THE IDENTIFICATION, PURIFICATION, CHARACTERIZATION, AND CONSERVATION OF THE
=N OF THE MAJOR IRON-REGULATED PROTEIN OF NEISSERIA GONORRHOEAE

-

by

Timothy Allenéyietzner

A DISSERTATION

Presented to the Department of Microbiology and Immunology
and the Graduate School
of the
Oregon Health Sciences University
in partial fulfillment of
the requirements for the degree of

Doctor of Philosophy

September 1985



APPROVED:

(Professor in Charge of Thesis)

(Chairman, Graduate Council)



TABLE OF CONTENTS

Introduction
Literature Review
I. The Gonococcus
A. The disease
l. Clinical manifestations
2. Epidemiology
B. Biology of the gonococcus
1. Colonial morphology
a) Piliation variants
b) Opacity variants

2. The cell envelope

a) The cytoplasmic membrane

b) Peptidoglycan

c) Outer membrane

i) Lipopolysaccharide

ii) Outer membrane proteins

d) Capsule
3. Envelope permeability
C. Genetics

1. Transformation

2. Gomococcal plasmids and conjugation

iii

Page

00

14
19
30
31
35
36

40



D. Immunopathology of gonococcal infection
1. Adherence
a) Pili and their role in attachment
b) Noﬁ—piliated mechanisms of attachment
2. Invasion
3, Host response to gonococcal infection
a) TInteraction with polymorphonuclear leukocytes
b) Local and humoral antibody response
c) Serum resistance
4, Other factors
I1. Microbial growth environments
A. Nutrient—limitation and its role in natural immunity
B. Iron-metabolism in the human host
I1I. Microbial iron—acquisition-— an overview
A. Microbial iron and iron-binding compounds

B. Iron-acquisition by Escherichia coli

1. Enterobactin—-mediated iron—acquisition
2. TFerrichrome—mediated iron—acquisition
3. Aerobactin-mediated iron—acquisition
4, Citrate-mediated iron—acquisition
C. Iron—acquisition by other enteric pathogens
D. Iron-acquisition by pathogenic Vibrio spp.
E. Irom—acquisition by other pathogenic microorganisms
F. Iron-acquisition by Neisseria spp.

iv

50

52

54

54

58

62

65

69

70

75

75

78

78

80

82

87

89

92

95



References

Manuscript 1. Identification of an iron-regulated 37,000 dalton

protein in the cell envelope of Neisseria gonorrhoeae
A. Abstract
B. Introduction
C. Materials and methods
l. Organisms
2. Growth conditions
3. Preparation of outer membranes
4, SDS-polyacrylamide gel electrophoresis
5. Visualization of OM proteins
6. Peptide mapping
D. Results
1. Identification of an iron-regulated 37,000
dalton protein
2. Occurrence of the 37K protein
3. Peptide mapping
E. Discussion
F. Literature cited
Manuscript 2. Purification and characterization of the major

iron-regulated protein (MIRP) of Neisseria gonorrhoeae

A. Introduction
B. Materials and methods
1. Media and reagents
2. Bacteria and growth conditions

v

103

152
153
154
157
157
157
158
159
159
160

161

161
164
164
165

169

181
182
184
184

185



3. SDS-polyacrylamide gel electrophoresis 185
4, Cell fractionation 186

5. Selective solubilization of the MIRP from gonococcal

membranes 186
6. Isolation of crude MIRP preparations 187
7. TIon—exchange chromatography 187
8. Molecular seive chromatography 188
9. 1Isocelectric focusing 189

10. Amino acid composition and N-terminal sequence

analysis 189

C. Results 190
l. Cellular disruption and fractionation 190

2. Preparation of crude detergent fractions 190

3. Iscolation of the MIRP from CTB-extracts of the

peliet and supernatant whole cell sonicate fractions 9l -

4, Yield 192

5. 1Isoelectric focusing , 192

6. Amino acid composition 193

7. N-terminal amino acid sequence 194

D. Discussion 194
E. Summary 201
F. References 203

Manuscript 3. The distribution of an antigenically related
iron-regulated protein among the Neisseria spp. 216
A. Abstract 217

vi



B. Introduction
C. Materials and methods
1. Bacterial strains
2. Growth conditions
3. Preparation of crude bacterial membranes
4, SDS—polyacrylamide gel electrophoresis
5. Preparation of rabbit antiserum specific for the
37K protein
6. Preparation of monoclonal antibodies specific
for the 37K protein
7. Enzyme—linked immunosorbent assay
8. Western blot analysis
C. Results
1. Expression of the gonococcal 37K protein on
low-iron agar medium
2. Identification of Neisseria spp. expressing a protein
antigenically related to the 37K protein (AgR-37K)
3. Survey of Neisseria spp. using an ELISA specific for
AgR-37K proteins
4, Effect of iron on expression of the AgR-37K proteins
5. Reactivity of monoclonal antibodies with the
AgR-37K proteins
D. Discussion

E. References

vii

222

223
223
223

226

226

226

227

228

229
231

237



Summary of dissertation work

Appendix

Appendix 1. Effect of desferal on the growth of

N. gonorrhoeae

Appendix 2. Effect of decreasing the growth rate on the
expression of the 37K protein

Utilization of lactoferrin—bound iron by

gonococci: Requirements for a specific receptor

Appendix 4. Comparison of peptide maps from the gonococcal
37K protein and an antigenically related iron-regulated

37,000 dalton protein of N. meningitidis

Appendix 5. Pink-to-red color exhibited by a purified,
concentrated preparation of the gonococcal MIRP
Appendix 6. Studies analyzing the iron-binding

potential of the MIRP of N. gonorrhoeae

viii

250

255

256

260

276

278

280-



LIST OF FIGURES

Manuscript 1

Figure

1.

