
References and Notes 

1. J. Klein, A. Juretic, C. N .  Baxeranis, Z .  A. 
Nagy, Nature (London) 291, 455 (1981). 

2. B. Benacerraf, Science 212, 1229 (1981). 
3. The murine I-AP chain is a polymorphic subunit 

of the I-A antigen. The particular I-A allele is 
indicated by the superscript. 

4. J .  G. Woodward, A. Om, R. C. Harmon, R. S .  
Goodenow, L. Hood, J. A. Frelinger, Proc. 
Natl. Acad. Sci. U.S.A. 79, 3613 (1982). 

5. D. H. Margulies et al., J .  Immunol. 130, 463 
1197111 ,.,,",. 

6. C.  Rabourdin-Combe and B. Mach, Nature 
(London) 303, 670 (1983). 

7. B. Malissen, M. Steinmetz. M. McMillan. M. - - 

Pierres, L. Hood, ibid. 305, 440 (1983). 
K. J. Kim, C. Kanellopoulos-Langev~n, R. M. 
Merwin, D. H. Sachs, R. Asofsky, J .  Immunol. 
122 TA9 11 9791 - - - , - , , \ . , , , , . 
L. M. Glimcher, K. J. Kim, I. Green, W. E. 
Paul, J .  EXD.  Med. 155. 445 (19821. 
M. Wigler,'A. Pellicer, S. silverstein, R. Axel. 
G. Urlaub, L. Chassin, Proc. Natl. Acad. Sci. 
U.S.A. 76, 1376 (1979). 
M. Pierres, C. Devaux, M. Dosseto, S .  Mar- 
chetto. Immuno~enetics 14. 481 11981). 
J. M. ~ u ~ i n s k i , " ~ .  L. ~ lunke t t ,   reed, J .  
Immunol. 130, 2277 (1983). 
T. Maniatis, E. F. Fritsch, J .  Sambrook, Mo- 

lecular Cloning: A Laboratoiy Manual (Cold 
Spring Harbor Laboratory, Cold Spring Harbor, 
N.Y., 1982). 

14. M. Kimoto and G. C. Fathman, J .  Exp .  Med. 
152, 759 (1980). 

14a.R. N. Germain, M. A. Norcross, D. H. Margu- 
lies, Nature (London) 306, 190 (1983). 

15. E. Choi, K. McIntyre, R. N. Germain, J .  G. 
Seidman, Science 221, 283 (1983). 

16. M. Malissen, T. Hunkapiller, L.  Hood. ibid., p. 
7T11 

17. ~ . " ~ a r h a m m a r  et al., Cell 34, 179 (1983). 
18. R. Mann, R. C. Mulligan, D. Baltimore, ibid. 33, 

153 (1983). Subsequently modified to replace the 
gpt gene with the neomycin-resistant gene by R. 
C. Mulligan (unpublished). 

19. L. H. Glimcher et al., J .  Immunol. 130, 2287 
(1983). 

20. V. T. Oi, P. P. Jones, J. W. Goding, L. A. 
Herzenberg, Curr. Top. Microbial. Immunol. 
81, 115 (1978). 

21. We thank T. Broderick for editorial assistance 
and B. Serog for technical assistance. Supported 
by NIH grant AI18436, American Cancer Socie- 
ty grants JFRA66 (to J.G.S.) and R23AI1955-1 
(to L.H.G.),  and a postdoctoral fellowship from 
the National Multiple Sclerosis Society (to 
A.B.N.) 

11 October 1983; accepted 9 January 1984 

The Malaria Parasite Monitored by Photoacoustic Spectroscopy 

Abstract. Noninvasive photoacoustic spectroscopy was used t o  study the malaria 
parasites Plasmodium chabaudi and Plasmodium berghei, their pigment, and ferri- 
protoporphyrin IX, which is a by-product of the hemoglobin that the parasite ingests. 
The results indicate that the pigment consists of  ferriprotophorphyrin self-aggre- 
gates and a noncovalent complex of ferriprotoporphyrin and protein. Spectra of 
chloroquine-treated parasites reveal in situ interaction between the drug and 
ferriprotoporphyrin. Chloroquine-resistant parasites, readily distinguishable by this 
method, appear to  degrade hemoglobin only partially. 

Malaria parasites of the genus Plasmo- 
dium infect erythrocytes, degrade the 
hemoglobin there for its metabolism, and 
store the residual ferriprotoporphyrin IX 
(FP) in a protein-sequestered form 
termed malaria pigment or hemozoin (1). 
It has been suggested that free hemin (FP 
chloride) and a FP-chloroquine complex 
thought to be formed when this drug is 
added to the system are toxic to the 
parasite since they lyse cell membranes 
(2). It is thus of interest to monitor the 

states in which FP exists in the parasite, 
observe the changes that it undergoes on 
drug addition, detect any formation of 
complexes between antimalarial drugs 
and FP in the parasite, and investigate 
any differences between drug-sensitive 
and -resistant parasite strains. 

