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FIG. 7. Immunofluorescence microscopy. All samples were triple labelled with anti-phosphotyrosine-FITC, TRITC-phalloidin, and anti-
COMC PAb-AMCA. (A-D, G, and H) Labelling with anti-phosphotyrosine-FITC and TRITC-phalloidin; (E, F, and I) labelling with anti-COMC
PAb-AMCA. Shown are HeLa cells infected with 100 IFU per cell for 15 min (A) and infected with 100 IFU per cell for 2 h (B), infected with
100 IFU per cell for 4 h (C), and infected with 10 IFU per cell for 16 h (D). (E) Same cell as in panel B; (F) same cell as in panel D. (G) Uninfected
HeLa cells focused at the level of the focal adhesions; (H) cells inoculated with latex beads for 2 h focused in a plane equal to those in panels A
to F; (I) uninfected HeLa cells.
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and stained with AMCA- and FITC-labelled secondary anti-
bodies. By comparing the staining pattern, we determined that
only 10% of the Chlamydia cells were located intracellular.
This explains why the EBs are more numerous than the
tyrosine-phosphorylated spots. We followed the tyrosine phos-
phorylation pattern during the development of the Chlamydia
inclusions. Four hours after infection, both the EBs and the
phosphorylated spots had migrated towards the nucleus of the
host cell. The EBs still outnumbered the phosphorylated spots.
Eight hours after infection, both the EBs and the tyrosine-
phosphorylated spots were seen as aggregates in the perinu-
clear region of the cell. The sizes of the tyrosine-phosphory-
lated spots remained unchanged. A major change in the
appearance of the phosphorylation pattern was seen 16 h after
infection. Double-labelled cells revealed ring-shaped RBs lo-
cated within the inclusion (Fig. 7F). The tyrosine phosphory-
lation stain at this point of the infection appeared as dotted
spots at the periphery of the inclusion (Fig. 7D). The diameters
of the phosphorylated circular structures (Fig. 7D) and the
chlamydial inclusions (Fig. 7F) were identical. Control exper-
iments are shown in Fig. 7G to I. Micrographs of uninfected
cells taken at the focus level of adhesion to the support show
tyrosine phosphorylation of the focal contacts located where
the F-actin fibers are ending (Fig. 7G). No other tyrosine
phosphorylation of proteins was seen in the cells. The focal
contacts were unchanged in the infected cells and in HeLa cells
inoculated with latex beads. The micrographs taken at the
focus level similar to that of Fig. 7A to C of cells inoculated
with latex beads showed no phosphorylation (Fig. 7H). Nega-
tive controls of uninfected cells reacted with polyclonal anti-
body against COMC and secondary AMCA-conjugated anti-
body showed no reactivity (Fig. 71).

Effect of cytochalasin D on protein tyrosine phosphorylation
in C. trachomatis L2-infected HeLa cells. Cytochalasin D is
known to disrupt and reorganize F-actin fibers (15, 20). This
drug inhibits Chlamydia uptake by microfilament-dependent
phagocytosis; however, it does not affect uptake by pinocytosis
(20). Upon addition of cytochalasin D to C. trachomatis
L2-infected HeLa cells, the protein tyrosine phosphorylation
was unchanged (Fig. 6). It was therefore possible by immuno-
fluorescence of triple-labelled C. trachomatis 1.2-infected, cy-
tochalasin D-treated cells to determine whether the tyrosine
phosphorylation of proteins was associated with phagocytosis
or pinocytosis. Two hours after infection, the EBs were dis-
tributed around the periphery of the cell in small aggregates
(Fig. 8A). Only a few EBs could be detected within the HeLa
cells. Tyrosine phosphorylation was seen to colocalize with the
aggregated EBs (Fig. 8B). A few small spots were seen inside
the cell, but no Chlamydia cells were associated with these
spots (Fig. 8A and B). The F-actin fibers were seen as local
aggregates at the periphery of the cell by TRITC-phalloidin
staining (Fig. 8C). The colocalized tyrosine phosphorylation
and Chlamydia cells were also associated with the local aggre-
gates of F-actin fibers, indicating that the tyrosine-phosphory-
lated proteins were associated with the phagocytosis-based
uptake. In uninfected HeLa cells (Fig. 8D, control), the focal
adhesion contacts were disrupted and the tyrosine phosphor-
ylation was less pronounced (Fig. 8E). The F-actin fibers were
also here seen as short local aggregates (Fig. 8F). Even though
cytochalasin D treatment of C. trachomatis 1.2-infected HeLa
cells inhibited the Chlamydia uptake, the tyrosine phosphory-
lation was unchanged and colocalized with the Chlamydia cells.
Because the phosphorylation colocalized with both Chlamydia
cells and the F-actin bundles, tyrosine phosphorylation must be
associated with phagocytosis of C. trachomatis L2. When the
phagocytosis of C. trachomatis L2 was inhibited by cytochalasin
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D, attachment of Chlamydia cells was sufficient to generate the
full tyrosine phosphorylation patterns of host cell proteins, as
seen by immunoblotting.

