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The influence of the microtubule-associated motor protein kinesin on Chlamydia psittaci inclusion develop-
ment in epithelial and fibroblast cell lines was addressed. Kinesin was blocked early after chlamydial inter-
nalization (4 h postinfection [p.i.]) and before the initiation of active chlamydial multiplication (8 h p.i.).
Chlamydia development was monitored by fluorescence and transmission electron microscopy at different
times during the cycle. In both host cell lines, kinesin blockage restricted mitochondria from the chlamydial
vacuole. The effects of kinesin blockage on the C. psittaci replication cycle included the presence of multiple
inclusions up to late in the cycle, the presence of enlarged pleomorphic reticulate bodies, and a delayed
reappearance of elementary bodies. The last effect seems to be greater when kinesin is blocked early after
infection. Our results show that kinesin activity is required for optimal development of these microorganisms,
most probably acting through the apposition of mitochondria to the C. psittaci inclusions.

Being an obligate intracellular parasite, Chlamydia psittaci
interacts in a special way with the host cell in order to perpet-
uate itself in nature (14). Its unique biphasic development
cycle starts when the infectious extracellular elementary body
(EB) attaches to the host cell, inducing its own internalization
within a vacuole, termed an inclusion, by evoking an invagina-
tion of the host cytoplasm membrane (24, 50). After 6 to 10 h,
the EB transforms itself in the multiplicative intracellular re-
ticulate body (RB), entering a stage of active binary fission at
about 12 h after cell infection. At this time, RBs are found to
circumscribe almost exclusively the inner margin of the inclu-
sion, with few organisms observed free within its center (33),
while mitochondria are progressively found closely associated
with the inclusion membrane along with the reproductive
activity of RBs (34, 35, 43, 47). After several divisions, RBs
mature again into EBs in an asynchronous way. During this
maturation, morphologically intermediate forms (intermediate
bodies [IBs]) can be observed. Finally, in most cases, the host
cell is lysed within 48 to 72 h, releasing the new progeny of
infectious particles and thus completing the cycle. The dura-
tion of the developmental cycle may vary according to the
chlamydial strain and the host cell involved (24, 47, 53).

Participation of the cytoskeleton during chlamydial infection
has been reported (45). Eukaryotic cell processes such as cell
division, organelle transport, and endocytic and exocytic path-
ways involve the action of motor proteins associated with
the microtubules (MTs) in the eukaryotic cytoskeleton (49).
Among these proteins, kinesin has been shown to associate
with diverse eukaryotic organelles (8), to mediate Golgi-to-
endoplasmic reticulum (ER) transport of escaped ER proteins
(32), and to be responsible for mitochondrial movement in
several cell types, including macrophages and fibroblasts (8, 30,
31). To study the influence of kinesin on the development of
C. psittaci, we blocked the motor protein by using neutralizing

antibodies and then studied the development of inclusions at
different times during the chlamydial cycle. Our findings indi-
cate that active kinesin plays a role in the development of
Chlamydia, most probably through movement of mitochondria
towards close apposition to the prokaryotic inclusion.

MATERIALS AND METHODS

Cells and medium. The mouse fibroblast L-929 (kindly donated by Rudy Wille-
brords, Janssen Research Foundation) and buffalo green monkey epithelial (BGM)
cell lines were cultured in minimal essential medium (Gibco, Paisly, United King-
dom) supplemented with 10% fetal bovine serum (Gibco), 1% L-glutamine
(Gibco), 1% nonessential aminoacids (Gibco), 100 mg of streptomycin sulfate
(Gibco) per ml, 100 mg of vancomycin (Gibco) per ml, and 100 mg of gentamicin
(Gibco) per ml (hereafter called Chlamydia growth medium). For experiments
involving fluorescence microscopy, 3 3 105 cells/well were seeded on 24-well mi-
croplates (Sterilin, Staffordshire, United Kingdom) containing 13-mm-diameter
coverslips. For experiments involving electron microscopy, 1.5 3 106 cells/well were
seeded as monolayers onto six-well microplates (Sterilin) without coverslips.

