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Chlamydia trachomatis is an obligate intracellular eubacterial parasite capable of infecting a wide range of
eucaryotic host cells. Purified chlamydiae contain several lipids typically found in eucaryotes, and it has been
established that eucaryotic lipids are transported from the host cell to the parasite. In this report, we examine
the phospholipid composition of C. trachomatis purified from host cells grown under a variety of conditions in
which the cellular phospholipid composition was altered. A mutant CHO cell line, with a thermolabile
CDP-choline synthetase, was used to show that decreased host cell phosphatidylcholine levels had no signif-
icant effect on C. trachomatis growth. However, less phosphatidylcholine was transported to the parasite and
purified elementary bodies contained decreased levels of phosphatidylcholine. Brefeldin A, fumonisin B1, and
exogenous sphingomyelinase were used to alter levels of host cell sphingomyelin. None of the agents had a
significant effect on C. trachomatis replication. Treatment with fumonisin B1 and exogenous sphingomyelinase
resulted in decreased levels of host cell sphingomyelin. This had no effect on glycerophospholipid trafficking to
chlamydiae; however, sphingomyelin trafficking was reduced and elementary bodies purified from treated cells
had reduced sphingomyelin content. Exposure to brefeldin A, which had no adverse effect on chlamydia growth,
resulted in an increase in cellular levels of sphingomyelin and a concomitant increase in the amount of
sphingomyelin in purified chlamydiae. Under the experimental conditions used, brefeldin A treatment had only
a small effect on sphingomyelin trafficking to the host cell surface or to C. trachomatis. Thus, the final
phospholipid composition of purified C. trachomatis mimics that of the host cell in which it is grown.

Chlamydiae are obligate intracellular gram-negative eubac-
terial parasites that infect a wide range of eucaryotic host cells
and cause a variety of human diseases (27, 36). Chlamydiae
have evolved a complex biphasic life cycle to facilitate their
survival in two discontinuous habitats. The elementary body
(EB) is the metabolically dormant, structurally rigid extracel-
lular spore-like form that initiates infection by attaching to a
suitable host cell. Following internalization, EBs differentiate
into reticulate bodies (RBs), which are of the metabolically
active, fragile intracellular form that grows within the confines
of a vacuole, termed the chlamydial inclusion, which avoids
fusion with cellular lysosomes. By 16 to 20 h into the infection,
while some RBs are still replicating, others have begun the
process of differentiation back into EBs. Approximately 48 to
72 h after infection, RB replication is essentially complete, EBs
predominate, and the host cell lyses, releasing EBs to begin a
new infection cycle.

Like other gram-negative bacteria, chlamydiae possess a cell
envelope composed of an outer membrane (OM) and inner
membrane (IM). The outer leaflet of the OM contains a
unique deep rough lipopolysaccharide which is synthesized by
chlamydiae (4, 5). The inner leaflet of the OM and both leaflets
of the IM are made up of various phospholipids. In addition to
containing lipids typically present in procaryotes (phosphati-
dylethanolamine [PE], phosphatidylglycerol [PG], and phos-
phatidylserine [PS]), purified chlamydiae contain lipids more
frequently associated with eucaryotes (phosphatidylcholine
[PC], phosphatidylinositol [PI], sphingomyelin [SM], and cho-

lesterol) (28, 46). The presence of these lipids implies that
eucaryotic lipids are transported to chlamydiae. Recent work
by Hackstadt and colleagues (13–15, 33) with fluorescent 6-[N-
(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]hexanoyl (C6-NBD)–
ceramide, which is converted to C6-NBD–SM by the host cell,
clearly established that host cell SM is transported to chlamyd-
iae. Hackstadt et al. (13–15) proposed that the chlamydial
inclusion can best be described as an aberrant Golgi apparatus-
derived vesicle situated distal to the trans-Golgi apparatus,
such that it receives host-derived lipids from an exocytic path-
way. The SM obtained from Golgi apparatus-derived vesicles
fusing with the inclusion are ultimately sequestered by chla-
mydiae.

Unlike mammalian cell glycerophospholipids, which contain
straight-chain fatty acids, chlamydial phospholipids possess
branched-chain fatty acids (28, 46). Isoleucine is the precursor
of the a-keto acid primer needed to initiate branched-chain
fatty acid biosynthesis in prokaryotes (19). We have used ra-
diolabelled isoleucine to study lipid metabolism in chlamydia-
infected cells (46). Our results indicate that chlamydiae can
synthesize PE, PS, and PG de novo and that host cell glycero-
phospholipids are transported to chlamydiae. Host glycero-
phospholipids are modified by Chlamydia trachomatis, such
that a host-synthesized straight-chain fatty acid is replaced with
a chlamydia-synthesized branched-chain fatty acid. Although it
is established that chlamydiae obtain phospholipids from the
host, it is not clear whether the host cell regulates which phos-
pholipids are transported or whether chlamydiae can control
which lipids they accept, thereby regulating their final lipid
compositions.

In this study we used a temperature-sensitive mutant Chi-
nese hamster ovary cell line (CHO 58) with a thermolabile
CDP-choline synthetase, as well as wild-type mouse L929 cells
treated with a variety of compounds that affect cellular phos-
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pholipid metabolism, to alter host cell phospholipid composi-
tion. The effects of altered host cell phospholipid composition
on chlamydial growth, phospholipid trafficking, and metabo-
lism were then determined. Our results indicate that the types
of lipids trafficked are not strictly regulated by the host or
chlamydiae and, as a result, that the final phospholipid com-
positions of chlamydiae mimic that of the host cell.