DISCUSSION

Tyrosine phosphorylation of proteins is commonly used for
transduction of cell signals (23). In eucaryotic organisms,
peptide hormones and interleukins bind to receptors on the
cell surface, and the signals can be transmitted by a receptor-
associated protein kinase activity to target proteins in the
cytoplasm and further to activation of transcription factors in
the nucleus. Well-characterized signal-transducing passage-
ways are those for cytokines (10) and EGF (23). It is known
that intracellular bacteria, in order to perform their pathogen-
esis, exploit the signal-transducing passageways of their host
cells (2). Galén et al. (8) have shown that a wild-type virulent
strain of S. typhimurium induced tyrosine phosphorylation of
the 170-kDa EGF receptor in Henle-407 cells upon uptake
into the cells, whereas a mutant carrying an insertion in the
invA gene could only attach to the cells but did not invade or
induce tyrosine phosphorylation of the EGF receptor. In
another invading bacteria, EPEC, tyrosine phosphorylation of
Hela cell proteins was induced upon invasion. EPEC induced
tyrosine phosphorylation of a 90-kDa host cell protein. This
indicates that the invasion mechanism for each invasive bacte-
ria is highly specialized.

To understand the molecular basis of C. trachomatis 1.2
entry, it is essential to identify the eucaryotic proteins involved
in the process. We have therefore characterized the protein
tyrosine phosphorylation induced by invasion of C. trachomatis
L2 into HeLa cells. We found that the molecular masses of the
C. trachomatis 1.2-induced, tyrosine-phosphorylated proteins
in HeLa cells were different from what was described for
uptake of other invasive bacteria. Furthermore, the protein
tyrosine phosphorylation could not be induced by latex beads
or E. coli XL1-Blue, but more importantly, a selective inhibi-
tion of C. trachomatis L2 attachment to HeLa by heparin also
abolished the induced protein tyrosine phosphorylation, show-
ing that it was not soluble factors in the inoculum that induced
the protein tyrosine phosphorylation in HeLa cells. Heparin
probably prevents C. trachomatis L2 attachment by competing
with chlamydial glucosaminoglycan about a common eucary-
otic receptor. However, heparin itself could not induce protein
tyrosine phosphorylation in HeLa cells, indicating that a more
complex interaction was necessary for induction of protein
tyrosine phosphorylation.

