum

MEAN

•

:'

Trypanosomes, 9. 6 x 10^/ml, incubated in KRP at 24°C with
0. 2 juc P^/ml.

Cultures as described in text.

Data graphed in Fig. 11.

that blood concentrations in this range are below optimal for normal
metabolic activity.

Culture conditions appear to have no effect on

the accumulation of radioactive phosphorus.

Accumulation of Radioions as a Function of Incubation
Conditions of incubation were investigated as to their effect
on the accumulation of radioactive iron, zinc and phosphorus.

The

effects of temperature, concentration of organisms, concentration
of ions and substrate were studied.
Effect of temperature.

Figures 12, 13.and 14 show the

effect of temperature on the uptake of .radioisotopes of iron and zinc.
Iron shows increased uptake with increasing temperature from 5°C to
37°C.

Analysis of variance (Table 12) of the data of Table 11 indi

cates a significant difference between the accumulations of iron at
5°C, 24°C and 37°C.

However, comparisons between pairs of tem

peratures with the t-test indicate no significant difference between
uptakes at 24°C and 37°C (t = 0. 9554, P > 0. 15) and significance at
only the 5% level between 5°C and 24°C (t = 2. 2425).

The linearity

of the increase with increasing temperature seen in Figure 13 (upper
curve) would tend to indicate that the means are an accurate indica
tion of the effect of temperature on iron accumulation.

The lower

curve, while based on the means of duplicate determinations, again
gives a straight line.

The lower curve represents the accumulation
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Figure 12.
radioactive iron.

Effect of temperature on the accumulation of

Trypanosomes, 3.0 x 10®/ml, incubated in KRP

for four hours with 0. 2 juc Fe^/ml.
containing hemoglobin and serum.

Organisms grown on medium

Data from Table 10.
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TABLE 10

EFFECT OF TEMPERATURE ON THE ACCUMULATION
OF RADIOACTIVE IRON

TEMP.

N

°C

RANGE

MEAN

counts/minute/10

r*

trypanosomes

5

4

693.78 +

8.16

672 - 707

24

4

747. 26 + 22. 32

688 - 787

37

4

772.68 + 14. 32

746 - 802

Trypanosom.es, 3.0 x 10®/ml, incubated in KRP for four
hours with 0. 2 pc Fe 5 "/ml at the temperatures indicated.
grown on medium containing hemoglobin and serum.
in Figures 12 and 13.

Organisms

Data graphed
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TABLE 11

ANALYSIS OF VARIANCE OF THE EFFECT OF TEMPERATURE
ON THE ACCUMULATION OF RADIOACTIVE IRON.
DATA FROM TABLE 10.

SOURCE

DEVIATIONS

D. F.

MEAN
SQUARE

12, 976. 53

2

6, 488. 26

9, 238. 83

9

1, 026. 54

F_

OC
OC
OC

MAIN EFFECT

SUM OF
SQUARES

_p

<0. 025
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Figure 13.
of radioactive iron.

Effect of temperature and culture on the uptake
O Trypanosomas, 3. 2 x 10^/ml, grown on

blood-agar medium and incubated in KRP for four hours with 0. 2 uc
Fe 5 9/ml.

Each point represents the mean of duplicate determinations.

O From Figure 12.

of radioactive iron by trypanosomes grown in blood-agar cultures,
whereas the upper curve is for organisms grown in medium containing
hemoglobin and serum.
The effect of temperature on the accumulation of radiozinc
is shown in Figure 14 from data in Table 12.

The effect of tempera

ture on the uptake of zinc differs from that of iron in that accumula
tion is greatest at 24°C and least at 37°C.

Analysis of variance

(Table 13) shows a significant difference between the accumulations
at the three temperatures and t_ values show significance between pairs
of observations (5°C vs. 24°C: _t = 3.1673, P< 0.010; 5°C vs. 370C:
t_ = 3. 8631, P < 0. 005).
. Mulvey (1959 and 1960) found that iron accumulation during
the first two hours of his-experiment followed the pattern of zinc in
the present study.

Of the temperatures used in his investigation,

17°C, 27°C and 37°C, iron accumulation was greatest at 27°C and
least at 37°C during this period.

By the end of four hours, the try

panosomes incubated at 17°C showed the greatest radioactivity.
This, however, was not due to an increased accumulation at 17°C,
but to the more rapid loss of activity by organisms incubated at 27°C.
At 27°C, the organisms were apparently loosing iron at a more rapid
rate than they were accumulating it, as has been noted previous"'
In their investigations of the iron metabolism of rat liver
slices and ceil suspensions, Saltman, Fiskin and Bellinger (1956)
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radioactive zinc..

Effect of temperature on the accumulation of

Trypanosomes, 2. 2 x 10 8 /ml, incubated in KRP

for four hours with 0. 1 fic Zn 6 5 /ml.

