
Identification of Paramyosin as Schistosome Antigen 
Recognized by Intradermally Vaccinated Mice 

Mice immunize!d intradermally with extracts of Scbhmau mansoni in combination 
with the adjuvant BCG are significantly protected against subsequent infection with 
living larval forms of the parasite. Remarkably, these vaccinated aaimals produce 
antibodies predominantly against a single parasite protein of molecular weight 97  
kilodaltons (Sm-97). A complementary DNA that e n d e s  about half of the Sm-97 
molecule has now been cloned and sequenced. Analysis of the deduced amino acid 
sequence reveals a protein containing periodic repeats of hydrophobic amino acids 
characteristic of an a-helical coiled-coil structure. The deduced amino acid c o m p i -  
tion of the cloned gene and several properties of the native protein are similar to that of 
paramyosin, an a-helical protein that forms the core for myosin filaments in inverte- 
brate musde. Paramyosin was isolated f h m  S w u m u  ~ o n i  adult worms and 
antibodies to Sm-97 were shown to react with this molecule as well as with a known 
paramyosin from molluscan muscle. 

A MAJOR GOAL OF RESEARCH ON 
schistosomiasis is the development 
of a chemically defined vaccine. Sev- 

eral experimental vaccines based on schisto- 
some extracts or aflinity-purified antigens 
have now been described (1-5). Our work 
has focused on the identification of immu- 
nogens responsible for protective immunity 
induced by intradermal injection of larval or 
adult extracts of Scbtitosoma munsoni in con- 
junction with the adjuvant BCG (strain Ba- 
cille Calmette Guerin of Mymbactetium bo- 
I&). This method of antigen presentation is 
known to selectively stimulate strong T lym- 
phocyte-dependent cell-mediated immunity 
(1). Animals immunized in this manner 
show statistically si@cant levels of protec- 
tion when challenged with living S. wnsoni 
cercariae (1, 6, 7) as well as potent cell- 
mediated responses to schistosome antigens 
(8). In contrast, the antibody response elicit- 
ed by such vaccination is highly restricted 
(7). Indeed, immunochemical analyses re- 
veal that antibodies from mice vaccinated 
with complex parasite extracts plus BCG 
predominantly recognize a single antigenic 
component with a molecular size of 97 kD 
(9). That this antigen (Sm-97) may be im- 
portant in the induction of protective immu- 
nity was indicated by studies in which a 
subhction of soluble adult schistosome ex- 
tract (SWAP) containing the Sm-97 mole- 
cule selectively immunized mice against 
challenge infection (10) and by recent ex- 
periments (11) in which significant protec- 
tion was achieved by vaccination with the 
atkity-purified antigen. To investigate the 
structural propemes of the Sm-97 antigen 
responsible for its selective immunogenicity, 
we have cloned the gene encoding this 
molecule by expression screening of a com- 
plementary DNA-Agtll library and exam- 

ined its nudeotide and deduced amino acid 
sequence. 

Previous experiments indicated that poly- 
valent antibodies produced by immuniza- 

Fig. 1. Immunopreci itation of in vitro transla- 
tion products by rapbit antiserum to Sm-97. 
Adult schistosome poly(A)+ mRNA was in vitro 
translated and immunoprecipitated as described 
(12) except that the translation products were 
absorbed with normal rabbit serum and Sepha- 
rose CL 4B-protein A before addition of specific 
antibody. Lanes: R-SWAPIBCG, rabbit antise- 
rum to SWAP antigens aflillity-purified by usiflg 
IgG from mice immunized intradeamally with 
SWAP plus BCG; R-BCG, control rabbit antise- 
rum to SWAP antigens nonspeafically bound by 
using immunoabsorbent beads prepared with IgG 
from mice immunized intradermally with BCG 
alone (13). 

