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ABSTRACT A defining characteristic of Chlamydia spp. is their developmental cycle characterized by outer membrane transfor-
mations of cysteine bonds among cysteine-rich outer membrane proteins. The reduction-oxidation states of host cell compart-
ments were monitored during the developmental cycle using live fluorescence microscopy. Organelle redox states were studied
using redox-sensitive green fluorescent protein (roGFP1) expressed in CF15 epithelial cells and targeted to the cytosol, mito-
chondria, and endoplasmic reticulum (ER). The redox properties of chlamydiae and the inclusion were monitored using roGFP
expressed by Chlamydia trachomatis following transformation. Despite the large morphological changes associated with chla-
mydial infection, redox potentials of the cytosol (W, [average, —320 mV]), mitochondria (¥ ,;, [average, —345 mV]), and the
ER (Wgy [average, —258 mV]) and their characteristic redox regulatory abilities remained unchanged until the cells died, at
which point ¥, and ¥ ,,;;, became more oxidized and Wz became more reduced. The redox status of the chamydial cyto-
plasm was measured following transformation and expression of the roGFP biosensor in C. trachomatis throughout the devel-
opmental cycle. The periplasmic and outer membrane redox states were assessed by the level of cysteine cross-linking of
cysteine-rich envelope proteins. In both cases, the chlamydiae were highly reduced early in the developmental cycle and became
oxidized late in the developmental cycle. The production of a late-developmental-stage oxidoreductase/isomerase, DsbJ, may
play a key role in the regulation of the oxidoreductive developmental-stage-specific process.

IMPORTANCE Infectious Chlamydia organisms have highly oxidized and cysteine cross-linked membrane proteins that confer
environmental stability when outside their host cells. Once these organisms infect a new host cell, the proteins become reduced
and remain reduced during the active growth stage. These proteins become oxidized at the end of their growth cycle, wherein
infectious organisms are produced and released to the environment. How chlamydiae mediate and regulate this key step in their
pathogenesis is unknown. Using biosensors specifically targeted to different compartments within the infected host cell and for
the chlamydial organisms themselves, the oxidoreductive states of these compartments were measured during the course of in-
fection. We found that the host cell redox states are not changed by infection with C. trachomatis, whereas the state of the chla-
mydial organisms remains reduced during infection until the late developmental stages, wherein the organisms’ cytosol and
periplasm become oxidized and they acquire environmental resistance and infectivity.
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hlamydia spp. are obligate intracellular bacteria that are

widely distributed in nature and as human pathogens impose
a tremendous burden on global public health. Chlamydia tracho-
matis is the leading cause of sexually transmitted infection, re-
sponsible for an estimated 2.8 million new cases annually in the
United States (1), and is also the etiologic agent of trachoma, a
blinding eye disease that is of major concern in many developing
countries (2). Chlamydiae undergo a distinctive biphasic develop-
mental growth cycle, consisting of a condensed, osmotically resis-
tant, extracellular form called the elementary body (EB), and an
intracellular, osmotically sensitive and metabolically active form,
called the reticulate body (RB). Infection begins with attachment
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of the Chlamydia EB to the host cell, followed by internalization of
the bacterium into a vacuolar compartment, termed the inclusion,
which evades endolysosomal fusion (3). Conversion from EB to
RB occurs within this protective niche, and after 48 to 72 h of
metabolic growth and replication of RB by binary fission, chla-
mydiae convert into EB and initiate their exit from the host cell by
cellular lysis or extrusion of the inclusion vacuole (4).

The developmental conversion of chlamydiae from EB to RB,
and subsequently from RB to EB, requires the reduction and oxi-
dation of several cysteine-rich outer envelope proteins (5-8). One
of these, the chlamydial major outer membrane protein (MOMP),
is extensively disulfide cross-linked in EB and reduced in RB (9).
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Immediately after internalization into host cells, MOMP and
other cysteine-rich proteins are reduced (6, 7, 10, 11). Consistent
with these data, the porin function that has been described for
MOMP also occurs only when the protein is reduced (5). The
mechanism of reduction and oxidation of these outer membrane
proteins is unknown; moreover, it has not been established
whether the changes in redox states are an outcome of the host cell
status or are defined selectively by chlamydiae.