Data from Table 12.
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TABLE 12

• EFFECT OF TEMPERATURE ON THE ACCUMULATION
OF RADIOACTIVE ZINC

TEMP

N

°C

RANGE

MEAN

counts /minute/ 10

'

trypanosomes

5

4

532.37 + 10.78

502 - 552

24

8

585. 27 +

8. 97

531 - 608

37

4

^_ 443.93 + 20. 12

419 - 503

Trypanosomes, 2. 2 x 10^/ml, incubated in KRP with
0. 1 juc Zn 6 5 /ml for four hours at the indicated temperatures.
Data graphed in Fig. 14.
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TABLE 13

ANALYSIS OF VARIANCE OF THE EFFECT OF TEMPERATURE
ON THE ACCUMULATION OF RADIOACTIVE ZINC.
DATA FROM TABLE 12.

SOURCE

SUM OF
SQUARES

D. F.

MEAN
SQUARE

MAIN EFFECT

53, 376. 32

2

26, 688. 16

DEVIATIONS

10, 662.41

13

820.18

F

32. 51

P

<0. 005

56
found the optimal temperature for iron accumulation to be 60°C with
a rapid decrease in the rate of accumulation above that temperature.
Saltman (1958) does not report the optimal temperature for zinc
uptake in his system, but does indicate that the rate of accumulation
increases with temperature increases.
The present data would suggest an optimal temperature for
iron accumulation above 37°C and an optimal for the accumulation of
zinc below 37°C which would be expected to fall between 24°C and
37°C.

It appears that Trypanosoma cruzi, T. equiperdum and rat

liver cells vary in their sensitivities to temperature in respect to
their mechanisms of ion transport.

Using the model proposed by

Saltman, Fiskin and Bellinger (1956) of trace metal accumulation as
a two step process of diffusion and ion binding, it would be expected
that diffusion would be less sensitive to temperature than ion binding.
It would then appear that the ion binding reactions are heat sensitive
and become the rate limiting reactions at elevated temperatures;
becoming.rate limiting for the accumulation of zinc in T. cruzi and
for iron in T. equiperdum at lower temperatures than for these two
metals in rat liver cells.
Saltman, et al. (1956) conclude that if diffusion is the rate
limiting reaction for the accumulation of iron, the energy of activa
tion should be low; less than 10 kcal/mole.

From .time course studies
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at 3°C and 37°C they obtain an apparent activation energy for the
accumulation of iron of 770 cal/mole.
In the present study activation energies for the accumulation
of iron and zinc have been calculated from the Arrhenius equation for
the effect of temperature on chemical reactions.

When the log rate

of the reaction is plotted against the reciprical of the absolute tem
perature (Arrhenius plot) the slope of the resulting line is equal to
the energy of activation (E*) over 2. 303 R, where 2. 303 is the factor
of" conversion from decadic to natural logarithms and R the gas con
stant (1. 987 cal per degree per mole).
The data for iron gave a straight line with a slope of 130. 5
which when multiplied by 4. 58 (2. 303R) gives an activation energy of
596. 7 cal/mole.

Using only the rates for zinc accumulation at 5°C

and 24°C, the Arrhenius plot gave a slope of 274. 3 and an activation
energy of 1256. 3 cal/mole.
Considering the differences in calculation these values are
in close agreement with the value reported for the accumulation of
iron by rat liver slices.

Both'iron and zinc accumulation have low-

energies of activation indicating that the rate limiting process in
accumulation is diffusion; activation energies for diffusion in aqueous
systems having values of 1. 0 to 5. 0 kcal/mole. (Casey, 1962)
The temperature coefficients (Qio) f° r the accumulation of
iron and zinc were calculated from the equation: Q^Q = k-P _

IQ

/^ T
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(Bray and White, 1957).

The Q-^ Q for iron was found to be 1. 04 and

was constant for the temperature range 5°C-37°C.
from 5°C-24°C was found to be 1. 05.

The Q ^ Q for zinc

These again are in the range

of values expected for passive transport in biological systems (Casey,
1962; Qio = 1.06-1. 28 for diffusion in water solutions) and again indi
cate a low energy of activation.
The Q^ Q calculated for the accumulation of iron by trypanosomes grown in hemoglobin and serum was found to be higher than
that calculated for organisms grown in the presence of blood (above).
It was found to vary from 1. 18 to 1. 32 over the range of 5°C to 37°C.
The discrepancy between the two values for iron accumulation is
probably due to the fact that the rate constants used in the calculations
were assumed to be zero order, when in fact they are first order
reactions.

This value is still well below the Q I Q of a reaction having

an energy of activation of 10 kcal/mole and therefore suggests passive
accumulation.
Effect of the concentration of trypanosomes.

The accumula

tion of radioions as a function of trypanosome concentration is graphed
in Figures 15, 16, 17 and 18.
take of iron.