Chlamydia strain and growth conditions. The avian C. psittaci strain 92/1293
(serovar D) (53) was used as the antigen. This chlamydial strain was propagated
in L929 and BGM cells for 72 h. After this time, cells were lysed (by freezing and
thawing followed by sonication), cell debris was removed by centrifugation, and
the resulting supernatants were aliquoted and stored at 270°C. The chlamydial
titer (inclusion-forming units per milliliter) was determined from one of the
frozen aliquots as described previously (45).

During the course of the study, nonconfluent eukaryotic cell monolayers were
infected with the chlamydial antigen grown in the homologous cell line at a mul-
tiplicity of infection (MOI) of 1. To ensure an even infection of the cells, plates
were subjected to gentle agitation on a rocking platform for 2 h at 37°C. After the
adsorption time, the inoculum was eliminated, fresh medium was added, and
monolayers were then incubated at 37°C in a 5% CO2 humified atmosphere dur-
ing the course of the experiments.

Antikinesin treatment. An antikinesin monoclonal antibody (MAb) (Sigma
Chemical Co., St. Louis, Mo.) was introduced into living cells after monolayers
had been permeabilized by using a modification of the glass bead method of
Fennell et al. (19). Briefly, 24-h cell monolayers of both infected and uninfected
L and BGM cells were washed with Hanks balanced salt solution-Ca21 buffer
(pH 6.9) containing 10 mM HEPES, with 0.6 M sucrose to avoid lysis of the
inclusion (51) (Perm buffer). The antikinesin antibody was diluted 1:400 in Perm
buffer and placed on the monolayers in volumes of 100 ml/well for 24-well plates
and 500 ml/well for 6-well plates. Sterile glass beads of 170 to 180 mm in diameter
(B. Braun Biotech International, Melsungen, Germany) were poured and dis-
persed with gentle agitation to completely cover the monolayers with a single
layer. The cells were incubated at 37°C for 10 min with gentle agitation every
2 min. After incubation, the plates were tilted and then washed several times
thereafter with Perm buffer until all beads had been eliminated. Chlamydia
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growth medium was added to the monolayers, which were then incubated further
at 37°C with 5% CO2.

To determine the direct effect that the permeabilization and antikinesin block-
age treatments had on the eukaryotic cells, two sets of cell monolayers were used:
one was infected with C. psittaci, while the other one remained uninfected. In
both sets, 24-well microplates were divided into four groups according to the
treatment to be performed: permeabilization treatment only, permeabilization
treatment plus pristane-inoculated mouse ascites fluid, permeabilization treat-
ment plus antikinesin MAb treatment (kinesin blockage), or no treatment (con-
trol). Permeabilization and blockage treatments were performed at 4 and 8 h
postinfection (p.i.) as described above. In all cases monolayers were trypsinized,
when applicable, at 8, 24, and 31 h p.i. Three wells were used for every treatment-
time point combination mentioned: these were pooled after trypsinization, and
viable cell counts per milliliter were determined by using trypan blue and a
hemocytometer chamber.

To check the persistence of the antikinesin antibodies in the cells, cell mono-
layers were grown on 13-mm-diameter coverslips placed in 24-well microplates.
Antikinesin MAb dilutions of 1:100, 1:200, 1:400, 1:500, 1:800, and 1:1,000 were
prepared and introduced into the cells as described above. Monolayers were
washed and fixed for 10 min with cold methanol at 2, 3, 4, 5, 6, 7, and 24 h after
kinesin blockage and were kept at 220°C until further processing. Coverslips
were incubated with biotinylated goat anti-mouse antibody (1:200) (Dako Diag-
nostics, Cambridgeshire, United Kingdom) for 30 min at room temperature and
washed twice for 5 min each with phosphate-buffered saline (PBS). Avidin-
biotin-peroxidase complex (Dako) was then added, followed by 30 min of incu-
bation under the same conditions. Thereafter, coverslips were washed as before,
and the brown chromogen diaminobenzidine (Sigma) was added in the presence
of H2O2. Finally, coverslips were mounted on slides to be analyzed by light
microscopy. As controls, cells were treated in the same way, but either ascites
fluid or no antikinesin was added instead of the antikinesin MAb.

