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ABSTRACT The DNA sequence of the gene encoding the
protective surface protein antigen (SPA) of Rickettsia
prowazekii has been determined. The open reading frame of
4836 nucleotides with promoter and ribosome-binding site is
present on a 10.1-kilobase EcoRI fragment. The encoded
carboxyl terminus of the 169-kDa protein contains a potential
transmembrane region and hydrophilic regions with many
lysine and arginine residues potentially accessible to proteolytic
cleavage. Because the rickettsia-derived SPA has an estimated
molecular mass of only 120 kDa and does not contain several
predicted large carboxyl-region CNBr fragments, the SPA
product appears to be processed by the rickettsiae. Eight other
CNBr fragments were identical in sequence to those predicted
from the encoded gene. A complementary 8.7-kilobase EcoRI
fragment of Rickettsia typhi DNA was cloned. This fragment
lacked a 1433-base-pair region that included the promoter,
ribosome-binding site, and the initial 1162 base pairs of the
open reading frame encoding the R. prowazekii SPA but had a
3674-base-pair region identical with the remainder of the R.
prowazekii SPA gene sequence.

Many bacteria possess paracrystalline surface layers (S-
layers) as the outermost component of their cell envelopes
(1-3). The S-layers of many bacteria are composed of protein
or glycoprotein subunits arranged on the cell surface in a
regularly repeating hexagonal, tetragonal, or linear pattern.
The functions of these S-layers are poorly understood. How-
ever, an S-layer may function as a protective barrier against
environmental hazards, as a molecular sieve and ion trap, as
a promoter for cell adhesion and surface recognition, or as a
mold for determining cell shape and envelope rigidity. The
S-layer proteins of several pathogenic bacteria appear to be
important virulence determinants (3, 4).

Rickettsia prowazekii also contains a tetragonally arranged
S-layer (5, 6). S-layers have been isolated and characterized
as the species-specific surface protein antigens (SPAs) of R.
prowazekii and Rickettsia typhi (7). The evidence that sup-
ports the classification of the SPAs as S-layer proteins has
been extensively reviewed (8). The SPAs of both R.
prowazekii and R. typhi have apparent molecular masses of
120 kDa. SPAs are readily released by shaking the typhus
rickettsiae in hypotonic solution and are partially purified by
filtration and by pelleting contaminants with ultracentrifuga-
tion (9). Extraction of the SPA in hypotonic solution results
in the loss of the repetitive subunits from the rickettsial outer
membrane and in a smooth outer-membrane appearance (8).
Although this ease of extraction is relatively unusual for an
S-layer because strong chaotropic ions or detergents are
often used for their release (10), the large amount and high
degree of purity of this high-molecular-mass rickettsial pro-
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tein is exactly that expected for an S-layer because these
layers form a monomolecular layer around the entire micro-
organism (11, 12). The SPAs of the typhus rickettsiae also
contain a high proportion of acidic and hydrophobic amino
acids and are low in sulfur-containing amino acids, as are
other described S-layer proteins (1-3, 8). In addition, SPAs
of the typhus rickettsiae, like other S-layer proteins, are rich
in B-sheet structure but have little a-helical structure (8).

The SPAs of the typhus rickettsiae are highly immunogenic
in humans and animals (13). In addition, the SPAs have been
shown to stimulate different classes of human lymphocytes,
including lymphokine-activated killers (14), suppressor T
cells (15), and y-interferon-producing T helper cells (16) that
participate in the immunological defense against these organ-
isms. More important however, purified preparations of SPA
from the typhus rickettsiae have been shown to be effective
protective antigens in an animal model. Guinea pigs immu-
nized with different doses of the SPA appear to be protected
against challenge with live organisms as compared with
nonimmunized controls (13).

The gene spaP encoding the SPA of R. prowazekii has been
previously cloned (M.E.D., M.C., and G.A.D., unpublished
work). We describe here the complete sequence of the 4836
nucleotide (nt) open reading frame (ORF) that encodes a
169-kDa SPA protein as well as its flanking regions.t We
provide evidence that the 120-kDa SPA obtained from rick-
ettsiae is derived by truncating the carboxyl end of the
encoded gene product. We have also cloned and sequenced
a fragment of R. typhi DNA that contains an exact 3674-
base-pair (bp) copy (spaPt) of the 3’ end of spaP, but lacks
the promoter, ribosome-binding site, and 1162 bp of the 5’
end of the ORF of spaP.