Figure 15 shows this effect on the up

Analysis of variance (Table 15) of this data (Table 14)

shows significant difference between the four concentrations utilized:
0. 9, 1. 6, 2. 6 and 3. 2 x 10^ trypanosomes/ml.

Comparisons using

the t-test indicate no significant difference between the uptakes at
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Accumulation of radioactive iron as a function of

the concentration of organisms.

Trypanosomes incubated in KRP for

four hours at 24°C with 0. 1 juc Fe^/ml.

Data from Table 14.
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TABLE 14

ACCUMULATION OF RADIOACTIVE IRON AS A FUNCTION
OF THE CONCENTRATION OF ORGANISMS

TRYPANOSOME
CONCENTRATION

N

per ml

MEAN

RANGE

counts/minute/10® trypanosomes

0.9 x 10 8

4

460.53 +

7.86

445 - 475

1.6 x 10 8

4

456. 61 +

6. 23

447 - 475

2. 6 x 10 8

8

344. 16 + 19. 09

279 - 415

3 . 2 x 1 08

4

223.64 +

217 - 230

3.82

Trypanosomes incubated in KRP for four hours at 24°C
with 0. 1 juc Fe^^/ml.

Data graphed in Fig. 15.
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TABLE 15

ANALYSIS OF VARIANCE OF THE EFFECT OF THE CONCEN
TRATION OF ORGANISMS ON THE ACCUMULATION OF
RADIOACTIVE IRON.

DATA FROM TABLE 14.

MEAN
SQUARE

D.F.

MAIN EFFECT

153, 484. 89

3

51, 161. 63

21, 784. 25

16

1, 361. 52

DEVIATIONS

_F

J?

00

SUM OF
SQUARES

OC

SOURCE

<0.005

0. 9 and 1. 6 x 10® population densities per ml (t_ = 0. 3898, P > 0. 35).
The Dice-Leraas method of the presentation of the data indicates
that significant differences exist between the other concentrations.
Analysis of variance (Table 17) of the data shown in Figure
16 and Table 16 likewise indicates significant difference between the
accumulations of zinc by 0. 9, 1. 5, 2. 2 and 2. 7 x 10
ml concentrations.

trypanosomes/

Student's Rvalue for the accumulation by 0. 9 and

1. 5 x 10® trypanosomes/ml indicates no significant difference
between these concentrations (t = 0.5876, P> 0.25).

A significant

difference at the 5% level is found between the 1. 5 and 2. 2 x 10®/ml
population densities and the 2. 2 and 2. 7 x 10®/ml concentrations can
be seen to be significantly different from inspection of the figure.
The uptakes of radiophosphorus by 0.9, 1.0, 1.6 and 1.8 x
10® trypanosomes/ml over a 2. 5 hour period are shown in Figure 17.
The data for the accumulation of P®^ i n KRP (Table 18) show signifi
cant difference when tested with analysis of variance (Table 19).
Significant differences exist between the accumulations of 0. 9 and
1. 0 x 10® organisms/ml (t =* 7, 8740, P< 0.005) and between the
accumulations of 1. 0 and 1. 8 x 10® trypanosomes/ml (t_ = 2. 6564,
P< 0.05).

There is no significant difference, however, between the

1. 6 and 1. 8 x 10®/ml concentrations (t_ = 0. 6043, P > 0. 25).
The validity of the values shown for the uptake of phosphorus
by 1. 8 x 10® trypanosomes/ml is questionable in view of the
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Figure 16.

Accumulation of radioactive zinc as a function of

the concentration of organisms.

Trypanosomes incubated in KRP for

four hours at 24°C with 0. 1 /ic Zn^/ml.

Data from Table 16.
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TABLE 16

ACCUMULATION OF RADIOACTIVE ZINC AS A FUNCTION
OF THE CONCENTRATION OF ORGANISMS

TRYPANOSOMES

N

RANGE

MEAN

O

counts/minute/10

per ml

trypanosomes

0. 9 x 10 8

4

730.-72 + 53. 18

697 - 763

1. 5 x 10

4

681.88 + 63. 56

563 - 821

8

585. 27 +

8. 97

531 - 608

6

385. 08 + 28. 90

296 - 470

2.2 x 10

8

2. 7 x 10 8

Trypanosomes incubated in KRP for four hours at 24°C
with 0. 1 ;uc Zn® 5 /ml.

Data graphed in Fig. 16.
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TABLE 17

ANALYSIS OF VARIANCE OF THE EFFECT OF THE CONCEN
TRATION OF ORGANISMS ON THE ACCUMULATION OF
RADIOACTIVE ZINC.

SOURCE

SUM OF
SQUARES

DATA FROM TABLE 16.

