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Outer membranes from opaque colonial variants of Nei8seria gonorrhoeae P9
contain a major outer membrane protein (protein I) together with one or more of
a series of heat-modifiable proteins (proteins II). Proteins I, II, and IIa have been
isolated by detergent extraction of outer membranes. Amino acid analysis showed
proteins H and Ha to have a very similar composition. Cyanogen bromide cleavage
of proteins H and Ha produced a pair of fiagments with identical molecular
weight and a pair which differed by an amount (0.5K) equivalent to the difference
between the intact proteins. Tryptic peptide maps ofI-labeled proteins H, Ha,
and Hb showed many imilarities, with only a few peptides unique to any one
protein. Peptide maps of protein Ha from celLs which had been surface labeled
showed that the unique peptides were exposed on the surface. The heat-modifi-
able proteins thus appear to form a family of proteins with closely related
structure probably differing in that part which is exposed on the bacterial surface.

The proteins present in the outer membrane
of gonococci are of considerable interest, being
implicated in the host-bacteria interactions
which determine the course of an infection. Re-
cent studies have shown that even within a
single strain, variations in surface protein com-
position can occur which have a considerable
influence on the potential virulence ofthe organ-
ism (10, 12, 15).
The major proteins present in the outer mem-

brane of colonial variants of a single strain may
be divided into two classes. Protein I, or major
outer membrane protein, is present in all colo-
nial forms (14, 20), has a molecular weight in the
range of 32,000 (32K) to 40K characteristic for
that strain, and may be a major determinant of
serotype specificity (11). In addition, variants
which produce an opaque colonial phenotype
may possess one or more additional outer mem-
brane proteins (proteins H) in the molecular
weight range of 24 to 30K (14, 20). One strain
which has been extensively studied, P9, is par-
ticularly interesting in that as many as five ad-
ditional proteins (H, Ha, IIb, IIc, and Hd) may
be produced, although no single variant has yet
been isolated which produces more than two.
Alterations in the content of these proteins can
be correlated with variations in virulence prop-
erties such as susceptibility to the bactericidal
activity of normal human serum, attachment to
epithelial cells, and susceptibility to phagocyto-
sis (15). Alterations in the host, such as varia-
tions in proteolytic enzyme levels during the
menstrual cycle, can result in the selection of a

variant which has the protein H phenotype with
a selective advantage for that particular environ-
ment (10).

Protein II and the other variable proteins
appear to form a closely related group with a
number of shared properties in addition to their
effect on virulence, including surface location
(14, 20), sensitivity to proteolytic enzymes (10,
20), similarity ofmolecular weight, and variation
in apparent molecular weight dependent on the
temperature during solubilization for sodium do-
decyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (6, 14). These observations sug-
gest that they may be a family of proteins with
substantial structural homology. The purpose of
this study was to compare the structural char-
acteristics of these proteins to further define the
relationships between them and to gain further
insight into the molecular organization of the
outer membrane and the processes which might
control it.

MATERIALS AND METHODS
Strains and growth conditions. Neisseria gon-

orrhoeae P9 colonial opacity variants were grown on
the clear typing medium of James and Swanson (10).
Colonial opacity variants were selected and stored in
liquid N2 as previously described (14). The variants
used (and outer membrane proteins contained) were:
P9-6 (I, II), P9-13 (I, Ila), and P9-16 (I, IIb) (15). For
large-scale isolation of outer membranes bacteria were
grown on trays (27 by 38 cm) of the same medium.

Isolation of outer membrane complex. Gono-
cocci were harvested into 0.1 M phosphate-buffered
saline (pH 7.2) and centrifuged at 12,000 x g for 20
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min. The bacterial pellet was suspended in 0.2 M
lithium acetate (pH 6.0; about 10 g [wet weight] per
100 ml) and shaken at 450C for 2.5 h. The suspension
was then homogenized for 1 min in a Vortex mixer (P.
Silver, Hampton, England) with a blade clearance of
0.025 mm. Bacteria were removed by centrifugation at
15,000 x g for 20 min (three times), and crude outer
membrane complex was obtained by centrifugation at
100,000 x g for 2 h (6). The pellet obtained was
suspended in 6 M urea-0.2 M sodium acetate buffer
(pH 6.0) at a protein concentration of 10 mg/ ml. After
incubation at 25°C for 30 min the suspension was
diluted with an equal volume of buffer and centrifuged
at 100,000 x g for 3 h. The supernatant solution, which
contained contaminating non-outer membrane pro-
teins (9), was discarded, and the pure outer membrane
complex was suspended in water and washed three
times at 100,000 x g. The final pellet was suspended
in water and stored at -20°C until required.
SDS-PAGE. Samples were subjected to SDS-

