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ABSTRACT
Title of Dissertation: Functional Analysis of the Polymorphic Membrane Protein Family
of Chlamydia
Valerie Grinblat-Huse, Doctor of Philosophy, 2013
Dissertation Directed by: Dr. Patrik Bavoil, Professor and Chair, Department of
Microbial Pathogenesis
Chlamydia trachomatis is the most common sexually transmitted bacterial pathogen and
the leading cause of infectious blindness. It is an obligate intracellular pathogen that has a
biphasic lifecycle encompassing infectious elementary bodies (EBs) and metabolically
active reticulate bodies (RBs). C. trachomatis encodes a polymorphic membrane protein
(Pmp) gene family whose nine members are differentially expressed under in vitro
growth conditions. The observed “phase-variation-like” phenotype of the autotransported
Pmps is consistent with observed variable Pmp subtype-specific antibody profiles in
patients infected with C. trachomatis. The autotransported Pmps display repeated, often
alternating motifs GGA(I,L,V) and FXXN within the predicted “passenger” domain that
have been proposed to mediate adhesion of Chlamydia pneumoniae to susceptible cells.
The identification of a “magic bullet” adhesin responsible for attachment and subsequent
internalization by epithelial cells has eluded researchers for several decades, owing to the
inherent difficulties of the Chlamydia system, in particular the genetic intractability of
these organisms. Others have established that Pmps of C. pneumoniae and PmpD of C.
trachomatis function as adhesins and that PmpD-specific antibodies block attachment. I
hypothesize that antibodies against each of the six Pmp subtypes (A, B/C, D, E/F,
G/I & H) can neutralize a C. trachomatis infection, and that the application of

multiple Pmp subtype-specific antibodies will have a cumulative negative impact on
infection. I additionally hypothesize that Pmps of C. trachomatis facilitate adhesion
to epithelial cells. For Aim 1, I will investigate the neutralizing effects of single Pmp
subtype-specific antibodies by infecting epithelial cells with C. trachomatis serovar E
EBs that have been preincubated with antibodies against each of the Pmp subtypes. The
inclusions will be visualized using immunofluorescence. For Aim 2, I will investigate
Pmp-mediated adherence to epithelial cells using a Pmp-coated latex bead-binding assay.
The neutralization assay results cast doubt on the ability of Pmp-specific antibodies to
neutralize a chlamydial infection on their own. It is possible that the Pmp-specific
antibodies are necessary for complete neutralization, but are not sufficient. Additionally,
the adhesion assay results suggest that other functions of Pmps should still be considered,
however, their role in adhesion should not be ruled out.
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Chapter I: Introduction
Chlamydia trachomatis is the most common sexually transmitted bacterial
pathogen with an estimated 2.8 million infections annually in the US. It has 15 known
serovars, which are divided into two biovars; those that cause sexually transmitted
infections and those that cause ocular infections. Chlamydial infection can have serious
irreversible consequences including infertility, which oftentimes occurs without prior
symptoms (CDC, 2013). Chlamydia is transmitted by oral, vaginal, or anal sex and
infects both men and women with increased prevalence among African Americans. Due
to the lack of symptoms in most infections, a considerable number of cases go unreported
and it is predicted that 1 in 15 sexually active females in their teenage years is infected
(CDC, 2013). Chlamydial infections can clear themselves with untreated resolution
occurring in approximately 50% of women tested one year later and 90% of women
tested after four years (Geisler, 2010). Whether or not an infected person has symptoms,
Chlamydia can cause permanent damage to both men and women due to scarring caused
by repeat infections and/or ascending of the infection into the upper genital tract. An
untreated infection (from C. trachomatis serovars D-K) in women can ascend to the
uterus and fallopian tubes and lead to sequelae including pelvic inflammatory disease
(PID) (Haggerty et al., 2010). PID can lead to ectopic pregnancy, infertility, and chronic
pelvic pain. An infected pregnant female can pass along the infection to her newborn as
pneumonia or eye infections, along with early delivery. Untreated infections in men can
also lead to infertility in rare cases (CDC, 2013). C. trachomatis serovars L1, L2, and L3
can cause Lymphogranuloma venereum (LGV), which is found in the US but is more
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common in developing countries. It is a painful disease which occurs when the bacteria
infects the lymph nodes (CDC.gov, 2013).
Chlamydia is also the leading cause of infectious blindness with approximately 22
million cases worldwide. It is a hygiene-related disease caused by C. trachomatis
serovars A, B, Ba, and C, which is spread by flies or direct contact with secretions from
infected persons eyes. Untreated, repeat infections with the bacterium can bring about
scaring of the conjunctiva, which causes the eyelashes to turn inwards. The constant
scraping of the eyelashes on the cornea can lead to permanent damage and blindness
(CDC.gov, 2009).
Chlamydial infection of the eye or genital tract can cause irreversible damage if
left untreated, but they are treatable with antibiotics. Many patients however, do not seek
treatment since the majority of cases are asymptomatic. Treatment of a chlamydial
infection is therefore not the best option to prevent future spread and transmission. A
vaccine for prevention would be the best method of controlling Chlamydia.
Three animal models are used in chlamydial research, the guinea pig (GP), nonhuman primate, and mouse (Rank, 2012). The guinea pig has been used as a model for
conjunctivitis and for research involving sexual transmission using Chlamydia caviae, the
agent of Guinea Pig Inclusion Conjunctivitis (GPIC). They are ideal for studying
chlamydial pathogenesis of genital infection in humans due to the similar (17 day)
estrous cycle and reproductive tract biology (Rank, 2012). The research performed in the
laboratory of Rank et al. (2003) found that the bacteria were shed for a shorter period of
time (from the genital tract) in those animals that were artificially infected as opposed to
animals that were infected via sexual intercourse, which can be achieved using guinea
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pigs. Additionally, immunization of the guinea pigs elicited a protective immune
response when they were again challenged (Rank et al., 2003). The mouse model can be
infected with four species of Chlamydia including Chlamydia psittaci, C. trachomatis,
Chlamydia pneumoniae, and Chlamydia muridarum. They are used as animal models for
genital and lung infections along with studies of host response. When infected with C.
trachomatis, however, the mouse does not sustain the same pathologic effects as when
humans are infected (Rank, 2012). Non-human primates are models that more closely
resemble human pathology when infected with C. trachomatis. The cost and availability
to have enough animals for statistically significant data leaves the non-human primate
model at a disadvantage and make the guinea pig and mouse models the most useful
(Rank, 2012).
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Chapter II: Background

Chlamydia
Chlamydia is an obligate intracellular pathogen, making research inherently
difficult. These organisms are genetically intractable, therefore, alternative strategies
must be developed to address basic questions in chlamydial pathogenesis. Among these is
the fundamental question regarding the adhesion of chlamydiae to susceptible eukaryotic
cells and their subsequent internalization. Therefore, the basis of the following research is
to provide further work towards a treatment or cure, with focus on the first steps of a
chlamydial infection.

Polymorphic Membrane Proteins (Pmps)
Whole-genome sequencing of Chlamydia spp. has revealed a family of putative
polymorphic membrane proteins (Pmps) that are highly conserved among currently
sequenced species. Each member of the Pmp family, encoded by 9 to 21 genes, shares
repeated and oftentimes alternating structural motifs GGA(I,L,V) and FXXN within the
predicted “passenger” domain (Figure 1) (Tan et al., 2006). The passenger domain of the
Pmps consists of everything aside from the signal sequence and beta barrel
(autotransporter domain). The smaller 9-member pmp gene family of Chlamydia
trachomatis occupies 3.15% of the total coding capacity (Grimwood & Stephens, 1999),
an indication of its critical importance in chlamydial biology. The pmp genes encode
proteins of high molecular weight that are surface exposed. They have been divided into
six phylogenetically related subtypes (pmpA, B/C, D, E/F, G/I, and H) that may be able to
4
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Figure 1. Graphical representation of the C. trachomatis Pmps. The green
horizontal bars represent the passenger domain. The yellow bars to the left
represent the signal sequence while the autotransporter domain (beta barrel)
are represented by the red bars to the right. Yellow and black vertical lines
correspond to FXXN and GGA(I/L/V) motifs respectively. (Marques,
unpublished)
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substitute structurally and functionally for one another. C. trachomatis and Chlamydia
pneumoniae are pathogens of humans, while Chlamydia caviae and Chlamydia
muridarum are a guinea pig pathogen and a mouse commensal (in the gastrointestinal
tract), respectively. The benefit of establishing the role of Pmps in parallel in the human
and animal pathogens may afford us in the future the possibility of exploiting the animal
models, for example, to further study the role of the Pmps in the sexual transmission of
Chlamydia. The specific hypotheses tested in this work may lead to studies in either
animal model that are applicable to the rational design of a vaccine against C.
trachomatis infection.

Pmps and the Developmental Cycle of Chlamydia
Upon infection, the infectious elementary bodies (EBs) attach to cells and are
internalized by receptor-mediated endocytosis (Figure 2) (Campbell, 2006). They remain
in a cytosolic vacuole, termed the inclusion, where they differentiate into the
metabolically active reticulate bodies (RBs). The RBs replicate by binary fission and
approximately 16-18 hours post-infection differentiate back into EBs (Wilson et al.,
2006). Late in the developmental cycle, when the majority of the RBs have differentiated
into EBs, the contents of the inclusion are released either by lysis, where the inclusion
and plasma membrane lyse in specific sequence, or by exocytosis, where either the
entirety of an inclusion or just fragments are pinched off and the host cell remains
undamaged (Hybiske & Stephens, 2007). At the population level, all pmp genes are
transcribed (confirmed via reverse transcription-quantitative (real time) polymerase chain
reaction (RT-qPCR)) and it was shown that they are differentially regulated during
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Figure 2. Schematic representation of the chlamydial developmental
cycle. EBs are depicted in dark blue and RBs in light blue. Two Pmp
subtypes, one putatively expressed early and another late are selectively
depicted as small red or blue circles respectively.
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development (Figure 3) (Carrasco et al., 2011). According to the figure, transcription of
pmpA and I is highest at early to mid developmental times (less than 24 hpi), while the
transcription of the remaining pmp genes tends to be highest at later times (24-48 hpi).
Tan et al. demonstrated that the Pmps are variably expressed at the inclusion level with
the percent of PmpA, D, and I non-expressing inclusions at less than 1%, PmpF and H at
1-2%, PmpB, C, and E at 5-10%, and PmpG varying between 1 to greater than 10% (Tan
et al., 2010).

Adhesion and Pathogenesis

Pmp translocation to the surface. There is mounting evidence (including the presence
of tryptophan and phenylalanine residues in the carboxyl end of the proteins) that the
Pmps are autotransported to the outer membrane, owing in part to the predicted beta
barrel found in all Pmp proteins (Tan et al., 2006). Trimeric autotransporter adhesins
(TAAs) are found in the outer membrane of Gram-negative bacteria. Similarly to the
Pmps, they all contain an N-proximal passenger domain and a C-terminal membrane
anchor. The N-terminal signal sequence is predicted to facilitate translocation through the
inner membrane into the periplasm via the Sec machinery. The signal is then cleaved off
and the C-terminal beta barrel domain assembles a pore in the outer membrane, which
promotes the translocation of the passenger domain to the bacterial surface (Henderson &
Lam, 2001).
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Figure 3. Transcriptional profile of pmp genes of C. trachomatis E along
development under normal and stress conditions. pmp transcript levels
(from left to right pmpA-I) in C. trachomatis grown under normal (white) and
penicillin (black) conditions were measured by qRT-PCR at various hours
post infection (Carrasco et al., 2011). tufA, encoding Elongation Factor Tu, is
a constitutively active house-keeping gene included here as a control.
Reproduced with permission from reference (Carrasco et al., 2011).
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Motifs involved in bacterial adhesion. Bioinformatic analysis of the repeat motifs of the
Pmps have revealed similar motifs in the outer membrane protein A (OmpA) of
Rickettsia spp., another obligate intracellular pathogen (Grimwood & Stephens, 1999).
Rickettsial OmpA has also been shown to act as an adhesin in an interaction with the host
cell membrane that subsequently leads to internalization of the rickettsiae (Walker et al.,
2003). Similar motifs can also be found in other proteins. The Escherichia coli predicted
outer membrane autotransporter (YfaL) (Marani et al., 2006), contains five GGAI motifs
and seven FXXN motifs (Grimwood & Stephens, 1999). In addition, several of these
motifs have been found in a eukaryotic protein in mouse sperm that is involved in
binding the sperm to the egg (Grimwood & Stephens, 1999).

