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Chlamydiae are obligate intracellular pathogens that cause several serious

conditions within the human host. Many of the symptoms associated with infection
are thought to stem from the development of aberrant, or persistent, chlamydiae.
Factors leading to chiamydiall persistence include deprivation of amino acids, the

release of certain cellular factors, or the addition of inhibitors of bacterial cell wall
or DNA synthesis. Such changes within the chiamydial environment often lead to
modifications in cell morphology, gene expression, chlamydial development, and

antigen localization. In this report, I examine changes in antigen production and
localization in Chlamydia-infected cells cultured in the presence of environmental

stressors. There are three major areas of chlamydial biology examined: 1) how do
the chlamydiae divide in the absence of FtsZ, 2) what is the importance of the
predicted peptidoglycan hydrolase, PapQ; 3) what changes occur in antigen

production and localization during the development of chiamydial persistence. One

significant nonproteinacious factor apparently involved in chiamydial division is
the SEP (septum) antigen, which localizes to the midcell of dividing chlamydiae.
Non-dividing forms, such as persistent chlamydiae and EB, lack the septal

placement of SEP, further suggesting the involvement of SEP in RB division. The
production of the predicted hydrolase, PapQ, localizes to the cytosol of RB and, to

a limited extent, within the EB. PapQ begins to accumulate as early as 12 hours
after infection and during the time of RB-EB transition, an additional, smaller

PapQ product accumulates. Ampicillin and tetracycline treatment inhibits
accumulation of the smaller product suggesting that PapQ may be processed by a

late expressed protease. This may have significance in RB-EB transition. The
IncA-laden fibers protruding from the inclusion and into the host cytosol colocalize
with a variety of different antigens that are generally restricted to the chiamydial

outer membrane. Changes in culture conditions leads to changes in the amount and
type of antigens localizing within the fibers. Chiamydial persistence dramatically
influences the production and localization of several chiamydial antigens, creating
significant changes in chiamydial cell biology that may enhance survival within the
host.
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1.1. INTRODUCTION
Chlamydiae are obligate intracellular pathogens that have developed a
means for evading the immune response and securing a unique niche for

development within the host cell. Chlamydial infections are found in all parts of
the world and cause disease that range from spontaneous abortions in livestock to
blindness, respiratory conditions, and genital infections within the human

population. Most infections are mild or asymptomatic, and many of the serious
consequences associated with disease result from repeated or persistent chiamydial
infections.

The three species responsible for disease in humans are Chiamydia

pneumoniae, C. psittaci, and C. trachomatis.

1.2. CHLAMYDIAE AND HUMAN DISEASE
Chlamydiapneumoniae is commonly known for causing an acute
respiratory disease (37). It is estimated that at least 60% of the population has been
infected with this agent within their lifetime (84). While most infections are
generally mild or asymptomatic, transmission to immunologically naive individuals
leads to more serious respiratory diseases, including pneumonia, bronchitis, and

pharyngitis. Recent discoveries have spurred research in a new direction. Evidence
suggests the possible association of Chiamydia pneumoniae with atherosclerosis,
which proposes a possible link between coronary heart disease and infectious

disease (57). Chlamydiapneumoniae has also been proposed to be associated with
asthma (41), reactive arthritis, and Alzheimer' s disease. Additional evidence is

necessary to confirm the link between C. pneumoniae and sequelae other than
respiratory diseases.

Chiamydiapsittaci is a zoonotic pathogen that is responsible for an
incidental but serious respiratory infection known as psittacosis (84). Infections
within the United States are rare, and most incidences occur within individuals
working with avian species, including parrots, parakeets, poultry, and wild birds

(74). Chiamydiapsittaci strains are also carried in domestic animals but
transmission to humans from non-avian species is extremely rare. Transmission
occurs via inhalation of dried secretions from infected birds and disease is generally

acute, characterized by high fever, headache, muscle aches, and rigors. Less
frequent complications associated with infection include pneumonia, hepatitis,

meningitis, and endocarditis. While mortality from psittacosis is currently very
rare, before the common use of antibiotics, the mortality rate was approximately
20%.

Chiamydia trachomatis causes disease through infections of the mucosal
epithelium along the eye and genital tract (73). Infection with serovars A, B, Ba, or
C causes trachoma, a condition marked by follicular inflammation of the
conjunctiva leading to scarring, distortion of the eyelids, and eventually blindness

(38). Although trachoma is not a serious concern in the United States, 6 million
people in developing countries are irreversibly affected by trachoma, making it the

leading cause of preventable blindness worldwide (104). Most sexually transmitted

infections are caused by serovars B and D through K (71). Seventy-five percent of
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females infected with C. trachomatis remain asymptomatic, and those that do not

receive treatment risk PID, salpingitis, and ectopic pregnancy. Fifty percent of
males develop symptomatic infections, which manifests as urethritis. Reiter' s
syndrome is a severe arthritic condition also associated with chiamydial genital

infections in men. Infection with the invasive LGV serovars (Li, L2, L3) are
relatively rare but cause a more severe condition known as lymphogranuloma

venereum, a chronic inflammation in the inguinal lymph nodes. Chiamydial
infections have also been implicated in increasing the risk of acquiring other

STD's, including gonorrhea and HIV (108). Infections are easily resolved with
antibiotic treatment, but incidences continue to rise bringing forth a major health

and economic burden, suggesting a need for new and more effective means of

diagnosing and treating cases. No vaccine exists for prevention of human
chiamydial infections.

1.3. THE DEVELOPMENT OF CHLAMYDIAE WITHIN THE HOST
The unique developmental cycle of the chlamydiae includes two distinct

developmental forms (65). EB are small, dense forms that are infectious but
metabolically inert. EB integrity is mediated by extensive disulfide-linked outer
membrane proteins which provide resistance to environmental pressures. RB are
larger, fragile, pleomorphic forms that are non-infectious but metabolically active.
Following attachment to the host cell, EB are taken up into a host vesicle that does
not fuse with the lyso some (Fig. 1.1, stages 1-2). Approximately four hours after
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Figure 1.1. The intracellular development cycle of Chiamydia spp. during normal and stress-inducing
conditions. The nucleus appears in blue.

('I

entry, EB undergo major morphological changes to produce RB (Fig. 1.1, stage 3).
Several rounds of binary fission occur, and the bacterial population increases
within the inclusion that eventually occupies most of the host cytosol (Fig 1.1,
stage 4). Beginning approximately 18 hours after infection, the RB redifferentiate
back to EB (Fig 1.1, stage 5). Chlamydiae exit host cells 40-96 hours (depending

on the strain) after infection through lysis or exocytosis (Fig 1.1, stage 6).
Reorganization between the two distinct developmental forms renders

major changes in structural components within the chiamydial envelope. The
serovariant major outer membrane protein (MOMP), which likely functions as a

porin or adhesin, is the most abundant protein within the outer membrane. MOMP
is present in both EB and RB, although the conformation of the protein is distinct

between the two forms (45, 68). The structural rigidity of the EB cell wall is
maintained through disulfide cross-linking of the cysteine-rich outer membrane

proteins (43). These proteins are absent within the RB cell wall. The chlamydial
envelopes of both EB and RB possess a lipopolysaccharide (LPS) group antigen
that is likely chemically or structurally altered during the transition between the

two developmental bodies (14). Other membrane proteins such as the macrophage
infectivity potentiator (Mip)-like lipoprotein (80), and the polymorphic membrane
proteins are localized the envelope of both EB and RB (44).

1.4. CHLAMYIMAL PERSISTENCE
Although the chlamydiae are generally described as existing within the
EB/RB biphasic developmental cycle, evidence suggests the existence of an
alternate chiamydial state, known as persistence, that is morphologically and

metabolically distinct from typical developmental forms (6). Chiamydial persistent
forms are aberrant, non-culturable, non-dividing, and non-infectious cells with an

altered metabolism. Chlamydiae enter this phase in response to stressful
environmental conditions such as the addition of antibiotics (56, 63), the presence
of cellular factors (8, 90), or the deprivation of amino acids (7, 22) (Fig 1.1; stage

3*) Persistence can be maintained in tissue culture for at least a month and still
retain viability; removal of the stressors will eventually result in differentiation of
the aberrant forms to infectious EB (9).
Many complications associated with chlamydial infections are
immunologically mediated and thought to be the result of persistent or repeated

infections. Although persistence is well documented in vitro, the presence of
persistent forms in humans has not been confirmed. Indirect evidence, however,
suggests this phenomenon may develop in both ocular and genital infections. In
many instances, chiamydial antigens and nucleic acids could be detected in patients

in the absence of an apparent infection (18, 49, 65). One likely mechanism for
induction of persistence in vivo involves production of the cytokine, IFN-y, by the

host cell. The release of IFN-y following infection induces the cell to produce
indoleamine 2,3-dioxygenase which changes the intracellular tryptophan into
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kynurenine (103). The result is a depletion of the essential amino acid from
intracellular pools, starving the pathogen of metabolic precursors. While release of
the cytokine inhibits chiamydial division, the chlamydiae persist in an aberrant

state (90). Although cytokinesis no longer occurs, the chlamydiae continue to
replicate and segregate their genome, leading to aberrant forms containing multiple
nucleiods (9).

The induction of persistence through the addition of IFN-y or the absence of
tryptophan from the culture medium renders changes in the expression and

accumulation of certain chiamydial antigens. The development of aberrant RB is
associated with a decrease in the production of several chlamydial antigens,
including MOMP, OMP2, LPS, and two additional unidentified proteins with a

molecular mass of 38kDa and 130 kDa (8, 88). Treatment also leads to the upregulation of a 3OkDa and a 4OkDa protein (88). The function of these

accumulated proteins in IFN-y mediated persistence is still unknown and changes in
accumulation were often serovar specific (88, 89). Production of other proteins,
such as DnaK and GroEl remains constant with or without the addition of IFN-y (8,
88).

Expression analysis studies have identified several changes in mRNA
synthesis within IFN-y-treated cells infected with C. pneurnoniae (17) and C.

trachomatis (34). Transcripts to proteins involved in bacterial cytokinesis (fisK and
fisW) were absent or highly attenuated when cells were cultured in the presence of
IFN-y. However, genes involved in DNA replication (dnaA and polA), DNA repair

(mutS), and DNA segregation (minD for C. pneumoniae and parB for C.

trachomatis) were expressed regardless of the change in culture conditions. These
data are consistent with the presence of enlarged, non-dividing RB containing

multiple copies of the genome during IFN-y treatment. Changes in the expression
of chiamydial antigens likely contribute to the progression of persistent disease by
allowing the pathogen to remain undetected by the host while serving as a continual
source for antigenic stimulation.

1.5. THE INCLUSION AND INCLUSION MEMBRANE PROTEINS
Survival of pathogenic organisms within host cells is contingent on their

ability to avoid neutralization by host factors. Chlamydiae accomplish this by
escaping the endocytic pathway and avoiding phagolysosomal fusion within the

host cytosol. How this is accomplished is not well understood, but by doing so, the
chlamydiae are able to live within a protective membrane-bound structure, the

inclusion, that may facilitate immune avoidance. While all the chlamydiae share
similarities in establishing their intracellular niche, the morphology of their

inclusions varies by species. Individual vesicles that originate from multiple
infections with C. psittaci GPIC remain as separate vacuoles after aggregation near

the nucleus (91). The individual vacuoles eventually develop into a giant multilobed structure (81). Multiple vesicles containing C. trachomatis will aggregate
and fuse early during development to form a single-lobed inclusion (78). Rare
exceptions to this norm have been detected in a small number of fusion-deficient C.
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trachomatis isolates, which form multiply-lobed inclusions similar to those of C.

psittaci (99). Chlamydiapneumoniae also develop within a single inclusion,
however, fusion of multiple vesicles does not occur until late in development.
Little is known about the biogenesis of the inclusion. However, advances
over the past eight years have identified several proteins produced by chlamydiae
and two molecules produced by the host cell that interact with the inclusion

membrane (Fig 1.2). When added to Chlamydia-infected host cells, the
fluoreseently labeled sphingolipid analog (C6-NBD-ceramide) trafficks from the

Golgi to the inclusion membrane and the developmental forms (39, 81, 109). This
data suggests that inclusion may be positioned within the host exocytic pathway

and that the chlamydiae require host lipids as a building block. More recently, the
ubiquitous host protein, 14-3-313, was shown to localize at and interact with a

chlamydial produced protein, meG, found at the inclusion membrane (85). The
significance of these two host cell factors in inclusion development is not well
understood.

A number of inclusion membrane proteins have been grouped into a family

of proteins, termed mc's, due to a comnion bi-lobed hydrophobic domain found
within the sequence (1). In general, Inc proteins lack primary sequence similarity
with each other and to proteins within the available databases. At least eleven Inc
proteins have been identified at the inclusion membrane through antibody labeling,
and there are dozens more potential Inc proteins within C. trachomatis and C.

pneumoniae, based on the presence of the bi-lobed hydrophobic domain within

11
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Figure 1.2. Proteins that interact with the inclusion membrane.
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their sequences (1-3, 82, 86). In addition to localization at the inclusion membrane,
IncA has also been found within vesicle-like structures protruding from the

inclusion membrane and into the host cytosol (3, 82). The function of the Inc
proteins has not been determined but several pieces of evidence suggest an
involvement (at least for C. trachomatis) in vesicle fusion that results in the single-

lobed inclusion (40, 99). Exit of the Inc proteins from the developmental forms
likely occurs via the type III secretion apparatus found protruding through the RB
surface and inclusion membrane (97, 98).

Two additional proteins, the Chiamydia outer protein N (CopN) and the
Class I associated protein 1 (Cap 1), have also been identified at the inclusion

membrane. CopN is homologous to YopN of Yersiniae, and likely has an
analogous function as a type III secretion component in Chlamydiae (30). The
absence of a predicted membrane-spanning domain within CopN, suggests that

interaction with the inclusion membrane may be peripheral. Cap 1 activates CD8+
T cells, which proposes an encounter with the MHC class I processing machinery

in the host cytosol (31). Cap! associates, at least transiently, with the inclusion
membrane. Many other factors that contribute to the development of the
chlamydial intracellular compartment are yet to be discovered.

1.6. THE PRODUCTION OF PEPTIDOGLYCAN
Chiamydia trachomatis contains a small genome, comprising slightly over
one million base pairs and a predicted 894 ORFs (94). Based on amino acid
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sequence similarity, 72% of the ORF have received hypothetical function

assignments and 28% show no similarity to any known proteins. The genome
project has greatly assisted our analysis of the life style of this intracellular

pathogen. For example, once thought to exist as a strict energy parasite,

Chiamydia

are now known to be capable of producing their own ATP. Although many
predicted genes are assigned functions, the presence of homologs does not

necessarily define a biological role. A prime example is the presence of genes
encoding the peptidoglycan synthesis machinery in the absence of a detectable

murein structure. In an organism that was previously believed by many to lack
structural peptidoglycan subunits, the genome sequence has invoked more
questions than answers.

The cell wall, which acts as an exoskeleton around most
prokaryotes, provides two important structural roles: 1) it surrounds the cell in a
sacculus and maintains osmotic stability and rigidity; and 2) it participates in
bacterial division by invaginating between separating daughter cells during
cytokinesis.

The cell wall is composed of a structure called peptidoglycan (or

murein) that consists of repeating disaccharide units containing a peptide moiety.
The glycan chain is composed of alternating N-acetylglucosamine and N-acetyl
muramic acid residues connected by a -(1---4) linkage (46). The polysaccharide
chains are cross-linked by a short peptide bridge, generally consisting of five amino

acid residues. Together these moieties form the three-dimensional murein sacculus
of the bacterial cell wall. Although the overall murein structure is fairly consistent
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among bacteria, over 100 different forms of peptidoglycan have been identified

(87). The polysaccharide moiety is responsible for only a small amount of that
diversity and contains only slight changes the disaccharide such as acylation of the

C-6 residue of the muranyl or modification or absence of the N-acetyl groups. The
polysaccharide structure of the mycobacterial cell wall contains an N-glycolylmuramic acid, which permits additional H-bonding between the glycan strands and

results in a more stable murein structure. Most of the diversity, however, comes
from the peptide moiety of peptidoglycan which often contains variations in the
residues used to form the interpeptide bridge or deviations in the residues that
compose the muropeptide.