D. F.

MEAN
SQUARE

Z

20. 38

MAIN EFFECT

359, 933. 36

3

119, 977. 79

DEVIATIONS

111, 879. 32

19

5, 888. 38

<0. 005
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Accumulation of radioactive phosphorus as a

function of the concentration of organisms.
in KRP for 2. 5 hours with 0. 2 /ic P^/ml.

Trypanosomas incubated
Data from Table 18.
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TABLE 18

ACCUMULATION OF RADIOACTIVE PHOSPHORUS AS A FUNCTION
OF THE CONCENTRATION OF ORGANISMS

INCUBATION

TRYPANOSOMES

• N

'

KRoP

RANGE

counts/minute /10? trypanosomes

per ml
KRP

MEAN

0. 9

X

10 8

3

225. 35 +

2. 76

222 -

231

1.0

X

10 8

3

203.33 +

5.'98

196 -

215

i. 6

X

10 8

6

' 150.91 +

2. 01

145 -

158

1. 8

X

10 8 ^

"3

157.54 +

16. 12

128 -

183

1. 6

X

10 8 .

6

3059.27 + 187. 35

2632 - 3572

2. 1

X

10 8

6

1263. 9.6 +

1095 - 1372

42. 40

KRP: Trypan.osom.es incubated in KRP for 2. 5 hours with 0. 2 }ic
P^/ml.

KRoP: Trypanosomes incubated in Krebs-Ringer without phos-

• phate for 2 hours with 0. 2 )ic p32/ml.

Data graphed in Fig. 17 and 18.
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TABLE 19

ANALYSIS OF VARIANCE OF THE EFFECT OF THE CONCENTRATION
OF ORGANISMS ON THE ACCUMULATION OF RADIOACTIVE
PHOSPHORUS.

SOURCE

MAIN EFFECT
DEVIATIONS

SUM OF
SQUARES

DATA FROM TABLE 18.

D. F.

MEAN
SQUARE

F

14, 306. 96

3

4, 768. 99

26. 89

1,950.86

11

177.35

P

<0. 005

69

350

cn
H
§
O
cn
O

300

£
<

t*
P?

•Eh

250

CD

O
H

E-i

P

£

200

FH
£

p
O
O

150

100
1.6

2. 1

CONCENTRATION OF TRYPANOSOMES (x 10 8 /ml)

Figure 18.

Accumulation of radioactive phosphorus as a

function of the concentrations of organisms and phosphorus.

Try-

panosomes incubated in Krebs-Ringer without phosphate for two
hours with 0. 2 p.c P^/ml.

Data from Table 18.
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relatively high degree of variation and because of the results shown
in Figure 18.

This figure compares the radiophosphorus uptake by
A

organisms incubated in Krebs-Ringer without phosphate.

The con

centrations of the organisms fall on either side of the questionable
concentration and show the decrease in activity with increased concen
tration as would be expected.
The ranges of trypanosome concentrations for both iron and
zinc uptakes include points of inflection which may be important in
future comparative studies.

Concentrations of trypanosomes below

1. 6 and 1. 5 x 10®/ml for iron and zinc respectively show no signifi
cant differences in ion uptake, whereas, higher concentrations of
organisms give uptakes which are inversely proportional to the con
centration of trypanosomes.

The point at which the inflection occurs

is a measure of the concentrations of the ions and trypanosomes at
which there is a transition from a lack of competition between the
organisms to concentrations at which the organisms are in competi
tion for the available ions.

These points are 1. 6 x 10® trypanosomes

per 0. 05 jug iron per ml and 1. 5 x 10® trypanosomes per 0. 14 p.g
zinc per ml.
Mulvey (1959) investigated the effect of the concentration of
T. equiperdum on its uptake of iron and phosphorus and found the
uptake to be inversely proportional to the concentration.

The ranges

of his concentrations did not include any points of inflection as was the

-
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case for phosphorus in the present investigation.

His concentrations

of organisms ranged from 2 x 10^/ml to 210 x 10^ for iron uptake
and at even these low concentrations he found no evidence that com
petition for the ions was not occurring.

However, the specific acti

vity of the iron in suspending medium is not given and may be in low
concentration.
Comparisons of ion uptakes between trypanosome species
should include the inflection point noted above, because it is felt that
it will be indicative of the need for the ion by the trypanosome.
Effect of the concentration of ions.

Uptakes for iron and

zinc were determined for concentrations of 0. 1 and 0. 2 jic/ml.
data are shown in Tables 20 and 21.

The

Trypanosomes accumulated

twice as much iron when incubated with the higher concentration as
when incubated with the lower concentration.

Zinc uptake was in

creased 1. 7 times when incubated with 0. 2 /ac/ml over the uptake
in 0. 1 p.c/ml.

.

..

When the accumulation of radioactive phosphorus as a func
tion of time was determined for trypanosomes suspended in KrebsRinger without phosphate, the uptake was markedly increased as
shown in Figure 19 (data from Table 22).