don with Freund's adjuvant were more 
effective than murine vaccine antibodies in 
screening expression libraries (12). For this 
reason, an antiserum was prepared by im- 
munizing a rabbit with Sm-97 purified by 
absorption of SWAP to antibodies from 
mice vaccinated intradermally with SWAP 
plus BCG (13). Similarly, a control antise- 
rum was produced by reacting SWAP with 
antibodies from mice immunized with BCG 
alone. These rabbit antisera were then tested 
by their reaction in vitro with translation 
products of polyadenylated [poly(A)+] mes- 
senger RNA (&A) prepared from adult 
schistosomes. As shown in Fig. 1, the antise- 
rum to Sm-97 imrnunoprecipitated two 
polypeptides of 100 kD and 20 kD from the 
labeled translation products. Since the 20- 
kD component was also immunopre- 
cipitated by the control antiserum, we con- 
cluded that the 100-kD polypeptide was the 
Sm-97 translation product and that intact 
message encoding the Sm-97 protein was 
therefore present in our mRNA prepara- 
tion. The rabbit antibodies to Sm-97 were 
then aflinity-purified on a SWAP immuno- 
absorbent column for use in immunoscreen- 
ing of the cDNA library. 

For library construction, double-stranded 
cDNA was synthesized from poly(A)+ 
mRNA by the method of Gubler and Hoff- 
man (14), the ends were blunted with 
Klenow fragment, and the cDNA was then 
treated with Eco RI methylase. Eco RI 
linkers were added and cDNA greater than 
500 bp was selected by Sephacryl S-1000 
chromatography (15). The cDNA was ligat- 
ed with Agtll and the recombinants pack- 
aged as previously described (12). E s c h a -  
ia cdi strain Y1090 (r-m+) was infected 
with the phage from the unamplified library 
and the resulting plaques were screened with 
the rabbit antibodies to Sm-97. From the 
initial screening of 1 x 16 recombinants, 
two positive clones, MAC 97.1 and MAC 
97.3, were selected and successfully recloned 
to purity. The identity of the expression 
products of these clones was confirmed by 
their reaction with a specific monoclonal 
antibody (Mab) to Sm-97, MBL-Sm-4B1 
(4B1) (Fig. 2). Two other Mab's to Sm-97, 
MBL-Sm-1A6 (1A6) and MBL-Sm-4Dl 
(4Dl), which recognize Sm-97 epitopes dis- 
tinct from 4B1 (9), did not react with either 
the MAC 97.1 or MAC 97.3 expression 
products. 

Further analysis of the expression prod- 
ucts of the recombinants (Fig. 3) showed 
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that MAC 97.1 produced a 170-kD fusion reacted with the Mab to Sm-97. Additional 
peptide with P-galactosidase that was recog- experiments showed that while fusion pro- 
nized by both antibodies to f3-galactosidase tein expression in MAC 97.1 was inducible 
and by Mab 4B1. MAC 97.3 produced no by isopropylthio-P-galactoside (IPTG), the 
detectable P-galactosidase epitopes, but did expression of the 52-kD polypeptide in 
synthesize a peptide of about 52 kD that MAC 97.3 was constitutive (16). These 

97.1 g t l l  97.3 SWAP 

Fig. 2 (above). Recognition of recombinant 
clones by a monoclonal antibody to Sm-97. Ap- 
proximately 1000 plaque-forming units of each 
phage (MAC 97.1, wild-type Agtll, or MAC 
97.3) were spotted in duplicate on an agar plate 
containing E. cdi Y1090. Plaque lifts were probed 
with a 1 : 2 dilution of hybridoma (lA6,4Bl, or 
4D1) culture su rnatant. Bound antibody was I" detected with ' 'I-labeled protein A. Strips of 
nitrocellulose containing spots of twofold dilu- 
tions of SWAP starting with approximately 1 pg 
were included in the same hybridization reactions. 