Fluorescence microscopy. Kinesin was blocked in infected L and BGM cells at
4 and 8 h after inoculation of the cells with Chlamydia as described above. In
each case, when applicable, infection was allowed to proceed for up to 8, 24, and
31 h p.i. As controls, three sets of chlamydia-infected cells were used: (i) per-
meabilized cells to which no antikinesin MAb was added, (ii) permeabilized cells
to which pristane-inoculated mice ascites fluid was added (ascites fluid-treated
cells), and (iii) untreated cells.

To visualize the mitochondria, a red-fluorescent molecular probe (Mitotracker
CMXRos-H2; Molecular Probes Europe BV, Leiden, The Netherlands) was used
to selectively stain these organelles. Half an hour before the end of the incuba-
tion period, the culture medium was replaced with 100 ml of prewarmed 1 mM
Mitotracker diluted in Chlamydia growth medium. Cells were incubated for 30
min further at 37°C with 5% CO2. Immediately thereafter, the monolayers were
washed three times with PBS. The cells were fixed for 10 min with cold methanol
and air dried.

An antichlamydia fluorescein isothiocyanate (FITC)-conjugated genus-specific
MAb mixture (lipopolysaccharide-specific MAb clone C5 plus major outer mem-
brane protein-specific MAb clone C8) (reference no. 17-114; Argene Biosoft,
Varilhes, France) was used to visualize the chlamydial inclusion. Thirty micro-
liters of the antibody mixture was added to each coverslip on fixed cells, which
were then incubated in the dark for 30 min at 37°C in a moist environment. The
coverslips were carefully rinsed afterwards in distilled water for 30 s, and
mounted on microscope slides with a mounting medium for immunofluorescence
(Vectashield; Vector Laboratories, Burlingame, Calif.) to prevent rapid photo-
bleaching of fluorochromes. Finally, the coverslips were sealed with clear nail
polish and examined with a Leica DMRB microscope. Filters with excitation
ranges of 515 to 560 nm and 450 to 490 nm were used to detect Mitotracker and
FITC emissions, respectively. The number of inclusions per infected cell was
counted in five fields (minimum of 380 cells) of every coverslip analyzed. A Zeiss
LSM410 confocal laser microscope was also utilized, with a 1003/1.3NA plan-
Neufluar lens. Images were typically recorded with a scanning time of 1 s and 83
line averaging, using a 13, 1.53, or 23 hard zoom. The excitation wavelengths
and emission filters used for Mitotracker and FITC fluorochromes were 543 and
488 nm and LP 570 and BP 515-525 respectively.

Transmission electron microscopy (TEM). Kinesin was blocked in infected
L-929 cell monolayers at 4 and 8 h after chlamydial infection as described above.
Incubation was allowed to proceed for up to 24, 31, and 48 h p.i. In each case, cell
monolayers were washed three times with PBS, fixed in 2.5% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.6), and kept at 4°C until further processing. As
negative controls, permeabilized but not kinesin-blocked infected cells were
treated in the same way. For final processing, cells were scraped from the plates
and washed several times with PBS to eliminate the glutaraldehyde. Postfixation
was performed for 1 h in 1% osmium tetroxide in distilled water. Thereafter, cells
were stained overnight with 2% uranyl acetate (pH 4.5). On the following day,
the cells were progressively dehydrated in ethanol and then embedded in Epon
812 resin (Fluka Chemie AG, Buchs, Switzerland). Ultrathin sections were pre-
pared (Ultracut; Reichert AG, Vienna, Austria), stained with lead citrate, and
examined in a transmission electron microscope (model 2085; Philips, Eind-
hoven, The Netherlands). Pictures were taken with a plate camera (6 by 9 cm).
Additionally, laser prints were obtained from images taken with a slow-scan
camera (Kodak Megaplus model 1.6i) and the Image AnalySIS software for
Windows 95 (Soft Imaging Software GmbH, Munster, Germany). Chlamydial

particles inside the inclusions were counted from both the pictures and the prints,
and analysis of variance was performed on the values obtained.