Because the inclusion membrane is permeable to ions and
small molecules (12), it is possible that redox changes that occur
within the chlamydial inclusion will be echoed in the host cell
cytoplasm and elicit effects on host cell function. Specific effects of
intracellular chlamydial growth on this aspect of host cell physi-
ology have not been determined. We investigated the production
of oxidoreductant compounds following Chlamydia infection by
measuring quantitative changes in the oxidoreductive status of the
host cell cytosol, mitochondria, and ER by cellular compartment
targeting of a redox-sensitive green fluorescent protein (GFP) bio-
Sensor.

Surprisingly, the steady-state redox potentials of these cellular
compartments were unaffected by Chlamydia infection, suggest-
ing that changes in redox potential necessary for modification of
outer membrane proteins are confined to chlamydial organisms
and within the inclusion vacuole. We tested this hypothesis by
transformation and selection for stable expression of a redox-
sensitive GFP biosensor within chlamydiae. Redox potentials were
evaluated, and it was determined that the reduction and subse-
quent oxidation of chlamydial organisms required chlamydial
protein synthesis and were developmental stage specific. It can be
concluded that the alterations in reduction and oxidation neces-
sary for the modified phenotypes of RB and EB are chlamydia
directed and likely driven by rebalancing of oxidoreductant do-
nors and acceptors.

RESULTS

Steady state and regulation of subcellular redox potential in
Chlamydia-infected cells. Chlamydiae undergo extensive
disulfide-state modification of their outer membrane proteins
during EB to RB conversion and subsequent RB to EB conversion,
yet the biological basis of redox potential changes in the Chla-
mydia inclusion is unknown. We hypothesized that redox changes
in the inclusion lumen, irrespective of their origin, would be mim-
icked by, or even a consequence of, redox changes in host cyto-
plasm or organelles. To directly test this question, we employed a
redox-sensitive GFP mutant (roGFP1) that has been targeted to
specific subcellular compartments (13). This GFP elicits ratiomet-
ric changes in fluorescent properties in response to changes in
redox potential (14, 15). CF15 epithelial cells were transfected
with one of three roGFP1 constructs designed to specifically target
the host cytosol, mitochondria, or the endoplasmic reticulum
(ER) (13). Cells were infected with C. trachomatis, and subcellular
steady-state redox potentials were measured by fluorescence mi-
croscopy at 20, 44, and 68 h postinfection (hpi). Subcellular com-
partments were selectively targeted by their respective probes, and
roGFP fluorescence was strong at all times prior to and after Chla-
mydia infection (Fig. 1).

Steady-state redox potentials of the cytosol, mitochondria, and
ER were determined and compared between uninfected CF15 cells
and Chlamydia-infected cells at 20, 44, and 68 hpi. In uninfected
cells, the cytosolic redox potential (V) was —320 mV (Fig. 2A),
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the mitochondrial redox potential (W¥,;,) was —345 mV
(Fig. 2B), and the redox potential of the ER (W) was —258 mV
(Fig. 2C). Surprisingly, Chlamydia infection had no effect on
steady-state redox for any of the subcellular compartments tested
(Fig. 2A to C).

Because steady-state redox potentials were unaffected follow-
ing chlamydial infection, we next investigated whether differences
in redox dynamics were elicited in response to intracellular Chla-
mydia growth and differentiation. Cells were transfected with ap-
propriate roGFP constructs and treated with redox-active agents,
and the dynamic responses of each compartment were measured
by real-time fluorescence imaging. The reduced environments of
the cytosol and mitochondria were oxidized with 100 uM H,0,
(Fig. 2A and B), and the effect of Chlamydia infection on the
cytosolic and mitochondrial redox buffering capacity was deter-
mined. There was no apparent effect on oxidation times in either
compartment due to Chlamydia infection at any stage of the de-
velopmental cycle (Fig. 2A and B and D). The ER was partially
reduced by treating cells with 500 uM dithiothreitol (DTT), after
which cells were rinsed and the ER was allowed to reoxidize. The
occurrence of Chlamydia infection had no effect on ER redox
regulatory behavior, and the observed recovery rates were in
agreement with published findings (13). A summary of steady-
state redox potentials and redox dynamics is shown in Fig. 2D.
The only time at which differences in redox states between unin-
fected and Chlamydia-infected cells were observed occurred at
68 hpi—increased oxidation of the cytosol and mitochondria and
slight reduction of the ER lumen. However, these data (indicated
by asterisks in Fig. 2D) were limited to dead or dying host cells that
exhibited a disparate morphology (not shown). These differences
in redox potential are likely attributed to cellular death and lysis.

