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ABSTRACT Rickettsia rickettsii, the causative agent of Rocky Mountain spotted fever,
contains two immunodominant proteins, rOmpA and rOmpB, in the outer mem-
brane. Both rOmpA and rOmpB are conserved throughout spotted fever group rick-
ettsiae as members of a family of autotransporter proteins. Previously, it was dem-
onstrated that rOmpB is proteolytically processed, with the cleavage site residing
near the autotransporter domain at the carboxy-terminal end of the protein, cleav-
ing the 168-kDa precursor into apparent 120-kDa and 32-kDa fragments. The 120-
and 32-kDa fragments remain noncovalently associated on the surface of the
bacterium, with implications that the 32-kDa fragment functions as the mem-
brane anchor domain. Here we present evidence for a similar posttranslational
processing of rOmpA. rOmpA is expressed as a predicted 224-kDa precursor yet is
observed on SDS-PAGE as a 190-kDa protein. A small rOmpA fragment of ~32 kDa
was discovered during surface proteome analysis and identified as the carboxy-
terminal end of the protein. A rabbit polyclonal antibody was generated to the au-
totransporter region of rOmpA and confirmed a 32-kDa fragment corresponding to
the calculated mass of a proteolytically cleaved rOmpA autotransporter region.
N-terminal amino acid sequencing revealed a cleavage site on the carboxy-terminal
side of Ser-1958 in rOmpA. An avirulent strain of R. rickettsii lowa deficient in rOmpB
processing was also defective in the processing of rOmpA. The similarities of the
cleavage sites and the failure of R. rickettsii lowa to process either rOmpA or rOmpB
suggest that a single enzyme may be responsible for both processing events.

IMPORTANCE Members of the spotted fever group of rickettsiae, including R. rick-
ettsii, the etiologic agent of Rocky Mountain spotted fever, express at least four au-
totransporter proteins that are protective antigens or putative virulence determi-
nants. One member of this class of proteins, rOmpB, is proteolytically processed to a
passenger domain and an autotransporter domain that remain associated on the
rickettsial outer membrane. The protease responsible for this posttranslation pro-
cessing remains unknown. Here we show that another autotransporter, rOmpA, is
similarly processed by R. rickettsii. Similarities in sequence at the cleavage site and
predicted secondary protein structure suggest that all four R. rickettsii autotransport-
ers may be processed by the same outer membrane protease.

KEYWORDS Rickettsia, autotransporter proteins

ickettsia rickettsii, the tick-borne causative agent of Rocky Mountain spotted fever
(RMSF), is an obligate intracellular Gram-negative bacterium which grows and
replicates in the cytosol of host cells. R. rickettsii is a member of the spotted fever group
(SFG) of rickettsiae, which includes some species that cause disease in humans but also
species that do not cause apparent disease and appear to be commensals in ticks (1,
2). R. rickettsii is the most virulent of the SFG rickettsiae but even within the species
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shows dramatic variation in virulence. The factors contributing to virulence are poorly
understood.

Two immunodominant outer membrane proteins, rOmpA and rOmpB, comprise a
significant portion of the outer membrane proteome and S-layer (3-5) of SFG rickett-
siae. Both rOmpA and rOmpB are members of the Sca (surface cell antigen) family of
autotransporters (6, 7), which includes 17 orthologous proteins that are variably present
throughout the genus Rickettsia (8). R. rickettsii specifically contains intact forms of sca0
(rOmpA), scal, sca2, sca4, and sca5 (rOmpB). Sca2 plays a role in actin polymerization
and cytoplasmic escape (9, 10), and Sca4 binds to vinculin (11) but lacks the autotrans-
porter domain. rOmpA, rOmpB, Scal, and Sca2 have all been implicated in rickettsial
adherence and invasion of host cells (12-17).