Pmp motifs and chlamydial adhesion. The adhesion of EBs to the host cell is a crucial
step in the pathogenesis of the organism. Substantial evidence supports that the Pmps
have adhesive capabilities, facilitating the adhesion of EBs to host cells for infection.
Molleken et al. (2010) have recently shown that the alternating structural motifs
GGA(I,L,V) and FXXN of C. pneumoniae Pmps, when expressed at the surface of yeast
cells, mediate the attachment of yeast to human cells. Additionally, they used deletion
constructs of Pmp21 with varying numbers of motifs and concluded that those with two
or more motifs demonstrated adhesion in this system (Molleken et al., 2010). To confirm
their results, they used the passenger domain of Pmp21 in addition to the deletion
fragments (containing two or more motifs) to coat latex beads to determine if they were
adhesive to Henrietta Lacks derived human cervical carcinoma epithelial (HEp-2) cells.
They found that they were all adhesive to varying degrees, however, the entire passenger
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domain was more adhesive and constructs only containing two motifs were much less
adhesive. Furthermore, they made mutant constructs containing one native and one
mutated motif and demonstrated that the minimum numbers of motifs required for
adhesion were two FXXN motifs or one FXXN and one GGAV motif. Lastly, they
wanted to directly demonstrate whether Pmp21 was required on the EB surface for
attachment. They incubated purified Pmp21 and deletion fragments (containing two or
more motifs) with HEp-2 cells to attempt to block the binding sites on the cells. They
found that all decreased infection with the Pmp21 passenger domain inhibiting 90% of
the infection and deletion fragments inhibiting 40% of the infection using C. pneumoniae
EBs (Molleken et al., 2010). However, preincubation of HEp-2 cells with a scrambled
peptide had no effect on infection. Further evidence that the motifs have importance was
shown in the computational analysis performed by Grimwood & Stephens (1999) where
they predicted that the average number of times that the FXXN motif is found in the C.
trachomatis and C. pneumoniae Pmps is 13.6 and 11.3 times respectively. Alternatively,
the average occurrence of the motif in all C. trachomatis and C. pneumoniae proteins is
0.73 and 0.84 times respectively. Additionally, the motif GGA(I,L,V) occurs in only
2.5% of currently sequenced proteins, and only once in 97% of these proteins. Of the ten
proteins where this motif is repeated more than three times, three have shown to be
adhesins and six are predicted to be surface located. The motifs GGAL and GGAV are
overrepresented in the Pmps, however, they occur at a much lower frequency than the
GGAI motif. The average number of times that the GGAI motif is present in C.
trachomatis Pmps is 6.5 (average 0.06 times in the entire proteome) and in C.
pneumoniae Pmps 5.0 times (average 0.10 times in entire proteome) The authors did not
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see the GGAI motif reflected at the DNA level and did not note whether the other motifs
were reflected (Grimwood & Stephens, 1999). To truly test if the motifs have any
physiological relevance, future deletion mutants would be necessary. However, this work
used only computational analysis to imply the possible critical role of the Pmp proteins
due to the large number of these related proteins compared to the small genome of
Chlamydia.

Differential expression and tissue tropism. Chlamydia spp. have evolved multiple
adhesins which may correlate to host cell type as revealed by single nucleotide
polymorphisms (SNPs) present in C. trachomatis genomes and putative adhesin genes
(namely pmps) (Nunes et al., 2008). Simply, the evolution of different adhesin and
receptor combinations are presumed to determine tissue tropism. Chlamydiae have been
shown to attach to host cells via electrostatic, hydrophobic (Hatch et al., 1981) and
specific adhesin-receptor binding (Ting et al., 1995). The sarkosyl-soluble fraction of the
chlamydial envelope, the so-called chlamydial outer membrane complex (COMC)
(Caldwell et al., 1981) was shown by proteomic analysis to be comprised of more than
60% major outer membrane protein (MOMP, OmpA) (Liu et al., 2010). This protein has
been proposed to be involved in non-specific interactions with the host cell (Su et al.,
1990). Alternatively, outer membrane protein B (OmcB, Omp2) (Ting et al., 1995) a
protein also found in the COMC, was shown to bind heparin (Stephens et al., 2001) and
was later demonstrated to be directly involved in EB adhesion to cells via
glycosaminoglycans (GAGs) (Moelleken & Hegemann, 2008). These carbohydrate
chains act as receptors for attachment to epithelial cells and are exploited for this purpose

14

by many microorganisms (Rostand & Esko, 1997). The diversity of known and predicted
adhesins and receptors lends credit to the hypothesis that the expression of distinct
protein profiles might confer tissue specificity (Table1).

Antibody-mediated in vitro neutralization as a preamble to vaccine development
The major outer membrane protein (MOMP) of Chlamydia is currently a
promising vaccine candidate (Hafner et al., 2008) due to its abundance, surface
localization, and immunogenicity. Using Henrietta Lacks cervical carcinoma epithelial
(HeLa) 229 cells, Caldwell and Perry (1982) initially demonstrated that rabbit
immunoglobulin G (IgG) antibody raised against MOMP was able to completely
neutralize a C. trachomatis infection in vitro (Caldwell & Perry, 1982). Unfortunately,
conformational epitopes of MOMP are required for eliciting protective immunity (Pal et
al., 2001; Batteiger et al., 1993) and producing vaccines with native MOMP would be
costly and inefficient. In addition, MOMP is serovar-specific (Zhang et al., 1987).
Antibodies against polymorphic membrane protein D from C. trachomatis was
demonstrated in 2006 to not only be neutralizing, but pan-neutralizing (Crane et al.,
2006). An antibody against Pmp21 from C. pneumoniae, the homologue of PmpD of C.
trachomatis, was also shown to have neutralizing capacity (Molleken et al., 2010). This
research shows promise that a vaccine against the polymorphic membrane proteins might
be more effective and efficient than in previous vaccine trials using MOMP.
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Chapter III: Materials and Methods

Cell Culture and Passaging
Cells from frozen aliquots were thawed at 37˚C and mixed with 9ml Dulbecco’s modified
eagle’s medium (DMEM) (Cellgro – Mediatech Inc.). All 10ml were aliquoted in a cell
culture dish and put in 37˚C incubator at 5% carbon dioxide (CO2). The next day, to
remove dimethyl sulfoxide (DMSO) from frozen aliquot, all the medium was removed
from culture dish. The cells were washed 2x’s with 10ml warm 1x phosphate buffered
saline (PBS) and the dish was put back in the incubator. The cells were passaged 3x’s a
week. The culture dish was removed from the incubator and DMEM was discarded. The
cells were washed 2x’s with 10ml warm 1xPBS. To detach the cells from the dish
surface, 1ml trypsin was aliquoted and incubated at 37˚C for 2-6 minutes depending on
cell type. DMEM was used to dilute and resuspend cells. Dependent on cell confluency
using the light microscope (Nikon TMS), an aliquot of DMEM/cell mixture was
discarded and fresh DMEM was added to the dish up to 10ml. The plate was placed back
into the incubator.

Multiplicity of Infection Determination
The multiplicity of infection (MOI) is determined by dividing the number of cells
available for infection by the number of infectious particles (elementary bodies) used for
infection. An MOI of 1 is a 100% infection. An MOI of 0.5 is a 50% infection.
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Western Blot
After proteins were run on a sodium dodecyl sulfate – polyacrylamide gel electrophoresis
(SDS-PAGE), they were transferred to a polyvinylidene difluoride (PVDF) membrane.
The transfer was allowed to run for 60 minutes at 250 milliamps. The blot was then
blocked overnight at 4ºC in Blocking Solution (PBS + 0.2% Tween20 + 5% dry milk).
The membrane was then covered with primary antibody diluted in the Blocking Solution.
The membrane was incubated, rotating, with the primary antibody for 1 hr at room
temperature (RT). The membrane was then washed 3x’s in Wash Buffer (PBS + 0.2%
Tween20) for 10 minutes. The membrane was then covered with secondary antibody
diluted in the Blocking Solution. The membrane was again incubated, rotating for 1 hour
at RT. The membrane was washed 3x’s in Wash Buffer on rotator. For fluorescence
detection, the secondary antibody was conjugated to alkaline phosphatase. The blot was
rinsed in alkaline phosphatase (AP) detection buffer for 10 minutes. The membrane was
laid out onto transparency film and coated with a mix of 1:4 AP substrate (ECF) to AP
detection buffer and incubated at RT for 10 min. The membrane was then scanned on a
Typhoon scanner (GE Healthcare). Alternatively, for chemiluminescent detection, the
secondary antibody was conjugated to (horseradish peroxidase) HRP. After the final
wash, the membrane was coated with a 1:1 mix of peroxide solution and luminol solution
(ThermoScientific – Pierce). This was incubated at RT for 10 minutes on plastic wrap,
which was then taped to a cassette.

Film was exposed to the emission and then

developed. Specifics on primary and secondary antibodies are found in their subsequent
sections.
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Isoelectric Point Determination
Only the passenger domain of each Pmp was used for the determination of isoelectric
point since most Pmp clones in our laboratory do not contain the beta barrel
(autotransporter) due to its high insolubility for purification. Therefore, the
autotransporter region of the animo acid sequence was removed as per the annotation in
the 2013 protein database of the National Center for Biotechnology Information (NCBI).
Signal sequences were predicted using Signal IP (Petersen et al., 2011) and also excluded
from the analysis. The isoelectric point was determined using this predicted passenger
domain fragment.

Protein Expression and Purification (His-tag)
Starter cultures [4ml lysogeny broth (LB) + (8µl, 20mg/ml ampicillin (amp)) or (10µl,
25mg/ml kanamycin (kan)) + 2µl glycerol stock] were grown at 37°C overnight. Flasks
were then used to grow an aliquot of the starter cultures [150ml LB + (375µl 20mg/ml
amp) or (300µl 25mg/ml kan) + 2.25ml o/n culture] and incubated at 37°C until the
optical density (OD)600 reached 0.5 – 0.8 (~3 hrs). The cultures were then induced with
isopropylthio-b-D-galactoside (IPTG) (final concentration 0.1mM) and incubated
overnight at 25°C. The samples were centrifuged at 6,000 x g 15 minutes at 4°C and the
supernatant was decanted. The pellet was then resuspended in 10ml (9ml 1x Equilibration
Buffer + 1ml 10% Triton X-100 + 5ul 20ng/ml lysozyme + 5ul 2mg/ml
deoxyribonuclease 1 (DNase1)) and rocked for 20 min at RT. Highly insoluble samples
were then processed with the french press (French Pressure Cell Press SIM-Aminco
Spectronic Instruments) or microfluidizer (Microfluidics). The soluble and insoluble
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fractions were separated by centrifugation at 16,000 x g for 20 min at 4°C. Aliquots of
the “uninduced”, “induced”, “soluble”, and “insoluble” fractions were run on an SDSPAGE gel to determine what fractions the protein of interest was in. If it was in the
“insoluble” fraction, the pellets were dissolved in 4ml 8M Urea and then rocked for 1 hr
at RT. Afterwards, 10mg/ml of octyl-glucopyranoside (OGP) was added and then
incubated at 42°C for 16 hrs. For polyhistidine-tagged (His) proteins, columns were
packed with either nickel-nitrilotriacetic acid (Ni-NTA) Resin or TALON® Metal
Affinity Resin and then washed with 4ml 1% triton x-100. They were then washed with
1xPBS and then equilibrated with 4ml 1x Equilibration/Wash buffer [10x
Equilibration/Wash Buffer (500mM sodium phosphate, 3M NaCl, pH 7)]. Soluble protein
or insoluble protein with Urea (for denaturation) and OGP was added to the column. The
column was rotated at RT for several hours and then washed with 4ml 1x
Equilibration/Wash buffer three times. The protein was eluted with 1.5ml 1x Elution
Buffer [10x Elution Buffer (2M imidazole, pH 7)] and rotated at RT. The column was
kept at 4°C rotating overnight and then eluted the next day after equilibrating to RT. The
eluates were dialyzed against 1xPBS + 0.01% OGP overnight and the bicinchoninic acid
(BCA) assay was used to determine protein concentration.

Protein Expression and Purification (GST-tag)
For glutathione s-transferase (GST) purification, a similar protocol was followed as the
above His-tag, with some differences. Insoluble fractions that were treated with 8M Urea
[50mM Tris-HCl, pH8; 1mM ethylenediaminetetraacetic acid (EDTA), 1mM
dithiothreitol (DTT) + 8M Urea] and/or OGP were first dialyzed against pure 1xPBS or
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1xPBS containing 0.01% OGP if it had previously been used. These fractions were then
loaded on columns packed with glutathione resin and washed with Binding buffer [PBS,
pH 7.3 + 10% Triton X-100].

The proteins were then eluted using Elution buffer

[100mM tris(hydromethyl)aminomethane-hydrochloride (Tris-HCl); 30mM reduced
glutathione, 0.1% Triton X-100, pH 8.0].

Bicinchoninic Acid Assay (BCA)
Protein standard (IgG BioRad 1.39mg/ml) was serially diluted in 1xPBS using 7
eppendorf tubes. The first tube was aliquoted 250µl standard. The second tube received
200µl from the first tube and 100µl 1xPBS (final concentration 0.9mg/ml). After
vortexing, the third tube received 200µl from the second tube and 100µl 1xPBS (final
concentration 0.6mg/ml) and so on for 7 tubes total (to 0.11mg/ml). All tubes were
vortexed and 50µl of the standards and any samples were added to individual test tubes.
Reagent A (250µl, BioRad) was aliquoted to each test tube and vortexed. Reagent B
(2ml, BioRad) was also aliquoted to each test tube and vortexed. The solutions were
incubated at RT for 15 minutes. The absorbance was read at 750nm in cuvettes. The
linear standard curve was graphed and the equation of the best-fit line was determined.
This equation was used to determine the concentration of all the samples by substituting
their absorbance reading for ‘x’.