Redox dynamics of the chlamydial inclusion. Given the pau-
city of redox changes in host cell compartments during chlamydial
infection, we next tested redox dynamics of the chlamydial inclu-
sion. This was addressed by expression of roGFP in transformed
chlamydiae. A Chlamydia SW2 transformation vector (16) was
constructed containing the roGFP gene placed under the control
of the dnaK promoter from C. trachomatis (Fig. 3). Transformants
of C. trachomatis with pdnaK-roGFP-SW2 were recovered after 3
passages in the presence of penicillin G. Chlamydia expressing
roGFP displayed an apparently normal developmental cycle and
inclusion size in HeLa cells (not shown), suggesting that there was
little effect on chlamydial growth. The roGFP expression was de-
tected by SDS-PAGE and showed the predicted protein size
(Fig. 4A). The expression of roGFP was demonstrated by fluores-
cence within inclusions and was unambiguously detected as early
as 12 hpi and until the end of the developmental cycle (Fig. 4B and
Q).

HeLa cells infected with chlamydiae expressing roGFP were
challenged with oxidizing (H,0,) or reducing (DTT) agents at
selected times during the infection, and the recovery response was
measured. There was a significant decrease in the excitation ratio
(402/490 nm) of roGFP observed in the presence of 10 mM DTT
within 1 min. The response reached the maximum level of reduc-
tionat 5 to 6 min (Fig. 5C). Additionally, challenge of infected cells
with H,O, resulted in an increased 402/490-nm ratio, and the
oxidation maximum was reached at 5 min (Fig. 5B). These data
demonstrated the capability of roGFP to effectively monitor the
redox status of chlamydial organisms within infected cells.

Notably, it was shown that the basal level of the 402/490-nm
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44 h

68 h

FIG 1 Organelle-specific localization of roGFP1 in CF15 cells infected with C. trachomatis. CF15 cells transiently expressing three different organelle-specific
roGFPs were seeded together on one coverslip. Confocal microscopy (excitation, 488 nm; emission, 530 nm) indicates organelle-specific expression at 0 h (top
panels). ¢, cytosol; ER, endoplasmic reticulum; m, mitochondria. The corresponding bright-field image is shown to the right. CF15 cells on separate coverslips
expressing one type of roGFP1 were monitored at 20, 44, and 68 hpi. Arrows indicate chlamydial inclusions, and stars label the nucleus. The overlay of confocal
and bright-field images shows a time-dependent increase in inclusion size, while the expression of roGFP1 remains restricted to its corresponding organelle. The
scale bars represent 10 wm.
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FIG 2 C. trachomatis does not affect organelle redox regulation in intact CF15 host cells. Redox responses of organelle-targeted roGFP1 in the absence or
presence of infecting chlamydiae were tested by treating cells with 100 uM H,O, (panel A for the cytosol and panel B for the mitochondria) or 500 uM DTT
(panel C for the ER). Panel D shows steady-state redox potentials obtained for ER, cytosol, and mitochondria with (solid lines) and without (dashed lines)
chlamydial infection over time. Chlamydial infection did not affect the organelle redox potentials of intact CF15 cells. Only CF15 cells at 68 hpi with a
degenerating morphology showed significant redox changes. *, P < 0.05, based on Student’s t test. Raw data were background subtracted and calibrated into
redox potentials. Data show averages and standard deviations based on >10 cells for each experiment.