Cross-linking of the glycan strands occurs via transpeptidation,
generally between the L-diamino acid in position three of one peptide chain to the
D-alanine amino acid in position four of the opposite chain, although other linkages

are known to occur (58, 87). Peptide bridge formation always results in the loss of
the unbound terminal D-alanine residue in position five. The polysaccharide chain
maintains a consistent helical conformation that allows the peptide chains to point
off in different directions for bonding and formation of the three dimensional

lattice. While the bacterial cell wall must provide rigidity to withstand the 2-5
atmospheres of pressure exerted at the inner membrane, the structure must also
provide some amount of elasticity to accommodate increases in cell volume due to

changes in osmotic conditions (58). The lack of rotation through the B-(1--4)
linkage of the polysaccharide chain attributes to the rigidity of the cell wall while

15

the cross-linking peptides are much more flexible and can accommodate increases
in cell volume.

Production of the murein structure is divided into three separate stages -biosynthesis of the disaceharide-pentapeptide subunits within the cell cytosol,

transportation of the subunits across the cytosolic membrane, and assemblage of
the subunits into polymers that are inserted into regions of the changing cell wall
(Fig. 1.3).

Production of murein structural units begins with the conversion of the

N-acetylglucosamine-l-P substrate to UDP-N-acetylglucosamine, the first
precursor of the disaccharide unit (87). Following two additional enzymatic steps,
the second sugar precursor, UDP-N-acetylmuramic acid, is produced and the

pentapeptide is added to its D-lactyl group. The sequential addition of each residue
is catalyzed by a specific synthetase using ATP and most often, in the order of Lalanine, D-glutamic acid, a diamino acid (which is generally diaminopomelic acid

or lysine), and the dipeptide D-alanyl-D-alanine. Most metabolites generated
within this biosynthetic pathway are also used in other cell processes with the
exceptions of D-glutamic acid and D-alanyl-D-alanine which appear to be unique
for peptidoglycan subunits (46).

The monosaccharide-pentapeptide is then transferred by a translocase to the
cell membrane and is bound to the cytosolic membrane molecule, undecaprenyl
phosphate, creating the lipid I intermediate (N-acetylmuramic acid pentapeptide

pyrophosphoryl-undecaprenol) (62, 87). A second transferase catalyses the
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Three stages of peptidoglycan synthesis. The numbers correspond to the enzymes listed in Table 1.
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addition of the other monosaccharide subunit creating the lipid II complex (Nacetylglucosamine-N-acetylmuramic acid pentapeptide pyrophosphoryl-

undecaprenol). This entire disaccharide-pentapeptide is transported from the
cytosolic side of the membrane to the cell wall side of the membrane by a

mechanism that is poorly understood. Release of the transferred subunit leads to
the recycling of the undecaprenyl pyrophosphate to phosphate and undecaprenyl
phosphate which will interact with newly synthesized subunits within the cytosol.

The final steps to creating the murein structure occur at the cell wall side of
the bacteria. Prior to liberation from the lipid II complex, the disaccharide
pentapeptide subunit is attached to the growing glycan strand of the peptidoglycan
by a transglycosylation reaction involving penicillin-binding protein (PBP) 1A, 1B,

and/or 1C (62, 87). The final connection involves bridging the newly added glycan
strand to a second glycan strand, most often between the diamino acid from one

pentapeptide to the non-terminal D-alanine in the cross-linking pentapeptide. This
reaction involves the catalytic activities of PBP2 or PBP3, both of which are

considered transpeptidases. As the reaction occurs outside the cell cytosol, an
ATP energy source is not available. Instead, the energy is obtained by cleavage of
the terminal D-alanine from the peptide. Not every pentapeptide is bridged to a

second glycan chain. Cross-linking occurs among approximate 1 of every 4
peptide chains. Regulation of cross linking is afforded in part to the D, Dcarboxypeptidase molecules (PBP5 and PBP6) which cleave away D-alanyl-D-
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alanine, thereby removing the energy source necessary to carry out transpeptidation
(87).
Escherichia

coil contains at least eleven PBP (PBP lA, 1B, 1C, 2, 3, 4, 5, 6,

6B, 7, and 8) that participate in the final assembly of peptidoglycan, but are all

these proteins necessary for bacterial growth and division? This question was
investigated by Denome et al., who used a series of mutants and inhibitors to

investigate the overlapping roles of the PBP (27). E. coil requires the presence of
at least one transglycosylase to maintain wall stability. Deletion of both PBP 1 A and
PBP 1 B is lethal to the bacterium, and a cell that maintains only two of the twelve

PBP's (PBP1B and 1C) is still able to synthesize osmotically stable peptidoglycan.
The function of PBP2 and PBP3 act alternately, depending if the cell is elongating

or dividing. Inhibiting PBP2 and leaving PBP1A, 1B, and 3 produces filamentous
cells unable to form a septum. Inhibiting PBP3, while leaving PBP 1A, 1B, and 2,
produces enlarged spheres incapable of cell elongation. In both cases, the mutants
were able to produce osmotically stable peptidoglycan. The presence of PBP1A or
PBP1B and both PBP2 and PBP3 is sufficient for near typical growth of E. coil.
Therefore, PBP 4, 5, 6, 6B, 7, and 8 are considered nonessential for normal growth.

The cell wall is not a static structure. On the contrary, the structure must be
able to accommodate changes that occur during cell growth and division. As it is
necessary to continually synthesize and introduce new subunits of peptidoglycan, it

is also necessary to cleave and recycle areas of the cell wall. This process requires
the participation of several murein autolysins that break a variety of different bonds
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within peptidoglycan, leading to destabilization of the structure. Escherichia coli
possesses at least 14 different murein hydrolases and at least 6 lytic
transglycosylases to facilitate cell wall assembly and turnover (Reviewed in 15,

50). The lytic transglycosylases are responsible for cleavage of the B- (1

4)

linkage between the N-acetylmuramyl and N-acetylglucosaminyl residues within

the murein glycan chain to form anhydrous molecules. Five of the six are
exoenzymes, cleaving the end disaccharide subunit, while the other is an

endoenzyme and cleaves the structure internally. The hydrolases are a diverse
group of enzymes that have a variety of different cleavage activities. These include
the N-acetylmuramoyl-1-alanine amidase, the N-acetylglucosaminidase, and three
peptidases

DD-endopeptidase, LD-carboxypeptidase, and DD-carboxypeptidase.

The latter three hydrolases are not considered autolysins as their activity is not
detrimental to cell wall stability.

1.7. THE SEARCH FOR CHLAMYDIAL PEPTIDOGLYCAN
A major unresolved issue of chiamydial biology centers on the apparent

absence of peptidoglycan within the bacterial envelope. Prior studies investigating
the presence of murein within the cell have been inconclusive. Colorimetric
detection studies performed in the 1960's claimed to have identified peptidoglycan
in Chiamydia spp. (72, 55), but this method is considered unreliable and more

sophisticated studies since then have failed to support its existence. The failures do
not come from a lack of scrutiny. Several studies using a variety of detection
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methods have been employed over the years but have not developed a definitive

answer. Fox et al. (32) used the highly sensitive procedure of gas chromatography
combined with mass spectrometry in the attempt identify muramic acid but the

molecule was not identified in RB or EB. Electron microscopic analysis of the
chlamydial outer membrane by Matsumoto et al. failed to identify the electron

dense layer characteristic of peptidoglycan. Research conducted by How et al. (51)
demonstrated that antisera directed against peptidoglycan did not bind to any
detectable structure within the developmental forms and treatment of EB with

lysozymes had no effect on chiamydial development. Barbour et al. (4) identified
three PBP, with molecular weights of 88kDa (PBP1), 6lkDa (PBP2), and 32kDa
(PBP3), in the Sarkosyl-soluble fractions of both RB and EB. However the same
authors failed to detect muramic acid or DAP by amino acid analysis of different
chiamydial fractions.

To add to the peptidoglycan anomaly, the chiamydial genome project
resulted in the discovery of several genes potentially involved in peptidoglycan

biosynthesis (94; Table 1.1). A total of nineteen homologs to genes that participate
in production of the disaccharide pentapeptides, assembly of the subunits, and
degradation or recycling of the structure have been identified within the genome

sequence. While the nineteen gene products constitute a large portion of the
proteins required for development of the murein structure, there are still missing

links within the synthetic pathway. The chlamydiae lack genes involved in Dalanine conversion and a necessary transglycosylase. The air gene is required to
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Table 1.1. Summary of the predicted peptidoglycan-associated genes present
within the Chiamydia trachomatis genome.
Peptidoglycan
homologs in

Predicted Function

Predicted Step
in Synthetic

- _ --gim U

________________________

murA

2

mraY

UDP-N-acetylglucosamine 1carboxyvinyltransferase
UDP-N-acetylenolpyruvoylglucosamine
reductase
UDP-N-acetylmuramate-alanine ligase /
D-AIa-D-Ala ligase
UDP-N-acetylmuramoylalanine-D-glutamate
ligase
UDP-N-acetylmuramoylalanyl-D-glutamate-DAP
ligase
UDP-N-acetylmuramoylalanyl-D-glutamyl- 1-2,
6-diaminoligase
Phospho-N-acetylmuramoyl-transferase

murG

Peptidoglycan transferase

9

pbp2

Transglycosylase; Transpeptidase

10?, 11

pbp3 (ftsl)

Transglycosylase; Transpeptidase

10?, 11

rodA

Rod-shape determining protein

yabC

Cell division protein PBP2B found in Bacillus

Chiamydia

murB
murC/ddlA

murD

murE

murF

UDP-N-acetylglucosamine pyrophosphorylase

Pathway
1

3

4
5

6
7
8

Required for PBP2
expression
11

spp.

mreD

dacC

Rod shape-determining protein
(pbp5)

sugar kinase

D-alanyl-D-alanine carboxypeptidase

Negative regulator
of FtsI
12

papQ

N-acetylmuramoyl-L-alanine amidase

Hydrolase

AmiA

N-acetylmuramoyl-L-alanine amidase

Hydrolase

n/pD

Muramidase

Hydrolase

excC

Lipid recycling

13
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convert D-alanine to L-alanine, the amino acid form that is incorporated into the

pentapeptide chain. The chlamydiae lack this enzyme, however, the genome does
contain a homolog to dagA, which suggests that the bacterium may be capable of

importing D-alanine in from its host (79). The lack of a transglycosylase is not as
easy to resolve. Work by Denome et al. (27) suggests that a minimum of two
transglycosylases, PBP1B and PBP1C, are necessary for stable peptidoglycan

synthesis. While the chlamydiae lack a gene encoding a transglycosylase, they do
contain two genes, pbp2 and pbp3, that encode transpeptidases. Both of these

proteins also contain a transglycosylation domain, however, their activity as such
has not been substantiated.
Another factor adding to the ambiguity surrounding peptidoglycan existences
is of chlamydiae susceptibility to inhibitors of peptidoglycan synthesis (Fig. 1.4).
These antibiotics include B-lactams, cycloserine, and bacitracin, each of which

inhibits a different stage of murein production (51, 52, 63, 66, 101). While these
inhibitors would eventually result in lysis of most bacteria, this is not the case with

the chlamydiae. Instead, treatment of Chlamydia-infected cells with these agents
prevents cell division and leads to the formation of large, aberrant RB that cannot

differentiate to EB. Cycloserine, alaphosphin, and phosphomycin inhibit the
synthesis or insertion of D-alanyl-D-alanine into the muropentapeptide (51).
Although chiamydial growth is inhibited by cycloserine, the latter two do not have

an effect on chlamydial development. Blocking the binding of the disaccharide to
the lipid carrier with bacitracin is also effective against RB development. The B-

Stage II Membrane

Stage I - Cytoplasm

Stage HI - Cell Wall

ITranccosylatlon

E

U

N-acetylglucosamine-I .P

U DPI
LI DP-N-acetvlglucosamlne

/

--

UDP

Phosphornycin

\

/

4,

UDP-N-acetylmuramic acid

\

!

B-lactams
Vancomycin
Transpeptldatton

D-Ati

UMP

I1P /
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D-glu *
meso-A2pm .+
D-ala-D-ala i

AtaphosphInr
Cvcloseilne

UDP

LI DP-N-acctylmuramylpentapeptide

Figure 1.4. Inhibitors of peptidoglycan synthesis. Highlighted text represent the antibiotic responsible for inhibiting
the corresponding step of peptidoglycan synthesis.

24

lactams, which block the transpeptidation reaction by binding and preventing the

action of the PBP, are the most sensitive to chiamydial development. Alternatively,
vancomycin, which inhibits transpeptidation by binding to the D-alanyl-D-alanine

residue, was not effective at inhibiting growth. Differences in antibiotic
susceptibility between the chlamydiae and other bacteria may be attributed to a

variety of factors: perhaps the antibiotic target site is altered in Chiamydia spp.;
maybe intracellular environmental factors inactivate the molecules; or possibly the
size of the molecule may restrict entry through the host, inclusion, or chiamydial

membrane. The Imique susceptibility of chlamydiae to cell wall synthesis
inhibitors suggests that they may have an alternate murein form involved in
chiamydial growth.

In most organisms, peptidoglycan surrounds the bacterium to provide

stability and participates in the process of septation. There is considerable evidence
that chiamydial EB do not require peptidoglycan for structural stability due to

disulfide-linked cysteine rich proteins and the RB remain fragile (43). However,
the second function, participation in cell division, remains a possible role within
chlamydiae. Perhaps small, non-polymerized pieces of peptidoglycan assemble and

function strictly during septum formation. This model would be consistent with the
inhibition of cell division when Chlamydia-infected cells are cultured with
inhibitors of peptidoglycan synthesis.
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1.8. BACTERIAL DIVISION
Chiamydia,

like most other prokaryotes, divide by the process of binary

fission, involving several orchestrated events that eventually lead to the

development of two daughter cells. Investigation into bacterial division was
pioneered in 1968 by Hirota et al. (48), who isolated several temperature-sensitive
mutants of E. coli, termed Fts (filamentous-temperature sensitive), that were
incapable of septation at an elevated temperature. More recent studies placed Fts
proteins into two categories: those that localize to the septum, participating in
formation of the cytokinetic ring (Fts Z, A, I, K, Q, N, W, and K) and those which

are indirectly involved in septation (Fts H, Y, E, J, and X) (13). While different
species of bacteria vary slightly in their division machinery, most appear to require
FtsZ, which acts at the earliest-examined stage of septation (12, 23, 102).
Simultaneous to replication termination and increased peptidoglycan synthesis at
the septum, FtsZ polymerizes into filaments and two-dimensional sheets at the

midcell in a GTP-dependent maimer (29, 67, 96). Within 1-5 minutes after
division, a new FtsZ ring forms at the midcell of E. coli, just inside the inner

membrane (reviewed in 96). Fts-Z recruits other proteins to the invaginating
septum and approximately fifteen minutes after FtsZ accumulation, the Z-ring
contracts and the cells separate into the daughter progeny (Fig 1.5, stages A-C).

