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Mossbauer studies of rat erythrocytes infected by 
Plasmodium berghei malaria parasites, using “Fe-en- 
riched  rat  red  blood cells, were carried  out  in  order  to 
determine the physical  parameters  which  characterize 
the  malarial  pigment  iron  and  to test the effect of  the 
widely used  antimalaria  drug,  chloroquine,  on  these 
parameters.  The  iron in the malarial  pigment  which is 
derived  from  hemoglobin digestion by  the  intracellular 
parasite was found  to  be trivalent, high spin, with 
Mossbauer  parameters  which are significantly differ- 
ent from  those  of  any known iron  porphyrin  containing 
compound. No difference was found  between  the  pa- 
rameters  obtained in erythrocytes infected  by  drug- 
sensitive and drug-resistant strains of P. berghei, both 
before  and after the  treatment with chloroquine.  The 
@on  compound consists of  microaggregates,  about 30 
A in diameter.  These are somewhat  larger in chloro- 
quine-resistant strains and  tend to increase  in size in 
chloroquine-sensitive strains upon treatment with the 
drug.  Mossbauer  spectra  of erythrocytes infected  by  a 
chloroquine-resistant strain revealed pigment  iron  in 
relative amounts invariable of  those  found  in  chloro- 
quine-sensitive strains, demonstrating  that drug-re- 
sistant parasites indeed digest hemoglobin. 

Intraerythrocytic  malaria  parasites feed on their host cell 
cytosol as  the main source of amino acids (1). Hemoglobin, 
the major protein of the host  erythrocyte cytoplasm, is di- 
gested within food vacuoles where the released amino acids 
are readily used for protein synthesis, and  the heme iron is 
sequestered in large crystalline aggregates which form the 
malarial  pigment hemozoin (2, 3). Working  with extracts of 
infected erythrocytes it was shown that  the pigment  consists 
of highly ordered aggregates of iron  containing compounds 
tightly  bound to  an apoprotein believed to be either a  partially 
digested globin (4) or a new iron-binding  protein synthesized 
by the  parasite ( 5 ) .  All the iron released during hemoglobin 
degradation is sequestered in the pigment (6). It  has been 
suggested that  the iron undergoes oxidation and spin changes 
during the processing of hemoglobin into hemozoin, while it 
remains mostly bound to porphyrin ( 7 ) .  As various pigment 
extraction procedures could cause heme extraction from non- 
digested hemoglobin and  its co-extraction  with  parasite  ma- 
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terial (8), a noninvasive and nondestructive method seems 
desirable for further characterization of the malarial pigment. 

Investigation of the  nature of the pigment is underscored 
by the fact that  it  has been implicated in the chemotherapeutic 
action of drugs of the quinoline type. The susceptibility of the 
different malaria strains  to  the antimalarial  drug chloroquine 
is in direct correlation to  the  extent of drug accumulation 
within the infected erythrocytes (9, lo), suggesting the  ab- 
sence of an intracellular binding site in chloroquine-resistant 
strains (11). Treatment of chloroquine-sensitive Plasmodium 
berghei-infected mouse erythrocytes  with chloroquine causes 
clumping of the normally dispersed fine pigment crystals into 
few large central crystals, as seen by light microscopy (11, 
12). The absence of visible hemozoin crystals  in chloroquine- 
resistant  strains of P. berghei has led to  the hypothesis that 
the iron compound in the pigment, which  was  believed to be 
hemin ( 7 ) ,  is involved in the antimalarial  action of the drug 
(13). However, since chloroquine does not  bind to  the pigment 
itself ( l l ) ,   i t  was concluded that  the drug ligand is free hemin 
prior to  its sequestration (14). Chloroquine was indeed found 
to strongly interact with hemin and  to form a complex  which 
is highly toxic to biological membranes (15, 16). It was, 
therefore, claimed that hemoglobin digestion is an absolute 
requirement for chloroquine susceptibility of malarial para- 
sites (9, 11). 

In  the present work we used the Mossbauer effect spectros- 
copy which has been shown in recent years to be a very 
effective and nondestructive method for the investigation of 
iron-containing compounds within intact red blood cells (17). 
Mossbauer spectroscopic measurements in frozen RBC’ at 
appropriate  temperatures allow the distinction between the 
various iron-containing components that  are present  in  a 
sample and  the quantitative  determination of the relative 
amounts of iron  in  these various components. The main aim 
of the present  study was to  determine the physical parameters 
which characterize the pigment iron in chloroquine-sensitive 
and chloroquine-resistant strains of P.  berghei and  to  test  the 
effect of chloroquine on these  parameters. It was shown that 
the pigment contains  a trivalent high spin iron compound, 
which is different from either hemin or hematin.  Both strains 
of parasites  contained  about the same amounts of pigment 
iron and displayed identical spectral  parameters. No change 
in the spectral  parameters characterizing the pigment iron 
was observed after both in vivo and in vitro treatment with 
chloroquine. 

