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ABSTRACT Schistosomula of 5chistosoma mansoni were labeled by oxidation with galactose 
oxidase or with periodate followed by reduction with NaBaH4 to study the loss of the surface 
membrane of these parasites in vitro. Grain counts of light microscope autoradiographs 
(LMARG) of radiolabeled schistosomula show that both galactose oxidase and periodate 
specifically label the surface of the organisms. Galactose oxidase labels 11 glycoproteins on the 
surface of skin and mechanical schistosomula, ranging in apparent molecular weight from 
17,000 to >105,000. These glycoproteins are lost from the surface of schistosomula with a 
halftime of 10-15 h in culture in defined medium. Most of these glycoproteins appear to be 
shed intact from the surface of the schistosomula rather than endocytosed and degraded, 
because >50% of each of the lost proteins can be recovered by trichloroacetic acid precipitation 
of the culture medium and because there is no internalization of the radiolabels into cultured 
schistosomula examined by LMARG. In addition to glycoproteins, periodate labels at least 
seven glycolipids on the surface of mechanical schistosomula. After culture for 15 h, more than 
half of each of these periodate-labeled proteins and lipids are lost from the schistosomula, and 
their abundance relative to each other remains similar to that of freshly labeled organisms. 
Since both proteins and lipids are lost from the surface of the schistosomula at the same rate, 
we believe that we are observing a general loss of the parasite surface membrane. 

The surface of schistosomula of  Schistosoma mansoni is a 
syncytium, with a surface area of  20,000 #m 2 that is covered by 
two lipid brayers (10, 18). Concanavalin A (Con A) bound to 
the surface of newly transformed and cultured schistosomula 
is shed intact into the culture medium with a halftime of  8-10 
h (19). Although Con A molecules are closely bound to the 
pcntalaminar surface membranes of  the schistosomula and 
although lectin binding sites have lateral mobility within the 
plane of  this membrane, endocytosis and lysosomal degrada- 
tion of  the lectin could not be demonstrated (19). These results 
suggested that Con A may be shed from the parasite's surface 
along with its binding site(s) located in the outer tegumental 
membrane. In the present study we have directly examined the 
fate of  the schistosomular surface by culturing organisms whose 
surface was labeled by oxidation with galactose oxidase or 
periodate followed by reduction with NaB3I-I4 (8, 9). We chose 
these labels because they are relatively gentle and because 
lectin experiments showed that schistosomula have large 
amounts of  sugar on their surface 05,  19, 22). 

MATERIALS AND METHODS 

Experimental Design 

The strategy of these experiments was to surface-label schistosomula with 
galactosc oxidase or periodate oxidation followed by reduction with NaB3FL and 
to study the turnover of these radiolabcled surface proteins by cultured schisto- 
somula. The same experimental protocol for studying the clearance of 12sl-Con 
A from the surface of schlstosomula (19) was repeated exactly: schistosomula 
were radio-labeled, cultured, and the amount and molecular weight of radioac- 
tivity remaining on cultured schistosomula and in the culture media was examined 
by SDS PAGE. Surface labeling of the organisms and the route of loss of 
radiolabcled proteins was examined by light microscope autoradiography 
(LMARG). In addition, lipids labeled by periodate and NaBaI-14 were character- 
ized by thin layer chromatography (TLC). 

Protocal for Surface-labeling Schistosomula with 
Galactose Oxidase or Periodate 

Schistosomular surface molecules were oxidized with galactose oxidase or 
periodate and reduced with NaB3FL by established procedures (8, 9). Freshly 
prepared skin or mechanical schlstosomula (19) were washed three times in 
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phosphate-buffered saline, pH 7 (PBS). 5,000-10,000 organisms/ml were incu- 
bated with 5-20 U/nil galactose oxidase (Sigma Chemical Co., St. Louis, MO, or 
Worthington Biochemical Corp., Freehold, N/) with or without 12 U/ml Vibrio 
cholerae neuramimdase (Calbiochem-Behring Corp., American Hoechst Corp., 
San Diego, CA) for 60 rain at 370C in PBS or Hanks" balanced salt solution 
buffered with 20 mM HEPES, pH 7. Alternatively, schistosomula were incubated 
with 2-20 mM sodium periodate for 10 rain at 4°C in PBS. After oxidation with 
either galactose oxidase or periodate, organisms were washed four times in PBS 
and incubated for 30 rain at room temperature in PBS containing 0.2-0.5 mCi 
NaBaH4 (Amersham Corp., Arlington Heights, IL; sp act 8-11 Ci/mM stored in 
0.01 N NaOH at -70°C). As a control for specificity of labeling, untreated 
schistosomula were incubated with NaB3I-L. After reduction, organisms were 
washed six times with PBS. Radio-labeled schistosomula, 2,000-I 0,000/ral, were 
cultured in RPMI-1640 containing 200 'ag/ml bovine serum albumin, pH 7 
(RPMI-BSA) for 12-24 h at 37°C under 5% CO2 and 95% O2 (18). 