FtsZ is said to be the prokaryotic version of tubulin. These two proteins show
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Key:

FtsZ

Eaiiy Fts Proteins 0
Late Fts Proteins

Order of septal ring
Localization
FtsZ
4,

FtsA, ZipA
4,

I,-

FtsK
4,

FtsQ
4,

FtsL
4,

FtsW
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.
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.
I

0
I

1.0

I

FtsI
4,

FtsN

Figure 1.5. A model for the distribution of Fts proteins during division.
The first essential protein to localize to the septum is FtsZ, followed by
other early Fts proteins (A). The septum begins to invaginate and
additional Fts proteins localize to the septum (B). Eventually the septum
contracts and forms two daughter cells (C) and FtsZ (and possibly other
Fts proteins) localize to the cytosol. The predicted order for Fts
localization to the septal ring is displayed at the right.
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significant stretches of sequence similarity (67), have notable structural identity
(60, 61), and are able to hydrolyze GTP (24, 77).
Assembly and structural integrity of the ring is dependent on ZipA which

directly interacts with FtsZ through its C-terminal domain. The N-terminus of
ZipA contains a membrane-spanning domain which may provide the role of
anchoring FtsZ filaments to the bacterial membrane. FtsA is another early-acting
protein that colocalizes to the septum in a Z-ring dependent manner. GFP-FtsA
studies suggest that FtsA is also membrane bound and is a candidate for linking

FtsZ to the membrane. ZipA and FtsA interact at different sites within the C-

terminus of FtsZ. While ZipA and FtsA are both necessary for recruitment of
several septation factors, recent evidence suggests that their role in Z-ring

stabilization may overlap as the Z-ring still forms in the presence of either one of
these proteins. Direct interactions of FtsZ with itself, GTP, ZipA, and FtsA have
been demonstrated, and additional septum-associated proteins may also directly
associate with FtsZ , based on their reliance of Z-ring for septum localization.
FtsK is another septum-associated protein dependent on the Z-ring for

localization. FtsK likely acts at a later stage of septation since E. coli mutants that
lack FtsK are highly indented at midcell and still localize FtsZ and FtsA to the

potential division site (107). The N- and C-terminus of FtsK have two distinct
functional domains separated by a proline-glutamine-rich linker (59). The
hydrophobic N-terminus contains several potential membrane spanning domains

and is responsible for septum localization (28, 110). The C-terminus has extensive
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sequence similarity to a family of proteins involved in DNA transfer and is
involved in resolution of chromosomal dimers during DNA segregation (5, 19, 93,

111). FtsW is participates much later in ring assembly as its localization is
dependent on FtsZ, FtsA, ZipA, FtsK, and FtsQ placement at the septum (21).
FtsW is a highly hydrophobic membrane protein with sequence similarity to other

membrane proteins including SpoVE of Bacillus and RodA of E. coli (54). It has
been hypothesized that FtsW functions with PBP3 to assemble peptidoglycan at the

septum. Little is known about the function of the remaining septal ring proteins.
Several studies have been performed to examine the inter-dependence of each

protein in the assembly of the multimeric septal ring complex. Chen et al.
proposed the following order for ring assembly: FtsZ, ZipA and FtsA (independent
of each other), FtsK, FtsQ, FtsL, FtsW, FtsI, and FtsN (Fig. 1.5; (21)).
A control mechanism for proper Z-ring placement is necessary to ensure that
division occurs only at midcell. The topological determination of the Z-.ring is

regulated by three proteins, MinC, D, and E, encoded from the minB operon (26).

All three proteins are required for regulating the site of division. MinC and MinD
work together to block formation of the Z-ring. MinD is an ATPase that binds to
the cytoplasmic membrane and then recruits and binds MinC (25). The presence of
MinC inhibits binding of FtsZ thereby inhibiting ring formation at midcell. MinE
regulates the placement of the MinC/D complex (26). Localization experiments
have shown MinE to form a ring of proteins (called the E-ring) around the midcell
(75). The rapid oscillation of the MinC/D complexes in areas lacking MinE

29

prevents formation of a septum at these undesirable sites (53, 76), and MinE creates

a MinC/D-free zone at the midcell to allow formation of the Z-ring (42). Cells
mutant in either MinC or MinD form minicells, small cells lacking chromosomes,

at a high frequency due to division near either end of the cell poles (26). On the
other extreme, cells lacking MinE are elongated since MinC/D binds over the entire
membrane and prevents FtsZ localization at the midcell (53, 76).

1.9. SEPTATION FACTORS OF CHLAMYDIAE
Chiamydia spp. lack homologs to FtsZ, and all other septum-associated
proteins that have been shown to directly interact with FtsZ (94). However they do
contain predicted homologs to the septum-localized proteins FtsI, FtsK, FtsW, and
the division regulator MinD (Table 1.2). At least two of the Fts proteins of E. coil,
FtsI and FtsW, are important for production of septal peptidoglycan, and both are

predicted to exist within the chlamydiae (54, 92). The NCBI Conserved Domain
Browser program (CDD) identifies a transpeptidase consensus sequence
(pFamOO9O5) within the C-terminal portion of FtsI from C. trachomatis. Twenty-

five percent of the residues within the chlamydial FtsI show identity to E. coil FtsI.
The chiamydial FtsW contains an FtsW/RodA/SpoVE conserved domain
(pfamO 1098) that spans the majority of the chiamydial sequence. Twenty-seven

percent of the residues share sequence identity (46% similarity) with the E. coli

sequence. Analysis of protein hydropathy using MacVector reveals that the
chiamydial FtsW is highly hydrophobic, which is similar to the FtsW of E. coil.
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Table 1.2. Comparison and Predicted function of the Septation factors present
within the Chiamydia trachomatis genome.

Predicted function
Z-ring stabilization
Transpeptidase at septum
Fts H
Fts K

unknown
X

36/55 *

Fts L

unknown

Fts N

unknown

Fts Q

Fts W

unknown
X

27/46 *

Fts Z

Assist PBP3 at septum
Initiation of Septation

ZipA

Z-ring stabilization

M1nC

MinD

Chromosomal partitioning

X

23/46

MinE
* Comparisons were performed with E. co/i
* * Comparisons were performed with Bacillus spp.

Regulates septum placement by blocking
FtsZ
ATPase; regulates septum placement by
blocking FtsZ
Regulates/Promotes FtsZ placement at
sentum
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The CDD Browser program identifies a 203 amino acid conserved sequence
within the C-terminal end of Chlamydial FtsK that belongs to the FtsKISpoIIIE

family (pfamol 580). The FtsK of Chiamydia shares 36% identities and 55%
similarities with the homolog present in E. coli. The majority of the alignment
occurs at the C-terminal half of the FtsK of E. coli, suggesting that the chiamydial
FtsK may also have a role in partitioning the chromosomes between resulting

daughter cells. The absence of N-terminal alignment further suggests that the
chlamydial FtsK may not be membrane bound.
Sequence identity between chlamydial and E. coli MinD is extremely low
(16%) and so the alignment was also conducted with the MinD of Bacillus spp.,

which shares 26% identity and 46% similarity with the chlamydial MinD. The
CDD browser program identifies three functional domains within the chiamydial
MinD sequence, including motifs representing a ParA family ATPase, an Iron

Sulfur Binding Protein, and an Anion-transporting ATPase. Chlamydiae lack
homologs to the remaining two septum regulators (MinC and MinE), which have a
more significant role directing FtsZ placement.

1.10. SEPTATION FACTORS IN ORGANISMS LACKING
PEPTIDOGLYCAN
Clues to how chlamydial division takes place may be obtained by

examining the septation process in other similar wall-less organisms. The absence
of detectable peptidoglycan among the eubacteria is not restricted to the
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chlamydiae. The mycoplasmas also lack a peptidoglycan sacculus, maintaining
structural integrity with a membrane consisting of protein and lipid (66). Unlike the
anomaly of Chiamydia, the lack of a peptidoglycan sacculus within the

mycoplasmas is unequivocal. Four members of the mycoplasmas, Mycoplasma

genitalium (33), Mycoplasmapneumoniae (47), Mycoplasmapulmonis (20), and
Ureaplasma urealyticum (36) have been sequenced thus far, and each lack
homologs to genes involved in peptidoglycan synthesis. This is consistent with
data demonstrating that inhibitors of peptidoglycan synthesis have no effect on

members of mycoplasmas (66). Another intriguing similarity between the
mycoplasma and chlamydial genome is the lack of several fis homologs necessary
for division in other bacteria. Unlike Chiamydia, Mycoplasma genitalium,

Mycoplasmapulmonis, and Mycoplasinapneuinoniae contain anftsZ homolog but
lack all other septum-associated genes. Chiamydia and Ureaplasma both lack an
ftsZ homolog but contain a gene analogous toftsK. Contrary to Chiamydia,
however, Ureaplasma lack anftsW, a gene likely to be non-essential for wall-less
bacteria due to its likely involvement of peptidoglycan assembly at the septum. All
four mycoplasma species, as well as the chlamydiae, contain FtsY and FtsH which

are likely involved indirectly in cell division. Additionally, the free-living
archeabacteria, Aeropyrum pernix, which thrive at ocean thermal vents, is also

missing anfisZ homolog (83). The lack of several septation factors essential for
cytokinesis in most prokaryotes suggests that mycoplasmas, chlamydiae, and some
archaea may have unique mechanisms for division.
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The Z-ring likely functions to mediate cell membrane invagination rather
than septal peptidoglycan synthesis, as FtsZ is present in most wall-less bacteria.
This suggests that FtsZ may be present in other organisms that lack a murein
sacculus and it is therefore not surprising to find that FtsZ is not restricted to the

prokaryotic realm. Homologs toftsZ are also encoded within the nuclear DNA of
eukaryotes and are used by both mitochondria and chloroplasts of some higher

organisms. Several plant and algae contain copies of ftsZ that, by phylogenetic
analysis, have been placed into two groups designated ftsZl and ftsZ2 (10, 69, 70,

95). The architecture of Z-ring formation in higher plants is more substantial,
producing up to three independent rings constructed from multiplefisZ forms

within different membranes at the chloroplast division site (69, 106). The
flowering plant Arabidopsis thaliance possesses three distinct nuclear-encodedftsZ,

one from the ftsZl family and two from the ftsZ2 family. All threeftsZ genes are
necessary for division and each contain cleavable N-terminal transit peptides that

target the proteins to the stromal compartment (64). Chloroplasts also contain
homologs to other bacterial Z-ring associated proteins, including FtsW, FtsI, MinC
and MinD (105).

Unlike the chloroplasts, the mitochondria of animal and yeast cells appear

to divide without the assistance offtsZ. The analogous component for division in
these eukaryotes is the dynamin-like protein, Dmnl, which is also a GTPase and
forms a ring-like structure on the outer surface of the mitochondria at the division

site (16). The lack of mitochondrialfisZ appears to be exclusive to the higher
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eukaryotic cell types. Two years ago, Beech et al. (11) discovered a golden-brown
alga, Mallomonas splendens, that contains a genomic copy of ftsZ which is

translocated into the mitochondria. Localization of ftsZ to the midceil or ends of
the cellular compartment was similar to that of Dmnl. This organism also encodes
a secondftsZ that is targeted to the chioroplasts. More recently, two mitochondrial
ftsZ homologs have also been discovered in another protist, Cyanidioschyzon

merolae (100). Not surprising, phylogenetic analysis places theflsZ of
mitochondria and of chioroplasts closest to theftsZ of cz-proteobacteria and
cyanobacteria, respectively, which are the likely bacterial ancestors of these

eukaryotic cellular constituents (35). Further analysis of the Fts proteins among the
prokaryotes and eukaryotes may help to elucidate evolutionary branching among
the groups.

1.11. CONCLUSIONS
Understanding chiamydial biology has been greatly delayed due to the lack

of a genetic system for manipulating chiamydial genes. Thus, advancing our
understanding of chiamydial biology and pathogenesis must come from alternate,

and often creative, methods. The disease mechanisms and the immunologic
responses following a chlamydial infection are slowly being revealed but many

more questions still remain. How do the chlamydiae divide in the absence of FtsZ?
What are the nineteen predicted peptidoglycan-associated proteins used for in an

organism that has no detectable murein structure? How do growing chlamydiae
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interact with the cytoplasm of the host cell? How do changes in environmental
conditions that lead to chiamydial persistence affect the expression and localization

of different chlamydial antigens? A better comprehension of basic cell biology is
key to providing improved means for detecting, treating, and preventing chiamydial

infections. In this thesis, I examine chiamydial development in culture conditions
that produce either typical or persistent chlamydiae. Changes in the environmental
conditions influence production and localization of several chlamydial antigens
within the pathogen and host cell, providing significant clues to the possible
function of a variety of antigens.
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2.1. ABSTRACT
The process of chiamydial cell division has not been thoroughly

investigated. The lack of detectable peptidoglycan and the absence of an FtsZ
homolog within chlamydiae suggest an unusual mechanism for the division
process. Our laboratory has identified an antigen (SEP antigen) localized to a ringlike structure at the apparent septum within dividing chlamydial reticulate bodies

(RB). Antisera directed against SEP shows a similar pattern of antigen distribution

in both C. trachomatis and C. psittaci RB. In contrast to localization in RB, SEP in
elementary bodies appears diffuse and irregular, suggesting that the distribution of

the antigen is developmental-stage-specific. Treatment of chlamydiae with
inhibitors of peptidoglycan synthesis or culture of chlamydiae in medium lacking

tryptophan leads to the formation of nondividing, aberrant RB. Staining of aberrant
RB with anti-SEP reveals a marked redistribution of the antigen. Within C.
trachomatis-infected cells, ampicillin treatment leads to high levels of SEP
accumulation at the periphery of aberrant RB. In C. psittaci, SEP localizes to
distinct punctate sites within the bacteria. Aberrancy produced via tryptophan
depletion results in a different pattern of SEP distribution. In either case, the
reversal of aberrant formation results in production of normal RB and a
redistribution of SEP to the apparent plane of bacterial division. Collectively these
studies identify a unique chiamydial genus-common and developmental-stagespecific antigen that may be associated with RB division.
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2.2. INTRODUCTION
Chlamydiae are obligate intracellular pathogens that cause significant

disease in both humans and animals. Chiamydia trachomatis is among the most
commonly reported sexually transmitted infections, with untreated cases leading to

pelvic inflammatory disease, salpingitis, and ectopic pregnancy (12). Other
serovars of Chiamydia trachomatis cause trachoma, the leading cause of

preventable blindness worldwide (28). Chiamydiapsittaci is a pathogen primarily
of veterinary concern but also provides a representative animal model for studying

chlamydial infections within humans (20). Within the host, chlamydiae exist inside
a non-acidified vacuole (the inclusion) where the bacteria sustain a unique

intracellular life cycle. Shortly after entry, the infectious elementary bodies (EB)
differentiate to reticulate bodies (RB) and undergo several rounds of multiplication

before redifferentiating back to EB. While these events have been documented
carefully at the ultrastructural level, the molecular events associated with

chlamydial division are not well understood. The recent availability of three
chiamydial genome sequences provides information about some aspects of the
division process.

Cell division in virtually all systems is facilitated by a series of Fts
(filamentation temperature sensitive) proteins that participate in septum formation.

Of these proteins, FtsZ plays a major role in septation (8). FtsZ, as well as other
Fts proteins localize to a ring-like structure at the plane of division (4,16, 22). In E.
coil, inactivation of FtsZ results in filamentous cells that lack any evidence of a

septal ring. Genes encoding FtsZ homologs have been identified in all prokaryotic
organisms thus far examined, including the mycoplasma and both gram negative

and gram positive bacteria (2, 8, 30). Curiously, the chlamydiae do not encode a
protein sharing significant identity with FtsZ (25), which suggests a unique
mechanism for the chiamydial division process.

A major paradox of chiamydial biology is the apparent absence of
peptidoglycan (PG) within the bacterial cell envelope. The chiamydial genome
contains all genes necessary to encode for proteins to carry out PG synthesis,

assembly, and degradation (25). However mass spectrometry and labeling with
anti-PG antisera failed to provide significant evidence of PG or of its structural

precursors (9, 13). Peptidoglycan has multiple structural roles within most walled
bacteria. In addition to its involvement in osmotic stability and rigidity, PG also
serves a major role in bacterial division by forming an invagination between

separating daughter cells during cytokinesis (18, 22). The absence of detectable
PG in chlamydiae is surprising in light of the remarkable stability of the EB cell

wall. EB are quite resistant to physical disruption -- moderate sonication steps are
included in EB purification protocols (6). As a substitute to PG, EB cell wall
integrity is maintained by a series of outer membrane protein linked through

disulfide bonds (11). In contrast, the fragile RB lacks the proteins involved in cell
wall stability.