MATERIALS AND METHODS

Construction of Recombinant Bacteriophages, Plasmids,
and DNA Sequencing. The construction and identification of
recombinant Agtll and recombinant AgtWES bacteriophages
containing 3.7-kilobase (kb) and 10.1-kb R. prowazekii
Breinl-derived DNA fragments, respectively, have been de-
scribed (M.E.D., M.C., and G.A.D., unpublished work).
When plated onto the Escherichia coli host strain ED8654
(supE supF hsdR metB lacY gal trpR), recombinant bacte-
riophages containing all or part of the SPA gene were
identified by screening plaques with monoclonal antibodies
(mAbs) specific for the SPA of R. prowazekii (17). Similarly,
whole-cell DNA was prepared from purified R. typhi (Wil-
mington strain), digested with a mixture of Alu I, Hae III, and

Abbreviations: S-layers, paracrystalline surface layers; PCR, poly-
merase chain reaction; SPA, surface protein antigen; nt, nucleo-
tide(s); mAb, monoclonal antibody; ORF, open reading frame.
*To whom reprint requests should be addressed.

tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M37647).
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Rsa 1, and ligated into Agtll using EcoRI linkers (18). The
‘library was titered on E. coli hsdR and screened for antigen
expression with R. typhi-specific mAbs (17). A total EcoRI
digest of R. typhi-derived DN A was ligated into AgtWES (19).
Recombinant phage were screened using mAbs as above.

Recombinant bacteriophage DNA was prepared (20), and
purified DNA fragments were subcloned into pUC8 and
pUC19 plasmids. Recombinant plasmids were sequenced
directly from plasmid DNA by the dideoxynucleotide chain-
termination method (21) with Sequenase (United States Bio-
chemical) as the polymerase. Sequencing was initiated on
both strands with M13 primers (Promega and United States
Biochemical). Subsequently, sequencing was continued on
both strands by using custom synthetic oligonucleotides as
primers.

Restriction Map and Southern Blot Analysis. DNA from the
desired plasmids were digested with the following endonu-
cleases: Bgl 11, EcoRlI, HindlIll, and Pst I, according to the
supplier’s recommendations (Bethesda Research Laborato-
ries). Plasmid DNA digested with single or double enzymes
was then electrophoresed in 0.8% agarose gel.

For Southern blot analysis, DNA was digested with the
appropriate restriction enzymes, electrophoresed in 0.8%
agarose gels, and transferred to nitrocellulose (Schleicher &
Schuell). Hybridizations were carried out largely as de-
scribed by Southern (22). Probes were derived from recom-
binant plasmid DNA labeled with deoxyadenosine 5-[y-[>*S]
thioltriphosphate by nick-translation (23). Alternatively,
probes were generated using polymerase chain reaction
(PCR)-derived products labeled with digoxigenin (24), and
detection was accomplished by using the stringent conditions
recommended by the manufacturer (Boehringer Mannheim).

Preparation and Sequencing of CNBr Fragments from SPA.
Cleavage of purified SPA protein at methionine residues with
CNBr was done according to the method of Gross and
Witkop (25). Fragments were then separated by SDS/PAGE
(26), electroblotted onto polyvinyl difluoride paper (Milli-
pore), and stained directly with Coomassie blue. Amino acid
sequence analysis was performed on a model 477A sequencer
with model 120A automated on-line phenylthiohydantoin
analyzer (Applied Biosystems).

PCR. DNA was amplified using the PCR, as described (27).
Genomic DNA derived from R. typhi and R. prowazekii, as
well as recombinant plasmids containing inserts derived from
these organisms, served as templates. Oligonucleotide prim-
ers were selected from those used for sequence determina-
tions. Amplified DNA was detected by agarose gel electro-
phoresis and ethidium bromide staining.

RESULTS

Recombinant plasmids pMD306 and pMDL7 were created by
subcloning 3.7-kb and 10.1-kb inserts (originally derived from
R. prowazekii Breinl), from recombinant Agtll and AgtWES
bacteriophages, respectively (M.E.D., M.C., and G.A.D.,
unpublished work). These phages had been detected by
screening libraries with SPA-specific mAbs (17). Recombi-
nant phage Agtl1-RTW9 contains a 986-bp insert derived
from R. typhi that is recognized by mAbs specific for the
SPA. pMAC1 was created by subcloning this 986-bp insert
into pUC19. pMD306 was used as a probe to identify a
homologous 8.7-kb EcoRI fragment in R. typhi genomic
DNA. A recombinant AgtWES clone containing this 8.7-kb
fragment was identified with SPA-specific mAbs. pMAC2 is
a recombinant pUC19 plasmid that contains this 8.7-kb
EcoRI fragment. The restriction maps of all four of these
plasmid inserts are shown in Fig. 1. This data suggested that
the pMD306 insert is identical with a region contained within
pMDL7 and that the pMAC]1 insert is identical with a region
contained within pMAC2. Maps for plasmids pMDL7 (de-
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Fi1G. 1. Restriction maps of the rickettsial inserts of four recom-
binant pUC plasmids. The inserts from pMD306 and pMDL7 are
derived from R. prowazekii, and the inserts from pMAC1 and
PMAC?2 are derived from R. typhi. Thickened lines represent se-
quenced regions; a shaded area represents a continuous ORF.
Restriction endonucleases used include Bgl/ II (B), EcoRI (E),
HindIII (H), and Pst I (P). Scale is in kb.

rived from R. prowazekii) and pMAC2 (derived from R.
typhi) were identical except for a 1.4-kb fragment of DNA
present in pMDL7 but not in pMAC2.