For a number of reasons, a study in 
situ is preferable to the usual method of 
isolating and studying molecular compo- 
nents. First, isolated FP in solution can 
exist in several states of aggregation de- 

pending on the solution conditions (3, 4), 
while the interest here is on its status in 
vivo. Second, FP appears to complex 
easily with proteins (5, 61, a situation 
that is more likely to occur in the micro- 
organism. Third, the particulate malaria 
pigment appears to be a heterogeneous 
population of molecules and complexes 
that are not easily studied in solution due 
to solubility and stability problems. Fi- 
nally, direct comparisons between drug- 
treated and untreated parasites and 
between drug-sensitive and -resistant 
strains are more meaningfully done in 
situ. We therefore used photoacoustic 
spectroscopy, a noninvasive technique 
particularly suitable for condensed phase 
samples, in order to establish the nature 
of the malaria pigment, provide direct 
evidence for FP-drug interactions in the - 
parasite, and distinguish drug-sensitive 
strains of the microorganisms from re- 
sistant ones-a method of potential diag- 
nostic value. 

The principles of photoacoustic spec- 
troscopy and its applications in biology 
have been described elsewhere (7-10). 
The materials for our study were ob- 
tained by standard procedures (1, 2, 11). 
Parasite-infected mouse erythrocytes 
were incubated in Fitch medium for 30 
minutes with or without chloroquine. 
The parasites were then prepared by 
saponin lysis and N2 decompression of 
the infected erythrocytes (12). Samples 
analyzed were lyophilized powders suit- 
ably diluted. Since it is not certain 
whether all the parasites were intact, the 
spectra represent conditions in situ rath- 
er than in vivo. The spectral parameters 
of interest are the wavelength maxima of 
the band in the "red" region (A,) and the 
Soret band (As) of the constituent hemin, 
their relative intensity ratio Is/I, (an in- 
ternally normalized parameter that char- 
acterizes each system studied), band- 

Table 1. Photoacoustic spectral data for Plasmodium and its components. 

Sample A, (nm)* As (nm)* Is/[, Remarks 

1. Hemin (FP chloride), solid 

2. Hemozoin isolated from the parasite 

3. Hemin and BSA complex, lyophilized 

4. P. chabaudi, isolated and lyophilized; 
chloroquine-sensitive strain 

5 .  P. chabaudi, chloroquine-resistant 
strain 

6. P. berghei, chloroquine-sensitive 
strain 

7. P. berghei, chloroquine-sensitive 
and treated with chloroquine 

8.  P. berghei, chloroquine-sensitive 
and treated with rnefloquine 

400, broad 

400, shoulder 
at 370 

400, shoulder 
at 370 

400, minor 
band 
- 430 

430 

Essentially aggregated; resembles the optical absorption 
spectrum of the aggregates in solution (3, 5) 

Monomeric FP indicated 

Monomeric FP; resembles optical spectrum of the 
complex in solution (5, 6 )  

Both monomeric and aggregated heme indicated; 430-nm 
band suggestive of peptide-coordinated heme (20, 10) 

Only peptide-coordinated heme indicated 

IslI, somewhat higher than in case 4; different parasite 
strain (also uncloned) 

Blue-shifted Soret band; FP-drug interaction indicated 

Blue-shifted Soret band; FP-drug interaction indicated 

*Error, 2 3  nm. 
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shifts, occurrence of new bands as peaks 
or shoulders, and modulation frequency- 
dependent changes in the signal intensi- 
ty. 

Figure 1 shows the spectra of pow- 
dered hemin (FP chloride), of hemozoin 
isolated from the parasite, and of P. 
chabaudi. The presence of the red band 
in the 630- to 645-nm region identifies the 
iron atom in the samples to be in the Fe 
(111) oxidation state (4). Hemin displays 
a peak at 645 nm and a broad, structure- 
less Soret band at 400 nm. These details, 
and the overall similarity of the photo- 
acoustic spectrum to the optical absorp- 
tion spectrum of FP aggregates in solu- 
tion (3-3, allow us to conclude that the 
hemin sample is essentially in the self- 
aggregated form. In contrast, in the case 
of hemozoin [and of FP and bovine se- 
rum albumin (BSA) complex (Table I)], 
the red band is shifted to 630 nm, the 
Soret peak is accompanied by a charac- 
teristic shoulder near 370 nm, and the Is/ 
I, ratio increases to over 2.5. These 
features are similar to those observed in 
the solution-state optical spectra of ferri- 
leghemoglobin (13) and of complexes of 
monomeric hemin with human serum 
albumin (5) and with ligandin (6), and 
suggest that FP in hemozoin is in an 
environment similar to that seen in its 
complexes with albumin or ligandin. Our 
results are direct confirmation of the 
suggestion (I) that hemozoin is a nonco- 
valent cn-nplex of protein and monomer- 
ic FP. 