Although the chlamydiae do not accumulate detectable amounts of PG,

there is metabolic evidence that PG synthesis occurs in the cell. The production of
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infectious EB is highly sensitive to inhibitors of PG synthesis, including beta-

lactam antibiotics and D-cycloserine (19, 26). Treatment of infected cells with
these agents inhibits cell division and leads to the formation of large aberrant RB

that caimot differentiate to EB. These studies indicate that chlamydial PG synthesis
may be required for chiamydial cell division and proper differentiation.
Aberrant, persistent chlamydial growth can also be mediated through amino

acid starvation (7). The most completely characterized, and likely most
physiologic example of this is in cells with reduced intracellular tryptophan (trp)

pools (3). This is a mechanism used by many host cells in response to interferon
gamma (INFy). Host cell contact with INFy activates indoleamine 2,3-dioxygenase
which degrades intracellular trp, starving intracellular pathogens of their trp supply

(27). Under these conditions, chlamydiae also develop into large, nondividing,
aberrant RB.

In this study, we characterize an antigen (SEP antigen) localized to a ring-

like structure at the plane of chlamydial division. Fluorescent antibody labeling of
SEP reveals a localization pattern unique from any other seen in chlamydiae,

resembling the distribution of FtsZ to the septum in other bacterial species (4). The
distribution of SEP is developmentally regulated, localizing to the septum only in

actively dividing RB, and not in EB or aberrant forms. These findings indicate the
likely importance of SEP in the chiamydial division process.
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2.3. MATERIALS AND METHODS
2.3.1. Cell Culture and Bacterial infection.
HeLa cells were maintained in minimal essential medium supplemented
with 10% fetal bovine serum (MEM-lO; Gibco, Grand Island NY) at 37°C in 5%

CO2. Monolayers were cultured on sterile glass coverslips to approximately 3050% confluency. Cells were washed with Hanks Balanced Salt Solution (HBSS;

Gibco) and infected with Chiamydiapsittaci strain Guinea Pig Inclusion
Conjunctivitis (GPIC) or C. trachomatis serovar L2 strain 434/Bu. All chlamydiae
were purified using density gradient centrifugation as described (6), and were

diluted in HBSS prior to inoculating cells. Inocula were incubated on cells for 1 h
at room temperature (RT) and then replaced with the appropriate culture medium.
E. coil strain BM271 1 containing pGB2inv (10) were grown in LB at 34°C and

diluted in MEM-lO lacking gentamicin prior to inoculating cells. Inocula remained
on cells for 3 h at RT and then replaced with MEM- 10 containing gentamicin for 4
h prior to methanol-fixation.

2.3.2. Production of anti-SEP antisera.

Hartley strain guinea pigs (500 g) were immunized with Ribi trivalent
adjuvant (Ribi Chemical Co., Hamilton MT) three times over the course of three

months. The adjuvant consists of a mixture of monophosphoryl lipid A (MPL),
corynebacterial trehalose dimycolate (TDM), and Mycobacterial cell wall skeleton
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(MCWS). The antigen used for injection consisted solely of the adjuvant mixed
with phosphate-buffered saline (PBS). Anaesthetized animals were injected
intramuscularly, subcutaneously, and intraperitoneally with a total of 0.5 ml

adjuvant/PBS. Twenty-one days after the final immunization sera were collected
and tested for anti-chiamydial antibody activity by fluorescence microscopy.
Control sera were collected from uninjected Hartley strain guinea pigs.

2.3.3. Immunofluorescence labeling.
Infected cells, cultured for time intervals indicated for each experiment,
were fixed in 100% methanol for 5 mm., rinsed with HBSS, and incubated in FA

block {2% bovine serum albumin (BSA) in PBS} for 20 mm. Monolayers were
then incubated for 1 h with the appropriate primary antibody diluted in FA block
and rinsed three times with PBS. The appropriate secondary antibody was added
and, after a second 1 h incubation, the cells were again washed three times with

PBS. Coverslips were rinsed with dH2O and inverted onto a drop of non-bleaching
agent (Vector Laboratories, Burlingame CA) on a microscope slide. Stained slides
were observed under a Zeiss fluorescent microscope. Photographs were taken under
a 1 OOX oil immersion objective with a Zeiss camera using Kodak CN400 film.

2.3.4. Production/reversion of aberrant RB.

Aberrant RB were produced in both C. psittaci- and C. trachomatis-infected
cells using two methods. First, infected cells were cultured in MEM- 10 containing
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lug/mi cycioheximide plus ampicillin (amp), for times indicated in the figure

legends. Cells were then fixed with methanol and prepared for microscopy. Initial
experiments used amp concentrations of 100 ug/mi, which resulted in aberrant

forms incapable of reverting to functional, replicative RB within the time limits of
the experiment. Optimal amp concentrations for production of aberrant RB capable
of fully reverting to typical developmental forms were determined by culturing C.

psittaci- and C. trachomatis-infected HeLa cells in MEM- 10 containing a range of
amp concentrations (0.0125 ug/ml to 10 ug/mi). Infected cells were cultured until
aberrant RB were clearly visible by light microscopy (approximately 24 hours post

infection (hpi)). The medium was then removed and the cells were washed twice
before adding MEM-10 without amp. Optimal amp concentrations that led to the
development of aberrant RB followed by complete reversion after removal of amp

were 0.2 ug/ml and 10 ug/mi for C. trachomatis and C. psittaci, respectively.

Aberrant forms were also produced via tip starvation. Tip-deficient
minimal essential medium was produced using a Selectamine kit (Gibco) and

supplemented with FBS. The appropriate concentration of FBS was determined by
culturing C. psittaci-infected HeLa cells in tip deficient MEM containing a range of
FBS concentrations for 48 hours. Aberrancy was evaluated by fluorescence
microscopy. Optimal aberrant growth occurred in tip-deficient MEM containing

1% FBS (trpMEM-l). To assure these forms developed from the lack of trp and
not from inappropriately low FBS concentrations, trpMEM-1 was supplemented
with tip (lOug/ml) resulting in typical RB development (data not shown).
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Cycloheximide was not used in the trp starvation experiments. Infected cells were

cultured in trpMEM-1 for 46 hpi prior to methanol-fixation. Recovery of typical
developmental forms from trp- starved cells was accomplished by removing the
trp-MEM-1 and incubating the cells in MEM-lO.

2.3.5. Electrophoresis and Immunoblotting.

C. trachomatis-infected UcLa cell lysates were solubilized in
polyacrylamide gel electrophoresis sample buffer prior to electrophoresis through a

12% polyacrylamide gel (21). Proteins were transferred to nitrocellulose and
immunoblots were probed with guinea pig anti-SEP antibodies or mouse antiHSP6O hybridoma A57B9 (33). 35S-Staphylococcal protein A (124 nCi/ml;

Amersham) or chicken-anti-mouse peroxidase conjugate (Pierce, Rockford IL)
were used as secondary reagents for the guinea pig or mouse antibodies,

respectively. Signals were visualized by autoradiography or chemiluminescence.

2.3.6. Adsorption of antisera.

To determine if anti-SEP antibodies were directed at MCWS an adsorption

experiment was undertaken. Purified MCWS (a generous gift from Terry Ulirich
of Ribi Immunochemical, Hamilton MT) was suspended in 2% BSA-PBS to 5
mg/mi and incubated with a mixture of anti-HSP6O and anti-SEP antibodies for one

hour at RT. The anti-HSP6O was included as a control to eliminate the possibility
that the very hydrophobic MCWS was nonspecifically binding antibodies in the
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adsorption. The concentration of anti-HSP6O used in this experiment was
qualitatively determined by serially diluting the antibody until a reduction in signal
was observed in fluorescence microscopy. The lowest concentration of anti-HSP6O
giving a fully positive fluorescent image was used for control adsorptions.
Following incubation with antibody, the MCWS suspension was removed from the

mixture by centrifugation (12,000 RPM for 5 mm.). The supematant was removed
and used in fluorescence microscopy of C. psittaci-infected HeLa cells methanolfixed 18 hpi.

2.4. RESULTS
2.4.1. Identification of SEP.

Antisera produced in guinea pigs after injection with Ribi trivalent adjuvant,
along with monoclonal antibodies directed against chlamydial lipopolysaccharide
(LPS) or heat-shock protein (HSP6O), were used as probes for fluorescent

microscopic analysis of methanol-fixed, Chiamydia-infected HeLa cells. Antisera

raised against adjuvant alone reacted with antigens localizing to the plane of
bacterial division in C. psittaci (Fig. 2.1B and D), C. trachomatis (Fig. 2.1F) and C.
pneumoniae

(not shown) RB. The antigen was distributed as bars or ring structures

within or between developing RB, reminiscent of FtsZ rings observed in other

species of bacteria (4). This staining pattern is distinct from classical labeling of
chiamydial antigens that localize to the cytoplasm, as seen with anti-HSP6O
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(Fig. 2.1A) or the chiamydial periphery, as seen with anti-LPS (Fig. 2.1C). In
addition, the distribution of SEP is distinct in RB and EB. As transition from RB to
EB occurs, SEP becomes diffuse and irregular (Fig. 2.1E). These findings suggest
that SEP is a developmentally distinct structure that is distributed uniquely in the

2.4.2. SEP redistribution in aberrant RB.
Treatment of Chlamydia-infected cells with f3-lactam antibiotics inhibits

chlamydial division resulting in enlarged, or aberrant, RB (19, 26). To observe the
distribution of SEP under conditions when chiamydial division is inhibited,
infected cells were cultured in MEM- 10 containing 100 ug/mi amp. In these cells,
SEP was distributed away from the apparent plane of division to distinct sites along

the periphery of the RB. The progression of this shift can be observed in
micrographs of C. psittaci-infected cells fixed at different times post-addition of
amp. Four hours after amp addition, the chlamydiae began to enlarge but SEP
remained closely associated with the central plane of the RB (Fig. 2.2D). At later
time points SEP distribution was modified as the nondividing RB continued to

enlarge (Fig. 2.2E). Labeling of SEP remained strong but the antigen was no
longer found at the center of RB. Twenty-four hours post amp exposure, SEP
appeared exclusively as distinct spots along the margins of the aberrant RB (Fig.
2.2F). C. psittaci-infected HeLa cells treated with D-cycloserine, an inhibitor of the
transglycosylation event of PG synthesis (23), produced a similar result (data not
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shown). A distinctly different distribution of SEP was observed following treatment

of C. trachomatis-infected cells with amp. SEP was similarly distributed at the
periphery of these aberrant forms but the antigen accumulated to markedly higher
concentrations (Fig. 2.3 C). Chiamydia pneumoniae also accumulated high

concentrations of SEP within the aberrant RB (Fig. 2.3E). This difference in SEP
accumulation in amp-treated C. trachomatis- or C. psittaci- infected cells was
observed regardless of the amp concentration used.
At low amp concentrations, removal of the drug from infected cells restores

the chiamydial division process, resulting in typical RB growth (19). C. psittaciinfected HeLa cells were cultured in the presence of 10 ug/mi of amp for 24 hours
prior to culture in MEM-lO lacking antibiotics. Within eight hours after removing
amp, chlamydial division began to occur, although many aberrant forms remained

in the culture. As RB reverted from aberrancy, SEP localized back to the plane of
RB division (Fig. 2.4B). These observations were consistent in cells infected with
either C. psittaci (Fig. 2.4) or C. trachomatis (not shown), although the amp
concentration to facilitate reversion for C. trachomatis was lower (0.2ug/ml).
Collectively, these observations suggest SEP distribution is intimately associated
with the process of chiamydial division.
The distribution of SEP was also examirEed in both C. psittaci- and C.

trachomatis-infected cells cultured in trp-deficient medium. In C. psittaci, SEP
redistributed to the periphery of aberrant RB similarly to that seen in amp-treated

cells (Fig. 2.5B). In contrast, culture of C. trachomatis in cells starved for trp

B

F

Figure 23. Redistribution of SEP in Chlainydia-inlected cells
cultured in the presence of ampicillin. Chiamydia psittaci (A), C.
trachomatis (C), and C. pneumoniae (E)-inIected cells were
cultured in MEM-lO containing bug/mi ampicillin for 48-72 hpi
prior to methanol fixation. Cells were labeled with antibodies
against SEP (green) and HSP6O (red). Nucleic acids were
visualized using DAPI (blue). B, D, and F represent the
corresponding DIC images.
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resulted in a distinctly different pattern. SEP was virtually undetectable in C.
trachomatis-infected cells cultured in trp- deficient medium (data not shown).

2.4.3. Characterization of the antigen recognized by anti-SEP.
Immunoblots were performed using anti-SEP antisera to potentially identify

a protein that was a target of anti-SEP. Immunoblots were performed on C.
trachomatis-infected HeLa cell lysates collected during optimal SEP accumulation:
18 hpi when RB are actively dividing, and 40 h post amp addition when, by

immunofluorescence microscopy, SEP is apparently very abundant. The
chiamydial HSP-60 protein was detected in these lysates using monoclonal antiHSP6O as probe (Fig. 2.6 panel B). In contrast, no proteins were identified in these
lysates when parallel immunoblots were probed with anti-SEP (Fig. 2.6, panel A).
These results were consistent through different production lots of anti-SEP antisera
and suggest that SEP may not be a protein.
The Ribi adjuvant used to produce anti-SEP antisera is composed of three
components:

Salmonella

typhimurium nionophosphoryl Lipid A (MPL), synthetic

Corynebacterium trehalose

dimycolate (TDM), and Mycobacterial cell wall

skeleton (MCWS). A commercial adjuvant is also available that contains only MPL

and TDM. In preliminary experiments this adjuvant lacking MCWS was used to
immunize guinea pigs and the resulting antisera used as probe of C. psittaci-

infected HeLa cells. Sera from each of three different guinea pigs were negative
for anti-SEP labeling (data not shown). Additionally, purified MCWS was used as
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an immunoadsorbant to remove anti-MCWS antibodies from preparations of anti-

SEP. The resulting adsorbed antisera were used to probe C. psittaci infected HeLa
cells. Fluorescence microscopy showed a marked decrease in the intensity of SEP
staining when antibodies have been absorbed with MCWS (Fig. 2.7A), as

compared to control antisera mock absorbed with BSA (Fig. 2.7B). To address the
possibility that the MCWS was nonspecifically adsorbing the anti-SEP antibodies
from the guinea pig antisera, mouse monoclonal anti-HSP6O were included with

the anti-SEP in these adsorptions. There was no evidence that the MCWS absorbed
any of the anti-HSP6O antibodies in these assays (data not shown). Affinity of antiSEP antibodies to MCWS suggests this antigen may be the immunogen stimulating
anti-SEP antibody response.
A final experiment addressing the possible target of the anti-SEP antibodies
involved fluorescent microscopy of methanol-fixed, E. coli-infected cells probed
with the anti-SEP antisera. E. coli strain BM271 1 containing pGB2inv encodes the

Yersinia InvA protein which facilitates its uptake into HeLa cells (10). The entire
periphery of these bacteria was labeled with the anti-SEP antibodies (data not
shown).

2.5. DISCUSSION
This work describes a unique chlamydial antigenic structure, termed SEP,

which localizes to an apparent septum in dividing chlamydiae. SEP is
developmental-stage-dependent, localizing to a ring-like structure at the plane of

67

RB division. SEP localization becomes punctate and irregular after differentiation

to EB. This antigen is present in both C. trachomatis and C. psittaci, suggesting
the structure is conserved within the genus. SEP is redistributed to distinct sites
along the bacterial periphery following treatment of Chlamydia-infected cells with

amp or following incubation of infected cells in medium lacking trp. Removal of
these stressors leads to reversion of aberrant forms to typical RB, and results in

redistribution of SEP back to the plane of bacterial division. Collectively these
results suggest a role for SEP in the chlamydial division process.

Recently much has been established surrounding the molecular biology of
bacterial cell division. At least nine proteins which localize to the septal ring (a
ring of proteins at the site of cytokinesis) are required for bacterial division in E.
coli, including FtsZ, ZipA, FtsW, FtsA, FtsL, FtsN, FtsQ, FtsK, and FtsI (PBP3) (5,
16, 22). Other Fts proteins, FtsH, FtsJ, FtsY, FtsX, and FtsE may play an indirect

role in septation. Essential to activating the septal protein assembly pathway is

FtsZ ring formation at the division site. Paradoxically, chlamydiae lack anftsZ
homolog but do encode predicted proteins likely homologous to proteins involved

in septation including FtsK, FtsW, FtsY, FtsH, and FtsI (25). Of these proteins,
FtsI, FtsW, and FtsK show a similar immunofluorescence staining pattern in E. coli

to that seen with SEP localization to the ring in chlamydiae (i 17, 29, 31, 32).
However, immunoblot analyses with anti-SEP antisera did not identify candidate
proteins that might be the target antigen.