Fig. 3 (right). Western blot analysis of expression 
products of d o n a  MAC 97.1 and UAC 97.3. 
Clones were grown as lysogens in E. cdi Y1089 
and separated by 7.5% PAGE-SDS as described 
(12). Filters were probed with either a 1: 5000 
dilution of rabbit antiserum to B-galactosidase or 
a 1: 2 dilution of hybridoma 4B12 culture super- anti-8 
natant (done 4B12 is a subclone of 4B1). .- 

GAAGAAATGA 
GAACGATTAA 
GATTTACAAT 
AAAGCTGCTG 
GTGAATACAT 
TTAGTTAATG 
GGATCAAGTC 
GAAGCATTAA 
GCTGAAGAAG 
CATTTGAAAT 
AGAAAAAGTA 
AAATATAAAT 
GAAATTCAAC 
TTATCACAAC 
GCAGCTGAAA 
GAAGAAATTC 
CTTGAAGAAG 
GATAAACGTC 
AATGCTAAAC 
GCTGATGAAT 
TTAGAAATTG 
CGTGAAGGTC 

AGAGGMATT 
AAGCGGTATC 
CTGAAATAGA 
AATCATTAGC 
TAACATCACA 
ATTTAACGGA 
AAAGAATTAA 
GATCGCAATT 
CATTACATGA 
CTGAAATGGA 
CTACTAGAAC 
CAGAATTATC 
TTGATACAGC 
GTGTTAAAGA 
ATAATTl ACA 
GTAGTACATT 
CTCAATCACG 
GTCTTGAAGG 
AAGCTTCTGA 
TACGTCAAGA 
AAATACGTGA 
GTCGTATGGT 

CACTATGAGA 
ATTAGAAAAA 
AAGTCTTTCA 
TTCTGATTTA 
AAATAGTCAA 
TAAAAATAAT 
AAAGTTACTT 
AGAGGCTGAA 
TATGGATCAA 
ACAAAGGCTT 
AATTGAAGAA 
ACGTTT AAAA 
TAATAAAGCT 
TTTAGAAACA 
AATTACTGAA 
AGAAAATTTA 
TGTTAGTGAA 
TGATATTGGT 
AGATCGAGCA 
ACAAGAAAAT 
AATTACAGTT 
ACAAAAATTA 

ATTACCGAAC 
CTT AAAAC AA 
TTAGAAAATA 
CAACGTCGTG 
TTAGAAAGTG 
TTATTAGAAC 
CGTGATGCTA 
AGAGATAATC 
AAGTATCAAG 
AGAGAAAGAG 
TTAACTGTTA 
AAACGTTATG 
AATGCAAATC 
TTTTTAGATG 
CATAAACGTT 
GAACGTTTAC 
TTAACTATTC 
GTAATGCAGG 
ATTAGATTAA 
TATAAACATG 
AAATTAGAAG 
CAGGCTCGTG 

TTGAAGATAC 
AATTAACATT 
GTGAATTAAT 
TTGATGAATT 
M M T C T A C G  
GTGAAAATCG 
ATCGTCGTCT 
TTGCATCAGC 
CATCACAAGC 
ATGAAGAATT 
CAATAACTGA 
AATCAAATAT 
TTATGAAAGA 
AAGAACGTCG 
TACAATTAGC 
GTAAACATGC 
AACTTAATAT 
CTGATATGGA 
ATAATGAAGT 
CTGAAGCATT 
AAGCTGAAGC 
TACGTGAACT 

TGCTGAAAGA 
AGAAATTAAA 
TCGTCGTGCT 
AACAATTGAA 
TTTAAAAAGT 
TCAAATGAAT 
TACTGATTTA 
TTTACATGAT 
TGCATTAAAT 
AGAAAGTTTA 
AATGGAAGTT 
TGCTGATTTA 
GAATAAAAAT 
TCTTCGTGAA 
AAATGAAATT 
TGAAACAGAA 
ATTAACTAAT 
TGATGCTATT 
ATTACGTTTA 

ATTTGCTACA 
TGAATCA 

results suggested that in MAC 97.3 the 
insert was present in a reverse orientation 
with respect to the f3-galactosidase promot- 
er, and this was confirmed by subsequent 
sequence and mapping data (17). Correct 
expression of peptides h m  genes inserted 
in the reverse orientation in the X g t l l  vector 
has been reported previously (18). 