The complete nucleotide sequences of plasmids pMD306
and pMAC]1 were determined for both strands of DNA. The
entire sequences for both of these plasmids were contained
within pMDL7 and pMAC2. Further sequencing of both
strands of pMDL7 revealed an ORF of 4836 nt between the
ATRG triplet at positions 394-396 and the TAA stop codon at
positions 5230-5232 (Fig. 2). Presumptive ribosome-binding
site and —10 and —35 regions are underlined. A large inverted
repeat forming a stem loop structure consisting of a 14-bp
stem and an 11-bp loop is present downstream of the trans-
lational stop codons (nt 5271-5309) and might function as a
transcriptional termination signal. Amino-terminal amino
acid sequences of eight CNBr fragments of purified R.
prowazekii SPA were found within the ORF and are under-
lined in Fig. 2. The DNA sequence predicts the existence of
an additional seven CNBr fragments at the carboxyl end of
the SPA with molecular masses of 0.87-8.14 kDa. However,
despite the fact that all other major CNBr fragments through-
out the rest of the molecule were identified, no fragments
corresponding to these seven predicted carboxyl terminal
fragments could be found. A 5.5-kDa CNBr fragment begin-
ning at amino acid 1255 (corresponding to nt 4216-4218) was
closest to the putative SPA carboxyl terminus.

The sequence of pMAC2 contained an ORF of 3674 bp
identical to pMDL7 from nt 15565229 (Fig. 2). A region of
DNA just 5’ to this homologous ORF is shown in Fig. 3 (nt
1-87) and is identical to the nucleotide sequence of pMDL7
from nt 36-122. pMAC?2, therefore, lacks a 1433-bp segment
of DNA (nt 123-1555), present in pMDL7. The DNA se-
quence of pMAC2 found 3’ to the ORF is also identical to that
found in pMDL7 through nt 5322 (Fig. 2) and, therefore,
includes an inverted repeat downstream of the translational
stop codons. No presumptive ribosome-binding site or —10
and —35 regions could be discerned.

To confirm that this homologous sequence in spaPt was
not a laboratory artifact, we selected an oligonucleotide
primer (primer 1, GGTGTGATAGTATTGTAATC) based on
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1 TTAAGATACGTAATGACATATG TAAMMATTGATATACAAMCTCATCATCGCAATAACT
58 GATTATTATTTCATAACACCAATG TGATAAMATATAACATTTATTAMACTTTATAMAAMMCTACTGT
128 GATGCTTG TAATTATGTACAATATATAGTACACTTAGOOOGTAGTTTAGAAMCTATTGAAACAAMATATT
198 AGGTTATTTCCTTATCAAGTGTGGGATATCTTGACTOGTATTTGATTAATTTGTTTTAATACTAGATACT
268 AMATTTTAACTTAAATATAGGAAAMAATTATGGCTCAAMMOCTTATTTICTAMAAAATAATTTCOGC

406 ATG CAATATMTM'CA)CAMTGCA@A@TICA’@TIT@TMTATA@TWGAT
)]

466 CMGCTGCT&T@TMTATTG:TGTC@T&AMTTCAGTTATT”TWMTGCTMT
Q AA G A NI PV AP NSV IT ANAN
526 AAT CCTATTACT TTT AAT ACT CCAAAC GGT CAT TTAAAT AGT TTA TTT TTG GAT ACG GCA
NP I T F NTUPNGMHIULNS S LF LDTA
586 AAT GAT TTAGCAGTA ACA ATT AAT GAG GAT ACT ACC TTA GGA TTT ATAACA AAT ATTGCT
ND LAV TI NEDTTLG F I TNILI A
648 CAG CAG GCTAAG TTC TTTAAT TTT ACT GTT GCT GCT GGT AM ATT CTT AAC ATAACA GGG
QQ AKF FNFTVAAGKI I LNITG
706 CAG GGTATTACT GTT CAA GAAGCT TCT AATACAATA AAT GCT CAA AAT GCTCTT ACAAAA
QG I TV QEASATINAUOGNAILTK
76 GTG CAT GGTGGCGCT GCT ATT AACGCT AAT GAT CTT AGC GGG CTAGGA TCAATAACC TTT
HGGAA I NANDULSG LG SI!I TF
&% GZTGmTGTWTWTGTAWAGMTTI’MTTTAATAMTWTATCWTM&AKETW