11*

Cell wall inhibitors block PG assembly through several mechanisms (23).
In some cases this leads to accumulation of PG precursors within the bacterial cell.
E. co/i cells treated with moenomycin, which inhibits the transglycosylation

reaction, promotes accumulation of several PG intermediates prior to cell lysis. In
contrast, treatment with penicillin G, which inhibits the transpeptidation reaction,
results in unchanged or decreased concentrations of various intermediates (15). In
the current study, aberrant forms produced by amp treatment blocked SEP
localization to the septum and led to its accumulation to the periphery of the RB in

C. psittaci and C. trachomatis, the latter showing a marked increase in SEP antigen
concentration. Culture of infected cells in trp-depleted medium also led to

redistribution of SEP. This treatment is another means for the production of
aberrant, nondividing chlamydial RB (3). While treatment with amp and culture in
trp-deficient medium both led to SEP redistribution, there were differences in the

observed phenotype in the different chlamydial species. Within C. psittaci strain
GPIC, SEP distribution was very similar following the amp treatment and trp

starvation. However, within C. trachomatis L2, SEP was very abundant following
aberrancy produced by amp treatment, but virtually undetectable following trp
starvation. The observed differences in SEP accumulation in these two species is

perplexing. Because amp treatment has no affect on chlamydial protein synthesis,
the production and apparent accumulation of enzymes and possibly PG precursors

may occur. This effect is markedly more evident in C. trachomatis than C. psittaci.
In contrast, depleting available intracellular trp affects production of many proteins;

15 of thel8 PG biosynthesis proteins contain trp. This may result in only small
amounts of critical enzymes accumulating within treated chlamydiae. The
difference of SEP accumulation observed between trp-starved C. psittaci and C.

trachomatis may reflect differences in their need for trp in synthesis of various PG
precursors.

Of the fewfis genes present in the chlamydial genome, homologs to two,
fisl and fisW, are involved in PG biosynthesis at the septal plane in E. coli (14, 24).
These findings, along with the fact that the chiamydial genome contains all genes
necessary for PG synthesis are contradictory to other studies which conclude an
absence of PG within the chlamydial cell.

In most walled bacteria PG serves two purposes. It forms a structural
sacculus providing osmotic stability to the organism and it forms a scaffold for

initiation of the septation process (18, 22). There is considerable evidence that the
chlamydiae probably do not require PG for structural stability within the cell
envelope, as this function is provided by disulfide-linked outer membrane proteins.

However, the second function remains a possible role for chiamydial PG. We
hypothesize that small amounts of PG may function during septum formation

within dividing RB. Our studies identify and antigen that may either be this PG or
may colocalize with this theoretical structure during growth. The ability of MCWS

to adsorb anti-SEP activity and the affinity of anti-SEP for theE coli cell wall
suggests that anti-SEP may be binding directly to an antigen in common between
MCWS and the E. coli cell wall

one such candidate antigen is PG. Further
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experiments are in progress to more clearly identify the target of anti-SEP and to
examine the function of SEP in chiamydial growth.
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within Chiamydia trachomatis
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3.1. ABSTRACT
The chiamydial genome encodes several homologs to proteins involved in

peptidoglycan biosynthesis in other organisms. As the chlamydiae do not have
detectable peptidoglycan in their cell wall, the function of these predicted proteins
remains unknown. Previously, we identified an antigen (SEP) that localizes to the

septum in actively dividing reticulate bodies (RB). Since cell division in other
bacterial species involves peptidoglycan assembly at the septum, we wanted to
investigate the localization and expression of candidate peptidoglycan synthesis

proteins that may potentially interact with SEP. Fluorescent microscopic analysis
demonstrated that antisera directed against penicillin-binding protein 3 (PBP3), and
two peptidoglycan hydrolases, AmiA and PapQ, were each localized to actively

dividing RB but not to elementary bodies (EB) in C. trachomatis-infected HeLa
cells. linmunoelectron microscopy of RB harvested 18 hours post infection (hpi)
revealed that each protein was found throughout the RB cytoplasm whereas SEP

localized strictly to the cell envelope. A single PapQ product was detected in
lysates of Chlamydia-infected cells and purified RB harvested 8-22 hpi, while an

additional lower molecular weight product, PapQ, was found in lysates of late
Chlamydia-infected cells and purified EB. Culturing Chlamydia-infected cells in
the presence of ampicillin, which inhibits RB division and RB-EB transition,

blocked the accumulation of the lower molecular weight PapQ product. PapQ also
did not accumulate when tetracycline was added to Chlamydia-infected cells at 17
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hpi. These results suggest that PapQ may be processed during or just preceding the
RB-EB transition by a chiamydial enzyme produced late in development.

3.2. INTRODUCTION
The chlamydiae are obligate intracellular organisms that cause a variety of
diseases in humans and animals. The inability to manipulate the chlamydial
genome has impeded our understanding of many general processes of chlamydial

cell biology. One area of chlamydial biology that remains uninvestigated centers
around the process of RB division. Septation in most bacteria involves a highly
orchestrated set of Fts proteins that localize to the septum of dividing cells.
Genome sequencing of five chlamydial genomes has revealed that the chlamydiae
lack most of the Fts proteins, including FtsZ, the major protein involved in Z-ring

formation (9, 13, 15, 16). Peptidoglycan is another important factor involved in the
division process and genome analysis predicts that the chlamydiae encode the

genes necessary for virtually all stages of peptidoglycan synthesis. The presence of
these genes is somewhat perplexing since the chlamydiae lack detectable amounts

of peptidoglycan. The discovery of the chlamydial SEP antigen, which localizes to
the apparent midcell of chiamydial RB and has properties to suggest a

peptidoglycan-like structure, is the first step towards unraveling the mysteries of
the division process (2).

In addition to genes involved in peptidoglycan synthesis and assembly, the
chlamydiae also encode three predicted cell wall hydrolases, proteins involved in
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cleavage of the peptidoglycan structure. Cell wall hydrolases are necessary to
accommodate the highly dynamic transitions of the peptidoglycan sacculus during
cell wall expansion, cell separation, cell differentiation, and possibly cell motility

and competence (reviewed in 6, 16). At least fourteen different hydrolases have
been identified in E. coil that cleave at several specific covalent bonds within the

murein sacculus. The papQ gene of Chiamydia has homology to a hydrolase gene

lytE (previously known aspapQ and cwlF of Bacillus subtilis. LytE is likely
involved in hydrolyzing peptidoglycan at the septum during division, since mutants
lacking LytE produce elongated cells (7, 10, 12).
In this study, we characterized the localization of three peptidoglycan-

associated proteins, PapQ, AmiA, and PBP3. We also examine the accumulation
of PapQ during chlamydial development. PapQ contains a highly conserved LysM

(Lyin Motif) domain that is commonly found in cell wall lytic enzymes and is
likely involved in binding to peptidoglycan (1, 8). papQ is expressed early during
development and the protein is found throughout the cytosol of RB. Later during
development, and around the time of the RB-EB transition, a smaller PapQ product
accumulates.
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3.3. MATERIALS AND METHODS

3.3.1. Cell culture and chiamydial infection.

HeLa 229 cells (CCL 2.1; American Type Culture Collection, Rockville,
Md.) were maintained in Minimal Essential Medium supplemented with 10% fetal
bovine serum (MEM-lO; Gibco, Grand Island N.Y.) and grown at 37° C in 5%
CO2. Chiamydia trachomauis serovar L2 434/Bu elementary bodies were purified

using a 30% Hypaque density gradient as previously described. Cells were washed
with Hank's Balanced Salt Solution (HBSS; Gibco) prior to inoculation with EB
diluted in 0.25M sucrose, 10mM sodium phosphate, 5mM L-glutamic acid (SPG).
HeLa cells were inoculated with EB at a multiplicity of infection of 0.5 for

immunofluorescence studies and 3 for electrophoresis studies. Inocula were
incubated on cells for 1 h at room temperature (RT), removed, and replaced with
MEM- 10 containing 1 ug/mI cycloheximide with or without 10 ug/mi ampicillin or
1 ug/mi tetracycline.

3.3.2. Protein Expression and Antibody Production.

The pETl6b vector system (Novagen; Madison, WI) was used to fuse six
histidine residues tothe N-terminus of PapQ, following the protocol provided.

papQ was amplified from genomic L2 DNA and ligated into pETl6b. Constructs
were transformed into competent E. coli TG1 cells. Plasmids from positive clones
were purified and transformed into competent E. coli BL2lpLysS cells (Novagen).
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Following over expression, PapQ was collected using Ni-NTA Agarose from

Quiagen (Valencia, CA), following the protocol provided. The presence of HisPapQ was evaluated by SDS-PAGE and inmiunoblot analysis using anti-His

antibodies. New Zealand White rabbits were challenged intradermally and
intramuscularly with Imject Alum (Sigma; St. Louis, MO) and 1 mg of His-PapQ

fusion protein at a ratio of 1:1 (vol/vol). Twenty-three days after the second
injection, sera were collected and analyzed for anti-chiamydial activity by
immunofluorescence microscopy.

3.3.3. Immunofluorescence Microscopy.
At 18 h and 40 h post infection, monolayers were fixed in 100% methanol

for 5 minutes and stored in phosphate-buffered saline (PBS) at 4° C. Antisera to
SEP were produced as described previously (2). Peptide antibodies against PBP3
and AmiA were obtained from Genemed Synthesis, Inc. (San Francisco, CA).
Monolayers were incubated with primary antisera diluted in BSA-PBS for 1 h at
RT and then rinsed three times with PBS. Anti-rabbit secondary antibodies (Pierce;
Rockford, IL) were added and, after a 1 h incubation in the dark, the cells were

again washed three times in PBS. Coverslips were inverted onto 5 p1 of
Vectashield (Vectors Laboratories; Burlingame, CA) containing 4', 6-diamino-2phenylindole (DAPI; Sigma). Labeled monolayers were examined at 1000X
magnification using a Leica fluorescence microscope. Images were captured using

a SPOT digital camera system and software (Diagnostic Instruments, Sterling
Heights, MI).

3.3.4. Transmission electron microscopy.
Chiamydia trachomatis-infected

cells were fixed with 4%

paraformaldehyde in 100mM phosphate buffer, pH 7.2 for lhr at 4°C. The cells
were washed with several changes of cold 3.5% sucrose in 1 OOmIVI phosphate

buffer and suspended in 50mM ammonium chloride in sucrose-phosphate buffer to
quench free aldehydes. Cells were rinsed extensively in dH2O prior to en bloc
staining with 2% aqueous uranyl acetate (Ted Pella Inc., Redding, CA) for 1 hr at
4°C. Following several rinses in cold dH2O, samples were embedded in 2%

agarose. Samples were then dehydrated in acetone and infiltrated with LR Gold
(Ted Pella Inc., Redding, CA) as follows: 50% acetone for 30 mm at 4°C, 70%
acetone for 30 mm at -20°C, 90% acetone for 30 mm at -20°C, 1:1 acetone:LR Gold

for 60 mm at -20°C, 3:7 acetone:LR Gold for 60 mm at 20°C, two changes and
overnight in 100% LR Gold at -2 0°C, and two changes and overnight in 100% LR

Gold plus 0.1% initiator (benzoin methyl ether) at -20°C. Samples were then
embedded in fresh LR Gold plus initiator and UV polymerized for 48 hr at -20°C.
Sections of 95 nm were cut with a RMC MT7 ultramicrotome and immunolabeled
with the indicated antibody followed by the appropriate colloidal gold-conjugated
secondary antibody. All labeling experiments were processed in parallel with

controls, omitting the primary antibody. These controls were consistently negative
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at the concentration of gold-conjugated secondary antibodies used in these studies.
Sections were stained with osmium tetroxide and lead citrate, and viewed on a
JEOL 1200 EX transmission electron microscope (JEOL USA, Inc. ,Peabody, MA).

Alternatively, samples were processed for cryo immunoelectron

microscopy. Infected cells were fixed in 4% paraformaldehyde in 100mM
PIPES/0.5mM MgC12, pH 7 for 1 h at 4°C. Samples were then embedded in 10%
gelatin and infiltrated overnight with 2.3M sucrose/20% polyvinyl pyrrolidone in
PIPES/MgC12

at 4°C. Samples were trimmed, frozen in liquid nitrogen, and

sectioned with a RMC MT7/CR2I cryo-ultramicrotome. Following
immunolabeling, sections were stained with 0.3% uranyl acetate/2% polyvinyl
alcohol and allowed to air dry.

3.3.5. RT-PCR Analysis
Monolayers of HeLa cells at 100% confluency were infected with C.

trachomatis, serovar L2 at MOl of 10 for 2- and 6- hour infections and MOl of 5
for the 12-, 24-, and 32- hour infections. Total RNA was extracted from T-25
flasks at different time points using TriZol reagent (Sigma) according to

manufacturer's directions. All samples were treated with RQI DNAse from
Promega (Madison, WI). Following purification and removal of DNA
contaminants, standard UV spectrophotometry was used to quantify the transcripts.
RT-PCR reactions were performed using Access RT-PCR kit (Promega), according

to manufacturer's directions. Total RNA concentration used for each reaction was
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1.0 ug. The reverse transcription reaction was carried out at 48° C for 45 minutes
and the products were then amplified by PCR. To control for DNA contamination,
a reaction without RT accompanied each RT-PCR reaction. Positive PCR controls,
using chromosomal DNA template of C. trachomatis L2, were performed for each
gene! primer pair analyzed.

Primer pair sequences used for these assays include:

papQl (forward) 5' GCGCGGATCCAAGTTCGTCTGTTTACGG 3',
papQ2 (reverse) 5'; GGCGCTCGAGTTTCTTCGGAAGGC 3',
euo:

euo

(forward) 5'; GAGAATGCTGTTCCTGTTACTT 3',

(reverse) 5' AGCCTCAAAACCCCTCTCTCTCAT 3',

omcB: (forward) 5' GTGACTAGTGTGGCGAGTTTATTT 3',
omcB (reverse) 5' CCAGGTTGCATATCTCCAAGAGT 3'.

3.3.6. Electrophoresis and Immunoblotting.
Chiamydia

trachomatis-infected HeLa cell lysates were solubilized in

polyacrylamide gel electrophoresis sample buffer prior to electrophoresis through a

15% polyacrylamide gel. Proteins were transferred to nitrocellulose membranes,
and probed with rabbit anti-PapQ antibodies followed by chicken anti-rabbit

horseradish peroxidase conjugated antibodies. Signals were visualized by
chemiluminescence. For 2D electrophoresis studies, purified Chiamydia

trachomatis RB and EB were used. At the times indicated, infected cells were
trypsonized, collected, and lysed using a dounce homogenizer. Cell debris was
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pelleted at 1,000 RPM. Supernatant was pooled over a 30% Hypaque gradient
(volume/volume in SPG) and developmental forms were pelleted by centrifugation

at 38,700 x g for 30 mm. Developmental forms were solubilized in rehydration
buffer (9M Urea, 2% CHAPS, 50mM DTT and 0.2% Bio-Lyte) prior to isoelectric

focusing onto an IPG gel strip (pH 3-10) for 35,000 volt-hours at 8,000 volts. Gel
strips were then incubated for 10 mm in equilibrium buffer (6M Urea, 0.375 M
TRIS pH 8.8, 2% SDS, 20% glycerol) containing 2% (w/v) DTT and then for an
additional 10 minutes in equilibrium buffer containing 2.5% (w/v) iodoacetamide.
Strips were placed in a 15% polyacrylamide gel and over-laid with 1% low-melting
agarose, prior to second dimension focusing.

