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FRACTION NUMBER

FIG. 4. Ion-exchange chromatography on DEAE-
Sephacryl of Zwittergent-soluble outer membrane
preparations of B. abortus strains 19 (a), Y (b), and 45/
20 (c). Numbers refer to dominant protein groups in
each peak; L refers to lysozyme.

tions of group 2 proteins of the five B. abortus
strains were very similar. The same held true for
group 3 proteins, except for large differences for
methionine, isoleucine, tyrosine, and histidine
(Table 4). The moles percent of tyrosine, phenyl-
alanine, threonine, serine, glycine, and valine
were significantly greater, and those of proline,
leucine, and lysine were significantly lower (P <
0.05) in group 2 compared with group 3 proteins.
It is notable that tyrosine and phenylalanine are
proportionally more abundant and proline is less

abundant in OmpF than in OmpA of E. coli
(Table 4). Rank correlations showed that al-
though all of the B. abortus and E. coli outer
membrane proteins were significantly similar (P
< 0.01), a higher degree of similarity existed
between B. abortus group 2 and E. coli OmpF (r,
= 0.959) and between B. abortus group 3 and E.
coli OmpA (rs = 0.918). The hydrophobicities (5)
of group 2 and 3 proteins were 892 ± 30 calories
per mol (3,732.5 ± 126 J/mol) and 980 ± 54
calories per mol (4,101.1 ± 226 J/mol), respec-
tively, and a polarity index (9) of 42% was
calculated for both protein groups, approximat-
ing values for outer membrane proteins of other

; gram-negative bacteria (27, 48).
E Heat modifiability. Purified group 2 and 3
E proteins from each strain and partially purified
E

group 1 proteins from strain 45/20 were incubat-
H ed in 2% SDS for 2 h at 23 and 37°C and for 10
> min at 100°C to determine effects on migration in
F SDS-PAGE. Group 2 proteins were at approxi-
D mately 115,000 after treatment at 23 or 37°C and
a at 43,000 after heating at 100°C (Fig. Sd and e).z
O After heating at 100°C, distinct bands were al-

ways present at 43,000 and 41,000 (Fig. 1 and 2c)
unless gels were overloaded.
Group 3 proteins displayed no heat modifiabil-

ity. A band was always present at 30,000 (Fig. 1
and 2d) and in some preparations another of
varying intensity at 27,000 (Fig. 4 and 5f and g).
Additional minor bands sometimes observed in
this region (Fig. 1 and 5) varied in occurrence
among extracts of the same strain.
At 23°C, group 1 protein bands ranged from

approximately 84,000 to 97,000, with the heavi-
est band at 84,000. After being heated at 37°C,
the major band was at 94,000. Heating at 100°C
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FIG. 5. SDS-PAGE of group 1 (lanes a, b, and c),
group 2 (lanes d and e) and group 3 (lanes f and g)
proteins of B. abortus strain 45/20 after different
temperature treatments. Proteins were incubated in
2% SDS for 2 h at 23'C (lane a), for 2 h at 37'C (lanes b,
d, and f), and for 10 min at 100°C (lanes c, e, and g).
Group 1 and 3 preparations contain small quantities of
the opposite protein species.
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caused further intensification of the 94,000
bands, disappearance of bands above 94,000 and
generation of several lower bands (Fig. 5a, b,
and c). The faint bands in each strain present
between the 94,000 and 43,000 peaks (Fig. 3)
were probably constituents of group 1 proteins.

Antigenic comparisons. It was essential to dis-
tinguish antigens of the outer membrane pro-
teins from the closely associated 0 antigens.
The identification of antigens as LPS and native
hapten was based on possession of essential
properties matching those previously described
(16, 39), including their presence in extracts of
hot phenol and TCA (Fig. 7a), the presence of
hapten in cytoplasm and cell wall (Fig. 7b),
hydrolysis of LPS into hapten (Fig. 7c), the
presence of antibodies for hapten in sera of field
strain-infected but not strain 19-vaccinated cat-
tle (Fig. 7d), and enhanced development of
immunoprecipitates of hapten in cattle sera with
10% salt agar (data not shown).
Immunodiffusion reactions were performed