MATERIALS AND  METHODS 

Three- to six-week-old Sabra rats were fed for 5 days on an iron- 
deficient diet and then for another 10 days on a diet containing iron 

The abbreviation used is: RBC, red blood cells. 
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citrate enriched with 57Fe, the Mossbauer-sensitive isotope, supplied 
through drinking water. One group of rats was then infected with the 
chloroquine-sensitive strain of P. berghei, NYU-CS. Another group 
was infected with the drug-resistant strain NYU-CR. Both strains 
were kindly provided by Dr. C. D. Fitch  (St. Louis University School 
of Medicine, St. Louis, MO). Blood  was drawn 8-10 days after 
infection when a large proportion of the erythrocytes was parasitized. 
Some rats were injected with therapeutic doses of chloroquine (30 
mg/kg,  body weight) 1-2 h prior to blood sampling. Samples, highly 
enriched in infected erythrocytes, were obtained by separation on a 
discontinuous Percoll gradient (Percoll Pharmacia).  Three ml of 
whole  blood at 50% hematocrit were gently loaded on  a 7-ml layer of 
62% Percoll and centrifuged for 10 min at 2,000 rpm. The upper layer 
thus obtained consisted of  90-95% infected erythrocytes. Adjustment 
of the blood sampling time allowed partial selection of young tropho- 
zoites (stage I)  and mature trophozoites and schizonts (stage 11) 
parasites. Some of the enriched samples were treated with 1 ,.LM 
chloroquine (final  concentration)  in RPMI 1640 (GIBCO) for 90 min 
at 37  "C. Samples of  0.8 ml of packed malaria-infected RBC, encap- 
sulated in sealed Lucite containers of about 1.5-cm2 cross-section, 
were frozen immediately after  separation from the plasma and stored 
in liquid nitrogen before measurement. 

The recoil-free resonance absorption of the 14.4-keV y ray in the 
Mossbauer-sensitive nucleus 67Fe, present in the iron contained in 
the malaria-infected red blood cells, was measured using a conven- 
tional Mossbauer spectrometer (18). A 100-mCi "Co in rhodium 
radioactive source, that gives a narrow upsplit emission line, was 
used. The 14.4-keV y rays were detected by using a Harwell propor- 
tional counter, operating at about 5 X lo4 counts/s. Measurements 
were performed in  cryostats enabling absorption measurements to be 
made at any desired temperature between 1.5 K and 273 K. Least 
squares computer fits to  the experimental spectra were obtained, 
taking the hyperfine interaction  parameters corresponding to each 
subspectrum and  the relative intensity of the subspectra as free 
parameters. Lorentzian line shapes were assumed. 

RESULTS 

The Mossbauer spectra of normal RBC show two doublets 
only, one doublet corresponding to oxy-Hb and  the  other  to 
deoxy-Hb (Fig. 1). In malaria-infected RBC a third doublet, 
corresponding to pigment iron, is observed. The hyperfine 
parameters of this doublet are somewhat different in rat 
erythrocytes infected with young and mature malaria para- 
sites. Spectra  obtained from rat RBC infected with P. berghei 
in stage I1 are shown in Figs. 2 and 3. The parameters  obtained 
in different samples at  90 K are summarized in  Table I. The 
parameters  are  almost temperature independent. No differ- 
ence in  these  parameters was observed between drug-sensitive 
and drug-resistant strains both before and  after  the adminis- 
tration of chloroquine. In samples of stage  I the quadrupole 
splitting is somewhat smaller than in samples of stage 11. At 
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FIG. 1. Mossbauer  spectrum of normal  RBC,  obtained at 90 
K. Subspectrum a corresponds to oxy-Hb, subspectrum b to deoxy- 
Hb. The dots correspond to  the experimental points. The solid lines 
are the computer fits to  the experimental data. The length of the 
vertical  bars correspond to  the statistical  error 2NXh, where N is the 
number of counts stored per channel. 
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FIG. 2. Mossbauer spectra of rat RBC, infected with Plas- 
modium  berghei. Subspectrum a corresponds to oxy-Hb, b to deoxy- 
Hb, and c to pigment iron. The lower spectrum was obtained at 90 K; 
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FIG. 3. Mossbauer  spectrum  of  rat  RBC infected with a 
chloroquine-sensitive strain of Plasmodium berghei (stage 
11). obtained at 4.1 K. Subspectra a and b correspond to Hb iron, 
c and c' to pigment iron. 