The upper curve shows the

uptake from Krebs-Ringer without phosphate whereas the lower curve
is for phosphate uptake from KRP.

The uptake of radioactive phos

phate was increased due to the reduction of the non-radioactive
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TABLE 20

EFFECT OF THE CONCENTRATION OF RADIOACTIVE IRON
ON ITS ACCUMULATION

IRON-59

N

MEAN

counts/minute/10

jic/ml

RANGE

trypanosomes

0. 1

4

223.64 + 3.82

217 - 230

0. 2

6

448.02 + 6.71

430 - 475

O
Trypanosomes, 3.2 x 10 /ml, incubated in KRP with
0. 1 and 0. 2 juc Fe^/ml for four hours at 24°C.
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TABLE 21

EFFECT OF THE CONCENTRATION OF RADIOACTIVE ZINC
ON ITS ACCUMULATION

ZINC-65

N

MEAN

RANGE

counts/minute / 10^> trypanosomes

. juc/ml
0. 1

6

385. 08 + 28. 90

296 - 470

0. 2

4

652.22 + 58.00

'545 - 754

Trypanosomas, 2.7 x 10^/ml, incubated in KRP with 0. 1
and 0. 2 ^ic Zn^/ml at 24°C for four hours.
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Figure 19.

Accumulation of radioactive phosphorus as a

function of time and phosphorus concentration.

O Trypanosomes,

1. 6 x 10^/ml incubated in Krebs-Ringer without phosphate at 24°C
with 0. 2 uc p32/ml.

Data from Table 22.

O From Figure 6.
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TABLE 22

ACCUMULATION OF RADIOACTIVE PHOSPHORUS IN
KREBS-RINGER WITHOUT PHOSPHATE

TIME

N

hours

MEAN

RANGE

counts / minute /10 6 trypanosomes

1

6

189. 67 + 14. 34

147 - 234

2

6

305. 93 + 18. 74

263 - 357

3

6

498. 63 + 31. 38

415 - 583

4

6

755. 95 + 36. 38

657 - 873

Trypanosom.es, 1. 6 x 10^/ml, incubated in Krebs-Ringer
without phosphate at 24°C with 0. 2 juc P^/ml.

Data graphed in Fig. 19.
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carrier.

The amount of phosphorus in the incubation medium has been

reduced from 21. 1 mg/ml to 0. 005 /ag/ml without a decrease in the
amount of radioactive phosphorus.

While there is a 4. 2 x 10 ^ change

in dilution of the radiophosphorus there is only a 45 times change in
uptake.

This would indicate that the accumulation of phosphorus

at this low concentration is not near as efficient as at the higher con
centrations.
Effect of substrate.

The effect of glucose as a substrate was

investigated for the accumulation of radioactive iron.

Figure 20 com

pares the accumulation of iron for trypanosomes incubated in KRP
with four concentrations of glucose.

The final concentrations were

0.0M, 0.01 M, 0.1M and 1. 0 M.

Table 24 shows the analysis of

variance for the data of Table 23.

Analysis indicates a significant

difference between the organisms' uptake of the isotope.

Compari

sons of the differences between pairs by the t_-test show no signifi
cant difference between the 0. 0 M and 0. 01 M glucose (t = 0. 3864,
P > 0. 35).

Likewise there is ho significant difference between the

0. 01 M and 0. 1 M concentrations of glucose (t_ = 1. 8193, P< 0. 10).
There is a significant difference between the 0. 1 M and 1. 0 M glucose.
This high concentration of glucose causes significant inhibition of the
uptake of the radioiron.
Mulvey (1959 and 1960) found increased accumulation of
radioactive iron when glucose was added as a substrate.

As noted
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active iron.

Effect of substrate on the accumulation of radio

Trypanosomes, 3. 2 x 10^/ml, incubated in KRP for

four hours with 0. 2 juc Fe^/ml and glucose in the concentrations
indicated above.

Data from Table 23.
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TABLE 23

EFFECT OF SUBSTRATE (GLUCOSE) ON THE ACCUMULATION
OF RADIOACTIVE IRON

GLUCOSE

N

MEAN

RANGE

counts/minute/10® trypanosomes

M
0. 0

6

448.02 +

6.71

430 - 475

0. 01

4'

453.25 + 13. 38

429 - 486

0. 1

6

426. 16 +

8. 40

401 - 451

1.0

4

364. 25 +

4. 59

356 - 376

O

Trypanosomes, 3,2 x 10 /ml, incubated in KRP for four
hours with 0. 2 p.c Fe^/ml and glucose in the indicated final con
centrations.

Data graphed in Fig. 20.
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TABLE 24

ANALYSIS OF VARIANCE OF THE EFFECT OF SUBSTRATE
/(GLUCOSE) ON THE ACCUMULATION OF RADIOACTIVE
IRON.

SOURCE

. MAIN EFFECT
DEVIATIONS

DATA FROM TABLE 23.