Latex Bead Protein Coupling and Efficiency Test
Method from the Hegemann laboratory was used to couple purified proteins to beads
(Molleken et al., 2010). Latex beads (1x109) (Polysciences, Inc 1µm Fluoresbrite®

21

Microparticles #17154) were washed with 1ml 1xPBS, vortexed, and then pelleted for 5
min at 10,000 rotations per minute (RPM). This was repeated 1x. Wash was then
repeated 2x using Coupling Buffer (0.5M sodium chloride (NaCl), 0.2M sodium
bicarbonate (NaHCO3) pH 8.6). Between 50 to 200µg/ml of purified protein in Coupling
Buffer (total volume 200µl) was added to the beads. The mixture was vortexed and then
sonicated for 3 min in a RT water bath. The tube was then incubated for 1 h at 37°C.
Coupling Buffer (500µl) was added to the mixture, vortexed, and again sonicated for 3
min in a RT water bath. The reaction was then blocked by the addition of 500µl 40mg/ml
bovine serum albumin (BSA) in Coupling Buffer. The tube was vortexed and again
incubated for 1 hr at 37°C. The tube was centrifuged for 5 min at 10,000 RPM and the
supernatant was removed. The beads were washed with 500µl 1mg/ml BSA in 1xPBS.
The mixture was vortexed and then centrifuged for 5 min at 10,000 RPM. Supernatant
was removed without disturbing beads and they were resuspended in 500µl 0.2mg/ml
BSA in PBS. The coupled beads were transferred to a dark tube and stored at 4°C. The
coupling efficiency was checked by immunoblot. The beads were sonicated for 3 min in a
RT water bath and then 10µl was aliquoted into a 1.5ml tube. They were spun down at
10,000 RPM and the supernatant was removed. The samples were boiled in 5µl SDS
loading buffer for 10 minutes and then run on a 10% SDS-page gel. The protein was then
transferred to a PVDF membrane and probed with either an anti-GST or anti-His primary
antibody. Determination of coupling efficiency is performed via visual inspection of the
blot. As long as the proteins are of similar molecular weight, comparable band intensities
will want to be demonstrated.
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Latex Bead Adhesion Assay and Analysis
HEp-2 cells were seeded (2x105) on coverslips in a 24-well plate and grown to semiconfluency. Coupled beads were sonicated in a water bath (Branson 3200) for 3 minutes
and then a 10-fold excess of coupled beads (2x106) (1µl Coupling reaction) was aliquoted
into 250µl DMEM and aliquoted for each well. The plate was centrifuged for 5 min at
700 RPM and then incubated for 1 hr at 37ºC. The cells were washed in Hank’s balanced
salt solution (HBSS) until all non-attached cells were removed (approximately 4 washes
consisting of 2 – 30 minute cycles on a vortex and 2 – 15 minute cycles on a vortex). The
cells were then washed with 1xPBS and fixed in 4% paraformaldehyde for 30 minutes at
RT. The paraformaldehyde was removed and each well was washed with 1xPBS. The
coverslips were then removed and mounted onto slides. Micrographs were obtained of
each sample and averaged together. Any remaining beads adhering to the coverslip were
not counted. Aggregates of beads were only counted as one bead. For graphs, the average
number of adhering beads per sample was plotted. The standard deviation was used to
calculate error bars in both directions.

Chlamydia Purification
The elementary bodies used for the neutralization assay were purified from a 30%
Meglumine cushion as follows: 18 petri dishes of HeLa cells were grown to confluency.
They were then infected with Chlamydia trachomatis serovar E seeds (non-gradient
purified infectious lysate). The plates were scraped at 48 hpi. The medium and cells were
then transferred into two 250ml conical tubes. The plates were washed with a total of
20ml 1xPBS and this was split into both tubes. The cells were sonicated in an ice bath six
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times at 50% amplitude (Branson 3200) for 10 seconds. The tubes were then centrifuged
(Beckman Coulter Advanti J-E) at 14,000 RPM for 30 minutes at 4°C. The supernatant
was discarded and each pellet was resuspended in 6ml sucrose-phosphate-glutamate
buffer (SPG) using a 22g needle and 3ml syringe. The suspension was then transferred to
15ml conical tubes. DNase I (final concentration 100µg/ml) and magnesium chloride
(MgCl2) (final concentration 0.04M) was added to each tube and incubated in a 37°C
water bath for 30 minutes. 5ml of 30% Meglumine (Amersham Health) in SPG was
aliquoted into two ultracentrifuge tubes. The lysis solution was split evenly and
transferred to the top of the prepared cushions. They were then centrifuged at 18,000
RPM (Beckman Coulter Optima L-90k Ultracentrifuge) for 30 minutes at 4°C. All of the
Meglumine and supernatant was discarded. Each pellet was then resuspended in a total
volume of 25ml cold 1xPBS and then transferred to 30ml Oakridge tubes. These were
centrifuged at 16,000 RPM for 30 minutes (JA-20 rotor). The supernatant was discarded
and a syringe was used to resuspend each pellet with 4ml sucrose-phosphate buffer (2SP).
This was aliquoted into eppendorf tubes with a rubber seal and stored at -80˚C. The
elementary bodies used in the ELISA were purified from a Meglumine gradient as above
through the 30% Meglumine spin. Afterwards, the Meglumine was removed and the
pellet was resuspended in 7.5ml SPG. Four ultracentrifuge tubes were prepared each
containing the gradient: [2.5ml of 54% Meglumine, 5ml of 44% Meglumine, 2.5ml of
40% Meglumine]. The resuspended Chlamydia was aliquoted into all 4 gradients using a
syringe and needle (~2ml per gradient). The gradients were centrifuged at 18,000 RPM
for 1.5 hrs at 4ºC. The top and middle cushions were discarded. The EB layer (inbetween the 44% and 54% layers) was removed and transferred to a clean tube. It was

24

then diluted with cold PBS (3 volumes). The EB suspensions were then centrifuged for
30 min at 16,000 RPM. The supernatant was removed and the EB pellet was washed with
~40ml PBS and centrifuged for another 30 minutes at 16,000 RPM. The supernatant was
discarded and the pellet was resuspended with 2ml SPG using a 22g needle. Aliquots
were stored in freezer-safe tubes at -80ºC.

Inclusion-forming Units Counts for Purified EBs
A 48-well plate was seeded with hamster kidney epithelial-like (HaK) cells on coverslips
at a concentration of 0.65x105 cells/well. Six wells were infected with purified EBs
serially diluted (20x to 320x) in SPG in duplicate. The plate was spun at 2400 RPM
(Beckman GS-6KR Centrifuge) for 30 minutes. The SPG + EB mixture was discarded
and 500µl of DMEM was aliquoted per well. The plate was incubated at 37˚C. After 24
hours, the medium was aspirated and the cells were washed with 1xPBS. Methanol
(0.5ml of 100%) was aliquoted per well and incubated at RT for 10 minutes. The
methanol

was

discarded

and

the

cells

were

washed

2x’s

with

1xPBS.

Immunofluorescence was used to visualize inclusions using GP anti-C. trachomatis PmpI
as the primary antibody and anti-GP AlexaFluor488 as the secondary antibody. The
coverslips were mounted on slides and 2 images were taken of each coverslip. Inclusions
and cell counts were combined from all 4 photographs of each sample. They were then
averaged to determine the percent infectivity. The general formula used to calculate
inclusion-forming units (IFU) was: [(% cells infected) x (# of cells on day of count) /
dilution].
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Antibody Production
As per the Rank laboratory (Rank, 2012), guinea pigs were immunized with 250-500µg
of recombinant protein per animal. The first round of immunization was performed in
Freund’s Complete Adjuvant. Equal volumes of adjuvant were mixed with the
recombinant protein (approximately a 1ml suspension) and given sub-cutaneously
(0.25ml) in each inguinal area and under each front leg using a female Leur-Lock
apparatus. After 2-3 weeks, the animals were boosted sub-cutaneously in the same areas
using Freund’s Incomplete Adjuvant. After 2-3 weeks, the animals were again boosted
with Freund’s Incomplete Adjuvant. The animals were bled 2-4 weeks later and the
serum was tested using western blot to determine if they could be terminally bled of if
another boost was required.

Antibody Purification
Used ThermoScientific Protein A Kit for IgG purification. The protocol was followed as
directed by instructions. The columns were equilibrated to RT. They were placed in a
collection tube and centrifuged at 5,000 x g (Eppendorf Centrifuge 5424) for 1 min. Each
column was equilibrated using 400µl Binding Buffer, mixed, and centrifuged at 5,000 x g
for 1 min. The equilibration was repeated once. 100 – 250µl of serum was added to the
column and it was then incubated, with end-over-end mixing, for 10 minutes at room
temperature. The column was centrifuged at 5,000 x g for 1 min and the flow-through
was discarded. The column was then washed 3x with 400µl of Binding Buffer and
centrifuged at 5,000 x g for 1 min. The IgG was eluted with 400µl of Elution Buffer into
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a collection tube containing 40µl of Neutralization Buffer. This was repeated an
additional 2x for a total of 3 fractions.

Buffer Exchange and Concentration of Purified IgG
Used Amicon Ultra 0.5 Centrifugal filter devices 10k (Merck Millipore UFC501024) for
buffer exchange and concentrating IgG under sterile hood environment. Purified proteins
were added to column and spun at 14,000 x g (Eppendorf Centrifuge 5424) for 15 min.
The eluate was discarded. The column was washed 2x with 450µl 1xPBS and spun at
14,000 x g for 15 minutes. The column was then placed in a new collection tube upside
down and spun at 1,000 x g for 2 min. Elution volumes were increased to 50 – 132µl
depending on the initial volume of serum purified. The optical density of the samples was
determined using the BCA Protein Assay (BioRad) as recommended and read at OD750
(Beckman Coulter DU530) in cuvettes (BioRad). IgG samples were all brought up to a
2mg/ml stock concentration. For early experiments, the lyophilizer (VirTis Lyo-Centre)
was used for the concentration of antibodies, however, due to the possible accumulation
of salt from the PBS, the above Amicon Ultra tubes replaced this method.

Neutralization Assay
Hamster kidney epithelial-like (HaK) cells were grown to confluency on a petri dish for
48 hours. The cells were counted and a 48-well plate with coverslips was seeded with
5x104 cells/well. The cells were grown for 48 hours until they were semi-confluent. IgG
from normal serum (controls) and immune serum was used. Controls varied from
experiment to experiment depending on the samples being used. For example, if a goat
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immune serum was used, then a corresponding goat normal serum was used as a control.
As the experiment progressed, all samples used were from guinea pig. The purified and
concentrated IgG was serially diluted in sterile conditions with 1xPBS. The samples were
then heat-inactivated in a 56°C water bath for 30 min to inactivate complement. Purified
EBs were then diluted in SPG to 2x104 EB/ml. Equal parts of diluted EBs (110µl) and
IgG (110µl) were incubated in individual tubes for 30 min at 37°C, rotating at 100 RPM.
The HaK cells were washed with HBSS and inoculated with 100µl of the EB/IgG mixture
in duplicate. The plate was then rocked for 2 hr at RT and hand-rocked every 30 minutes.
The EB/IgG mixture was aspirated and the cells were washed with HBSS. DMEM
(500µl) with a final concentration of 1µg/ml cycloheximide was added to each well. The
plate was incubated for 48 hours at 37°C and 5% CO2. After incubating, the medium was
removed and the wells were washed with 1xPBS. The cells were fixed by incubating with
100µl methanol/well at RT for 20 min. The wells were washed with 1xPBS and the plate
was stored at 4°C before continuing with the Immunofluorescence Assay. Note: HaK
cells were used instead of HeLa cells due to possible FcγR-mediated entry of chlamydiae
into cells (Su et al., 1991). This would render the neutralization assay useless.

Neutralization Data Extraction and Analysis
Random photographs (three to five) were taken of each coverslip along a vertical axis as
long as cells were at least semi-confluent. If cells were not semi-confluent, the field of
view was moved horizontal to the next new position. The inclusions in every image were
counted. If a bordering inclusion was in the field of view by at least 50%, it was included
in the counting. In addition, when it was obvious that a larger inclusion was made up of
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smaller ones, these were each counted as one. The average inclusion number per sample
was calculated along with the standard deviation. Average inclusions were then graphed
using the standard deviation to demonstrate the dispersion of data (approximately 65% of
data points lie within the error bar). The percent neutralization (statistical percent change)
was determined using the following formula: [(GP normal serum inclusion counts –
Immune serum inclusion counts) / GP normal serum inclusion counts] * 100 for each
sample. This resulted in a graph representing the percent change of the sample means and
control means (the background neutralization of normal serum was subtracted). Error
bars were not included in the percent change graphs since the resulting bars would not
represent the dispersion of data since biological replicates were not performed (there is
only one data point, therefore nothing to compare the dispersion of). A one-sided
Student’s T Test was then calculated assuming equal variances using a significance level
of 0.05 to determine which samples were neutralizing (or significant). Significant results
in graphs are depicted in green while those that are not significant are in red.