Autotransporter proteins, also known as the type V secretion pathway, are highly
diverse and widely distributed across Gram-negative bacteria (18). In the classical
autotransporter model, an N-terminal Sec signal is followed by a hypervariable pas-
senger domain and a C-terminal translocator, also known as the transmembrane or 8
domain. Once in the periplasm, the transmembrane domain forms a pore in the outer
membrane through which the passenger domain is translocated. The passenger do-
main then becomes surface exposed or secreted into the extracellular space (18-20).
The transmembrane domain “anchor” may remain as a single peptide linked to the
passenger domain, or it may be cleaved. This cleavage can occur by accessory proteo-
lytic enzymes or autocatalysis, after which the transmembrane domain may stay
noncovalently linked to the passenger domain or completely disassociate (20-23).

Many autotransporters have a functional role in pathogenesis (24). The classical
example of autotransporters, Neisseria gonorrhoeae’s IgA protease, has immunomodu-
latory properties and cleaves human antibodies (25). Other autotransporters function as
adhesins, toxins, and esterases; however, the mechanisms by which several autotrans-
porters contribute to disease are poorly understood (24).

A previous study revealed that rOmpB, the most abundant outer membrane protein
in R. rickettsii, was posttranslationally processed by an unknown protease from a
predicted 168-kDa full-length precursor to mature 120-kDa and 32-kDa fragments (21).
The 32-kDa fragment made up of the transmembrane domain B-barrel remained
noncovalently associated with the 120-kDa passenger region. N-terminal sequencing of
the 32-kDa peptide revealed a cleavage site in rOmpB between Ala-1361 and Gly-1362.
This cleavage site is highly conserved among the virulent and avirulent strains of R.
rickettsii. In this study, we present evidence for a similar posttranslational processing of
the autotransporter rOmpA.

RESULTS

Identification of rOmpA B fragment. The outer membrane proteome of R. rickettsii
Sheila Smith was examined by standard outer membrane fractionation, followed by
separation on a sucrose gradient (Fig. 1A). The outer membrane fraction was recovered
and run on an SDS-PAGE gel for mass spectrometry (MS) analysis. A prominent band at
~32 kDa was excised and analyzed (Fig. 1B). The majority of peptides analyzed from the
excised band originated from the rOmpB B fragment; however, two peptides specific
to the rOmpA transmembrane domain were identified. In order to confirm the
findings of a possible rOmpA-derived B peptide, the outer membrane fractionation
and MS analysis were repeated. An additional two rOmpA-specific peptides were
identified (Fig. 1C). These four peptides were the only non-rOmpB peptides recov-
ered by MS analysis in the 32-kDa band. The size of the excised band and
identification of these peptides suggest that a B fragment of rOmpA exists in the
rickettsial outer membrane, most likely originating from a posttranslational pro-
cessing event similar to that of rOmpB.

Bioinformatic analysis of rOmpA and rOmpB autotransporter domains. Type Va
autotransporter proteins, of which rOmpA and rOmpB are members, follow a classic
structure of N-terminal Sec signal, hypervariable passenger domain, and C-terminal
transmembrane domain. rOmpaA is encoded by a 6,750-bp open reading frame (ORF) in
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FIG 1 Identification of rOmpA autotransporter 3 fragment. (A) Sucrose gradient fractionation of the inner
and outer membranes of R. rickettsia Sheila Smith. The percent sucrose is shown on the left y axis, and
the protein concentration (ug/ml) is shown on the right y axis. The lower band from the sucrose gradient
was collected for analysis. (B) Silver-stained polyacrylamide gel of the outer membrane fraction of R.
rickettsii Sheila Smith. An arrow indicates the band from which rOmpA and rOmpB autotransporter
peptides were identified. (C) Alignment of sequences of peptides identified by mass spectrometry with
the amino acid sequence of rOmpA. An arrowhead indicates the position of the predicated cleavage site.
Peptides identified by mass spectrometry are in bold and underlined.