AV CP S8V LEFNILI NPI N SRS §
886 TCT TATCAC TTG GTG TCT AAT TCT AMVATA GTT AAT GGT GGT AAT GGG ATA TTA AT ATT
S YH L VS NS KI VN GGNG | LN |

M6 'CTMTW'I'ITATTCBGTTTCAGATWWTTI’&I’@TATTWMA‘ITMTMC
TNGF I @ VS DNTF AGI K T
1006 GAT GAT TGTCAAGGT TTAATG TTTMT"CT'CTG:TGATG@G:TMT&TTI’AMTTTA
DD CQ G L M
1066 CAA GCA GGTGGTAAT ACT ATT AAT TTT AAT GGAATAGAC GGT ACT GGTAMTTAGTATTA

1126 GTC AGTAAG AATGGT GCT GCT ACC GAA TTT AAT GTTACAGGA ACT TTAGGT GGTAATCTA
Y SKN GA AT EF NV TGTL GGNL
1186 AAA GGTATTATT GAA TTG AAC ACT GCAGCAGTAGCT GGT AMACTT ATC TCT CTTGGAGGT
K G!I | E L NT AA VA GKLI SL GG
1246 GCT GCT AAT GCA GTAATA GGT ACA GAT AAT GGA GCA GGT AGAGCT GCAGGA TTTATTGTT
A ANA VI GT DN GA GR AA GF I V
1306 AGT GTT GAT AATGGT AAT GCAGCAACAATT TCTGGACAAGTT TATGCT AM AMACATG GTG
S VDN GN AA TI S$SG QV YA KN MY
1366 ATA CAA AGT GCT AAT GCAGGT GGA CAA GTC ACT TTT GAA CAC ATA GTT GAT GTTGGT TTA
LOS A NA GG OV T FEHIY DV G
1426 GGCGGT ACC ACC AAC TTT AAA ACT GCAGAT TCT AM GTT ATA ATA ACA GAA AAC TCA AAC
G G I I NF KT AD S K V I I T EN SN
1486 TTT GGT TCT ACTAAT TTT GGT AAT CTT GAC ACA CAG ATT GTAGTC CCT GAT ACTAAG ATT
FGST NF GNLDTO I VVP DT K
1546 CTT AAA GGT AAC TTC ATAGGT GAT GTA AMAAAT AAC GGT AAT ACT GCA GGT GTG ATT ACT
L KGN F I GDVKNNGNTA GV I T
1608 TTT AAT GCTAAT GGT GCT TTAGTAAGTGCT AGT ACT GAT CCA AAT ATT GCA GTA ACA AAT
F NA N GA L V SA ST DP NI AV TN
1666 ATT AAT GCAATT GAA GCA GAA GGG GCC GGG GTT GTA GAA TTATCAGGAATACAT ATT GCA
I NA I EA EGAG VV EL SG I H | A
1726 GAA TTACGT TTAGGG AATGGT GGC TCT ATC TTT AAA CTT GCT GAT GGC ACA GTAATT AAT
E LEL GN GG SI FK LADG TV IN
1786 GGTCCAGTT AAC CAAAAT GCTCTT ATG AAT AAT AAT GCT CTT GCAGCT GGT TCT ATTCAG
G PV N QON S L M
1846 TTAGAT GGG AGT GCT ATA ATT ACCGGT GAT ATA GGT AAC GGT GGT GTT AATGCT GCG TTA

LDGS AI I T GDI G NG GV NA AL
1906 CAA CACATT ACT TTAGCT AAC GAT GCT TCA AM ATA TTAGCA CTC GAT GGC GCAAATATT
Q HI T LA NDAS K I LA LD GA NI