Microscopy
Neutralization micrographs were obtained on a Zeiss Imager.Z1 AX10 Microscope at 20x
(Phase: 164 ms, green fluorescent protein (GFP): 1361 ms). Three to five photographs
were taken of each coverslip along a vertical line. Immunofluorescence assay (IFA)
images to demonstrate specificity of purified antibodies were taken on a Zeiss Imager.Z1
AX10 Microscope using the Apotome.2 Zeiss 63X in oil (GFP: 1120 ms, cyanine dye 3
(Cy3): 655 ms) and at 80% exposure. The camera used for Apotome images:
(Hamamatsu Digital Camera C10600 ORCA-R2).
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Immunofluorescence Assay for Neutralization
Wells were washed with wash buffer (10% PBS, 10% Triton x-100 (Fisher Scientific),
1mg/ml BSA) and 100µl of wash buffer containing the primary antibody (Goat α C.
trachomatis MOMP) at a dilution of 1:2000 was added to the wells. The plate was
incubated at RT shaking for 1 hr. The wells were washed 3x with wash buffer and
incubated at RT shaking for 2 minutes. The wash buffer was removed and the 100µl of
wash buffer containing the secondary antibody (Rabbit α Goat x Alexa Fluor® 488) at a
dilution of 1:2000 was added to the wells in addition to a 1:1000 dilution of Evans blue
for the second stain. The plate was incubated at RT shaking for 30 minutes. The wells
were washed 3x with wash buffer and incubated at RT shaking for 2 minutes. The wash
buffer was removed and 1xPBS was added to the wells until the coverslips were mounted
onto slides. The coverslips were either mounted using Moviol solution and stored in the
dark at RT overnight or using mounting solution and clear nail polish to seal coverslip.
Slides were stored at 4°C in the dark. Immunofluorescence assay specifics for other
experiments are mentioned in-text.

ELISA
Chlamydia trachomatis serovar E purified from a 30% Meglumine gradient was used as
the antigen. It was determined using the BCA assay that the antigen concentration was at
0.6mg/ml. The antigen was diluted by adding 0.1ml to 9.9ml of 0.5M NaHCO3 pH 8.2.
Diluted antigen was added to each well of a 96-well microtiter plate at a volume of
0.1ml/well. The plate was incubated at RT overnight, covered, in a moisture-chamber.
The wells were emptied and filled with 5% BSA + 0.05% PBS-Tween pH 7.4. The plate
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was then incubated for 1 hr at 37°C covered. The wells were emptied and 0.180ml of 2%
BSA + 0.05% PBS-Tween pH 7.4 was added to the first column and 0.100ml to the rest
of the columns. A 2µg/ml dilution (20µl) of purified IgG was aliquoted to the first
column. The IgG was serially diluted by taking 100µl from each well and placing it in the
adjacent column after mixing. The 100µl taken from column 11 was discarded since
column 12 was used for blanking purposes. The plate was incubated for 1 hr, covered, at
37°C. The wells were washed 3x with 0.05% PBS-tween pH 7.4. A 1:6000 dilution of the
secondary antibody, HRP-conjugated Rabbit anti-Guinea pig serum, was made using 2%
BSA and 0.05% PBS-tween pH 7.4 and 100µl/well was aliquoted to the entire plate. The
plate was incubated for 1 hr, covered, at 37°C. The wells were emptied and washed 3x
with

0.05%

PBS-tween

pH

7.4.

Substrate

[0.3mg/ml

2,2’-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS), 0.1M citric acid, (100µl), 0.03%
hydrogen peroxide (H2O2)] was added to each well. The plate was incubated for 1 hr,
covered, at 37°C. The optical density of the plate was read on a Beckman Coulter DTX
880 Multimode Detector at 405nm using row 12 for blanking purposes and Multimode
Analysis Software. For the data analysis, first, the background was subtracted from blank
wells. The average OD reading was then determined for each sample. The absorbance
was plotted in a line graph. To determine the 99% confidence interval, only one
concentration of antibody could be used. The average data (calculated above) for the
1µg/ml concentration data points were displayed in a bar graph. The mean of the negative
control GP IgG samples was determined. This was added to three standard deviations of
the mean to determine the 99% confidence interval using this equation: [mean + (3 *
standard deviation)].
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Chapter IV: Polymorphic Membrane Proteins and Model Organisms

Species and Inter-species Pmp Relatedness
The guinea pig and mouse animal models are extremely important in the study of
chlamydial infections. The guinea pig: C. caviae system is a model for ocular and genital
infections while the mouse: C. muridarum system is a model for lung and genital
infections. Different chlamydial species infect different tissue types; however, it is not
known which proteins determine tissue tropism. There is some evidence that points to the
polymorphic membrane proteins as the determinant of tissue and cell specificity. The
purpose of this chapter is to evaluate the similarity between Pmps in different species at
the gene and protein levels to make future studies easily translatable to different models
and then to humans. Furthermore, this chapter will shed light on further tools that have
been made available to the field due to this research.

Subtype-specific Pmp Similarity within a Species
The polymorphic membrane proteins have relatively little sequence identity
among each other; the reason they were grouped into a family is due to the repeat motifs
that they contain. The protein sequences of Pmps from Chlamydia caviae were aligned to
demonstrate this using Geneious software (Biomatters Limited, 2013). The amino acid
alignment in Figure 4 shows that there is little overlap in protein sequence among
different Pmps. However, there is a more significant degree of overlap among Pmps of
the same subtype. The amino acid sequences of several Pmp-subtypes were aligned
against each other using NCBI’s basic local alignment search tool (BLAST) (Altschul et
32
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Figure 4. C. caviae Pmp alignment. The amino acid sequences of the C.
caviae Pmp passenger domains were aligned using Geneious software
(Biomatters Limited, 2013). Green bar above denotes regions of identity
across all sequences. Yellow and red colors denote less than complete identity
and low identity respectively.
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al., 1990) to determine how similar they were to others of the same subtype. When the
PmpE2 protein sequence was aligned with the other E subtype Pmps, the results revealed
25 to 53% sequence identity (Table 2). When the subtype G Pmps were aligned against
each other, there was 30 to 92% sequence identity among them (Table 3).

Inter-species Pmp Similarity
It was important to also determine how similar the polymorphic membrane
proteins were from one species to another so there would be the possibility that new
resources could be shared among species. The amino acid sequences of C. trachomatis D
Pmps were aligned against C. caviae GPIC Pmps. They showed 30 to 78% identity. This
alignment also showed that PmpB is the most conserved out of the Pmp proteins
compared in these two species (Table 4). All of the other proteins shared a similar
percent identity with the average of all in the table at 39%. If the sequence identity is
greater than 35%, the two sequences will have the same structure if the change in
residues results in a stable structure (Rost, 1999). Below 35% identity, the chances are
less so. Therefore, antibodies against the C. trachomatis Pmps might not cross-react with
C. caviae Pmp antigens due to a difference in protein structure if the identities are less
than 35%, which is the case in 7 out of 17 proteins in the Table 4 alignment.
The amino acid sequences of C. trachomatis D were then aligned to C.
muridarum Nigg. C. muridarum has 4 proteins which each traverse 2 families, therefore
these proteins were aligned to both families in C. trachomatis. The average identity of the
proteins was 59%, a 1.5 times increase as compared to that between C. trachomatis and
C. caviae. PmpA was most similar among both species with Pmps D, E, G, and H
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following close behind (Table 5). Only 2 out of the 13 proteins had sequence identities
below 35%. This provides support that antibodies against the C. trachomatis Pmps might
cross-react with most C. muridarum Pmp antigens.
In addition to sequence alignments, since antibodies against the nine C.
trachomatis Pmps are available in our laboratory, it was also important to test via
immunofluorescence if these would cross-react with native C. muridarum Pmps. This
would not only be able to further validate their similarity, but it could provide us with
additional valuable resources since we would be able to use our current C. trachomatis
antibodies for testing in C. muridarum.
For this assay, a 48-well plate was set up with coverslips. The wells were seeded
with 5x104 HeLa cells each. The cells were incubated for 24 hours before infection. Half
of the plate was inoculated with C. muridarum (approx. multiplicity of infection (MOI)
0.75) and the other half was left uninfected to determine background staining. The HeLa
cells were infected by centrifugation at 2000 RPM for 30 min. The plate was then
incubated at 37°C for 24 hours and then the cells were fixed using 4% paraformaldehyde.
C. trachomatis Pmp-specific antiserum was adsorbed to minimize cross-reactivity of the
antibody with HeLa cells. The antiserum was then used for immunofluorescent staining
at a 1:400 dilution. The secondary antibody conjugated to AlexaFluor488 was used to
visualize inclusions stained by the anti-Pmp antibodies. The antibodies against PmpA, C,
D, E, G, and H of C. trachomatis cross-reacted with their counterpart C. muridarum
native antigens (Table 6 & Figure 5). Contrary to those results, antibodies against
PmpB, F, and I (no PmpI homologue in C. muridarum) of C. trachomatis did not crossreact with C. muridarum Pmp antigens. When the background of the green fluorophore is
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Figure 5. Cross-reactivity between C. trachomatis anti-Pmps with C.
muridarum antigens. Immunofluorescence was used to determine
crossreactivity using a 1:400 dilution of C. trachomatis anti-Pmps as the
primary antibody and a secondary antibody conjugated to AlexaFluor488 as
the secondary antibody. Micrographs are at 40x. The inclusions are stained
green. Evans blue was used to stain the HeLa cells (red).
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eliminated from the images using PmpB and PmpF antibody, no green color is present in
the inclusions.

The Production of Molecular Tools for Chlamydia caviae
Unlike C. trachomatis and C. muridarum, which each both have 9 polymorphic
membrane proteins, C. caviae has 18, grouped into 6 families. Because of the large
number of Pmps, in addition to the relatively low identity between Pmps of C.
trachomatis and C. caviae, it was decided that the genes would need to be cloned for the
purpose of future protein and antibody production. A previous laboratory technician had
successfully cloned the C. caviae genes pmpA, pmpB, pmpD, pmpE2, pmpG6, and
pmpG7 and produced protein and antibodies against the gene products. Although the
antibodies would most likely cross-react with antigens of the same Pmp subtype, pmpH
still needed to be cloned since there was a high possibility that the current antibodies
would not cross-react with it due to low sequence similarity. This section therefore
describes the cloning of not only pmpH, but additionally of pmpE1, pmpE5, pmpG1, and
pmpG5.
The primers for cloning of the polymorphic membrane proteins were previously
designed to exclude the beta barrel domains of the Pmp proteins. Within the passenger
domain, the primer length was first selected to make sure that the initial annealing
melting temperature (Tm) was higher than 56ºC. A BamHI or XmaI restriction site was
then added, dependent on if there was another restriction site already within the sequence,
upstream to the forward primer. The reverse primers were similarly designed with regard
to Tm and checked for internal restriction sites; however, a restriction site internal to the
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pCR2.1 TOPO plasmid was used for the reverse primer instead of adding another
restriction site.
High fidelity polymerase was used to amplify the polymorphic membrane protein
fragments using the primers listed (Table 7). The fragment was ligated into the pCR2.1TOPO plasmid via TA cloning technology and a figure of the new plasmid was made
using Vector NTI Advance 10 (Invitrogen) (Figure 6). After ligation, the plasmids were
chemically transformed into TOP10 cells and grown overnight in ampicillin selection
plates. Polymerase chain reaction (PCR) (GoTaq - Promega) and/or digestion were used
to confirm inserts. The colonies were grown overnight in medium containing ampicillin,
and the plasmids were prepped the next day. The cloned fragments were digested out of
the pCR2.1-TOPO plasmid using a combination of enzymes (New England Biolabs)
including BamHI, EcoRI, and XmaI depending on the fragment. The pGex2T receiving
plasmid was cut with the same combination as its fragment and then treated with calf
intestinal alkaline phosphatase (CIP) to prevent re-ligation of ends. The fragments and
pGex2T plasmid were ligated and then chemically transformed into TOP10 cells, which
were grown on ampicillin selection plates (Figure 7). The inserts were confirmed using
PCR and/or digestion. Colonies with confirmed inserts were then grown overnight in
medium containing ampicillin. Glycerol stocks were made from an aliquot of the
cultures. The plasmids were prepped from these cultures and then sent for sequencing for
additional confirmation of insert and sequence. After sequencing confirmed the correct
insert, the plasmids were then electroporated into BL21(DE3) cells for protein expression
purposes. After transformation, the clones were again screened via PCR. Glycerol stocks
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Figure 6. C. caviae pmpG5 fragment in pCR2.1-TOPO plasmid. pCR2.1
TOPO plasmid from Invitrogen was used to clone C. caviae fragments using
the TA system. This plasmid includes a multiple cloning site, kanamycin, and
ampicilling resistance ORFs. Image was produced using Vector NTI Advance
10 (Invitrogen).
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Figure 7. C. caviae pmpG5 fragment in pGex2T plasmid. pGex2T plasmid
from GE Healthcare Life Sciences was used to express and produce C. caviae
GST-fusion recombinant proteins. Image was produced using Vector NTI
Advance 10 (Invitrogen).
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of the BL21 colonies containing the pGex2T plasmid with insert were then made and
stored.
Before protein expression and purification, the isoelectric points of the Pmp
passenger domains were determined so the buffers could be customized to allow for
maximum protein solubility. Membrane proteins are usually highly insoluble. The
methods chapter contains detailed information as to the procedure used to calculate the
isoelectric points of the proteins. For future use, the isoelectric points were derived for
several species and strains (Table 8). The pH of the protein purification buffers should be
more basic than the isoelectric points of the proteins. That being said, for the purpose of
expressing the C. caviae Pmp fragments above, it was determined that a buffer pH of 8.0
would be sufficient to allow for maximum protein solubility.
The BL21 transformed clones with sequenced fragments in the pGex2T plasmid
were then cultured overnight. Medium with ampicillin was inoculated with an aliquot of
these overnight cultures and then grown to an optical density between 0.5 to 0.8 for log
phase, approximately 3 hours. These cultures were then induced with IPTG. The medium
was centrifuged out of the cultures and each pellet was frozen to assist with cell lysis.
The next day, the pellets were resuspended in binding buffer and purification continued
by separating the soluble from insoluble fractions. In further detail in the methods
chapter, after SDS-PAGE analysis, the expressed proteins, which were found to be
contained in the soluble fractions were then passed through a column containing
glutathione sepharose resin where the GST-fused proteins adhered. The proteins found to
be contained in the insoluble fractions were further processed with urea and then dialyzed
before adding them to the purification column. All of the fractions were collected from
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the columns and then analyzed via SDS-PAGE (data not shown) to assess the location
and quality of the proteins. These proteins were again dialyzed and then concentration
was determined via the BCA assay. The purified proteins were then used for antibody
production in guinea pigs as detailed in the methods chapter.