5DS PAGE of Radio-labeled Schistosomular 
Surface Proteins 

Schistosomula at the end of the labeling procedure and after culture were 
solubilized in SDS and reduced with mercaptoethanol. Glycoproteins in the 
culture media were precipitated with 10% trichloroacetic acid (TCA) and resol- 
ubilized in SDS after two washes in cold ether. The samples were electrnphoresed 
in 13-cm SDS tube gels containing 11% polyacrylamide (12, 19), which were cut 
into 2-ram slices, placed in scintilation vials, incubated in 0.2 ml of 30% H202 for 
3-12 h at 60°C to hydrolyze the gel, and counted in a Packard scintillation 
counter (Packard Instrument. Co., Inc., Downers Grove, IL) after addition of 8 
ml of BIOFLUOR (New England Nuclear, Boston, MA). Other samples, 10,000 
organisms/lane, were run on 17-cm SDS slab gels containing an 8-15% linear 
gradient of acrylamide. Slab gels were stained with Coomassie Blue, incubated 
with ENaHANCE (New England Nuclear) (1), dried, and exposed to preflashed 
(13) X-Omat R or AR film (Kodak) for 1--4 wk at -70°C. Fluorographs were 
scanned with a Schoeffel spectrodensitometer (courtesy of the Pharmacology 
Department, Harvard Medical School). 

Light Microscope Autoradiography of Surface- 
labeled Schistosomula 

Schistosomula at the end of the labeling procedure and after culture were 
washed six times in PBS and fixed in aldehydes, postfixed in OsO4, and embedded 
in Epon as for transmission microscopy (2). Sections, 0.4 am thick, with rose to 
green interference colors, were dried onto clean glass slides, coated with NTB-2 
emulsion (Kodak), and exposed for 1-4 wk at 4°C before development in Kodak 
D-19 (17). Radioautographs, unstained or Lightly stained with a dilute solution of 
Azure blue, were viewed with a Leitz Orthoplan microscope in bright field and 
photographed at a primary magnification o f x  100-150 on Pan-X or Hi-Contrast 
Copy film (Kodak). 

To quantify the distribution of radioactivity on the surface and on the interior 
of galactose oxidase- and periodate-labeled schistosomula and of control orga- 
nisms treated with NaB314_4 alone, radioautographs were developed after 1-2 wk. 
Photographs of the northwest quadrant of the first section observed on each slide 
were taken at x 100 and enlarged to × 700. These photographs were overlayed 
with a translucent grid made up of 6 x 6 mm squares to determine the background 
radioactivity (grain density on the plastic section but not on the organisms) and 
the radioactivity on the interior of scliistosomula. The density of grains on the 
interior was measured by counting grains within squares which fell >1.5 mm 
from the edge of sectioned organisms, and subtracting background. The area on 
the interior of the schistosomula (used to calculate the absolute number of grains 
on the interior) was determined by counting the number of squares whose upper 
left hand corner fell anywhere upon sectioned organisms, including the 1.5-mm 
rim. 

To measure the radioactivity on the surface of schistosomula, the translucent 
grid was removed from the photographs, and a line 1.5 mm thick was drawn 
along the edge of each organism. The number of grains failing on this line was 
counted, and the length of this line was measured with a map measure. The 
density of grains on the surface of each organism was then calculated by dividing 
the number of grains counted on the line by the length of the line x 1.5 ram, all 
minus the density of grains on the inside and background. The absolute number 
of grains on the surface was determined by subtracting from the number of grains 
counted on the line the contributions of the inside and background. 

Four values were used to statiticaUy compare the distribution of radioactivity 
on the surface and on the interior of radiolabeled schistosomula: (a) surface grain 
density, (b) interior grain density, (c) ratio of grain density surface/inside, and 
(d) ratio of absolute number of grains surface/inside. Grain densities were 
corrected for enlargement and expressed in grains//ma 2. The average, standard 
deviation, and standard error of each of these four values for 12-20 organisms 
per experimental group were determined for galactose oxidase- and periodate- 
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labeled schistosomula and statistically compared with values for organisms treated 
with NaB3H4 alone using a Student's t-test. 

