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ABSTR.-\.CT: The ellect of protl'ase inhihitors ohtained from the culture filtrates of actinomycetes (pepsta-
tin, chymostatin, leupeptin. phosphoramidon and elastatinal) on thl' in vitro invasion of erythrocytes from
rhesus and assamese monkeys hy Plasmodium klwrdesi merozoites was studied. The presence of these
inhibitors had no effect on rek'asl' of nwrozoites from schizonts but inhibited entry of the parasite into the
red cell. Thus, at ,50p.glmI. chymostatin and leupeptin completely blocked the invasion whereas pepstatin
and eIastatinal showed ,50% inhihition. Phosphoramidon at this l'onl'entration !!ave only 30% inhibition,
Pretreatment of the erythrocytl's with .these inhibitors did not block invasion. Also, the intnll'ellular dl'-
velopment of the parasite was totally nnallected in the presence of these agents, These results sug:g:ested that
proteases of merozoites miJ,(ht pta~ sOllie l'rucial role in the invasion process.

Im'asion of erythrocytes by malarial mem-
zoites is initiated by attachment of the apkal
end of the merozoite to a specific region of the
host <:ell surfi.u:e, creating a small depression
in the erythrocyte membrane (Ladda et a\.,
1969; Aikawa et a\., 1978; ~Ic:Laren et a\.,
1979). The area of the erythrocyte membrane
to which the merozoite is attached becomes
thkkened and fimns a junction with the plas-
ma membrane of the merozoite, which mo\'es
along the confi-onted membranes as invasion
progresses (Aikawa et a\., 1978).

The extracellular merozoite is covercd with
a prominent surfi.lce coat (Ladda et a\., 19(9),
but, during invasion, this coat appears to be
absent Ii-om the portion of the merozoite with-
in the erythrocyte invagination (Ladda et a\.,
1969; Aikawa et al., 1978). The intramem-
hranous partides of the invaginating vacuolar
memhranes progressively disappear, so that
by the time the invading merozoite is l'om-
pletely endosed, the vacuolar memhrane is
virtually devoid of trans-membrane proteins
and is, therefore, lipid rkh (~Ic:Laren et a\.,
H)79). To explain observations such as disso-
luti,)H of the merozoite's surfi.lce coat, limna-
tion of moving junctions, and disappearance
of intramembranous partides of the invagi-
nating vacuolar memhrane during ink'raction
hetween erythrocytes and nwrozoites, in-
voh-ement of the parasite's proteases in the in-
vas ion process has heen postulated (Ladda et
a\., 19(j!:);Aikawa et a\., IH78; ~Ic:Laren et a\.,

1979). However, only Banyal et a\. (1978;
1980) have suggested that isolated merozoites
possess strong proteolytic enzymes, They re-
cently demonstrated proteases in merozoitcs
of PlaslllodiulII kllou;lesi in vitro. The present
study provides evidellce for possihle involve-
ment of the parasite's proteases in the process
of entrance of merozoites into host cells.

MATERIALS AND METHODS

Rhesus monkeys, Macaca /IIulatta, and assamese
monkeys, .\1. assamensis, weighing 3 to 8 kg were
kept in thl' lig:ht between 0700 hr and 1900 hr to
maintain the synchronicity of the parasite. The W,
strain of P. klllllciesi was used. ~onnal and p,
klloll;lesi-infected blood samples from monkeys
were collected in g:lucose-citrate under sterile con-
ditions by l'ardiac or venipunchlre and centrifuged
at 800 g li)r 10 min. Plasma and die bully coat were
removed and erythrocytes were washed thrice with
PBS, pH 7.2. From the infected samples, the brown
layer of schizont-infected cells was separated from
the underlying erythrocytes. The culture medium
used was RP~II-I640 buffered with 3,5% (v/\') of
0,,5 ~t NaHC03 and supplemented with glucose (2
mglml), ATP (0.3 mglml), penicillin (100 units/ml),
streptomycin (0.1 mglml), a1l(1 HEPES (25 m~I),
Thl' pH of the medium was adjusted to 7.4 with
additional :'\aHC03. The medium was sll'rilized
using a nll'mhrane filter, Parasites \Vere cultufl'd in
50 ml Erll'lIIul'yer flasks each l'ontainin~ 3.0 ml
medium, 0,3 ml inactivated rhesus or assalllesc
monkev serum. O.t ml desired conceutration of in-
hihitnr: and 0.25 ml packed erythrocytes (normal
and schiznnt-infected erythrocytes wefl> mixcd in
such a proportion that initial pamsital'mia did not
exceed 2%). The flasks \VcrI.' incuhated at 37 C in
7% CO,. 1'7c°2, and 92% ~2' After 1,5hr incnhation,
the cultures Wl'fl>centrifuged ;\t 1,000 g li)r 10 min,
and smears were prepared and stained with Gil'm-
sa. :'\n schizonts \VerI.' left in the medium and till'

Journal of Parasitology, 67, 623-626 (1981)



. Pepstatin and chymostatin were dis~lved in water (.'ontaining a
\'ery small amount of at.-etic acid, Control Aasks t'ontaininft aceti(.'
acid gave almost the same results as the (.'ontrolswithout at'etk
add. All other inhibitors were soluble in water.

t Each value is a mean of triplit'ate eXpt"riments. Four- tn sixfold
multiplication of parasites was ohst.'n.t.-din (.'nntrol~ with hoth typt.'s
of er}'thnx."ytes.

parasites which entered host cells were seen as ear-
ly and late trophozoites. Percent inhibition was cal-
culated assuming the number of parasites in the
control experiments as 100%.