The complete sequence of the MAC 97.3 
insert was determined by subcloniq it, in 
both orientations, into m13mp18 and se- 
quencing by the dideoxy-chain termination 
method (19) with subclones for sequencing 
produced by the Exo III procedure of Heni- 
koff (20). Approximately 100 bp of the 5' 
and 3' cnds of the MAC 97.1 insert were 
also sequenced in m13mp18 and shown to 
be identical to the ends of the MAC 97.3 
insert. Additionally, the opposite or comple- 
mentary single-stranded DNA's of the in- 
serts h m  MAC 97.1 and MAC 97.3 in the 
m13mp18 vectors completely proteaed 
each other h m  nuclease S1 digestion, indi- 
cating that their nucleotide sequences were 
complementary along their whole length 
(21). Therefore, the inserts in both MAC 
97.1 and MAC 97.3 consist of an identical 
1317-bp sequence that translates in one 
reading frame only, with no termination 
signals, to give the amino acid sequence 
shown in Fig. 4B. 

This amino acid sequence had distinct 
periodic heptad repeats (a-b-c-d-e-f-g), with 
hydrophobic residues in positions a and d 
characteristic of an a-helical coiled-coil 
structure (22). A search of the Beckman 
MicroGenie Protein Bank (23) with the 
deduced amino acid sequence revealed a 
36% homology with the amino acid se- 
quence repeats of the a-helical coiled-coil 
rod region of the myosin heavy chain of the 
nematode Cwmrhabdztxi ek~atzs (24). On 
the basis of additional properties, however, 

B 
d e f g a b c d e f g a b c d e f g a b c d e f g a b c  

- - - 

Fig. 4. (A) Nuclcotide sequence of the insert of MAC 97.3. The insert k 28-residue amino acid regions and skip residues (amino acid numbers 196, 
1317 bp in l e n p  and is translated completely in one fi-ame only to give the 225, and 422). The "boxedn positions under "a" and "dn (asterisks) often 
439-amino acid sequence shown in (B). (B) The deduced amino acid wnmin hydrophobic residues whose side chains interlock in a regular pattern 
sequence of MAC 97.3 showing the heptad repeat (a-b-c-d-e-f-g), of & of "knobs-into-holesn packing to stabilize the two strands of an a-helical 
acids arranged, according to the convention used for the myosin rod (24), of coiled-coil [see (25)]. 
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we hypothesizeti that Sm-97 was not myo- 
sin but, in fact, paramyosin, an a-helical 
coiled-coil protein (25) that forms the core 
structure for myosin filaments in all inverte- 
brates. To the best of our knowledge, the 
gene for pararnyosin has never been doned 
or sequenced. 

Paramyosin has been implicated in the 
"catchn mechanism of muscle contraction, 
that is, the ability to sustain large muscle 
tensions with little energy expenditure+ best 
exemplified in crab claw or oyster adductor 
muscles (26). For this reason a substantial 
amount of comparative research has been 
done on paramyosin from a large variety of 
invertebrate muscle. Comparison of the na- 
tive Sm-97 protein and the deduced amino 
acid sequence of the doned gene with prop 
erties of known paramyosins revealed com- 
pelling evidence that Sm-97 is paramyosin. 
The native protein, localized by indirect 
immunofluorescence to the muscle layer of 
the parasite (9), was distinct in molecular 
size from myosin heavy chain (=200 kD) 
but equivalent to the size observed fbr para- 
myosins (-100 kD) from seven phyla, in- 
cluding the platyhelminth H m  &- 
minuta (27). During isolation of Sm-97 in 
the absence of protease inhibitors or EDTA 
the native polypeptide showed a proteolytic 
degradation pattern similar to that observed 
with known paramyosins, yielding mole- 
cules equivalent in size to @ and y paramyo- 
sins (28) [see (9) and Fig. 51. In addition, 
the deduced amino acid sequence of done 
MAC 97.3, which corresponds to about 
50% of the total native protein, was similar 
in composition to known paramyosins but 
distinct from other myofibrillar proteins 
(27,29) in having no proline or tryptophan, 
a high glutamic acid and glutarnine compo- 
sition (21.5%), and a lysine to arginine ratio 
<1 (0.66). 

