
ment with antibody to serotonin marked- 
ly inhibited the serotonin-induced in- 
crease in I,, (Fig. 2A). The presence of 
control y-globulin from nonimmunized 
rabbits did not alter the normal maximal 
serotonin response (Fig. 2). The anti- 
body to serotonin partially inhibited the 
effect of amebic lysate on ileal I,, (Fig. 
2B). Bufotenine decreased net Na' and 
net C1- absorption in rat colon (Fig. lB), 
effects similar to those caused by seroto- 
nin (16). After bufotenine, the effect of 
the amebic lysate was significantly less, 
but theophylline, another secretagogue, 
elicited a normal secretory response 
(data not shown). Thus, serotonin con- 
tributes to the amebic lysate-induced 
transport response but does not explain 
the entire response. 

Hormone-like substances (adrenocor- 
ticotropic hormone, P-endorphin, human 
chorionic gonadotropin, somatostatin, 
and insulin) and neurotransmitters (cate- 
cholamines, serotonin, and acetylcho- 
line) have been detected in bacteria and 
protozoa (17-20); however, their func- 
tion in unicellular organisms has not 
been determined. We suggest that the 
serotonin in E. histolytica may play a 
role in the diarrhea of amebiasis by caus- 
ing intestinal secretion. The serosal site 
of action is compatible with the pattern 
of invasion of E. histolytica through the 
tight junctions of mucosal cells into the 
lamina propria to form the characteristic 
flask-shaped ulcerations of amebiasis. 
The subsequent local release of neuro- 
humoral substances, either by secretion 
or by lysis of the organism, could lead to 
a secretory diarrhea since serotonin or 
other neurohumoral substances present 
in virulent amebas would be present in a 
location where they could act in a para- 
crine fashion to alter active electrolyte 
transport. 
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Malaria Parasites Adopt Host Cell Superoxide Dismutase 

Abstract. Aerobic organisms depend on superoxide dismutase to suppress the 
formation of dangerous species of activated oxygen. Intraerythrocytic stages of the 
malaria parasite exist within a highly aerobic environment and cause the generation 
of increased amounts of activated oxygen. Plasmodium berghei in mice was found to 
derive a substantial amount of superoxide dismutase activity from the host cell 
cytoplasm. Plasmodia isolated from mouse red cells contained mouse superoxide 
dismutase, whereas rat-derived parasites contained the rat enzyme. This is believed 
to be the jirst example of the acquisition of a host cell enzyme by an intracellular 
parasite. 

The superoxide anion (O;), a partially 
reduced form of molecular oxygen, is 
generated spontaneously and metaboli- 
cally within biological organisms. Be- 
cause 0; can react to form highly de- 
structive hydroxyl radical (.OH), aero- 
tolerant organisms may need protection 
against 0;. Indeed, almost all known 
aerobic organisms contain the enzyme 
superoxide dismutase (SOD) (I): 

2 0; + 2 H' 3 Hz02 + 0 2  

This enzyme may be particularly impor- 
tant for mammalian erythrocytes be- 
cause activated oxygen species (O;, 
H202,  and .OH) form spontaneously 
within these cells (2). Abnormally large 
amounts of activated oxygen (especially 
H202) occur within malaria-infected mu- 
rine red cells (3). One would therefore 
expect intraerythrocytic forms of malar- 

ia to have particularly effective oxidant 
defense mchanisms. 

In view of the probable dependence of 
the malaria parasite on antioxidant en- 
zymes, we investigated malarial SOD 
with a view to identifying a new target 
for the development of chemotherapeu- 
tic agents. Accordingly, we measured 
SOD (4) in normal mouse erythrocytes, 
mouse erythrocytes infected with Plas- 
modium berghei, and isolated parasites 
(5). Contrary to our expectation, malar- 
ia-infected erythrocytes showed less 
SOD activity than normal mouse red 
cells when expressed on a per cell basis 
(Table 1). A portion of this decrement 
undoubtedly reflected parasite-mediated 
digestion of host cell cytoplasmic con- 
tents. Thus, if SOD activity was ex- 
pressed per unit of protein or hemoglo- 
bin, infected cells appeared to have nor- 

Table 1. Superoxide dismutase activities of normal and P. berghei-infected rnurine red blood 
cells (RBC's) and of isolated P. berghei (5). The results are expressed as means 1'- standard 
deviation. 