The spectrum of the parasite (Fig. 1 
and trace 1 in Fig. 2) shows a split red 
band at 645 and 630 nm. This, and the Is/ 
I, ratio of 2.1, indicates that FP in the 
parasites occurs both as self-aggregates 
and as hemozoin. The other peak at 430 
nm that is close to the Soret band, being 
similar to that seen in the photoacoustic 
spectrum of hemoglobin (lo), probably 
arises because of residual hemoglobin 
(or its d~graded products that still con- 
tain peptide-coordinated heme) present 
at the time of isolation. 

We suggest that the FP obtained after 
hemoglobin digestion is processed and 
stored in the parasite in two ways: as a 
protein-sequestered complex and as FP 
self-aggregates, neither of which is toxic 
to the parasite (14). This explains the 
earlier view (1, 15) that the particulate 
form of the pigment in vivo might con- 
tain he! lozoin, hematin aggregates, 
hemichrome, and trapped parasite pro- 
teins and also reconciles this view with 
that of Homewood et al. (16), who stated 
that the pigment contains a heteroge- 
neous array of molecules, some of which 

Fig. 1. Photoacoustic spectra of solid hemin, 
isolated hemozoin, and of chloroquine-sensi- 
tive (D+) and -resistant (D-) clones of P. 
chabuudi isolated by saponin lysis of infected 
mouse erythrocytes and lyophilized. The 
samples were diluted with alumina to avoid 
photoacoustic saturation. Solid-state charge- 
transfer effects or artifacts were ruled out, 
since identical spectra were obtained with 1 
other diluents, such as glucose. Signal ampli- 2 
tude varied inversely with modulation fre- '; 

quency, and the sample amounts were chosen 
such that signal intensity varied linearly with .C 
concentration. Saturation effects are thus g 
ruled out and the spectra are acceptable (10). 2 
All spectra have been normalized to the same Q 
signal strength of the visible band near 630 
nm. This avoids sample-to-sample variations $ 
of individual band intensity and affords a a 
characteristic and reproducible set of ls/l, 
values for each of the systems studied. All 
spectra were obtained at an ambient tempera- 
ture of 295 K. Carbon black was used as the 
reference material. The modulation frequency 
was 40 Hz and the spectral bandwidth in each 
case was &3 nm. The EG&G PAR 6001 and 400 500 600 700 
EDT OAS 400 photoacoustic spectrometers A (nm) 
were used. Photoacoustic intensity is in arbi- 
trary units. 

.*,/.. 
P a r a s i t e  a n d  mef loquine  I 2 ..----. '.& P a r a s i t e  and ch loroquine  

\. .. ! Fig. 2 Photoacoustic spectra w, -, \ 
of P. berghei isolated from in- \ .  : \, 

fected mouse erythrocytes in 's P a r a s i t e  a lone  \\:,, 

the presence and absence of \,\. 

drugs. Note the resemblance .C \,'.\, -.,\. 
of the spectrum of the drug- .: \\. \ \  

free parasite to that of P. cha- 2 '4 
baudi. A modulation frequen- 
cy of 912 Hz was used (19). 2 
Other experimental details ;; 
were as described in the leg- i: 
end to Fig. 1. 

Fig. 3. Model for the processing of FP in the 
parasite and the mode of action of drug, as 
suggested by available evidence. Comments: 
(a) FP is produced after degradation of host 
globin; (b) hemozoin appears less abundant in 
drug-resistant parasites (21); (c) FP aggre- 
gates are indicated by photoacoustic spectra 
and possibly by the "dense crystals" seen in 
electron micrographs; (d) interaction with 
drug is indicated by photoacoustic and other 
studies (2, 11, 18); (e) drug interaction with 
hemozoin does not appear likely (11, 15); (0 
this interaction is yet to be established and 
cannot be disregarded at present; and (g) this 
complex has membrane-lytic activity (2). 

