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PREFACE

This dissertation is comprised of manuscripts which have been prepared or
accepted for publication. The manuscripts have been divided based on their
emphasis on different membrane components of N. gonorrhoeae, i.e. membrane
proteolipids, and iron-regulated proteins. A comprehensive review of the

literature with relevant references precedes these manuscripts.



ABSTRACT

Isogenic strains of Neisseria gonorrhoeae were grown in medium

supplemented with sub-inhibitory concentrations of [3H]—palmitic or
[3H]—oleic acid (10 mCi/ml). Cells were harvested at the end of the
exponential growth phase and the cell envelope isolated and analyzed by
fluorography after sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The fluorograms indicated that membranes from each of the strains
contained many labeled components. Identical fluorograms were observed when
cells were labeled with either [3H]—pa1mitic or [3H]—oleic acid.

Exhaustive extraction of the membranes with chloroform-methanol (1:1) did not
affect the banding pattern observed on the fluorograms. The bands labeled
with [3H]—pa1mitic or [3H]—oleic acid consisted of proteins, since these
bands disappeared when the delipidated envelope fraction was treated with
proteinase K prior to SDS-PAGE. Proteinase K-treated delipidated membranes
were extracted with chloroform-methanol-water, and the extract was analyzed by
thin-layer chromatography. A radioactive ninhydrin-positive spot (ca. 29% of
total radioactivity) which did not correspond to any of the known gonococcal
phospholipids was observed. Extraction of this material and subsequent
alkaline hydrolysis resulted in the liberation of labeled fatty acids. The
modification of fatty acid to membrane proteins was not due to the
contaminations of noncovalent interaction of lipopolysaccharide or
phospholipid to cell envelopes. The results provide evidence for covalent
modification of numerous membrane proteins by fatty acids. Among the

gonococcal membrane proteolipids identified were the Mtr-associated protein



and protein III; protein I and protein II were not covalently modified by

lipids.

Pulse-chase experiments showed that the radioactivity in the fatty acid
moieties of these proteolipids increased rather than decreased during a 4 h
chase period suggesting the presence of a large pool of acyl donors such as
phospholipids. Fatty acid acylation of membrane proteins was decreased in
cells treated with either cerulenin or chloramphenicol suggesting that de novo
fatty acid synthesis was required and that there was no significant pool of
proacyl proteins within the cell. In addition, the uptake and incorporation
of exogenous fatty acids as well as the fatty acid acylation of proteins was
affected by respiratory chain poisons and temperature indicating that the
process is both enzymatic and energy-dependent. However, globomycin, a
specific inhibitor of signal peptidase II, had no effect on the labeling
profiles of membrane proteolipids. [140]—glycerol, [BH]~palmitoyl—
phosphatidylethanolamine, and [3H]—palmitoyl~phosphatidylglycerol were not
taken up nor incorporated into membrane proteolipids. The proteolipid
profiles among strains of N. gonorrhoeae as well as from other Neisseria

species exhibited a great degree of variability.

N. gonorrhoeae and N. meningitidis express a 37-Kdal iron-regulated
protein (MIRP) that binds approximately 1 mole of Fe3+ per mole of protein.
A similar-sized MIRP has been observed in N. lactamica and in some strains of
N. cinerea; other strains of N. cinerea and N. subflava have a 36.5-Kdal
MIRP. Polyclonal antiserum to the gonococcal MIRP reacted with MIRPs of the

Neisseria species in Western blots and ELISAs. To examine the structural



heterogeneity of these proteins, purified MIRPs were radioiodinated and
digested with trypsin, and the 1251~peptides were resolved by high-voltage
thin-layer electrophoresis and ascending thin-layer chromatography.
Autoradiographs indicated that the MIRPs shared a common set of peptides. The
MIRP of each species also possessed unique peptides. Surface—exposed peptides
of the gonococcal MIRP were determined as above following radioiodination of
whole cells. Eight peptides were labeled when intact cells were used,
compared with more than 17 peptides when the purified protein was labeled.