TLC of Radio-labeled Lipids 

Radio-labeled lipids from 10,000 organisms per experimental condition were 
extracted from schistosomula immediately after labeling or after 15-h culture by 
sonication of organisms in 400 'al of methanol containing 20 'al of 0.1 N KCI and 
0.01 M EDTA and by successive incubations for 30 min in 20 vol of chloro- 
form:methanol in the ratios of 2:1, 1:1, and 1:2 (6). Extracted lipids were filtered 
through sintered glass, dried on a rotoevaporator, and partitioned into aqueous 
and organic phases by resuspension in chloroform:methanol:water (C:M:H20) 
8:4:3 (7). Lipids in the organic phase were chromatographed on 20-cm silica gel 
H plates (Analtech, Inc., Newark, DE) with C:M:H20 65:35:10 as the solvent, 
while aqueous phase lipids were separated on silica gel G plates with C:M:H~O 
65:45:10 as the solvent. Standard lipids run in parallel included monosialogan- 
glioside, disiaioganglioside, sphingomyelin, ceramide trihexoside, lactosyl cer- 
amide, and ceramide (Supelco, Inc., BeUefonte, PA). TLC were sprayed with 
primuline to detect standards and abundant schistosomular llpids (25), observed 
with an ultraviolet lamp, and photographed. TLC were then sprayed with 
EN~HANCE for fluorography, exposed to preflashed film for 4-14 d at -70°C, 
developed, and scanned as above. 

R E S U L T S  

Conditions for Surface-labeling Schistosomula 
with Galactose Oxidase or Periodate 

S c h i s t o s o m u l a  ox id i s ed  w i t h  ga l ac to se  ox ida se  o r  w i th  pe r -  

ioda te  i n c o r p o r a t e  f o u r  to f ive t imes  t he  r ad ioac t iv i ty  o f  u n -  

t r ea ted  con t ro l s  (1.3 c p m / o r g a n i s m )  w h e n  s u b s e q u e n t l y  re- 

d u c e d  w i th  NaBaFL.  I n c o r p o r a t i o n  o f  3H var ies  little w i th  t h e  

dose  o f  ga l ac to se  o x i d a s e  f r o m  5 to 20 U / m l  (5.5 to 6.6 c p m /  

o r g a n i s m )  b u t  dec rease s  in  t he  a b s e n c e  o f  n e u r o a m i n i d a s e  (3.5 

c p m / o r g a n i s m ) .  S imi lar ly ,  i n c o r p o r a t i o n  o f  aH inc r ea se s  o n l y  

s l ight ly  w i t h  a c o n c e n t r a t i o n  o f  2 - 2 0  m M  p e r i o d a t e  (3 .3 -5 .0  

c p m / o r g a n i s m ) .  S t a n d a r d  c o n d i t i o n s  for  l abe l i ng  in  t h e  expe r -  

i m e n t s  p r e s e n t e d  be low  were  e i t he r  l0  U / m l  ga l ac to se  o x i d a s e  

a n d  12 U / m l  n e u r a m i n i d a s e  for  60 ra in  at  3 7 ° C  or  2 m M  

pe r ioda t e  for  l0  r a in  a t  4 ° C .  L a b e l i n g  p r o c e d u r e s  do  n o t  s e e m  

to affect  t he  v iab i l i ty  o f  t he  s c h i s t o s o m u l a ,  w h i c h  is > 9 5 %  

w h e n  p r e p a r e d  b y  sk in  p e n e t r a t i o n  a n d  9 8 - 1 0 0 %  by  m e c h a n i -  

cal  p r e p a r a t i o n .  Af t e r  20 -h  cu l tu re ,  > 9 0 %  o f  t h e  s c h i s t o s o m u l a  

w h e t h e r  l abe l ed  o r  u n l a b e l e d  are  al ive.  N o  s t r u c t u r a l  a l t e r a t i on  

o f  t he  p e n t a l a m i n a r  t e g u m e n t a l  m e m b r a n e  o f  t he  s c h i s t o s o m -  

u l a  is s een  af te r  e i t he r  l abe l i ng  p rocedu re .  