MATERIALS AND METHODS

Materials. [2,8-3H]adenine (23 Ci mmol21), [methyl-3H]choline (81 Ci
mmol21), L-[U-14C]isoleucine (342 mCi mmol21), [1-14C]palmitic acid (57 mCi
mmol21), and [U-14C]serine (150 mCi mmol21) were obtained from New En-
gland Nuclear, Dupont Canada Inc. Brefeldin A, Bacillus cereus sphingomyeli-
nase, fumonisin B1, and phospholipid standards were obtained from Sigma.

C. trachomatis strains and propagation. C. trachomatis L2/434/Bu was used
throughout this study and was grown as previously described in monolayers (25)
or in suspension culture (12). Unless otherwise indicated, 1 mg of cycloheximide
ml21 was present in the postinfection (p.i.) growth medium. The various cell lines
were infected with C. trachomatis at a multiplicity of infection of 3 to 5 infection-
forming units per cell. Mock-infected host cell cultures were treated in a manner
identical to that used with infected cells except that chlamydiae were not added.

Cell lines and culture conditions. Wild-type HeLa cells and mouse L929 cells
are routinely maintained in our laboratory and were cultured in minimal essen-
tial medium containing 10% fetal bovine serum at 37°C (12, 25). The wild-type
CHO K1 cells and the thermolabile CDP-choline synthetase CHO K1 cell line
(strain 58) (10, 11) were provided by D. E. Vance, University of Alberta, Edm-
onton, Alberta, Canada. Both the wild-type CHO K1 and the mutant CHO strain
58 cells were cultured in minimal essential medium containing 10% fetal bovine
serum and 300 mM proline at 33°C, the permissive temperature, or at 40°C, the
nonpermissive temperature for the CHO 58 cells (10, 11).

Incorporation of radiolabelled adenine into host cell and C. trachomatis DNA.
C. trachomatis growth was assessed by measuring the incorporation of radiola-
belled adenine into parasite-specific DNA. Labelling conditions, cell harvesting,
and quantitation of radiolabel incorporated into DNA were conducted as pre-
viously described (25). Radiolabel was added at 22 h p.i., when C. trachomatis
DNA synthesis is at a maximum. All results were normalized to 106 cells.

Extraction and purification of lipids. For radiolabelling of phospholipids,
mock-infected or C. trachomatis-infected cells were incubated with a given ra-
diolabelled precursor (3 mCi/5-cm-diameter dish) beginning at 20 h p.i., the time
when chlamydial phospholipid metabolism is at a maximum (46). Five hours
later, the cell layer was washed once with ice-cold phosphate-buffered saline and
scraped into 2 ml of methanol-water (1:1 [vol/vol]). For cultures treated with
brefeldin A (5 mg ml21), fumonisin B1 (20 mM), and/or sphingomyelinase (0.05
U ml21), the compounds were added at the start of the infection (2 h p.i.) and
maintained throughout the entire growth period unless otherwise indicated. For
cultures treated with brefeldin A, fresh inhibitor was added every 5 h. Procedures
for extraction and purification of lipids were carried out as previously described
(16, 46). Lipids were separated by a two-dimensional thin-layer-chromatography
procedure, which gave good separation of all the major phospholipids (16, 17).
The organic phase containing the extracted lipids was dried under a stream of N2
and resuspended in 100 ml of chloroform-methanol (2:1, [vol/vol]). Fifty-micro-
liter aliquots, with appropriate standards, were spotted on 10- by 10-cm-diameter
thin-layer Silica Gel 60 plates (Whatman) that had been previously treated with
0.4 M boric acid. The plates were developed in the first dimension with chloro-
form-methanol-water-ammonium hydroxide (70:30:3:2) and in the second di-
mension with chloroform-methanol-water (65:35:5). Individual lipids were visu-
alized with iodine vapor. Areas corresponding to individual lipids were removed
and placed in vials containing Universol scintillation fluor (ICN Biomedicals,
Inc.) for quantitation. The results were standardized based on the number of
milligrams of protein per dish. Protein was assayed by the method of Lowry et al.
(23), with bovine serum albumin as the standard.

Total phospholipid compositions of mock-infected host cells, C. trachomatis-
infected host cells at 40 h p.i., and highly purified chlamydial EBs were deter-
mined as previously described (16). Highly purified EBs were prepared from
suspension cultures of infected host cells (CHO K1, CHO 58, and mouse L929)
at 40 h p.i. For CHO 58 cells, a 1-liter suspension culture was grown at 33°C until
cell density reached 106 ml21. One-half of the culture was left at 33°C and
maintained at a cell density of 106 ml21. The other half was shifted to 40°C and
left for 60 h. The suspension cultures were then infected with C. trachomatis (12),
and after a further 40 h, the infected cells were harvested. Suspension cultures of
other cell types, mock infected or C. trachomatis infected, were grown at 37°C for
40 h. For mock-infected and C. trachomatis-infected cultures treated with brefel-
din A (5 mg ml21), fumonisin B1 (20 mM), and/or sphingomyelinase (0.05 U
ml21) the inhibitors were added at the start of the infection and maintained in
the culture for the entire 40-h chlamydial growth cycle unless otherwise indi-
cated. EBs were purified by density gradient centrifugation (7). The phospho-
lipids were quantitated by analysis of phospholipid phosphorous (31) after sep-
aration on two-dimensional thin-layer-chromatography plates as described

above. The lipids on the developed plate were visualized by spraying with 0.2%
orcinol in 2 N sulfuric acid followed by heating at 120°C.