SUM OF
SQUARES •

D. F.

MEAN
SQUARE

22, 828

3

1, 609. 33

5, 875

16

367.19

_P

20. 72

< 0.005
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previously, Trypanosoma equiperdum and
their glucose dependency.

cruzi differ greatly in

The former organism utilizes glucose at

a rapid rate; 2 mg of glucose being consumed per 10® trypanosomes
per hour.

T. cruzi, on the other hand, utilizes glucose only slightly;

the consumption being below the limits of measurement for the blood
stream, form and of a low level for the culture form.

The oxygen

consumption of T. equiperdum decreases rapidly to negligible levels
in the absence of glucose, whereas, T. cruzi respires endogenously
for considerable periods of time (von Btand, 1951).
Because of the general dependency of _T. equiperdum on glu
cose,, it is dangerous to use increased iron accumulation in the pres
ence of glucose as an indication of an active transport mechanism for
the uptake of this ion.

However, it is felt that the lack of stimulation

found in the case of T. cruzi can be used in support of the proposal
.of diffusion as the mechanism .of iron accumulation for this organism
as is indicated by the temperature data. Saltman (1958) found no
stimulation of iron, zinc or copper uptakes in the presence of glucose
and uses this in support of his hypothesis of passive transport as
the mechanism of trace metal accumulation in rat liver slices and
cell suspensions.
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Phosphorus Distribution
The phosphorus distribution in Trypanosoma cruzi is shown
in Figure 21 and Table 25.

The percentage distribution of the phos

phorus fractions are as follows: acid-soluble phosphorus, 57.4%;
nucleic acid phosphorus, 21. 6%; phospholipid phosphorus, 12. 8%;
phosphoprotein phosphorus, 4. 6%. ' These values are in fair agree
ment with the values for T. equiperdum.

Moraczewski and Kelsey

(1948) found the following distribution in this organism:
NAP, 27.5%; PLP, 22.4%; PPP, 5.5%.

ASP, 44. 6%;

Cantrell (1953 and 1954) for

the same organism found the following distribution: ASP, 40.4%;
NAP, 30.0%; PLP, 22.8%; PPP, 6.8%.
It can be seen that differences exist between the two species
which are greater than the differences found by the two investigators
for the same organism.

The acid-soluble phosphorus content of

T. cruzi is greater than that found for T. equiperdum.

Both organisms

appear to utilize the classical Embden-Meyerhof glycolytic pathway
for energy metabolism in which the majority of the acid-soluble
phosphorus compounds are involved (Baernstein, 1963; George and
Rutman, 1960).

In view of the greater utilization of glucose by T.

equiperdum, it would be expected that there would be a greater abun
dance of the acid-soluble phosphorus compounds, but this is not the
case.

It is possible that washing of the trypanosomes causes a

greater loss of acid-soluble phosphorus compounds in T. equiperdum
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Figure 21.
phorus fractions.

Distribution of phosphorus in organic phos

T-P, total phosphorus; A-S-P, acid-soluble

phosphorus; N-A-P, nucleic acid phosphorus; P-L-P, phospholipid
phosphorus; and P-P-P, phosphoprotein phosphorus.
Table 25. '

Data from
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TABLE 25

DISTRIBUTION OF PHOSPHORUS IN ORGANIC PHOSPHORUS FRACTIONS'

FRACTION

N

MEAN

RANGE

jug phosphorus/100 mg trypanosomes (wet weight)
TP

26

381. 92 + 8. 24

272 - 500

ASP

26

218.65 + 6.86

160 - 312

NAP

26

82. 38 + 3. 64

57 -

99

48..80 + 3.08

23 -

63

17.52 + 0.84

11 -

26

PLP
PPP

25

TP, total phosphorus; ASP, acid-soluble phosphorus; NAP,
nucleic acid phosphorus; PLP, phospholipid phosphorus; and PPP,
phosphoprotein phosphorus.

Data graphed in Fig. 21.
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than in T. cruzi.

If this were the case, the elevations of the other

fractions (NAP, PLP and PPP) of the former organisms over the
values found for T. cruzi would be explainable on the basis of this
loss.
The total phosphorus content of T. cruzi is greater than
that calculated for T. equiperdum by Moraczewski and Kelsey. This
would support the possibility that acid-soluble phosphorus had been
washed out of their organisms at a greater rate than for T. cruzi.
Based on the assumption that the wet weight of 10^ trypanosomes is
approximately 60 mg, they calculate the total phosphorus content of
T. equiperdum to be 3. 0 mg/g trypanosomes.

The phosphorus con

tent of T_. cruzi is 3. 82 mg/g trypanosomes.

Accumulation of Phosphorus into Organic Phosphorus Fractions
The incorporation of phosphorus into the organic phosphorus
fractions was followed by incubating the organism with radioactive
phosphorus, allowing uptake to occur for four, eight and 24 hours
and then removing the organisms from the radioactive medium for
phosphorus determinations and the determination of the radioactivity
in the phosphorus fractions.