1966 ATC GGG GCT AAT GTT GGT GGT GCA ATT CAT TTT CAA GCT AACGGT GGTACT ATT AMATTA
I G AN VG GAIH FO ANGG T1I KL
2026 ACA AAT ACT CAAAAT AAT ATT GTAGTT AAT TTT GAT TTAGAT ATAACT ACT GAT AMA ACA
T NTQ NNI VVNFD LD I'T TDOD KT
2086 GGTGTT GTT GATGCA AGT AGT TTA ACAAAT AAT CAAACT TTAACTATT AATGGT AGT ATC
GVVD AS SLTNNOTLTI NG S I
2146 GGT ACT GTTGTAGCT AAT ACT AAAACA CTT GCA CAA TTA AAC ATC GGG TCAAGT AM ACA
GTVY ANTIKTLAQ LN IG S§S§5 KT
2206 ATA TTAAAT GCTGGC GATGTC GCT ATT AAC GAG TTAGTT ATAGAA AAT AATGGT TCAGTA
I LNA GD VAI N EL VI EN NG SV
2266 CAACTT AAT CAC AAT ACT TAC TTA ATA ACA AAAACT ATC AAT GCT GCA AACCAAGGTCAA
QL NHNTYLIT KT INAA NOQ GO
2326 ATAATC GTT GCC GCTGAT CCTCTT AATACT AAT ACT ACT CTT GCTGAT GGT ACAAAT TTA
I 1 VA AD P LNTNT TLAD GT NL
2386 GGTAGT GCAGAA AAT CCACTT TCTACTATT CAT TTT GOC ACT AMAGCT GCT AATGCT GAC
GS AE NP L ST1I HF AT KA ANAD
2446 TCT ATA TTA AAT GTA GGT AA GGA GTA AAT TTA TAT GCT AAT AAT ATT ACT ACT AAC GAT
S1 LN VG KG VNLY AN NI TT ND
2506 GCT AATGTAGGT TCT TTA CAC TTT AGG TCT GGTGGT ACAAGT ATAGTAAGT GGTACAGTT
A NVG SL HFRS GG TS IV §G TV
2566 GGT GGA CAG CAA GGT CAT AAG CTT AAT AAT TTAATA TTAGAT AATGGT ACT ACT GTT AAG
GG QQ GH K LNNLI LD NG TT VK
2626 TTT TTAGGTGATACAACATTT AATGGT GGTACT AAMVATT GAA GGT AM TCC ATC TTG CAA
FLGD TT F NGG TK IE GK sS1I1 LO
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2686 ATT AGC AAT AAT TAT ACT ACT GAT CAT GTT GAA TCT GCT GAT AATACT GGT ACA TTAGAA
I $ NN YT TDHV ES AD NT GT L E
2746 TTTGTT AAC ACT GAT CCT ATAACC GTA ACA TTA AAT AM CAA GGT GCT TAT TTTGGTGTT
FVNTDP I T VT LN KQ GA YF GV
2806 TTA AAACAA GTAATT ATT TCT GGTCCA GGT AAC ATA GTA TTT AAT GAG ATA GGT AATGTA
LKQV I I 8§ GPGNI VFNE IG NV
2866 GGA ATT GTA CAT GGTATA GCA GCT AAT TCA ATT TCT TTT GAA AATGCA AGT TTAGGTACA
G I VH GI AANS I 8§ FE NA SLGT
2906 TCT TTA TTC TTACCT AGT GGTACT CCA TTAGAT GTT TTAACAATT AM AGT ACCGTAGGT
S LFL PS GTPLODV LT IK STVG
2966 AATGGTACA GTAGAT AAT TTT AAT GCT OCT ATT GTAGTTGTA TCAGGT ATT GAT AGTATG
NGTV DNTFNAPI V VV SG |1 D S M
3046 ATC AAT AAC GGT CAA ATCATC GGT GAT AMAAAG AAT ATT ATAGCT CTA TCG CTT GGAAGT

3106 GATAACAGT ATT ACT GTT AAT GCT AAT ACA TTA TAT TCA GGT ATC AGAACT ACA AAA AT
DN S 1 T V N ANTLY SG I R TT KN ~
3166 AATCAAGGTACT GTG ACA CTT AGT GGT GGT ATG CCT AAT AAT CCT GGT ACA ATT TATGGT
NOGT VT L SGG M
3226 TTAGGT TTAGAG AATGGT AGTCCAAAG TTAAAA CAA GTG ACA TTT ACT ACA GAT TAT AAC
LKQ VT FT TODO YN
3286 AAC TTAGGT AGTATT ATT GCA AAT AAT GTA ACA ATT AAT GAT GAT GTAACT CTT ACT ACA

I NA I EA EGAG VV EL SG | H 1A
3346 GGA GGT ATAGCA GGG ACA GAT TTT GACGCT AMATT ACTCTT GGA AGT GTT MACGGTMC
GGI A GT DFDAK I TLGS VNG GN

