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The EUO gene (for early upstream open reading frame) of Chlamydia psittaci was previously found to be
transcribed better at 1 than at 24 h postinfection. We found that the EUO gene encodes a minor protein that
is expressed within 1 h of infection of host cells with C. psittaci 6BC but that protein quantity peaks during the
logarithmic growth phase of reticulate bodies (RBs), declines late in the infection (after 20 h) when RBs
reorganize into elementary bodies (EBs), and is absent in infectious EBs. EUO protein lacks homology to
known proteins but does contain a putative helix-turn-helix motif. We found that recombinant EUO binds to
DNA in vitro with a relatively broad specificity. Using the bp 2200 to 167 promoter region of the cysteine-rich
envelope protein (crp) operon as a model, we show that EUO protein preferentially binds to AT-rich sequences
and protects crp DNA from DNase I from approximately bp 260 to 29. We also found that native EUO protein
in extracts of RBs binds to the promoter region of the crp operon, demonstrating that the DNA binding
property of EUO protein is not an artifact of recombinant methods. Although EUO protein appears to bind to
the crp operon with high affinity in vitro (Kd of about 15 nM), it is not known whether the protein binds the crp
DNA in vivo.

The bacterial genus Chlamydia is characterized by a distinct
developmental cycle that includes the alternation between an
extracellular infectious elementary body (EB) and an intracel-
lular reticulate body (RB). Extracellular EBs are metabolically
inert but commence synthesis of RNA and protein shortly after
entry into host eukaryotic cells (38). The signals that trigger
early gene activation and the identities of the initially activated
genes are not known. Over a period of 6 to 10 h postinfection
(p.i.), the small EB form reorganizes into a larger RB form,
which undergoes cell division within a membrane-bound vac-
uole. By 18 to 20 h p.i., chlamydial development becomes
asynchronous, with some RBs continuing to divide while others
begin to reorganize into the EB form. The reorganization
process includes a general step-down of gene expression and
protein synthesis; however, some genes are activated at this
late stage of the cycle, including the crp operon, which encodes
two cysteine-rich envelope proteins (1, 2, 9, 15, 31), and two
unlinked genes that encode histone-like proteins, Hc1 and Hc2
(18, 19, 35, 44). The cysteine-rich proteins are believed to
contribute to the osmotic stability of EBs, which is absent in
dividing RBs (16, 21–23, 33). The histone-like proteins are
thought to be responsible for the condensation of DNA into a
nucleoid present in EBs and may contribute to the down reg-
ulation of gene expression late in the developmental cycle (4,
5, 35–37). The presence of both dividing and reorganizing RBs
within the same vacuole is a curiosity; it has been suggested
that attachment of RBs to the vacuolar membrane permits
continued procurement of host-supplied nutrients and log-
phase growth whereas detachment from the membrane may
trigger conversion to the EB form (20). For most strains of
chlamydiae, the majority of RBs have reorganized into the EB

form by 30 to 48 h p.i. and infectious EBs are released by lysis
of the host cell.

Very little is known about the temporal regulation of gene
expression late in the developmental cycle. The crp operon, the
histone genes, and two other late-stage genes of unknown
function have been shown to be dependent on the major chla-
mydial sigma factor (17) and thus are not regulated by a cas-
cade of alternative sigma factors, as is the case for some other
bacteria with distinct developmental morphologies, such as
Bacillus subtilis (41). Even less is known about the early events
that take place within the first few hours of infection. Wichlan
and Hatch (45) used a radiolabeled RNA probe generated
from Chlamydia psittaci 6BC isolated from host cells at 1 h p.i.
to identify a clone from a chlamydial genomic library that is
highly expressed early in the infection. Using RNA probes
generated from host-free chlamydiae, these authors demon-
strated that the gene carried by the clone was much more
highly expressed at 1 than at 24 h p.i. compared to genes
encoding the major outer membrane protein (MOMP) and the
major sigma factor. The early clone was found to contain an
open reading frame (ORF) of 182 codons and was designated
EUO for early upstream ORF. Homologs of EUO have since
been identified in the D and L2 serovars of Chlamydia tracho-
matis and in the GPIC strain of C. psittaci (8, 26, 29). Inter-
estingly, EUO lies upstream of the crp operon, separated only
by a gene homologous to bacterial glutamyl tRNA synthetases
(8, 26).