the R. rickettsii genome, with an estimated molecular mass of 224 kDa (26). Within its
predicted passager domain, rOmpA contains 13 direct repeat units of approximately 75
amino acids each (26). Empirical evidence has shown that rOmpA migrates to an
apparent molecular mass of 190 kDa (or 155 kDa) on SDS-PAGE (26-29). The discovery
of an rOmpA B fragment has revealed that the discrepancy between the calculated and
observed sizes is likely due to the posttranslational processing of rOmpA.

rOmpB is encoded by a 4,965-bp ORF with a calculated molecular mass of 168 kDa
and processed into mature bands with apparent molecular masses of 120 and 32 kDa
for the passenger domain and B fragment, respectively (30). Although both are
members of the Sca autotransporter family (8), the passenger domains of these proteins
are highly dissimilar. Alignment of the transmembrane domains of the two proteins
displayed a high level of similarity and identity (45% and 28%, respectively). While the
general features of the transmembrane domain are well conserved, the relatively low
levels of specific identity allowed peptides identified by MS to be conclusively assigned
to either rOmpA or rOmpB.

The cleavage site of rOmpB was previously known and compared to the sequence
for rOmpA. A 40-amino-acid sequence beginning at the known cleavage site of rOmpB
was globally aligned with the rOmpA sequence. A single alignment having 42% identify
and 57% similarity beginning at Gly-1959 was seen in rOmpA. The alignment further
showed that four out of the first six rOmpB B fragment amino acids (GDEXXD) were
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TABLE 1 Cleavage sites of the rOmpA and rOmpB transporters compared to the
predicted cleavage sites of Scal and Sca27

Protein Passenger domain Autotransporter domain®
rOmpB VAA 1362GDEAIDNVAYG
rOmpA vSs 1059GDEDMDAKFGA
Scal VGA 156sGDEEESHIKRG
Sca2 IGA 1561GDEETSINRGV

aThe last 3 amino acids of the passenger domain and the first 10 N-terminal amino acids of the
autotransporter domain are shown.
bThe conserved GDE sequence is shown in bold.

conserved in rOmpA as well. This site, which would cleave rOmpA into 190- and 32-kDa
fragments, was considered a putative cleavage site for proteolytic processing. All
additional Sca proteins in the R. rickettsii strain Sheila Smith genome containing intact
transmembrane domains were aligned against this consensus sequence. Alignment
revealed that all intact Sca proteins in strain Sheila Smith contain a conserved GDE
sequence (Table 1).

The rOmpB and rOmpA B fragments maintain a high degree of biochemical simi-
larity and are virtually inseparable on a standard one- or two-dimensional polyacryl-
amide gel. The rOmpA and rOmpB B fragments had calculated masses of 32.1 and 31.8
kDa and pls of 9.03 and 9.09, respectively. Hydrophobicity plots and structural model-
ing of the B fragments revealed that the two fragments had a high degree of
conformational similarity, with comparable compositions of hydrophobic and polar
amino acids (Fig. 2). In order to confirm the cleavage site of rOmpA, recovery of the 8
fragment and N-terminal amino acid sequencing were performed. The recovery of the
rOmpA B fragment was not possible due to the nearly identical biophysical properties
between the rOmpA and rOmpB 8 fragments. Furthermore, the rOmpA B fragment is
much less abundant, as it has been reported that the molar ratio of rOmpB to rOmpA
is 9:1 (3). Because of the nearly identical properties of the B fragments of rOmpA and
rOmpB, the band contained a mixture of both rOmpA and rOmpB. N-terminal
Edman degradation revealed predominantly the rOmpB B fragment; however,
secondary signals corresponding to 5 of the 6 unique amino acids in the first 10
amino acids of the rOmpA B fragment were also observed (Table 2). The last two
amino acids of this sequence overlapped the first two amino acids of the first tryptic
fragment of rOmpA observed by mass spectroscopy (Fig. 1C). The sequence ob-
tained by these peptides confirmed the predicted cleavage site of rOmpA between
Ser-1958 and Gly-1959.