Page
OM protein profile (9.5 to 12.5% acrylamide gel)
of N. gonorrhoeae F62 grown in low-iron medium and in
regular medium. 174
Effect of acrylamide concentration on the separation of PI
and the 37K protein. 175
OM protein profile of N. gonorrhoeae F62 grown at pH 6.3
in low—iron medium and regular medium. 176
Coomassie blue-stained gradient (9.5 to 12.5% acrylamide)
gel of OM prepared from N. gonorrhoeae F62 grown as
described in the text. 177
Coomassie blue-stained gel (9.5 to 12.5%) of OM
preparations from N. gonorrhoeae F6Z grown in regular defined
medium, low-irom defined medium supplemented with 100 uM
ferric nitrate, and low—iron defined medium without
additional iromn. 178
Autoradiographs of tryptic peptide maps of 125I-labeled

37K and PI molecules. 179

45



Manuscript 2

Figure

i

A silver—stained SDS-PAGE analysis of the purification steps

used for the isolation of the gonococcal MIRP.

3DS-PAGE analysis of the selective solubilization of the
gonococcal MIRP by CTB.

Elution profile of a CM—-Sepharose column used to purify
the MIRP from crude preparations.

Gel filtration of the pooled MIRP fractions obtained

by ion—-exchange chromatography.

A silver—-stained SDS-polyacrylamide gel of the

purified MIRP-containing fraction after gel filtration.
Isoelectric focusing of the purified MIRP isolated

from the soluble and the particulate fractions of
sonicated whole cells.

Amino terminal 63 residues of the gonococcal MIRP,
Elution profile of the non-sedimentable fraction of
gonococcal whole cell lysates.

Local average hydrophobicity of the N-terminal 63 amino

acids of the gonococcal MIRP.

PAGE

206

207

208

209

210

213

214



PAGE

Manuscript 3

Figure
l. SDS-PAGE analysis of crude membrane preparations from
N. gonorrhoeae strain F62 grown on GC base medium agar
supplemented with increasing concentrations of Desferal. 242
2. Analysis of 9 different strains of Neisseria spp.
and B. catarrhalis for the production of AgR-37K proteins. 243
3. SDS-PAGE comparison of membrane preparations from cells
grown on GC base medium agar containing 25 uM Desferal
and on medium which was not supplemented with this chelator. 244
4, Western blot reactivity of MAbs to strains of Neisseria
spp. which express AgR-37K proteins. 245
Appendix 1
Figure
l. Growth curves for N. gonorrhoeae strain F62 grown in medium
containing increasing concentrations of Desferal. 257
Appendix 2
Figure
1. Growth curves for N. gonorrhoeae strain F62 grown at different

pH values and in the presence and absence of Desferal. 259

®xi



Appendix 3

Figure
1. Bioassay used to differentiate between those gonococci
which utilize the iron from lactoferrin and those which cannot.
2. Binding of lactoferrin to strains FAl71 and F62.
3. Binding of 125I—lactoferrin to strains FA171 and F62 in
the presence of unlabeled lactoferrin, unlabeled transferrin,
and unlabeled bovine serum albumin.
4. Bioassay used to differentiate those strains of gonococci which
utilize iron from lactoferrin and those which cannot.
5. Time—dependent binding of lactoferrin to strain 171/62L
6. Concentration—dependent binding of lactoferrin to
strains 171/62L and F62.
Appendix 4
Figure
1. Autoradiograph of tryptic peptide maps of 125I—labeled

37K protein from N. gonorrhoeae strain F62 and a related

protein from N. meningitidis strain C-11.

Appendix 5

Figure

)=

Color photograph demonstrating the pink-to~red color of the

gonococcal MIRP.

xii

PAGE

269

270

271

272

248

274

277

279



LIST OF TABLES

Literature review

Table
1. ‘Summary of ferrated compounds which pathogenic Neisseria

species can utilize as an iron source in vitro.

Manuscript 1

Table
l. N. gonorrhoeae iron-regulated OM proteins.

Manuscript 2

Table
1. Comparison of amino acid compositions of purified gonococcal
proteins.

Manuscript 3

Table
1. Designations and sources of strains used in this study.
2, Comparison of ELISA values with western blot reactivity
of different strains of Neisseria spp. and B. catarrhalis.
3. Survey of strains of Neisseria spp. and B. catarrhalis for
the expression of an AgR-37K protein.
4. Reactivity of MAbs to the different strains of Neisseria spp.

producing AgR-37K proteins.

xiii

PAGE

102

180

215

247

248

249



PAGE

Apﬁendix 3
Table
1. Characteristics of strains FA171, F62, and 171/62L. 275

Xiv



ACKNOWLEDGEMENTS

I wish to express my gratitude to Dr. Stephen A. Morse for his patience,
encouragement, and advice during by graduate career. Special thanks are
extended to the members of the laboratory who were present during my tenure as
a student, especially C.Y. Chen, C.5. Parsons, and Drs. Luginbuhl, Sarafian,
and Mintz. To these and others I am grateful for their help, consideration,
and friendship.

Appreciation is expressed to the faculty, staff, and my fellow students in
the Department of Microbiology and Immunology, School of Medicine, Oregon
Health Sciences University and at the Sexually Transmitted Diseases Laboratory
Program, Center for Infectious Disease, Centers for Disease Control for their
friendship and many contributions during my graduate career.

A special thanks is extended to the many individuals who contributed to
this thesis project, either through direct efforts or through fruitful
scientific discussion. Notably, Dr. R.C. Barmnes, Dr. E.W. Hook, III, Dr. J.
Knapp, Dr. E.C. Sandstrom, Dr; G.K. Schoolnik, Dr. W.M. Schafer, Dr. G.
Luginbuhl, Dr. G. Carlone, and W.0. Schalla. Without their interest, the
success of these studies would have been limited considerably.