SOD activity Percentage 
Sample inhibition by 

U/109 cells Uimg protein cyanide ( 1 0 - 3 ~  

Normal RBC's 89.7 * 12 ( N  = 8) 4.4 1'- 0.5 (N = 8) 85.2 i: 15.5 ( N  = 5) 
Infected RBC's 63.8 * 16 ( N  = 10) 6.1 i: 1.5 (N = 10) 
Isolated parasites 12.3 i: 4.1 (N = 10) 82.6 i. 1.1 (N = 3) 
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mal or increased amounts of activity 
(Table 1 and Fig. 1). 

Despite the decreased SOD within in- 
fected cells, isolated parasites contained 
substantial SOD activity (Table 1) (6). 
Indeed, in red cells from animals with 
various percentages of infected cells, 
there was a concommitant decline in 
host cell SOD with an increase in para- 
site-associated SOD activities. At very 
high parasitemias (90 to 100 percent of 
cells infected) approximately 20 percent 
of the total SOD activity was parasite- 
associated, whereas red cell SOD activi- 
ty was 20 percent lower (not shown). 
These results suggested that some host 
SOD might be taken up by the parasite. 
Furthermore, although isolated parasites 
are unavoidably contaminated with host 
cell cytoplasm, such contamination 
could not account for the substantial 
parasite-associated SOD activity be- 
cause the ratio of SOD to hemoglobin 
was much higher in the parasite than the 
host cell (Fig. 1). Indeed, this ratio was 
more than ten times higher in crude 
parasite lysates than in uninfected red 
cells and almost 70 times higher when 
membrane-associated and particulate he- 
moglobin was removed by ultracentrifu- 
gation (Fig. 1). 

To characterize further this parasite- 
associated SOD, we assessed the inhibi- 
tory effects of cyanide. Whereas the 
mammalian copper- and zinc-containing 
SOD is cyanide-sensitive (I), those of 
protozoan parasites-such as Leishma- 
nia tropica, Trypanosoma brucei, and 
Trypanosoma cruzi-have iron at the 
center and are cyanide-insensitive (7). 
Contrary to our expectation, the SOD 
associated with malaria parasites was as 
readily inhibited by cyanide as that of the 
host cell (Table 1). This cyanide inhibi- 
tion of plasmodia1 SOD suggests that the 
enzyme contains copper and zinc and, 
therefore, resembles host SOD more 
than it does protozoan SOD's. 

Plasmodia1 and mouse enzymes are 
indistinguishable electrophoretically. 
Isoelectric focussing (IEF) (7) and poly- 
acrylamide gel electrophoresis (PAGE) 
(8) were performed on extracts of mouse 
red cells and of isolated parasites (9) and 
stained for SOD activity (10). The mobil- 
ities of host and parasite SOD's were 
identical on PAGE (Fig. 2A) and IEF 
(Fig. 2B) (p1 = 5.1). 

These results suggest that the malarial 
SOD might be entirely of host origin. 
Indeed, we have obtained direct evi- 
dence that this is the case. If the plasmo- 
dial SOD originates from the host cell, 
the characteristics of this enzyme should 
depend on the species of infected animal. 
TO test this, we infected weanling rats 
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Normal Infected Parasite 
RBC'S RBC's crude lysate 
(N-8) (N=8) (N110) 

Parasite 
cytosol 
(pooled) 