Localization of Specific and Nonspecific 
Radioactivity on Thick Sections of Schistosornula 

L M A R G  o f  s c h i s t o s o m u l a  i n c u b a t e d  w i th  NaB3I-h  a l o n e  

s h o w s  si lver  g r a in s  d i f fu se ly  d i s t r i b u t e d  o n  t he  s u r f a c e  a n d  

ins ide  o f  t he  pa ra s i t e s  (Fig.  1). T h e  g r a i n  dens i t i e s  o n  t h e  

su r f ace  a n d  t he  in t e r io r  a re  t he  s a m e  b y  s ta t i s t ica l  a n a l y s i s  (all 

P for t h r ee  e x p e r i m e n t s  >2 ) ,  w h i c h  ind i ca t e s  t h a t  t h e r e  is n o  

s u r f a c e - l a b e l i n g  in  t he  a b s e n c e  o f  a n  o x i d a n t  ( T a b l e  I). In  

con t ras t ,  s c h i s t o s o m u l a  i m m e d i a t e l y  a f t e r  l a b e l i n g  w i th  ga lac -  

tose  ox ida se  o r  w i th  p e r i o d a t e  h a v e  s i lver  g r a i n s  o n  t h e  su r f ace  

o f  t he  o r g a n i s m s  (Fig.  2). T h e  d e n s i t y  o f  t he  s u r f a c e  r ad io ac -  

t ivi ty o n  ga l ac to se  ox idase -  a n d  p e r i o d a t e - l a b e l e d  s c h i s t o s o m -  

u l a  is 17-22 a n d  15-20  t i m e s  ( r a n g e s  o f  t h r ee  e x p e r i m e n t s ) ,  

respect ive ly ,  t h a t  o n  t he  s u r f a c e  o f  c o n t r o l  o r g a n i s m s .  T h i s  

ind ica tes  s ign i f i can t  (all  P < 0.00 l )  speci f ic  s u r f a c e  l a b e l i n g  b y  

t he se  two o x i d a n t s  ( T a b l e  I). T h e  d e n s i t y  o f  g r a in s  o n  t h e  

ins ide  o f  ga l ac to se  o x i d a s e -  a n d  p e r i o d a t e - l a b e l e d  s c h i s t o s o m -  

ula,  h o w e v e r ,  is s ta t i s t ica l ly  i n d i s t i n g u i s h a b l e  f r o m  t h a t  o n  t h e  

ins ides  o f  con t ro l  o r g a n i s m s  (all P > 2), i n d i c a t i n g  n o  in t e r io r  

l abe l ing  o f  t h e  o r g a n i s m s  af te r  o x i d a t i o n  p r o c e d u r e s  ( T a b l e  I). 

T h e  ra t io  o f  a b s o l u t e  g r a in s  o n  t he  su r f ace  (specif ic)  a n d  o n  

t he  in te r ior  (nonspec i f i c )  o f  ga l ac to se  ox ida se -  a n d  p e r i o d a t e -  



FIGURES I and 2 Light microscope autoradiographs of radiolabeled schistosomula. Schistosomula treated with NaBaH4 alone (Fig. 
I) show silver grains diffusely distributed over the organisms. In contrast, schistosomula oxidized with periodate before NaBaH4 
reduction (Fig. 2) show heavy labeling on the surface, with no increase in the labeling on the interior. Grain counts on less heavily 
exposed autoradiographs of surface labeled schistosomula (see Table I) show that both periodate and galactose oxidase specifically 
and exclusively label the surface of schistosomula. Both autoradiographs exposed for 4 wk. Figs. I and 2, x 700. 

TABLE I 

Quantification of Grain Distributions on Light Microscope Autoradiographs of Surface-labeled Schistosomula 

Grain density Absolute no. 

Labeling condition Inside/100/Lm 2 Surface/100/xm 2 Surface/inside Surface/inside 

NaBaH4 alone 2.2+/-1.2 3.2+/-1.6 1.7+/-0.4 0.23+/-0.1 
( P >  0.2) 

Periodate 2 .0+ / - I . 0  60+ / -19  47+ / -20  2 .6+ / - I ,2  
( P > 0.5) ( P < 0.001) ( P < 0.001) ( P < 0.001 ) 

Galactose oxidase 
Zero ti me 2.0+/-0.7 4 3 + / - 7  32+/-11 3.6+/-2.3 

( P >  0.4) ( P <  0.001) ( P <  0.001) ( P <  0.001) 
Culture for 15 h 0.5+/-0.3 20+ / -7  54+ / -20  5.2 + / - 3 . 0  

Grains were counted on light microscope autoradiographs of fresh schistosomula labeled with periodate, galactose oxidase, or NaBaH4 alone and immediately 
fixed (zero time), as well as of organisms labeled with galactose oxidase and cultured for 15 h before fixation. Measured values--grain densities inside, surface, 
and surface/inside--are defined in Materials and Methods and represent the average and standard deviations of 16-20 individual organisms per experimental 
condition, In parentheses, P values show the statistical significance (Student's t-test} of the differences between values measured for periodate or galactose 
oxidase at zero time and those of organisms incubated with NaBaH4 alone. As well, the statistical significance of the difference between grain densities on the 
surface and inside of organisms incubated with NagaH4 alone has been determined. In this representative experiment, all specimens were prepared in parallel 
and exposed to the emulsion for 2 wk. 