Although the EUO gene appears to be transcribed, synthesis
of EUO protein by chlamydiae has not yet been demonstrated,
and the actual time course of EUO gene expression between 1
and 24 h p.i. is not known. The function of EUO also has not
been firmly established. The predicted EUO peptide bears no
convincing homology to known proteins; however, Kaul et al.
(29) recently demonstrated that partially purified preparations
of glutathione S-transferase-tagged recombinant EUO (rEUO)
possess protease activity specific for the eukaryotic histone H1
and the C. trachomatis serovar L2 histone-like protein Hc1.
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The purpose of our study was to gain insight into the function
of the EUO gene. We confirmed that EUO transcripts are
most abundant early (1 to 2 h p.i.) in the developmental cycle
relative to the MOMP gene transcripts and the 16S rRNA
content of chlamydiae; however, transcripts can be detected
until the end of the log phase of growth. We also found that the
EUO ORF is translated into a protein in chlamydiae as early
as 1 h p.i. However, EUO protein is most abundant, relative to
MOMP, during the log phase of growth, declines at later times
p.i. and is completely absent in EBs. We show that recombi-
nant and native EUO bind to DNA in vitro, and we have
characterized the binding characteristics of EUO, using the crp
promoter region as a model.

MATERIALS AND METHODS

Preparation of rEUO. For preparation of His tag rEUO, the entire EUO gene
was amplified by PCR from pDGW-E47 (45) template DNA under conditions
described by Fahr et al. (17); the forward primer was HE1 (59 GCAGGAATT
CATGGAATGCATACAACATG 39 [the EcoRI site is underlined]), and the
reverse primer (E2) was 59 GCAGGAATTCGAAGACAAATTATGAACTA
GTT 39. The PCR fragment was cloned in frame into the EcoRI site of the
pET-28a (1) vector (Novagen, Madison, Wis.) to obtain pLZ202F1, which was
transformed into the nonexpressing Escherichia coli host XL1-Blue (Stratagene,
La Jolla, Calif.) and confirmed to encode EUO by DNA sequencing. His tag
rEUO was overexpressed as an insoluble inclusion body in E. coli BL21(DE3)
(pLysE) (42), dissolved in 6 M urea, purified by nickel-agarose affinity chroma-
tography following the instructions supplied by Novagen, and maintained as a
stock solution in 0.2 M urea. The rEUO gene without a His tag was amplified by
PCR amplification of pDGW-E47, using the forward primer E1 (59 GCAGGA
ATTCGGGGAGGTTTGCTAACGTATGG 39) and the reverse primer E2, and
ligated into the EcoRI site of the pT7-5 vector (43) to obtain pLZ5F1. rEUO
without a His tag was overexpressed in BL21(DE3) (pLysE) and fractionated by
Laemmli (30) sodium dodecyl sulfate 7.5 to 15% gradient polyacrylamide gel
electrophoresis (SDS–7.5 to 15% PAGE). A band containing a protein with a
relative molecular mass of 27 kDa was excised, and the protein was eluted,
concentrated, and renatured from 6 M guanidinium-HCl as previously described
(12). The concentrations of the purified rEUO protein preparations were esti-
mated by Coomassie brilliant blue staining of SDS-polyacrylamide gels, using
bovine serum albumin as the standard.

Determination of the N-terminal amino acid sequence. Gel-purified rEUO
without a His tag was subjected to SDS-PAGE and transferred electrophoreti-
cally to Immobilon polyvinylidene difluoride membrane (Millipore Corp., Bed-
ford, Mass.) in 10 mM 3-(cyclohexylamino)-1-propanesulfonic acid, pH 11. The
transferred protein band was visualized by a solution containing 0.1% Coomassie
blue 250, 40% methanol, and 1% acetic acid and then destained by 50% meth-
anol for 5 min. The band was cut out and sequenced by Edman degradation on
an Applied Biosystems 475A protein sequencer.

Preparation of anti-rEUO antiserum. A New Zealand White rabbit was
prebled and immunized with approximately 500 mg of gel-purified rEUO without
a His tag in 1 ml of adjuvant (RIBI Immunochem Research, Inc., Hamilton,
Mont.). The rabbit was boosted at 28 days and bled at 42 days. His tag rEUO
antiserum was prepared in rabbits by HTI Bio-Products (Ramona, Calif.), using
500 mg of purified rEUO. Both antisera were preadsorbed with E. coli
BL21(DE3) (pLysE, pT7-5) lysate and titered by enzyme-linked immunoassay
with a synthetic peptide corresponding to EUO amino acids 64-EIDLKDLEDY
KRNRYSRKK-82 (45).