Reaction of cell surface SM with sphingomyelinase. Delivery of natural SM to
the cell surface was assayed according to the procedure of Shiao and Vance (34)
with the following modifications. All cultures were set up in quadruplicate. Two
cultures each of mock-infected and C. trachomatis-infected cells were left as
untreated controls. Treated cultures had sphingomyelinase (0.05 U ml21) and/or
brefeldin A (5 mg ml21) added to duplicate mock-infected and duplicate C.
trachomatis-infected cultures at the start of the chlamydia infection cycle. Twenty
hours later cellular SM was labelled for 5 h with [3H]choline (15 mCi/5-cm-
diameter dish), [14C]serine (3mCi/5-cm-diameter dish), or [14C]palmitate (3 mCi/
5-cm-diameter dish), during which period transport of the newly synthesized
radiolabelled lipids occurred. At the end of the labelling period, lipids were
extracted, separated by two-dimensional thin-layer chromatography, and
counted for radioactivity as described above. The percentage of radiolabelled
SM that is hydrolyzable, 100 3 {1 2 ([3H]SMsphingomyelinase treated/[3H]
SM

untreated control
)}, is used as a measure of natural SM transport to the cell

surface.

RESULTS

C. trachomatis growth under various experimental condi-
tions. A CHO cell line with a mutation in CDP-choline syn-
thetase (10, 11) and a variety of agents, namely, brefeldin A, an
inhibitor of exocytic vesicular transport from the Golgi appa-
ratus (21, 22); fumonisin B1, an inhibitor of SM biosynthesis
(26); and sphingomyelinase, an enzyme that degrades SM,
were used throughout this study to alter host phospholipid
metabolism and composition. As an initial experiment, we as-
sessed the effects of these various agents on C. trachomatis
growth and the ability of the mutant CHO cell line to support
chlamydia replication at both the permissive (33°C) and non-
permissive (40°C) temperatures. As a control for the effect of
temperature alone on C. trachomatis growth, wild-type CHO
K1 cells cultured at 33 and 40°C were used as the host. C.
trachomatis growth was monitored by measuring the incorpo-
ration of radiolabelled adenine into chlamydia-specific DNA
(25).

The results presented in Table 1 indicate that the mutant
CHO 58 cell line was just as good a host for supporting chla-
mydial growth as the wild-type CHO K1 cell line. In both cell
lines, about 30% more radiolabel was incorporated into chla-
mydial DNA at 33°C than at 40°C, suggesting that chlamydial
growth was somewhat compromised at the higher temperature.
Similarly, titration experiments, quantitating infectious EB
progeny, indicated that there was no significant difference be-
tween chlamydial replication in wild-type CHO K1 cells and
that in mutant CHO 58 cells, regardless of the incubation
temperature. There was about a 20% decrease in the yield of
infectious progeny in both cell lines when incubations were
carried out at 40°C compared to that at 33°C (data not shown).

At the concentrations used in this study, i.e., 5 mg of brefel-
din A ml21, 20 mM fumonisin B1, and 0.05 U of sphingomy-
elinase ml21, none of the agents employed had a significant
effect on C. trachomatis growth (Table 1). In all cases the
agents were added at the beginning of the infection (2 h p.i.)
and retained in the medium until growth was measured by the
addition of radiolabelled adenine at 22 h p.i. C. trachomatis
growth was also assessed by titration of infectious progeny,
after incubation in the presence of the various agents for 44 h.
There was no significant difference in the numbers of infec-
tious EBs produced in the absence and presence of the agents
(data not shown).

Phospholipid trafficking to C. trachomatis grown in wild-type
CHO K1 and mutant CHO 58 cells. When CDP-choline syn-
thetase mutant CHO 58 cells are shifted to the nonpermissive
temperature of 40°C, de novo synthesis of PC rapidly ceases
and the level of PC in the cells declines to approximately 50%
of control values (10, 11). To determine the effect of altered
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host cell phospholipid composition on C. trachomatis phospho-
lipid metabolism, we incubated confluent monolayers of CHO
58 cells at 33 or 40°C for 60 h and then infected them with C.
trachomatis. At 20 h p.i. [14C]isoleucine was added, and 5 h
later total lipids were extracted from the cultures. As a control
for the effects of temperature alone, an identical series of
cultures was set up with wild-type CHO K1 cells. We have
previously shown that isoleucine is specifically incorporated
into chlamydial branched-chain fatty acids and can serve as a
tracer of phospholipid biosynthesis and trafficking in C. tracho-
matis-infected cells (46). In contrast, mock-infected cells incu-
bated with radiolabel showed no incorporation of isoleucine
into phospholipids, verifying that any observed incorporation
into lipids reflects C. trachomatis-specific activity. Results pre-
sented in Fig. 1 show that the patterns of isoleucine incorpo-
ration into glycerophospholipids in C. trachomatis-infected
CHO K1 cells are essentially identical at 33 and 40°C. This
indicates that temperature alone has little effect on the pattern
of de novo chlamydial phospholipid synthesis or trafficking of
host-derived lipids to the organism. In contrast, infected CHO
58 cells show decreased and increased levels of isoleucine
incorporation into PC and PG, respectively, at 40°C compared
to levels at 33°C. This change is consistent with decreased
trafficking of host-derived PC to chlamydiae and increased de
novo synthesis of PG by the parasite at the nonpermissive
temperature.