RESULTS

Permeabilization and blockage treatments have a detrimen-
tal effect on eukaryotic cells. The effects of permeabilization and
blockage treatments on the growth of BGM and L-929 cells were
similar (data not shown). In uninfected cells, permeabilized mono-
layers showed a cell yield decrease of approximately 30% com-
pared with nonpermeabilized cells. When kinesin was blocked,
viable cell counts were even lower than those for permeabilized
cells. In these cases, a decrease of about 70% compared with
untreated cells was noted. Nevertheless, under all experimental
conditions, cells continued to multiply at the same rate between
every two time points analyzed, indicating that after the perme-
abilization treatment, recovered cells kept growing and dividing
normally. Infection of C. psittaci in either type of host induced a
further decrease in the viable cell counts in both permeabilized
and kinesin-blocked cell monolayers at all times studied. As a
consequence, the actual number of viable cells found at 8, 24, and
31 h after infection was always lower (;40%) than the cell counts
from uninfected monolayers. Uninfected and infected cells
treated with ascites fluid behaved like permeabilized cells.

Antikinesin treatment restricts movement of mitochondria.
Mitochondria move along the cytoskeleton of eukaryotic cells
by means of kinesin. To verify the presence of the antikinesin
MAb inside the cells, immunocytochemistry was performed.
Kinesin was revealed within the cells at all times studied (data
not shown). The strength of the signal obtained was directly pro-
portional to the concentration of the antibody used. A strong
signal was found at up to a 1:500 antikinesin dilution, and it
began to fade at 1:800, although it was still clearly discernible.
In BGM cells, both negative controls, i.e., cells to which ascites
fluid was added in place of antikinesin MAb and permeabilized
cells not incubated with primary antibody, showed no positive
signal. In L cells, however, a weak, nonspecific staining was also
found in permeabilized samples. All cell monolayers showed a
normal appearance at all times analyzed. By using CMXRos-H2,
mitochondria were observed spread throughout the interior of
the cell in permeabilized cells as well as in ascites fluid-treated
cells, whereas in kinesin-blocked cells these organelles were
observed as clusters mainly located in the perinuclear area.

Fluorescence microscopic analysis of the location of mito-
chondria and its effect on the chlamydial growth cycle. Through-
out this study, mitochondria were seen surrounding the chla-
mydial inclusions both in permeabilized cells (Fig. 1a) and in
ascites fluid-treated cells (data not shown). In contrast, in
those cells where kinesin was blocked, mitochondria remained
mostly in the perinuclear area, although a few of them could
still be observed around the vacuole (Fig. 1b).

Concerning the chlamydial morphology, only individual
chlamydial particles and no inclusions were seen inside the
host cell at 8 h p.i. in permeabilized and kinesin-blocked cells.
Furthermore, multiple chlamydial inclusions per host cell
could be seen in the monolayers analyzed at 24 and 31 h p.i.,
regardless of the treatment performed (Table 1). We noticed,
however, that the evolution in the number of chlamydial in-
clusions present within the host cells between those times sig-
nificantly differed (P , 0.05) for the different treatments. In
permeabilized cells without kinesin blockage, a decrease in the
number of inclusions per cell was observed from 24 to 31 h p.i.,
suggesting that fusion between them had occurred. In contrast,
when mitochondria were immobilized by kinesin blockage, the
number of the chlamydial inclusions found at 24 h p.i. was the
same, or was even increased, by 31 h p.i. Chlamydial infection
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in untreated and ascites fluid-treated cells progressed as it did
in permeabilized cells (data not shown).