on purified proteins of the five strains with
absorbed antisera specific for group 2 proteins of
strains 19, 45/20, 2308, and Y and for group 3
proteins of strains 45/20 and Y. Each system was
arranged to provide complete information on
cross-reactions of heterologous with homolo-
gous antigens (Fig. 8). Group 2 proteins devel-
oped two distinct lines which in each of the
reciprocal test systems were shared in an identi-
cal way among all the strains (Fig. 8a and b).
Before absorption, 0 determinants were always
associated with the line closer to the serum well.
Group 3 proteins produced a heavy broad band
close to the serum well which could be resolved
into two lines when antigens were diluted. Reac-
tions of identity among the five strains were
noted with antisera specific for strains Y (Fig. 8c
and d) and 45/20. In both antigen systems, one or
more additional faint lines, not uniformly shared
among strains, were observed with some anti-
sera. Group 2 and 3 antigens were immunologi-
cally unrelated on the basis of immunodiffusion
and immunoelectrophoresis (Fig. 6a and b). Sera
from 11 cattle infected with field strains of B.
abortus, after absorption of 0 antibodies, failed
to react with group 2 or 3 proteins in immunodif-
fusion.

DISCUSSION
The weight of evidence favors the hypothesis

that group 2 and 3 proteins of B. abortus are
analogous to matrix porins and OmpA, respec-
tively. Group 2 proteins had a molecular weight
in their denatured form comparable to most
porins, and their amino acid composition bore
considerable resemblance to OmpF of E. coli
(Table 4) and to porins of other gram-negative
bacteria (27, 28, 45), although this in itself would

not ensure identity (45). Differential migration of
these proteins after heating suggests their exis-
tence as trimers in the native state, in accord
with observations on porins from other genera
(19, 42, 45, 46, 59). Group 3 proteins were more

a_ _

c 40
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d

FIG. 6. Immunoelectrophoresis of B. abortus anti-
gens with anode to right. (a) Upper and lower wells,
strain 19 TCA extract; middle well, strain Y-purified
group 2 proteins. Upper trough, rabbit antiserum
specific for strain Y group 2; lower trough, same
antiserum before absorption of 0 antibodies. (b) Up-
per and lower wells, strain 19 TCA extract; middle
well, strain Y-purified group 3 proteins. Upper trough,
rabbit antiserum specific for strain Y group 3; lower
trough, same antiserum before absorption of 0 anti-
bodies. In (a) and (b), unabsorbed sera form precipi-
tates with 0 antigens, but absorbed sera do not. The
precipitate in the upper sector of (b) formed as a result
of migration of unabsorbed serum from (a), lower
trough, which was adjacent. Group 2 and 3 antigens
produce no precipitates comparable to the TCA ex-
tract, indicating lack of unbound LPS, but precipitates
of the proteins with absorbed sera are lighter, suggest-
ing physical association of 0 antigens with group 2 and
3 proteins. The anodal streaks with protein antigens
were consistently observed with rabbit antisera and
are considered artifacts. (c) Upper well, strain 19 TCA
extract; middle well, strain Y-purified group 2 pro-
teins; lower well, strain 19-purified group 2 proteins
from cells extracted with TCA before disruption.
Troughs, antiserum from a cow with brucellosis. (d)
Upper well, strain 19 TCA extract: middle well, strain
2308-purified group 3 proteins; lower well, strain 2308-
purified group 3 proteins from cells extracted with
TCA before disruption. Troughs, same serum as in (d).
Absorption experiments indicated that immunopreci-
pitates produced by bovine sera with group 2 and 3
proteins resulted from 0 determinants bound to the
proteins (see text).
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TABLE 4. Amino acid compositions of group 2 and 3 proteins from B. abortus and OmpF and OmpA of
E. coli

Moles percentAmino acid
E. colP OmpF B. abortush group 2 E. colt OmpA B. abortusb group 3