I acknowledge and express my gratitude for the financial support provided
by grants from the National Institute of Allergy and Infectious Diseases (AT
13571 and AI 22148) and from the Medical Research Foundation of Oregon.

I would like to especially thank my friends who could never tell their

XV



parents what I did due to the socially embarassing nature of my work. Without
their presence and consideration after many a disappointing experiment it
would have made it difficult to try again the next day. So to $.S., M.D.,
R.&B.H., M.S.M., P.C,, H.T.,C.J.V., A.C., and others, I hope I have (or can)
given to you what you have given to me.

To the people back in my home town who have enthusiastically encouraged
and cultivated my studies and to my family who has always been there for me, I
thank you from the bottom of my heart. Most importantly, I wish to thank my
mother and my father who have encouraged and supported my education, both
through financial sacrifice and by their faith in me. It is to them that I

dedicate this work.

XV



ABSTRACT

The limitation of free iron by the human host is considered a non-specific
mechanism of defense against microbial infection. In vitro growth of the

human pathogen Neisseria gonorrhoeae under conditions of iron-limitation

results in the expression of several unique iron-regulated. The major
iron-regulated protein (MIRP) has been shown to have an apparent molecular
weight of 37,000 by SDS-polyacrylamide gel electrophoresis. This protein has
been purified by selective solubilization with low concentrations of the
cationic detergent, hexadecyltrimethylammonium bromide. This extract was
furthér purified by cation-exchange chromatography and gel filtration.
Fractions obtained from this purification scheme were pure by the criterion of
a single band on SDS-polyacrylamide gels. The purified MIRP has been
characterized with respect to its chemical properties including its
isoelectric point, amino acid composition, and N-terminal amino acid
sequence. MIRP-specific rabbit antiserum and murine monoclonal antibodies
have been prepared. These reagents have been used to probe the distribution
of proteiﬁs which are antigenically related to the gonococcal MIRP among the

Neisseria spp. All strains of N. meningitidis, N. lactamica, and N. cinerea

examined expressed an iron-regulated antigenically related protein.

Reactivity patterns of these proteins with epitope-specific monoclonal
antibodies indicated that there was species-specific structural

heterogeneity. The conservation of this protein, particularly among the
pathogenic members of the genus Neisseria and its regulation by iron suggest
that the MIRP may be an important component of a gonococcal iron-uptake system

which is expressed during a natural infection.
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INTRODUCTION

Iron is an essential nutrient for the biological processes of most, if not
all, forms of life. As a natural mechanism against inféction, vertebrates
sequester free iron and render it available to themselves but inaccessible to
invading microorganisms. In order for pathogens to successfully cause
infection, they must be able to compete with host iron-withholding systems.
Pathogenic bacteria accomplish this using high affinity iron-uptake systenms
which are expressed during growth in vivo. The ability to obtain iron from
the host environmment is a trait expressed by all disease-producing
‘microorganisms and represents é necessary determinant of microbial
pathogenesis.

Neisseria gonorrhoeae exists in an iron-restricted environment during

natural infection. Since the chemical composition of gonococci is influenced
by its growth environment, growth under iron—limit%ng conditions in vitro
should more closely approximate the in vivo chemical composition of this
organism. Moreover, the mechanism(s) by which gonococci obtain iron from the
host environment is not well-understood. Components of gonococci involved in
the acquisition of iron from the environment should be expressed during growth
in an iron-limited envrionment. These components may be identified by
chemical analysis of gomnococci cultivated under these conditions.

Work toward this thesis was initiated by examining proteins expressed by
N. gonorrhoeae in response to an iron-restricted enviromment. The following

represents the course that these studies have since taken and which make up



the work reported in this thesis:

l. Identification of a major iron-regulated protein expressed by N.
gonorrhoeae during growth in an iron-deficient environment.

2, Purification of the major iron-regulated protein and molecular
analysis of its biochemical properties.

3. Survey of the Neisseria spp. for a conserved protein related to the
major iron-regulated protein of N. gonorrhoeae.

The following sections review literature pertinant to the gonococcus,
nutritional immunity, and microbial iron acquisition; all three of which are

concépts related to the work presented in this thesis.



I. THE 50ONOCOCCUS

A. THE DISEASE

Neigseria gonorrhoeae is the causative agent of gonorrhea. Upon

microscopic examination, the gonocdccus appears as a Gram—-negative diplococcus
whose opposing edges appear to be flattened. This bacterium was first
described by Albert Niesser in 1879 who found the organism in uretnral,
vaginal, and conjunctival exudates. Interestingly, Neisser's observation made
the gonococcus the second bacterial pathogen described (and the first among

Gram-negative genera), following only Bacillus anthracis (194). Historically,

the major clinical manifestations of gonorrhea in men were recognized in
ancient Chinese, Japanese, Egyptian, Roman, and Greek literature, as well as
in the 01d Testament. Galen (130 A.D.) gave the name gonorrhea (which is
Greek for "flow of seed”) to the syadrome in the mistaken belief that the
urethral exudate characteristic of this syndrome was semen (138).

l. Clinical manifestations. Gonorrhea is a sexually transmitted disease

infecting columnar and transitional epithelium. The primary site of infection
in heterosexual males is typically confined to the urethra, although
pharyngeal infection may occur in rare cases given appropriate exposure. In
homosexual men, gonococcal infection commonly involves the urethra, anal
canal, and pharnyx. Symptomatic uncomplicated gonorrhea in males typically
manifests itself clinically as a purulent urethritis within two weeks

post-infection. Asymptomatic infections in males are rare and are thought to



account for only 5-107% of infections. Because of the overt symptomology, most
males seek treatment and the disease is usually halted without further
complications. Without treatment, symptoms of urethritis last for an average
of eight weeks (data taken from the pre—antibiotic era). Those males who are
asymptomatic or ingore symptoms not only serve as a primary resevior for the
spread of gonorrhea, but also are at risk of developing local or systemic
complications (168).