Detection of EUO protein and transcripts in C. psittaci. L cells (109) were
infected with 10 times the 50% infective dose of C. psittaci 6BC (10) in 1 liter of
M199 (GIBCO BRL, Grand Island, N.Y.) plus 5% fetal calf serum. Infected cell
samples ranging from 5 3 107 (late samples) to 2 3 108 cells (early samples) for
EUO protein and from 2.5 3 106 to 1 3 107 cells for transcripts were pelleted at
1,000 3 g at 1, 2, 4, 8, 12, 20, and 24 h p.i. For EUO protein detection, the
infected cell pellets were lysed in an ultrasonic bath at 4°C in 5 ml of phosphate-
buffered saline (GIBCO BRL) containing glass beads. The lysates were diluted
to 15 ml in phosphate-buffered saline and layered on top of a cushion of
Hypaque-76 (Sanofi Winthrop Pharmaceuticals, New York, N.Y.) diluted to a
final concentration of 29%, and chlamydiae were pelleted for 30 min at 25,000
rpm in a Beckman SW28 rotor. EBs were harvested by lysis of host cells with
0.5% Nonidet P-40 (NP-40) at 48 h p.i. and purified on a three-step Hypaque
gradient of 29, 34, and 40% at 25,000 rpm for 30 min. EBs, collected at the
40-34% interface, were treated for 2 min with 0.05% NP-40 to lyse any remaining
RBs, diluted in phosphate-buffered saline, and pelleted at 10,000 3 g for 20 min.
All pellets were suspended in 100 ml of SDS-PAGE solubilization buffer (30)
containing 5% b-mercaptoethanol and subjected to SDS–7.5 to 15% PAGE.
Proteins were electrophoretically transferred to an Immobilon membrane, and
chlamydial MOMP and EUO proteins were detected as described by Everett and
Hatch (15) with 1:2,500 rabbit anti-MOMP (C. trachomatis serovar L2) and
1:1,000 rabbit anti-His tag rEUO. The sample volumes that were loaded on the

gel were adjusted so that the amounts of MOMP at all time points were approx-
imately the same. For EUO transcript detection between 1 and 24 h p.i., infected
cells were pelleted at 10,000 3 g for 2 min and RNA was prepared from the
pellets with 1 ml of TRIzol reagent (GIBCO BRL), following the instructions of
the manufacturer. RNA was extracted from Hypaque gradient-purified EBs by
the same method. RNA was fractionated by electrophoresis on a formaldehyde-
agarose gel, and EUO mRNA, MOMP mRNA, and 16S rRNA were detected on
Northern blots as previously described (17). C. psittaci 6BC MOMP and rRNA
probes were prepared with a random-primed DNA-labeling kit (Boehringer
Mannheim, Indianapolis, Ind.), using 20 mCi of [a-32P]dCTP. The template for
the MOMP probe was the ClaI-EcoRI fragment from pMp2 (32); the template
for 16S rRNA was the EcoRI-HindIII insert of pRRN1 (32). To obtain a probe
with sufficient specific activity to detect EUO transcripts, pDGW-E47 (45) was
amplified by PCR with 20 mCi of [a-32P]dCTP and primers RK3 (59 CATAAT
CGTTATTCAAGAAG 39) and SEQ2 (59 TCAACAGGAGAGTCTCGGA 39).

Gel mobility shift assays. A protocol modified from that described by Carey
(7) was used for both reverse (radiolabeled rEUO-unlabeled DNA fragment)
and conventional (unlabeled EUO protein-radiolabeled DNA probe) gel mobil-
ity shift assays. 35S-labeled, gel-purified rEUO protein was prepared by growing
E. coli BL21(DE3) (pLysE, pLZ5F1) in 10 ml of medium containing amino acids
minus methionine and cysteine. Overexpression was carried out in the same
medium for 1 h in the presence of 200 mg of rifampin per ml and 140 mCi of 70%
[35S]methionine–30% [35S]cysteine (Pro-Mix; Amersham, Arlington Heights,
Ill.). 35S-rEUO was gel purified by SDS-PAGE as described above. Crude ex-
tracts used in gel-shift assays were made from purified RBs obtained from 108

infected cells at 15 and 29 h p.i. Infected cells were lysed in an ultrasonic bath,
and RBs were purified by centrifugation over a four-step Hypaque gradient of 24,
29, 34, and 40%. RBs at the 29-34% interface were lysed by 10 s of sonication in
250 ml of buffer H-500, consisting of 25 mM HEPES (pH 7.5), 10 mM EDTA, 5
mM dithiothreitol, 1 mM MgCl2, 500 mM NaCl, 25% (vol/vol) glycerol, and
0.5% NP-40. The lysate was spun in a microcentrifuge (9,000 3 g) at 4°C for 10
min, and the supernatant fluid was used in the gel shift assays.