PAGE by using the discontinuous buffer system of
Laemmli (13) in a slab gel apparatus. The gels con-
tained a linear concentration gradient of acrylamide
generated by mixing two stock solutions with a triple-
channel peristaltic pump. The acrylamide-bisacryl-
amide ratio was constant at 38.5:1, and the more
concentrated acrylamide solution contained 10% (vol/
vol) glycerol to stabilize the gradient. Controlled po-
lymerization of the gradient from the bottom of the
gel was achieved by incorporating ammonium persul-
fate at 0.1 mg/ml in the higher-concentration acryl-
amide solution and at 0.05 mg/ml in the lower-concen-
tration acrylamide solution (16). Gradients of 10 to
25% (wt/vol) acrylamide were used for outer mem-
brane complex and protein preparations, and 10 to
30% gradients were used for fragments derived from
them.

Samples were mixed with an equal volume of SDS-
PAGE derivitization buffer containing 0.125 M Tris-
hydrochloride buffer (pH 6.8), 4% (wt/vol) SDS, 20%
(vol/vol) glycerol, 10% (vol/vol) 2-mercaptoethanol,
and 0.002% (wt/vol) bromophenol blue. Samples were
heated at 1000C for 5 min, and 50 p1 (containing
approximately 10 ,ug of protein) was applied to the
slab gel and subjected to electrophoresis at 250 V for
20 h. Gels were stained and destained by the method
of Fairbanks et al. (4).

Purification of outer membrane proteins. Pro-
teins from variants P9-6 (I, II) and P9-13 (I, IIa) were
purified by a development of the selective extraction
procedure previously used (6). Membranes were ex-
tracted with 1% (wt/vol) sodium cholate in 0.1 M
glycine-NaOH buffer (pH 9.5) at 370C for 30 min, and
after centrifugation at 100,000 x g for 2 h the super-
natant was chromatographed on Sephadex G-200 to
yield a pure protein II (or IIa) fraction (6). The residue,
which contained protein I, was suspended in 1% Em-
pigen-BB (Albright & Wilson, Whitehaven, Cumbria,
England) in glycine buffer (pH 9.5) and incubated at
370C for 1 h. After centrifugation at 100,000 x g the
supernatant solution was applied to a column (640 by
15 mm) of Sephadex G-200 and eluted with Empigen-
glycine buffer to yield a pure protein I fraction (L. T.
James and J. E. Heckels, J. Immunol. Methods, in
press). Detergent was removed from the protein prep-

arations by extensive dialysis against 0.05 M sodium
carbonate-bicarbonate buffer (pH 9.0) followed by di-
alysis against distilled water.
Amino acid analysis. Purified outer membrane

proteins (50 ug) were heated in 6 M HCI (0.5 ml) at
105°C for 16 h in sealed evacuated glass tubes. HCl
was removed by repeated evaporation, and amino acid
analysis was performed on a Rank-Hilger Chromaspek
amino acid analyzer (Margate, Kent, England). Tryp-
tophan was determined by hydrolysis under vacuum
in 4 M Methanesulfonic acid containing 0.2% trypt-
amine at 1150C for 24 h followed by neutralization
with 4 M NaOH (19). Where necessary, individual
amino acid destruction during hydrolysis was cor-
rected for from a parallel hydrolysis of egg white
lysozyme.

Isolation of "I-labeled outer membrane pro-
-teins by SDS-PAGE. Outer membrane proteins were
labeled with "I and chloramine-T after denaturing in
the presence of SDS (2). Membranes (500 ,ug of pro-
tein) were suspended in 250 pl of 0.05 M Tris-hydro-
chloride (pH 7.5) containing 1% (wt/vol) SDS and
heated at 1000C for 5 min. Carrier-free "I (10 ,Il
containing 100,Ci of "I) was added, followed by 12.5
pl of chloramine T solution (10 mg/ml). After 15 mi
the reaction was terminated by the addition of 100 1p
of 2-mercaptoethanol, and protein was precipitated by
the addition of 400 Al of 15% trichloroacetic acid. The
mixture was centrifuged at 1,000 x g for 2 min, and
the precipitate obtained was washed three times with
acetone to remove the trichloroacetic acid. The final
pellet was dissolved by heating at 100°C in 900 pl of
SDS-PAGE derivitization buffer, followed by centrif-
ugation at 1,000 x g for 2 min to remove any insoluble
material. The supernatant solution was applied to a
slab gel containing a linear gradient of 10 to 25% (wt/
vol) acrylamide. After electrophoresis, staining, and
destaining, the protein bands were excised with a razor
blade, washed in water, and stored in 50% ethanol at
-20°C until required.

