
(The factor 2 .rr has been omitted from the foregoing of the vocal tract or via the interclavicular air 
sac that surrounds the svrinx and ramifies 
through the space betwe& the two bronchi. 
The coupling may also be structural, for 
example, involving the cartilaginous pessu- 
lus, to which membranes on both sides of 
the syrinx are attached. A more thorough 
understanding of syringeal mechanics is nec- 
essary, both to characterize the physical ba- 
sis of this coupling and to assess the extent 
to which bilateral interactions may be a 
common property of syringeal operation. 
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Immunization with an Isolate-Common Surface 
Protein Protects Cattle Against Anaplasmosis 

Hemoparasitic diseases are endemic in half the world's livestock production areas and 
are the greatest obstacle to improved meat, milk, and fiber production in the Third 
World. The most prevalent of these diseases, anaplasmosis, occurs throughout tropical 
and subtropical regions and is responsible for 50,000 to 100,000 cattle deaths annually 
in the United States alone. Despite its prevalence and the severity of the losses, an 
effective immunoprophylaxis for anaplasmosis has not been developed. A neutraliza- 
tion-sensitive epitope on a surface protein with a molecular weight of 105,000 (Am 
105) of the causative rickettsia Anaplasma marginale was identified by monoclonal 
antibody inhibition of infectivity. This epitope was determined to be common to eight 
isolates with antigenic, morphologic, and protein structural differences. Cattle immu- 
nized with Am 105 purified by immunoafKnity chromatography were protected 
against challenge with virulent Anaplamza marginale. The identification of Am 105 as 
bearing isolate-common epitopes capable of inducing protection in immunized cattle 
provides the basis for the development of an effective subunit vaccine for bovine 
anaplasmosis. 

R ICKETTSIAL INFECTIONS FRE- 

quently escape early diagnosis and 
rapidly progress to cause severe ill- 

ness and death. Despite the need for im- 
munoprophylaxis to prevent infections, 
there has been little progress in developing 
effective rickettsia1 vaccines. This lack of 
progress results, in part, from the complex- 
ity of the organism's invertebrate vector and 
vertebrate stages, antigenically variant 
strains, and their ability to persist in the 
host. Anaplasnza marginale, the causative 
agent of bovine anaplasmosis, demonstrates 
this complexity and remains without effec- 
tive immunoprophylaxis. The organism ap- 
pears as small spherical bodies in the red 
cells of cattle and is transmitted either direct- 
ly between cattle by blood-contaminated 
fomites or via infected ixodid ticks (1, 2). 
After the initial bodies ofA, marginale have 
infected the erythrocytes they replicate intra- 
cellularly by binary fission and then emerge 
by exocytosis to infect additional erythro- 
cytes (3). A severe anemia develops during 

acute infection that can result in dramatic 
weight loss, abortion, and death (4). Cattle 
recovered from acute infection are resistant 
to challenge with the homologous isolate; 
however, they remain susceptible to infec- 
tion from heterologous isolates (5, 6). Iso- 
lates throughout the United States have 
antigenic (7), morphologic (8), protein 
structural (9), and virulence (10) differences. 
Clearly, a vaccine for anaplasmosis would be 
required to provide protection against all 
the isolate types in a given livestock region. 

Our approach to development of an effec- 
tive vaccine is to identify one or more 
isolate-common surface antigens capable of 
inducing neutralizing antibody and use the 
isolated immunogen or its cloned, expressed 
replica as a vaccine. We have identified five 
surface proteins (molecular weight 105K, 
86K, 61K, 36K, and 31K) on the initial 
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bodies of A. ~ r @ n a l e  that are recognized fied 26 hybridomas producing antibodies noprecipitate the 'Z51-surface labeled initial 
by neutralizing antibody (11). To identify reactive in indirect immunofluorescence bodies. The precipitate was subjected to 
one or more of these proteins as being with initial bodies fiom a Florida isolate but polyacrylamide gel electrophoresis and auto- 
capable of inducing neutralizing antibody, not with noninfected erythrocytes or infect- radiography to identify cell lines producing 
we produced monoclonal antibodies reac- ed erythrocyte membranes (12). These hy- antibody to surface proteins (Fig. 1A). Two 
tive with these surface antigens. We identi- bridoma Supernatants were used to immu- cell lines, ANA 15D2 and ANA 22B1 [both 