Discussion
There are many species and hosts of Chlamydia, however, the hosts that serve as
the best model organisms of human infection are the guinea pig and the mouse due to
features of each outlined in the introduction section.
Currently, several tools are available to the community of researchers studying
Chlamydia, however, not all of the polymorphic membrane proteins currently have the
corresponding antibodies made, which would make immunological assays possible. Our
laboratory currently has all of the antibodies to the 9 Pmps of C. trachomatis. To
eliminate repetition in resources, this chapter focused on the similarity among Pmps
within a species and across species. Using BLAST algorithms, it was determined that C.
muridarum antigens would most likely cross-react with current C. trachomatis
antibodies. All of the C. trachomatis Pmp antibodies cross-reacted except for three,
PmpB, F, and I (C. muridarum does not have pmpI gene). The cloning, protein
expression, and antibody production against PmpB and PmpF alone will be able to save
the laboratory resources.
In reference to C. caviae, the BLAST algorithms comparing this species with C.
trachomatis demonstrated that the Pmp antibodies might not cross-react. Even if they did
cross-react, the large number of multi-family members of C. caviae would make
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interpretation of experimental results difficult as more than one member of a given C.
trachomatis Pmp subtype may be recognized. For example, if the C. trachomatis PmpG
antibody was used for an immunofluorescence assay attempting to differentiate between
expression of Pmps G1 though G9 of C. caviae, an antibody that cross-reacts with this
entire family would be useless. Being membrane proteins, polymorphic membrane
proteins are difficult to work with. Primer design and cloning has proved difficult due to
the number of repeats contained in each and protein expression and purification is
complex due to the insoluble nature of membrane proteins. As a result of this work,
antibodies were produced for C. caviae PmpG5. Pmps E5, G1, and H have been
expressed but remain insoluble, and PmpE1 has been cloned into the expression plasmid
pGex2T and is ready to be transformed.
The availability of these additional resources will allow for studies of C. caviae
and C. muridarum as models for C. trachomatis.
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Chapter V: Polymorphic Membrane Proteins as Adhesins

Pmp Structure Prediction
As described in the background section, it has previously been shown that the
polymorphic membrane proteins are surface located. It has also been shown that several
recombinant Pmps of Chlamydia pneumoniae (Molleken et al., 2010) act as adhesins.
The purpose of this chapter is to demonstrate that Chlamydia trachomatis Pmps are
surface located and then to determine if they also act as adhesins.
To support that the Pmp structure would be consistent with that of other
autotransported

adhesin

proteins,

the

Research

Collaboratory

for

Structural

Bioinformatics (RCSB) Protein Data Bank (RCSB, 2013) and SwissModel Software
(Kiefer et al., 2009; Peitsch, 1995; Arnold et al., 2006) were used to predict the structure
of a Pmp protein using that of a known autotransporter protein, Pertactin, from Bordetella
pertussis. PmpG was selected for this prediction since it was going to be used in electron
microscopy as well as latex bead experiments described later in this chapter. The
sequence of Pertactin was aligned to PmpG of C. trachomatis using ClustalW (Goujon et
al., 2010; Larkin et al., 2007) after searching through structures in the RCSB Protein
Data Bank (RCSB, 2013). The resulting ClustalW file was then fed into SwissModel,
which produced a predicted PmpG structure based on the structure of Pertactin [RCSB
indentifier 1DAB]. Pertactin is classified as an adhesin and has a ß-helical secondary
structure similar to that of many other autotransported adhesins (Henderson et al., 2004).
Like in other autotransported adhesins, this predicted model suggests that the secondary
structure of Pmp passenger domains is in the ß-helical configuration (Figure 8). The
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Figure 8. Structure Model of PmpG Passenger Domain and Pertactin.
Bordetella pertussis Pertactin (bottom image, RCSB ‘cartoon’ image) was
used to model the passenger domain of PmpG (top image) from C.
trachomatis. Pertactin is an autotransported adhesin, which was aligned to
PmpG and then modeled using SwissModel Software (Kiefer et al., 2009;
Peitsch, 1995; Arnold et al., 2006). The triangular β-helix conformation is
distinctly visible in this ribbon model.
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model was not highly scored by the SwissModel Software. The trimeric autotransporter
adhesin head domain [RCSB indentifier 3LAA] from Burkholderia pseudomallei and the
outer membrane adhesin/invasin [RCSB identifier 1K24] from Neisseria meningitidis
were also used to attempt a structure prediction using SwissModel software, however, the
software was unable to make a prediction of PmpG off of the structures of either of these
two proteins.

Demonstration of Pmp Localization Using Immunofluorescence
To demonstrate the localization of the Pmps using immunofluorescence, infected
and uninfected HeLa cells were probed with antibodies after treatment with either wash
buffer alone, or including either one of two detergents, digitonin and Triton X-100. If the
HeLa cells are treated gently, wash buffer alone will not allow staining of anything
intracellular since the membrane will still be intact. Digitonin however, has been used
previously to permeabilize the cell membrane while keeping the inclusion membrane
intact. In contrast, the strong non-ionic detergent Triton X-100 will permeabilize the
HeLa cell membrane, the inclusion membrane, and chlamydial membrane.
A 48-well plate with coverslips was seeded with 5x104 cells/well. The cells were
incubated for 48 hours. The HeLa cells were infected with 30% gradient-purified C.
trachomatis serovar E elementary bodies and incubated for 48 hours. Afterwards they
were all fixed with 4% paraformaldehyde. One-third of the infected cells were washed
with wash buffer alone, while the two remaining thirds were incubated with either
permeabilization buffer containing digitonin or Triton X-100. Afterwards, the plate was
processed for immunofluorescence using antibodies against EF-Tu (TufA, Elongation
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Factor Tu) located in the chlamydial cytoplasm, α-tubulin located in the HeLa cell
cytosol, PmpD, PmpE, PmpF, and PmpG (anti-Pmps purified and at a concentration of
1µg/ml). The micrographs in Figure 9 demonstrate that all proteins are slightly
accessible with wash buffer alone, suggesting that the membranes are damaged during
cell processing. However, it is clear that α-tubulin is visible with the same intensity with
digitonin alone and with Triton X-100 alone. This shows that only the HeLa cell
membrane needs to be permeabilized for α-tubulin to be accessible to its cognate
antibodies. Ef-Tu on the other hand, is only accessible after treatment with Triton X-100,
which means that the inclusion membrane and/or the chlamydial membrane must be
permeabilized for the antibody to gain access to this protein. For the remaining
micrographs, Triton X-100 is required for the Pmp-specific antibodies to gain some
access to their respective antigens. The staining looks weak in the micrographs taken,
however, this was due to the fact that the same exposure time was used for all images so
they could be directly compared. Since the intensity of the controls was high, the
exposure time was decreased, lowering the visibility of others. Despite this, there was
staining of the Pmp antigens which was (slightly) more intense after treatment with
Triton-X-100.

Demonstration of Pmp Surface Localization Using Electron Microscopy
The previous assay demonstrated that polymorphic membrane proteins are
associated with chlamydiae; however, it did not show that they are on the surface of
chlamydial cells. To demonstrate this, C. trachomatis serovar E-infected HeLa cells at 42
hpi along with antibodies against C. trachomatis serovar E PmpA and PmpG were sent to
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Figure 9. Micrographs demonstrating Pmp association with chlamydiae.
HeLa cells were treated with either wash buffer alone, Digitonin, or Triton X100 after infection with C. trachomatis. The infected cells were then probed
with primary antibody (to the right of image) and then a secondary antibody
coupled to AlexaFluor488 (green). The photographs above were taken with
the fluorescent microscope at 40x magnification and at the same exposure
times (phase 450 ms, GFP 180 ms), which accounts for the faint detection of
Pmps.
.
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the University of Maryland, Baltimore Core Imaging Facility. There, the infected HeLa
cells were embedded in resin and sectioned. Thin sections (70nm) were mounted on a
grid and then labeled with the primary antibodies against PmpA or PmpG. Colloidal gold
covalently linked to the secondary antibody was then used to visualize the antigen
localization via electron microscopy. As shown in Figure 10, PmpA seems to localize
with the tightly packed chromatin of the elementary bodies. PmpG on the other hand, is
expressed on the surface of the elementary bodies (Figure 11).

Determination of Pmp Adhesin Properties Via Latex Bead Assay
To determine if C. trachomatis polymorphic membrane proteins act as adhesins,
the latex bead assay was used (Molleken et al., 2010). This assay entails coupling
purified protein onto latex beads and then incubating them with cells. After washes, the
beads adhering to cells are viewed under a microscope and counted.
For the positive control, Yersinia pseudotuberculosis invasin was used since this
is a known adhesin (Isberg et al., 1987). Primers for invasin were designed using primer
sequences from Isberg and Molleken laboratory experiments (Isberg et al., 1987;
Molleken et al., 2010). Primers were ordered with BamHI and EcoRI restriction site
sequences encoded (Table 9). Y. pseudotuberculosis strain MEKBA was used as the
template for the PCR reaction. The reaction products were then purified using the
GeneJet kit and digests were set up of the plasmid pGex2T (for GST fusion) and PCR
products. The digests were run on a gel and the bands were cut out and purified using the
Fermentas gel extraction kit. The digested fragments were ligated together and then
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Figure 10. Detection of PmpA in infected HeLa cells by immunogold
electron microscopy. HeLa cells infected with C. trachomatis were
embedded in resin at 42 hpi. Thin sections were mounted and labeled with
anti-PmpA. Collodial gold covalently linked to the secondary antibody was
used to visualize the antigen. PmpA seems to localize with the tightly packed
chromatin of elementary bodies as marked by the red arrows. Micrograph
taken at 11,000x magnification.
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Figure 11. Detection of PmpG in infected HeLa cells by immunogold
electron microscopy. HeLa cells infected with C. trachomatis were
embedded in resin at 42 hpi. Thin sections were mounted and labeled with
anti-PmpG. Collodial gold covalently linked to the secondary antibody was
used to visualize the antigen. PmpG results indicate that it is expressed on the
surface of elementary bodies as is marked by red arrows. Micrograph taken at
11,000x magnification.
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chemically transformed into Top10 cells. GoTaq was used to check the clones and then
plasmid was prepped and transformed into the electro-competent BL21 cells.
C. trachomatis pmpG (encoding several repeat motifs) and pmpF (a fragment
encoding no repeat motifs) had previously been cloned into the pGex2T plasmid.
Cultures of these two clones along with a culture of the above cloned invasin were
induced and then purified via a Glutathione sepharose column. The eluates were
concentrated in the Speedvac and then protein concentrations were determined using the
BCA assay. The above-purified proteins along with BSA (negative control) were coupled
to the beads as outlined in the methods section. Efficiency of the coupling reaction was
determined and demonstrated that all proteins coupled with similar efficiency (details
described in methods section). A demonstration of the coupling efficiency test is shown
in Figure 12. The beads were then used in the Adhesion assay as outlined in the methods
section. Protein-coupled beads were incubated with HEp-2 cells (same cells used in
Molleken et al., 2010, work), which had been seeded on coverslips. These were washed
several times and photographs were taken using the fluorescence microscope to
enumerate adherent beads (Figure 13). The beads coupled to BSA demonstrated
significant background adherence (should be close to no adherence), and additionally, the
PmpF fragment (containing no repeat motifs) coupled to beads also bound to the HEp-2
cells, an unexpected result conflicting with previous work (Molleken et al., 2010).
Invasin and PmpG coupled to beads demonstrated a high level of adhesion, as expected.
Since the negative controls did not perform as expected, the purified protein
eluates were dialyzed to remove of any residual protein from glutathione elution buffer
that could have caused the binding. Additionally, GST alone was expressed and purified
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Figure 12. Demonstration of bead coupling efficiency. Coupled beads
(2x107) from each sample were spun down and supernatant removed. These
were boiled to remove protein from beads and run on a SDS-PAGE gel. The
protein was transferred to a PVDF membrane and probed with anti-GST. BSA
is not GST-tagged, which accounts for lack of a band in that lane.
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Figure 13. Adhesion of GST-Pmp fusions to HEp-2 cells. Beads were
coupled to proteins listed on left side of images. The coupled beads were then
incubated with HEp-2 cells to allow for adhesion. The cells were washed to
remove background and images were taken. The phase image is located on the
left and GFP image on the right to make it easier to locate beads.
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using the pGEX2T plasmid so it could be coupled to beads and tested to determine if the
tag increased adhesion to the cells. During the adhesion assay, the number of times that
the coverslips were washed, in addition to the length of time they were washed was
increased to further reduce the chance of contaminants causing non-specific binding. The
results demonstrated that GST alone, did adhere to the HEp-2 cells, and furthermore, that
the protein caused the beads to aggregate in greater numbers than in previous attempts
using other proteins (data not shown). Probably owing to the high number of washes to
decrease background, none of the other protein-coupled beads, PmpG or invasin,
demonstrated sufficient adhesion (Figure 14). It was then decided that the GST-tag was
inhibiting accurate results and His-tagged proteins would have to be used instead.
New primers were designed for Y. pseudotuberculosis invasin along with an
additional negative control, C. pneumoniae OmpA. Both primer sets were designed to
have additional base pairs preceding restriction sites for integration into the pET19b
plasmid for His-tagged proteins (Table 10). The fragments were amplified using
Platinum high-fidelity Taq and then purified using the GeneJet purification kit. All PCR
products and pET19b plasmid were digested using BamHI and NdeI restriction enzymes.
The pET19b-digested plasmid was then purified from a gel using the Fermentas Gel
Extraction kit. The fragments were ligated into the plasmid and then transformed into
TOP10 cells. The transformants were plated and colonies were checked via PCR. Positive
colonies were then cultured and induced via IPTG. Protein was then purified via Ni-NTA
column. The Y. pseudotuberculosis invasin, C. pneumoniae OmpA, C. trachomatis
PmpC, PmpD, and PmpI (previously cloned and expressed as His-tagged recombinant
proteins) were coupled to latex beads. The adhesion assay was then repeated with these
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Figure 14. Adhesion assay results after additional washes. Purified protein
and controls were coupled to beads. Additional washes were incorporated into
the protocol to attempt to remove background. This resulted in the loss of any
significant binding after background adhesion was subtracted.
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latex beads incubated with HEp-2 cells. Photographs were taken of the results on the
fluorescence microcope and the beads were counted (Figure 15). The results were
analyzed according to the methods section and graphed (Figure 16) for easier visibility
of outcome. According to Figure 16, the His-tagged recombinant Pmp proteins
demonstrated less binding than the C. pneumoniae OmpA negative control. Additionally,
the background binding demonstrated by the results of the BSA sample points to the
conclusion that all of the binding activity by any of the Pmps is essentially background.
The beads that had been coupled to the positive control invasin, however, did
demonstrate a wide range of binding ability.