Proteins labeled only in the region exposed on the
bacterial surface were isolated in a similar manner.
Gonococci were suspended to a concentration of 2 x
109 colony-forming units per ml and labeled with 100
,uCi of i1I by using the H202-lactoperoxidase system
described previously (7). The labeled gonococci were
recovered by centrifugation, boiled in derivitization
buffer, and subjected to SDS-PAGE. After staining
and destaining the bands corresponding to the major
outer membrane proteins were excised and stored as
above.
Cyanogen bromide cleavage of proteins. Puri-

fied membrane proteins (50 yg) were dissolved in 70%
formic acid (100 ,A) containing 50 mg of cyanogen
bromide per ml, and the solutions were incubated at
370C for 3 h (5). The reaction mixtures were diluted
with water (1 ml) and lyophilized. The residues were
dissolved in derivatization buffer, heated at 1000C for
5 min, and subjected to SDS-PAGE on a linear gra-
dient of 10 to 30% acrylamide. Control samples treated
in a similar manner, but omitting cyanogen bromide,
showed no degradation of the protein.

Tryptic peptide maps of "'5I-labeled membrane
proteins. Acrylamide gel slices containing '251-labeled
protein (ca. 2 x 105 dpm) were lyophilized, suspended
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in 0.5 ml of 50 mM ammonium bicarbonate (pH 8.0)
containing 50 pg of trypsin (Sigma, type III) per ml,
and incubated at 370C for 16 h. The supernatant
solutions were removed, lyophilized, and dissolved in
water. Samples containing 10i dpm were applied to
silica gel G-coated thin-layer plates (10 by 10 cm;
Macherey-Nagel, Duren, Germany). The plates were
subjected to electrophoresis (250 V for 45 min) at pH
3.5 in pyridine-acetic acid-water (1:10:89) in the first
dimension followed by ascending chromatography in
butan-l-ol-pyridine-acetic acid-water (15:10:3:12) in
the second dimension (1). Radioactive peptides were
detected by autoradiography with Kodak X-Omat H
film exposed for 24 to 48 h.

In initial experiments tolylsulfonyl phenylalanyl
chloromethyl ketone-trypsin (Worthington Diagnos-
tics) was used, which resulted in similar overall con-
clusions but produced rather fewer spots with poorer
resolution of the peptides compared with untreated
trypsin, presumably due to traces of chymotryptic
activity present in the latter. Untreated trypsin was
therefore used routinely.

RESULTS
Purification of proteins I, H, and Ha. The

selective extraction procedure with cholate fol-
lowed by gel chromatography produced pure
protein II from P9-6 and protein IIa from P9-13
(6). Extractions of the insoluble residue with
Empigen-BB followed by gel chromatography
produced a pure protein I fraction. The advan-
tage of this procedure over that previously used
is that protein I is retained in an immunologi-
cally reactive forn (James and Heckels, J. Tm-
munol. Methods, in press).
Amino acid composition ofpurified outer

membrane proteins. The amino acid compo-
sition of the purified proteins I, II, and Ila is
shown in Table 1; the number ofresidues present
per protein is calculated from the apparent sub-
unit molecular weight on SDS-PAGE. Proteins
II and Ila show very similar composition and
have an almost identical proportion of hydro-
phobic amino acids. Protein I, however, also
shows considerable similarity in overall compo-
sition and hydrophobic content.
Cyanogen bromide cleavage of purified

outer membrane proteins. Since the overall
amino acid composition of the proteins did not
clearly reveal structural similarities and differ-
ences between them, advantage was taken ofthe
presence of a single methionine residue in each
protein. Cyanogen bromide cleavage of proteins
H and hIa produced a very similar pattem (Fig.
1), giving as expected two peptides, one pair with
identical molecular weight (13K) and the outer
pair (17.5 and 17K) differing by an amount
equivalent to that between the two original pro-
teins (29 and 28.5K). The marked structural
similarity between proteins II and IHa suggested
by this observation was not shown with protein

TABLE 1. Amino acid analysis of outer membrane
proteinsa

Residues per
Mo1% of protein: mol of pro-

Amino acid tein:

I II Ila I II IIa
Asx 12.0 9.8 10.9 41 28 30
Thr 5.1 5.3 5.9 19 15 16
Ser 9.1 11.5 10.8 31 32 30
Glx 10.4 9.6 9.7 36 27 27
Pro 2.1 4.1 3.8 7 11 10
Gly 13.3 12.0 10.8 46 34 30
Ala 11.6 12.1 13.2 40 34 36
Cys (half) 0.5 NDb ND 2 0 0
Val 8.4 6.4 6.2 29 18 17
Met 0.3 0.3 0.4 1 1 1
Ile 2.9 3.9 4.4 10 11 12
Leu 5.2 4.0 4.7 18 11 13
Tyr 3.6 5.0 4.1 13 14 11
Phe 3.9 3.1 2.9 13 9 8
His 1.7 1.8 1.9 6 5 5
Trp 0.4 0.4 0.3 1 1 1
Lys 6.4 6.1 5.8 22 17 16
Arg 3.3 4.6 4.0 11 13 11

a The content of the essentially hydrophobic amino
acids (Val, Met, Ile, Leu, Tyr, Trp) (18) was: protein
I, 24.6%; protein II, 23.1%, and protein IIa, 22.9%.

b ND, Not detected.

17 5 K-O

13 0 K-6- 4- -130 K

FIG. 1. Cyanogen bromide cleavage ofproteins II
and IIa. SDS-PAGE of the fragments obtained after
cyanogen bromide treatment ofproteins H and IIa.
The gel contained a linear gradient of 10 to 30% (wt/
vol) acrylamide. The molecular weight standards
used were protein II (29K) trypsin, myoglobin, and
lysozyme.

I, which produced fragments of 26 and 10K.
Tryptic peptide maps of outer membrane

proteinis. The structural homology between the
outer membrane proteins was further investi-
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gated by peptide mapping after "'I labeling and
trypsin digestion. Preliminary experiments were
carried out by using protein bands cut from
acrylamide gels followed by labeling within the
slice (, but high background levels of radioac-
tivity were found with this method. More satis-
factory results were obtained by treating mem-
branes with 1"I and chloramine-T in the pres-
ence ofSDS, followed by SDS-PAGE separation
of the labeled protein (2). Autoradiographs of
peptide maps obtained from proteins II, Ha, and
llb are shown in Fig. 2, together with composite
drawings obtained from three separate experi-
ments (Fig. 3). Most of the spots were common
to two or three of the proteins with only two or
three unique to any one protein. In addition, the
unique spots were in the lower portion of the
chromatography dimension, suggesting that
they were among the more hydrophilic peptides
obtained (22). Proteins Ilc and IId also showed
a pattem very similar to that of protein IIb, but
protein I was quite different, showing little ho-
mology.
Tryptic peptide maps of proteins from

lactoperoxidase-labeled cells. To examine
the possibility that the unique peptides arose

I

I

from the portion of the protein exposed on the
surface, peptide mapping was carried out on
proteins II and IIa isolated from SDS-PAGE
gels of gonococci previously surface labeled with
12"I and lactoperoxidase. The autoradiographs
obtained differed from those seen with the com-
pletely labeled proteins in having fewer spots,
with altered relative intensities, showing a re-
duced degree of structural homology between
proteins II and IIa (Fig. 4). Because of the gross
differences in the patterns obtained by the two
methods it was not possible to unambiguously
relate every spot obtained on the lactoperoxi-
dase map to the corresponding spot on the com-
plete map. Nevertheless, it appeared that the
major spots obtained included those which were
unique. This was particularly true of protein Ia,
in which the two unique spots were well sepa-
rated from the others and could be identified on
the lactoperoxidase map (Fig. 4, arrows).
Cyanogen bromide cleavage of proteins

from lactoperoxidase-labeled cells. Proteins
II and IIa from lactoperoxidase-labeled whole
cells were also subjected to cyanogen bromide
cleavage. In contrast to peptide mapping no
difference was seen from the pattern obtained

jtt

I
I .*

'..

9s is

Eb I
FIG. 2. Autoradiographs ofpeptide maps ofproteins I, II, IIa, and IIb. Trypsin digestion was carried out

on bands cut from SDS-PAGE gels obtained after labeling outer membrane complex with 12"I and chloramine-
T in the presence ofSDS.
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FIG. 3. Composite drawing ofmaps ofproteins II, IIa, and IIb obtained from three separate experiments.
I, Origin of sample. Solid spots represent peptides unique to that particular protein. TLE, Thin-layer
electrophoresis; TLC, thin-layer chromatography.