3.4. RESULTS

3.4.1. Microscopic analysis of PapQ, AmiA, and PBP3 localization.
Immunofluorescence and transmission electron microscopy were used to
compare the localization patterns of PapQ, AmiA, and PBP3 to the localization

patterns of SEP in C. trachomatis developmental forms. Fluorescent microscopic
analysis of C. trachomatis-infected cells fixed with methanol 18 hpi revealed that
PapQ, AmiA, and PBP3 localized to the cytosol of actively dividing RB (Fig 3.1),
which was quite different than the documented pattern of SEP staining found

strictly at the septum of dividing RB. However, similar to the staining patterns of
SEP, late developing chlamydiae, methanol-fixed 40 hpi, showed diffuse staining

Figure 3.1. Examining the localization of peptidoglycan-associated proteins by immunofluorescence.
HeLa cells were infected with C. trachomatis and methanol-fixed 18 and 36 hpi. Cells were
fluorescently labeled with antibodies against antigens designated in each panel. DAPI was used to
visualize nucleic acids.
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patterns for PapQ, AmiA, and PBP3 within EB (Fig. 3.1).

These data were

confirmed by immunoelectron microscopy. RB purified 18 hpi were immuno-gold
labeled using antibodies to PapQ, AmiA, and PBP3 (12 nm colloidal gold particles)
and SEP (1 8nm colloidal gold particles). Electron microscopic analysis showed
that PapQ, AmiA, and PBP3 were dispersed throughout the chlamydial cytosol,
unlike the distribution of SEP, which always appeared within the outer membrane

of the RB (Fig. 3.2). SEP was often found at opposite poles of what appeared to be
the septum of a dividing RB, confirming the data by Brown et a! (2). During
visible septation, PapQ, AmiA, and PBP3 were often localized near midcell of the

dividing RB (Fig. 3.2 D, E, F, respectively). Examination of purified EB by
immuno-gold labeling revealed that PapQ and SEP were rarely present within the
ch!amydiae late in the development cycle (not shown).

3.4.2. Seciuence evaluation of PapO.

Our primary interest focused on the production of PapQ. The sequence of
chlamydial PapQ was obtained from the C. trachomatis serovar D genome and
aligned with the LytE sequence from B. subtilis. Full length PapQ is predicted to
encode a protein of 200 residues with a molecular mass of 22,495 kDa and a p1 of

8.93. PapQ aligns with the N-terminal half of LytE, sharing only 20% identity and
39% similarity among the protein sequences (Fig. 3.3 A). Most of the similarity
exists within the LysM motif (Fig. 3.3 B). Within this domain, PapQ and LytE
share 49% identity and 63% similarity.
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Figure 3.2. Examining the localization of peptidoglycan-associated proteins by immuno-electron microscopy.
Purified RB were fixed, sectioned, stained, and double -labeled with antibodies to SEP ( *, 18 nm
gold particles) and PapQ, AmiA, and PBP3 (k-, 12 nm gold particles). Bar represents 50 nm.
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Figure 3.3. Sequence comparison of PapQ and LytE. Alignment of the full length (A)

and LysM domain (B) sequences of C. trachomatis PapQ and Bacillus spp. LytE was
performed using MacVector analysis software. Highlighted boxes represent areas of
sequence identity.
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3.4.3. Temporal expression ofpapQ
To better understand the role PapQ plays in chlamydial development, we
examined the presence of pap Q transcripts in RNA samples extracted from

Chiamydia-infected cells 2, 6, 12, 24, and 32 hpi. The expressions of papQ, and
the expression of previously characterized genes

euo

and omcB, were examined by

RT-PCR. As previously described, euo transcripts were detected at 2 hpi and
continued to accumulate throughout chlamydial development (Fig. 3.4).
Transcripts of the late expressed gene, omcB, did not accumulate until later in
chiamydial development, appearing faintly at 12 hpi and maximally at 24 and 32

hpi. Transcripts of pap Q accumulated as early as 6 hpi. Most transcripts were
detected at 12 and 24 hpi after which the level ofpapQ mRNA decreased. These
data suggest that papQ is a mid-cycle gene and that PapQ may be significant for
RB development.

3.4.4. Temporal production of PapO.

To further investigate the accumulation of PapQ throughout the
development cycle,

Chiamydia-

infected cell lysates collected at 8, 16, 24, and 32

hpi were evaluated by western blot analysis. PapQ production was evident as early
as 8 hpi and the protein continued to accumulate throughout chlamydial

development (Fig. 3.5). Early during RB development, PapQ migrated as a single
20 kDa protein. However, later during the development cycle, a second, smaller
PapQ product (PapQ) accumulated at approximately 16 kDa (Fig. 3.5, lane 4-6).

2h

6h

12h

24h

32h

papQ

450 bp

rr

omcB

Figure 3.4. Temporal expression ofpapQ. RtPCR analysis of total RNA from C. trachomatisinfected HeLa cells collected at the indicated time
points.

kDa

123456789

68.8

40.0

21.7
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Figure 3.5. Accumulation of PapQ examined by western analysis.
Lysates of C. trachomatis infected cell and purified EB were
probed with antibodies to PapQ or HSP6O and visualized by
chemiluminescence. Lysates are of: uninfected HeLa cells (lane
1); infected lysates at 8 hpi, 16, 24, and 32 hpi (lanes 2-6,
respectively); infected cell treated with 10 uglmi ampicilim from
1-48 hpi (lane 7); infected cells treated with I uglml tetracycline
from 17-48 hpi (lane 9); purified EB (lane 9).
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Accumulation of PapQ, was evident as early as 22 hpi and was present throughout

the remainder of the development cycle and in purified EB. PapQ was also present
in purified EB of serovars D and J (not shown).

Since PapQ appeared around the time of RB-EB conversion, we
investigated whether inhibition of this transition would affect PapQ accumulation.
Treating infected cells with 3-lactams such as ampicillin or protein synthesis
inhibitors such as tetracycline inhibits the transition of RB to EB (11, 17).
Chlamydia-infected cells were treated with 10 ug/ml of ampicillin immediately

after infection and lysates were produced at 44 hpi. Ampicillin treatment inhibited

the accumulation of PapQ (Fig. 3.5, lane 7). Infected cells were also treated with 1
ug/mi tetracycline at 17 hpi, prior to accumulation of PapQ. Forty-four hour lysates
of treated cells revealed that PapQ did not accumulate when late protein synthesis
was inhibited (Fig. 3.5, lane 8). Collectively, these data suggest that accumulation
of PapQ occurs during the RB-EB transition and late protein synthesis is required

for production of PapQ.
Proteomic analysis of PapQ suggests that deletion of the N-terminal amino
acids would render a protein with a higher isoelectric point (p1) while deletion of

the C-terminal amino acids would produce a product with a lower p1. To further
investigate differences between PapQ and PapQ, 18 h and 28 h purified RB/EB
lysates were evaluated by 2D-SDS PAGE. The larger PapQ product migrated to a

p1 of approximately 9 in both 18 h and 28 h chlamydial lysates (Fig. 3.6). PapQ,
which appeared only in the 28 h lysates, migrated to a p1 slightly higher than that of
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3.6. Examination of PapQ migration by 2-D SDS-PAGE. Reticulate bodies
were purified from Chlamydia-infected cells at 18 and 26 hpi. Proteins were
separated based on their isoelectric point and then by molecular weight.
Samples on the far left were separated only by molecular weight. Western
analysis was performed using antibodies to PapQ. Gels were visualized by
chemiluminescence. The estimated isoelectric points have been added
(red dots).
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the larger product. This suggests that the N-terminal amino acids may be absent

from PapQ.

3.5. DISCUSSION
During chiamydial development, novel sets of genes are expressed to elicit
the major changes required to undergo EB-RB differentiation, cell growth and

division, and terminal RB-EB transition. Shaw et al. (14) classified several
temporally expressed chiamydial genes into three classes dependent on the time

point at which the transcripts are initiated. Genes expressed immediately (2h) post
infection are classified as early genes; those that are expressed between 6 and 12 h
are grouped as mid-cycle genes; and genes that begin transcription between 12 and

20 h are considered as late genes. Genes likely involved in chlamydial division,
such as FtsW and FtsK, have been demonstrated to be expressed during mid-cycle

(3, 4). The expression ofpapQ also correlated with the mid-cycle gene class, as
did murG (14), another gene homologous to a peptidoglycan synthesis gene. This
would suggest that PapQ may be involved with RB growth or division. These
findings were confirmed by western analysis, demonstrating PapQ accumulation as
early as 8 hpi.

The second, smaller PapQ product, PapQ, does not accumulate until late in
the development cycle, around the time of the RB-EB transition. When this
development step was blocked with ampicillin or tetracycline, PapQ did not
accumulate, suggesting the smaller product may be involved directly, or indirectly,
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in the regulation of the RB-EB differentiation step. While ampicillin treatment
does not affect protein production, treatment of chiamydial-infected cells with

tetracycline inhibits the accumulation of any additional proteins. Inhibition of
chiamydial protein synthesis shortly after PapQ accumulation resulted in the loss of

PapQ. This suggests that late protein synthesis is required for production of this
product.

We do not yet know the exact mechanism of PapQ production. One
possible means is through proteolytic cleavage of the N-terminus of the full length

PapQ that results in a smaller protein. Another possibility is that the protein is
translated from the internal methionine residue. Both events would result in a

smaller product with a slightly higher p1 than the original PapQ. A third
possibility is that the smaller product does not originate from apapQ transcript and
may be a result of nonspecific binding of the antibody to a novel protein. In any
case, PapQ is unique from any other late produced protein characterized in the

literature thus far. While PapQ has a similar molecular weight to the histone-like
protein, Hc 1, the dynamics of accumulation are quite different (5). Hc 1

accumulates very late, around 30 hpi, and maximum accumulation occurs at
approximately 48 hpi.

While PapQ has overall little sequence similarity to LytE of B. subtilis, it
does contain the highly conserved LysM module common to many peptidoglycan

lytic enzymes (1, 8). This 44 amino acid motif is also present in several other
proteins presumably associated with the cell wall and its general function is believe
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to be in binding to peptidoglycan. The LysM module is also found in a small
number of other proteins, both prokaryotic and eukaryotic, that are not associated

with the murein sacculus. LytE is a 35kDa protein composed of 334 residues,
containing three LysM motifs within its N-terminus (7, 10). The C-terminus of the
protein, which does not align with PapQ, likely contains the catalytic domain.
Although LytE is the closest homolog to PapQ, the proteins are highly divergent
and may have different functions.
Bacillus subtilis deficient in lytE expression produce cells that are twice as
long as the wild type cells suggesting LytE functions during cytokinesis (7, 10).
We therefore wanted to compare the expression and localization profiles of PapQ to
SEP, a membrane-bound antigen likely involved in chiamydial cytokinesis.
Although the cytosolic localization of PapQ was distinct from that of SEP, the

kinetics of antigen production were very similar. Both antigens localized within
the dividing RB but showed only slight staining within the EB. While PapQ and
SEP may not have similar roles, expression profiling suggests they are important
during RB growth or division.

We continue to examine the roles of PapQ and other peptidoglycan-

associated proteins in chiamydial development. While the chiamydial genome
project characterizes PapQ as a cell wall hydrolase (16), its sequence similarity to
other known hydrolases is very low, suggesting that PapQ may have a unique role

in chlamydial growth. We are currently attempting to collect and sequence PapQ
to better understand the role PapQ has in RB-EB development.
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Chiamydial Antigens Colocalize within IncA-laden Fibers extending from the
Inclusion Membrane into the Host Cytosol
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4.1. ABSTRACT
Chiamydia are obligate intracellular pathogens that multiply within a non-

acidified vacuole termed the inclusion. IncA is a chiamydial protein that localizes
to the inclusion membrane and to long, apparently vesicular fibers (IncA-laden

fibers) extending away from the inclusion into the cytoplasm of the host cell. We
examined the colocalization of IncA-laden fibers with other chlamydial-associated
macromolecules, including lipopolysaccharide (LPS), the major outer membrane
protein (MOMP), the Class I associated protein 1 (Cap 1), the macrophage-

infectivity potentiator-like lipoprotein (Mip), and the 60 kDa heat shock protein
(HSP6O), in Chlamydia-infected HeLa cells cultured in the absence and presence of
conditions that stress the chlamydiae. In the absence of stressors, the IncA-laden
fibers of C. trachomatis and C. psittaci -infected cells contained Cap 1 and LPS,
respectively, while all other antigens examined remained associated with the
developmental forms. When C. psittaci-infected cells were stressed by culturing in

the presence of ampicillin, abundant levels of MOMP and LPS, and trace levels of
Mip, colocalized with the IncA-laden fibers. Similarly, the IncA-laden fibers of C.
trachomatis-infected cells cultured in the presence of ampicillin contained Cap 1,
LPS, and MOMP. All additional antigens examined (LPS, MOMP, Mip and
Hsp6O) were absent from the IncA-fibers when infected cells were cultured in the

absence of tryptophan. IncA-laden fibers were present in cells depleted of
microtubules, microfilaments, and intermediate filaments, suggesting that fiber

maintenance may be independent of the host cytoskeletal networks. Collectively,
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these data suggest that Chlamydia-infected cells are capable of distributing several
chiamydial antigens outside the inclusion through localization with the IncA-laden
fibers.

4.2. INTRODUCTION
Chiamydia are obligate intracellular bacteria that cause significant disease

in both human and animal populations. The developmental cycle of Chiarnydia is
unique, consisting of two distinct forms (31). Elementary bodies (EB) are small,
dense, structurally stable forms that are infectious but metabolically inert.
Reticulate bodies (RB) are large, fragile, pleomorphic forms that are non-infectious

but metabolically active. Following attachment to the host cell, EB are
endocytosed and develop inside non-acidified host vacuoles, termed inclusions.
Shortly after entry, EB initiate morphological changes resulting in differentiation to
RB. Several rounds of binary fission occur before reorganization back into EB and
exiting the cell by lysis or, possibly, exocytosis (46).
In addition to the classical developmental cycle, Chiamydia enter a

morphologically and metabolically distinct state known as persistence (7). While
in this altered state, the chlamydiae exist as enlarged, aberrant forms that remain

viable but do not develop to EB. In model systems, Chiamydia become aberrant in
response to changes in environmental conditions such as the addition of antibiotics

or cytokines (5, 27, 30, 41), or the deprivation of amino acids (4, 13). In vitro,
chlamydiae can remain in the persistent state for up to a month and still retain
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viability. Removal of the stressor results in recovery of infectious EB (8). Many
complications associated with chlamydial infections are immunologically mediated

and thought to result from persistent or repeated infections. Production of aberrant
Chiamydia may contribute to this sequalae as the bacteria may remain undetected
while serving as a continual source for antigenic stimulation.
The host contribution to the biogenesis of the chlamydial inclusion remains
relatively uncharacterized and to date only two host cell macromolecules are

known to interact with the inclusion membrane. The sphingolipid analog C6-NBDceramide colocalizes with the chiamydial inclusion membrane and, subsequently,
with the developmental forms (23, 34, 49) and the ubiquitous host cell protein 14-

3-3b binds to the inclusion membrane protein IncG (39). Chiamydia, however,
synthesize and export several proteins to the inclusion membrane, including the

Class I associated protein 1 Cap! (19), the potential Type III secretory apparatus
regulator CopN (18), and several Inc proteins (1-3, 36, 40). IncA, the best
characterized of the Inc proteins, is exposed at the cytoplasmic face of the inclusion
by approximately 12 hours post infection (hpi) where it remains until lysis of the

host cell (35). While the function of IncA is unknown, recent evidence suggests a
role in facilitating homotypic vesicle fusion (24, 44). In addition to its localization
on the inclusion membrane, IncA is also found along fibers extending away from

the inclusion and into the host cytoplasm (3, 36). The significance and composition
of the IncA-laden fibers is unknown.
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Although Chiamydia are obligate residents of the inclusion during growth
and development, there are several reports of the chiamydial LPS, MOMP, and
glycolipid antigen (GLXA) localizing to the host cytoplasm and plasma membrane

during infection. Immunofluorescence and immunoelectron microscopy
experiments by Richmond et al. (33) showed that LPS distributes to areas other
than the chlamydial outer membrane, including vesicular blebs within the
inclusion, the inclusion membrane, within the host cytoplasm, and at the host

membrane. These studies were supported by Campbell et al. (12) who also noted

antigen accumulation in neighboring, non-infected cells. Additional evidence of
LPS secretion comes from Karimi et al. (26), who demonstrated that superinfection
with the enveloped vesicular stomatis virus results in virus containing chlamydial
LPS after budding through the host membrane of Chlarnydia-infected
cells.