Decreased trafficking of host PC to chlamydiae should result
in a concomitant decrease in the mass of PC in the organism.
To determine if this was the case, we used CHO 58 cells grown
in suspension culture as the host for support of chlamydial
growth. CHO 58 cells were grown at 33°C to a density of 106

cells ml21. The culture was split in two; one-half was placed at
40°C, and the other was kept at 33°C. The cells were held at
their respective temperatures for 60 h, and the density of the
33°C culture was maintained at 106 cells ml21 during this time.
The cells were then mock infected or infected with C. tracho-
matis and harvested 40 h later. The phospholipid compositions
of mock-infected cells, chlamydia-infected cells, and highly pu-
rified EBs from cultures at the permissive and nonpermissive
temperatures are shown in Fig. 2. In agreement with previous
reports (10), the PC content of the mock-infected CHO 58
cells decreased by 42% after incubation at 40°C. Similarly, the
PC contents of C. trachomatis-infected CHO 58 cells and
highly purified EBs also decreased, 44 and 47%, respectively,

when the cells and EBs were incubated at 40°C compared to
levels at 33°C. This result is consistent with the above-de-
scribed finding of decreased isoleucine labelling of PC in C.
trachomatis-infected CHO 58 cells at 40°C. There were also
changes in PE, PS, and PG content; however, interpretation of
these results is complicated by the fact that chlamydiae can
synthesize these three phospholipids (but not PC) de novo.

Effect of fumonisin B1 on phospholipid trafficking to C.
trachomatis. Fumonisin B1 is structurally similar to the SM
precursor sphinganine and is a competitive inhibitor of sphin-
ganine N-acyltransferase (26). Treatment of cultured cells with
fumonisin B1 results in a rapid inhibition of SM biosynthesis,
which ultimately leads to a decrease in SM mass (2, 32, 45). It
has also been reported that fumonisin B1 treatment of cells
causes an increase in serine incorporation into PE (2, 35, 43).
We determined the effects of fumonisin B1 on phospholipid
biosynthesis and trafficking in mock-infected and C. trachoma-
tis-infected mouse cells. We found that the antibiotic caused no
significant change in the extent of isoleucine incorporation into

FIG. 1. Incorporation of [U-14C]isoleucine into glycerophospholipids of C.
trachomatis-infected wild-type CHO K1 (A) and thermolabile CDP-choline syn-
thetase CHO strain 58 (B) cells at 33°C (open bars) and 40°C (hatched bars). The
host cells were held at their respective temperatures for 60 h prior to infection.
The temperature was maintained after infection. Infected cultures were radio-
labelled at 20 h p.i. and harvested 5 h later. The results for each phospholipid are
expressed as percentages of the total radioactivity incorporated into phospho-
lipids. CL, cardiolipin. Results are expressed as means 6 standard deviations of
results from three separate experiments.

TABLE 1. Effects of various treatments on the incorporation of adenine into host and C. trachomatis DNAs

Cell linea Temp (°C) Addition(s)b

Incorporation of [3H]adenine into DNA (103 dpm/106

cells)c

Mock infected C. trachomatis infected

CHO K1 33 2.1 6 0.8 163 6 11.9
CHO K1 40 1.8 6 1.0 111 6 10.4
CHO 58 33 1.9 6 0.6 153 6 9.4
CHO 58 40 0.9 6 0.5 102 6 9.8
Mouse L 37 2.8 6 1.1 147 6 13.6
Mouse L 37 Fumonisin B1 3.1 6 1.3 154 6 14.9
Mouse L 37 Brefeldin A 2.4 6 0.9 139 6 9.4
Mouse L 37 Sphingomyelinase 2.9 6 1.3 144 6 11.5
Mouse L 37 Brefeldin A 1 sphingomyelinase 3.3 6 1.6 137 6 12.3

a Triplicate cultures of wild-type CHO K1, CDP-choline synthetase mutant CHO 58, and wild-type mouse L 929 cells were seeded, cultured, and infected with C.
trachomatis L2 or left as mock-infected controls as described in Materials and Methods and the report of McClarty and Tipples (25).

b For mock-infected and C. trachomatis-infected cultures treated with brefeldin A (5 mg ml21), fumonisin B1 (20 mM), and/or sphingomyelinase (0.05 U ml21), the
inhibitors were added at the start of the infection (2 h p.i.).

c Incorporation of radiolabelled adenine into host cell or C. trachomatis L2 DNA was determined after addition of radiolabel at 22 h p.i. and continuing incubation
for 3 h. Cells were harvested and processed as described previously (25). Results are expressed as means 6 standard deviations of results from three separate
experiments.
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any of the glycerophospholipids extracted from treated or un-
treated C. trachomatis-infected cells (Fig. 3).

Radioactive serine, an SM precursor, was used to directly
assess the effects of fumonisin B1 on SM synthesis. As reported
previously (2, 32, 45), we found that fumonisin B1 treatment of
mock-infected mouse L cells caused decreased and increased
incorporation of serine into SM and PE, respectively (Fig. 4A).
Furthermore, there was no significant effect on serine incor-
poration into PS. Serine was incorporated into SM to about the
same extent in C. trachomatis-infected cells as in mock-infected
controls. This finding is consistent with the fact that chlamyd-
iae are incapable of de novo SM synthesis (37, 46). Fumonisin
B1 treatment of C. trachomatis-infected mouse cells caused a
similar decrease in serine labelling of SM and had little or no
effect on PS labelling. We have previously shown that chlamyd-
iae synthesize PE from PS (46), a reaction catalyzed by PS
decarboxylase; therefore, there is a large increase in serine
labelling of PE in C. trachomatis-infected cells compared to the
level in mock-infected controls (Fig. 4B). In contrast to results
with mock-infected controls, fumonisin B1 had little effect on
serine labelling of PE in chlamydia-infected mouse cells.