3406 GCT AAC GTAAGG TTTGTTGAT AGT ACA TTT TCTGAT CCT AGA AGTATG ATT GTT GCT ACT
A NVR FV DSTF SD PRSWM
3466 CAA&:TMTA'B&TM:TGTAICTTATTI’A@TMT@ATTAGTT&TMTATCG}J?
S N |
3526 TTAGAT ACTCCT GTAGCT TCT GTT AGA TTT ACAGGT AAT GAT AGT GGG GCAGGA TTACM
LDT PV A SVRF TG NDSG AG LO
3586 GGC AAT ATT TAT TCA CAA AAT ATA GAT TTT GGT ACT TAT AAT TTAACT ATT CTAAAT TCT
GNIY 8O NI DFGT YNULT I L NS
3646 AAT GTC ATT TTAGGT GGTGGT ACT ACT GCT ATT AAT GGT GAA ATC GAT CTT CTG ACA AAT
NVIL GG GTTA I N GE IID LL TN
3706 AAT TTAATA TTT GCA AAT GGT ACT TCA ACA TGG GGT GAT AATACT TCTATT AGT ACA ACG
N LI F ANGTST WGDNTS I8 TT
3766 TTAAATGTA TCAAGC GGT AATATAGGT CAAGTAGTC ATT GOC GAA GAT GCTCAAGTT AAC
LNVS §$G NI GQ VYV I A ED AQ VN
3826 GCAACAACT ACAGGA ACT ACA ACC ATT AAA ATA CAAGAT AAT GCT AAT GCAAAT TTC AGT
ATTT GT T TIKI1Q DN AN ANFS
3886 GGC ACACAAGCT TATACT TTAATT CAAGGTGGT GCT AGA TTT AATGGT ACT TTAGGA GCT
G TOA YT LI QG GA RF NG TL GA
3946 CCT AAC TTT GCT GTA ACA GGA AGT AAT ATT TTC GTA AM TAT GAACTA ATA CGT GAT TCT
P NFA VT GSNI FVY KY EL IR DS
4006 AAC CAG GAT TATGTATTAACA CGTACT AAC GATGTA TTAAAC GTAGTT ACAACAGCT GTT
NODY VL T RTNUDV LNVYVY TT AV
4066 GGA AAT AGT GCAATT GCA AAT GCA CCT GG T GTA AGT CAG AAC ATT TCT AGA TGC TTAGAA
G NSA I A NAPG VS QN 1S RC LE
4125 TCA ACA AAT ACA GCA GCT TAT AAT AAT ATG CTT TTA GCT AM GAT CCT TCT GAT GTT GCA
S TNT AA Y NNWM
4186 ACA TTT GTAGGA GCT ATT GCT ACA GAT ACA AGT GOG GCT GTA ACT ACAGTAAAC TTA AAT
T VN LN
4246 GAT ACACAA AAAACT CAA GAT CTA CTT AGT AAT AGG CTAGGT ACACTT AGA TAT CTAAGT
D TOK T O DLLS NR LG TL RY LS
4306 AATGCTGAA ACT TCT GAT GTT GCT GGA TCT GCAACA GGT GCAGTG TCT TCAGGT GATGAA
N AET S D VAGS AT GAVS SG DE
4386 GOG GAA GTA TCT TAT GGT GTA TGG GCT AM CCT TTC TAT AACATT GCAGAACAAGAC AAA
AEVS YG VWAK®PF YNIA EQ DK
4426 AAM GGTGGTATAGCT GGT TAT AAMA GCA AMACT ACT GGG GTTGTAGTT GGT TTAGATACT

K GGI AG Y KAKTT GV VV GL DT
4486 CTC GCT AGC GAT AAC CTAATG ATT GGG GCA GCT ATT GGG ATCACT AMACT GATATAAAA
LASDNLMMIGAAI GI! TK TD I K
4546 CAC CAA GAT TAT AAG AM GGT GAT AMAACT GATATT AAT GGT TTA TCA TTC TCTCTATAT
HQDY K K GDKTD I NG LS FS LY
4606 GGT TCC CAA CAG CTT GTT AAG AAT TTC TTT GCT CAA GGT AAT TCA ATC TTTACC TTAAAC
G S QQ LV KNFFAQ GN SI FT LN

4656 AAM GTC AM AGT MM AGT CAG CGT TAC TTC TTC GAG TCT AAT GGT AAG ATG AGC AAG CAA
K VK S KS OQRYF FE SNGK MS KO
4726 ATTGCT GCT GGT AAT TAC GAT AAC ATG ACA TTT GGT GGT AAT TTAATA TTT GGT TATGAT
I AAG NY DN MTFG GN LI FG YD
4786 TAT AAT GCA ATG CCA AATGTA TTAGTA ACT CCA ATG GCAGGA CTT AGC TAC TTAAMM TCT
Y  NAMPNUVLVT PM AG LSY L KS
4846 TCTAATGAAAAT TAT AMA GAAACC GGT ACA ACA GTT GCA AAT AAG CGCATT AATAGC AMA
S NEN Y K ETGT TV ANKR I N S K
4906 TTTAGTGAT AGA GTC GAT TTAATAGTA GGG GCT AMGTAGCT GGTAGTACT GTG AATATA
F SDODR VD LI VG AK VA GS TV NI
4966 ACT GAT ATT GTG ATA TAT CCG GAAATT CAT TCT TTT GTG GTG CAC AMAGTA AAT GGT AMA