Asxc 17.4 11.7 ± 0.4 12.6 11.4 ± 0.7
Thr 6.2 7.7 ± 0.3 6.5 5.5 ± 0.4*d
Ser 4.7 5.9 ± 0.2 4.9 4.6 ± 0.4*
Glxc 7.1 9.4 ± 0.3 8.9 9.8 ± 0.7
Pro 1.2 2.4 ± 0.4 5.8 4.2 ± 0.2*
Gly 13.5 15.4 ± 0.5 11.4 14.5 ± 0.4*
Ala 8.5 10.8 ± 0.2 8.9 10.2 ± 0.8
Cys 0 ND' 0.6 ND
Val 7.1 8.1 ± 0.6 7.7 6.7 ± 0.6*
Met 0.9 0.6 ± 0.3 1.5 0.8 ± 0.7
Ile 3.5 4.0 ± 0.6 4.3 6.7 ± 3.1
Leu 6.2 5.3 ± 0.5 6.8 7.2 ± 0.2*
Tyr 8.5 6.1 ± 0.1 5.2 3.2 ± 2.3*
Phe 5.6 4.5 ± 0.1 2.5 3.4 ± 0.3*
His 0.3 1.2 ± 0.2 1.5 2.2 ± 1.6
Lys 5.3 4.0 ± 0.3 5.2 6.7 ± 0.6*
Arg 3.2 3.8 ± 0.5 4.0 3.4 ± 0.3
Trp 0.9 ND 1.5 ND
a Derived from data in references 10 and 11.
b Data are means ± SD for the five strains tested.
c Asx, Aspartic acid and asparagine; Glx, glutamic acid and glutamine.
d *Significantly different (P < 0.05) from value of corresponding residue in group 2 proteins.
e ND, Not determined.

closely related in amino acid composition to
OmpA than OmpF and differed from group 2
proteins at some of the same residues as those at
which OmpA differs from OmpF (10, 11). Group
3 proteins were more refractory than were those
of group 2 to detergent extraction. If this were
owing to their stronger association with murein,
it would compare with OmpA, now believed to
interact more extensively than matrix porins
with murein (45). The migration of group 3
proteins in SDS-PAGE after 100°C heating was
comparable to OmpA, but unlike homologs of
OmpA in other genera (4), heat-modifiable be-
havior of group 3 proteins did not occur. Heat
modifiability of E. coli OmpA (51) and of several
proteins of Pseudomonas aeruginosa exclusive
of porins (21) was obviated by addition of LPS,
and the LPS bound to each of our group 3
proteins may have had a similar effect. In con-
trast, the minor group 1 proteins, most of which
were physically associated with group 3 unless
in SDS, exhibited both heat modifiability and
apparent disaggregation at higher temperatures.

Effective solubilization of B. abortus outer
membrane proteins, in particular, those of group
3, was achieved only after digestion with lyso-
zyme. The mechanism of lysozyme enhance-
ment is uncertain. Cleavage of murein may have
weakened its association with protein or allowed
better access of detergents. The requirement for
lysozyme digestion was probably owing, at least
in part, to the use of Formalin-killed cells.

Zwittergent extraction of outer envelopes from
living and Formalin-killed B. abortus could not
be compared owing to the risk of infection in
preparing envelopes from living B. abortus. A
comparison of this type was conducted with E.
coli B and it was found that lysozyme treatment
did not enhance Zwittergent extraction of outer
membranes prepared from living cells but in-
creased fourfold the percentage of protein ex-
tracted from outer membranes derived from
Formalin-killed cells (D. R. Verstreate and A. J.
Winter, unpublished data).