€240 antibody is specific to rOmpA autotransporter region. An antipeptide
antibody, c240, specific to the transmembrane domain of rOmpA, was developed in
rabbits. Immunoblotting (Fig. 3) revealed that the c240 antibody was reactive with a
band of 32 kDa in lysates of Sheila Smith but was absent from both lowa and the
rompA:int312 strains, which do not produce rOmpA (31, 32).

An R. rickettsii lowa strain variant expressing rOmpA displays defects in rOmpA
processing. R. rickettsii lowa is an avirulent spotted fever group rickettsia that was
originally described as displaying marked changes in virulence, from mildly virulent to
virulent to avirulent over many egg passages (33). A high-egg-passage variant (291 egg
passages [EP]) was found to display a processing defect in rOmpB and the absence of
rOmpA (21, 32). Recently, we discovered a seed stock from an early egg passage (4 EP)
which was plaque purified on Vero cells and examined for differences. Two distinct
plaque morphologies were observed (Fig. 4A): a large plaque (L) and a small plaque (S).
Both were expanded for further characterization. Both the large- and small-plaque lowa
variants formed actin tails (Fig. 4B); thus, the difference in plaque size cannot be
attributed to a failure to polymerize actin (9). The L clone displayed a higher growth
rate than the S clone (Fig. 4C) and exhibited characteristics similar to those of the
high-passage-number R. rickettsii lowa described previously (21, 32).

An R. rickettsii lowa variant expresses rOmpA. The small- and large-plaque
variants of R. rickettsii lowa were density gradient purified for analysis by SDS-PAGE
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FIG 2 Structural prediction and hydrophobicity plots of rOmpA, rOmpB, Scal, and Sca2 autotransporter
regions. Amino acid sequences of the autotransporter region of rOmpA, rOmpB, Scal, and Sca2 were
analyzed by the Phyre2 protein modeling and prediction program. The model is colored based on
sequence position from the N (blue) to the C (red) terminus. Ribbons represent 8 pleated sheets, coils
represent « helices, and thin strands represent amino acid chains not predicted to affect secondary
structure. Hydropathy plots of the autotransporter regions were created using EMBOSS Pepwindow. MW,
molecular weight (in thousands).

(Fig. 5A). Multiple high-molecular-mass bands were excised for identification by mass
spectrometry. Surprisingly, the small-plaque variant of the lowa strain was found to express
rOmpA. The large-plaque variant exhibited a similar profile as the high-egg-passage strain,
with relatively more of the unprocessed precursor of rOmpB than the mature form. The
presence of rOmpA on the lowa small clone was confirmed by immunofluorescence (Fig.
5B) using a monoclonal antibody specific to rOmpA (27).

Genomic sequence analysis of the lowa large- and small-plaque variants. The R.
rickettsii lowa large- and small-plaque variants were submitted for comparative genome
sequencing. Importantly, the two variants displayed all the single-nucleotide polymor-
phisms that distinguished the lowa strain from the virulent Morgan strain (34), thus

TABLE 2 N-terminal sequence identification of the rOmpA and rOmpB S fragments

Fragment Sequence? Protein
First GDEAIDNVAY rOmpB
Second * %k _M* AKFG rOmpA

aAn asterisk indicates identity; a dash indicates no secondary sequence call.
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FIG 3 Western blot using antibody specific to rOmpA autotransporter. A Western blot of whole-cell
rickettsial lysates probed with a specific antibody, c240, generated to the autotransporter region of
rOmpaA is shown. The peptide identified by Western blotting is specific only to strains carrying rOmpA
and is the size predicted by cleavage of the autotransporter. Lanes: SS, Sheila Smith strain; KO, Sheila
Smith ompA:int312 strain; lowa, lowa strain.

confirming both as members of the R. rickettsii lowa lineage (Table 3). In addition, the
small-plaque variant contains an 11-bp insertion in Rrlowa_0029, encoding the auto-
transporter Scal, which disrupts the open reading frame to prematurely truncate Scal
at amino acid 74 (Table 4). Both the large- and small-plaque variants of lowa lack the
1-bp deletion within ompA that truncates rOmpA of the high-passage-number refer-
ence lowa strain at amino acid 184 (and showing here as a single-base-pair insertion
relative to strain lowa). This single-base-pair insertion restores the open reading frame
of rOmpA in both the large- and small-plaque variants. In the large-plaque variant, a
subsequent 11-bp deletion disrupts the open reading frame and truncates rOmpA at
amino acid 792 within the repeat region. The small-plaque variant, however, contains
an in-frame 891-bp deletion within the repeat region that internally shortens the
mature protein by 297 amino acids or approximately four repeat units but leaves the
autotransporter domain intact (Fig. 6).