To determine if the fumonisin B1-induced decrease in SM
biosynthesis results in a decrease in SM mass, we examined the

phospholipid compositions of treated and untreated wild-type
mouse cells, C. trachomatis-infected mouse cells at 40 h p.i.,
and highly purified EBs. Fumonisin B1 treatment had no effect
on cardiolipin, PG, PS, PI, PC, and PE composition in mock-
infected cells, C. trachomatis-infected cells, and purified EBs
(data not shown). In contrast, fumonisin B1 treatment reduced
levels of SM in all cultures by 25 to 30% (Fig. 5A). This result
suggests that decreased content of host cell SM results in
decreased trafficking of SM to chlamydiae.

Effect of brefeldin A on SM trafficking to C. trachomatis.
While chlamydia growth is not significantly affected by the
presence of brefeldin A (Table 1) (3, 14, 46), Hackstadt and
colleagues (13–15, 33) have shown that a fluorescent SM ana-
log, C6-NBD–SM synthesized by the host cell from exog-
enously added C6-NBD–ceramide, is transported to chlamyd-
iae via a brefeldin A-sensitive pathway. Using radiolabelled
isoleucine as a tracer for branched-chain fatty acids, we have
previously shown that trafficking of host glycerophospholipids
to chlamydiae occurs by a mechanism that is not affected by
brefeldin A (46). In the above-mentioned studies, it was not
determined if there was a difference in the SM and/or glycero-
phospholipid compositions of EBs purified from host cells cul-
tured in the presence and absence of brefeldin A. The follow-
ing experiments were carried out to address this issue.

We first determined the effects of brefeldin A on the incor-
poration of radiolabelled serine into SM, PS, and PE in mock-

FIG. 2. Phospholipid composition of mock-infected CHO strain 58 cells (A), C. trachomatis-infected CHO strain 58 cells at 40 h p.i. (B), and highly purified EBs
prepared from infected CHO strain 58 cells at 40 h p.i. (C) grown at 33°C (open bars) or 40°C (hatched bars). Phospholipids were quantitated by measuring the
phosphorous associated with a given phospholipid and are expressed as percentages of the total phospholipid phosphorous. Results are averages of results from two
separate experiments; duplicate results varied by less than 10%. CL, cardiolipin.

FIG. 3. Incorporation of [14C]isoleucine into glycerophospholipids of C. tra-
chomatis-infected mouse L cells in the absence (open bars) and presence
(hatched bars) of 20 mM fumonisin B1. Fumonisin B1 was added at the start of
the infection (2 h p.i.), and radiolabelled isoleucine was added at 20 h p.i. The
cells were harvested 5 h later. Results are expressed as means 6 standard
deviations of results from three separate experiments. CL, cardiolipin.

FIG. 4. Incorporation of [14C]serine into phospholipids of mock-infected
mouse L cells (A) and C. trachomatis-infected mouse L cells (B) in the absence
(open bars) and presence (hatched bars) of 20 mM fumonisin B1. Fumonisin B1
was added at the start of the infection (2 h p.i.), and radiolabelled serine was
added at 20 h p.i. The cells were harvested 5 h later. Results are expressed as
means 6 standard deviations of results from three separate experiments.

3730 HATCH AND MCCLARTY INFECT. IMMUN.



infected and C. trachomatis-infected mouse cells. We chose
serine as a precursor because, in addition to being used by the
host cell for phospholipid synthesis, it can also be used by
chlamydiae for the synthesis of PS and PE (46). In agreement
with the results of numerous reports (1, 6, 17, 18, 34), we found
that brefeldin A stimulated (three- to fourfold) host cell SM
biosynthesis (Fig. 6A). A similar increase in SM biosynthesis
was detected when radiolabelled choline was used as the pre-
cursor (data not shown). In addition, levels of serine incorpo-
ration into PS and PE were decreased and increased, respec-
tively, in mock-infected cells treated with brefeldin A (Fig.

6A). Brefeldin A treatment of C. trachomatis-infected mouse
cells caused a similar increase in serine incorporation into SM
(Fig. 6B). In contrast, the antibiotic had no significant effect on
PS and PE synthesis. This result is not surprising, since serine
can be directly used by chlamydiae for PS and PE, but not SM,
biosynthesis. The effects of brefeldin A on [14C]isoleucine in-
corporation into glycerophospholipids in C. trachomatis-in-
fected mouse cells was also assessed, and as reported previ-
ously (46), we found that there were no significant changes
(data not shown).

To see if the brefeldin A-induced increase in SM synthesis
resulted in an increase in SM mass, we compared the phos-
pholipid compositions of untreated and treated mock-infected
mouse cells, C. trachomatis-infected mouse cells at 40 h p.i.,
and purified EBs. While there was no change in glycerophos-
pholipid composition (data not shown), there was a consistent
increase ('40%) in SM in brefeldin A-treated samples (Fig.
5B). The magnitudes of the increases were similar for mock-
infected cells, C. trachomatis-infected cells at 40 h p.i., and
purified EBs. An identical set of experiments was carried out
with HeLa cells, instead of mouse cells, and the findings were
in complete agreement (data not shown).

Effect of extracellular sphingomyelinase treatment on SM
content. The majority of cellular SM is located in the exoplas-
mic face of a plasma membrane (44). Numerous studies have
shown that treatment of cells in culture with exogenous sphin-
gomyelinase results in a substantial decrease in SM content,
and such treatment has been used to study the transport of SM
to the cell surface (18, 29, 34, 39). As a result of their studies
with labelled C6-NBD–ceramide in chlamydia-infected cells,
Hackstadt and colleagues (13, 14) concluded that a substantial
portion of the SM endogenously synthesized from the added
fluorescent ceramide analog is transported to the chlamydial
inclusion rather than to the host cell plasma membrane. We
determined whether exogenous sphingomyelinase had any ef-
fect on phospholipid metabolism and/or trafficking in C. tra-
chomatis-infected mouse L cells.