The DNA fragments used in the reverse gel shifts were prepared by digestion
of pALR208 with XbaI and BamHI to produce a 267-bp fragment containing the
C. psittaci 6BC crp operon from 2200 to 167 (15) and 2.7 kb of pUC19spf9 vector
DNA (13). pALR208 is a subclone of pALR207; it was constructed by PCR
amplification of pCPM2 (14), using primers 12K1 (59 CGGCTCTAGACTGGC
TTGATCAAGTGGTTT 39 [the XbaI site is underlined]) and 12K3 (59 GCAA
GGATCCCTTAATGTGCTTGATTCCTT 39 [the BamHI site is underlined]),
and ligation of the PCR fragment into pBluescript KS (1) (Stratagene).

In conventional gel mobility shifts, the XbaI-BamHI insert of pALR208 was
PCR amplified by using 12K1 and 12K3 primer oligonucleotides, one of which
was 59 end-labeled with 125 mCi of [a-32P]ATP by T4 polynucleotide kinase as
described previously (17). For competition experiments, single-stranded DNA
(ssDNA) was made by PCR amplification of 10 ng of agarose gel-purified
BamHI-XbaI fragment from pALR208 with either 12K1 or 12K3 as the primer.
The single-strand nature of the probes was confirmed by their susceptibility to
complete digestion with staphylococcal S1 nuclease. Sense-strand RNA was
generated in vitro from BamHI-digested pALR207 template with phage T3 RNA
polymerase (Promega) and the MEGAscript kit from Ambion Inc., Austin, Tex.

Binding reactions were carried out for 30 min at room temperature in a final
volume of 20 ml of DNA binding buffer (25 mM Tris-HCl [pH 7.5], 70 mM KCl,
1 mM EDTA, 7% glycerol, 50 mg of bovine serum albumin per ml, 3 mM CaCl2,
7 mM MgCl2, 1 mM dithiothreitol) with either rEUO (10 ng) or RB extract (0.05
ml), 1 ng of radiolabeled crp operon DNA, and calf thymus DNA (Sigma Chem-
ical Company, St. Louis, Mo.) at the concentrations indicated. In supershift
experiments, His tag rEUO antiserum was added (final dilution, 1:1,600) after
the initial 30-min incubation period and the reaction mixture was incubated for
an additional 30 min at room temperature. Protein-bound DNA was separated
from free probe by electrophoresis at 10 V/cm for 4 h in 0.5 3 TBE (13TBE is
0.89 M Tris base, 0.89 M boric acid, and 2 mM EDTA) on 5% native polyacryl-
amide gels prerun for 1 h before the samples were loaded.

DNase I protection assays. DNA fragments were generated by PCR amplifi-
cation of pALR208 with primers (12K1 for the top strand; 12K3 for the bottom
strand) which were 59 end-labeled with [a-32P]ATP (17). The binding reaction
was carried out in a final volume of 50 ml of DNA binding buffer containing 10
ng of [32P]DNA (1.2 nM), various amounts of purified rEUO, and 10 mg of
sonicated calf thymus DNA. After incubation for 30 min at room temperature,
2.25 U of DNase I (Pharmacia LKB Biotechnology, Piscataway, N.J.) was added
and the mixture was incubated for 40 s at room temperature. The reaction was
stopped with 100 ml of stop solution (200 mM NaCl, 10 mM EDTA, 1% SDS, 250
mg of tRNA per ml) and extracted with phenol-chloroform (1:1), and DNA was
precipitated with ethanol. The samples were dissolved in loading buffer (deion-
ized formamide containing 10 mM EDTA, 0.3% bromphenol blue, and 0.3%
xylene cyanol), incubated for 2 min at 95°C, and electrophoresed on a 6%
polyacrylamide-urea sequencing gel. Following electrophoresis, the gels were
dried and bands were visualized by autoradiography. Protected regions were
identified by comparison to DNA that had not been mixed with rEUO; the
locations of the protected regions were determined by DNA sequence reactions
generated with primers 12K1 and 12K3.
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RESULTS

EUO is synthesized in C. psittaci. The gene encoding EUO,
the ORF identified and named by Wichlan and Hatch (45), was
subcloned with the expression cloning vectors pET28a(1)
(with a His tag at the N terminus) and pT7-5 (without a His
tag) and overexpressed in E. coli. His tag rEUO was purified by
nickel-agarose affinity chromatography, and rEUO without a
tag was purified by elution of a 27-kDa band from an SDS-
polyacrylamide gel (data not shown); antibodies against both
recombinant proteins were raised in rabbits. The identity of
rEUO was confirmed by comparing the amino acid sequence
predicted from the ORF with the N-terminal amino acid se-
quence determined from gel-purified material (data not
shown).