ratio exhibited a significant increase during the time course from
16 to 68 hpi (Fig. 5A), consistent with increased oxidation during
this process. Exposure of infected cells to 10 mM DTT resulted in
a significant reduction of roGFP at late times compared to early
times postinfection. The maximum reduction induced by DTT
was achieved at 68 h (100%) (Fig. 5D), although a slight reduction
induced by DTT was also observed at an early time. In concert
with the reduction challenge data, treatment of infected cells with
the oxidation agent, H,O,, dramatically elevated the oxidized level
of roGFP at the early times postinfection, and maximal oxidation
(100%) was reached at 16 hpi, while the inability of increasing the
oxidization of roGFP was observed at 68 hpi (Fig. 5D). These data
showed that chlamydiae were reduced at the early stage and
switched to an oxidized state during the late stage of development.

To support the redox state using roGFP expressed in the chla-
mydial cytoplasm, we used the multimeric status of the chlamydial
MOMP and the cysteine-rich OmcB (17) proteins as biomarkers
of the redox state of the outer envelope as previously shown by
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roGFP2 9707..10423
dnaK promoter 9553..9614

PUC ori 8647..9320

pdnaK-roGFP2-SW2
10589 bp

bla 7642..8502

FIG 3 Map of the chlamydial roGFP expression vector. The roGFP gene
(green) under the control of the chlamydial promoter dnaK (red) was inserted
into the E. coli plasmid containing bla and ori fragments and then ligated with
plasmid pSW2 from C. trachomatis SW2 (blue), as described in Materials and
Methods.
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FIG 4 Expression of roGFP2 in C. trachomatis L2. HeLa cells were infected with the expression vector-transformed chlamydiae, and roGFP2 expression was
detected by Western blotting and fluorescence microscopy. The cell lysates prepared from untransformed, or transformed chlamydia-infected cells were isolated
by SDS-PAGE and then transferred to nitrocellulose membrane. roGFP2 expression was detected with an anti-GFP antibody, and the MOMP was used as a
loading control (A). The roGFP2 fluorescence from chlamydiae within inclusions was also observed by fluorescence microscopy at 16 hpi and 48 hpi (B and C).

Scale bars are 23 pm.

Hatch et al. (7). However, we additionally addressed their redox
status by monitoring the cross-linked envelope proteins in the
presence of different redox-active agents at different stages during
the infection. Thus, the infected cells were treated under the same
conditions used in the roGFP experiments. MOMP was predom-
inantly present as a monomer in chlamydiae at early mid-growth-
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treatment of infected cells with 10 mM DTT for 10 min. Treat-
ment with 10 mM H,0, at this time significantly increased the
cross-linked MOMP and reduced the monomer form, showing
that the chlamydial envelope proteins were highly reduced at
18 hpi. Exposure of infected cells to H,O, significantly altered the
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FIG 5 Response of roGFP2 expressed in chlamydiae upon exposure to redox agents. HeLa cells grown in 4-well chambered coverslips were infected with
roGFP2-expressing chlamydiae and exposed to DTT (10 mM) or H,O, (10 mM) in Ringer’s buffer at different times during the infection. The 402/490-nm ratio
of roGFP2 at the basal level (A) and the relative change of the ratios under the different treatment conditions over time were calculated (B and C). The maximal
percentages of reduction and oxidation in the presence of DTT or H,O, at different times were also calculated (D) as described in Materials and Methods. Each
experiment was repeated at least three times, and a representative result is shown.
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FIG 6 Cross-linking of MOMP during the chlamydial developmental cycle.
HeLa cells were infected with wild-type C. trachomatis L2 and lysed at the
different times postinfection (see details in Materials and Methods). An equal
amount of cell lysate containing chlamydial proteins was subjected to nonre-
ducing (A) or reducing (B) SDS-PAGE, and the MOMP was detected by im-
munoblotting with an anti-MOMP antibody. The monomer form of MOMP
under the nonreducing conditions was normalized with the reduced MOMP
under the reducing condition (C). The monomer form of MOMP is indicated
with asterisks (*). Where indicated, infected cells were treated with DTT
(10 mM) or H,O, (10 mM) for 10 min before being subjected to Western
blotting.