labeled schistosomula is 2.9-6.6:1 and 2.4--2.6:1, respectively 
(Table I). Schistosomula labeled with galactose oxidase an~l 
then cultured for 15 h show a 50-70% decrease m grain density 
on their surface, suggesting a 10-15-h halftime for the loss of  
specific label (Table I). There is a simultaneous 70-80% de- 
crease in the nonspecific radioactivity in the interior of cultured 
organisms (Table I). The ratio of  density of  grams on the 
surface to those on the interior of cultured schistosomula 
increases to 52-54:1, while the ratio of the absolute number of 
grains on the surface to interior increases to 4.6-5.2:1 (Table 

SAMUELSON AND 

I). This suggests that cultured schistosomula do not internalize 
the radioactivity into stable pools. 

Fluorography o f  Glycoproteins Labeled by 

Galactose Oxidase and Periodate on the Surface 

o f  Schistosomula 

Schistosomula incubated with NaBaI-I4 alone do not incor- 
3 porate H into protein (Fig. 3 a). In contrast, 12 proteins ranging 

in apparent molecular weight from 17,000 to >105,000 are 
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FIGURE 3 Schistosomulargly- 
coproteins labeled by galac- 
tose oxidase or by periodate 
and NaB3H4, separated on a 
slab gel containing a linear 8- 
15% gradient of acrylamide. 
There is no significant labeling 
in control organisms incu- 
bated with NaB3H4 alone (a, 
• - - - ) ,  Glycoproteins labeled 
by galactose oxidase on skin 
( a , - - )  or mechanical (b, 

) schistosomula are simi- 
lar to those labeled by perio- 
date on mechanical schisto- 
somula (c, ). After 12-h 
culture, more than half the 
proteins init ial ly labeled by ga- 
lactose oxidase (b, - - - )  or 
periodate (c, - - - )  are lost 
from the surface of schisto- 
somula, but the molecular 
weight distribution of labeled 
proteins remaining with the 
parasite is similar to that seen 
before culture. For ease of 
comparison of glycoprotein- 
labeling patterns, each figure 
is marked with similarly placed 
lines A -D ,  indicating molecu- 
lar weight: (A) 17,000 and 
19,000; (B) 22,000 and 27,000; 
(C) 39,000, 41,000, 44,000, 

54,000, 60,000, and 67,000; and (D) 80,000 and 105,000. To the left of 
peak A are two peaks representing unreacted borohydride running 
at the dye and tritiated lipids running ahead of the dye, much of 
which radioactivity is lost with t ime in culture. The stack is on the 
right. 

labeled when schistosomula are oxidised by galactose oxidase 
or periodate before reduction (Fig. 3). Skin schistosomula 
labeled with galactose oxidase show three major peaks of  
radioactivity at 17,000, 27,000, and 54,000 mol wt and minor 
peaks at 22,000, 34,000, 39,000, and 105,000, as well as some 
material which remains in the stack (Fig. 3 a). Mechanical 
schistosomula labeled 3 h after transformation with galactose 
oxidase have additional minor peaks at 44;000, 60,000, and 
80,000 and a variable peak at 19,000 but no peak at 34,000 
(Fig. 3 b). The same proteins which are labeled with galactose 
oxidase are also labeled with periodate on mechanical schis- 
tosomula, but the amount of  labeling is less (Fig. 3c). In 
addition, periodate labels a major peak of  radioactivity at 
19,000 and a minor peak at 67,000. The two unmarked peaks 
at the left of  Fig. 3 likely represent unreacted tritiated boro- 
hydride running at the dye front and tritiated lipids running 
just before the front. Delipidated schistosomula show only a 
single peak of  radioactivity at the front on gradient gels. 

Loss of Radio-labeled Glycoproteins from the 
Surface of Cultured Schistosomula 

Cultured schistosomula lose surface glycoproteins labeled 
with either galactose oxidase or periodate. The loss of  radio- 
labeled proteins is reflected in a decreased height of  peaks of  
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radioactivity in densitometric scans of  fluorographs of  mechan- 
ical schistosomula labeled and then cultured for 15 h (Fig. 3 b 
and c). The molecular weights and relative amounts of  proteins 
_~17,000 on cultured schistosomula are similar to those found 
on freshly labeled schistosomula. In contrast, radioactivity 
below 17,000 running at or in front of  the dye is lost more 
rapidly with time in culture. 