immunoglobulin G3's (IgGB's)] were iden- 

A B 1 2 3 4 tified that produced antibodies to Am 105. 
--J--.-. - - The evidence that Am 105 is a protein on 
1 ' the initial body and is not of erythrocyte 

origin includes nonreactivity of ANA 15D2, - & ANA 22B1, or rabbit antibodies to Am 105 
with noninfected erythrocytes or infected 
erythrocyte membranes and failure of these - antibodies to immunoprecipitate IZ51-la- 
beled erythrocyte ghosts (1 I). In addition, 
ANA 15D2 and ANA 22B1 immunopreci- 
pitated samples of Florida isolate Am 105 
that had been metabolically radiolabeled in 
vitro during short-term erythrocyte culture 
(Fig. 1B). We previously demonstrated that, 
during short-term cultures, 3 5 ~  incorpo- - - - ration occurs exdusivelv in initial bodies (91. 

Fig. 1. (A) Monoclonal antibodies ANA 15D2 
and ANA 22R1 recognizing "'I-labeled Am 105. 
Autoradiograph of sodium dodecyl sulfate 
(SDS)-polyacrylarnide gels of radioiodinated A. 
maginale (Florida isolatc) initial body surface 
proteins irnrnunoprecipitated with ANA 15D2 
(lane 1). ANA 22R1 (lane 5), and IFA-positive 
monoclonal antibodies unreactive with Am 105 
(lanes 2 and 4). Carbon-14 molecular weight 
standards [lane 3) are 200K. 92.5K. 69K. 46K. 
30K, and ' 1 4 . 3 ~ .  Initial bodies were purified; 
surface-radioiodinated with lactoperoxidase, and 

disrupted with 1 percent Nonidet 1'-40 and 0.1 percent SDS (11). The radiolabeled antigen was 
irnmunoprecipitated with 50 pI of hybridorna supernatant, followed by 10 p1 of rabbit antibody to 
mouse immunoglobulin and protein A-bearing S t a p i & m ~ ~  a u r w .  Identification of the irnrnunopre- 
cipitated antigen was done by autoradiography after S1)S-polyacrylamidc gel electrophoresis in a 7.5 to 
17.5 percent gradient under reducing conditions (11). (B) Monoclonal antibodies ANA 15D2 and 
ANA 22R1 recognizing '5S-labclcd Am 105. Fluorograph of SDS-polyacrylamide gels of "S 
metabolically labelcd initial body proteins immunoprecipitated with AlJA 15D2 (lane 4), ANA 22B1 
(lane 3), and unrelated monoclonal antibody TRYP 22A1 (lane 2). Carbon-14 molecular weight 
standards (lane 1) are 92.5K, 69K, 46K, 30K, and 14.3K. Anaplnnna maginah (Florida isolate)- 
infected erythrocytes were labeled with ["S]rnethionine during short-term culture (9). The ["S]rneth- 
ionine-labeled initial bodies were disrupted, irnmunoprecipitated, and subjected to electrophoresis like 
the '251-labeled initial bodies described in (A). 

Table 1. Neutralization of infectivity of graded numbers of initial bodies 
by monoclonal antibodies (ANA 15D2 and ANA 22B1). Mice 
[BALBIc x BlOA (3r)] were injected intraperitoneally with 1.0 ml of 
Pristane and injected again 1 week later with 2 x lo6 to 3 x lo6 double- 
cloned hybridoma cells of lines ANA 15D2, ANA 22B1, or TRYP 1El. 
Ascitic fluid was withdrawn, centrifbged to pellet debris, passed over a glass 
wool column, and heat-inactivated for 30 minutes at 56°C. The IFA titer was 
1:16,000 with ANA 15D2 or ANA 22B1; TRYP 1El was unreactive. 
Initial bodies were purified from A. mq~nalc (Florida isolate)-infected 
erythrocytes (11) and resuspended in 1.0 ml of RPMI 1640 medium (2 mM 

To test for neutraIiLtion of initial bo&& 
with these two Am 105 monoclonal anti- 
bodies, graded numbers of Florida isolate 
initial bodies (lo7 to 10") were incubated 
with a constant amount of antibody (pooled 
ANA 15D2 and ANA 22B1 ascitic fluids) 
and injected into splenectomized calves. Am 
105 monoclonal antibodies completely neu- 
d ized  the infectivity of lo7 initial bodies. 
There was partial neutralization of the infec- 
tivity of lo8, lo9, and lolo initial bodies, as 
judged by the significant prolongation of 
the prepatent period compared with that in 
calves given identical numbers of initial bod- 
ies incubated with ascitic fluid containing an 
unrelated monoclonal antibody (Table 1). 
The complete neutralization at lo7 and the 
sigdicant but incomplete protection at 10' 
initial bodies with passive antibody neutral- 
ization are similar to findings reported with 
Plumodium neutralizations (13). 