redox status of chlamydial organisms from a reducing to an oxi-
dizing status, resulting in a high degree of MOMP cross-linking
(Fig. 6). MOMP in untreated cells was highly cross-linked at 48
and 68 hpi compared to 18 hpi (Fig. 6), indicating that MOMP was
broadly oxidized at the late times postinfection. Treatment of in-
fected cells with 10 mM DTT at these times significantly increased
the monomer form of MOMP and reduced the multiple cross-
linked proteins. A more pronounced reduction of cross-linked
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MOMP was observed at 48 hpi compared to 68 hpi, suggesting a
highly oxidized environment for chlamydiae at 68 hpi. These data
are consistent with the roGFP data.

DISCUSSION

A central defining phenotype for the genus Chlamydia is its classic
developmental cycle, in which the osmotically resistant and met-
abolically inactive form of the organism, the EB, is required for
infection of eukaryotic host cells. Upon entry, the EB begins a
transformation to the osmotically sensitive, vegetative and meta-
bolically active replicating RB form. The cycle is complete at ap-
proximately 48 to 72 hpi, when a large population of RB transition
to the infectious EB form prior to their exit from the cell by lysis or
extrusion (4). Chlamydiae are confined from the host cell cyto-
plasm throughout their developmental cycle in the inclusion.
Redox-mediated disulfide modifications are an important and
unique biological theme for Chlamydia as reduction of disulfides
is essential for (i) initiation of entry of chlamydiae into their host
cells (18), (ii) activation of the type III secretion system (19), and
(iii) the EB-RB-EB developmental stage transitions. The EB-
RB-EB transitions are characterized by the modification of several
cysteine-rich envelope proteins that provide structural rigidity
and environmental stability to the EB when oxidized and envelope
plasticity for the RB in their reduced state (5, 6, 9, 20-22). The
transformation from RB to EB is complex as two of the central
cysteine-rich proteins are transcriptionally regulated and only ex-
pressed late in the developmental cycle and thus are present in EB
and absent in RB (7). It is unambiguous that EB are dominated by
cysteine-rich proteins whose disulfides are oxidized, resulting in
an osmosis- and detergent-resistant envelope that is fully disso-
ciable following chemical reduction.

We initially hypothesized that redox changes in the chlamydiae
may be consequent to changes in the host cell, potentially even in
discrete subcellular compartments because of differential redox
buffering capacities among cellular organelles and because of the
intersection of host cell exocytic pathways with the chlamydial
inclusion (23, 24). However, an effect of chlamydial infection on
redox-dependent fluorescence properties of roGFP in cytosol, mi-
tochondria, or ER was not detected. Measurements of redox po-
tentials and organelle-specific redox regulation obtained in this
study match previously published values (13). The only time we
observed changes in subcellular redox was after cells were dead
and had released chlamydiae. Given the extensive interactions and
modifications of the host cell machinery by chlamydiae (3), we
consider these findings of a stably maintained and regulated redox
status of the host cell during infection to be important as they rule
out a model of generalized changes in cellular compartment redox
during chlamydial development.

While the redox potentials of the host cell compartments were
not perturbed by chlamydial infection, these measurements may
not be applicable to the chlamydial inclusion vacuole status or,
ultimately, the status of chlamydial organisms. We approached
this challenge by employing an roGFP biosensor that could be
stably expressed in chlamydial organisms following genetic trans-
formation (16). Sustained expression of roGFP was monitored
throughout the developmental cycle, thereby enabling determina-
tion of the chlamydial redox state during different developmental
stages. The expression of roGFP was limited to the chlamydial
cytoplasm; thus, these measurements were a direct determination
of the basal redox state of the organism. Direct assessment of
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periplasmic redox state was obtained by determination of the level
of cysteine-disulfide cross-linking among proteins in the outer
envelope. We showed that chlamydial organisms (outer mem-
brane, periplasm, and cytoplasm) were highly reduced at the early
developmental stage and became oxidized at late stages of the
developmental cycle.

