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The transcription of ompl, the gene encoding the major outer membrane protein, was studied for two strains
of Chlamydia psittaci, guinea pig inclusion conjunctivitis (GPIC) and mouse pneumonitis (Mn). The transcrip-
tional initiation sites for the ompl of each strain were mapped by S1 nuclease and primer extension analyses.
Three different sizes of ompl transcripts were observed for GPIC and four were observed for Mn. The
production of these transcripts appeared to be the consequence of multiple tandem promoters. The order in
which the ompl RNA transcripts appeared during the growth cycle of the C. psittaci strains was found to differ
from that of C. trachomatis.

Chlamydia, a genus of obligate intracellular procaryotes,
is composed of two species, Chlamydia trachomatis and
Chlamydia psittaci. C. trachomatis is a pathogen of humans
and is one of the primary causes of preventable blindness. It
is also a common agent of genital tract infections. C. psittaci
has a broad nonhuman host range and causes a wide spec-
trum of animal diseases.
The chlamydiae are distinguished from other intracellular

procaryotes by their unique biphasic growth cycle that
alternates between the extracellular infectious elementary
body (EB) and the intracellular replicative reticulate body
(RB). The infectious EB initiates the growth cycle by attach-
ing to the host cell. It is quickly endocytosed and confined
within an endocytic vesicle that does not fuse with host
lysosomes. Three hours after internalization, the metaboli-
cally inactive EB begins its differentiation into the metabol-
ically active RB. By 10 to 12 h postinfection, the mature RB
is formed and starts binary fission. At 10 to 20 h after the
beginning of cell division, the RBs differentiate back to
infectious EBs which are subsequently released from the
host cell (11, 12).

Little is known about the genetic regulation of this bipha-
sic life cycle. Stephens et al. (14) have, however, investi-
gated the transcription of the major outer membrane protein
(MOMP) gene (ompl) during the life cycle of the L2 serotype
of C. trachomatis. MOMP is believed to serve important
functions at both the EB and RB stages of development (1, 2,
9). It contributes to the rigidity of the EB by forming inter-
and intramolecular disulfide bonds. In the RB it serves as a
porin, facilitating the transport of nutrients. It is probable
that the regulation of MOMP expression is a critical event
during the chlamydial developmental cycle.

Stephens et al. (14) found that the ompl gene of the C.
trachomatis L2 serovar had two tandem promoters arranged
upstream from a single structural gene. One of these pro-
moters produced an mRNA transcript which was detected 4
h postinfection. The second promoter was responsible for
production of a slightly larger transcript which appeared at
12 h postinfection.
Although ompl sequences are largely conserved within a

species, there are four domains that vary between serovars
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or strains. There is about 65% nucleotide sequence homol-
ogy between members of the C. psittaci and C. trachomatis
species. Compared with C. trachomatis, the MOMP variable
domains of C. psittaci are longer and encode more amino
acid variations (17).

In this paper, we describe the identification of multiple
tandem promoters for the ompl genes of two C. psittaci
strains, guinea pig inclusion conjunctivitis (GPIC) and
mouse pneumonitis (Mn). These results are contrasted with
those obtained for C. trachomatis (14).

MATERIALS AND METHODS
Chiamydial strains and RNA extraction. Total RNA was

extracted from HeLa cells infected with C. psittaci strains
GPIC 1 and Mn Cal 10 (4, 7) and the C. trachomatis serovar
E/Bour 10 as described previously (16). At 24 h postinfec-
tion, the cells were lysed in cold 4 M guanidine isothiocya-
nate lysis buffer and total RNA was extracted with hot acidic
phenol. The RNAs were precipitated with 2 volumes of cold
ethanol at -20°C, dried, and then suspended in water.

Nucleotide probes. Three restriction fragments, MNM-1,
GPM-1, and DC-9 (17), from cloned MOMP genes of the Mn
and GPIC strains were used as probes in Northern (RNA)
hybridization and Si nuclease mapping (Fig. 1). Four 21-
base synthetic oligonucleotides, GM1, GM2, GM3, and M4
(Fig. 1), were used in primer extension sequencing and S1
analysis of ompl mRNA.