Electron microscopic analysis of mitochondrion immobili-
zation and its effect on the chlamydial growth cycle. Since no
difference was observed between permeabilized and ascites
fluid-treated cells for either the eukaryotic or prokaryotic cycle
or for the mitochondrial position, as determined by viable cell
counting and immunofluorescence, only permeabilized cells
were used as negative controls during TEM studies. Immuno-
fluorescence analysis suggested a delay in the C. psittaci growth
cycle. For this reason, we also studied by TEM the chlamydial
development at 48 h p.i., around the end of the cycle, for both
permeabilized and kinesin-blocked cells.

Many mitochondria could be found around the chlamydial
inclusions at 24, 31, and 48 h p.i. in permeabilized cells, re-
gardless of the time at which treatment was performed. Some
mitochondria, however, were also present adjacent to the in-
clusions in kinesin-blocked cells.

Multiple chlamydial vacuoles were observed in both perme-
abilized and kinesin-blocked host cells at all times analyzed,
i.e., 24, 31, and 48 h p.i. Nevertheless, differences in the num-
ber and size of the inclusions in the two types of treated cells
were seen. Non-kinesin-blocked cells permeabilized at both 4
and 8 h p.i., as well as kinesin-blocked cells at 8 h p.i., showed
one or two inclusions at 31 and 48 h p.i. Conversely, when
kinesin was blocked at 4 h p.i. and mitochondria were there-
fore immobilized early in the chlamydial growth cycle, infected
cells containing large numbers of inclusions (more than five)
could be observed up to 48 h p.i.

The chlamydial particles present within the inclusions in
kinesin-blocked or permeabilized cells also showed differences.
At 24 and 31 h p.i., both EBs and RBs could be seen in cells
permeabilized at 4 and 8 h p.i. In contrast, when mitochondria
were immobilized at 4 or 8 h p.i., the only chlamydial popula-
tion observed at 24 and 31 h after chlamydial infection was
RBs (P , 0.001) (Fig. 2). At 48 h p.i., the total chlamydial
population found in control cells permeabilized shortly after C.
psittaci had been internalized by the host cell, i.e., at 4 h p.i.,
consisted of 66.53% EBs, 3.46% IBs, and 30% RBs, whereas
when mitochondria were blocked at 4 h p.i., 51.39% EBs,
2.79% IBs, and 47.20% RBs were found (P . 0.05). Con-
versely, when control cells were permeabilized close to the
onset of the bacterial multiplication, i.e., at 8 h p.i., the pro-
portions of chlamydial particles found at 48 h p.i. were 64.17%
EBs, 4.72% IBs, and 31.10% RBs, while when kinesin was

blocked at 8 h p.i., 60.51% EBs, 5.29% IBs, and 34.18% RBs
were present (P . 0.05) (Fig. 3). In all kinesin-blocked cells,
RBs showed abnormal, pleomorphic forms.

DISCUSSION

Besides its participation in organelle translocation and cell
movement (8, 18, 20), kinesin is also involved in the mitotic
process (4). All members of the kinesin ATPase family share
conserved sequences within the kinesin motor domain, includ-
ing binding sites for both nucleotides and MTs. These domains
are located in what is known as the head of the kinesin mole-
cules (7, 28), the target structure for the antikinesin MAb we
used. As expected, introduction of this MAb altered the
growth cycle of the eukaryotic cells, which might have led to
the lower cell yields obtained in kinesin-blocked monolayers.
When cells were infected with C. psittaci, the eukaryotic cell
progeny also decreased. Previous investigations have demon-
strated that with C. psittaci infections the duration of DNA
synthesis is doubled, and thus the eukaryotic growth cycle is
prolonged (1, 13), even at an MOI of ;1 (27).