Through the use of post-embedding immunoelectron microscopy, Wyrick et
al. (50) localized LPS, GLXA, and MOMP to the lumen of the inclusion, inclusion
membrane, host cytoplasm, and host plasma membrane. These authors also showed
that exposure of infected cells to ampicillin increases the amount of antigen found
outside the inclusion. Wyrick et al. (51) also documented that azithromycin
exposure leads to the production of extra-inclusionary vacuoles containing LPS and

MOMP. It is unclear how these chiamydial macromolecules, generally associated
with the developmental forms, become distributed within host cells.
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In this study, we examined the nature of the IncA-laden fibers present in C.

psittaci C. trachomatis, and C. pneumoniae-infected cells cultured in MEM-1 0
(standard growth conditions), in MEM-lO containing ampicillin, or in MEM-lO
lacking tryptophan. During standard growth conditions, LPS localized within the
fibers ofC. psittaci-infected cells and Cap 1 localized within the fibers of C.

trachomatis-infected cells, but all other antigens remained associated with the
developmental forms. Stressing infected cells by culturing in the presence of
ampicillin increased the levels of LPS and Cap 1 in the IncA-laden fibers and

induced localization of MOMP and Mip within the fibers. These data suggest that
the localization of chiamydial antigens along IncA-laden fibers is a mechanism by
which antigens exit the inclusion during chlamydial development.

4.3. MATERIALS AND METHODS
4.3.1 .Chlamydial Strains and Infections

Chlamydial strains used in this study include Chiamydia trachomatis
serovar L2 434/Bu, Chiamydiapsittaci guinea pig inclusion conjunctivitis (GPIC),
and Chlamydiapneumoniae TWAR. Elementary bodies were purified using a 30%

Hypaque density gradient as previously described (11). Most infections were
carried out in HeLa 229 cells (CCL 2.1; American Type Culture Collection,

Rockville, Md.). SW-13/cl.1 vimentin positive and SW-13/cl.2 intermediate
filament-free cell lines were a gift from Dr. Robert Evans (University of Colorado,
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Denver, CO). All host cells were maintained in Minimal-Essential Medium
supplemented with 10% fetal bovine serum (MEM- 10; Gibco, Grand Island N.Y.)

and grown at 37° C in 5% CO2. Monolayers were cultured on sterile 12 mm glass

coverslips to approximately 30 to 50% confluency. Cells were washed with Hank's
Balanced Salt Solution (HBSS; Gibco) prior to inoculation with EB diluted in

0.25M sucrose, 10mM sodium phosphate, 5mM L-glutamic acid (SPG). Inocula
were incubated on cells for 1 h at room temperature (RT) (for C. trachomatis or C.

psittaci infections) or were centrifuged at 2000 RPM for 1 h at RT (for C.

pneumoniae infections). Inocula were then removed and replaced with the
appropriate media. At times post infection indicated in the figure legends, infected
monolayers were fixed in 100% methanol for 5 minutes and stored in phosphate-

buffered saline (PBS) at 4° C. Alternatively, cells were fixed in 4%
paraformaldehyde diluted in PBS for 30 mm and then permeabilized using 0.1%
Triton X-100.

4.3.2. Induction of chiamydial persistence
Persistent chlamydial infections were established by culturing infected cells
in MEM- 10 containing ampicillin or azithromycin, or in medium lacking
tryptophan. MEM- 10 containing 10 ug/mi (for C. psittaci and C. pneumoniae) or 1

ug/mi (for C. trachomatis) ampicillin was added immediately after infection.
Infected cells were cultured in the presence of ampicillin for 46-72 hpi prior to

methanol fixation. MEM-lO containing 1.6 ng/ml azithromycin was added toC.
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trachomatis-infected cells 20 hpi and methanol fixed at 48 hpi. Tryptophandeficient medium was produced using a Selectamine kit (Gibco) by omitting
tryptophan and supplementing with 5% dialyzed FBS. Infected cells were cultured
in medium lacking tryptophan for 72 hpi prior to methanol fixation.

4.3.3. Cytoskeletal disruption
To examine the requirement of the host cell cyto skeleton network for IncA-

fiber localization, microtubules were disrupted using nocodazole (Sigma; St. Louis,
MO) or colchicine (Sigma). HeLa cells were infected with Chiamydia as described

above. After removal of inocula, infected cells were cultured in the presence of
MEM-lO with or without 10 tg/ml ampicillin for 26 hpi. Cells were then cultured
in 33 tM nocodazole for an additional 3h prior to methanol fixation. Additionally,
infected cells were incubated in MEM- 10 for 3 hpi and then in MEM- 10 containing

10 jtM colchicine for an additional 3 h. Cultures were washed three times with
HBSS and incubated in MEM-lO containing 1 tg/ml cycloheximide, with or
without 10 g/ml ampicillin, for an additional 26 h prior to methanol fixation.

Microfilaments were disrupted using cytochalasin D (Sigma). Infected cells were
cultured in the presence of MEM- 10 with or without 10 jig/mI ampicillin for 26 hpi

and then in 4 tM cytochalasin D for an additional 3 h prior to fixation using 4%
paraformaldehyde. Microtubule and microfilament disruption was assessed by
immunofluorescence using antibodies to aipha-tubulin (Sigma) or tetra-methyl
rhodamine isothiocyanate (TRITC)-labeled phalloidin (Sigma).
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4.3.4. Antibodies and Immunofluorescence Labeling
Several monoclonal and polyclonal antibodies specific for Chiamydia were

used in this study (Table 4.1). Methanol or paraformaldehyde -fixed cells were
incubated in BSA-PBS (2% bovine serum albumin in PBS) for 20 mm.
Monolayers were incubated with the appropriate primary antibody diluted in BSAPBS for 1 h at RT and then rinsed three times with PBS. Secondary antibodies
(Pierce, Rockford, IL) were added and, after a 1 h incubation in the dark, the cells

were again washed three times in PBS. Coverslips were inverted onto 5

tl

of

Vectashield (Vectors Laboratories; Burlingame, CA) containing 4' ,6-diamino-2-

phenylindole (DAPI; Sigma). Labeled monolayers were examined at 1000X
magnification using a Leica fluorescence microscope and images were captured
using a SPOT digital camera system and software (Diagnostic Instruments, Sterling
Heights, MI).

4.3.5. Confocal Microscopy
Antigen localization was visualized by laser scanning confocal microscopy
using a Leitz inverted microscope with a Leica TCS4D confocal head.
Fluorescently labeled, methanol-fixed cells were examined at 1 000X magnification

and scanned using a krypton-argon or UV laser. For multichannel imaging, each
fluorophore was scanned and collected separately, using a pinhole size of 90 and
line averaging of 16. Images were initially captured and visualized using IPLabs
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Table 4.1. Primary antibodies used for immunofluorescence studies.

Antibody

Specificity

Reference

I

(51)

Genus common HSP6O

Mab A57B9

Genus common Mip

Mab 147

Genus common LPS

Mab EVI-HI

**

C. trachomalis MOMP

Mab L2-110

(52)

C. psittaci MOMP

Mab 62

(36)

a-tubulin

MabDM 1A

C. trachomatis IncA

Rabbit polyclonal

(3)

C. psittaci IncA

Rabbit polyclonal

(34)

C. Irachomatis Capi

Rabbit polyclonal

* * * (18)

C. pneumoniae IncA

Guinea pig polyclonal

*

Sigma T9026

(1)

*Obtajned from John H. Pearce; ** Obtained from Harlan CaIdwell
***Obtained from Yasir A. W. Skeiky
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software, converted to TIFF files, and processed using Adobe PhotoShop 5.0
(Adobe Software, San Jose, CA).

4.3.6. Statistical Analysis

Experiments were performed to statistically determine the percent of
inclusions containing IncA-fibers or the percent of fibers containing a particular

antigen. Fiber counts were carried out by examining fluorescently-labeled cells at
400X or 1 000X magnification. Data from three independent experiments were
then pooled and subjected to statistical analysis using Minitab Inc. (State College,
Pennsylvania www.minitab.com). The 95% confidence intervals on the proportions
and the tests comparing two proportions were performed using the usual methods

of the normal approximation to the binomial. A p-value less than 0.05 was
considered statistically significant.

4.4. RESULTS

4.4.1. Characterization of the IncA-laden fibers.

As previously reported, C. psittaci- (Fig. 4.1A) and C. trachomatis-infected
cells (Fig. 4.1B) cultured in standard growth conditions produced fibers which
appeared as chains of IncA-laden vesicles extending away from the inclusion along

distinct routes in the cytoplasm (3, 36). To further examine the distribution of the
IncA-laden fibers, Chlamydia-infected HeLa cells cultured under different
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Figure 4.1. Antigen distribution within IncA-laden fibers of Chlamydia-irifected
cells cultured during standard growth conditions and in the presence of ampicillin.
C. psittaci (Cps), C. trachomatis (Ctr), and C. pneumoniae (Cpn) --infected cells
were cultured in MEM-lO (A-C) or IvIEM-lO containing ampicillin (D-I), prior to
methanol fixation. All cells were labeled with anti-IncA antibodies (FITC). The
antigens labeled with TRITC are depicted in the bottom right corner of each panel.
Antigen colocalization was examined using a confocal microscope. DAPI was used
to label nucleic acids. The arrow (H) shows the location of a vacuole embedded
with chiamydial antigens that lack developmental forms. Bar, 8um for all images.
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environmental conditions were fluorescently labeled and examined using laser

scanning confocal microscopy. Approximately 31% (95% Confidence interval
[CI], 28%-35%) of C. psittaci and 47% (CI, 41%-53%) of C. trachomatis
inclusions were associated with IncA-laden fibers. Chlamydiapneumoniaeinfected cells (Fig. 4.1 C) produced IncA-laden fibers similar to those examined in

the other two species, extending off 5% (CI, 3%-7%) of the inclusions. The IncAladen fibers of the different species generally exhibited three distinct patterns of
distribution within the HeLa cells: 1) extending across the nucleus and connecting

to another inclusion on the opposite end of the cell (Fig. 4.1A and B); 2) extending
between two inclusions apparently residing in different cells (3); and 3) extending

and tapering off into the cytoplasm of the host cell (Fig. 4.1 C). Occasionally,
chiamydial developmental forms also localized within the fibers formed across the
nucleus or into the cytosol (assessed by the presence of DAPI labeling; data not
shown).

The distribution of other chlamydial antigens within the IncA-laden fibers
was examined in the three chlamydial species under standard growth conditions.
For C. psittaci-infected cells, these antigens included three membrane associated
antigens (LPS, MOMP, Mip) and one cytosolic protein (HSP6O). Under standard
growth conditions MOMP, Mip, and HSP6O remained associated with the

developmental forms, however, trace amounts of LPS were found within 27% (CI,

19%-37%) of the IncA-laden fibers (not shown). The distribution of these same
antigens, along with Cap 1, was examined in the fibers of C. trachomatis-infected
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cells. As previously reported (19), Capi was consistently found at the inclusion
membrane of infected cells. Additionally this antigen was detected in 12% (CI,
9%-i 6%) of the IncA-laden fibers when cultured under standard growth conditions.

All other antigens examined remained localized to the chlamydiae. Within C.
pneumoniae

-infected cells, LPS and HSP6O were the only antigens examined, both

of which were absent from the IncA-laden fibers.

4.4.2. Characterization of the IncA-laden fibers in persistent chlamydiae.
Culturing infected cells in the presence of ampicillin, in the presence of subinhibitory concentrations of azithromycin, or in the absence of tryptophan markedly

changed the appearance of the IncA-laden fibers. Culturing C. psittaci-infected
cells in the presence of 10 big/mi ampicillin led to a significant increase in the size

and abundance of the cytosolic fibers (P <0.0001). Enlarged IncA-laden fibers
extended off 71% (CI, 68%-73%) of the inclusions (Fig. 4.1, D-F, FITC). Exposure
to ampicillin also led to an increase in the amount and type of antigens localizing
within the enlarged fibers. Ninety-four percent (CI, 92%-96%) of the IncA-laden

fibers contained large amounts of LPS (Fig. 4.1D, TRITC). Under these
conditions, a similar percentage of IncA-laden fibers contained large amounts of
MOMP (Fig. 4.1E, TRITC), while only 27% (CI, 24%-31%) of the fibers contained

trace amounts of Mip (Fig. 4.1F, TRITC). HSP6O, however, was never observed
outside the chiamydial developmental forms (data not shown). The extra-
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inclusionary distribution of LPS, MOMP, and Mip was always associated with the
IncA-laden fibers and antigens were not found free in the cytosol.
The effect of ampicillin treatment on fibers and antigen localization was

also examined for C. trachomatis-infected cells. Similar to the observations made
in C. psittaci-infected cells, the number of inclusions producing fibers embedded
with IncA significantly increase to 70% (CI, 64%.-76%) when C.

trachornatis-

infected cells were cultured in the presence of 1 ug/mI ampicillin (Fig. 4.1 ,G-I)(P <

0.0001). Lipopolysaccharide (Fig. 4.1G) and MOMP (not shown) also localized

within approximately 8% (CI, 6%-10%) of the IncA-laden fibers while Capi was
present in 30% (CI, 25%-35%) of the fibers (Fig. 4.1H). These antigens were also
found at the inclusion membrane and in vacuoles apparently lacking developmental

forms [assessed by the absence of DAPI labeling; Fig. 4.1H]. Chlamydial Mip
(Fig. 4.11) was occasionally localized to the inclusion membrane but was not found

in the empty vacuoles or IncA-laden fibers. As with C. psittaci, HSP6O remained
restricted to the chlamydiae. Exposure of C. pneumoniae-infected cells to
ampicillin had no significant effect on the abundance of the IncA-laden fibers (P =
0.59), although 27% (CI, 20% - 36%) of the fibers contained LPS under these
conditions.

Fiber formation and LPS localization was also examined in C. trachomatis-

infected cells cultured in the presence of 1.6 ng/ml azithromycin. Under these
conditions trace amounts of LPS were localized to the IncA laden-fibers, similar to
that seen following ampicillin treatment (data not shown).
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Culture of Chlamydia-infected cells in medium lacking tryptophan models
the natural host cell process of interferon-gamma activation of indoleamine 2,3-

dioxygenase which reduces the intracellular tryptophan pool (45). As has been
previously reported, culture of Chiamydia-infected cells under these conditions
leads to the formation of enlarged, aberrant chlamydiae that persist within the cells
(4, 5). Similar to the results seen with ampicillin exposure, culture of C. psittaciinfected cells in the absence of tryptophan led to enlarged fibers containing IncA
(Fig. 4.2A). Twenty-six percent (CI, 22%-30%) of the inclusions contained the
enlarged fibers which was not significantly different than in cells cultured under

standard growth conditions (P = 0.174). Additionally, LPS (Fig. 4.2B), MOMP,
Mip, and HSP6O (data not shown) were restricted to the chlamydiae and were not

found within the IncA-laden fibers. In C. trachomatis-infected cells cultured in the
absence of tryptophan, however, the number of inclusions containing fibers
decreased significantly to only 6% (CI, 4%-8%) (P < 0.000 1). The fibers were
generally short and thin and the inclusions were often partially empty (Fig. 4.2C;
fibers not present). Lipopolysaccharide (Fig. 4.2D), MOMP, Mip, and HSP6O
(data not shown) were routinely distributed throughout the inclusion membrane but
were not detected within the fibers.