In women, the most common site of infection is the cervix. Additionally,
other primary sites of infection include the urethra, anal canal, aad
pharnyx. The clinical wmanifestations of gonococcal ianfection in females are
poorly defined (17). Most women present at emergency rooms or gynecologic
clinics with one or a combination of symptoms which include: abnormal vaginal
discharge; dysuria and frequency of urination; abnormal menstrual bleeding;
anorectal discomfort; abnormal labial pain and swelling; or lower abdominal
pain. The incubation period in females is probably more variable than in men
but most develop symptoms within 10 days (138). Pelvic inflammatory disease
(PID) probably occurs in 10 to 207 of women infected with gonorrhea. The
proportion of PID cases in the United States in which N. gonorrhoeae has been
isolated from the cervix have been reported to be 50% (112). However, a high
percentage of PID cases in which N. gonorrhoeae is associated, have other
pathogens present in the fallopian tubes. Thus, the overall importance of the
gonococcus as a causative agent of PID is unclear (17). The infertility rate
caused by PID has been calculated to bhe 13% after one attack, 36% after two,
and 75% after three or more. Furthermore, the risk of ectopic pregnancy
increases seven—fold after one attack of PID (425). The total annual cost for

gonococcal-associated PID has been estimated to be $300 million (17).



Neonatal gonorrhea infections may involve the conjunctivae, pharayx,
respiratory tract, or anal canal. Conjunctival infection (opthalmia
neonatorum) is usually bilateral, occuring two to three days post-partum. In
rare cases, a similar disease (conjunctivitis) may occur in adults, generally
as the result of autoinoculation. These infections may eventually lead to
blindness. Asymptomatic or minimally symptomatic conjunctival infections have
also been reported. The most common manifestations of gonorrhea in newborns
is gonococcal amniotic infection syndrome. This disease presents itself in
the form of chorioamnionitis and nonspecific signs of sepsis in the neonate,
together with the presence of N. gonorrhoeae in the orogastric aspirates of
the infants affected (168).

A complication of primary and secondary gonococcal infection is bacteremia
(disseminated gonococcal infection, DGI) which occurs in ca. 1 to 2% of
infected individuals. DGI is marked by fever, malaise, asymmetrical
tenosynovitis or oligo arthritis, and by papulopustular or necrotic skin
lesions on the extremities. Disseminated infections may accasionally result
in endocarditis or meningitis (168). The risk for development of DGI has been
correlated with the phenotypic properties of the gonococcal isolates. 1In
areas where a high proportion of isolates require arginine, hypoxanthine, and
uracil for growth on chemically defined medium (AHU—), these strains have
been significantly associated with DGI. Similarly, the serogroup of the
principle outer membrane protein, Protein I is also correlated with AHU
strains and consequently with DGI (203). Furthermore, AHU  isolates are
also associated with asymptomatic infections which may contribute to
dissemination by allowing prolonged exposure of the ‘host to the organism

(8%6). Most strains causing DGI (and lacking a plasmid-encoded penicillinase)
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are highly susceptible to penicillin G (216, 423). Perhaps the most important
phenotypic property of strains associated with DGI is their ability to resist
the bactericidal action of normal human sera (342). Host factors also
predispose individuals to DGI. Patients deficient in the terminal components
of complement are especially susceptible to both gonococcemia and
meningococcemia (53, 296). Hormonal factors in women may play a role. Most

cases of DGI in females occur during pregnancy or close to menses (56).

2. FEpidemiology. 1In the United States, gonorrhea has been the most

frequently reported communicable disease since 1965, and in 1979 was reported
twice as frequently as the combined number of reported cases of all other
notifiable diseases (17). 1In 1983, some 900,435 cases of gonorrhea were
reported to the Centers for Disease Control. In terms of incidence, this
represents 387.5 cases per 100,000 population (65). This figure seems even
more impressive when one considers that it represents an underestimate
(perhaps accounting for only 59% of the total cases) due to underreporting of
cases by the private sector. The increase in the incidence of reported cases
of gonorrhea increased sharply during and shortly after World wWar II
(1941-1946). The introduction of penicillin therapy correlated with a
dramatic reduction in incidence of this disease to a level comparable to the
pre-war era. This decrease was a statement for the control of infectious
disease by effective drug therapy. Since 1957, the incidence of gonorrhea has
steadily increased, reaching a peak in 1975 when this figure exceeded 450
cases per 100,000 population. However, for the past 10 years the incidence
has either remained the same or decreased (17).