There was no evidence that the expressed roGFP from chla-
mydiae was secreted into the inclusion lumen; thus, it is uncertain
whether the inclusion lumen has the same redox conditions as the
host cell cytoplasm during the developmental cycle. The process of
chlamydial development and production of EB in the inclusion
lumen is asynchronous; thus, this compartment contains a mix-
ture of EB, RB, and intermediate forms simultaneously at later
times postinfection. This suggests that the redox state of the inclu-
sion lumen may become oxidized during late stages, and the re-
maining RB require reductase activity to remain reduced in this
environment.

It is unclear how the chlamydiae modulate their redox states
during the developmental cycle. Since the redox status of infected
cells was not altered during the infection, we propose that chla-
mydiae manipulate this essential pathogenic process by regulating
the intracellular redox status of individual chlamydial organisms
at different developmental stages. The management of disulfide
bonds in bacterial proteins is provided by two pathways that, for
Gram-negative organisms, occur in the periplasm (25). The oxi-
dative folding pathway forms disulfide bonds by oxidation of two
cysteine residues. This pathway in Escherichia coli is mediated by
DsbA and DsbB (25, 26). The periplasmic protein DsbA oxidizes
its folded protein substrates and becomes reduced, wherein the
inner membrane DsbB reoxidizes DsbA. DsbB is reduced by the
production of reducing capacity generated in the cytoplasm as an
outcome of metabolism. Chlamydiae have both DsbA and DsbB
homologs (i.e., CT176 and CT177) (27). The measurement of
increasing oxidative potential in the chlamydial cytoplasm coin-
cident with EB development could simply reflect an outcome of
shutting down their metabolic activity (e.g., glycolysis) necessary
to maintain a reduced environment.

The second pathway is the disulfide isomerization pathway, in
which the inner membrane DsbD protein reduces periplasmic
substrate proteins DsbC and DsbG that then are activated to re-
solve incorrect disulfides in target proteins (25). Chlamydiae con-
tain a relative of DsbD, but they do not contain homologs of DsbC
or DsbG (28). The substrates for DsbD have been predicted to be
unique (28), and chlamydiae encode two proteins with leader sig-
nal sequences and with predicted disulfide bond isomerase activ-
ity, CT780 and CT783 (27). The CT780 and CT783 homologs
have been named DsbH and Dsb], respectively, reflecting their
unique character (29). The functional activity of DsbH was deter-
mined to be a reducing disulfide oxidoreductase with only weak
isomerase activity and was thus proposed to be a periplasmic re-
ductase (29). The function of Dsb] has not been tested. Unlike
other oxidoreductases and thiol disulfide isomerases, Dsb] lacks a
CXXC motif that is essential for function and resolution of mixed
disulfides. Significantly, Dsb] is strongly regulated and highly ex-
pressed specifically late in the chlamydial developmental cycle
(30), supporting a conclusion for an important role in regulating
the redox state of chlamydial envelope proteins. Its periplasmic
location, genomic linkage with DsbH reductase, late-stage expres-
sion, and lack of the canonical CXXC motif suggest that it func-
tions as an inhibitor or competitor of DsbH, serving as a regulator
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of the oxidative state of the late developmental stage chlamydial
organisms.

MATERIALS AND METHODS

Reagents. Unless otherwise specified, all reagents and chemicals were ob-
tained from Sigma (St. Louis, MO). The shuttle plasmid pGFP::SW2 was
kindly provided by Tan N. Clarke, University of Southampton Medical
School. The pRSETB-roGFP2 plasmid containing roGFP2 was purchased
from the University of Oregon. The anti-GFP antibody was obtained from
BD Biosciences. The anti-MOMP antibody was a stock from our labora-
tory and produced from a mouse. All of the enzymes used in the study
were obtained from New England Biolabs. XL10-Gold ultracompetent
cells were obtained from Agilent Technologies.