Mouse L cells were infected with C. trachomatis; one culture
was left as a control, and sphingomyelinase was added to the
other at the start of the infection. The infected cells were
labelled with [14C]isoleucine and harvested 5 h later. No
significant change was found in the extents of isoleucine incor-
poration into any of the phospholipids, suggesting that sphingo-
myelinase treatment caused no major alteration in chlamydial
growth or glycerophospholipid metabolism (data not shown).
A similar experiment was conducted with [14C]serine as the
phospholipid precursor. Since serine can be used by both the
host and C. trachomatis for phospholipid synthesis, an appro-
priate mock-infected control was added. As expected with the
mock-infected controls, exposure to sphingomyelinase resulted
in a decrease in the amount of radiolabel associated with SM
but had little or no effect on PS and PE (Fig. 7A). We reasoned
that if a significant portion of the de novo-synthesized SM in a
C. trachomatis-infected cell was transported to the inclusion
membrane and chlamydia cell wall (13, 14), where it would be
protected from exogenous sphingomyelinase, then there would
be an increase in the amount of [14C]serine associated with
SM. The results shown in Fig. 7B indicate that there was no
significant difference between the amount of radiolabelled SM
protected from sphingomyelinase degradation in the C. tracho-
matis-infected cells and that in mock-infected controls.
[3H]choline and [14C]palmitate were also used to label SM,
and the results obtained were similar to those found with
radiolabelled serine (data not shown).

The effect of exogenous sphingomyelinase treatment on SM
mass was assessed by determining the phospholipid composi-

FIG. 5. SM composition of mock-infected mouse L cells (MI), C. trachoma-
tis-infected mouse L cells at 40 h p.i. (L2), and highly purified EBs prepared from
infected mouse L cells at 40 h p.i. (EB) grown in the absence (open bars) or
presence (hatched bars) of 20 mM fumonisin B1 (A), 5 mg of brefeldin A ml21

(B), or 0.05 U of sphingomyelinase ml21 (C). Phospholipids were quantitated by
measuring the phosphorous associated with a given phospholipid. Results for SM
are expressed as percentages of the total phospholipid phosphorous. Results are
averages of results from two separate experiments; duplicate results varied by
less than 10%.

FIG. 6. Incorporation of [14C]serine into phospholipids of mock-infected
mouse L cells (A) and C. trachomatis-infected mouse L cells (B) in the absence
(open bars) and presence (hatched bars) of 5 mg of brefeldin A ml21. Brefeldin
A was added at the start of the infection (2 h p.i.), and radiolabelled serine was
added at 20 h p.i. The cells were harvested 5 h later. Results are expressed as
means 6 standard deviations of results from three separate experiments.
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tions of mock-infected cells, C. trachomatis-infected mouse
cells at 40 h p.i., and purified EBs. The results of the compo-
sitional analysis show that, while there was little or no change
in amounts of glycerophospholipids (data not shown), there
was consistently less SM (30 to 40%) in all three sphingomy-
elinase-treated samples (Fig. 5C).

Effect of brefeldin A on SM trafficking in C. trachomatis-
infected cells. The percentage of total cellular SM hydrolyzed
by exogenously added sphingomyelinase has been used to
monitor SM and fluorescent C6-NBD–SM transport to the
plasma membrane (18, 34, 39). Conflicting results have been
reported for the effects of brefeldin A on SM transport, rang-
ing from no effect (34) to essentially complete inhibition (18).
In a final set of experiments, we determined the effect of
brefeldin A on SM trafficking to the plasma membrane in
mock-infected and C. trachomatis-infected mouse L cells.
Three precursors ([14C]serine, [14C]palmitate, and [3H]cho-
line) were used to label SM. Similar results were obtained with
all three; results for [3H]choline are shown in Fig. 8. Brefeldin
A treatment alone resulted in an increase in [3H]choline in-
corporation into SM in both mock-infected and C. trachomatis-
infected mouse L cells (Fig. 8A).

The effects of brefeldin A on the transport of natural SM to
plasma membranes, as estimated by susceptibility to hydrolysis
with exogenous sphingomyelinase, in mock-infected and C.
trachomatis-infected mouse L cells are shown in Fig. 8B. Under
our experimental conditions, for both mock-infected control
cells and chlamydia-infected cells, brefeldin A caused approx-
imately a 20% decrease in the amount of cellular SM suscep-
tible to sphingomyelinase hydrolysis. This result indicates that
the transport of natural SM to the plasma membrane is inhib-
ited to some extent by brefeldin A in both mock-infected and
C. trachomatis-infected cells. There was no significant differ-
ence in the percentages of SM hydrolyzed when mock-infected
cultures were compared to C. trachomatis-infected cultures.
This result implies that there is no appreciable sequestration of
newly synthesized SM in chlamydia-infected cells.

DISCUSSION

In this study of a CHO cell line with a temperature-sensitive
CDP-choline synthetase, fumonisin B1, brefeldin A, and sphin-
gomyelinase were used to induce alterations in host cell phos-
pholipid composition. The effects of these alterations on C.

trachomatis growth, phospholipid metabolism, trafficking, and
composition were then determined. In all cases, regardless of
how the alterations in host phospholipid composition were
brought about, we found that C. trachomatis growth and EB
progeny infectivity were not adversely affected. In addition, in
every instance the final phospholipid composition of purified
chlamydiae mimicked that of the host cell in which the parasite
was grown. Together, these results indicate that, at least for the
limits within which we could vary host phospholipid composi-
tion, the final lipid composition of chlamydiae did not appear
to be strictly controlled. However, since none of our treatments
resulted in a complete depletion of any host cell phospholipid,
it is not possible to determine, from this study, whether chla-
mydiae require host lipids for survival.