The dramatic increase in the number of reported cases of gonorrhea during

the last three decades can be attributed to a combination of factors. These



factors can be divided into those which have lead to a “"real" increase in the
total number of cases and those which have lead to a "perceived" increase but
have not contributed to the true morbidity of tne disease. The "real™
increases in the incidence of gonorrhea have resulted from (i) an increased
number of individuals at risk, i.e., sexually active young adults; (ii)
changing behavioral and cultural wvalues throughout the United States and
developing countries which are reflected in more liberal attitudes; (iii) the
advent and popularity of oral contraception or contraceptive intrauterine
devices; and (iv) selection of antibiotic resistant strains of_ﬁ. gonorrhoeaé
(resulting in increased numbers of treatment failures and exposure of multiple
partaers to these resistant strains). The "perceived” increases in the
incidence of gonorrhea are artifacts of (1) increased culture detection of
gonorrhea in women facilitated by the introduction of selective bacteriologic
medium; (ii) intensified efforts to trace sexual contacts; (iii) development
of an inexpensive transport medium for clinicians without laboratory
facilities; and (iv) legal requirements for reporting positive cultures.
Recent trends in which the incidence of gonorrhea has remained the same or
declined may reflect successes of current public health programs. These
trends may also reflect cutbacks in federal funding of public clinics (which
will contribute to underreporting and increased number of untreated cases)
and/or the decreasing sexual adventurism by an increasingly educated public,
especially regarding "new” and “incurable" diseases such as genital Herpes and

acquired immune deficiency syndrome (AIDS) (17).



B. BIOLOGY OF THE GONOCOCCUS

1. Colonial morphology. Cultiviation of N. gonorrhoeae on artificial

medium was first reported by Lestikow and Leoffler in 1882 (197) and by Bumm
in 1885 (5i). Since this time, the organism has generally been considered
fastidious with respect to its growth requirements. This inaccurate
assumption stemmed from the inability to propagate gonococci on simple
nutrient agar. Rather than this medium being deficient in a gonococcal
growth-essential component, it is now known that growth is inhibited by fatty
acids, toxic metals, etc., contributed by the peptone and agar. The toxicity
of this medium can be absorbed by the addition of starch, blood, or charcoal
(386). The requirements for gonococcal growth on solid wedium have been
defined and appear to be quite simple (63).

a) Piliation variants. Kellogg et al. (197) described the occurrence of

morphologically distinct gonococcal'colony types (designated as Tl, Tz,

TB’ and T4) after growth on agar medium. Colony variants Tl and TZ

were relatively small in size and virulent in male volunteers, while T3 and

T

4 types were larger and avirulent (196). Ultrastructural analysis of

organisms from T, aad T7 colonial variants by electron microscopy detected

1

the presence of pili. No piliation was observed when organisms from T3 and

T, colonies were analyzed by electron microscopy (131, 385). Tl and TZ
colony variants could be maintained by daily selective subculture on solid
medium lacking antibioties (174, 196). Without selective passage, a rapid

shift to the large colony variants occurred. In recent literature, the

piliated colony types Tl and T? and nonpiliated colony types f3 and 1‘4



have been designated as pt and P, respectively (386).

The predominant colony type recovered from different gonococcal infections
have been analyzed (197, 208, 365). Colony types obtained from primary
isolates of males with acute gonorrhea were 90% P+ (Tl) (197). In another
study, Sparling and Yobs (208) found that piliated variants were the
predominant colony type in 69% of the primary cultures from males and 67% from
females (i.e., P+ colonies comprised greater than 75% of the total colonies
isolated from the infection). Rectal isolates have also been analyzed (365)
and piliated colony types also appear to dominate.

b) Opacity variants. A second morphologic distinction between gonococcal

colonies was observed by Swanson (377) who described dark and light
variants. Dark colony types were associated with decreased leukocyte
association, were sensitive to trypsin, and had a unique outer membrane
protein associated with them which had an apparent molecular weight of ca.
26,000. Swanson (379) later used the terms “transparent” and "opaque" for the
light and dark colonial variaats, respectively. Opaque colonies displayed
extensive intercellular adhesion when analyzed by electron microscopy and were
associated with autoagglutinability. Furthermore, there appeared to be
varying degrees of opacity, some colonies appearing darker than others. The
revised, current nomenclature designates opaque colonies of intermediate
darkness as O+ and very dark as O++, and transparent colonies as O
(386).

Mayer (233) determined that the average change in colony opacity pnenotype
for 12 gonococcal strains was 2 X lO3 per colony forming unit per
generation. Furthermore, the state of piliation, the number of passages,
alterations in temperature, oxygen tension, or couposition of the growth

medium did not significantly alter the transition rates.



Similar to piliated colony types, opacity variants have been analyzed with
respect to their predominance in several forms of gonococcal infections.
Observations by James and Swanson (178, 179) and others (104) suggested that
certain opacity phenotypes were found at different anatomical sites. In men,
gonococci cultured from the urethra and pharnyx formed opaque colénies. In
women, gonococci cultured from the urethra, pharnyx, and endocervix (at
mid-cycle) also appeared to be opaque. At menses, cultures tended to consist
primarily of transparent colony forms. Fallopian tube isolates were more
transparent in appearance than matched endocervical isolates.

2. The cell envelope. Gram—positive and Gram-negative bacteria have

distinctly different cell envelopes. Gram—positive organisms contain a
cytoplasmic membrane and a thick peptidoglycan layer which is interspersed
with carbohydrate and teichoic acid. In contrast, Gram—negative organisams
contain a cytoplasmic membrane, a thin peptidoglycan laver, and a
lipopolysaccharide—containing outer membrane. Thus, the envelope of
Gram-negative bacteria is more highly differentiated than that of
Gram-positive bacteria, having an extra membrane system. The presence of this
outer membrane and the thin peptidoglycan layer suggest that Gram—negative
organisms employ a fundementally different strategy in coping with their
environment. The outer membrane has been suggested to perform functions such
ag holding secreted enzymes or sequestering nutrients near the cytoplasmic
membrane by trapping them in the void between the inner‘and outer membrane
(called the periplasmic space). 1In addition, the outer wembrane also provides
a selective barrier for the cell, protecting it from toxic molecules in the
environment.