To determine the time of expression of the EUO gene, RNA
was extracted from infected L cells and subjected to Northern
blot analysis. In an attempt to analyze the same amount of total
chlamydial RNA at all time points, the volume of material
loaded was adjusted so that the amount of chlamydial 16S
rRNA was approximately the same for all samples. Under
these conditions of analysis, EUO transcripts were easily de-
tected at 1 and 2 h p.i., barely detected 4 h p.i., and below
detectable levels at later times in the developmental cycle (Fig.
1A). In other experiments (not shown), EUO transcripts could
be detected through 24 h p.i. when 10- to 20-fold more total
RNA was loaded on the gels. Thus, the EUO gene is tran-
scribed during EB-to-RB conversion and during the phase of
logarithmic RB cell division. However, the abundance of EUO
transcripts, relative to the total RNA content of chlamydiae
(reflected by 16S RNA content), is highest within the first few
hours of infection. Wichlan and Hatch (45) previously demon-

strated that transcription of the EUO gene by host-free chla-
mydiae isolated at 1 to 2 h p.i. is much more active than
transcription of the MOMP. Using the less sensitive Northern
blot method (Fig. 1A), which detects transcripts made by in-
tracellular chlamydiae, we were unable to detect MOMP tran-
scripts before 8 h p.i., confirming that EUO transcripts are
more abundant than MOMP transcripts early in the infection
cycle. Like the EUO transcripts, MOMP transcripts (40) were
not detected by Northern blot analysis of Hypaque gradient-
purified EBs harvested at 48 h p.i. (Fig. 1A).

To determine whether the EUO gene encodes a protein that
is synthesized in C. psittaci, chlamydiae were harvested at var-
ious times p.i. and subjected to immunoblot analysis. The
amount of sample subjected to electrophoresis was adjusted so
that the immunoblot signals to MOMP antibody were approx-
imately equal at all time points. MOMP has previously been
demonstrated to be present at all times p.i., including in EBs
(6, 24). Under these conditions of assay, EUO protein was
detected in chlamydiae between 1 and 20 h p.i. but not at later
times and not in isolated EBs (Fig. 1B). In another experiment
(not shown), the amount of EUO peaked at 15 h p.i. These
results indicate that the EUO gene encodes a protein that is
made very early, when EBs are converting to RBs, but is also
found and probably continues to be synthesized during the
logarithmic growth phase of RBs (midcycle). The apparent
paradox that EUO protein is most abundant at 15 h p.i. (rel-
ative to MOMP) whereas EUO transcripts are most abundant
at 2 h p.i. (relative to 16S RNA) probably is a reflection of the
stability of EUO mRNA versus the stability of EUO protein.

Although it is readily detected by immunoblotting, we have
not detected an obvious 27-kDa band on Coomassie blue-
stained gels when up to 50 mg of RB protein has been analyzed
by SDS-PAGE (not shown). From these gels we estimate that
EUO is present at 0.1 to 1% of the level of the most common
chlamydial protein, MOMP.

EUO binds to DNA in vitro. EUO bears no obvious homol-
ogy to proteins currently in the Swiss protein database, and
functional domains have not been identified with the Motifs
(34) or Blocks (25) software programs. However, a potential
helix-turn-helix DNA binding motif was identified by using the
algorithm of Dodd and Egan (11) (Fig. 2). To determine
whether EUO can bind to DNA, reverse gel mobility shift

FIG. 1. Time course of EUO gene transcription and EUO protein synthesis
in C. psittaci 6BC. (A) Northern blot. RNA was isolated with TRIzol reagent
from uninfected L cells, whole infected L cells (RB) at the times indicated, and
purified EBs harvested at 48 h p.i. The sample load was adjusted so that the
amount of chlamydial rRNA in each lane was roughly the same. The blot shown
was first reacted with a mixture of MOMP and EUO probes, exposed to film, and
photographed and then stripped and reacted with the rRNA probe. The arrows
at the right indicate signals to rRNA, MOMP (two transcripts at 12, 20, and 24 h
p.i.), and EUO. At early times p.i. the amount of host RNA in the samples,
particularly 18S rRNA, was sufficient to show cross-reaction with the chlamydial
16S rRNA. The length of the EUO transcript was estimated from unlabeled
RNA standards (not shown) to be about 800 bases. (B) Immunoblot. C. psittaci
RBs and EBs were harvested and partially purified at the times indicated, as
described in Materials and Methods. The upper portion of the blot was reacted
with C. trachomatis rabbit anti-MOMP, and the bottom portion was reacted with
rabbit anti-rEUO protein.