Two cell organelles have been found to be closely associated
with C. psittaci vacuoles: mitochondria (34, 35, 47, 53) and the
Golgi apparatus (21, 22, 45, 53). Such close associations might
influence chlamydial development, being related to the acqui-
sition of eukaryotic ATP (33, 48) and lipids (21, 22). Kinesin is
known to associate with the two organelles (3, 8). Nevertheless,
even if kinesin is implicated in the movement of mitochondria
within the cell (38), it is not this MT motor protein but dynein
that is responsible for the location, organization, and/or func-
tion of the Golgi and for the ER-to-Golgi transport in a num-
ber of cells, including fibroblast and epithelial cells (16, 26, 32, 52).

Our results support the idea that the close association of
mitochondria with the chlamydial inclusions does exert an in-
fluence on the developmental cycle of C. psittaci. In previous
studies (53), where the development of C. psittaci 92/1293 was
monitored by using TEM, all sorts of chlamydial forms were
visible from 30 h p.i. onwards, a feature that we found at 31 h
p.i. only in permeabilized infected cells and not in those where
kinesin had been blocked. Furthermore, the proportions of
particles observed at 50 h p.i. by Vanrompay et al. (53) con-
sisted of 65% EBs, 5% IBs, and 30% RBs. Such proportions
are very much like the ones we obtained at 48 h p.i., when cells
were permeabilized at 4 or 8 h after chlamydial infection, and
when kinesin was blocked at 8 h p.i. However, when antikinesin
was introduced early after chlamydiae had been internalized,

FIG. 1. Double direct immunofluorescence of kinesin-blocked L-929 cells at
24 h after infection with C. psittaci 92/1293. Chlamydial inclusions (green) were
stained with an FITC-labelled antichlamydial genus-specific MAb (clones C5 and
C8), and mitochondria (red) were stained with Mitotracker CMXRos-H2. Per-
meabilization (control cells) and kinesin blockage treatments were performed at
4 h p.i. In permeabilized cells (a), mitochondria are distributed throughout the
cell and surrounding the chlamydial inclusion. In kinesin-blocked cells (b), mi-
tochondria cluster in the perinuclear area, and the chlamydial inclusion is not
surrounded by these organelles. Bar, 25 mm.

TABLE 1. Maximal number of inclusions per infected cell
after C. psittaci 92/1293 infection

Host cell
line Treatment

Treatment
time p.i.

(h)

Maximal no. of inclu-
sionsa at the following
fixation time p.i. (h)

8 24 31

BGM Kinesin blockage 4 0 5 7
8 NDb 2 4

Permeabilization 4 0 6 2
8 ND 2 2

L-929 Kinesin blockage 4 0 8 8
8 ND 5 5

Permeabilization 4 0 8 5
8 ND 5 2

a Average for five fields.
b ND, not done.
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i.e., at 4 h p.i., a larger proportion of RBs and a smaller propor-
tion of EBs than those previously reported were found in
mature inclusions. Our findings thus show a delayed reappear-
ance of EBs in the inclusion when kinesin is blocked, and

mitochondria are therefore immobilized, in the infected cells.
It cannot be excluded, nevertheless, that an unknown addition-
al effect of the antikinesin treatment other than mitochondrion
immobilization may also influence the chlamydial growth.

By fluorescence microscopy we observed the immobilization
effect of kinesin blockage on mitochondria up to 27 h after the
antikinesin MAb had been introduced in the eukaryotic cells,
i.e., up to 31 h after chlamydial infection. It could be possible
that the activity of the MAb within the cell had decreased or
disappeared after 40 to 44 h (i.e., at 48 h p.i.), the longest time
analyzed by TEM. To investigate this, we used fluorescence
microscopy as described above to verify whether mitochondria
were still immobilized at those times. In both cases, mitochon-
dria appeared to be immobilized in fewer than approximately
0.1% of the cells, indicating that at some time between 31 and
48 h p.i. these organelles could had come in close contact with
the bacterial vacuole membrane. In that situation, chlamydiae
could have been able to obtain more ATP, thus speeding up
their development. It could have been expected, therefore, that
we would observe all sorts of chlamydial particles at 48 h p.i. in
kinesin-blocked cells, although significantly fewer than in per-
meabilized cells. Interestingly, by 48 h p.i. the proportions of
chlamydial particles seen within the cells were very similar for
permeabilized and kinesin-blocked cells at 8 h p.i. but not for
kinesin-blocked cells at 4 h p.i. These features suggest that
chlamydial energy requirements vary during the infection cy-
cle, with more ATP being needed during the first stages of
development than during the last ones. This is in agreement
with recent studies demonstrating that C. psittaci infection