Discussion
The results in this section suggest that the function of Pmps remains an open
question. The electron microscopy immunogold experiment with PmpG reinforced
previous data that the Pmps are surface located. Mentioned in the background chapter,
the Pmps contain signal sequence and beta barrel motifs, which are known to localize and
then anchor proteins to a membrane. Contrary to the PmpG results, the assay suggested
that PmpA localized to the tightly packed nucleoid inside the EBs. Since only one
experiment was performed, the EM experiment results should therefore not negate the
localization of this Pmp, but requires further study.
In addition to the above information, the latex bead adhesion assay used initially
by the Hegemann laboratory (Molleken et al., 2010; Dersch & Isberg, 1999) to
demonstrate C. pneumoniae Pmp adherence did not provide the same results in C.
trachomatis. Beads coupled to Pmps C, D, and I were not adhesive. Although the Pmps
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Figure 15. Adhesion of His-Pmp fusions to HEp-2 cells. His-tagged fusion
proteins were coupled to latex beads and used in the latex bead adhesion
assay. The coupled beads were incubated with HEp-2 cells and micrographs
were taken. Latex beads show up as green dots. Bead counts are shown in
Figure 16.
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Figure 16. Average number of beads adhering to HEp-2 cells.
Micrographs were taken of each sample (Figure 15) containing His-tagged
proteins coupled to beads. Beads adhering to the coverslip were not counted
and aggregates of beads were only counted as one bead. Invasin-coupled
beads demonstrated adhesion while the other samples were in a range similar
to the negative controls.

73

have motifs that have been shown to mediate adherence in an in vitro system (Molleken
et al., 2010; Wehrl et al., 2004), the immunogold results in conjunction with the above
results could cast doubt on the interpretation of the latex bead assay results since surface
exposure is a requirement for adherence. The role of the motifs in adherence, however,
should not be ruled out.
There is the possibility of technical reasons related to the latex bead assay as to
why the protein-coupled beads were not adhesive. Most importantly, the proteins could
be lacking in critical post-translational modifications (Kiselev et al., 2009) possibly
essential for adherence, due to its expression in E. coli (Baneyx & Majacic, 2004). It has
been shown (Kiselev et al., 2009) that the repeated motifs contained in Pmps are the site
for post-translational modifications. Expression of proteins in E. coli does not result in
post-translationally modified proteins as one would see in eukaryotic cells (ie: insect
cells). This could also produce proteins with incorrect conformation. Since form often
determines function, these proteins might not have the ability to adhere as if they were
native. Additionally, there is the possibility that the additions of a tag in the fusion
proteins are interfering with the binding. The native proteins might need to be purified
directly from elementary bodies so a tag would not be required.
Due to possible technical issues, my results suggest that polymorphic membrane
proteins may still be considered as adhesins; however since direct evidence involving the
native proteins has not yet been provided, other functions should still be considered.

74

Chapter VI: Antibody-Mediated Neutralization of Chlamydial
Infectivity

Neutralization
The purpose of this chapter is to demonstrate that the polymorphic membrane
proteins of Chlamydia trachomatis are involved in bacterial adherence to epithelial cells.
This can be shown by the neutralization of chlamydial infection by specific antibody
against the Pmps. If the antibodies are able to cause a reduction in infection, there is a
possibility that the interaction mediated by these antigens are required for infection. This
chapter also focuses on the process of modifying and perfecting the neutralization
experiment including the demonstration of antigen specificity of the IgG being used via
ELISA and describes a neutralization experiment using cocktail antibodies.

Neutralization Using Sera Against the Polymorphic Membrane Proteins
To determine if sera against the polymorphic membrane proteins are neutralizing,
Lugol’s Iodine Solution (a standard method of chlamydial detection) was first attempted
for inclusion counts. However it was later determined that the most accurate way to
obtain inclusion counts was to use coverslips and immunofluorescent staining of the
inclusions. Therefore, for the initial studies, a 48-well plate was seeded with 5x104
hamster kidney epithelial-like (HaK) cells on coverslips per well. The cells were grown
to semi-confluency. Sera against C. trachomatis PmpA-I (guinea pig), MOMP (goat),
lipopolysaccharide (LPS) (mouse) and additional controls of sucrose-phosphateglutamate buffer (SPG) and pre-immune sera from mouse, goat, and guinea pig were
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diluted to 100, 20, 4, and 0.08µg/ml in SPG. Aliquots (40µl) of these dilutions were
mixed with 40µl of 30% Meglumine-purified EBs at a concentration of 2x104 IFU/ml for
a final serum concentration of 50, 10, 2, and 0.04µg/ml. The serum/EB neutralization
mixture was incubated as described in the methods section. For this initial test, the
mixture was diluted 1:4 in SPG and 100µl of each mixture was aliquoted into each well
in duplicate. The infection was allowed to proceed for 22 hours. The plate was then
prepared for the immunofluorescence assay and the coverslips were stained with primary
antibody Goat α-MOMP and secondary antibody Rabbit α-Goat-488. The coverslips
were mounted on slides and visualized under the fluorescence microscope where
photographs were taken in triplicate and HaK cells and inclusions were counted (Figure
17). Previous studies extrapolated the number of inclusions from 1,000 HaK cells, but
this tended to skew the data in this chapter, due to the fact that as long as the MOI is less
than 1, the cell number has no measurable impact on infection. The results of this
experiment were therefore determined by only using the inclusion counts per field of
view, disregarding the number of cells. The results demonstrated that sera against
MOMP, PmpD, and PmpI were able to neutralize with statistical significance (shown in
green) according to the Student’s T Test, when compared to guinea pig normal serum
when at a concentration of 100µg/ml in the neutralization mixture (Figures 18 & 19).
However, goat, mouse and guinea pig normal sera along with known non-neutralizing
serum against LPS all caused significant neutralization. In contrast, treatment with
several of the other sera actually caused an increase in infection.
The experiment was repeated at only the highest dilution of antibody and it was
decided that infections must proceed between 40 to 48 hpi to facilitate more accurate
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Figure 17. Neutralization of infection using PmpD antibody. HaK cells
were infected with C. trachomatis E elementary bodies that had been
incubated with either anti-PmpD antibodies or PBS as the negative control.
Chlamydial inclusions labeled by antibodies against MOMP are shown in
green. HaK cells are stained red by Evans Blue. Contrast has been changed in
top-right picture for viewing purposes. Other color differences are due to
amount of green emission. (20x magnification)

77

78

Figure 18. Demonstration of percent neutralization of infectivity by sera
at 0.04 to 50µg/ml. Hak cells were seeded on coverslips and infected with C.
trachomatis E elementary bodies (in duplicate), which had been incubated
with serum at different dilutions. Final dilutions of antibodies are noted on the
horizontal axis (µg/ml). Immunofluorescence was used to visualize inclusions
22 hpi. Photographs of coverslips were taken in triplicate at 20x magnification
and inclusions were counted in each photograph and averaged for each
sample. Percent neutralization was determined as outlined in the methods
chapter. Green bars represent statistical significance as compared to normal
guinea pig serum.
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Figure 19. Percent neutralization of infectivity by sera at 50µg/ml. The
neutralization data for all samples of one serum dilution (50µg/ml) from
Figure 18 was graphed alone. Green bars represent significant neutralization
compared to normal guinea pig serum while the red bars do not.
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inclusion counting. The data demonstrated that the experiment was not repeatable since
none of the antibodies against the Pmps neutralized the infection with statistical
significance this time and the negative controls did not demonstrate neutralizing activity
(Figure 20). Neutralizing activity of the negative controls in conjunction with fluctuating
results among experiments, however, are indicators that other proteins in the serum other
than the IgG itself could be having an impact on the results. It was then decided that the
sera would have to be purified for further experimentation.

Purification of Pmp-specific Antibodies
To remove the possibility of non-immune factors having a non-specific impact on
neutralization, the sera were purified using a protein A column as mentioned in the
methods section. Unpurified sera (not shown) was run alongside the purified sera in an
SDS-PAGE to confirm the ability of the column to purify the IgG fraction (Figure 21).
The columns were efficient at eluting IgG, which was then analyzed via the BCA assay
as outlined in the methods section to determine protein concentration.

Analysis of Eluted IgG
The eluted IgG was further processed depending on the experiment as outlined in
the methods section, which included buffer exchange, concentration, and then dilution.
To be certain that IgG is what was purified, and that it could still bind to its cognate
antigen, immunofluorescence experiments were designed for further confirmation. A 48well plate was seeded with HeLa cells on coverslips at a concentration of 6.5x104 cells
per well. The cells were allowed to grow for 24 hours, until they were semi-confluent.
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Figure 20. Neutralization of infection using 50µg/ml serum with
increased infection time. The neutralization was repeated at the highest
concentration of serum but with an increased infection time of 44 hours to
facilitate inclusion counting. Green bars represent statistical significance
compared to guinea pig normal serum.
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Figure 21. SDS-PAGE of purified IgG. Gel was loaded with purified and
denatured C. trachomatis Pmps A through I. The heavy and light chains
located at approximately 50 and 25 kDa, respectively, are visible as clean
bands.
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They were then infected with C. trachomatis serovar E using centrifugation and then
incubated for 24 hours. The infection was stopped and the infected cells were visualized
using immunofluorescence. The purified antibodies used as the primary antibody were
against C. trachomatis PmpA–I (guinea pig), the positive control whole EBs (guinea pig)
and the negative control type III secreted CT082 (guinea pig) (Figures 22 & 23). The
secondary antibody used was anti-guinea pig IgG conjugated to AlexaFluor488. As a
second stain, Evans Blue was added at a 1:1000 dilution to indiscriminately stain the
HeLa cells for better visualization. Photographs were taken with the Apotome instrument
and a Zeiss Axioplan fluorescence microscope. All primary antibodies consisting of
purified anti-Pmp antibodies were able to stain inclusions specifically in infected HeLa
cells with minimal staining of the cytosol or of uninfected HeLa cells.