Organisms were incubated in cultures

to which 0. 2 jnc P^/ml had been added.

The results of these experi

ments are shown in Figure 22 from the data of Table 26.

This data

is expressed as specific activity where specific activity is used as
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Specific activities of organic phosphorus fractions
Trypanosomes incubated in cultures with 0. 2 juc

Abbreviations as Figure 21.

Data from Table 26.
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TABLE 26

SPECIFIC ACTIVITIES OF ORGANIC PHOSPHORUS FRACTIONS

FRACTION

TIME

N

hours
TP

ASP

NAP

PLP

PPP

MEAN

RANGE

counts/minute/yug ph osphorus

4

4

14. 58 +

0. 40

13 -

15

8

4

52. 55 +

0. 62

51 -

54

24,

4

274.62 +

5. 48

4

4

20. 08 +

0. 38

20 -

21

8

4

90. 85 +

3. 22

83 -

97

24

4

303.20 +

1. 50

4

4

5. 40 +

0. 20

8

4

103.38 +•

6. 57

89 - 120

24

4

68. 95 +

1.88

64 -

72

4

4

4. 45 +

0. 20

4 -

5

8

4

76. 22 +

1. 42

73 -

79

24

3

185.17 +

1. 92

4

4

15. 45 +

1. 49

8

4

167.02 +

4. 66

157 - 179

24

3

190.83 + 12. 24

177 - 215

• 261 - 285

299 - 306
5 -

182 - 189
14 -

Trypanosomes incubated in cultures with 0. 2 ;ic P^/ml.
viations as Table 25.

Data graphed in Figure 22.
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20

Abbre

the count rate per ug phosphorus.

Figure 23 shows the uptake of

radioactive phosphorus by the phosphorus fractions as a function of
time.

This figure was obtained by multiplying the specific activity

of the fraction by its phosphorus content to obtain a measure of the
activity for the entire fraction.
When these specific activities are converted to the per cent
of the activity/ug of the sum of the fractions, they can better be com
pared to literature values.

The four hour specific activities become:

ASP, 44. 6%; NAP, 12. 0%; PLP, 9. 9%; PPP, 34. 3%.

For eight

hours the percentages are: ASP, 20. 9%; NAP, 23. 6%; PLP, 17. 4%;
PPP, 38. 3%.

At 24 hours the relative activities are:

NAP, 9.4%, PLP, 24. 7%; PPP, 25. 5%.

ASP, 40. 5%;

Cantrell (1953) found the

following relative specific activities after two hours of incubation:
ASP, 49.6%; NAP, 18.8%; PLP, 20.8%; PPP, 11.1%.

The most

comparable activities are the four hour values of this work and those
for T. equiperdum for two hours of incubation.

These differ to the

greatest extent in the activities of the phosphoprotein and phospho
lipid fractions.

The phosphoprotein fraction turns over at a very

high rate in Trypanosoma cruzi as has been noted in other tissues
(Juni, et al., 1948; Iluggins and Cohn, 1959).

It is not known as to

whether the high specific activities found in.the phosphoprotein frac
tion is due to a rapid rate of synthesis or due to exchange reactions.
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Moraczewski and Kelsey (1948) found 69. 5% of the activity/
ug phosphorus in the ASP fraction but agree with the present inves
tigation in having a greater specific activity in the PPP fraction
(17. 8%) than in the PLP or NAP fractions after 1. 5 hours of incuba
tion.

They also found a lower specific activity in the PLP fraction

(3. 6%) than in the NAP fraction (8. 9%).

SUMMARY AND CONCLUSIONS

The utilization of iron, zinc, and phosphorus by the culture
form of Trypanosoma cruzi has been investigated with the aid of the
radioisotopes of these ions.

The accumulations of the ions were

studied as a function of time, composition of the culture media, and
conditions of incubation.

The distribution of phophorus in the phos

phorus-containing fractions of this organism were determined, as
well as the turnover rates of the fractions.
The uptakes of iron-59, zinc-65, and phosphorus-32 as a
function of time indicate that approximately 3.6 x 10}iM of iron,
1. 6 x 10~* )iM of zinc, and 4. 5 x 10^ jiM of phosphorus are accum
ulated by 10*0 trypanosomes when they are incubated in Krebs-Ringer
-Phosphate at 24°C for eight hours.

Analysis of the time course data

indicates that iron and zinc accumulations are by diffusion and that
the accumulation of phosphorus is probably not by diffusion.
Uptakes of iron and zinc were measured at 5°C, 24°C, and
37°C.

Changes in the accumulation of iron were directly proportion

al to changes in temperature over this range, while zinc uptake in
creased with increasing temperature over the lower portion of the
range but had a significantly lower accumulation at 37°C t.han a 5°C

90

91

or 24°C.