FIG. 2. Predicted amino acid sequence and helix-turn-helix domain of EUO.
A potential helix-turn-helix motif, as identified by the algorithm of Dodd and
Egan (11), is underlined in the sequence. The helix-turn-helix motifs of EUO and
selected other proteins, along with their Dodd and Egan standard deviation (SD)
scores, are shown below the EUO sequence. A score above 2.5 is considered
significant. Asterisks mark the most highly conserved amino acids in the motif.
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analysis was carried out. 35S-rEUO was partially purified and
mixed with EcoRI-digested genomic C. psittaci DNA, and free
EUO (which remains in the loading well) was separated from
DNA-bound protein on a nondenaturing polyacrylamide-aga-
rose gel. rEUO was found by this technique, to bind to many
genomic DNA fragments, even in the presence of excess calf
thymus DNA (Fig. 3A).

To simplify the characterization of the binding of rEUO to
DNA, the binding of the protein to a defined sequence was
analyzed. Several plasmid clones containing small chlamydial
DNA inserts were examined, and rEUO bound to all of them
to some degree (data not shown). One clone, pALR208, was
used as a model for further investigations because of the high
level of binding of rEUO to its insert DNA. pALR208 consists
of a derivative pUC19 vector and an insert containing the C.
psittaci crp operon sequence from bp 2200 to 167 (15). The
crp operon encodes two cysteine-rich envelope proteins that
are made late in the developmental cycle, starting at 18 to 20 h
p.i. (23, 33). In the absence of competing calf thymus DNA,
rEUO bound to both vector and insert sequences (Fig. 3B, lane
2). The appearance of multiple shifted bands suggests that
more than one molecule of rEUO can bind to a DNA frag-
ment. In the presence of nonspecifically competitive calf thy-
mus DNA, binding of rEUO to the 2.7-kbp vector DNA was
almost eliminated. Binding to the smaller 267-bp fragment was
also diminished, but two shifted bands—representing 2 and 1
molecules of rEUO bound per fragment—remained promi-
nent. These observations suggest that, although the specificity
of binding of rEUO to DNA is broad, some degree of speci-
ficity exists.

Specificity of binding of rEUO to crp operon DNA. Unla-
beled ssDNA and double-stranded DNA (dsDNA) probes
were generated from the pALR208 template by PCR to exam-

ine the binding of rEUO by conventional gel shift assays. On a
per-gram basis, ssDNA was found to compete as efficiently as
unlabeled dsDNA for the labeled dsDNA probe (Fig. 4A).
However, RNA generated in vitro by using phage T3 RNA
polymerase competed poorly for binding even when it was
present in 100-fold excess (Fig. 4B). Therefore, rEUO appears
to be capable of binding to ds- and ssDNA and perhaps to
RNA, but with considerably lower affinity. The specificity of
binding of rEUO to insert DNA was further investigated by
homopolymer competition experiments. We found that poly
[d(A-T) z d(A-T)] but not poly[d(I-C) z d(I-C)] was an effective
competitor, suggesting that the binding of rEUO to DNA is
specific, with apparent preference for AT-rich sequences (Fig.
5). The affinity of rEUO for the fragment appears to be rela-
tively strong, with a Kd of about 15 nM (data not shown).

DNase I protection (footprint) analysis was carried out to
determine the binding site of rEUO on the pALR208 DNA
fragment. The top strand of the fragment was protected from
about bp 253 to 214, and the bottom strand was protected
from about bp 262 to 29 (Fig. 6). In addition, two prominent
hypersensitive bands, corresponding to bp 216 and 217, were
noted on the top strand. The protected region roughly spans

FIG. 3. Reverse gel mobility shift assays showing binding of rEUO protein to
C. psittaci genomic and crp operon DNA. 35S-rEUO (20 ng) was bound to
unlabeled DNA, and the reaction mixtures were fractionated on a nondenaturing
polyacrylamide gel, as described in Materials and Methods. (A) C. psittaci
genomic DNA digested with EcoRI (200 ng/lane). Lanes: 1, genomic DNA with
35S-rEUO; 2, genomic DNA plus calf thymus DNA (4 mg) with 35S-rEUO. (B)
pALR208 DNA (200 ng) digested with XbaI and BamHI to remove an insert
containing the crp operon from bp 2200 to 167. Lanes: 1, pALR208 with
35S-rEUO; 2, pALR208 plus 40 mg of calf thymus DNA with 35S-rEUO. The
migration of the pALR208 vector (2.7 kbp) and insert fragment (267 bp) in the
absence of rEUO is shown to the left of lane 1 in panel B. The migration of DNA
standards (in basepairs) is shown to the left of each panel.