Hemoglobin 

have surprisingly high weights. 
Figure 2 shows spectra of P. berghei 
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grown in mouse erythrocytes in the pres- 
ence and absence of a few antimalarial 
drugs. Introduction of a drug causes sig- 
nificant changes in the spectrum of the 
parasites. The red band is broadened and 
centered around 640 nm, the Soret band 
is blue-shifted from 400 to 375 nm or 
lower, and the Is/Ir ratio increases signif- 
icantly. The Soret band shifts indicate 
FP-drug interaction, while the increase 
in the intensity ratio points to a reduction 
in the population of FP self-aggregates 
on drug addition. In previous studies (15, 
17), we showed that FP can form a 2 :  1 
molar complex with chloroquine in aque- 
ous solution with a formation constant 
that appears comparable to the binding 
of chloroquine to hemin and to parasite 
suspensions (18). We thus believe that 
our present results provide the first di- 
rect evidence for the presence of FP and 
drug complex in malarial parasites (IY). 

It also appears that the photoacoustic 
method can readily distinguish between 
chloroquine-sensitive and -resistant 
strains of P,  chabaudi (Fig. 1). Unlike 
the drug-sensitive strain, the resistant 
one displays the Soret maximum at 
about 430 nm and a reduced IslIr ratio of 
1.30. The ratio is close to the values of 
1.4 and 1.5 seen in the photoacoustic 
spectrum of hemoglobin (lo), while the 
position of the Soret band is similar to 
that seen in the optical spectra of heme 
coordinated to a peptide chain, for exam- 
ple, hemoglobin and its derivatives (20). 
Hence, it appears that endogenous FP in 
the resistant parasite is largely in the 
form coordinated to a protein chain. It is 
known that when P. berghei becomes 
resistant to chloroquine, production of 
the pigment drops (21). Fitch and Chevli 
(22) argued that the molecular change 
responsible for chloroquine resistance 
could involve either hemoglobin degra- 
dation or FP sequestration. In light of 
our results, it appears likely that drug 
resistance, at least in P. chabaudi, in- 
volves the former process in such a way 
that the degradation of hemoglobin oc- 
curs to a stage where the heme group is 
still held to the peptide chain with the 
same integrity as in the whole molecule 
(23). 

The form of the endogenous FP that 
complexes with drugs is still not known. 
Neither the pigment nor aged self-aggre- 
gate of FP (14) appear to be membrane- 
lytic, and free FP, which does lyse mem- 
branes, is not detected in the parasite. It 
is reasonable to conceive of the endoge- 
nous FP as being in a state of equilibri- 
um; from this FP the added drug derives 
its partner to form the lytic complex 
(Fig. 3). Since the complex can be isolat- 
ed as a heteromolecular aggregate spe- 

cies (18,24), drug interaction with the FP 
self-aggregates is a possibility. Drugs do 
not seem to bind to the pigment (11) or to 
residual hemoglobin (18), although they 
do bind to protease-degraded fragments 
of hemoglobin (15). We propose the 
scheme shown in Fig. 3 as a model of the 
mode of action of quinoline drugs on the 
malaria parasite. 
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An Ultrahigh-speed Analysis of Exocytosis: 
Nematocyst Discharge 

Abstract. High-speed microcinematography of nematocyst discharge in Hydra 
attenuata Pall. shows that this specialized exocytosis, which appears to result from 
an increase in the intracapsular pressure, requires a total of about 3 milliseconds. A 
maximum velocity of 2 meters per second is generated, corresponding to an 
acceleration of40,OOOg. Thus nematocyst discharge is one of the fastest cellular 
processes in nature. 

The nematocytes (cnidocytes or 
"stinging cells") of the Cnidaria serve 
various functions such as capture of 
prey, defense, and locomotion. The es- 
sential organelle of these cells, the cap- 
sular nematocyst, is an extremely com- 
plex secretory product of the Golgi appa- 
ratus (I). When triggered, it ejects its 
tubular content by evagination (2, 3). 
Three hypothetical mechanisms have 
been suggested for this exocytosis (4): (i) 
discharge is caused by a swelling of the 
capsular matrix due to an influx of water 
[osmotic hypothesis (91; (ii) intrinsic 

tension forces generated during cnido- 
genesis are released at discharge [tension 
hypothesis ( 6 ) ] ;  or (iii) contractile units 
enveloping the cyst cause the discharge 
when they increase the cyst's internal 
pressure by deformation of its wall [con- 
tractile hypothesis (5)]. 

We have studied the discharge of sten- 
otele cysts (Fig. 1) in Hydra attenuata 
Pall. (Hydrozoa). This process is nor- 
mally triggered mechanically by a prey 
(usually a small crustacean). The cyst 
everts three stylets (Fig. I), which join to 
form an arrowhead that punches a hole 
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