Previous studies have established that the phospholipid
composition of purified chlamydiae is a mixture of lipids typ-
ically found in procaryotes and eucaryotes (28, 46). It is known
that C. trachomatis can synthesize two major bacterial glycero-
phospholipids, PE and PS, de novo (37, 46). In a series of
studies, Hackstadt and colleagues (13–15) have shown that
fluorescently labelled short-chain SM analogs are transported
from the eucaryotic host to the chlamydial inclusion membrane
and are ultimately incorporated into the parasite. Finally,
Wylie et al. (46) used [14C]isoleucine to specifically label chla-
mydial branched-chain fatty acids and showed that eucaryotic
glycerophospholipids were transported to and then modified
by C. trachomatis. Together, these studies clearly indicate that,
at least for phospholipids, there is an intimate association
between chlamydiae and the host cell.

In contrast to PS and PE, C. trachomatis cannot synthesize
PC or SM de novo, and as a result, it is easiest to monitor the
effects of alterations in the compositions of these two host-
specific phospholipids on trafficking to chlamydiae. The mu-
tant CHO 58 cell line, with a thermolabile CDP-choline syn-
thetase, provided an excellent model system for studying the
effects of decreased PC content on PC trafficking to chlamyd-
iae. Our results indicate that C. trachomatis grows just as well
in this cell line as it does in the wild-type CHO K1 parent at
both 33 and 40°C. Trafficking of PC from the host to chlamyd-

FIG. 7. Incorporation of [14C]serine into phospholipids of mock-infected
mouse L cells (A) and C. trachomatis-infected mouse L cells (B) in the absence
(open bars) and presence (hatched bars) of 0.05 U of sphingomyelinase ml21.
Sphingomyelinase was added at the start of the infection (2 h p.i.), and radiola-
belled serine was added at 20 h p.i. The cells were harvested 5 h later. Results are
expressed as means 6 standard deviations of results from three separate exper-
iments.

FIG. 8. (A) Incorporation of [3H]choline into SM of mock-infected mouse L
cells (MI) and C. trachomatis L2-infected mouse L cells (L2) grown in the
absence (open bars) and presence (hatched bars) of 5 mg of brefeldin A ml21.
[3H]SM synthesis was 18,347 dpm mg21 in mock-infected control cells and
16,926 dpm mg21 in L2-infected cells. (B) Transport of natural [3H]choline-
labeled SM to the surfaces of mock-infected mouse L cells and C. trachomatis
L2-infected mouse L cells grown in the absence (open bars) and presence
(hatched bars) of 5 mg of brefeldin A ml21. Hydrolyzable cell surface SM was
quantitated with an exogenous sphingomyelinase treatment as described in Ma-
terials and Methods. Results are averages of results from two separate experi-
ments; duplicate results varied by less than 10%.
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iae was not appreciably affected in wild-type cells but was
greatly reduced in CHO 58 cells at 40°C. The decrease in
trafficking of PC was also reflected by the fact that C. tracho-
matis EBs, purified from CHO 58 cells cultured at the nonper-
missive temperature, had a substantially decreased PC content.

Three separate approaches were used to alter host cell SM
content. A summary of the effects of the various treatments on
the SM contents of mock-infected cells, C. trachomatis-in-
fected cells, and highly purified chlamydial EBs is shown in Fig.
9. Fumonisin B1 treatment had little effect on C. trachomatis
replication or isoleucine labelling of glycerophospholipids,
which suggests that phospholipid trafficking from the host to
chlamydiae occurs normally. Similar to results with mock-in-
fected controls, fumonisin B1 did cause a significant decrease
in SM biosynthesis and mass in C. trachomatis-infected cells.
This, in turn, resulted in decreased trafficking of SM and a
decline in SM content in highly purified EBs.

We found that treatment of mock-infected or C. trachoma-
tis-infected cells with exogenous sphingomyelinase, which hy-
drolyzes only cell surface SM (18, 29, 34, 39), had little effect
on chlamydial growth, glycerophospholipid biosynthesis, or
trafficking. Similar to the findings with uninfected controls,
sphingomyelinase treatment of C. trachomatis-infected cells
resulted in a decrease in radiolabelled serine incorporated into
newly synthesized SM and a decrease in SM mass. Previously,
Hackstadt and colleagues (13, 14, 33) had concluded that C.
trachomatis inhabits a unique vesicle which interrupts an exo-
cytic pathway to intercept host SM in transit from the Golgi
apparatus to the plasma membrane. Quantitative estimates
made by microphotometry or thin-layer chromatography of
extracted fluorescent lipids suggested that up to 40 to 50% of
the C6-NBD–SM endogenously synthesized from C6-NBD–
ceramide is retained by chlamydiae. Given these findings, we
anticipated that a significant portion of the newly synthesized
SM in a C. trachomatis-infected cell would be transported to
the parasite and protected from exogenous sphingomyelinase.
This should have resulted in but did not result in an increase in
the amount of radiolabelled SM isolated from sphingomyeli-
nase-treated chlamydia-infected cells compared to that iso-
lated from mock-infected controls.

Differences in the experimental systems used by Hackstadt
et al. (13, 14, 33) and ourselves may, at least in part, account
for this variance. In our study, radiolabelled precursors were
used to follow natural SM trafficking, whereas in the studies of
Hackstadt et al. (13, 14), fluorescent C6-NBD–ceramide and

–SM analogs were used. It is known that the fluorescent short-
chain fatty acid renders these analogs more water soluble than
their natural counterparts (30). As a result, these molecules
can undergo spontaneous transfer between donor and acceptor
membranes much more readily.