FIG. 4. Gel shift assays showing the effects of ssDNA and RNA on binding
of rEUO to dsDNA. One nanogram of labeled crp dsDNA probe (bp 2 200 to
167) and 10 ng of rEUO were used in all assays except in the free probe control,
which lacked rEUO. Calf thymus DNA (100 ng) was included in all reactions.
(A) Competition with crp operon ssDNA (bp 2200 to 167). Lanes: 1, free probe;
2, probe plus rEUO, no competitor; 3, probe plus 2 ng of unlabeled dsDNA
probe; 4, probe plus 20 ng of unlabeled dsDNA probe; 5, probe plus 2 ng of top
(coding)-strand ssDNA; 6, probe plus 20 ng of top-strand ssDNA; 7, probe plus
2 ng of bottom-strand ssDNA; 8, probe plus 20 ng of bottom-strand ssDNA. (B)
Competition with sense-strand RNA. Lanes: 1, free probe; 2, no competitor; 3,
probe plus 5 ng of unlabeled dsDNA probe; 4, probe plus 10 ng of unlabeled
dsDNA probe; 5, probe plus 5 ng of RNA; 6, probe plus 20 ng of RNA; 7, probe
plus 100 ng of RNA.
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the predicted 235 and 210 regions of the promoter. Although
the protected region is extremely AT rich (89 to 90%, com-
pared to a genomic A1T content of about 56%), it should be
noted that rEUO did not protect other AT-rich sequences on
the fragment (for example, 14 of 16 bp from 263 to 279 are
AT).

The protection experiment shown in Fig. 6 was carried out
with rEUO without a His tag; an identical footprint was noted
when rEUO with a His tag was used (data not shown). Indeed,
we have found that all of the results reported here were inde-
pendent of the nature of the rEUO used and the method of
purification of the protein. This suggests that our observations
are due to rEUO per se and not to a copurifying E. coli protein.

Native C. psittaci EUO protein binds to the crp operon pro-
moter. Gel shift experiments were performed with crude ex-
tracts of RBs purified from host cells at 15 (midcycle) and 29
(late cycle) h p.i. and bp 2200 to 167 crp operon DNA to
determine whether native EUO has binding activity. We noted
several shifted bands in the 15-h p.i. preparation that resem-
bled bands shifted by rEUO (Fig. 7A). These bands were not
noted in the extract prepared at 29 h p.i., a time when EUO is
not expected to be found in chlamydiae (Fig. 1B). A single
shifted band with slightly greater mobility than the most rap-
idly migrating rEUO band was noted in the 29-h p.i. extract
(Fig. 7A). The identity of the binding protein responsible for
this band is not known. A comigrating band was noted in crude
extracts of host L cells; however, the absence of the band in the
15-h p.i. preparation and the use of purified RBs for prepara-
tion of both extracts suggests that a chlamydial rather than a
host protein is responsible for the 29-h band. The role of native
EUO in the shifts noted in the 15-h p.i. preparation was con-
firmed by the addition of anti-EUO antibody, which resulted in
the supershifting of these bands (Fig. 7B). These observations
suggest that the binding of rEUO to the crp promoter region is

a function of EUO protein structure and not an artifact of
recombinant protein preparation.

Protease activity of rEUO. Kaul et al. (29) have reported
that glutathione S-transferase-tagged rEUO has protease ac-
tivity specific for H1-like histones and chlamydial Hc1. We
tested the effect of our His tag EUO preparations on extracts
of C. psittaci 6BC EBs but could find no evidence for degra-
dation of chlamydial 18-kDa Hc1 protein. Our preparations
contain residual urea (necessary to maintain the solubility of
rEUO), which may interfere with any enzymatic activity asso-
ciated with rEUO.

DISCUSSION

We have determined that EUO is a quantitatively minor
protein that is absent from C. psittaci EBs but is made very
shortly after the EBs enter host cells. The amount of EUO
protein peaks at midcycle and declines thereafter as the intra-
cellular chlamydiae progress to the late stage of the develop-

FIG. 5. Gel shift assay showing the effects of poly[d(A-T) z d(A-T)] (dAT),
poly[d(I-C) z d(I-C)] (dIC), and calf thymus DNA (CT) on rEUO binding to crp
DNA (bp 2200 to 167). The amount of labeled probe was 1 ng and the amount
of rEUO was 10 ng. The amount of competitor DNA in each reaction is indicated
above the lanes.

FIG. 6. Protection of crp DNA from DNase I by rEUO. (A) Top strand; (B)
bottom strand. Protected regions are indicated by vertical lines. DNA sequencing
ladders (in base pairs) prepared with the same primers used to generate the
probes in the protection assay are shown at the left side of each panel. The
double arrow indicates hypersensitive bands at positions 216 and 217. The
DNA sequence (with the protected region bracketed) is shown at the bottom of
each panel. The 235 and 210 promoter elements are underlined.