FIG. 2. TEM of L-929 cells infected with C. psittaci 92/1293 for 31 h. Cells
underwent either permeabilization treatment (top) or kinesin blockage (bottom)
at 4 h p.i. Note the presence of only one large chlamydial inclusion containing
EBs, IBs, and RBs in non-kinesin-blocked cells, whereas multiple smaller inclu-
sions containing exclusively pleomorphic, elongated RBs are present in kinesin-
blocked cells. Bars, 1 mm.

FIG. 3. Chlamydial forms present in the inclusion after kinesin blockage.
C. psittaci 92/1293-infected cells were subjected to either kinesin blockage or
permeabilization (Perm) treatment at 4 and 8 h p.i. Infection was allowed to
proceed for 31 h (a) and 48 h (b). Note that at 31 h p.i., in contrast to the case
for permeabilized cells, only RBs, and no EBs or IBs, are present in kinesin-
blocked cells (P , 0.001).
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induces an increase of high-energy metabolites in the host
cells, where ATP enhancement reaches its peak when RBs are
multiplying more actively while returning to near-normal levels
after RBs have begun to differentiate back to EBs (41).

Chlamydial vacuoles within kinesin-blocked cells contained
elongated, atypical RBs. Aberrant chlamydial developmental
forms can be produced when the bacteria are grown under stress-
ful conditions (12, 38, 42). For instance, increased production of
the C. psittaci 57-kDa stress response protein (a protein in the
hsp60 family, similar to GroEL of Escherichia coli) is associat-
ed with inefficient reorganization of RBs to EBs and the for-
mation of large, aberrant RBs when the developmental cycle is
blocked by penicillin (38). Antikinesin treatment, therefore,
seems to constitute a stress for the chlamydial RB, most prob-
ably through a lack or restriction of energy availability.

When kinesin was blocked, and mitochondria were conse-
quently immobilized, the number of bacterial inclusions per
host cell at 24 h p.i. remained about the same at 31 h p.i. In
contrast, a decrease in the number of chlamydial vacuoles per
host cell was seen from 24 to 31 h p.i. in infected cells where
mitochondria were not immobilized, suggesting that fusion of
the inclusions had occurred. This presents us with two aspects
to be considered. On the one hand, previous studies (25, 54)
have indicated that fusion among C. psittaci inclusions does not
occur. In those studies, other C. psittaci strains and a higher
MOI were utilized. Therefore, it could be that C. psittaci vac-
uole fusion might be strain and/or infection dose dependent.
On the other hand, it could be argued that blockage of kinesin
might influence the vacuole fusion by not allowing them to
approach. It has been demonstrated, however, that not kinesin
but dynein is the motor protein involved in transport of endo-
cytosed vesicles (2, 40). A more attractive possibility is that
because of restriction of mitochondria from the chlamydial
vacuole, not enough ATP could be found for fusion to take
place. It has been confirmed recently that different proteins
play an essential role in membrane fusion, among which are
the N-ethylmaleimide-sensitive factor and the mammalian va-
losin-containing protein (p97) (37). These proteins, interest-
ingly, are also ATPases. Future investigations in this area will
be aimed at clarifying the precise events involved.