Northern hybridization. Northern hybridization analysis of
RNA collected at different times postinfection was per-
formed by the method of Lehrach et al. (6). Cloned ompl
fragments, DC-9 and MNM-1 (Fig. 1), were used as probes.
Approximately 40 ,ug of total mRNA in sample solution (1 x
MOPS [morpholinepropanesulfonic acid] [pH 7.0], 2.2 M
formaldehyde, dye mix, 50% formamide) was denatured at
56°C for 15 min, loaded onto a 2.2 M formaldehyde-1.4%
agarose gel (low EEO; Sigma Chemical Co., St. Louis, Mo.),
and electrophoresed at 5 V/cm for 4.5 h. After the gel was
washed with distilled water, the mRNA was transferred onto
GeneScreen-Plus hybridization transfer membrane (NEN
Research Products, Wilmington, Del.), prehybridized, and
then hybridized at 42°C overnight with MNM-1 or DC-9
fragments randomly labeled with [32P]dCTP (random primed
DNA labeling kit; Boehringer Mannheim Biochemicals, In-
dianapolis, Ind.). The membrane was washed twice in lx
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FIG. 1. Locations of DNA fragments and oligonucleotide primers used as probes in Southern blot, S1 nuclease, and primer extension
analyses of C. psittaci mRNA transcripts. Nucleotide sequence positions are numbered with the adenine residues of the translational initiation
codons (ATG) as +1. GPM-1 and DC-9 are cloned fragments of ompl of the GPIC strain. MNM-1 is a cloned fragment of ompl of the Mn
strain. The hybridization sites of the 21-base oligonucleotides used in primer extension assays are indicated by the 3'-terminal nucleotide of
each site. The sequences complementary to primers GM-1 (5'-GGCAAACAATAATGCCGATTT), GM-2 (5'-TGAGGAGTGTCTTG
CAAGTGA), and GM-3 (5'-CAAACTTTTCTTATTATAGT) are identical for both strains. The primer M-4 is complementary to a sequence

(5'-ATGTGTACAAAAATCTGATTAG) that is unique to the Mn strain.

SSC (0.15 M NaCl plus 0.015 M sodium citrate)-0.1%
sodium dodecyl sulfate for 15 min at room temperature and
then subjected to autoradiography. As a positive control,
total RNA from cells infected with C. trachomatis E serovar

(E/Bour) was extracted at different times postinfection and
analyzed by Northern blot. A random labeled 40-base oligo-
nucleotide from a conserved region (+80 to +120) of C.
trachomatis ompl was used as the probe.

Si nuclease mapping. The 5' ends of ompl transcripts were
analyzed by S1 nuclease protection assays (13, 15). The
oligonucleotide primer GM-1 (100 ng, [32P]dATP labeled)
and plasmids (20 ,ug each) containing either MNM-1 or
GPM-1 gene fragments were denatured and annealed at 40°C
for 15 min in 0.1 M Tris (pH 8.0) containing 100 mM MgCl2
(TM buffer). The primers were extended at 37°C for 30 min
in a reaction solution with 400 ,M deoxynucleoside tri-
phosphate mix and 10 U of the Klenow fragment of Esche-
richia coli DNA polymerase I. The extension products
were cleaved by restriction enzymes, XbaI for MNM-1 and
HindIII for GPM-1. The two radiolabeled DNA fragments
were isolated by 1.2% alkaline agarose gel electrophoresis
and used as probes in the Si nuclease analysis. Approxi-
mately 2 x 104 to 4 x 104 Cerenkov cpm of probe were
mixed with 80 ,ug of RNA in 0.3 M sodium acetate and
precipitated by 70% ethanol. The mixture was added to 30 RI
of Si hybridization buffer containing 80% formamide, 40 mM
PIPES (piperazine-N,N'-bis[2-ethanesulfonic acid]) (pH
6.4), 0.4 M NaCl, and 1 mM EDTA, heated to 90°C for 5 min,
and then incubated at 42°C overnight. After hybridization,
the mixtures were iced, and 300 RI of cold solution contain-
ing 0.28 M NaCl, 0.05 M sodium acetate (pH 4.6), 4.5 mM
ZnSO4, and 300 U of nuclease Si (225,000 U/ml; Pharmacia
LKB Corp., Piscataway, N.J.) was added. After 5 min on
ice, the mixtures were incubated at 25°C for 1 h. The
digestion was stopped by extracting with phenol-chloroform.
The protected fragments were precipitated by ethanol and
analyzed by electrophoresis on 6% denaturing polyacryl-
amide-urea sequencing gels.
Primer extension assay. The methods for primer extension