Thus, probably only a small portion of the molecule is surface exposed.



INTRODUCTION

During the last three decades, our knowledge of the biosynthetic process
of bacterial lipoproteins and the nature of fatty acid-protein linkage has
been generated mainly from the studies of Braun's lipoprotein in Escherichia
coli. To date, with additional lipoproteins discovered in other Gram-negative
and Gram-positive bacteria, the exact function and physioclogical significance
of the lipoprotein still remains to be answered. There have been few, if any,

studies on proteolipids in Neisseria gonorrhoeae, a Gram-negative diplo-

coccus. Previous investigators considered the outer membrane to be less rigid
than that of E. coli because it lacked lipoprotein(s). It was only recently
that the discovery of peptidoglycan-associated protein(s) in N. gonorrhoeae
provided indirect evidence for the presence of membrane proteolipids.

Although this p:otein(s) was proposed to be analogous to Braun's lipoprotein,
very limited data were available about its biochemical nature and structure.
This finding prompted us to search for direct evidence to support the
existence of membrane proteolipids in N. gonorrhoeae as well as in other

Neisseria species.

The study was initiated by investigating the uptake and incorporation of
exogenous long-chain fatty acids by N. gonorrhoeae. The first portion of this
dissertation focused on: (1) identification of gonococcal membrane
proteolipids; (2) establishing evidence for the covalent modification of
membrane proteins by fatty acids; (3) determining the nature of the linkage

between protein and fatty acid; (4) investigating the biosynthesis of



proteolipids; and (5) determining the presence of proteolipids in other

Neisseria species.

A considerable effort has been made to identify several gonococcal surface
components and to study their relevance in the host-parasite interaction. The
expression of a 37,000 dalton major iron-regulated protein (MIRP) under
iron-limiting conditions and by all strains of pathogenic Neisseria species
has prompted the speculation that this protein may play a key role in iron
acquisition. Structural studies to understand its function and potential role
in virulence have been described in the second portion of the dissertation
including: (1) purification of MIRP from different Neisseria species; (2)
comparison of the structural heterogeneity of different MIRPs using
two-dimensional peptide mapping; (3) determination of the surface-exposed
regions of gonococcal MIRP; and (4) iron uptake from 5SFe—transferrin by

gonococcei.



LITERATURE REVIEW:
I. Gonococcal infection
A. Historical aspects

Gonorrhea, an infection of humans caused by Neisseria gonorrhoeae, is

almost always transmitted by sexual contact. The clinical manifestations of
gonorrhea in men were recognized in accient Chinese, Japanese, Egyptian,
Roman, and Greek writings, as well as in the 01d Testament (201). The first
scientific observations on gonorrhea are attributed to Hippocrates (460-355
BC), the "Father of Medicine". He dissected infected urethrae and observed
their inflammation and discharge. He called it "strangury"” and was in no
doubt that it "resulted from indulgence in the pleasures of Venus". It was
Galen (130-200AD), the "Prince of Physicians", who coined the word "gonorrhea"
by which he meant a "flow of semen" under the mistaken impression that it was
due to spermatorrhea. The term "clap" first appeared in a manuscript of 1378
written by John of Arderne, surgeon to Richard II and Henry IV. At that time,
it was defined as "a certain inward heat and excoriation of the urethra". The
origin of this term, by far the commonest used in the English speaking world,
is obscure.

N. gonorrhoeae, the causative agent of gonorrhea, was first described in
detail by Albert Neisser in 1879, for whom the genus is named. Leistikow and
Loeffler, in 1882, were the first to report the cultivation of the
gonococcus. Bumm showed that the gonococcus fulfilled Koch's postulates in
1885 (44). It was not until the 1930s that effective antimicrobial therapy in
the form of sulfonamides was first used. However, gonococci rapidly became
resistant to sulfonamides. The introduction of penicillin in 1943 restored

‘control of the sulfonamide-resistant strains. Since its introduction,
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penicillin has proved highly effective and has markedly decreased the serious
consequences of the disease. 1In 1976, strains of N. gonorrhoeae were isolated
which contained plasmids encoding for beta-lactamase. These strains have
continued to increase in frequency, and in some areas have markedly reduced
the effectiveness of penicillin. Thus, the increasing resistance to
penicillin and other available antibiotics coupled with a large reservoir of
asymptomatic females and males who unknowingly transmit the disease to their
sexual partner(s) make gonorrhea one of the most prevalent communicable

bacterial diseases today.