I.

FIG. 4. Autoradiograph of peptide map of surface-labeled proteins II and IIa. Tryspin digestion was
carried out on bands cut from SDS-PAGE gels obtained after labeling intact gonococci with 125I and
lactoperoxidase. Arrows indicate unique peptides shown in Fig. 3.

with completely labeled protein in that the same
two fragments were obtained with approxi-
mately equal intensity on autoradiography.

DISCUSSION
Knowledge of the structural relationships be-

tween the outer membrane proteins of gonococci
should lead to a further understanding of the
factors which control the considerable variations

seen in surface composition and perhaps explain
in molecular terms the contribution the varia-
tions make to pathogenicity. The amino acid
analysis of proteins II and Ha suggests substan-
tial similarities. Protein I shows greater differ-
ences particularly in the content of cysteine,
valine, and proline, although the overall content
ofhydrophobic amino acids is similar. This may,
however, only reflect a general property of outer

0
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membrane proteins since the hydrophobic con-
tent of meningococcal outer membrane protein
is also similar (22). Indeed, even purified gono-
coccal pili also have a very similar content of
hydrophobic amino acids (24 to 26%) (18). How-
ever, close structural homology between pro-
teins II and Ha, but not protein I, is indicated by
the patterns obtained on cyanogen bromide frag-
mentation. Thus, proteins II and IIa give a pair
of fragments with identical molecular weight
and a pair which differ only by an amount (0.5K)
equal to the original difference between the in-
tact proteins, suggesting that they may have a
large degree of structural homology and differ
only in one small region. This would be in agree-
ment with a previous study, which showed close
similarity on chymotryptic digestion not only
between two proteins of this type produced by
one gonococcal strain, but also between similar
proteins from different strains (21). The tryptic
peptide maps of l"MI-labeled proteins obtained in
the current study show that all of the protein II
species produced by strain P9 have considerable
structural homology, with only a few peptides
being unique to one protein. Although the total
number of spots seen on autoradiography is in
excess of the total number of tyrosine residues
detected, this is not entirely unexpected since a
imilar phenomenon was observed with the chy-
motryptic digestion of protein II species and was
attributed to the additional production of diio-
dotyrosine and iodohistidine residues (21). In-
deed, the number of tyrosine residues detected
in proteins II and Ha is entirely in agreement
with the prediction made by Swanson of 10 to
15, based on the number of the most heavily
labeled spots detected (21).
The position of the unique peptides among

those with lowest mobility in the chromato-
graphic dimension on peptide mapping suggests
that they are among the more hydrophilic pep-
tides and are, therefore, probably located on
the bacterial surface (22). This view was
strengthened by peptide mapping carried out on
proteins from cells which had been surface la-
beled rather than completely labeled after un-
folding. Although the total number of spots ob-
tained was considerably reduced the two unique
peptides from protein Ha were still labeled, dem-
onstrating their surface location. It would there-
fore appear that the protein H species do indeed
form a family with considerable structural ho-
mology, differing in a small portion probably
exposed on the surface. Since both the fragments
obtained on cyanogen bromide treatment of lac-
teroxidase-labeled proteins were radiolabeled,
then the tertiary structure of proteins II and HIa
must be such that at least part of the common
region is also exposed at the surface.

Previous studies with the same strain of gon-
ococcus have shown that both protein I and all
the protein H family can be surface labeled, but
that only protein I together with a protein of
molecular weight 60K (protein III) are exposed
on the inner surface of the outer membrane (8).
These observations, together with those re-
ported here, suggest a model for the organization
of the gonococcal outer membrane. Protein I
spans the membrane, probably forming a hydro-
philic diffusion pore, and does not alter in colo-
nial variants of any one strain. The protein II
species, in contrast, are located near the outer
surface with a common region embedded in the
membrane and modifications to the polypeptide
occurring on the surface which contribute to
variations in pathogenic properties.
The precise mechanism controlling the sur-

face variations remains unclear. One possibility
is that the proteins are derived by post-transla-
tional modification of a common gene product
perhaps by variations in the proteolytic cleavage
of the signal sequence associated with the initial
membrane location of outer membrane proteins
(17) or by subsequent additions to a common
starting peptide. An answer to these questions
must, however, await a detailed genetic study of
the processes involved. Nevertheless, the poten-
tial for genetic variation influencing the surface
composition of the gonococcus must play an
important part in its success as a pathogen.
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