sequencing have been described elsewhere (16). Four prim-
ers homologous to sequences located in ompl (Fig. 1) were
used to identify the 5'-terminal nucleotide sequences of the
mRNA transcripts of the GPIC or Mn strain. These 21-base

oligonucleotide primers were 5'-end labeled with [ot-
32P]dATP (3,000 Ci/mmol; NEN Research Products) by T4
polynucleotide kinase (10,000 U/ml; New England BioLabs,
Beverly, Mass.). The 30 to 70 ,ug of total RNA was hybrid-
ized to the primer in annealing buffer by allowing the heated
mixture to cool down slowly to 45°C, and then the primer
extensions were performed in a reaction solution catalyzed
by 0.6 to 0.8 U of avian myeloblastosis virus reverse
transcriptase (20,000 U/ml; Pharmacia LKB Corp.) per ,ul.
The samples were analyzed on 8% polyacrylamide gels.

RESULTS AND DISCUSSION

Multiple mRNA transcripts. In both the GPIC and Mn
strains, Northern analysis of mRNA at 24 h postinfection
showed two major transcripts with molecular weights of
approximately 1,350 (Ti) and 1,500 (T2) (Fig. 2A). There
also appeared to be specific RNA species migrating above
the 1.6-kilobase band for both GPIC and Mn. Si nuclease
mapping and primer extension (Fig. 2B) confirmed an addi-
tional higher-molecular-weight transcript in GPIC (T3) and
two more in Mn (T3 and T4). The T3 and T4 transcripts were
probably not clearly resolved by Northern blot analysis
because they were less abundant and migrated close to the
T2 transcripts on agarose gels.

Southern analysis of genomic DNAs digested with a

variety of restriction enzymes and probed with fragments of
cloned ompl indicated that there was a single gene copy
(data not shown). The multiple transcripts of ompl must
then result from a single gene with tandem transcriptional
initiation sites.
The observation that there are three or four ompl gene

transcripts produced by the GPIC and Mn strains of C.
psittaci is in contrast to a report that there are only two ompl
transcripts in the L2 serovar of C. trachomatis (14). We have
conducted Northern and primer extension analyses on all 15
serovars of C. trachomatis and found that only two ompl
transcripts were produced by all members of this species
(unpublished results).

Transcription patterns during the growth cycle. In North-
ern blot analysis of the mRNA obtained at different times
postinfection (Fig. 3), T2 was the first transcript detected for
both Mn and GPIC. It appeared as early as 4 h postinfection
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FIG. 2. (A) Identification of ompl mRNA transcripts in C.
psittaci strains GPIC and Mn. Total RNA was extracted from HeLa
229 cells 24 h postinfection. The DNA fragment DC-9 was randomly
labeled with 32P and used as a probe in Northern analysis. kb,
Kilobases. (B) Primer extension (P) and Si nuclease (Si) analyses of
ompl transcripts of GPIC and Mn strains were compared. The
oligonucleotide GM-1 was used for primer extensions analysis.
Probes for Si nuclease analysis were synthesized by using DNA
fragments DC-9 and MNM-1 as templates and GM-1 as a primer.
Fragments of similar sizes (indicated in bases) were obtained by
each method. Four transcripts were identified and designated Ti
through T4, with Ti having the lowest molecular weight.

in Mn and 8 h in GPIC. The lower-molecular-weight tran-
script, Ti, was observed 4 h after T2. The signals for the Ti
and T2 transcripts increased until 24 to 30 h'postinfection.
They then began to decrease but were still detectable until 48
h, when one growth cycle was completed. These results
contrast with those for C. trachomatis serovars E (Fig. 3C)
and L2 (14) in which the lower-molecular-weight transcript
Ti is the first to appear.
To determine when transcripts T3 and T4 were produced,

primer extension analysis was conducted on RNA obtained
at different times postinfection with Mn (Fig. 4). The T3
transcripts were produced at the same time as Ti. The T4
transcript appeared the latest and was only a minor compo-

nent of the ompl mRNA.
Determination of the 5' end(s) of ompl transcripts. The

transcriptional initiation sites of the ompl of GPIC and Mn
were identified by using oligonucleotide primer extension
sequencing (results for Mn shown in Fig. 5). The locations of
the initiation sites were -21, -177, -267, and -377 in Mn
and -21, -177, and -267 in GPIC, with the adenine residue
of the translational initiation codon, ATG, as +1 in each