TABLE I 
Hyperfine  parameters of  pigment  iron  at 90 K 

Sample Isomer Quadrupole Line 
shift" sDlittina width 

mm/s 
P. berghei, stage Ib 0.46 f 0.01 0.80 f 0.02 0.50 f 0.03 
P. berghei, stage 11' 0.47 -t 0.01 0.92 f 0.02 0.44 f 0.02 
Hematin 0.38 f 0.01 0.66 f 0.02 0.50 f 0.02 
Hematin + chloroquine 0.39 f 0.01 0.32 f 0.02 0.30 f 0.02 

Relative to metal iron. 
*Both strains, with and without chloroquine. 

higher temperatures the subspectrum corresponding to pig- 
ment iron is more pronounced (Fig. 2). This is due to  the 
different temperature dependence of the recoil free fraction 
(the efficiency for the Mossbauer effect, the f value) in pig- 
ment  iron and in Hb iron. The temperature dependence of 
the f value in a compound is proportional to  the temperature 
dependence of the spectral area corresponding to  this com- 
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pound. The f value is given  by f = e-k2(X2) where k is the wave 
number of the y ray and ( x 2 )  is  the component of the mean 
square  vibrational  amplitude of the absorbing  atom  in the 
direction of the y ray. The  temperature dependence of the 
recoil free fraction ( f  value) of Hb iron and pigment  iron is 
shown in Fig. 4. At 260 K the f value of pigment iron is about 
6 times larger than  the f value of Hb iron. This implies that 
the iron bonds in the pigment are much firmer than those  in 
Hb, ((x’)(pigment) << ( x2)(Hb)  and  are similar to those in 
ferritin (17). 

The  quantitative estimates of the relative amounts of Hb 
iron and pigment  iron are based on the Mossbauer spectra 
taken  at 85 K. From the computer analysis one obtains the 
relative areas  under the subspectra corresponding to  Hb (sum 
of oxy- and deoxy-Hb subspectra) and  to pigment iron,  re- 
spectively. Since at  85 K the f values for Hb iron and pigment 
iron do not differ by more than 5%, the ratio of the amount 
of pigment  iron to  Hb iron is given directly by the ratio of the 
corresponding areas  in the Mossbauer spectra to within an 
accuracy of 5%. Fig. 5 shows the relative amount of pigment 
iron as function of parasitemia (the percentage of infected 
erythrocytes)  in  stage I1 malaria-infected erythrocytes. It 
indicates that in infected cells about 28% of Hb iron is 
converted into pigment  iron. Both drug-sensitive and drug- 
resistant  strains contain the same relative amount of pigment 
iron. 

In  the  spectra of stage 11-infected RBC, one sees at  low 
temperatures in  addition to  the doublets corresponding to  Hb 
(a  and b) and pigment  iron (c) also a magnetically split 
spectrum (c’), displaying a hyperfine field of 494 & 5 kOe 
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(Fig. 3). The relative intensity of the magnetically split part 
increases with decreasing temperature. The sum of the rela- 
tive intensities of subspectra  c  anc c‘ is about equal to  the 
relative intensity of doublet c at  90 K. It is clear, therefore, 
that c’ corresponds also to pigment iron. This behavior is 
characteristic of small particles displaying the phenomenon 
of superparamagnetism (19). At  each temperature (the block- 
ing temperature) aggregates smaller than a  certain critical 
size  show a magnetically unsplit  spectrum  (c), while aggre- 
gates above this size  give a magnetically split  spectrum (c’). 
The ratios of the  area of the unsplit  spectrum  (c) to  the overall 
area of the spectra corresponding to pigment iron  (c + c’)  as 
function of temperature  in RBC infected with chloroquine- 
sensitive and chloroquine-resistant strains, both before and 
after the administration of chloroquine, are shown in Fig. 6. 
It is clearly seen that  the iron aggregates in the pigment in 
RBC infected with chloroquine-resistant strains are larger 
than in  those infected with chloroquine-sensitive strains. 
Whereas there is no difference in the aggregate sizes in the 
RBC infected with chloroquine-resistant strains before and 
after the administration of chloroquine, the aggregates in the 
RBC infected with chloroquine-sensitive strain are larger 
after the administration of chloroquine. Assuming that  the 
anisotropy constant of the iron compound in the pigment is 
similar to  the anistropy constant in  ferritin, one can deduce 
the sizes of the iron aggregates in the different samples. The 
largest iron aggregates in the pigment of the RBC infect5d 
with the drug-resistant strain have a  diameter of -60 A, 
whereas the maximum diameters of the aggregates in the 
RBC infected with the chloroquine-sensitive strain  are -30 
8, before the administration of chloroquine and -50 8, after 
the administration of chloroquine. If drug-sensitive stage I1 
infected  erythrocytes  are treated with excessively large 
amounts of chloroquine, the magnetically split  spectrum can 
be seen even at 90 K. This points to aggregates which are 
-2.5 times larger in  diameter  in  these samples than  in samples 
obtained from nontreated  rats. It thus seems that  the main 
observed effect of chloroquine on pigment iron is the increase 
in size of the iron-containing pigment particles. 