The cell envelope of the gonococcus is similar in its ultrastructure to



other Gram-negative organisms. However, it differs from the enterics by its
increased permeability to hydrophobic molecules (222). The cell envelopes of
wild-type E. coli or S. typhimurium are relatively impermeable to hydrophobic
nolecules. This property is critical to their survival in the intestinal
tract (270). However, there is no obvious reason for all Gram—negative
organisms to possess an identical cell envelope. Considering the different
ecological niches that enteric and mucosal pathogens inhabit, it would seenm
likely that they have evolved different strategies for ensuring their survival
(258). Many of these strategies are reflected in the composition of the cell
envelope.

a) The cytoplasmic membrane. The cytoplasmic membrane of N. gonorrhoeae

has not been extensively studied. However, since the cytoplasmic membranes of
other Gram-negative (and Gram—-positive) organisms are integral components
which function in well-conserved systems of transport and metabolism, it is
generally accepted that the gonococcal inner membrane is similar to other
bacterial cytoplasmic meﬁbranes. Furthermore, the lack of antigenic pressure
and the protection against toxic compounds conferred by the outer membrane
make bacterial cytoplasmic membranes somewhat “immune" to selective pressures
and probably also contribute to their conservation. In general, the
cytoplasmic membranes of Gram-negative bacteria are characteristic of biologic
membranes in that they are composed of a phospholipid bilayer throughout which
intrinsic and extrinsic proteins are distributed. Besides its obvious
function to confine the cytosol, the cytoplasmic membrane is physiologically
active, containing enzymes of the electron transport chain and other biologic
activities. It also is respounsible for transport of chemical entities in and

out of the cvtosol.
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Johnston and Gotschlich (187) separated the cytoplasmic and outer
membranes of N. gonorrhoeae by sucrose density centrifugation of
spheroplasts. They reported the cytoplasmic membrane to have a buoyant
density of 1.141 g/cm3, a value which was similar to those reported for
cytoplasmic membrane preparations of E. coli and S. typhimurium.

Miller et al. (250) analyzed the proteins of the cytoplasmic membrane and
determined that a major protein with an apparent molecular weight of 24,000
was present in spectinomycin-sensitive clinical isolates of N. gonorrhoeae,
but was absent in spectinomycin-resistant isolates. This protein comprised
ca. 7 Z of the total cytoplasmic membrane protein in the spectinomycin-
sensitive strains. However, consistant loss of this protein was not observed
in laboratory-derived spectinomycin-resistant gonococci. This report
demonstrated a wide range of strain-specific cytoplasmic proteins. These
investigators reported 21 to 25 bands visible on SDS-polyacrylamide gels after
staining with Coomassie blue. Previous reports had observed only 13 protein
bands localized in gonococcal cytoplasmic membranes (187, 319). The
predominant peptides associated with the cytoplasmic membranes of both
spectinomycin-resistant and —sensitive strains were reported to have apparent
molecular weights of 59,000, 34,000, and 23,000.

b) Peptidoglycan. The peptidoglycan layer (also referred to as the cell

wall) of Gram-negative bacteria is regponsible for cellular shape and osmotic
rigidity. Peptidoglycan of N. gonorrhoeae has been isolated and reported to
comprise 1 to 2% of the cellular dry weight (147). debeler and Young (147)
analyzed the composition of purified peptidoglycan and reported that it

consisted of muramic acid, glutamic acid, alanine, meso~diaminopimelic acid,

and glucosamine, in approximate molar ratios of l:1:2:1:1, respectively. A
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lipoprotein covalently attached to the peptidoglycan (analogous to that found
in E. coli) was not observed (429). However, evidence for association of
protein with peptidoglycan has been presented by Hebeler et al. (144, 145).
The protein-peptidoglycan interactions increased when cells were grown at
lower pH values. The absence of gonococcal proteins which covalently attach
the peptidoglycan to the outer membrane may.be responsible for the apparent
loose association of peptidoglycan with the outer membrane as seen in electron
micrographs of N. gonorrhoeae (429).

Gonococeci appear to be unique among Gram-negative bacteria in that they
turnover their peptidoglycan layer during exponential growth (323).
Peptidoglycan turnover has been reported to occur at rates beween 10 and 507
per generation depending on the strain and growth conditions (148, 256, 419).
This high turnover rate might be partly responsible for the highly autolytic
nature displayed by N. gonorrhoeae during all stages of growth (146).

Rosenthal (320) determined that soluble peptidoglycan fragmeats were
released into iiquid medium during exponential-phase gfowth. Subsequent
analysis determined that four forms of peptidoglycan fragmeants were released.
These were (i) cross-linked, bis-disaccharide peptide dimer, (ii)
uncross—linked, disaccharide peptide monomer, (iii) free peptide, and (iv)
free monomer (351). Extracellular peptidoglycan fragments have been
recognized as potent biologic effectors that affect host inflammatory and
immune responses. Gonococcal peptidoglycan fragments have been shown to
possess diverse biologic activities and to invoke host-responses. These
include toxicity for human fallopian tubes in organ culture (244), consumption
of human complement (297), and arthritogenicity in a rat arthritis model

{(324)
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Vertebrate hosts contain peptidoglycan hydrolases (e.g., lysozyme) as a
form of natural immunity against bacterial infection. O-Acetylation of
gonococcal peptidoglycan renders it resistant to human peptidoglycan—
hydrolases resulting in persistant high-molecular weight fragments which are
efficient at mediating adverse pathologic effects (321). Extensive
O-acetylation of peptidoglycan appears to be common among gonococci. However,
a strain (RD5) known to be highly autolytic and to turnover its peptidoglycan
at high rates had a greatly reduced level of peptidoglycan O-acetylation.
Therefore, the degree of O-acetylation may also play a role in autolysis.
Strain-dependent differences in O-acetylated peptidoglycan may influence the
severity of gonococcal infection.