It is uncertain whether multiple banding pat-
terns within each of the protein groups on SDS-
PAGE reflect the existence of distinct protein
species. It is possible, for example, that the two
principal precipitin lines which developed with
group 2 proteins were produced by antigenically
distinct 43,000 and 41,000 proteins, but no direct
evidence for such an association is yet available.
Multiple banding patterns have been observed in
the porins of a variety of gram-negative bacteria
(15, 21, 34, 41, 45), but in only a few genera has
it been established that these represent separate
gene products (45). Multiple bands from a single
protein species have been ascribed to several
factors (28, 33, 48), and the variable number of
bands observed, for example, in group 3 pro-
teins, among and within strains might be ex-
plained by varying quantities of adherent murein
or LPS. This question in regard to the B. abortus
proteins remains open.
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In none of our preparations was it possible to
visualize a low-molecular-weight protein compa-
rable to the lipoprotein abundant in the outer
membrane of many gram-negative bacteria (6,
45). In contrast to P. aeruginosa (21, 22), lyso-
zyme predigestion did not facilitate solubiliza-
tion of lipoprotein and the addition of Mg2+ to
solubilized samples did not allow visualization
of a low-molecular-weight band. The presence
of lipoprotein covalently linked to murein could
not be determined by amino acid analysis owing
to the presence of other proteins on the murein
even after exhaustive boiling in SDS of either
Formalin-killed (Fig. 2e) or living cells. Such
negative data are of course not sufficient to
exclude the occurrence of a lipoprotein in the B.
abortus wall.
Group 2 and 3 proteins were antigenically

distinct, as are the porins and heat-modifiable
proteins of E. coli (23) and Neisseria gonorr-
hoeae (25). In contrast to Neisseria spp. (7, 18,
24) group 2 and 3 antigens were shared among
five random strains, but more strains must be
tested to ensure that these are species-wide
antigens. Production of antibodies to these pro-

FIG. 7. Immunodiffusion reactions of B. abortus 0
antigens developed with sera from cows with brucello-
sis. Agar contains 1%o NaCl. (a) Wells 1 and 2,
antiserum; well 3, fraction 5, derived from phenol
extraction of strain 19; well 4, acid-soluble phase from
TCA extract of strain 19; well 5, anodally migrating
fraction derived from hydroxylapatite fractionation of
strain 19 outer membrane proteins. Lines are LPS
(closer to antigen well) and native hapten (29). (b) TCA
extracts of whole cells (well 1) and cytoplasm (wells 5
and 6) of strain 19 and whole cells (well 2) and
cytoplasm (wells 3 and 4) of strain 2308. Serum in
center well. (c) TCA extract of strain 19 untreated
(well 1) and hydrolyzed at 100°C in 1% acetic acid for
5, 15, 30, 60, and 120 min (wells 2 through 6, respec-
tively). Serum in center well. (d) Wells 1, 2, and 3, sera
from individual cows with brucellosis; wells 4, 5, and
6, pooled sera from heifers vaccinated with strain 19.
Center well, TCA extract of strain 19. The inner LPS
line is only faintly visible in the serum pool of vacci-
nated animals.

a

19 4520 2308

C

19 Y 4520

b

C10 4520 Y

d

CO V 2308

FIG. 8. Immunodiffusion reactions of purified out-
er membrane proteins with specific rabbit antisera
freed of 0 antibodies by absorption. (a) and (b),
bottom wells, group 2 proteins (2 mg/ml) of designated
strains; top wells, antiserum specific for group 2
proteins of strain 45/20. Split in strain Y precipitin line
is an artifact owing to an edge effect. (c) and (d),
bottom wells, group 3 proteins (250 sLg/ml) of designat-
ed strains; top wells, antiserum specific for group 3
proteins of strain Y. One band with strain C-10 devel-
oped very faintly but could be visualized when anti-
gens were more concentrated.

teins in rabbits proved difficult owing to the
dominant response to LPS. It is likely that the
proteins functioned in some measure as carriers
for the tightly associated LPS determinants.
Recent experiments have demonstrated that
proteins can be almost completely separated
from LPS by brief sonication in Zwittergent
followed by TCA precipitation (D. R. Ver-
streate, unpublished data). The antibody re-
sponse in naturally infected cattle is known to be
directed predominantly to LPS and native hap-
ten (16, 39), and in single samples from a few
animals, we found no precipitins to group 2 and
3 proteins. Responses to these proteins in vacci-
nated and infected cattle are being evaluated
currently by enzyme-linked immunosorbent as-
say and blastogenesis assays (C. L. Baldwin,
unpublished data). Preliminary data indicate that
the antigenic relatedness of these proteins be-
tween vaccine strains and field strains does not
limit their usefulness in differentiating vaccinal
responses from clinical disease, and their role in
conferring protective immunity is currently un-
der investigation.
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