Cell culture and infections. Chlamydia trachomatis LGV/434/Bu se-
rovar L2 cells were grown and elementary bodies were purified as de-
scribed previously (31). HeLa cells were cultured in RPMI. JME/CF15
nasal epithelial cells homozygous for the AF508 cystic fibrosis transmem-
brane conductance regulator (CFTR) (32), (termed “CF15” throughout
the article) were cultured as previously described (13). Cells were plated
on glass bottom culture dishes (MatTek, Ashland, MA) and typically in-
fected with Chlamydia cells diluted in Hanks’s balanced salt solution
(HBSS) at a multiplicity of infection (MOI) of 1 for 1.5 h at 25°C. Cells
were washed with HBSS and incubated in normal growth medium for 6 h
at 37°C. Cells were then cultured in medium containing 75 pg/ml vanco-
mycin or 100 IU/ml penicillin for the times indicated in the text.

Solutions. In experiments to measure cytosolic redox potentials and
to monitor cellular localization of fluorophores, cells were incubated in
Ringer’s solutions containing 145 mM NaCl, 1.2 mM MgSO,, 2 mM
CaCl,, 2.4 mM K,HPO,, 0.6 mM KH,PO,, 10 mM HEPES, and 10 mM
glucose (pH 7.4).

Redox potential measurements using roGFP1 and imaging micros-
copy. Expression of roGFP1 in transiently transfected CF15 cells (either
infected with Chlamydia or control) was analyzed on a Solamere
spinning-disc confocal microscope with excitation at 488 nm. Cells were
bathed in Ringer’s solution containing 145 mM NaCl, 1.2 mM MgSO,, 2
mM CaCl,, 2.4 mM K,HPO,, 0.6 mM KH,PO,, 10 mM HEPES, and 10
mM glucose (pH 7.4). Images were obtained using a 515-nm long pass
emission filter and 40X objective. Differential inference contrast (DIC)
images were also recorded to correlate cell morphology and roGFP1 flu-
orescence. Images were overlaid using Adobe Photoshop.

Measurements of cytosolic redox potentials in CF15 cells were per-
formed as described recently (13). Briefly, CF15 cells grown on cover
glasses were transiently transfected with plasmids coding for a redox-
sensitve GFP mutant, roGFP1, using the Effectene transfection reagent
according to the manufacturer’s protocol (Qiagen, Valencia, CA).
roGFP1-expressing cells infected with Chlamydia were analyzed in Ring-
er’s solution at the times indicated in the text using a Nikon Diaphot
microscope with a 40X Neofluar objective (1.4 NA). Ratiometric imaging
was performed using a charge-coupled device (CCD) camera, filter wheel
(Lambda-10, Sutter Instruments, Novato, CA), and Axon Instruments
Imaging Workbench 4 (Axon Instruments, Foster City, CA) to collect
emission (>510-nm) images during alternate excitation at 385 =5 nm
and 474 =5 nm. Cells were bathed in Ringer’s solution, and roGFP1 ratios
were recorded over time. Calibration of the roGFP1 ratios in terms of
redox potentials was performed using a protocol that was described pre-
viously (13). At the end of each experiment, roGFP1 385/474 ratios were
recorded during maximal oxidation by treatment with 10 mM H,O, and
then during maximal reduction by treatment with 10 mM DTT. Images
were background subtracted, and the roGFP1 excitation ratios were nor-
malized to the values measured using 10 mM DTT, 4 as 0% oxidation and
10 mM H,0, as 100% oxidation. The normalized excitation ratios were
converted to redox potentials (mV) using an in situ calibration curve that
was published previously (13).