The deaive use of Am 105 as a protec- 

L-glutamine and 25 mM Hepes). The initial bodies were added to 1.0 ml of 
TRYP 1El asciticfluidor 1.0mlofa 1:l mixtureofANA 15D2 and ANA 
22B1 ascitic fluid. The initial body-ascitic fluid suspension was bridly 
vortexed, incubated for 45 minutes at room temperature, and injected into 
the left sernitendinosus muscle of each calf. Blood samples were collected 
dady for 75 days after inoculation in order to determine packed cell volume 
(PCV) and parasitemia (1000 erythrocytes counted). The mean number of 
days between inoculation and 1 percent parasitemia were calculated for 
all infected cattle in each challenge group. ND, sigdcance not deter- 
mined. 

- -  

Monoclonal Number infected.challenged Mean number of days between inoculation and 1% parasitemia (range) 
antibody 107 lo8 109 lolo 107 lo8 109 lolo 

ANA 15D2122Bl 014 414 414 9110 >75* 37 (36 to 38) 35 (33 to 39) 33 (29 to 37) 
TRYP 1El 313 313 313 717 34 (34 to 36) 30 (32 to 36) 28 (27 to 29) 25 (23 to 28) 

P ND ND ND ND ND 50.01 50.01 50.01 

*Negative at 75 days. 
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Table 2. Protection against anaplasmosis in Am 105-immunized cattle. purified A. mm,,'nnlc (Florida isolate) initial bodies. Calves were clinically 
Calves were immunized with 100 pg of Am 105 or 100 pg of ovalbumin examined each day and PCV and parasitemia were determined at 100 days 
emulsified in complete Freund's adjuvant and boosted threefold at 2-week after inoculation. The mean number of days between inoculation and 1 
intervals with 100 pg of antigen in incomplete Freund's adjuvant. The Am percent parasitemia was calculated for all infected calves in each group. P 
105 vaccinates developed a titer of lo4 to lo5, as determined by radioim- values were calculated with the pooled t-test to compare the responses of Am 
munoassay with '*'I-labeled Am 105 (16). The calves and four nonimmu- 105- and ovalbumin-immunized cattle. 
nized control calves were challenged by intramuscular injection with 10' 

Group 
Number 
infected1 

challenged 

Mean number of days 
between inoculation and 
1% parasitemia (range) 

Mean peak 
parasitemia Mean low P C P  

Nonimm-d 
Ovalbumin 
Am 105 

P 

*Prcchallenge P W s  ran ed from 29 5 to 37. tTwo of the five Am 105- <0.01 percent on day 39 and did not develop clinical disease. *These hematologic 
immwbd calves did not &come infect& and remained hematolOgicaUy normal. The values arc based on the three Am 105 vaccinates with mild infection to demonstrate 
three Am 105 vaccinates that became infected devclopcd a translent parasitda of protection against disease atforded by immunization with Am 105. 

tive immunogen to prevent bovine anaplas- 
mosis requires that the determinants recog- 
nized by the neutralizing mondonal anti- 
bodies be common to all isolates in a given 
region. (ANA 15D2 and ANA 22B1 may 
recognize the same or overlapping determi- 
nants, as they com letely inhibit binding of P each other to l2 I-labeled Am 105 in a 
competition radioimmunoassay and ind~vid- 
ually neutralize initial body infectivity.) We 
previously demonstrated similarities and dif- 
ferences in protein and antigenic composi- 
tion among various isolates of A. murginalc 
(7, 9); others have reported differences in 
morphology and ability to cross-protect (8, 
10). We examined eight isolates from Flori- 
da, Okanogan, Washington; south Idaho; 
north Texas; Clarkston, Washington; Vir- 
ginia; Kansas; and Oklahoma for the pres- 
ence of determinants recognized by ANA 
15D2 and ANA 22B1 by using indirect 
immunofluorescence on acetone-fixed blood 
smears. The determinants were present on 
100 percent of the initial bodies (as deter- 