Adjusting the Infection for Optimal Neutralization
Neutralization was attempted in small scale with purified IgG, but the average
number of inclusions per field of view was 13 for the EB+SPG negative control, which
was not high enough to extract accurate data (Figure 24). The neutralization was then
attempted with an increased amount of EBs but with all other experimental conditions the
same. HaK cells were grown to semi-confluency on coverslips of a 48-well plate. EBs at
2x104 IFU/ml were incubated with antibodies at 100µg/ml at a 1:1 dilution. The
antibodies included were against C. trachomatis LPS (mouse), C. trachomatis MOMP
(goat), C. trachomatis PmpD, as well as normal guinea pig, goat, and mouse IgG. This
neutralization mixture was then used to infect HaK cells. The infection was allowed to
proceed for 48 hours. At this point, the cells were fixed with methanol and stained using
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Figure 22. Demonstration of purified IgG binding cognate antigen. 63x
oil images of chlamydial inclusions probed using purified IgG as the primary
antibody and anti-GP IgG conjugated to AlexaFluor488. Evans Blue was used
as the second stain. The Zeiss Apotome was used with 80% exposure. All
images were taken with the GFP filter at 1120ms (green) staining inclusions
and Cy3 filter at 655ms (red) staining HeLa cells.
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Figure 23. Demonstration of purified IgG binding cognate antigen.
Continuation of Figure 22.
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Figure 24. Average number of inclusions using purified IgG. Purified IgG
was used to neutralize elementary bodies at a final concentration of 50µg/ml
(except normal goat at 10µg/ml). The infection was allowed to proceed for 48
hours. The average number of inclusions for each sample was determined and
graphed.
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immunofluorescence (Figure 25). Increasing the amount of EBs added to a neutralization
reaction gave an average of 104 inclusions per field of view for the EB + SPG negative
control. However, as depicted in the bar graph of Figure 25, the concentration of
antibody now seemed too low to effectively neutralize the increased chamydial infectious
load.

Concentration of Purified IgG
After antibodies were purified using Protein A columns, their respective concentration
was determined using the BCA assay. They were then concentrated using lyophilization
and were all resuspended in 1xPBS to 2mg/ml. EBs at 2x104 IFU/ml were incubated at a
1:1 dilution with purified and concentrated IgG to 2mg/ml for a final IgG concentration
of 1mg/ml during neutralization. The antibodies used in this experiment were C.
trachomatis PmpA-I (guinea pig), C. trachomatis MOMP (goat), guinea pig normal IgG
and goat normal IgG (not shown) (Figure 26). The average number of inclusions per
field was 100 in the EB + PBS sample. PmpA-I-specific antibodies caused a significant
decrease in the number of inclusions per field, as did the anti-MOMP and normal GP IgG
antibodies. The percent neutralization of the samples ranged from actually increasing the
infection when PmpA-, B-, and H-specific antibodies were used, to neutralizing between
25 and 82% of the infection when the normal GP IgG control was subtracted from the
result (Figure 27). However, normal GP IgG still significantly decreased the chlamydial
infection. Since the sera had been purified, either a neutralizing agent was eluting with
the IgG, or lyophilization was increasing the salt to a concentration contrary to
chlamydial infection.
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Figure 25. Average number of inclusions in increased infection. Purified
IgG at a final concentration of 50µg/ml was incubated with elementary bodies
at an increased concentration of 2x104 IFU/ml. The infection was allowed to
proceed for 48 hours. The average number of inclusions for each sample was
determined and graphed.
Figure 8. Plate 12, neutralization w/ purified IgG w/ 48 hour infection w/
increased EBs
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Figure 26. Number of inclusions after neutralization using concentrated
IgG. Antibody concentration was increased to 2mg/ml and incubated with
elementary bodies before infecting HaK cells. The inclusions were stained via
immunofluorescence and then photographs were taken of each sample. The
average number of inclusions per sample was determined and graphed.
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Figure 27. Percent neutralization of infection using concentrated IgG.
Antibodies concentrated to 2mg/ml were incubated with elementary bodies
and then used to infect HaK cells. The percent neutralization was determined
as outlined in the methods section. Green bars represent statistically
significant neutralization.
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Elimination of normal GP IgG Neutralization
Complement found in serum has been shown to have the ability to neutralize a
chlamydial infection (Howard, 1975). Heat-inactivation of the serum before use in a
neutralization reaction will therefore eliminate almost all of the neutralizing effects of
complement. The lyophilized normal GP IgG and antibodies against C. caviae GPIC
MOMP (rabbit) were used to neutralize a chlamydial infection with and without being
heat-inactivated. Normal GP IgG that had been heat-inactivated resulted in an increase in
the number of inclusions per field as compared to the same sample without heatinactivation (Figure 28). Normal GP IgG that had not been heat-inactivated showed a
decrease in the number of inclusions per field as in previous experiments. The antiMOMP IgG samples with and without heat-inactivation both showed a decrease in the
number of inclusions per field as compared to the normal GP IgG. The addition of BSA
in the neutralization mixture was also attempted (data not shown) to block any other nonspecific interactions without any significant effect on the results.
The purified and lyophilized IgG specific for PmpC, PmpD, C. caviae GPIC
MOMP, and the normal GP IgG were then run through Amicon Ultra Centrifugal Filters
as outlined in the methods section to filter out the presumed excess of salt over that
contained in 1xPBS. The samples were resuspended to a final concentration of 2mg/ml in
1xPBS and then tested in the neutralization assay after being serially diluted. The final
concentrations of IgG in the neutralization mixtures were 1mg/ml, 0.37mg/ml,
0.14mg/ml, and 0.05mg/ml. After the data were normalized against normal GP IgG, the
percent neutralization of samples was plotted (Figure 29). Those values that are
statistically significant are in green and those that are not are in red. As depicted in the
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Figure 28. Number of inclusions after heat inactivation of complement.
Concentrated normal guinea pig (negative control) and C. caviae GPIC
MOMP IgG were used to neutralize a chlamydial infection with and without
heat-inactivation.
The
number
of
inclusions
visualized
after
immunofluorescence were averaged and graphed. The negative control had
reduced neutralization capability after heat inactivation.
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Figure 29. Neutralization of infection using buffer exchanged and heatinactivated samples. IgG at different concentrations (mg/ml) was used to
neutralize a chlamydial infection with and without heat-inactivation and
buffer exchange. Green bars represent significant neutralization compared to
the negative control.
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graph, prior heat-inactivation of the antibodies caused a comprehensive decrease in
neutralization. This makes it highly probable that complement was previously playing a
role in neutralization. In addition, the variable of high salt concentration was also
removed by using the Amicon filters where the proteins were buffer-exchanged. From
this single replicate experiment, it appears that antibodies against PmpC may have some
neutralizing effect, however, this was repeated since the highest concentration of 1mg/ml
did not show any neutralization. Antibodies against PmpD and MOMP did not show
significant neutralization when complement was heat-inactivated in the samples.
Antibodies against C. caviae GPIC MOMP should not neutralize with the same efficacy
as C. trachomatis MOMP since it has previously been shown they are species-common
neutralizing antibodies (Crane et al., 2006).

Neutralization Using Purified IgG Against the Polymorphic Membrane Proteins
The neutralization assay was repeated with IgG that had been purified via Protein
A column and then concentrated and buffer exchanged using the Amicon filters. An
additional positive control, purified IgG against C. trachomatis E EBs, was included.
Anti-PmpA–I and controls anti-CT082, C. caviae GPIC anti-MOMP, anti-EBs, and
normal GP purified IgG were serial diluted and heat-inactivated. They were then
aliquoted with EBs in a neutralization mixture at the final concentrations of 1mg/ml,
0.37mg/ml, 0.14mg/ml, and 0.05mg/ml. HaK cells were inoculated in duplicate with the
mixture and the infection was allowed to proceed for 48 hours. Similarly to previous
experiments, inclusions were stained using immunofluorescence and a total of 10
photographs were taken of each sample, 5 of each replicate. The percent neutralization
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was corrected using normal GP IgG of identical concentration. IgG against normal GP
serum did not demonstrate any neutralization while IgG against anti-PmpD, anti-PmpF,
and anti-EBs demonstrated a significant decrease in infection as compared to normal GP
serum using the Student’s T Test and a pValue of 0.05 or below (Figure 30).

ELISA to Demonstrate Antigen Specificity of IgG to Native Protein
At this point, it was imperative to demonstrate that although most of the
antibodies specific for polymorphic membrane proteins did not seem to have the
capability to neutralize an infection, the specific IgG fractions being used were specific to
their surface-located native antigens.
C. trachomatis serovar E EBs were purified from a Meglumine gradient for this
experiment. Their absorbance was read at 750nm using the BCA assay and the purified
elementary bodies were read to be at approximately 0.6mg/ml concentration. As per the
protocol in the methods section, the purified EBs were fixed to the bottom of 96-well
enzyme-linked immunosorbent assay (ELISA) plates overnight. The wells were blocked
using a mixture of BSA and PBS-Tween and then serially diluted primary antibody was
incubated with the EBs. The primary antibodies included IgG against Pmps A-I, EBs, C.
trachomatis histone H1-like protein (Hc1), and normal GP and rabbit IgG. The secondary
antibody, rabbit anti-guinea pig conjugated to HRP, was incubated after the primary.
Substrate was then incubated on the plate before the optical density was read on a plate
reader at 405nm. Most of the antibodies had a similar reading as the negative controls,
which included anti-Hc1, normal GP and rabbit IgG. Only antibodies against PmpD,
PmpG, and PmpH had an OD reading close to that of the positive control anti-EBs
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Figure 30. Neutralization of infection using IgG at different
concentrations. C. trachomatis E was incubated with guinea pig anti-PmpAI, anti-EBs (whole elementary bodies), anti-CT082, rabbit anti-C. caviae
GPIC MOMP, and normal guinea pig IgG. The IgG was purified,
concentrated, buffer exchanged, and heat-inactivated. HaK cells seeded on
coverslips were infected for 48 hours and then immunofluorescence was
performed. Photographs were taken using a fluorescent microscope. Five
photographs were taken of each sample replicate. Equation to determine
percent neutralization is detailed in methods section. Green bars represent
statistically significant neutralization as compared to normal guinea pig IgG.
Concentration of antibody are in mg/ml. The anti-EB samples (1mg/ml and
.37mg/ml) served as positive controls on both plates used for this experiment
and represented twice on this graph. The number of elementary bodies on the
first plate possibly exceeded the threshold for neutralization at .37mg/ml of
antibody accounting for the lack of neutralization.
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(Figure 31). As demonstrated in Figure 32, which shows all ELISA results at the 1µg/ml
concentration, after background from blank samples has been subtracted, antibodies
against PmpD, PmpG, and PmpH have an OD reading which locates them in the same
99% confidence interval as the positive control anti-EBs. The 99% confidence interval
was determined as outlined in the methods chapter. However, none of the antibodies
scored as high as the positive control anti-EB purified antibodies by ELISA, suggesting
that most of the specific antibodies in the anti-EB IgG fraction recognize epitopes that are
not recognized by the anti-Pmp antibodies, ie either non-Pmp epitopes or Pmp-epitopes
that are not elicited upon immunization with recombinant antigens.