The loss of  surface-labeled glycoproteins was quantified by 
cutting and counting tube gels of  freshly labeled schistosomula, 
cultured schistosomula, and TCA precipitates of  the culture 
medium. Schistosomula labeled with galactose oxidase were 
chosen for quantification because more radioactivity over a 
wide molecular weight range was incorporated with galactose 
oxidase than with periodate (Fig. 3). The tube gels (Fig. 4) 
have a single 11% concentration of  acrylamide and so have less 
fine resolution than the gradient slab gels (Fig. 3). At zero time, 
four major protein peaks of  radioactivity, A - C  and stack, are 
apparent on tube gels (Fig. 4). These peaks correspond to the 
peaks seen on slab gels as follows: (A) 17,000-19,000; (B) 
22,000--27,000; (C) 39,000-60,000 and stack >80,000 mol wt 
(Fig. 4). The double peak <17,000 on gradient gels (Fig. 3) is 
seen on tube gels as a single peak (Fig. 4). The amount of 
radioactivity in the protein peaks in freshly labeled organisms 
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FIGURE 4 Loss of galactose oxidase-labeled glycoproteins from the 
surface of cultured schistosomula, as determined by cutt ing and 
counting 11% SDS tube gels. Mechanical schistosomula were labeled 
with galactose oxidase and NaB3H4, and 25,000 were immediately 
solubilized in SDS (0) whi le 25,000 were solubilized after 12-h 
culture (O). TCA precipitates of the medium in which schistosomula 
were cultured (A) were also solubil ized in SDS. After 12-h culture, 
the pattern of radioactivity remaining with the schistosomula is 
similar to that seen initially, but the amount of radioactivity in each 
peak is decreased by 50%-60%. Some 50% of the lost proteins are 
recovered by TCA precipitation of the medium, again with a relative 
abundance similar to that at zero time. In contrast, most of the 
radioactivity in the front (r"), representing unreacted NaB3H4 and 
nonspecifically radiolabeled lipid, is lost from schistosomula with 
culture and is not recovered from the medium by TCA precipitation. 
To quanti tat ively compare a number of experiments (see Table II), 
protein peaks have been labeled A-C, indicating the fol lowing 
molecular weights: (A) 17,000; (B) 22,000-27,000; and (C) 39,000- 
67,000. St, stack. 



averaged 28% of the total in A, 24% in B, 13% in C, and 10% 
in stack (Fig. 4 and Table II). After 12-h culture, the amount 
of radioactivity in each of  these protein peaks is reduced to 40- 
49% of initial labeling (Fig. 4 and Table II), which indicates 
that most surface-labeled proteins are being lost with a halftime 
of 10-12 h. Some 25-34% of the zero-time labeled protein is 
recoverable in the culture medium by TCA precipitation (Fig. 
4 and Table II). This radioactivity is equivalent to 50-60% of 
the radioactivity that is lost from the surface of  organisms 
during culture. The TCA-precipitable proteins have a similar 
molecular weight distribution as the proteins on freshly labeled 
or cultured schistosomula. By calculation, 22-26% of  the initial 
radioactivity cannot be recovered, distribution over all molec- 
ular weight ranges ___17,000 (Table II). However, most of the 
radioactivity at the front, 25-30% of the initial labeling, is lost 
from cultured schistosomula and not recovered in the medium 
(Fig. 4 and Table II). 