Brefeldin A was also used as an agent to alter host cell SM
content. While it is clearly established that brefeldin A pre-
vents vesicular transport of proteins to the cell surface by
promoting retrograde transport of Golgi apparatus compo-
nents back to the endoplasmic reticulum (20–22), studies of the
effects of the antibiotic on SM transport have been less con-
clusive. Results varying from essentially complete inhibition
(18), partial inhibition (39, 44), and virtually no inhibition (34)
have been reported. In addition, brefeldin A affects the traf-
ficking of natural SM and short-chain fatty acid analogs, C6-
NBD–SM, differently. Both van Meer and van’t Hof (40) and
van Helvoort et al. (39) found that C6-NBD–SM transport was
not inhibited by brefeldin A whereas natural SM transport was
blocked (39). Clearly, the effects of brefeldin A on SM traf-
ficking to the cell surface vary depending on the experimental
system used.

Hackstadt et al. (13, 14) used conventional fluorescence and
confocal microscopy to show that brefeldin A blocked trans-
port of C6-NBD–SM, endogenously synthesized from C6-
NBD–ceramide, to chlamydiae. In addition, C6-NBD–SM in-
corporated into the plasma membrane was not transported to
the inclusion to a significant extent (14). Our results with
radiolabelled natural SM indicate that brefeldin A treatment
of both mock-infected cultures and C. trachomatis-infected
cells results in an increase in SM biosynthesis compared to that
in the appropriate untreated controls. Furthermore, transport
of newly synthesized SM to the cell surface, as estimated by
susceptibility to exogenous sphingomyelinase, was only par-
tially inhibited by brefeldin A in both mock-infected and C.
trachomatis-infected cells. Finally, brefeldin A treatment re-
sulted in an increase in the SM content of mock-infected
mouse cells, C. trachomatis-infected mouse cells at 40 h p.i.,
and purified EBs. In total, these results suggest that, under our
experimental conditions, brefeldin A has little effect on SM
trafficking to chlamydiae. This finding agrees with our previous
observation that brefeldin A had essentially no effect on glyc-
erophospholipid trafficking to chlamydiae (46). A possible ex-
planation for the differences in the findings of Hackstadt et al.
(13, 14) and ourselves, in addition to the different types of SM
tracer used (natural versus short-chain fatty acid analog), is the
length of time C. trachomatis-infected cultures were exposed to
the tracer in the presence of brefeldin A. Hackstadt et al. (13,
14) treated C. trachomatis-infected cultures at 18 h p.i. with
brefeldin A for 90 min before a short labelling period ('1 h
with back exchange) with C6-NBD–ceramide. Fluorescent C6-
NBD–SM, endogenously synthesized from C6-NBD–ceramide,
rapidly accumulated in chlamydiae in untreated cultures but
was prevented from trafficking in the presence of brefeldin A.
However, upon longer incubation with C6-NBD–ceramide,
brefeldin A-treated cultures eventually displayed fluorescent
lipid in chlamydia cell walls (14). In our experiments, we rou-
tinely incubated cultures for 5 h with radiolabelled SM precur-
sors.

The complexity of the system limits the level of our inter-
pretation. Chlamydial infection alone causes changes in a va-
riety of host cell processes (15, 24, 27, 36), and the addition of
exogenous agents (brefeldin A, fumonisin B1, and sphingomy-
elinase) which directly affect host cell lipid metabolism com-
pounds the problem. All our findings support the central con-
clusion that the final phospholipid composition of purified C.
trachomatis EBs mimics that of the host cell. Neither the host

FIG. 9. Summary of the effects of brefeldin A, fumonisin B1, and sphingo-
myelinase (SMase) treatment on SM content of mock-infected mouse L cells
(open bars), C. trachomatis-infected mouse L cells at 40 h p.i. (upward hatched
bars), and highly purified EBs prepared from infected mouse L cells at 40 h p.i.
(downward hatched bars).
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nor the parasite appears to regulate the composition of the
lipid mixture transported to or accepted by chlamydiae. Free-
living bacteria, such as Escherichia coli and Bacillus subtilis, are
known to tolerate wide variations in their final phospholipid
compositions (8, 9); therefore, the fact that chlamydiae remain
viable with an altered phospholipid makeup is not unusual.

The trafficking of glycerophospholipids, whether they are
fluorescent short-chain fatty acid analogs (14) or radiolabelled
natural lipids (46), is unaffected by brefeldin A. SM trafficking
gives various results, which may be related to the fact that
while the majority of SM is synthesized in the cis-medial Golgi
apparatus (39), some is made in the plasma membrane (42)
and in recycling endosomes (29). Interestingly, it has recently
been shown that the chlamydial vacuole interacts with the
endocytic pathway of the host and shares several characteris-
tics with recycling endosomes (41). The results of Hackstadt
and colleagues (13–15) indicate that at least part of the SM
transported to chlamydiae comes from fusion of trans Golgi
exocytic vesicles with the inclusion membrane. Previously, we
have suggested that C. trachomatis obtains glycerophospholip-
ids from the host through transient direct membrane contact
with host cell subcellular organelles (46). In this model the
chlamydial vacuole is free to accept lipids from any of the host
subcellular structures (endoplasmic reticulum, Golgi appara-
tus, plasma membrane, mitochondria, nucleus, or early endo-
somes) with which it may transiently interact as it expands,
ultimately occupying a major portion of the cellular cytoplasm.
This explanation accounts for most of our observations to date
regarding phospholipid trafficking in chlamydia-infected cells.
In addition, it may also explain why, despite the fact that many
host cell organelles are closely associated with the chlamydial
inclusion, no proteins from any organelle have been found in
the inclusion membrane (14, 33, 38, 41).
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