Construction of pdnaK-roGFP2-SW2 vector. The replication origin
(ori) and B-lactamase (bla) genes from the pGFP::SW2 vector were am-
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plified with the following primers: p1-F (5" CGGGGATCCGGTTCTATA
GTGTCACCTA 3') and p1-R (5" CAGCTGCTCGAGGCCGGTCTCCC
TA3'). The resulting PCR product was digested with the BamHI and Xhol
enzymes and then purified by gel purification kit (Qiagen). The wild-type
C. trachomatis dnaK promoter was synthesized by annealing the following
primers: pdnaK-F, 5'(Phos)-TCGAGATTCTTGACCGGTGGAGACGG
TTTTCTTATAATGACACCGACTTATGGAAAATAGAGGTTCCATG
GGTGCTAGCGGTACCGTCGACG-3'; and pdnaK-R, 5'(Phos)-GATC
CGTCGACGGTACCGCTAGCACCCATGGTACCTCTATTTTCCA TA
AGTCGGTGTCATTATAAGAAAACCGTCTCCACCGGTCAAGAAT
C-3'. The annealed double-stranded dnaK promoter was ligated with
purified ori-bla fragment and then transformed into the E. coli XL-10
strain; the resulting plasmid was named pdnaK. The roGFP2 gene was
amplified from plasmid pRSETB-roGFP2 with the primers proGFP-F5" A
GGGCTAGCATGAGTAAAGGAGAAGAAC 3’ and proGFP-R 5" AGCG
TCGACCTATTTGTATAGTTCATC 3'. The PCR product was digested
with the Nhel and Sall enzymes, inserted into the pdnaK plasmid digested
with the same enzymes, and then transformed into the XL-10 strain. The
resulting plasmid was named pdnaK-roGFP2. In order to construct the
shuttle plasmid pdnaK-roGFP2-SW2, the pGFP:SW2 plasmid was di-
gested with BamHI, and the chlamydial plasmid SW2 was purified from a
DNA agarose gel. The plasmid pdanK-roGFP2 was also digested with
BamHI and then dephosphorylated with calf intestinal alkaline phospha-
tase (CIP). The resulting product was ligated with digested SW2 fragment
and then transformed into the XL-10 strain. The resulting shuttle vector
was confirmed by PCR and sequencing. Transformation of C. trachomatis
with pdnak-roGFP2-SW2 was performed as described previously (16).

Investigation of redox status of chlamydial organisms using fluores-
cence microscopy. HeLa cells grown on the glass coverslips were infected
with roGFP2-expressing C. trachomatis L2. At the different times (16, 24,
48, and 68 h) after infection, the cells were bathed in Ringer’s solution and
treated with either 10 mM DTT or 10 mM H,O, for 10 min. The roGFP
fluorescence from chlamydial inclusions was excited sequentially at
402 nm and 490 nm, and images were acquired at an emission of 525 nm
during the treatment on a Zeiss Axiovert 200 inverted microscope fitted
with an Orca-R2 cooled digital CCD camera. The mean fluorescence in-
tensity values from over 10 chlamydial inclusions were measured using
the Volocity software. The ratio of excitation at 402 nm and 490 nm was
calculated. Each image was corrected for background by subtracting the
intensity of an adjacent cell-free region. The relative changes of the 402/
490-nm ratio after addition of 10 mM DTT or H,O, were also calculated
by subtracting the basal level fluorescence ratio at different time points.
Expression at the time points that exhibited a maximal increase under
oxidized conditions was considered to represent full oxidation and set
equal to 100%, and the minimal ratio measured under reduced conditions
was considered to represent full reduction and set equal to 100%.

Measurement of cross-linked MOMP by immunoblotting. HeLa
cells were infected with C. trachomatis L2 at an MOI of 5 in a six-well plate
for different time points (20, 48, and 72 h). At each time point, the infected
cells were treated with 10 mM DTT or 10 mM H,0, for 10 min and then
lysed with phosphate-buffered saline (PBS) buffer containing 2% SDS and
50 mM N-ethylmaleimide (NEM). The lysates were sonicated with a son-
icator (two times for 10 s each time) and incubated for 1 h at 37°C. The
supernatant from cell lysates was collected by centrifugation at a speed of
14,000 X g for 10 min at 4°C and then equally divided into two portions,
one of which was subjected to 12% SDS-PAGE under nonreducing con-
ditions in the presence of 50 mM NEM in the sample buffer (0.25 M Tris,
8% SDS, 30% glycerol, 0.02% bromophenol blue [pH 6.8]), another part
of samples was subjected to 12% SDS-PAGE under reducing conditions in
the presence of 10% 2-mercaptoethanol (2ME) and heated at 100°C for
5 min before the samples were loaded. The proteins isolated by SDS-
PAGE were transferred to nitrocellulose membranes (0.45-um pore size;
Bio-Rad), and MOMP was detected by anti-MOMP antibody using the
LI-COR system according to the manufacturer’s instruction.
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