FIG. 3. Northern blot analysis of total RNA extracted from
chlamydia-infected HeLa 229 cells at different times postinfection.
(A) RNA transcripts from the GPIC strain were hybridized with the
DNA fragment DC-9. (B) RNA transcripts for the Mn strain were

also detected with DC-9. (C) RNA transcripts from C. trachomatis
serovar E were detected by hybridization with a 40-base oligonu-
cleotide which recognizes a conserved region (+81 to + 120) of ompl
in all C. trachomatis serovars.

case. The locations of putative promoter sequences are

shown in Fig. 6A. The comparisons of the predicted pro-
moter regions show that the nucleotide sequences ofMn and
GPIC are identical within the -10 and -35 regions of the
putative promoters Pi, P2, and P3, except that there is one
nucleotide difference in the -35 region of the P3s. There
were two nucleotide differences in the -10 region anrd one in
the -35 region of the Mn P4 and the corresponding 'se-
quences of GPIC. These differences may account for the
lack of P4 activity in GPIC. The P2 and P3 putative promot-
ers contain TATGTT and TATTAG in -10 regions and
TTTACT and TGTACA in -35 regions (Fig. 6B). These
sequences are similar to the consensus sequences of canon-
ical E. coli promoters (-10 region, TATAAT; -35 region,
TTGACA) (5). The -10 region of the Mn P4 (TAATGA) has
less similarity to the consensus sequence, and this may be
why P4 is the weakest among four promoters.

Like the P1 of C. trachomatis ompl (14), the Pls of both
GPIC and Mn do not appear to have any known consensus
promoter sequences even though a substantial portion of the
ompl transcripts map to the region. This suggests that some
novel form of regulation may be involved in the production
of transcripts from these sites. There is a high degree of
homology between the sequences of C. psittaci and C.
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FIG. 4. To determine the order in which each of the ompl
transcripts appears, total RNA from HeLa cells infected with the
Mn strain was extracted at different times postinfection and ana-
lyzed by primer extension. The oligonucleotide GM-1 was used as
the primer. The four transcripts are labeled Ti through T4.

trachomatis serovars for approximately the first 200 nucle-
otides 5' of the ompl open reading frame (Fig. 6). The
significance of these conserved sequences is unclear at this
time. They may, however, contain recognition sites for
alternative sigma factors or other regulatory proteins for the
putative P1 promoters. It is interesting that the first appear-
ance of the smallest transcripts (Tls) occurs at different
times during the developmental cycles of the two species. In
C. trachomatis production of the smallest transcript begins
soon after infection and continues throughout the growth
cycle; thus, it has been described as being constitutively
regulated (14). The production of the larger transcript begins
at a time which correlates with the onset of binary fission and
thus has been proposed to be under developmental regula-
tion (14). In C. psittaci, T2 is produced earliest and Ti, the
smallest transcript, is not produced until a time which
correlates with the beginning of binary fission. The largest
transcripts, T3 and T4, also appear at this time even though
their promoter regions resemble those of T2. Thus, the
hypothesis that the promoter for the smallest transcript, P1,
is constitutively regulated while the promoters containing
recognizable consensus sequences are developmentally reg-
ulated appears not to hold for C. psittaci.
A 9-base-pair inverted repeat separated by 13 base pairs

occurs at the 5' end of the conserved sequence in the C.
psittaci and C. trachomatis ompl promoters. The -35
region of P2 in the C. psittaci strains lies between the
inverted repeats. A perfect -10 consensus sequence,
TATAAT, is also present in this region, but since it is
located 26 bases from the site of initiation of transcription
and does not have a corresponding -35 region, it is unclear
whether this sequence is recognized as a promoter. The
significance of the conserved inverted repeat structure is
unknown, although it has been observed (14) that a similar
structure is found in a Bacillus subtilis promoter which is
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mn TATCTTATTTACAAaAATAAAGAATAAAGCGTAATGATTCAAATATAAGAAAGCCTTTTTACACTCTTCTACGAGGGTAATTCCAACTTATTCTAAGTGGCATAAG