Kinesin blockage could not totally restrict mitochondria
from the chlamydial inclusions, as observed in both the immu-
nofluorescence and ultrastructural images obtained. This could
be explained in three ways: (i) not all kinesin motor proteins
were blocked, (ii) action of the antikinesin MAb decreased or
disappeared in the course of the experiments, or (iii) move-
ment of mitochondria within the cell does not depend exclu-
sively on kinesin. In regard to the two first possibilities, even
though we do not know the half-life of the antikinesin MAb
once it is located inside the cells, the fact that a strong immu-
nocytochemistry signal was obtained 24 h after kinesin was
blocked, together with the constant appearance of mitochon-
drial clusters observed at 31 h p.i. by fluorescence, provides an
argument that the motor proteins were effectively blocked for
at least that period. Concerning the third possibility, intrin-
sic mitochondrial movement bringing these organelles toward
zones of high energy demand has been described (5). Displace-
ment of mitochondria to energy-consuming zones might be guid-
ed by ATP and/or ADP gradients. At sites of high ADP con-
tent, mitochondria are trapped by immobilization (5). RBs of
C. psittaci have an ATP-ADP exchange mechanism that func-
tionally acts as a reverse mitochondrion. They take up ATP
while expelling ADP (23), a feature that might promote mito-
chondria to approach and/or to remain in close contact with
the membrane vacuole. Nevertheless, since mitochondrial ap-
position does not occur during the early stages of Chlamydia

trachomatis and Chlamydia pneumoniae infections (35), there
might be intrinsic C. psittaci mechanisms that may induce or in-
fluence mitochondrial movement towards the inclusion. More-
over, while all chlamydiae are energy parasites (39, 46), the
amount of ATP needed to develop might not necessarily be the
same for each member of the group. Depending on the strain
and host cell involved, there are differences in the time re-
quired for completion of their development cycles. Among
other factors, this may be a reflection of the ATP available in
the cell. Perhaps the ATP requirements of C. trachomatis and
C. pneumoniae could be fulfilled without the need to be in
close contact with the host energy-producing organelles. In this
regard, C. trachomatis inclusions redistribute to the perinu-
clear area, where most mitochondria are located, before start-
ing active multiplication, whereas inclusions of C. pneumoniae,
which mature at later stages during the infection (10), can be
found in both the perinuclear area and the host cell peripheral
cytoplasm (11). In contrast, it could also be that these two
species lack the chlamydial factor involved in the mitochon-
drial attraction towards and/or apposition to the chlamydial
vacuole that might be present in C. psittaci.

There are reasons to believe that the redistribution of mi-
tochondria in close apposition to the chlamydial vacuole may
be orchestrated by the microorganisms themselves, possibly
through the manipulation of kinesin phosphorylation. The in-
teraction of kinesin with organelle membranes and its activity
along MTs are known to be regulated by phosphorylation pro-
cesses (29, 36). Phosphorylation of certain host cell proteins
has been demonstrated in C. trachomatis infection (6, 17). Such
phosphorylation is thought to be involved in the MT-depen-
dent redistribution of C. trachomatis EBs to the perinuclear
area (11). Furthermore, modulation of the host cell can take
place in other cell compartments, at a distance from the micro-
organisms themselves. This has been shown for Listeria mono-
cytogenes. This facultative intracellular bacterium produces a
protein called ActA, which is translocated to the mitochondria
(44) and phosphorylated during cell growth (9) and which sub-
sequently changes the actin filaments. In addition, it has been
reported that chlamydiae supress host cell apoptosis by blocking
the release of mitochondrial cytochrome c (15), demonstrating
that these microorganisms are capable of modifying mitochon-
drial function for their own benefit. One could speculate that
C. psittaci could either produce a protein analogous to ActA or
alter the phosphorylation patterns of the host cell by the pro-
duction of some yet-unknown factor, therefore modulating the
signal transduction pathway of the eukaryote, in order to bring
the mitochondria in apposition to the vacuole membrane and
thus be in an advantageous position to acquire ATP.
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ADDENDUM IN PROOF
Since the preparation of the manuscript, an amended de-

scription of the order Chlamydiales has been published (K. D.
Everett, R. M. Bush, and A. A. Andersen, Int. J. Syst. Bacteriol.
49:415–440, 1999). In accordance with this new classification,
the bacterium Chlamydia psittaci, the subject of our study,
should now be referred to as Chlamydophila psittaci.
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