To confirm that the gene we had cloned 
encodes &istosome pararnyosin we puri- 
fied paramyosin directly fiom schistosomes 
(30) and compared it with Sm-97 and a 
known paramyosin isolated fkm the anteri- 
or byssus retractor muscle (ABRM) of the 
mussel M@ns cddu. As shown in Fig. 5, 
rabbit antibodies to Sm-97 recognized the 
MNub paramyosin as well as Sm-97 in 
SWAP, Sm-97 afhity-purified from SWAP 
with the Mab 1A6 (9), and parampin 
purified biochemically from S. wmi adult 
worms. It is interesting that neither antibod- 
ies from mice immunized intradermally with 
SWAP plus BCG nor the Mabs specifically 
mognking epitopes on Sm-97 reacted with 
the molluscan paramyosin, but they did 
bind to schismsome paramyasin. This last 
difference probably reflects phylogenetic di- 
vergence in the paramyosins from these two 
species. 

Fig. 5. Immunochemical comparison of Sm-97 with biochemically purified paramyosins. (A) A silver- 
stained gel of proteins separated by 7.5% PAGE. Lanes: 1, biochemically purified paramyosin from the 
ABRM of the mussel Mpiluz; 2, SWAP prepared without protease inh~bitors or EDTA, 3, attinity- 
purified Sm-97 from SWAP prepared without protease inhibitors or EDTA; 4, paramyosin purified 
biochemically from adult S. mummi. (B, C, and D) Western blots of gels run in parallel to (A) and 
probed with different antibodies. (B) Polyclonal rabbit antiserum to a6inity-purified Sm-97. (C) 
Antisera from mice immunized intradermally with SWAP plus BCG. (D) A 1:l  mixture of the 
hybridoma culture supernatants of Mab's 1A6 and 4B1. 

Recent results indicate that afhity-puri- 
fkd expression products of both the MAC 
97.1 and MAC 97.3 clones induce strong 
antibodies to Sm-97 when adminisnicd in- 
tradermally to mice in combination with 
BCG (31). Thus, the cloned portion of the 
molecule appears to contain some of the 
epitopes responsible for the immunogenic- 
ity of Sm-97 when presented by the intra- 
d e d  route. Schistosome myosin and 
mpomyosin do not appear to have this 
property because antibodies are not made 
against them in our vaccine model (9). 
Therefbrr, the relevant epitopes are proba- 
bly defined by paramyosin-specific amino 
acid sequences in Sm-97 and not by the a- 
helical conformation of the protein per se. 

As an internally locatized protein, Sm-97 
is dearly distinct from the schimmmulum 
surface antigens previously identilied as vac- 
cine immunogens ( 2 4 )  and would not nor- 
mally be available fbr direct attack by anti- 
body, the mechanism of destruction dassi- 
cally hypothesized fbr the killing of schism- 
somes. NeverdKk, since the intradennal 
vaccine protocol appears to induce cell-me- 
diated rather than humoral medunisms of 
schistowme destruction (1, 6, 8), Sm-97 
need not be surface-exposed to mggcr the 
presensitized T lymphocytes that in turn 
activate macrophages fbr parasite kihg. 
Praumably, this cell-mediated mporse 
d d  be stimulated by Sm-97 molecules or 
hgments released from parasites as a conse- 
quence of either normal protein metabolism 
or spontaneous parasite amition. 

In addition to its immunological potential 

as a vaccine immunogen, Sm-97 as para- 
mvosin is of i n m t  because of its orobable 

fhction fbr the ~ i t e .  As a 
core structure for myosin filaments, Sm-97 
(paramyosin) may be an important molecu- 
l& comuonent in a "catchn -mechanism aid- 
ing adht schistosomes in continuously 
maintaining themselves against the venule 
wall and thus avoiding dislodgment by the 
blood flow. 
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Isolation of a New Virus, HBLV, in Patients with 
Lymphoproliferative Disorders 