P e r i o d a t e - l a b e l i n g  o f  S c h i s t o s o m u l a  

S u r f a c e  L i p i d s  

NaB~H4 alone labels nonspecifically some schistosomular 
lipids which partition into both phases of a Folch extraction. 
TLC of these nonspecific labeled lipids show a number of  
discrete spots, most of which are lost when organisms are 
cultured for 15 h after labeling. The nonspecific labeling with 
NaB3H4 can be largely removed by pretreating organisms with 
30 #g/ml cold NaBI-h for 30 min at room temperature before 
oxidation. Periodate specifically labels glycolipids which par- 
tition predominantly into the aqueous phase. On TLC these 
periodate-labeled lipids run in the neutral rather than acidic 
region (Fig. 5). Major labeled peaks chromatograph similar to 
ceramide trihexoside (Rr = 0.35) and lactosyl ceramide (Rr -- 
0.35). Five other major peaks have Rf values between 0.5 and 
0.85. When schistosomula are cultured for 15 h after periodate 
labeling, >50% of each lipid peak is lost, but the Rf values and 
relative abundance of  most of  the lipids remain the same as 
those seen after the initial labeling (Fig. 5). Galactose oxidase 
did not reliably label any schistosomular glycolipids. 
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FIGURE 5 Thin-layer chromatography of periodate-labeled lipids 
on the surface of schistosomula and their loss with time in culture. 
Periodate ( ) specifically labels glycolipids on the surface of 
schistosomula which partition into the aqueous phase of a Folch 
extraction and run in the neutral rather than acidic region of TLC. 
Major periodate-labeled glycolipids chromatograph similar to cer- 
imide trihexoside (Rt = 0.35) and lactosyl ceramide (Rf = 0.45). Five 
others have Rf values ranging from 0.5 to 0.85. In contrast, control 
schistosomula ( . - - . )  that were not oxidized with periodate show 
only a little radioactivity running with the front. After 15-h culture, 
>50% of each lipid peak labeled by periodate (- - -) is lost from the 
schistosomula, but the positions and relative abundance of most of 
the lipids are the same. Standard lipids run in parallel include 
monosialoganglioside (GM,), disialoganglioside (Go,a), sphingomye- 
lin (5), ceramide trihexoside (CT.), lactosyl ceramide (L.C.), and 
ceramide (C). All schistosomula were pretreated with cold NaBH4 
before oxidation and reduction with NaB3H4. 

TABLE II 

Loss of Galactose Oxidase-labeled Glycoproteins from the Surface of Cultured Schistosomula 

Molecular weight range Zero time 12-h cult TCA ppt nonTCA ppt 

Front 30+/--13 7.6+/--2 1.8+/-1 21+/--12 
(100) (26+/-8)  (12+/-7)  (70+/-10) 

Peak A 17,000 30+/ -12 14+ / -4  8 + / - I  8 + / - 7  
(100) (48+/-5)  (29+/-6)  (22+/-10) 

Peak B 22,000-27,000 26+ / -7  8 + / - 3  7 .3+ / -3  5 + / - 2  
(100) (40+/-6)  (34+/-3)  (26+/2) 

Peak C 39,000-67,000 14+ / -2  5 .3+/ -3  4.1 + / - I  4.5+/3 
(100) (40+/6) (33+/--10) (26+/--6) 

Stack 5 .9+/ -2  2.8+/-1 2 . 1 + / - I  2 .0+/ -2  
(I00) (49+/-9)  (25+/-8)  (24+/ - I0 )  

Summary of data from three experiments performed as in Fig. 4 in which schistosomula were labeled with galactose oxidase. The amount of radioactivity 
remaining with cultured organisms and recoverable by TCA precipitation from the culture medium was determined by cutting and counting SDS tube gels. The 
radioactivity lost from the schistosomula which is not recovered by acid precipitation (nonTCA ppt) was calculated by subtracting the sum of the radioactivity 
of the cultured organisms and the media precipitates from the radioactivity bound to schistosomula at zero time. Radioactivity is expressed as counts per minute 
(cpm) x 10-3/25,0(30 organisms and is the average and standard deviations for the three experiments. The percentage of zero-time radioactivity (arbitrarily 
defined as 100%) in the front, protein peaks A-C, and stack, which remains with schistosomula after culture or is precipitable (ppt) or nonprecipitable in the 
culture medium, is given in parentheses. 
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DISCUSSION 

Schistosomula of S. mansoni were labeled by oxidation with 
galactose oxidase or periodate followed by reduction with 
NaBaH4 to study the fate of  the surface membrane of the 
parasites in vitro. By light microscope autoradiography, both 
techniques specifically and exclusively label the surface of 
freshly transformed schistosomula, although some nonspecific 
radioactivity, quantitatively equivalent to that of organisms 
treated with NaBaI-h alone, is apparent within labeled orga- 
nisms. Galactose oxidase labels 11 proteins, ranging in appar- 
ent molecular weight from 17,000 to > 105,000, all of which are 
lost with a halfiime of 10-15 h in culture in defined medium. 
Greater than 50% of these lost proteins are recoverable by TCA 
precipitation of the cultured medium, suggesting that much of 
the parasite surface is shed with proteins intact. Periodate labels 
glycoproteins similar to those labeled by galactose oxidase, and 
also labels at least seven glycolipids on the surface of the 
parasite. After culture for 15 li, >50% of each of these perio- 
date-labeled proteins and lipids are lost from the schistosomula, 
and their abundance relative to one another remains similar to 
that of freshly labeled organisms. Since both proteins and lipids 
are lost from the surface of schistosomula at roughly the same 
rate, we believe that we are observing a general loss of the 
parasite membrane. 