Defective processing of rOmpA by the lowa strain. Because the small-plaque
variant of the lowa strain expresses rOmpA, we were able to examine whether it
displayed a deficiency in the processing of rOmpA similar to that observed for rOmpB
(21). Immunoblotting with monoclonal antibody 13-3 (27) identified a single, mature
rOmpA band of R. rickettsii Sheila Smith and Hino but identified two high-molecular-
mass species in the lowa small-plaque variant. This profile is reminiscent of that of
rOmpB in the lowa strain, which exhibits both the unprocessed precursor and the
proteolytically processed mature form. As previously shown (32) and confirmed by DNA
sequencing, the high-egg-passage lowa strain and the large clone do not express
rOmpA (Fig. 7A). Immunoblotting with the c240 antibody against the autotransporter
domain of rOmpA confirmed the predominant presence of the unprocessed precursor
form of rOmpA in the small-plaque variant with a lesser amount of the cleaved
fragment (Fig. 7B). No unprocessed precursor is detected in either of the two virulent
strains examined, and only the cleaved B fragment is observed. All of the lowa variants
are defective in the processing of rOmpB (Fig. 7C).

Early-passage lowa strains show no evidence of virulence in an animal model.
Because the lowa strain had been reported to exhibit fluctuating virulence through
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FIG 4 R. rickettsii lowa low-egg-passage large- and small-plaque morphologies. (A) Vero cell monolayers
infected with a low-passage-number (4 EP) lowa strain revealed two distinct plaque types. A large-plaque
variant (L) and a small-plaque variant (S) were subsequently cloned and expanded for further study. (B) Actin
polymerization by the L and S variants. Monolayers of Vero cells were infected with the lowa strain L and S
variants for 24 h. Rickettsiae were detected by indirect immunofluorescence using monoclonal antibody 13-2
(1) to rOmpB; F actin was stained with 10 U/ml of rhodamine phalloidin. Bar, T mm. (C) Growth curve of the
lowa strain L and S variants. Rickettsiae were grown in Vero cells at 34°C, and samples were taken for cell
disruption and for replating the lysates to enumerate the PFU. Data points are the means from three
replicates. Error bars representing the standard errors of the mean (SEM) are not visible under the symbols.

early laboratory passages (33), we tested the early large- and small-plaque variants of
the lowa strain for comparison to high-passage-number lowa and the virulent Sheila
Smith strain in a guinea pig model of infection (Fig. 8). None of the lowa variants
elicited fever in this model, regardless of the presence of rOmpA. All variants infected
the animals, as demonstrated by seroconversion. Inoculation with the same mass of
formalin-killed rickettsiae as used for infection did not lead to seroconversion, indicat-
ing that replication had occurred.

DISCUSSION

Autotransporters represent a class of proteins which are transported to the outer
membrane of Gram-negative bacteria without external sources of energy (25). Auto-
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FIG 5 The presence of rOmpA in the small-plaque lowa strain was confirmed by mass spectrometry and
immunofluorescence. (A) Coomassie brilliant blue-stained SDS-PAGE gel of rickettsial L and S lowa
variants. The high-molecular-weight bands were excised and identified by mass spectrometry. MW,
molecular weight in thousands. (B) Immunofluorescence with a monoclonal antibody to rOmpA confirms
the presence of the protein in the S but not the L variant. «, anti.