A novel human B-lymphotropic virus (HBLV) was isolated from the peripheral blood 
leukocytes of six individuals: two HTLV-I11 seropositive patients from the United 
States (one with AIDS-related lymphoma and one with dermatopathic lymphadenop- 
athy), three HTLV-I11 seronegative patients from the United States (one with 
angioimmunoblastic lymphadenopathy, one with cutaneous T-cell lymphoma, and one 
with immunoblastic lymphoma), and one HTLV-I11 seronegative patient with acute 
lymphocytic leukemia from Jamaica. All six isolates were closely related by antigenic 
analysis, and sera from all six virus-positive patients reacted immunologically with each 
virus isolate. In contrast, only four sera from 220 randomly selected healthy donors 
and none from 12 AIDS patients without associated lymphoma were seropositive. The 
virus selectively infected freshly isolated human B cells and converted them into large, 
refractile mono- or binucleated cells with nuclear and cytoplasmic inclusion bodies. 
HBLV is morphologically similar to viruses of the herpesvirus family but is readily 
distinguishable from the known human and nonhuman primate herpesviruses by host 
range, in vitro biological effects, and antigenic features. 

T HE IDENTIEICATION OF THE CAUS- 
ative agents (HTLV-I and HTLV- 
111) of two human hematopoietic cell 

diseases, adult T-cell leukemia (ATL) and 
acquired immune deficiency syndrome 
(AIDS), respectively, was possible because 
of the propagation of specific cell types in 
culture (1-5). Related retroviruses have 
been isolated from healthy Africans 
(HTLV-IV) and from some Africans with 
AIDS (LAV-2) (6). We have developed and 
utilized methods for activation and long- 
term cultivation of different types of fresh 
human lymphocytes, monocyte-macro- 
phages, granulopoietic cells, and other cell 
types in liquid suspension culture for the 
purpose, in part, of finding new viruses. 

In this study, cells primarily derived from 
fresh peripheral blood mononuclear cells 
from patients with associated lymphoproli- 

ferative disorders (Table 1) were grown in 
cell culture in RPMI 1640 supplemented 
with 20% fetal bovine serum and hydrocor- 
tisone at 5 ~ g l r n l  (7). In three instances 
(Table 1, patients 1-3), a small number of 
short-lived, large, refractile cells were ob- 
served in the primary cell cultures, which 
subsequently proved to be of value in pre- 
dicting the presence of the new virus in 
other patients. The large cells were generally 
mono- or binucleated (Fig. la )  and these 
cells frequently contained intranuclear a n d  
or intracytoplasmic inclusion bodies. Elec- 
tron microscopic examination (Fig. 2a) re- 
vealed a virus that we will call human B- 
lymphotropic virus (HBLV) (8). These 
large cells were also the only ones in culture 
that expressed viral antigens (described be- 
low) as measured by fixed-cell indirect im- 
munofluorescence assays (IFA) (9). We also 
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found a low number of these cells in fresh 
andor cultured cells from three additional 
patients (Table 1, patients 4-6). 

HBLV from the six patients was transmit- 
ted to freshly isolated phytohemagglutinin 
(PHA)-stimulated human leukocytes from 
umbilical-cord blood, adult peripheral 
blood, bone marrow, and spleen. After in- 
fection in vitro large refractile cells, similar 
to those noted in primary cultures, appeared 
within 2-4 days (Fig. lb) .  These cells may 
initially have a growth advantage because 
they eventually became the predominant 
cells in the culture, surviving for an addi- 
tional 8 to 12 days while other cells in the 
culture rapidly died. As in primary cell cul- 
tures, these large cells expressed viral nucleic 
acids as shown by in situ hybridization (Fig. 
3) (lo), and viral antigens as detected by 
IFA (Fig. 4, a and b). Virus production was 
confirmed by electron microscopy (Fig. 2b) 
(8). 

The main features of this virus are: (i) 
uniform shape and size of virion, (ii) abun- 
dant extracellular virus production by infect- 
ed cells, (iii) absence of perichromatin-like 
granules in the nucleus, (iv) absence of any 
cytoplasmic aggregates (the inclusion bodies 
of HBLV-infected cells are not virus clusters 
although dispersed single virus particles are 
present in the cytoplasm), (v) icosahedral 
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