-35 (P4) -10 (P4)
GP ...T .G.C. GC..T.T.G.GT.GT..A..C .T.A

L2 A. .TAAC.CA.A.CCCTCTC.TTC.C. .CAA.C.AC..ATTGCC.AC.TGGCTTT.GC.CT.GG.T.CAG.GCGATT.TT...GC---A.AAACC.AGAA.....A -297

AAATAAAAATGTGTACAAAAATCTGATAGCTCTTTTATTAGCAAGTATAAGGAGTTATTGCTTGAAATCTATGCCTGAAAACAGTCTTTTTTCTTATCGTCTTTAC -210Mn

-35 (P3) -10 (P3) * -35 (P2)
GP ........G.. .G .. AT. AAC. C...G. GC.G. .CGC.................. -210

-35 (P2)
L2 ... GA.A.. GGCTCTCTG ...........GCTAA&C.. GCGC.TAAG.GCT ...TC...T -GGG. .GAA.G.A..A -195

-35(P2) -10(P2)

mn TATAATAAGAAAAGTTTGTTATGTTTTCGAATAATGAACTGTATGTTCATGCTTAAGGCTGTTTCACTTGCAAGACACTCCTCAAAGCCATTAATTGCCTACAGG

++++++ -10(P2) *
GP ..............................T.................................T

L2 G.G .T. G.C.GC.T. GC.TC.A....CT.T. -.G.-. -91

Mn

-35 (P1) -10 (P1) * S-D
GP ...............................................T.....................................................T

,=_ _ ^^^^~~~~~~AA

L2 .A... ACA ----.----G..G... ------G... TT .CAA.A....... .A... +3

-35(P1) -10(P1) S-D

FIG. 6. Sequence comparison of the promoter regions of C. psittaci strains GPIC and Mn and the C. trachomatis serovar L2. The
sequence of the Mn strain is shown as a prototype. For GPIC and L2, identical bases are indicated by dots and deletions are shown by dashes.
The predicted promoters for transcripts Ti to T4 are underlined and labeled P1 to P4, respectively. The sites of initiation for each transcript
are indicated by a star. Plus signs designate the location of a canonical E. coli -10 sequence. Putative Shine-Dalgarno (S-D) sites are marked.
Arrows denote a conserved inverted repeat.

regulated by a shift in sigma factors associated with sporu-
lation (10).

While the P2 of the C. psittaci strains apparently resides in
the region of the inverted repeats, it does not appear that a
promoter exists in the corresponding region of the L2
serovar of C. trachomatis. The P2 of C. trachomatis does,
however, reside in a region with some homology to the P3 of
the C. psittaci strains (Fig. 6).
The adenine-plus-thymidine (A+T)-rich nature of the pro-

moter regions of C. trachomatis is also observed for C.
psittaci. There is approximately 70% A+T among the 500
nucleotides upstream from the methionine codon of GPIC
and Mn ompl open reading frames. Promoters of several
highly expressed genes have been found to be A+T rich (8),
and it has been suggested that the A+T richness of the ompl
promoter regions may contribute to RNA polymerase bind-
ing (14).

It appears that in both C. psittaci and C. trachomatis
species the transcription of ompl is required early in the
growth cycle and multiple promoters in some way provide
for supplemental transcription as binary fission commences.
The mechanisms involved in developmental regulation of
these transcriptional events, however, remain poorly under-
stood. The role of the smallest transcripts (Tls) of both
species is particularly intriguing, since the putative promoter
regions contain no recognizable consensus promoter se-

quences. The C. trachomatis rRNA genes also do not have
recognizable promoter consensus sequences (3). In this case

two tandem transcripts are produced coordinately beginning
as early as 9 h postinfection. Comparisons of the putative P1
promoter regions of the ompl with the rRNA promoters do
not reveal any obvious regions of homology. As more

chlamydial promoters are studied, regulatory sequences may
be identified for those promoters which do not appear to
have conventional consensus sequences. Since ompl genes
are poorly expressed in E. coli (14) and since transformation
of chlamydia is not yet possible, site-directed mutagenesis
cannot be used to identify what sequences are critical to
transcription in chlamydial promoters. More direct investi-
gation of the sequences involved in the regulation of these
chlamydial genes may then require the design of new exper-
imental approaches. Expression of cloned chlamydial sigma
factors and other regulatory proteins in E. coli may allow for
analysis of chlamydial promoters in an E. coli background.
Alternatively, ways will have to be found to reintroduce
cloned genes into chlamydia.
As a closing comment, we would like to suggest to our

colleagues that the designation for the gene encoding MOMP
be changed from ompl to ompA. This designation would be
in conformity with general genetic nomenclature in which
capital, italicized letters are used for cistron designations.
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