Fig. I .  Ratio of SOD activity to hemoglobin 
content of normal and P. berghei-infected 
murine red blood cells (RBC's), and of isolat- 
ed P. berghei (5) (mean ? standard devi- 
ation). The parasite cytosol was prepared by 
ultracentrifugation (100,000g) of homogenized 
parasites (pooled samples from 12 mice) for 1 
hour (12). Mean SOD activities per milligram 
of protein in these preparations (see Table 1 )  
were 4.4 ? 0.5 (red cells), 6.1 2 1.5 (infected 
red cells), 12.3 ? 4.1 (crude parasite lysates) 
and 16.8 (parasite cytosol). Note the much 
greater ratio of SOD to hemoglobin in para- 
site-associated material. 

with the same strain of P. berghei. Ex- 
amination by PAGE (Fig. 2A) and IEF 
(Fig. 2B) of parasite cell free extracts 
isolated from these animals revealed 
bands of activity identical to those from 
extracts of uninfected rat erythrocytes. 
The isoelectric point of the parasite-as- 
sociated SOD (pI = 5.7) was character- 
istic of rat red cell SOD and quite distinct 
from that of parasites isolated from in- 
fected mice. 

Thus several lines of evidence indicate 
that SOD activity associated with isolat- 
ed P. berghei originates from the host 
cell. First, although the total cellular 
SOD activity declines within infected 
erythrocytes, substantial SOD is present 
within isolated P. berghei. In progres- 
sively more heavily infected animals. the 
host cytoplasm SOD activity decreases 
whereas that associated with isolated 
parasites increases reciprocally. Second, 
the SOD activity of isolated P. berghei is 
as sensitive to cyanide inhibition as is 
that of the host cell. In this regard, 
malarial SOD is unlike those reported for 
any other parasitic protozoan. Third, 
control studies (not shown) indicate no 
detectable passive adsorption of exoge- 
nously added (bovine) SOD by isolated 
P. berghei. Finally, the electrophoretic 
properties of P. berghei-associated SOD 
depend on whether the parasite is raised 
in mice or rats and, in both cases, the 
parasite SOD is electrophoretically in- 
distinguishable from the host cell en- 
zymes. 

These observations indicate that P. 
berghei lacks an endogenous SOD and 
may depend on the host cell as a source 
of active enzyme. The absence of detect- 
able SOD synthesized by the parasite 
itself is especially surprising in an orga- 
nism living in such an oxygen-rich envi- 
ronment. The fact that it does not pro- 
duce SOD is probably due to adoption of 
the active host cell enzyme. To our 
knowledge, this is the first example of 
direct parasitic incorporation of a host 
cell enzyme. The uptake of nutrients and 
cofactors by malarial parasites is well 
established (11). Malarial parasites rap- 
idly endocytose and digest host cell he- 
moglobin (11) and, probably, other cyto- 
plasmic constituents. SOD that is taken 
up along with the hemoglobin may es- 

f . 1 ~ .  2 .  ( ~ ~ l n ~ i ~ ~ ~ ~ \ ~ i n  (>' I i o \ ~  . i v c l  ?!I.I\II~, > O l ) ' <  l(11 bv  1.41 
~ o i v n c r v l ; ~ n i ~ l I c  ccl e lcc i rnph~)r t , \~ \  (,'I ; ~ n ( l  1 1 x 1  i\oelcctr.rc 
~'I)CII<I~C I 7 l .  (gel\ were \ l a rne~ i  f'or SO11 ;1~11v i t \  ( 1 0 1  111, ~ ~ i i n c  
hov!nr cry throcy lc  SO11 I \ ' pe  i rS~rni;il :I\ : I  rel'erencc 
[pl : 4.%5 I I ? ) ] .  1>;1nc I .  SO11 of- IIIOII\C t< t3 ( ' . \ :  I i ~ n ~  ? .  
~ i ~ n t ~ ~ c - ~ i c ~ r i v c ~ l  1'. / J C ~ L , I I C ;  SOT>: I:ine 1. SOD I-r-oni r:11 KI%C. ' \ ;  



cape digestion and either remain within 
the food vacuole or emigrate into the 
parasite cytoplasm. These results serve 
to  emphasize the complexity and intrica- 
cy of parasite dependence on host re- 
sources. Knowledge of such dependence 
may, in the future, suggest alternative 
approaches to the control of parasitic 
diseases. 
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Multigene Family for Sarcomeric Myosin Heavy Chain in 
Mouse and Human DNA: Localization on a Single Chromosome 