B. Epidemiology

Gonorrhea is a disease of worldwide importance. Humans are the only
natural host for N. gonorrhoeae. The increase in cases during and shortly
after World War II (1941-1946) was followed by a marked decline in incidence
after the introduction of penicillin therapy. However, the annual incidence
of reported gonorrhea in the United States tripled between 1963 and 1975 (6).
This rising incidence coincided with the introduction of oral contraceptives
and intrauterine devices (IUDs) that contributed to increased sexual freedom
and to a decreased use of condoms and spermicidal preparations and facilitated
the spread of gonorrhea. There were about one million cases of gonorrhea
reported each year from 1975 to 1980 (50). In 1983, 900,435 cases of
gonorrhea were reported to the Centers for Disease Control (CDC). In terms of
incidence, this represents 357.6 cases per 100,000 population (51). However,
after 10 years of decreasing incidence, there was a 4% increase in incidence
observed during 1985. Since that time the incidence has decreased.

The incidence and prevalence of gonorrhea are highest in young adults
(peak age incidence is 20-24 for men, 18-24 for women), the second highest
attack rates occur in the 15-19 year old age group. The increases in the
incidence of gonorrhea have resulted from: 1) an increased number of
population at risk, i.e., sexually active young adults; 2) changing behavioral
and cultural values that are reflected in more liberal attitudes; 3) the
advent and popularity of oral contraceptives and IUDs; 4) more intensive
contact tracing of patients; 5) development of an inexpensive transport medium
for the use of clinicians without laboratory facilities; 6) the introduction
of legal requirements for laboratories to report positive cultures; and 7) the

evolving resistance to antimicrobial agents, e.g., the appearance of



penicillin-producing N. gonorrhoeae (PPNG) in 1976 as well as chromosomally
mediated penicillin, tetracycline, and spectinomycin resistance during the
past few years. However, the validity of gonorrhea reporting is somewhat
compromised by the low reporting percentage from private physicians (it is
estimated an additional 1 to 1.5 million cases of gonorrhea are diagnosed each
year, but are not reported). When all of these factors are taken into
consideration, the incidence of gonorrhea has actually leveled off in the
early 1980's, which may reflect the success of current intense public health
programs of surveillance and therapy. Also, it may reflect either a
decreasing sexual adventurism by a public increasingly concious of '"new" and
"incurable" STDs (such as genital herpes and AIDS), or a decreased sexual

promiscuity in the population known to be most at risk.
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C. Clinical manifestations
The clinical spectrum of gonorrhea is broad. It includes asymptomatic,
symptomatic, and complicated infections of several anatomic sites and
predominantly involves mucosal surfaces lined by columnar epithelial cells,
such as the urethra, endocervix, pharynx, conjunctiva, and rectum. These
infections may sometimes progress to salpingitis (PID), bacteremia,
perihepatitis, or septic arthritis, as well as rarer complications such as
meningitis and endocarditis.
1. Urethral infection in men
Acute anterior urethritis is the most common manifestation of gonorrhea
in men. A recent study (88) demonstrated that the usual incubation period of
gonococcal urethritis was 2 to 5 days in ca. 80% of men with uncomplicated
gonorrhea., Acute epididymitis occurred in 37 (20%) of 183 patients with
untreated gonococcal urethitis (220). However, this condition is now uncommon
in industrialized countries. Inflammatory urethral stricture is a potential
complication of untreated gonococcal urethritis, but many strictures that
developed in the pre-antibiotic era were probably related to repeated
infections or to caustic "therapeutic" urethral irrigations (220). Strictures
are rare today if effective therapy is instituted promptly. The ID50 for
gonococci (number of colony formimg units necessary to produce infection in
half the subjects) was about 103 organisms among a group of male volunteers
undergeing experimental urethral inoculation (36). The likelihood that a man
will become infected after a single exposure to an infected woman is estimated
to be 20 to 35 percent (108,110,180). The males who are asymptomatic or