VOL. 66, 1998 C. PSITTACI EUO PROTEIN BINDS TO DNA 1171



mental cycle, which is characterized by RB-to-EB conversion.
We have also demonstrated that rEUO as well as native EUO
protein can bind to DNA in vitro. The specificity of binding in
vitro appears to be broad in that rEUO can bind to multiple
EcoRI fragments of chlamydial genomic DNA as well as to
pUC19 DNA. However, using pALR208 as a model, we found
that rEUO protein binds preferentially to insert as opposed to
vector DNA. The binding of rEUO to insert DNA appears to
be specific in that poly[d(I-C) z d(I-C)] does not compete with
binding to the insert, the apparent dissociation constant of the
rEUO-insert complex is within the range of other DNA bind-
ing proteins, and rEUO protects DNA from DNase I at a
specific location. The protected region roughly spans the pu-
tative 235 and 210 regions of the crp operon promoter; this
region is extremely AT-rich, and binding is competed with
poly[d(A-T) z d(A-T)], suggesting that EUO preferentially
binds to AT-rich, sequences. However, the specificity of bind-
ing is likely more complicated than simple recognition of AT-
rich sequences, since rEUO did not bind to other AT-rich
stretches in the crp operon promoter region.

The binding properties of EUO are reminiscent of the prop-
erties of E. coli H-NS nucleoid protein, which also binds to
AT-rich sequences and has a tendency to form multimeric
complexes with DNA (reviewed in reference 3). AT-rich se-
quences can favor bends in DNA, and it is thought that H-NS
specifically recognizes bent DNA. Additional studies are nec-
essary to determine whether EUO also recognizes curved
DNA. The most obvious difference between EUO and the E.
coli nucleoid protein is quantity. H-NS is a major structural
protein, present in thousands of copies per cell (3), whereas
EUO is a minor protein, likely present in only a few copies per
cell. Therefore, if the function of EUO in vivo is that of a DNA
binding protein, it must bind to a limited number of sites at any
given time. How these sites might be selected in vivo, in light

of our observations that EUO appears to have a relatively
broad specificity in vitro, is not known.

pALR208 was fortuitously chosen as a model clone to study
EUO binding, and we do not know at present whether EUO
binds to the crp operon in vivo. Nonetheless, some of our
observations are intriguing and invite speculation. EUO binds
with relatively high affinity to the crp promoter region, includ-
ing over the 235 and 210 hexamers, and the time of synthesis
and accumulation of EUO in chlamydial cells is just the reverse
of that of the cysteine-rich proteins. The location of the gene
encoding EUO close to the crp locus on the chlamydial ge-
nome also is interesting. A possible function of the quantita-
tively minor EUO protein, therefore, may be to repress the crp
operon during the growth phases of the chlamydial develop-
mental cycle. We emphasize, however, that we do not know the
physiological function of EUO.

Two other chlamydial DNA binding proteins, the histone-
like proteins Hc1 and Hc2, have been extensively characterized
(4, 5, 18, 19, 29, 35–37, 44). The chlamydial histone-like pro-
teins are unrelated to H-NS, but Hc1 homologs have been
reported in Bordetella pertussis and Pseudomonas aeruginosa
(27, 39). In contrast to EUO, Hc1 and Hc2 are major structural
proteins. Their binding specificities are broad: Hc1, for exam-
ple, can induce nucleoid formation when expressed in E. coli
(5), and in vitro studies have demonstrated binding to a wide
range of DNA fragments (4, 35–37). The pattern of recogni-
tion by the histone proteins has not been determined; however,
Kaul et al. (28) have demonstrated a preference for binding of
Hc1 to a specific locus on the 7.5-kb chlamydial plasmid.

The relationship between EUO and the histone-like proteins
is unclear. Kaul et al. (29) have postulated that EUO is a
protease that cleaves Hc1, possibly contributing to the activa-
tion of chlamydial gene expression shortly after the entry of
EBs into host cells. The early synthesis of EUO is consistent
with this idea; however, we found that peak levels of EUO
protein are present in dividing RBs, long after chlamydial
histone-like proteins dissociate from DNA and can be detected
in extracts. Also, we have not detected protease activity in our
rEUO preparations, although residual urea in our prepara-
tions and our use of His tag rather than glutathione S-trans-
ferase rEUO might explain our failure to detect enzymatic
activity.

Many questions regarding the function of EUO need to be
addressed. We are currently attempting to determine the chla-
mydial genomic sequences to which EUO preferentially binds
and whether or not EUO binds to these sequences in vivo. We
are also examining the role of EUO in the regulation of tran-
scription of the crp operon.
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