Recently, Rosenthal et al. (322) determined that exposure of gonococei to
protein syanthesis inhibitors such as chloramphenicol, tetracycline, and
streptomycin, rapidly increased the level of O-acetylation. The authors
speculated that similar conditions encountered by gonococci in vivo might
potentiate the pathological consequences of peptidoglycan-host intéractions.

c) Outer membrane. The outer membrane of Gram-—negative organisms

represents the initial permeability barier. It is composed of a lipid bilayer
typical of biologic membranes. However, it is unique in that it is asymmetric
with respect to its lipid composition. Phospholipid predominates in the inner
leaflet of this membrane while lipopolysaccharide (LPS) predominates and is
exposed on the outer surface. Proteins, both extrinsic and intrinsie, also
make—up an important component of the outer membrane. This structure is
especially important in host~parasite interactions because of its direct
exposure to the host. The outer membrane acts as the first line of bacterial

defense against the specific and non-specific host immune mechanisms.
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Therefore, the outer membrane is of particular importance in the infectious
process of Gram—negative pathogens.

Johnston and Gotschlich (187) used isopycnic centrifugation of osmotically
ruptured gonococcal spheroplasts to separate the outer membrane from the
cytoplasmic membrane. The outer membrane fraction banded in sucrose at a
buovant density of 1.219 g/cm3, This fraction contained nearly all the LPS
and greater than half of the total envelope protein. These investigators
concluded that the membrane components of N. gonorrhoeae were similar to those
of other Gram-negative bacteria. However, other investigators have reported
this technique to be unsuccessful in their laboratories (357,v430). More
recently, Collins and Salton (67) modified this method by the inclusion of the
detergent Brij 58 to lyse the spheroplasts. These investigators reported the
successful identification of antigens originating from both the inner and
outer membranes of gonococci.

Other procedures have been applied for the isolation of the gonococcal
outer membrane. Wolf-Watz et al. (429) isolated outer membranes of N.
gonorrhoeae by a method originally developed for E. coli (430). 1In this
procedure, spheroplasts prepared by EDTA-lysozyme treatment were passed
through a 22-guage needle to shear off the outer membrane. After low-speed
centrifugation, the pH of the supernatant was lowered to 5.0 to aggregate the
outer membrane. Upon isopycnic sucrose density centrifugation, a single band
with a buoyant density of 1.25 g/c:tn3 was obtained. Johnston et al. (186)
extracted whole gonococci with lithium acetate buffer (pH 6.0) containing 10
mM EDTA. This extract was applied to a gel filtration column and the material
which eluted in the void volume was collected by isoelectric precipitation and

centrifugation. The material isolated by this method was representative of



14

outer membrane preparations prepared by other procedures. The use of the
detergent n-lauryl sarcosiﬁate (Sarkosyl) has been shown to selectively
solubilize the cytoplasmic membrane of E. coli under stringent detergent to
protein ratios (115). This procedure has been applied to the gonococcus in a
number of reports (135, 249, 274). However, a careful analysis of the the
material isolated by this procedure has not been carried out.

(i) Lipopolysaccharide (LPS). LPS is ubiquitous among Gram—negative

bacteria. The best characterized LPS molecules aré those from the
Enterobacteriaceae. These molecules are heat-stable long-chain
phosphate—containing heteropolymers consisting of a moiety termed lipid A.
Lipid A is covalently linked through 2-keto-3-deoxyoctulosonic acid (KDO) to a
core polysaccharide (R-core). To this, a high-molecular weight polysaccharide
made up ofiidentical oligosaccharide repeating units (O-antigen) is attached.
LPS of this basic strucure is referred to as S-type because salmonellae with
this LPS composition form smooth colonies on agar. If the LPS of organisms
lack the O-antigenic side chains, they give rise to rough colonies with
serated edges; these LPS molecules are referred to as R-type. The structure
of 1lipid A is well-conserved among the LPS of different genera, while the
O-antigens are structurally heterogeneic (432). LPS molecules are important
mediators of toxicity in Gram-negative diseases and are referred to as
endotoxin. These molecules are known to stimulate a pyrogenic response as
well as other toxic effects in the host (108).

LPS is located on the outer-most aspect of Gram-negative cell envelopes.
It can be easily released upon mild chemical treatments of whole organisms
(293). Spoataneous release of endotoxin during growth of Gram—negative

bacteria is known to occur (293). The production of free endotoxin seems to



15

be a general phenomenon in all Gram-negative bacteria. The release of free

endotoxin by N. meningitidis in a process described as "blebbing” was reported

by DeVoe and Gilchrist (97). These blebs were analyzed with respect to their
composition. It was determined that they were enriched for LPS (97) and
contained little contamination with cytoplasmic membrane components (98). It
was of interest that tetramethylphenylenediamine(TMPD)-oxidase activity was
associated with these cell wall blebs. This activity is responsible for the
oxidase reaction exhibited by Neisseria spp. and is a clinically important
property for their identification. Free LPS has been found in culture
supernatants of other species of Neisseria (184, 185).

Early studies on the endotoxin of N. gonorrhoeae used a number of
extraction methods (223, 224, 390). Tauber and Garison (390) prepared
endotoxin by phenol-water extraction and showed that it contaiﬁed the sugars
D-glucosamine, glucose, galactose, heptose, and KDO. Later, Maeland (225)
compared gonococcal endotoxin prepared by both phenol-water and aqueous—ether
extraction methods. This study indicated that the former consisted mainly of
carbohydrate and lipid and contained much less protein than the latter. Both
preparations retained an antigenic determinant which appeared to be
carbohydrate in nature. The aqueous—ether extracted material contained
relatively large quantities of protein and only minor amounts of lipid and
carbohydrate.