DISCUSSION 

It is an accepted dogma that malarial parasites feed on 
their host cell hemoglobin and  that hemin derived from hemo- 
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FIG. 4. Normalized area  of the subspectra corresponding to 
Hb iron and to pigment iron as function of temperature. The 
Mossbauer efficiency (the f value) in a compound is proportional to 
the area of the spectrum, corresponding to  this compound. At the 
higher temperatures the f value of pigment iron is much larger than 
that of Hb iron, implying firmer iron bonds in the pigment. 
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FIG. 5. Relative amount of pigment iron in rat RBC infected 
with chloroquine-sensitive and chloroquine-resistant PC-- 
rnodiurn berghei (stage 11) as function of parasitemia. In both 
strains about 28% of the iron in the infected cells is pigment iron. 
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FIG. 6. Ratio of areas of the unsplit subspectrum Z(c) to the 
overall  area of the spectrum Z(c + c’) corresponding to pig- 
ment iron as a function of temperature. 0, corresponds to chlor- 
oquine-resistant (CR) strain before administration of chloroquine; 0, 
corresponds to chloroquine-resistant strain after  administration of 
chloroquine; ., corresponds to chloroquine-sensitive (CS) strain be- 
fore administration of chloroquine; 0, corresponds to chloroquine- 
sensitive strain after  administration of chloroquine. The upper scale 
shows the size of the iron aggregates corresponding to  the blocking 
temperature given on the lower scale. 
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globin digestion is sequestered in the malarial  pigment he- 
mozoin (1). Partially degraded globin (5) and/or newly syn- 
thesized polypeptides (7) co-precipitate with hemin in hemo- 
zoin and probably provide a new molecular environment  for 
iron. As the Mossbauer effect spectroscopy was shown to be 
a very effective tool for investigating  iron-containing com- 
pounds within RBC, it is a  method of choice for probing the 
fate of hemoglobin iron in malaria-infected erythrocytes. The 
use of this method is underscored by the many pitfalls en- 
countered  in chemical extraction procedures of hemoproteins 
and porphyrins (8) as  it is noninvasive and does not require 
any handling of the specimens prior to  the spectroscopic 
measurement. 

Mossbauer effect measurements of P. berghei-infected rat 
erythrocytes show, in  addition to  the omnipresent Hb found 
in normal erythrocytes, another major iron-containing com- 
pound. Since the relative amount of this compound is directly 
proportional to  the relative number of infected erythrocytes 
in the blood sample (Fig. 5) and  in a sample of free parasites 
(released by saponin lysis of host cells and extensively 
washed) (20) almost all the iron was in the form of this 
compound, we identify the  latter  as  the iron-rich constituent 
of the malarial pigment, hemozoin. Extrapolation to 100% 
parasitemia shows that about 30% of the  Hb iron  in infected 
erythrocytes has been converted to pigment iron. This value 
might be a slight underestimate of the maximal level of Hb 
digestion in as much as P. berghei does not develop synchro- 
nously in its rodent  host and  the samples unavoidably contain 
a  fraction of young parasites, in which relatively small 
amounts of Hb have been digested. Nevertheless, this figure 
is compatible with the  estimate  that  an intraerythrocytic 
parasite utilizes between 25 and 75% of the host cell hemo- 
globin (21) and with the relative host cell volume occupied by 
the parasite as visualized by electron microscopy (2, 3). 