ignore symptoms are of critical importance to the epidemiology of the disease
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as they serve as reservoirs and may be at increased risk for disseminated
disease (108).

2. Urogenital infection in women

The endocervical canal is the primary site of urogenital gonococcal

infection in women, followed in descending order by the urethra, anal canal,
and pharynx. The symptoms of primary gonococcal infection in women are less
specific than those in men, and vary with both the clinical setting and site
of infection (10). The most common symptoms are those of lower genital tract
infection and include: abnormal vaginal discharge (cervicitis), dysuria and
frequency (urethritis or skenitis), labial pain or swelling (acute
bartholinitis), anorectal discomfort, intermenstrual uterine bleeding and/or
lower abdominal pain (pelvic inflammatory disease) (55,175). The above
symptoms may occur in any combination and range in intensity from barely
noticeable to severe. The incubation period for urcgenital gonorrhea in women
is less certain and is more variable than in men, but most develop local
symptoms within 10 days of exposure (225,305). The assessment of symptoms and
signs in women with gonorrhea is confounded by the high prevalence of

coinfection with Chlamydia trachomatis, Trichomonas vaginalis, Candida

albicans, Gardnerella vaginalis, and other organisms (9).

3. Anorectal infection
The rectal mucosa is infected in 35 to 50 percent of women and
homosexual men with gonorrhea, and is the only infected site in about 5% of
women and 40% of homosexual men (87,143,144,159,299). In women, most
anorectal infections are correlated with the duration of endocervical

infection (144), suggesting that infection is usually due to perineal
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contamination with cervicovaginal exudate. There is no question that rectal
intercourse is of direct importance to the developement of rectal gonococcal
infection among homosexual men. Gonococci isolated from homosexual men are
more likely to carry the mtr locus than gonococci from heterosexuals (205).
This locus confers resistance to several antibiotics as well as a selective
advantage for survival in the hydrophobic rectal environment. The reported
symptoms of anorectal gonococcal infection range from minimal anal pruritus,
painless mucopurulent discharge, and scant rectal bleeding, to symptoms of
overt acute proctitis, including severe rectal pain, tenesmus, and
constipation (85,143,144).

4, Pharyngeal infection

Among patients with gonorrhea, the pharynx is infected in 3 to 7

percent of heterosexual men, 10 to 20 percent of hetersexual women, and 10 to
25 percent of homosexual men. The pharynx is the sole site of infection in
less than 5 percent of patients, regardless of gender or sexual orientation
(38,87,126,315,317). Oral-genital contact is clearly the major behavioral
factor predisposing to gonococcal infection of the throat, Pharyngeal
gonococcal infection is acquired more efficiently by fellatio than by
cunnilingus (245,315). However, over 90% of these infections are asymptomatic
(38,315). The clinical and epidemiologic significance of pharyngeal
gonococcal infection is uncertain. However, patients with gonococcal
pharyngeal infection may be at increased risk for development of disseminated
infection (86,315).

5. Neonatal infection

Gonococcal infection of the newborn may involve the conjunctiviae,



13
pharynx, respiratory tract, or anal canal. Conjunctival infection is usually
contracted during passage through an infected birth canal and is often
bilateral; without treatment blindness may result. The risk of infection
increases with prolonged rupture of the fetal membranes (108). With silver
nitrate prophylaxis, the risk of transmission from an infected mother to her
infant is probably less than 2% (7). Gonococcal conjunctivitis is rare in
adults and usually occurs in patients with anogenital gonorrhea by
autoinoculation (108).