transporters are a large and diverse family of proteins but share a structure with an
N-terminal secretory signal peptide, a passenger domain containing diverse sequences
conveying an array of functions, and a conserved carboxy-terminal transmembrane (B)
domain which functions to translocate the passenger domain across the bacterial outer
membrane (18-20). The passenger domains are frequently associated with virulence
functions (24). R. rickettsii encodes at least four autotransporters: rOmpA, rOmpB, Scal,
and Sca2. rOmpA and rOmpB are protective immunogens, and both of these proteins
have been implicated in adhesion and/or entry based on either inhibition by specific
antibodies (13, 15, 35) or altered interactions of Escherichia coli expressing these with
host cells (12, 14). Sca2 is a nucleator of actin and is involved in the actin-based motility
common to spotted fever group rickettsiae (9, 10). Here we show that like the B
fragment of rOmpB (21, 30), the B fragment of rOmpA is proteolytically cleaved from
the precursor and that all putative autotransporters of R. rickettsii possess an identical
GDE sequence at the predicted cleavage site.

The similarities of the rOmpA and rOmpB B domains had previously prevented

TABLE 3 Nonsynonymous SNPs distinguishing lowa and confirming the large- and small-plaque variants@

Journal of Bacteriology

SNP
Small-plaque Large-plaque

Coordinate Gene lowa variant variant Morgan M_aa Product
65860 Rrlowa_0091 A A A G S260G  Succinate dehydrogenase iron-sulfur subunit
194500 Rrlowa_0228 A A A G K13E Hypothetical protein
229483 Rrlowa_0265 A A A C Lew Prolyl endopeptidase family
250900 Rrlowa_0290 A A A G *68W  Hypothetical protein/ankyrin
857393 Rrlowa_1080 A A A G M257T Arp2/3 complex activation protein/RickA
882319 Rrlowa_1113 T T T G D27A  Hypothetical protein/ankyrin repeat
1036868 Rrlowa_1321 T T T C K99E  RNase H
1090471 Rrlowa_1396 A A A G 14M Hypothetical protein/endonuclease subunit
1127496 Rrlowa_1431 A A A G K208R Methyltransferase
1252300 Rrlowa_1582 A A A G F25S Type | restriction-modification system methylation subunit

aSingle-nucleotide polymorphisms (SNPs) which distinguish the R. rickettsii lowa strain from Sheila Smith, R, and Morgan strains (34). Coordinates are from the

reference lowa strain (CP000766.3). M_aa, amino acid change in Morgan relative to the lowa strain. The asterisk indicates a stop codon.
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TABLE 4 Indels unique to lowa variants?

Indel size (bp)

Small-plaque Large-plaque
Coordinate Gene lowa variant variant Morgan Type Product
20389 Rrlowa_0029 11 Insertion Scal
376310 Rrlowa_0450 1 Insertion Hypothetical protein
1128779 Rrlowa_1432 3 Deletion Hypothetical protein
1180402 Rrlowa_1493 891 Insertion Outer membrane protein A
1180004 Rrlowa_1493 11 Deletion Outer membrane protein A
1181871 Rrlowa_1494 1 1 1 Insertion Outer membrane protein A

9Insertions and deletions which distinguish the R. rickettsii lowa strain from the lowa strain variants and from the Morgan strain. Coordinates are from the reference
lowa strain (CP000766.3).

identification of the rOmpA B fragment. rOmpB is the most predominant protein on the
rickettsial outer membrane and has a molar concentration roughly 9 times higher than
that of rOmpA (3, 36-38). The rOmpA and rOmpB B fragments have nearly identical
masses (32.1 kDa and 31.7 kDa, respectively) and pls (9.37 and 9.48) and thus migrate
to the same position on both one- and two-dimensional gels, obscuring the rOmpA B
fragment. It has been suspected that rOmpA may be processed, since the observed size
of rOmpA is significantly smaller than its predicted form. The evidence for an rOmpA
postprocessing event accounts for this discrepancy in size.