TDIV 1Y PEIH SF VV HK VN GK
5026 TTA TCT AAC TCT CAG TCT ATG TTA GAT GGA CAA ACT GCT CCA TTAATC AGT CAA CCT GAT
LSNS OS M LDG QT AP F I saQ PO

5086 AGAACT GCT AM ACG TCT TAT AATATA GGC TTAAGT GCA AAC ATA MA TCT GAT GCTAAG
R TA K TS Y NI G LS ANIK SD AK
5146 ATGGIGTATGBTATC&YTATGATTTTMTYCTW)GTMATATM:T@MTWGGY
EY G G YDFNSA SK YT AH QG
5206 'CT TTAMAGTAQ‘:‘T GTAAAC TTC TAA TAA TTATTTGTGATTTTAGTAAGTTTATAACTTGATTA
T LKV RV NF . -

5271 AGAMMMOGCCCACTTTGAMAMIGGCCTITTITICTAGTTATGTAATAA

FiG. 2. Nucleotide sequence and deduced amino acid sequence (in one-letter code) of the spaP gene. Potential —35 and —10 regions, a
potential ribosome-binding site, and a terminal 14-bp inverted repeat are underlined. Deduced amino acid sequences corresponding to sequenced

CNBr fragments are also underlined.

additional partial sequence of a region 5’ to the 1.4-kb
deletion in R. typhi (not shown in Fig. 2) and used it in PCR
reactions paired with each of two primers 3’ to the deletion
(primer 2, CAGTAGTTATATCTAAATCA and primer 3,
AGAGCCACCATTCCCTAAAC, reverse complements of
bp 2058-2077 and 1733-1752, respectively, Fig. 2). The DNA
templates used in these PCR reactions were genomic DNA
isolated from R. typhi or from R. prowazekii. DNA amplified
from these two different templates differed by ~1.4 kb for

each of the two primer pairs examined, thus confirming the
origin of the DNA inserts in pMDL7 and pMAC2 from R.

1 CAAAC TCA TCA TCG CAA TAA CTG ATT ATT ATT TCA TAA CAC CAA TGT GAT AAA AAT ATAACA
N § S s Q@ -L 11 1 8 - HQZ CDIKNI T
63 TTT ATT AAA ACT TTA TAA AAA AAC TAC TTC ATA GGT GAT GTAAMA
F I K T L -KN Y F 1 G DV K
FiG.3. Nucleotide sequence adjacent to the 5’ end of spaPt in R.
typhi. The underlined nucleotides correspond to nt 1556-1575 in the
nucleotide sequence of spaP shown in Fig. 2. Amino acids are shown
in one-letter code.
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R. prowazekii
B A B

R. typhi
A

Fi1G. 4. Polymerase chain reaction-amplified DNA using R. typhi
or R. prowazekii genomic DNA as the template. Primer pair A
(primers 1 and 2) was used to amplify a 700-bp fragment from R. typhi
and a 2.1-kb pair fragment from R. prowazekii. Primer pair B (primers
1 and 3) was used to amplify a 400-bp fragment from R. typhi and a
1.8 kb-fragment from R. prowazekii.

prowazekii and R. typhi, respectively (Fig. 4). Therefore, the
observed 1.4-kb deletion seen is present in R. typhi and did
not occur as a deletional event within the transformed E. coli
host. Although large enough to encode a protein of 120 kDa,
we are certain that spaPt does not encode the R. typhi SPA
because some sequenced CNBr fragments of R. typhi-
derived SPA are not present in the deduced amino acid
sequence of spaPt (W.-M.C., unpublished work). Therefore,
we hypothesized that there exists another gene (spaT) highly
homologous to spaPt that encodes the R. typhi SPA. To
prove this, Southern blot analysis of DNA derived from R.
typhi was done. A digoxigenin-labeled DNA probe (generat-
ed using PCR) from the 5’ end of the spaP gene (nt 394-1641)
hybridized to a single 3.4-kb Pstz I fragment (presumably
containing part of spaT), whereas a second digoxigenin-
labeled DNA probe (nt 3238—4437) hybridized to the same
3.4-kb Pst 1 fragment and also to a 12-kb fragment (presum-
ably containing part of spaPt, Fig. 5). Because the second

-12 kb -
- 4.0 kb -
i
-3.0kb -
A B

Fi1G. 5. Genomic DNA purified from R. typhi was digested with
Pst 1, electrophoresed in 0.8% agarose gel, and transferred to
nitrocellulose before Southern blot analysis. (A) Probe used for
hybridization was a PCR-generated product, and its nucleotide
sequence corresponded to nt 3238-4437 of spaP (Fig. 2). (B) Probe
used for hybridization was generated using the PCR, and its nucle-
otide sequence corresponded to nt 394-1641 of spaP (Fig. 2).