6. Pelvic inflammatory diseases (PID)

Spread of N. gonorrhoeae upward from the cervix results in acute
endometritis, salpingitis, and peritonitis, which are collectively termed
acute PID. Approximately 10 to 15 % of infected women develop gonococcal PID
(69,231,293). PID is a recurrent disease, with previous episodes being a
significant predisposing factor (70). About 90% of the initial cases are
associated with gonococcal infection of the endocervix (232). However,
gonococel can be recovered from fewer women with recurrent PID. PID has been
associated with the use of intrauterine contraceptive devices (IUDs). The
risk of developing PID after contracting gonorrhea is estimated to be 3 to 4
times higher if an IUD is in place (70,268,296). Gonococcal PID is
responsible for the majority of the economic cost of infections caused by N.
gonorrhoeae. The infertility rate caused by PID has been calculated to be 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
(314).

7. Disseminated gonococcal infection (DGI)
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Hematogenous dissemination of gonococci from a primary site is a rare
event. Prevalence studies indicate that about 1% (ranging from less than 0.5%
to 3%) of patients with mucosal infection develop DGI. The usual clinical
manifestation of DGI include: papulopustular or necrotic skin lesions on the
extremities, asymmetrical arthralgias, tenosynovitis, or arthritis involving a
small number of joints. Occasionally, endocarditis or meningitis may result
(106). With the advent of antimicrobics and the emphasis on treating
symptomatic infections in men, DGI became relatively more common in women and
possibly in homosexual males (18,37,106,138). About half of the DGI cases in
women occur either between 5 days before the onset of menses and the cessation
of menses during pregnancy (37,106,138). Generally, the incubation period for
DGI is between 7 and 30 days. Gonococcal strains producing disseminated
infection are likely to express a Protein I belonging to a particular
serogroup (WI or Protein IA) (41,46,250). Although Protein IA strains are
usually serum-resistant (125), there is no evidence suggesting that the type
of Protein I determines serum resistance. Nearly all DGI strains resist the
complement—antibody-mediated bactericidal action of nmormal human serum
(39,258). Also, most isolates from disseminated infections produce
transparent colony phenotypes (300) which might be a selective advantage due
to their decreased association with neutrophils (153). Many DGI strains have
growth requirements for arginine, hypoxanthine, uracil, and are known as
Arg  Hyx Ura  (AHU ) auxotypes (145,146). This auxotype has also
been associated with asymptomatic mucosal infections in men (54). In
addition, AHU strains from DGI are almost always highly sensitive to
penicillin (316). The host's environment is another important factor in the

development of DGI. The most clearly identified host factor is a deficiency
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or abnormality of one of the late acting complement components that include
CS’ 06’ C7, or C8 (39,40,161,223) and which are essential for the
bactericidal action of serum. Hormonal influences in women may also be
important host factors since most cases of DGI occur close to the menstrual

period or during pregnancy (18,37,106,138).
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IT. Biology of the gonococcus

A. General characterization

Lestikow and Leoffler, in 1882, were the first to report the cultivation
of N. gonorrhoeae on artificial medium. In 1885, the etiological role of the
gonococcus in gonorrhea was definitely established when Bumm was able to
cultivate the organism and determine that genital inoculation of human
subjects caused typical disease.

N. gonorrhoeae is an aerobic gram-negative diplococcus which usually occur
in pairs with flattened adjacent sides, a characteristic that is responsible
for their kidney or coffee bean appearance in microscopic preparations. The
cells produce no endospores and are nonmotile. Cell division is in two planes
at right angles, sometimes resulting in the formation of tetrads. Individual
cell size may vary from 0.6 to 1.5 um, depending on the source of the isolate
and age of the culture. Older cells tend to autolyze in culture. Although it
is possible to grow the gonococcus on chemically defined media, it
nevertheless is a fastidious organism with complex growth requirements. Free
iron is an essential growth factor. Starch, cholesterol, or albumin should be
added to media to neutralize the inhibitory effects of fatty acids. The
optimal temperature for growth is 35 C to 37‘C; growth is stimulated by 5% to
10% COZ' The gonococcus produces acid from glucose but not maltose, a
characteristic used to distinguish it from the meningococcus. Both organisms
possess catalase and cytochrome oxidase activities. The gonococcus is quite
fragile and can not survive adverse environmental conditions, such as drying,
chilling,and exposure to unfavorable pH for extended periods outside the human

host.
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B. Colonial morphology