The hyperfine parameters show that  the iron  in the pigment 
is trivalent and high spin, unlike the low spin  hematin aggre- 
gates suggested by Yamada and  Sherman (7) for the pigment 
of the avian  parasite P. lophurue. The iron is rigidly interca- 
lated in  the pigment, as evidenced by the temperature de- 
pendence of the f factor. The spectral  characteristics are 
significantly different from any known iron-porphyrin-con- 
taining compound investigated to  date  and  are reminiscent of 
ferritin. Based on the present findings we conclude that most 
of the Hb-derived iron is not sequestered in the pigment as 
porphyrin  iron, e.g. hemin or hematin. 

The iron component consists' of microaggregates of about 
25 A in diamete; which are probably the basic units of the 
large 2000-3000 A pigment  crystals seen in 1igh.t and electron 
microscopy. Repetitive subunits of about 10 A in diameter 
were observed previously in the malarial pigment by high 
magnification electron microscopic studies (22). The large 
crystals are much less often seen in chloroquine-resistant 
strains of P. berghei, a fact which led to  the conclusion that 
these  parasites digest hemoglobin to a much lesser extent 
(23). In  the present work, however, although pigment was 
indeed much less conspicuous by light and electron micros- 
copy in  chloroquine-resistant  parasites, their Mossbauer spec- 
trum revealed pigment  iron  in relative amounts invariable of 
those found in chloroquine-sensitive strains, where pigment 
crystals were clearly visible. We conclude, therefore, that  the 
drug-resistant parasite does degrade hemoglobin, but  the mac- 
roscopic aggregation properties of its pigment differ from 
those of the sensitive strain. An additional difference between 
the sensitive and  the  resistant  strains is seen  in the size of 
the microaggregates of the pigment  iron (Fig. 6). Those of 
sensitive strain  are significantly smaller than those of the 

resistant one. We suggest that  the microscopic aggregation 
can  result either from differences in  the apoprotein synthe- 
sized by the parasite  in order to facilitate iron sequestration 
(7) or from a  different  environment, e.g. lower pH, inside the 
food vacuoles of chloroquine-sensitive strains. It is possible 
that  the larger size of the microaggregates in  drug-resistant 
strains interferes with the formation of the large pigment 
crystals usually seen in chloroquine-sensitive strains. 

Since we have demonstrated that drug-resistant  parasites 
indeed digest Hb, the hypothesis that Hb digestion is an 
absolute requirement for drug susceptibility (9) is probably 
untenable. This conclusion is also consistent with the fact 
that some chloroquine-resistant P. berghei strains produce 
apparently normal pigment crystals (24) and  that in the hu- 
man malaria parasite P. fulcipurum, there is no visible differ- 
ence in pigment production between chloroquine-sensitive and 
-resistant strains (25). 

Treatment of P. berghei-infected rat erythrocytes with ther- 
apeutic doses of chloroquine, either  in vivo or in vitro, did not 
affect the hyperfine parameters of the pigment iron,  in  both 
chloroquine-sensitive and chloroquine-resistant  strains. The 
addition of chloroquine caused an increase in the size of the 
microaggregates in the sensitive strain  but  had no such effect 
in  drug-resistant  parasites. The chloroquine-induced increase 
in microaggregate size in conjunction with the unaltered 
hyperfine parameters suggests that  the drug does not interact 
directly with the pigment iron but  rather with its apoprotein 
(Table I).  The aggregation process requires very small 
amounts of chloroquine, namely -20 pmol/kg of cells (26) as 
compared to millimolar concentrations of pigment iron,  fur- 
ther emphasizing a possible interaction of the drug with the 
apoprotein which, in turn, might sequester many molecules 
of pigment iron. 

In conclusion, we have demonstrated that Mossbauer effect 
spectroscopy is a useful tool for the investigation of iron 
metabolism in malaria. By employing this method we could 
provide new information about the disposal of heme iron by 
the intraerythrocytic  parasite into  the malarial pigment and 
some information  about the physical parameters of the iron 
in  the pigment. We  resolved the long standing enigma con- 
cerning  parasite strains which apparently do not feed on their 
host cell Hb by showing that  the absence of visible pigment 
in  these  parasites is a matter of macroscopic aggregation state 
and not the absence of Hb digestion. Most importantly this 
result implies that chloroquine-resistance cannot be attrib- 
uted to  the lack of Hb digestion. 

Note Added in Proof-We deplore the untimely death of Prof. S. 
Ofer  who passed away during the preparation of this report. 
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