Fig. 2. Purification of Am 105 by i m m u n e ~  
chromatography. Silver-stained SDS-polyacryl- 
amide gel (15) of A. m a r ~ i d c  (Florida isolate) 
detergent extract is shown before (lane 3) and 
after (lane 2) chromatography on ANA 15D2- 
Sepharose 4B. Molecular weight standards (lane 
4) are indicated; lane 1 was not loaded to control 
for silver-stained artifacts. Initial bodies (10l2) 
were purified from parasitized erythrocytes, dis- 
rupted in a buffer containing 1.0 percent Nonidet 
P-40,O.l percent SDS, and proteolytic inhibitors 
(ll) ,  and applied to a 1.0-rnl column of ANA 
15D2Sepharose 4B (10 mg of purified IgG3 per 
milliliter of Sepharose) at 25 mllhour. Unbound 
proteins were removed by washing in 20 mM tris- 
HCI buffer (pH 7.6) containing 5 mM EDTA and 
0 . M  NaCI, followed by specific elution of Am 
105 with tris buffer (pH 8.0) containing 0.5 
percent deoxycholate and 2A4 KSCN. The eluted 
protein was dialyzed for 72 hours against PBS 
(pH 8.0) to remove the KSCN and deoxycholate. 
Extracts of noninfected erythrocytes did not bind 
to the ANA 15D2-Sepharose 4B. 

mined by comparison with initial bodies, 
stained with Wright's, in an adjacent section 
of the smear) in all eight isolates. In addi- 
tion, the determinants were present at all 
stages of a primary acute infection, from 1 
percent parasitemia through peak parasite- 
mia with hemolytic crisis. 

To test whether Am 105 could induce 
protection in immunized cattle, we isolated 
Am 105 by immunoahity chromatogra- 
phy on an ANA 15D24epharose 4B col- 
umn (Fig. 2). Calves immunized with this 
purified protein developed high titers of 
antibody to Am 105 (Table 2) and were 
si@cantly protected fiom challenge with 
10' Florida isolate initial bodies compared 
with ovalbumin-immunized control or non- 
immunized control calves. Two Am 105- 

immunized calves did not show any parasi- 
tized erythrocytes in blood smears stained 
with Wright's, while the other three calves 
showed 0.01 percent parasitemia. Further- 
more, the three Am 105-immunized calves 
that were transiently infected had sign%- 
candy prolonged prepatent periods and did 
not show clinical disease, as judged fiom 
hematological measures or clinical appear- 
ance, whereas all control calves developed 
clinical disease (Table 2). 

Our challenge of 10' initial bodies greatly 
exceeds both the typical and minimum infec- 
tive dose of initial bodies in the field (1,14); 
the effect on Am 105-immunized calves of 
repeated challenges in the field with multi- 
~ l e  isolates remains to be determined. Cur- 
rent whole-organism vaccines bearing Am 
105 neutralization-sensitive epitopes are 
poorly cross-protective (6); however, immu- 
nization with Am 105 devoid of extraneous 
antigens should direct the immune response 
to the critical epitopes. Determination of the 
ability of Am 105 immunization to induce 
cross-protection is a priority in development 
of a subunit vaccine for anaplasmosis. The 
presence of critical Am 105 epitopes on 
multiple isolates indicates that cross-isolate 
protection is feasible. 
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Hernocyanin Respiratory Pigment in Bivalve Mollusks 

Hemocyanins, high molecular weight oxygen-binding proteins, were identified in two 
species of protobranch bivalve mollusks,Acila castr& and Yoldk Cimatula. Although 
hemocyanins have been reported in chitons, gastropods, and cephalopods, they have 
not been observed in the Class Bivalvia. In A. castreds the dissociation products of 
hemocyanin, characterized by gel electrophoresis, had a subunit molecular weight of 
approximately 250K. Negatively stained preparations of extracted hemocyanin formed 
protein aggregates in the shape of cylinders measuring 35 by 38 nanometers. X-ray 
microanalysis of hemocyanin aggregates in thin sections of Y. Cimutula demonstrated 
the presence of copper in the molecules. The discovery of hemocyanin in the 
protobranchs reinforces the primitive nature of the taxon and is further evidence that 
the major molluscan classes have a common ancestry. 