As early as 1904, differences were noted in the colonial appearance of N,
gonorrhoeae (166). The modern era of gonococcal research can be traced backed
to the pioneering work of Kellogg and associates in the 1960s (139,140), in
which they related colonial morphology to virulence of the organisms. The
morphology of colonies on clear agar were classified into four types
(T1,T2,T3, and T4). In 1971, Jephcott and Reyn (128) reported the
identification of a fifth colonial type, TS5. T1 and T2 colony types
predominated in isolates from the urethra of males (139,140), the endocervix
of females (267) and from the rectum (148). The morphology of these colony
types 1s small, dense , and virulent. Only by selective passage can Tl or T2
colonial forms be maintained indefinitely and still retain the ability to
cause typical anterior urethritis when injected into male volunteers (140) or
to cause death when injected intravenenously into chicken embryos (17).
However, by non-selective in vitro passage the T3 and T4 colony variants which

are larger, more granular, and avirulent will appear.
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C. Pili variation
Pili are present on both pathogenic and non-pathogenic Neisseria spp.

(128). While Tl and T2 colony variants have pili on their surfaces, they are
absent on T3 and T4 colony variants (128,289). Recently, the piliated colony
types Tl, T2 and nonpiliated colony types T3, T4 have been designated as P+
and P, respectively (290). Gonococcal pili are linear aggregates of a
single kind of protein subunit (pilin), which has a molecular weight ranging
between 17,000 to 21,000, depending on the strain from which the pili were
derived (236). Nearly all freshly isolated gonococci have pili (140,267).
However, with repeated subculture in vitro, they are rapidly lost (140,289).
Nonpiliated cells may "switch back" to pilus expression (phase varation). The
mechanism of pilus-phase variation frequently involves chromosomal
rearrangements and deletions within pilus structural genes (189,262).
Gonococcal pili from different strains are antigenically diverse, sharing no
more than 25% of their antigenicity (36). 1In addition, a single gonococcal
strain is capable of expressing multiple chemically and antigenically distinct
types of pili (154,155,246), although a single organism apparently produces
only a single type of pilus at one time (287). Piliation has also been

reported to be associated with competence for genetic transformation (11,17).
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D. Opacity variants

Dark and light colored variants of the colonial types of N. gonorrhoeae
were first observed by Diena et al. (62). Swanson (279,280) also reported
that gonococcal colonies differed in their opacity when observed with light
directly reflected from the substage mirror of a dissecting microscope: some
appeared transparent like water droplets, some were opaque like ground glass,
and others colonies were intermediate in appearance. He later used the terms
"transparent" and "opaque" for the light and dark colonial variants,
respectively. The current nomenclature designates opaque colonies of
intermediate darkness as O+, those which are very dark as 0++, and the
transparent colonies as 0 (290). These optical properties were independent
of piliation, and were apparently related to the degree of cellular
aggregation within a colony. Gonococci change from the transparent to the
opaque phenotype (or vice versa) with a frequency estimated to be ca. 10_3
per cell division (177). Opaque colonies tend to clump in liquid medium, have
abundant zones of intracellular adherence and are more sensitive to trypsin
than transparent colonies. The change from the transparent to the opaque form
is accompanied by the acquisition of one or more additional outer membrane
proteins ranging in molecular weight between 24,000 to 30,000 and which also
exhibit heat-modifiable behavior (282). The predominance of opacity variants
in several forms of gonococcal infection have been determined. Gonococci
recovered from blood and joint fluid, urethral mucosa of asym<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>