Neutralization with Cocktail Antibodies
The ELISA results suggested that while a single anti-Pmp antibody may fail to
neutralize, antibodies against the polymorphic membrane proteins used in combination
may allow them to neutralize a chlamydial infection. HaK cells were seeded on
coverslips in a 48-well plate format. Antibodies against Pmps A-I, Pmps DGH, and EBs,
and normal GP IgG were heat-inactivated and incubated with EBs at a final neutralization
mixture concentration of 1mg/ml. HaK cells were inoculated with the mixture in
duplicate and the infections were allowed to proceed for 48 hours. The plate was
processed by immunofluorescence so chlamydial inclusions could be visualized. The
anti-PmpABCDEFGHI and anti-PmpDGH samples did not neutralize with any
significance, at 5 and 3 percent respectively, when compared to normal GP IgG. In
contrast, antibodies against EBs were able to neutralize 88 percent of the infection
compared to normal GP IgG (Figure 33).
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Figure 31. ELISA to demonstrate specificity of IgG fractions. Purified C.
trachomatis were fixed onto the bottom of a 96-well ELISA plate. Serially
diluted IgG fractions used in the neutralization assay were used as the primary
antibody. The secondary antibody was rabbit anti-guinea pig conjugated to
HRP. The optical density of each well was read on a plate reader and the
background from blank samples was subtracted from the results and plotted as
a line graph. Pmps with optical densities which stood out from the negative
controls are labeled. The positive control anti-CtrE (C. trachomatis EBs) is
the line representing the highest optical density.
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Figure 32. Binding of specific antibodies to native C. trachomatis antigens
at 1µg/ml. ELISA results from Figure 31 were simplified in this bar graph so
the 99% confidence interval could be determined. The bars that traverse the
red line are at the 99% confidence interval.
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Figure 33. Neutralization of infection with cocktail antibodies. A
combination of purified antibodies against Pmps A-I, Pmps D, G, and H, and
EBs (elementary bodies) were used at a final concentration of 1mg/ml to
neutralize an infection. The results from the inclusion counts for each sample
were averaged and the percent neutralization was calculated as compared to
the normal guinea pig IgG control. The green bar signifies statistical
significance. Details are outlined in the methods chapter.
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Discussion
An important feature of Chlamydia is the mechanism by which it is able to adhere
to and infect host epithelial cells. Unfortunately, the mechanics behind this have
remained elusive. Other laboratories have obtained evidence that the orthologous
polymorphic membrane proteins of C. pneumoniae are factors involved in adherence
(Molleken et al., 2010; Dersch & Isberg, 1999). The purpose of the research reported in
this chapter was therefore to demonstrate that the polymorphic membrane proteins of C.
trachomatis have likewise a major involvement in bacterial adherence to host cells.
Neutralization of chlamydial infection by specific antibody is a physiologically
relevant mean to demonstrate polymorphic membrane protein involvement in adherence.
If antibodies against the polymorphic membrane proteins bind to the native protein on
EBs, and this decreases EB infectivity, this would demonstrate that Pmp-mediated
adherence is required for infection. If however, binding of the antibodies does not cause a
reduction in infection, there is a high possibility that the interaction mediated by these
antigens is either not required or not sufficient for an infection to proceed.
Initial neutralization experiments demonstrated what had been shown in previous
experiments with the polymorphic membrane proteins. Sera from the Pmps were able to
significantly decrease the number of inclusions as compared to the negative control EB +
PBS. However, when compared to normal GP serum, the reduction in infection was much
less significant. These results were therefore inconclusive.
The sera were then purified and buffer exchanged to make sure that non-specific
interactions via other proteins were not having an impact on neutralization, essentially
generating false positive results. After this purification, the IgG that was eluted from the
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Protein A columns was tested using immunofluorescence to demonstrate that the IgG was
still able to recognize chlamydial antigens specifically and was therefore still containing
the Pmp-specific antibodies after processing. Immunofluorescence experiments were
used to demonstrate that the relevant IgGs were still present as each antibody was able to
stain inclusions specifically. In addition, several of the antibodies yielded a distinct
staining pattern, demonstrating specificity in the staining.
Unfortunately, neutralization with the purified normal IgG still demonstrated a
significant decrease in infection signifying that even after purification, other factors coeluting with IgG were having a confounding impact on antibody-mediated neutralization.
Previous experiments using Pmp sera to neutralize a chlamydial infection did not account
for complement. Complement can elute with IgG in columns and thus would need to be
heat-inactivated to remove all unwanted effects. Neutralization experiments were
therefore performed with IgG that had or had not been heat-inactivated to determine if
complement was playing a role in the false positive neutralization results. Complement
turned out to be the culprit in previous neutralization experiments due to the fact that
once it was heat-inactivated, normal GP IgG no longer exhibited neutralization. However,
to our surprise, neither did most of the Pmp-specific IgG with any significance.
IgG against PmpD and PmpF demonstrated neutralizing effects that were
significant using the Student’s T test with a p-value of 0.02 and 0.04 respectively. In
comparison, the p-value of the neutralization results using IgG against EBs ranged from
1x10-4 to 2x10-7. This begs the question as to whether the neutralizing IgG against PmpD
and F are actually neutralizing due to the very high p-values of the positive control in
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conjunction with data from other scientific publications, which use a lower p-value
cutoff.
To confirm that the antibodies actually recognized native, unfixed (with methanol
or paraformaldehyde) antigens at the surface of chlamydiae, ELISA assays were
performed on the purified IgG using purified EBs fixed (using an alkaline buffer) to the
bottom of a polystyrene plate. This demonstrated that the anti-EB IgG used as positive
control was in fact specific for native surface antigens on EBs. The ELISA results
demonstrated that antibodies against Pmps D, G, and H were specific to antigens that
were surface located on the EBs with statistical significance when compared to the
normal GP IgG results. In reference to the results of the other proteins, there is the
possibility that the guinea pig antibodies recognize epitopes of the Pmps other than those
that are expressed at the chlamydial surface. Alternatively, these Pmp epitopes may be
underrepresented at the surface of EBs, such that they are out of the sensitivity range of
the ELISA. Furthermore, the native polymorphic membrane proteins on the surface of the
EBs could be sensitive to the purification process and there is a possibility that they were
washed off, or detached before the EBs were used in this assay. Additionally, there are
studies demonstrating that some polymorphic membrane protein transcripts are in
abundance at times when the RB developmental form of Chlamydia is in greater quantity
than the EB form (Carrasco et al., 2011). Any of these scenarios could decrease the
amount of IgG binding to the surface for each sample.
The experiments described in this chapter cast doubt that IgG against the
polymorphic membrane proteins of Chlamydia trachomatis can neutralize a chlamydial
infection. There is the possibility that the experimental results obtained in other
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laboratories (Molleken et al., 2010; Byrne et al., 1993; Crane et al., 2006) were
misinterpreted. Specifically, either serum was used directly without purification or
purification was performed, but evidence of the lack of complement inactivation was
noted. The neutralization experiments in this chapter demonstrated the importance of
both purification and heat-inactivation.
Furthermore, the possibility remains that the results described in this chapter are
not accurately reflecting what would occur in vivo, mainly due to the way the antibodies
were produced. In addition to Pmp post-translational processing (creating cleavage sites)
(Kiselev et al., 2009), repeated motifs contained in each Pmp are predicted to be posttranslationally modified (glycosylated) (Vretou et al., 2001). Since the proteins used for
the antibody production were expressed in E. coli, there is a high probability that the
antibodies made from these proteins do not recognize native epitopes containing these
modifications. Future studies where Pmp proteins are produced in insect cells (eukaryotic
cells), where they would be modified post-translationally, could further shed light on this
matter.
Additionally, there could be problems in the methods or assays used. For
example, the current method of EB purification is fairly harsh and requires several hours
of processing. The possibility exists that the surface-located Pmps could be washed off or
damaged during this purification. Furthermore, it is possible that the animals immunized
for the production of antibodies each produced a different amount of IgG against its
antigen. Since complete IgG was purified from the available serum, there could be
varying amounts of antibodies against the specific Pmps present in each sample used for
neutralization.
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Finally, there is the likelihood that Pmps are necessary for complete neutralization
of an infection, but are not sufficient. But, as the data in this chapter stands, the assay
results cast doubt on the ability of Pmps to neutralize a chlamydial infection on their own.
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Chapter VII: CONCLUSIONS

Infection with Chlamydia trachomatis, the most common sexually transmitted
bacterial pathogen, can result in serious irreversible consequences including infertility,
which oftentimes is asymptomatic (CDC, 2013). It can also be passed onto newborns as
pneumonia and/or an eye infection. The lack of symptoms prevents infected persons from
seeking treatment and is therefore not only readily passed on to other partners, but can
result in pelvic inflammatory disease (Haggerty et al., 2010). Additionally,
lymphogranuloma venereum (CDC.gov, 2013) and trachoma (CDC.gov, 2009) are other
afflictions that can develop from infection with different serovars of C. trachomatis.
The fundamental question surrounding Chlamydia infections is in regards to their
adhesion to susceptible eukaryotic cells and subsequent internalization. Chlamydia spp.
has a family of putative polymorphic membrane proteins (Pmps), encoded by 9 to 21
genes that are highly conserved among currently sequenced species and share repeated
structural motifs GGA(I,L,V) and FXXN within the predicted “passenger” domain (Tan
et al., 2006). There is mounting evidence that the Pmps are autotransported to the surface
of Chlamydia due in part to their predicted beta barrel and N-terminal signal sequence
which facilitates the translocation of the passenger domain to the bacterial surface
(Henderson & Lam, 2001).
A crucial step in the pathogenesis of the organism is the adhesion of EBs to the
host cell. It has been demonstrated that the Pmps of C. pneumoniae have adhesive
capabilities, which facilitate the adhesion of EBs to host cells and is due in large part to
the structural motifs (Molleken et al., 2010). In an effort to determine if the polymorphic
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membrane proteins of C. trachomatis would make good vaccine candidates, antibodies
against PmpD, were demonstrated to be pan-neutralizing (Crane et al., 2006). In addition,
antibody against the homologue of PmpD, Pmp21 from C. pneumoniae, was also shown
to have neutralizing capacity (Molleken et al., 2010). This research has shown promise
that a vaccine made of the polymorphic membrane proteins might be effective against
chlamydial infection.
The purpose of the work presented here has been to investigate Pmp-mediated
adherence to epithelial cells, the neutralizing effects of single Pmp subtype-specific
antibodies, and if the application of multiple Pmp subtype-specific antibodies would have
a cumulative negative impact on infection.
Analysis of C. trachomatis Pmp adherence using the recombinant Pmps coupled
to beads did not yield positive results. Pmps C, D, and I coupled to latex beads
demonstrated less adherence than background present in the negative control. The results
cast doubt on the validity of the interpretation of previous bead assay results. There is the
possibility that the Pmps did not demonstrate adhesive properties due to technical issues.
Most importantly, the proteins could be lacking in critical proteolytic post-translational
modifications (Kiselev et al., 2009) possibly essential for adherence, due to its expression
in E. coli (Baneyx & Majacic, 2004). The expression of these proteins in E. coli could
therefore produce Pmps with incorrect secondary structures, which in turn might function
improperly and lack adherence capabilities as if they were native. There is also the
possibility that the additions of a tag in the fusion proteins are interfering with the assay.
Furthermore, the HEp-2 cells could lack the receptors needed for Pmp-mediated
adherence.
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If this experiment was repeated, the proteins should be expressed in a system
which can efficiently express correctly folded proteins, for example, insect cells. The
process of expression in eukaryotic cells is similar to that of E. coli. Recombinant
plasmids are initially generated in E. coli and eukaryotic cells are then transfected with
the plasmids. The main difference between both techniques is that the culturing of
eukaryotic cells is more time-consuming. Lastly, the latex bead experiment could be
attempted with cells more relevant to a chlamydial infection, specifically, polarized
epithelial cells that have apical and basolateral sides in addition to tight junctions.
Analysis of the neutralizing effects of single Pmp subtype-specific antibodies and
those used in combination also did not demonstrate positive results. Initial neutralization
experiments seemed to demonstrate what had been shown in previous experiments with
the polymorphic membrane proteins. However, after the sera were purified, buffer
exchanged, and the complement heat-inactivated, only antibodies against PmpD and
PmpF demonstrated significant neutralizing effects. However, the significance values
were far off from the positive control antibodies against EBs, which brings into question
as to whether the p-value was initially set too high. ELISA assays were then performed
on the purified IgG to confirm that the antibodies recognized native antigens at the
surface of chlamydiae. This demonstrated that IgG against Pmps D, G, and H were
specific to antigens that were surface located on the EBs with statistical significance.
The controls ran very cleanly in this experiment. The issues involved seem to
stem from the antibodies themselves. Similarly to what was mentioned above regarding
post-translational modifications, if the initial proteins that were used to vaccinate the
guinea pigs did not have the correct conformation, there is the possibility that the
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antibodies are not recognizing the epitopes of the Pmps that are expressed at the
chlamydial surface. Also, since whole IgG was purified, there will only be a small
amount of IgG specifically against the Pmps as compared to the antibodies targeting
irrelevant epitopes. Alternatively, these Pmp epitopes may be underrepresented at the
surface of EBs, such that they are out of the sensitivity range of the ELISA. Furthermore,
the native polymorphic membrane proteins on the surface of the EBs could have been
washed off or detached during the purification process.
In addition to the above-mentioned complications, there could be a minimum
number of EB coverage via antibodies required to neutralize an infection. The surface
Pmp antigens could also be minimal enough that the Pmps must work in conjunction with
another ligand for adherence. In turn, this would mean that neutralization with Pmps
alone would not be sufficient to neutralize an infection. Lastly, the general concentration
of EBs used to get a significant infection could be too concentrated for the amount of
antibody used for neutralization.
Despite the above results, the role of the motifs in adherence should not be ruled
out. These results suggest that polymorphic membrane proteins may still be considered as
adhesins; however since direct evidence involving the native proteins has not yet been
provided, other functions should still be considered. Additionally, the neutralization assay
results cast doubt on the ability of Pmp-specific antibodies to neutralize a chlamydial
infection on their own. It is possible, however, that the Pmp-specific antibodies are
necessary for complete neutralization, but are not sufficient.
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Future Analysis
Aside from repeating the adhesion and neutralization assays with proteins that
have been properly folded, it would be useful to further research receptors of the C.
trachomatis Pmps by using co-immunoprecipitation or similar methods. In addition, it
would be interesting to see if pmp transcripts are expressed differently in different cell
types. Basically, qRT-PCR would be performed on different cell lines infected with C.
trachomatis. This would give us more information regarding tissue tropism. Finally, a
company called NanoString has the ability to measure gene expression of samples in a
multiplex environment. The amount of Chlamydia found in clinical samples is extremely
small relative to contaminating host cells (making qRT-PCR almost impossible on the
Pmps). NanoString makes capture probes complementary to the target mRNA and then
makes a reporter probe complementary to the target mRNA coupled to a color-coded tag,
used as the detection signal. It is more sensitive than qRT-PCR and the experiment
results in an accurate and reproducible count of transcripts.
If the results of the above future experiments provide further evidence that the
polymorphic membrane proteins are involved in chlamydial attachment, the next possible
step to take would be to design a protein subunit vaccine. This vaccine could contain
fragments of each of the Pmps or only those important for that tissue type, if the above
experiments produce results regarding tissue tropism. These vaccines would need to be
tested for production of an immune response and safety. Trials could be held first in
guinea pigs and then in primates for effectiveness and safety.
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