A number of  generalizations may be made about the proteins 
and lipids labeled by galactose oxidase and periodate on the 
surface of schistosomula. First, the surface of  newly trans- 
formed schistosomula of S. mansoni is complex, containing at 
least 12 different glycoproteins, which contain sialic acid and 
galactose, and seven different glycolipids. Second, similar sets 
of glycoproteins are labeled with galactose oxidase on the 
surface of  skin and mechanical schistosomula. Because me- 
chanical schistosomula were prepared in macromolecule-free 
medium, these proteins must be derived from the parasite and 
cannot be absorbed from host tissue or serum. Third, many of  
the glycoproteins labeled by galactose oxidase and periodate 
appear to have also been labeled on the surface of schistosom- 
ula by iodosulfmilic acid (apparent molecular weights: 27,000, 
34,000, 41,000, 67,000, 80,000, and 105,000) (24), lactoperoxi- 
dase (22,000, 27,000, 34,000, 41,000, 44,000, 54,000, 67,000, 
80,000, and 105,000) (4, 16, 21), or 3-azido-4-iodo-naphthalene 
2,7-disulfonic acid (34,000, 41,000, and 60,000) (D. Pratt, per- 
sonal communication), suggesting that most of  the schistoso- 
mular surface proteins may be glycoproteins. Fourth, polar 
glycolipids on the surface of schistosomula likely contain sialic 
acid and not galactose, because they are labeled by periodate 
but not galactose oxidase. 

The viability of  the schistosomula is unaffected by the sur- 
face labels so that we were able to study the rate and route of  
clearance of radiolabeled glycoproteins and glycolipids from 
the surface of cultured schistosomula. In general, the rate of 
loss of galactose oxidase- and periodate-labeled proteins from 
schistosomula is independent of molecular weight, so that the 
relative amount of  each protein remaining on cultured schis- 
tosomula is similar to that on freshly labeled organisms. In the 
same way, the pattern of periodate-labeled glycolipids on 
cultured schistosomula is similar, though not identical, to that 
found initially. Quantitative measurements indicate an average 
halt'time of glycoprotein loss to be 10-12 h. This halftime is in 
agreement with radioautography which showed that 50-60% of 
the surface-labeled radioactivity is lost in 15 h. 

Cultured schistosomula appear to lose surface labeled gly- 
coproteins by shedding them into the medium. We were able 

to recover 50-60% of each molecular weight region of the 
labeled proteins by TCA precipitation from the culture me- 
dium. 22-26% of the labeled proteins were not recovered, 
presumably because of absorption of the protein onto glass and 
plastic and incomplete solubilization after precipitation. Al- 
though it is possible that some of the proteins were lost by 
degradation, either on the surface of the organism or in the 
culture media, it appears that most of  the surface-labeled 
proteins are shed intact. How the proteins are shed is unclear. 
If  the proteins are not inserted into the lipid bilayer, they could 
simply fall off. However, all of the proteins labeled by iodo- 
sulfanilic acid, except the 68,000 = mol wt protein cannot be 
solubilized with high salt and require either SDS or Nonidet 
P-40 to remove them from the parasite, suggesting that they 
are tightly bound to the membrane (24). If, in fact, the proteins 
are inserted into the lipid bilayer, they could be shed either as 
membrane fragments or as micelles. We favor the interpreta- 
tion that the proteins are shed with lipids because labeled 
glycolipids are lost from the parasite at about the same rate as 
the proteins. In addition, we believe that the proteins are shed 
as miceiles because attempts to recover the radioactive proteins 
from the culture medium both by pelleting for 24 h at 100,000 
g and by floatation into sucrose gradients, such as is done in 
subcellular fractionation (5), failed. This conclusion, that the 
membrane is shed in micelles, is also in agreement with the 
experiments described in our companion paper (3) in which 
neutrophils are shown to endocytose Con A together with 
galactose oxidase-borohydride labeled surface proteins from 
the parasite, yet the structure of the outer membrane remains 
unaltered by both thin-section and freeze-fracture. 

The loss of labeled proteins and lipids from cultured schis- 
tosomula is similar to that observed with Con A, which was 
shed intact from cultured organisms with a halftime of  8-10 h 
(19). Since antischistosomal antibodies and complement are 
also lost at a similar rate (20), it appears that molecules bound 
to the surface of schistosomula are being lost at about the same 
rate as the parasite surface itself. The parasite, then, may 
defend itself in part by shedding antibody and complement 
(and the parasite molecules to which they are bound) as part 
of the normal turnover of its surface. 
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