Apparently the mechanisms of zinc accumulation are heat

sensitive within the temperature range of the investigation.

The heat

sensitivity probably is above 24°C since this is slightly below the nor
mal environmental temperature of the insect form of T. cruzi.
Data for the uptake of iron and zinc as a function of tempera
ture were analyzed by methods derived from the Arrhenius equation.
Plots of the log rates of accumulation against the reciprocal of the ab
solute temperature gave low activation energies for both iron and
zinc accumulation (E'' = 596. 7 cal/mole and 1256. 3 cal/mole respec
tively).

Temperature coefficients (Q^o), which are another approxi

mation of the energies of activation of these accumulations were also
found to be low.

The accumulation of iron for the entire temperature

range had a Q^ Q of

1.

04 and the Q J Q for the uptake of zinc was found

to be 1. 05 for 5°C to 24°C.

The low energies of activation and the

low values for the temperature coefficients indicate that the accumula
tion of iron and zinc have passive mechanisms, probably diffusion, as
the rate limiting reactions of their uptakes.

This is in agreement with

the analysis of rate data.
The effect of substrate on the accumulation of radioiron was
determined for 0.01, 0. 1, and 1.0 M glucose (final concentration).
There was no stimulation of iron uptake in the presence of glucose
and at the higher concentration a significant inhibition of iron uptake
was noted.

Glucose in physiological concentrations has a stimulatory
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effect on the respiration of T. cruzi and it would be expected to give
an increase in iron uptake if this were an active transport mechanism.
The lack of stimulation can therefore be used to further support the
proposed passive transport of iron by this organism.
It is concluded from the information available from this inves
tigation that iron and zinc are accumulated by diffusion in Trypanosoma
cruzi and that phosphorus is probably accumulated by other than a dif
fusion mechanism.
Variations in the composition of the culture media had no
apparent effect on the accumulation of phosphorus and zinc.

Iron

uptake, however, was significantly increased for organisms grown in
cultures containing serum or serum and hemoglobin instead of defibrinated blood.

This increased iron uptake does not appear to be due

to a decrease in the iron available for the organisms since reductions
of the blood concentration of the diphasic medium give significantly
lower, rather than higher, uptakes.

It is proposed that the substitu

tion of the blood fractions for the defibrinated blood gives an elevated
protoporphyrin to iron protoporphyrin ratio and that the trypanosomes
therefore accumulate a higher proportion of the non-substituted por
phyrin and have an increased level of iron binding sites available. The
decreases in blood concentration would not increase the number of
available binding sites but might be expected to lower the metabolic
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activity of the organisms due to the lower hematin concentration or
another of the growth factors present in the blood.
The effects of the concentrations of trypanosomes and ions
were investigated by varying the concentrations of both.

Ion uptake

was found to be inversely proportional to the concentration of trypano
somes except at low population densities.

Below 1. 5 x 10^ trypano-

somes/ml the accumulatioreof iron and zinc were not dependent on the
concentration of organisms.

The point of inflection between concen

tration dependency and independency is believed to be an important
indication of the degree of ion utilization and will be sought in future
comparative investigations.
Increases (2 x) in iron and zinc concentrations gave increases
in the accumulation of these ions (2 x and 1. 7 x respectively).

De

creases in phosphate concentration by incubation of the trypanosomes
in Krebs-Ringer without phosphate gave an increased incorporation of
the radioion but was indicative of a decreased phosphorus uptake be^
cause the increase in activity was not as great in the reduction of the
specific activity of the phosphorus.
The phosphorus content of T. cruzi was found to be 3. 82 mg/
g trypanosomes (wet weight).

The distribution of phosphorus in the

phosphorus-containing fractions was: acid-soluble phosphorus, 2. 19
mg/g; nucleic acid phosphorus, 0. 82 mg/g; phospholipid phosphorus,
0. 49 mg/g; and phosphoprotein phosphorus, 0. 18 mg/g.

Turnover
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studies of these fractions showed a rapid incorporation of radioactive
phosphorus into the acid-soluble and phosphoproteiri fractions with a
slower rate of accumulation occurring in the nucleic acid and phospho
lipid fractions, as has been found in most other systems.
It is proposed that comparative studies of trace metal utili
zation, especially iron and zinc, may be useful in localizing changes
in the. metalloenzyme composition of members of the family Trypanosomidae.

These enzyme changes may prove to be indicative of

genetic changes and may be of use in the study of the relationships
within this group.

In such studies attention would-be paid to (1) the

mechanism of ion accumulation, derived from rate and temperature
studies; (2) comparisons of the heat sensitivities of the accumulation
mechanisms; (3) comparisons of the concentrations at which there is
a change from dependency to independency of concentrations; and (4)
in future studies, comparisons of the effects of substrates and inhi
bitors.
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