Stead et al. (266) analyzed five different strains oflg. gonorrhoeae for
the chemical composition of their phenol-water extracted endotoxin. ALl LPS
preparations contained glucose, galactose, glucosamine, heptose, KDO, and
phosphate. The beta-hydroxy fatty acids 10:0, 12:0, 14:0, and the fatty acids

12:0, 14:0, 16:0, and 18:0, and 18:1 were present in the lipid A moiety. This
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study detected no differences in the LPS composition of virulent and avirulent
gonococcal colony types or penicillin-sensitive and -resistant organisms.
These LPS preparations all appeared to lack repeated carbohydrate components
analogous to the O-antigenic side chains of enteric species. 1In a similar
study, Perry et al. (292) compared the composition of LPS isolated from
gonococcal colony types T1 and TA' The LPS from T4 colonial variaats,
on mild acid hydrolysis, yeilded a lipid A molecule and a core oligosaccharide
that appeared to be common to all strains examined; the latter was composed of
2-amino-2-deoxy~D-glucose, D-glucose, D-galactose, L-glycero-D-manno-heptose,
3-deoxy-D-manno-octulosonic acid. LPS from Tl colonial variants, upon mild
acid hydrolysis, yeilded a lipid A molecule and a high-molecular weight core
oligosaccharide which exhibited considerable differences in glycose
composition between strains. These investigators suggested that T4
organisms produce a common R-type LPS whereas T1 colonies produce S-type LPS
with strucurally heterologous O-antigenic side chains. As pointed out by
Morse (256), these data must be interpreted with caution since isogenic
strains differing in colonial morphology were not compared in this study.
Wiseman and Caird (428) examined the LPS composition of 38 different
strains and their isogenic variants. The concentrations of glucose,
galactose, and mannose varied from strain to strain, but cells from colony
types T1 and T2 contained a greater glycose concentration than the
avirulent colony types T3 and T4. There were higher mannose:KDO,
galactose:KDO, and glucose:KDO ratios in the virulent colony types in
comparison to the avirulent colony types. This finding suggested that these

additional sugars comprise a larger S-type LPS. 1In contrast to the study of

Perry et al. (292), these investigators were unable to confirm the variability
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of the putative O-antigen from the virulent colonial variants.

Dienna et al. (100) demonstrated that immunization with R-type LPS from
one strain of N. gonorrhoeae protected against infection by homologous and
heterologous gonococcal strains in both the chicken embryo and the mouse
animal models. Wallace et al. (405) reported that antiserum prepared against
R-type LPS recognized 249 of 251 primary gonococcal isolates in a slide
agglutination test. This antiserum was specific for N. gonorrhoeae and did
not recognize other Neisseria spp. or organisms of different genera, with the
exceptiocn of certain streptococci. Streptococcal capsular polysaccharide rich
in the disaccharide lactose was responsible for this cross—-reactivity. Bundle
(52) coupled lactose to bovine serum albumin and used this conjugate to
prepare anti-lactose antibody. This antisera was able to agglutinate

Streptococcus faecalis and was active against LPS from N. gonorrhoeae in a

passive hemagglutination assay. It has been suggested that antibody against
lactose may be a useful component of a gonococcal vaccine (99).

Aﬁtigenic analysis of LPS has defined four immunologically distinct acidic
polysaccharides from LPS extracts of N. gonorrhoeae (7, 8). These
polysaccharides have been proposed to be analogous to the R-core of enteric
LPS. Specific reactivity to each of these polysaccharides were designated as
Gc1 through Gch. Analysis of 163 gonococcal strains indicated that 71.2%
contained one of the 4 acidic polysaccharides; 12.3% contained more than one
of these polysaccharides; 16.5% were unot recognized by these immunological
reagents. These studies indicated that the serotypic composition of LPS from

different gonococcal strains were variable and complex.

Subsequent serological analysis of gonococecal LPS has suggested that it is
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composed of three distinct epitopes; (i) a serotype-specific region; (ii) a
variable determinant (this was found to exist on three of the six serogroups
described); and (iii) a common region (10). Monoclonal antibodies have been
prepared against gonococcal LPS. One of these, designated as 3F1l, recognizes
the common determinant from all gonococei and cross—-reacts, although to a
lesser degree, with LPS from meningococci (9). Using pyocin selection, Morse
and Apicella (257) determined that pyocin resistant variants lacked reactivity
with 3Fll. Guymon et al. (134) also reported differences in LPS structure of
pyocin-resistant mutants.

The composition of gonococcal LPS may be influenced by its growth
environment. Morse et al. (260) determined that growth of strain FAl71 in
continuous culture under glucose limitation resulted in a growth-rate-—
dependent change in the LPS. The LPS from cells grown at a low—-dilution rate
exhibited an eight-fold decrease in serotype antigen when compared to cells
grown at a high-dilution rate. The decrease in LPS serotype antigen was
associated with an increase in cell surface hydrophobicity. Furthermore, the
increased amount of serotype antigen was associated with decreased reactivity
of monoclonal 3F1l1 to formaldehyde-treated gonococci, suggesting that the
presence of serotype antigen interferes with accessibility to the common
determinate.

Use of SDS-polyacrylamide gel electrophoresis (SDS—PAGE) in conjunction
with a sensitive silver stain has greatly facilitated the qualitative analysis
of gonococcal LPS. Use of this technique in the analysis of neisserial LPS
was first reported by Russell and Johnson (327). These investigators detected
differences in electrophoretic mobilities (Mr) of LPS preparations isolated

from various non-pathogenic Neisseria spp. A number of subsequent studies



19

have indicated that the Mr and the electrophoretic banding pattern of
meningococecal and gonococcal LPS was similar to R-ty