Proc. Natl. Acad. Sci. USA 87 (1990)
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F1G. 6. Theoretical structure analysis of the R. prowazekii SPA.
Hydropathy (A), a-helical structure (B), and B-sheet structure (C) are
based on the deduced amino acid sequence.

probe consisted of DNA the sequence of which was located
entirely within a single Pst I fragment derived from R.
prowazekii, this data strongly suggests the presence of two
highly homologous genes, only one of which (spaT) contains
sequence homology to the 5’ end of spaP.

The ORF of pMDL7 encoded a protein with a calculated
molecular mass of 169,874 and with a theoretical pI of 5.81.
Codon usage in the spaP gene is similar to that described for
the R. prowazekii citrate synthetase gene (28). The hydro-
phobicity profile, a-helical structure, and B-sheet structure
(29) are plotted in Fig. 6 (DNA Strider, Institut de Recherche
Fondamentale). Although most of the protein appears to be
hydrophobic, the carboxyl portion of the molecule appears
more hydrophilic.

DISCUSSION

We describe the cloning and sequencing of the spaP gene.
Although R. prowazekii-derived SPA has an estimated mo-
lecular mass of 120 kDa, the gene described here encodes a
protein with a molecular mass of 169.87 kDa. Although
widely disparate molecular masses for the SPA have been
obtained by different methods and the SPA migrates anom-
alously by PAGE (8, 30, 31), this discrepancy is rather large.
However, seven CNBr fragments predicted at the carboxyl
end of the molecule from the deduced amino acid sequence
were absent in the rickettsia-derived SPA. It is striking that
the carboxyl end of the SPA for R. prowazekii contains both
a hydrophobic region with a-helical configuration consisting
of 24 amino acids (amino acids 1356-1379, corresponding to
nt 4519-4590, Fig. 5), which could span the bacterial cell
membrane and an adjacent 16 hydrophilic amino acids in a
B-turn region (amino acids 1382-1396, corresponding to nt
4597-4641, Fig. 5) could serve, respectively, as a hydropho-
bic anchor and translocation stop. This hypothesis is consis-
tent with what is presently known about hydrophobic anchor
sequences that have been identified in transmembrane pro-
teins (32, 33). Cleavage of the SPA protein near this anchor
region would then result in a soluble surface protein with
approximately the same molecular mass (130 kDa) and almost
the identical amino acid composition as determined for R.
prowazekii-derived SPA (9). Although the calculated pI of 5.4
for the protein that results from this hypothesized cleavage
would differ from the pl of 4.1 already determined for the
SPA (34), various modifications of the protein might account
for this difference—such as phosphorylation, deamidation,
and glycosylation.
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We have compared the deduced amino acid sequence of
the spaP gene for R. prowazekii with previously published
sequences for the S-layer proteins of several prokaryotes
(35-39) and are unable to identify any major regions of
homology despite the fact that most S-layer proteins typically
have a high proportion of acidic amino acids and usually a
small amount of sulfur-containing amino acids (8). This result
seems to suggest that similar characteristics of S-layer pro-
teins of various prokaryotes did not arise via common
ancestors or via the transfer of genes among bacteria. Signal
sequences that are cleaved from mature S-layer proteins have
been demonstrated for Halobacterium, Bacillus brevis, and
Deinococcus (35-39). No cleavage of the relatively hydro-
phobic amino terminus was detected in the S-layer of Cau-
lobacter (40). The amino terminus of R. prowazekii SPA is
not very hydrophobic, does not exhibit homology to other
signal sequences, and is not cleaved in the mature protein.

In the present study we have also cloned and sequenced
spaPt, which is identical to the spaP gene but lacks the
promoter region, the ribosomal-binding site, and 1162 bp of
coding sequence located at the 5’ end of the spaP gene.
Because the SPA of R. typhi appears highly conserved among
different strains and its gene appears highly homologous to
spaPt (17), it is not readily apparent why or how spaPt is
maintained stably in R. typhi. Deletion of the 1.4-kb fragment
of DNA from an ancestor of R. typhi and R. prowazekii may
be one of many such events that occurred during divergence
of R. typhi as a species. The fact that the ORF of spaPt is
identical to that of spaP suggests that some selective pressure
exists to maintain spaPt, perhaps even an unknown func-
tional role for the protein encoded by this truncated gene.
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