EMOCYANINS ARE HIGH MOLECU- 

lar weight, copper-containing pig- 
ments in the hemolymph of mol- 

lusks ( 1 4 )  and arthropods (5). In mollusks, 
hemocyanins have been found in chitons, 
gastropods, and cephalopods but to our 
knowledge have not been reported in bi- 
valves. However, while investigating the 
ultrastructure of protobranch pericardial 
glands (6), we noted that the hemolymph 
contained structures that resembled charac- 
teristic molluscan hemocyanin molecules 
(7). Further studies were undertaken to 
characterize the respiratory protein in two 
protobranch species, Acila castrensti (Hinds) 
and Yoldia limatula (Say). We examined the 
molecular weight, size, and shape of the 
aggregates and tested for the presence of 
copper in the protein. 

Preparations enriched in the respiratory 
were obtained from A. c&trens& 

and Y. limatula by a modification of the 
procedure of Waxman (8). Pellets from the 
final centrifugation were resuspended in col- 
lecting fluid and examined by sodium dode- 
cyl sulfate-polyacrylamide gel electrophore- 
sis (SDS-PAGE) (9) .  Polypeptides of A. 

castrenrti hemocyanin comigrated with those 
of the hemocyanin of the limpet, Megathura 
crenulata, at an estimated molecular weight 
of 250K (Fig. 1). The Y. limatula prepara- 
tion had two prominent polypeptides of 

M. P. Morse and E. Meyhdfer, Marine Science Labora- 
to and Biolo Department, Northeastern University, 
~ X a n t ,  MA 0%08. 
J. J. Ono, Department of Biolo ical Sciences, Purdue 
University, West Lafayette, IN 4f907. 
A. M. Kuzirian, Section on Neural S stems, Laboratory 
of Biophysics, National Institute ofY~eurological and 
Communicative Disorders and Stroke, Marine Biological 
Laboratory, Woods Hole, MA 02543. 

approximately 250K and 200K, the latter 
possibly being a breakdown product of he- 
mocyanin or of an unrelated polypeptide 
(Fig. 1). 

Samples of the hemocyanin-enriched 
preparations of A. cmtrensti and Y. limatula 
used to determine molecular weights also 
were negatively stained and viewed with a 
transmission electron microscope. The he- 
mocyanin ofA. castrensh (Fig. 2A) showed 
the characteristic cylindrical configuration 
of the macromolecular aggregates, and each 
aggregate was made up of six tiers. Hemocy- 
anin of the heart hemolymph ofA. castrensk 
(Fig. 2B) also showed the characteristic 
shape of the protein. The cylinders appeared 
circular in end view and rectangular in side 
view; they averaged 35 nm in height and 38 
nm in width (n = 5). The negatively stained 
hemocyanin from the preparation extracted 
from Y. limatula was not as well defined as 
that from A. mtreensh; however, the cylin- 
drical configuration of the molecular aggre- 
gate was again evident (Fig. 3C). 

Thin sections of the auricle of Y. limatula 
(Fig. 3A) were used for x-ray microanalysis 
(10) to establish the presence of copper in 
the aggregates. The microanalysis results 
(Fig. 3B) indicate the presence of significant 
energy peaks of both the K- and L-shell 
electrons of copper. Analysis from nearby 
nonhemal tissues revealed no significant 
peaks for copper. Furthermore, during the 
procedures to isolate hemocyanin from A. 
castrensh (8), it was observed that the hemo- 
cyanin pellet was bright blue. As noted by 
Mangum (3), oxygenated hemocyanin mol- 
ecules appear blue because of the presence of 
copper atoms. 

The uniqueness of hemocyanins in arthro- 
pods and mollusks has led to numerous 
investigations into the structure and h c -  
tion of the proteins and speculation as to 
their evolutionary importance in mollusks. 
Investigators have searched for hemocyanins 

Fig. 1. Sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis of hemocyanin from A. car- 
t~cmis (lane 2 )  and Y. limatula (lane 3). For 
comparison, limpet hemocyanin (Sigma) is 
shown in lane 4. Lane 1 contains molecular 
weight markers: myosin (200K), p-galactosidase 
(116K), phosphorylase B (92.5K), bovine serum 
albumin (66K), and ovalbumin (45K) (Pharma- 
cia). 
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