RESULTS

The eHects of diflerent inhibitors on the in-
\'asion of erythrocytes by P. klloldesi are
shown in Table I. Chymostatin, which inhib-
its chymotrypsin but not trypsin (Umezawa et
al., 1970a), completely blocked invasion at .50
JLglml concentration. Even at the lowest con-
ct>ntration (.5 JLglml) useu, it inhibited more
than 70%. Leupeptin (SOJLglml), an inhibitor
of trypsin but not of chymotrypsin (Aoyagi l't
al., HJ(9), blo(:ked invasion by 90%. ~Iore
than GOo/cinhibition of invasion was sepn at
20 JLWmlbut the inhibition was not as signil~
icant as with chymostatin at this concentra-
tion. Pepstatin, an inhibitor of cathepsin D
(Umezawa et aI., 1970b), and elastatina\' an
inhibitor of elastase (Umezawa et aI., HJ73),
showed .50'7c inhibition at .50 JLglml wheft'as
phosphoramidon, an inhibitor of neutral me-

talloendopeptidases (Suda et aI., 1973),
blocked 32% of invasion at the maximum con-
centration used.

To detennine if the presence of these in-
hibitors in the culture system induced any
physiological changes in the host erythrocytes
or in the intraerythrocytic parasites the fol-
lowing experiments were done. Erythrocytes
from each host were preincubatt>d with the
mmdmum concentration of inhibitors at 37 C
lor 4 hr. Inhibitor-treated erythrocytes were
then washed thrice with phosphate buffer sa-
line, pH 7.2, suspended in the culture medi-
um in the flasks, and then schizont-infected
cells were added. Smears prepared after 15 hr
incubation showed that such erythrocytes
were equally susceptible to P. kllowlesi as
were the control cells (Table II). Erythrocytes
inleded with a synchronous population of
ring-stage P. klloll;[esi .were incubated in the
presence of inhibitors in the culture system.
After 15 hr, trophozoites and multinudl>atcd
schizonts were observed in the smears (Tablt'
III).

DISCUSSION

These experiments demonstrated that pro-
tease-inhibitOi s used did not exert any eHeet
either on the susceptibility of the host eryth-
rocytes to infloetion or on the intracellular de-
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. 11I1U.1) IIIIK.'ullIlI1 (.'ulltained rinJ( st.,J.t:cs only. Tilt., parasitt"mia was
l.1I to .J"~1. 111l:uh.,tinlls \"l'n' «:arric."dout Ic)r 2U hr.

t H. HIU~. T .&Trophnznitc.., S =' Sc.'l.izont.

\'l'!opnll'nt of the parasite. ~Ioreover, the com-
pldl' ahsence of free schizonts in thl.' culture
IIll'dium containing the inhibitors suggested
that tlwse agellts had no eflect on release of
nlt'rozoitps from RBC's containillg schizonts.
\\'1.' propos!' that nll'rozoitl'S sl'crdp prot!'asl's
silllilar to trypsin and chymotrypsin, and that
tht"'t, prott'ast's have sonu' important role in
tilt' process or invasion of the red cplls.

TIH' rolt, or prott'asps ill illvasion or pryth-
roc~ tps hy nwrozoitps cOllld hI.' lIIanililld. Oh-
St'r\'atiolls slid! as disappl'arallce of the sllr-
bl'l' coat, initial lilTlnation or a thick jllnction
lH'twppn the apiml l'nd or the lIIerozoite and
the erythrocyte memhrane, indllctioll of in-
\'acinatioll into the erythrocyte's membrane,
lilTlllatioll of moving jllnctions between the
IIlt'rozoite and the erythrocyte membrane, and
disappparance of intramembranous particles
of tilt' ill\'aginating vacuolar memhrane dur-
inl! iJ\\'asion may all he rationalized by in-
\'oln'nlt'nt of pro teases released by the mer-
ozoite during invasion.

The initial specificity lilr attachm<.>nt of the
IIwTOzoite to a specific receptor site present
on the erythr()(.'yte' s surli\ce appeared to re-
side in part of the surli\ee coat present on the
apieal end. This specific attachment may sig-

nal release of some proteases together with
other unknown factors by the merozoite. Prior
to the release of these proteases at the site of
I.'ontad between merozoite and erythrocyte,
the position of the surface coat covering the
apieal eml should he dissolved. These en-
zymes may now deave the exposed sites of
host cell membrane-bound proteins, thus re-
ducing the mechanical stability of the mem-
l>rane whieh in turn should make the mem-
brane more delimnahle (Egmond et aI., 1979).
~Ioreover, if the processed glYI.'oproteins hap-
pen to be transmemhrane proteins, this may
adversely anect control of the erythrocyte's
ddimnahility by the cytoskeletal proteins he-
cause transmembrane proteins presl'nt in 1\\1-
man erythrocyte membranes arc known to hI.'
linked, directly or indirectly, with cytoskl'll.'-
tal proteins ofthe cell (Bennett and Stenbuek,
1979; Steek, 1974).

The observed absence of intramenllmmolls
particles in developing parasitophorous val.'-
uole has been best explainell by the postulate
that expansion of the vacuolar membranp re-
sults from incorporation of merozoite-scereted
membrane into the host cell membrane
(~IcLaren et aI., 1979). This expansion may
recluire Il.sion of lipid vesicles (secreted hy
the merozoite) with the protein-free portion
of the host cell membrane (Tyrrell et aI.,
IH7Ci).
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