4.4.3. Distribution of IncA in dividing Chlamydia-infected cells.
Immunofluorescence of dividing HeLa cells using anti-tubulin (Fig. 4.3A)
and anti-IncA (Fig. 4.3B) showed that during host cytokinesis, inclusions

Figure 4.3. Distribution of IncA-laden fibers during host cell division. C. psittaci-infected cells
were cultured in MEM-lO (A-C) or IvIEM-lO containing ainpicillin (D-F) for 30 h prior to
methanol fixation. Cells were triple labeled with anti-tubulin (A and D), anti-IncA (B and E) and
anti-LPS (C and F) antibodies and examined using a standard fluorescence microscope. The image
in Panel I shows an IncA fiber stretching between two inclusions in different cells. Bar, 10 .i.m.
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containing C. psittaci also divided, distributing the inclusions between the two

resulting daughter cells. IncA-laden fibers commonly formed between the divided
inclusions present in the two different cells (Fig. 4.3E and 4.4D), linking cells that

otherwise may appear unassociated. Lipopolysaccharide was also localized within
the fibers extending between the two inclusions (Fig. 4.3F). As previously reported
by Bannantine et al. (3), chlamydial antigen-laden fibers andlor vesicles were

occasionally found in cells lacking an apparent infection. Figure 4.1H shows a
HeLa cell harboring an IncA-laden vesicle containing Capi (arrow) but does not
stain with DAPI, indicating the absence of developmental forms. These results
suggest host cell division may distribute the IncA-laden fibers between the
daughter cells and thus provide a mechanism for chlamydial antigens to be present
in the cytosol of uninfected host cells.

4.4.4. Examination of the IncA-laden fibers along the cytoskeletal network.
In the immunofluorescence analyses we showed that chiamydial fibers
appeared to follow distinct routes through the host cell rather than being randomly
distributed within the cytosol. This suggests that IncA fiber distribution may be

directed along the host cyto skeletal network. To examine this theory, we disrupted
the cytoskeleton using three functionally distinct inhibitors: cytochalasin D which
binds to actin molecules inhibiting microfilament polymerization (48); colchicine
which irreversibly binds to free tubulin and inhibits polymerization into
microtubules (29); and nocodazole which binds to assembled tubulin,
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depolymerizing the microtubules (14). C. psittaci- infected cells cultured in the
presence of ampicillin for 26 hours were exposed to cytochalasin D for an

additional 3 hours prior to fixation. Morphologically typical IncA-laden fibers
were found extending off 36% (CI, 32%-40%) of the inclusions in the absence of
microfilaments (Fig. 4.4B), a significant decline when compared to untreated
infected cells (P < 0.000 1). Staining these same cells with fluorescently-labeled
phalloidin revealed that oniy a few microfilaments were left after treatment, none

of which aligned with the remaining IncA-laden fibers (data not shown). Similar
results were obtained when these experiments were carried out in the absence of
ampicillin (data not shown).

To investigate the need for microtubules in IncA fiber assembly,
Chiamydia-infected cells were cultured in the presence of coichicine for 3 h shortly
after infection and then in the presence of ampicillin for an additional 26 h prior to

fixation. Labeling treated cells with anti-tubulin antibodies revealed that the
microtubule network was completely disrupted. The morphology of the IncA-laden
fibers of treated cells (Fig. 4.4A) was similar to those found in the control cells.

Lipopolysaccharide was also present within the fibers (data not shown). However,
only 55% (CI, 51%-58%) of the inclusions were associated with IncA-laden fibers,

a significant decrease than those found in the control cells (P <0.0001). A similar
result was observed when infected cells were cultured in nocodazole for 2 hr prior
to fixation (Fig. 4.4C).
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Figure 4.4. IncA-laden fibers are present in cells lacking intact cytoskeleton
structures. The cytoskeleton of C. psittaci-infected HeLa cells cultured in the
presence of MEM- 10 and ampicillin was disrupted using coichicine (A),
cytochalasin D (B), or nocodazole (C). Additionally, C. psittaci-infected
SW- 13/c 1.2 intermediate filament-free cells were cultured in the presence of
MEM-lO containing ampicillin (D). Cells were labeled with anti-IncA
antibodies and examined using a standard fluorescence microscope. IncAladen fibers were still present after the three different drug treatments and in
cells lacking intermediate filaments. Dark gray areas represent nucleic acid
staining with DAPI.
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The third cytoskeletal network of eukaryotic cells, the intermediate
filaments, was also examined for IncA-laden fiber localization. SW- 13/cl .2 is a

clone of human adrenal tumor cells that lack any detectable intermediate filaments

(37). This cell line was infected with C. psittaci and cultured in the presence and
absence of ampicillin. When compared to the SW- 13/Cl. 1 parental cell line
containing intermediate filaments, there was no apparent difference in the
abundance or morphology of the IncA-laden fibers. This was evident in infected
cells cultured in the absence (not shown) and presence (Fig. 4.4D) of ampicillin.
These data suggest that fiber formation is independent of the intermediate filament
network.

4.5. DISCUSSION
Several investigators have demonstrated that LPS, MOMP, and GLXA are
released from intracellular chlamydiae and are localized to other environments
within the cell including the inclusion membrane, vacuoles outside the inclusion,
the cytosol, the host cell membrane, and neighboring uninfected cells (12, 26, 33,
50, 51). Exposure of infected cells to ampicillin or azithromycin enhances the

extra-inclusionary localization of these antigens (50, 51). While several authors
demonstrate that chiamydial antigens are localized to distinct regions of the cell,
the studies do not present a mechanism for the delivery of antigen outside the
inclusion.
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In this investigation, we used fluorescence and laser confocal microscopy to
show that four chiamydial-associated antigens, LPS, MOMP, Cap 1, and Mip, are

localized within vesicular-like fibers laden with IncA, a known chiamydial

inclusion membrane protein. Such fibers have been previously documented within
Chiamydia-

infected cells (3, 36). Exposure to different inducers of stress led to

differences in the abundance, apparent structure, and antigen constituency of the

cytosolic fibers (Table 4.2). Culturing in the presence of ampicillin produced
enlarged IncA-laden fibers and empty vesicles within C. psittaci and C.

trachomatis infected cells. Other Chlamydia-associated antigens, including LPS,
MOMP, Cap 1, and (to a lesser extent) Mip, colocalized within these structures

during culture in the presence of this stressor. Culturing C. psittaci-infected cells in
the absence of tryptophan also led to enlarged IncA-laden fibers but these
structures lacked detectable levels of LPS, MOMP, and Mip. Chiamydia

trachomatis- infected cells cultured in the absence of tryptophan produced very few
IncA-laden fibers, which also lacked additional chlamydial antigens. These
differences in antigen localization likely reflect distinctions in the metabolic
capabilities of the chlamydiae during the altered culture conditions (5, 6).
In order for macromolecules associated with developmental forms to
localize within the cytosolic fibers, they must be released from the bacterial surface
and then moved to the inclusion membrane. One possible mechanism of liberating
components from the RB surface is through the formation of outer membrane blebs
which have been documented in several bacterial species (9, 15, 25, 47) and have
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Table 4.2. Statistical summary of the antigens localizing within IncA-laden
fibers.

Normal
growth
conditions
% (CI)

Ampicillin
Exposure
% (CI)

Tryptophan
depletion

IncA-laden fibers

31(28-35)

71(68-73)

26 (22-30)

LPS in fibers

27 (19-37)

94 (92-96)

0

Mip in fibers

0

27 (24-3 1)

0

HSP6O in fibers

0

0

0

47 (41-53)

70 (64-76)

6 (4-8)

Capi infibers

12 (9-16)

30 (25-35)

NE

LPS in fibers

0

8 (6-10)

0

HSP6O in fibers

0

0

0

5 (3-7)

6 (4-8)

NE

LPS in fibers

0

27 (20-36)

NE

HSP6O in fibers

0

0

NE

% (CI)

C. psittaci-infected cells

C. trachomatis-infected cells
IncA-laden fibers

C. pneumoniae-infected cells
IncA-laden fibers

NE = Not Examined
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been found within the inclusions of Chiamydia infected cells (43). Treatment of
Chiamydia-infected cells with azithromycin markedly increases outer membrane
blebbing from the RB and leads to the formation of LPS-laden vacuoles within the

cytosol (51). Production of blebs from the chiamydial outer membrane may
explain why only select antigens were found within the IncA-laden fibers. The
known outer membrane constituents, LPS and MOMP, were consistently abundant
within the fibers. In contrast, HSP6O, which is cytosolic and would not be present
in outer membrane blebs, was not found in the fibers. The absence of HSP6O

outside the inclusion is consistent with the findings by Raulston et al. (32). While
Mip is apparently associated with the chiamydial envelope (28), the markedly
lower level of this protein within fibers suggests that it is either not present in the
outer membrane or synthesized at a lower level when compared to LPS and

Once outside the chlamydiae, the mechanism for translocating the antigens

across the inclusion membrane and into the cytoplasm is unknown. However,
similar phenomena have been documented in several other intracellular organisms.
The eukaryotic parasites Toxoplasma gondii and Plasmodiumfalciparum are both

obligate intracellular parasites, that live within a non-acidified vacuole, termed the

parasitophorous vacuole (PV). Several parasite-encoded proteins have been
localized within the lumen and within vesicles found throughout the host cytosol
(16, 17, 22, 42). Additionally, the T.

gondii

protein (GRA3) which localizes to the

PV membrane has also been found along structures extending into the host cytosol
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and branching between two PV in the same cell (16). The appearance and
distribution of these structures within the host cell closely resemble the IncA laden
fibers documented in this study. Antigens in the host cell cytosol have also been
observed during infections with other intracellular bacteria residing in vacuoles.

The lipidoglycan lipoarabinomannan, normally found along the surface of
Mycobacterium, has been detected within vesicles outside the bacterial vacuole
(52). Lipopolysaccharide released from Salmonella lyphimurium also escapes the

vacuole and localizes within vesicles found throughout the host cytosol (20). SifA
of Salmonella spp. induces the formation of and localizes within tubular structures
known as Sifs (Samonella induced filaments), within the host cell cytosol (10, 21).
The microtubules act as a scaffold to support the structure of the Sifs
As our data shows, the distribution of these IncA-laden vesicles in the

cytosol is not random, but is directed along distinct routes within the host cell. The
directed movement of the IncA-laden fibers suggested that localization might occur

along one of the three major cytoskeletal networks. However, we were not able to
identify any single structure that was important in the formation or maintenance of
the IncA-laden fibers. These fibers were present in cells treated with three
functionally different disrupters of cytoskeletal structure or formation, and in cells

lacking intermediate filaments. Although there was a statistically significant
decline in the number of IncA-laden fibers in the absence of microtubules and
microfilaments, disruption of the cytoskeleton may have had an indirect effect on
the stability of these structures since many of the cells became rounded after
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treatment, and the ability to identify fibers may have been reduced. There were still
a high percentage of fibers remaining after nocodazole, cytochalasin D, and
coichicine treatment, suggesting that fiber structure may be independent of the

microfilament and microtubule networks. Another possibility is that the IncAladen fibers are actually tubular extensions of the inclusion membrane. These
tubular appendages protruding the vacuole surface may therefore act as a channel to
allow movement of chlamydial antigens and developmental forms throughout the

host cell. The vesicular appearance of the tubular fibers could perhaps be an
artifact of the fixation process.

The significance of chlamydial inclusion membrane and outer membrane

associated antigens within the cytosolic fibers remains unclear. One possibility is
that the fibers act as a means for directing foreign antigen into a MHC processing

pathway. Capi was found within a small portion of the IncA-laden fibers in the

absence of stress inducing conditions. These data suggest that Capi may be
presented to CD8+ T cells by encountering the MHC class I processing machinery

in the cytosol, confirming the observations by Fling et al. (19). In addition, the
association of Cap 1 with IncA suggests that IncA and other fiber-associated

antigens may also be a target for CD8+ T cells. Division of the host cell often
results in the asymmetric distribution of the inclusion andlor fibers between the

resulting daughter cells. In many cases we observed HeLa cells that lacked
chlamydial developmental forms, but contained antigen-laden fibers and vesicles.
CD8+ T cells may then recognize these uninfected cells and thus may induce an
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immunopathogenic response towards the antigen-containing, but uninfected, host

cells. A recent study by Schoier et al. demonstrated that neighboring uninfected
host cells undergo apoptosis at a higher frequency than cells harboring developing

chlaniydiae (38). Perhaps the transfer of a subset of chiamydial antigens via IncAladen fibers marks the neighboring cells for death while the chlamydiae within the
infected cells continue to released factors that protect them from apoptosis.
The data presented in this report demonstrate that EB or RB antigens are
localized outside of the inclusion via localization to IncA-laden fibers that extend

off the inclusion membrane. The importance and biogenesis of these fibers, and the
presence of outer membrane antigens within the fibers, remains unclear. Models
describing their participation in routine host cell surveying of the intracellular
environment can be put forth but such speculation awaits experimental evidence.
We continue to search for the mechanisms associated with the biogenesis and
stability of the fibers with the goal of understanding their role in the interaction
between the host cell and intracellular chlamydiae.
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Chapter 5

Conclusions

As the world's leading sexually transmitted infection and cause of
preventable blindness, possible association with heart disease, and potential
biological weapon, the chlamydiae continues to be an important target for vaccine

development. Many of the serious conditions associated with infection result from
Chiamydia's

ability to persist within the host, leading to immunopathological

consequences. While the concept of persistent chlamydial infection was introduced
almost 40 years ago, only in the last decade has research focused on the
mechanisms and cell biology changes associated with the induction of persistence.
Understanding the exact causes and resulting sequelae of persistent growth is key
to developing means of detecting, preventing, and controlling chlamydial infection
and disease.

Over the last few years, I have examined changes in antigen accumulation
and localization when the chlamydiae are cultured in environmental conditions that

induce persistence. The addition of ampicillin to culture medium inhibits
chlamydial division and RB-EB conversion. The chlamydiae enlarge many times

their normal size and continue to produce and secrete antigens. Depleting the host
cell supply of tryptophan decreases the expression of several macromolecules,
including those involved in RB division and results in chlamydiae that do not

divide or revert to EB. Other proteins continue to be produced, allowing the
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chlamydiae to survive in a quiescent state for an extended period of time. In tissue
culture, the chlamydiae may remain in this quiescent state for several weeks.
Removal of the stressor allows the chlamydiae to complete the remainder of their
development cycle an revert back to infectious EB.
Manipulating chiamydial development by inducing and relieving stress

within the pathogen's environment is a useful way to study different aspects of
chiamydial cell biology. In chapter 2, I discuss an antigen discovered by our lab
that localizes to the apparent septum of dividing chlamydiae. While the
localization patterns suggested a role in cell division, we wanted to further prove

that SEP was involved in this process. When division was inhibited through
tryptophan depletion or ampicillin addition, SEP distributed to the RB periphery.
Relieving the stress resulted in redistribution of SEP back to the septum of dividing
RB.

Similar techniques were used in Chapter 3 to investigate the accumulation

of a protein late in chlamydial development. While PapQ was produced early after

infection, a smaller product, PapQ, accumulated much later in development. To
investigate the importance of PapQ during RB-EB transition, the chlamydiae were
grown in the presence of ampicillin to block this transition. By doing so, PapQ
failed to accumulate, suggesting that this smaller product may be important in EB

maturation. Blocking development with tetracycline also prevented PapQ
accumulation and suggests that late protein synthesis is necessary for PapQ
production.
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In the final chapter, persistence induction was used to investigate the means

of chiamydial antigen accumulation outside the inclusion. Several researchers have
eluted to the existence of antigens within the host cytosol, at the host membrane,

and within uninfected neighboring cells. However, they never explained a
mechanism for antigen delivery to these regions. I show that these antigens are
presented outside the inclusion by localizing within IncA-laden fibers. Ampicillininduced persistence enhanced the extra-inclusionary accumulation of chiamydial
antigens while tryptophan-deficient conditions decreased the levels of several

macromolecules. These studies demonstrate a possible mechanism for antigen
release during persistent infections.
This work has contributed to three areas of chiamydial cell biology, but we

have only begun to explore these topics. Many questions relating to this work still
remain. What is the chemical nature of SEP and what is its precise role in cell
division? In the absence of FtsZ, what factors do FtsK and FtsW interact with
during septation? What is the function of the peptidoglycan-associated proteins?
Is there an alternate form of murein within the chlamydiae, and if so, what is it used

for? What is the purpose of the IncA-laden fibers and how are they made? Are
other chlamydial antigens present within these structures? We continue to search
for answers to these questions. Inducing chlamydial persistence will be a useful
technique to further examine chiamydial cell biology.
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