The first proteins to become tyrosine phosphorylated after
infection with C. trachomatis L2 were the triple band of 68, 66,
and 64 kDa. The bands are likely to originate from the same
protein that changes molecular mass because of the tyrosine
phosphorylation. The tyrosine phosphorylation of the 68-, 66-,
and 64-kDa band could also be induced in Henle-407 cells by
infection with C. trachomatis L2, showing that the protein was
not unique for HeLa cells. In addition to the tyrosine phos-
phorylation of the triple band upon C. trachomatis 1.2 infec-
tion, a broad 97-kDa band was seen early after infection of
HeLa, but it disappeared after 4 h of infection. This band was
also seen in Henle-407 cells infected with C. trachomatis 1.2 for
2 h. In Henle-407 cells, the tyrosine phosphorylation of the
97-kDa protein was also induced after EGF stimulation of the
cells; however, EGF did not induce tyrosine phosphorylation
of the 68-, 66-, and 64-kDa proteins. In addition to these bands,
a 140-kDa tyrosine-phosphorylated protein was observed after
2 h of infection, but only when a high infection rate was used.
The C. trachomatis 1.2-induced tyrosine phosphorylation was
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FIG. 8. Immunofluorescence microscopy of HeLa cells treated with cytochalasin D. All samples were triple labelled with anti-phosphotyrosine-
. FITC, TRITC-phalloidin, and anti-COMC PAb-AMCA. (A) Infection with 100 IFU per cell for 2 h, anti-COMC PAb-AMCA staining; (B) same
cell as in panel A, anti-phosphotyrosine-FITC staining; (C) same cell, TRITC-phalloidin staining; (D to F) uninfected HeLa cells stained as for

panels A to C.

not blocked by any of the tested protein kinase inhibitors. This
is in contrast to the EPEC-induced tyrosine phosphorylation of
HelLa cells that was sensitive to staurosporine and genistein,
which also blocked the uptake of EPEC (21). However, S.
typhimurium uptake in HeLa cells was not blocked by stauro-
sporine (22).

The C. trachomatis L2-induced tyrosine phosphorylation of
proteins in HeLa cells was soluble in 1% Triton X-100. This is
also the case with the EPEC-induced tyrosine phosphorylation
of a 90-kDa protein in HeLa cells (21).

We showed by double-labelling experiments and immuno-
fluorescence microscopy that the induced tyrosine phosphory-
lation after adding C. trachomatis L2 to the HeLa cells was
associated with EBs. It was, however, not possible to detect
whether all the induced tyrosine-phosphorylated proteins seen

by immunoblotting were associated with the EBs. A similar
colocalization of tyrosine-phosphorylated proteins and invad-
ing microorganisms was shown by Rosenshine et al. (21), who
found that the EPEC-induced tyrosine phosphorylation of
HelLa cells also colocalized with the bacteria. The tyrosine
phosphorylation followed the EBs for the first 8 h after
infection. However, after 16 h, when an RB-containing inclu-
sion had formed, the tyrosine phosphorylation was mainly
located at the circumference of the inclusion.

Majeed and Kihlstrom (15) showed that cytochalasin D
treatment of C. trachomatis 12-infected McCoy cells resulted
in localization of the EBs on the surfaces of the host cells in
peripheral aggregates that colocalized with phalloidin-stained
F-actin. By immunoblotting of C. trachomatis L2-infected and
cytochalasin D-treated cells, no change in the induced protein
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tyrosine phosphorylation was observed. By triple-labelling ex-
periments of C. trachomatis L2-infected and cytochalasin D-
treated HeLa cells, a similar distribution of F-actin and EBs as
described by Majeed and Kihlstrém (15) was observed. Fur-
thermore, the protein tyrosine phosphorylation also colocal-
ized to the F-actin associated with EBs. We thus have shown
that the attachment of EBs to the cell surface is sufficient to
induce the protein tyrosine phosphorylation pattern seen and
that the protein tyrosine phosphorylation was associated with
the phagocytic entry of EBs.

The C. trachomatis 1.2-induced tyrosine phosphorylation of
proteins could be of either HeLa cell or chlamydial origin.
Since it was possible to immunoprecipitate two [>*S]methi-
onine-labelled, tyrosine-phosphorylated proteins of 68 and 97
kDa from C. trachomatis 1.2-infected, [>**S]methionine-labelled
HeLa cells that comigrated with the proteins detected by
immunoblotting, these proteins are of HeLa cell origin. We
could not demonstrate whether the remaining tyrosine-phos-
phorylated proteins seen in C. trachomatis L2-infected HeLa
cells were HeLa cell proteins.

When C. trachomatis 1.2 attaches to HeLa cells, the micro-
organism induces tyrosine phosphorylation of HeLa cell pro-
teins at the attachment site. This tyrosine phosphorylation of
proteins is associated with F-actin and is probably determining
the next set of events in the Chlamydia infection.
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