Abstract. Cloned myosin heavy chain DNA probes from rat and human were 
hybridized to restriction endonuclease digests of genomic DNA from somatic cell 
hybrids and their parental cells. The mouse myosin heavy chain genes detectable by 
this assay were located on chromosome 11, and three different human sarcomeric 
myosin heavy chain genes were mapped to the short arm of chromosome 17. A 
synteny between myosin heavy chain and two unrelated markers, thymidine kinase 
and galactokinase, was found to be preserved in the rodent and human genomes. 

Myosin heavy chain (MHC) is a major located on one chromosome. Further- 
protein of the contractile apparatus. more, a syntenic relation between MHC 
There are many forms of MHC, and their genes and two unrelated markers has 
expression is developmentally regulated been preserved in the mouse and human 
and tissue-specific (I). Analyses of com- genomes. The chromosomal localization 
plementary DNA (cDNA) and genomic was determined by hybridization of 
clones indicate that sarcomeric MHC is cloned MHC DNA probes to restriction 
encoded by a conserved, multigene fam- enzyme digests of genomic DNA from 
ily consisting of a t  least 13 different 
members ( 2 4 ) .  It is important to deter- 
mine whether the genes of such a multi- 
gene family are in tandem arrays, are 
clustered in an interspersed pattern on 
one or several chromosomes, or are indi- 
vidual genes at  multiple loci. Mammalian 
globin genes exist in small clusters that 
are dispersed on two chromosomes (3, 

somatic cell hybrids and their parental 
cells. The human MHC genes were as- 
signed to the short arm of chromosome 
17 and the mouse MHC genes to  chro- 
mosome 1 1. 

In these chromosomal localization 
studies, two types of somatic cell hy- 
brids were used: mouse x rat and hu- 
man x mouse. Somatic cell hybrids 

whereas Drosophila actin genes and formed between primary mouse cells and 
chicken tubulin genes are located at  mul- the thymidine kinase-deficient (TK-) rat 
tiple loci (8, 9). Two other multigene cell line FT-1 retain a complete set of rat 
families, the histocompatibility genes chromosomes together with smaller 
and the major urinary protein genes of numbers of mouse chromosomes. Like- 
the mouse exist in large complexes on wise, cell hybrids between primary hu- 
one chromosome each (10-12). man cells and a permanent mouse cell 

Because MHC proteins are functional- line segregate human chromosomes, re- 
ly related and the genes encoding them taining the full mouse complement. 
exhibit finely tuned differential expres- Mouse x hamster and human x mouse 
sion, knowledge about the organization hybrids and their use in making gene 
of these genes may help to  distinguish assignments have been described (13- 
molecular aspects of their control. Also, 16). 
knowledge about the genomic organiza- A cDNA clone of rat MHC was used 
tion of multigene families will ultimately as a hybridization probe in the assign- 
shed light on molecular evolution. The ment of the mouse MHC gene complex. 
nucleotide sequence of the messenger This clone corresponds to embryonic 
R N A  (mRNA) for sarcomeric MHC is skeletal MHC mRNA and represents 630 
not related to  the sequence of mRNA for nucleotides at  the 3' end of the mRNA 
nonsarcomeric MHC (2). It  will be inter- (17). Vertebrate sarcomeric MHC genes 
esting to  determine whether sarcomeric are highly conserved (2). Because of 
and nonsarcomeric MHC genes are lo- cross-hybridization, an enzyme that dis- 
cated on the same chromosome. tinguished restriction fragment patterns 

We found that, in the human, at least of mouse and rat MHC genes was need- 
three different skeletal MHC genes are ed. Hind I11 resulted in the most poly- 
located on one chromosome, and in the morphism between these species (data 
mouse, all detectable MHC genes are not shown). 
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