Rickettsia species have reduced genomes (7, 39) reflected in the fragmented distribution
and pseudogenization of Sca proteins within the genus (8), yet rOmpA is conserved within
the spotted fever group and rOmpB is conserved throughout the Rickettsia genus. Further-
more, there is evidence that both rOmpA and rOmpB evolve under positive selection (8).
However, rOmpA is not essential for replication in vitro (32) and does not contribute to
virulence in a guinea pig model of infection (31). The fact that rOmpA is evolutionarily
conserved among spotted fever group rickettsiae in nature suggests that it may have an
essential role in other aspects of rickettsial natural history, such as survival in the tick host.

The processing of autotransporters in R. rickettsii and the display of mature proteins
on the outer membrane are likely important events in rickettsial pathogenesis. rOmpB
is expressed as a precursor of approximately 168 kDa that is then cleaved into a mature
120-kDa passenger domain and 32-kDa B fragment (21, 30). A fully attenuated strain of
R. rickettsii, lowa, contains a defect in the processing of rOmpB and is the only known
strain to date that carries this processing defect (34). Observations of the pre- and
postprocessed forms of rOmpB in lowa revealed that the immature, unprocessed
protein is the dominant form in vivo (21).

The discovery of an early-egg-passage aliquot was fortuitous. When the lowa strain
was first described (33), plaque purification procedures for rickettsiae had not yet been
developed. Plaque assay of this early-egg-passage seed stock identified two distinct
plaque types that were confirmed as the lowa strain by the presence of unique
single-nucleotide polymorphisms. One of these variants expressed a nearly intact
rOmpA, although it exhibited an in-frame 891-bp deletion in the repeat region of the
gene that caused it to be somewhat truncated. The other variant, like the high-egg-
passage lowa strain originally described (33), was truncated within the repeat region at
a site downstream of the high-egg-passage reference lowa strain. These observations

1 184 792 1952 2249
L 1 2 1 |
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FIG 6 Schematic of the truncations of the R. rickettsii rOmpA autotransporter from the high- and low-passage-number variants of the lowa strain in comparison
to that from the virulent Sheila Smith strain.
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FIG 7 Defect of processing of rOmpA in the R. rickettsii low-egg-passage lowa small-plaque variant. (A)
Immunoblot of the low-egg-passage lowa small (S)- and large (L)-plaque variants, high-egg-passage
lowa, and virulent R. rickettsii Sheila Smith (SS) or Hino strains with a monoclonal antibody (13-3) against
the rOmpA passenger domain («, anti). The unprocessed precursor forms are indicated by white
arrowheads, and the proteolytically processed passenger domains are indicated by black arrowheads. (B)
Immunoblot of strains described for panel A using the rabbit polyclonal antibody against the rOmpA B
fragment. The unprocessed precursor forms are indicated by white arrowheads, and the proteolytically
processed autotransporter domains are indicated by black arrowheads. (C) Immunoblot against rOmpB
using a polyclonal rabbit antibody against the passenger domain of rOmpB demonstrating the deficiency
in rOmpB cleavage by all of the lowa variants. It is important to note that this particular antibody
preferentially recognizes the processed, passenger domain of rOmpB despite its being a relatively minor
species in the lowa strain.

suggest that the loss of rOmpA occurred relatively soon after isolation and further imply
that the presence of an unprocessed rOmpA may be deleterious to the rickettsiae.
rOmpA is not essential for replication in cell culture or mammals (31, 32), and the
unprocessed form appears to be selected against in laboratory passage. The finding
that Scal was truncated in one of the lowa variants suggests that the presence of any
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FIG 8 Determination of virulence of R. rickettsii lowa low-egg-passage large- and small-plaque variants
in guinea pigs. Female Hartley guinea pigs were inoculated intraperitoneally with 1,000 PFU. Animal
temperatures were monitored for 14 days. Each point represents the mean temperature for five
animals = SEM.
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of the autotransporters in an unprocessed form may be deleterious to the rickettsiae.
Notably, rOmpB has not been observed to be truncated or disrupted in the lowa strain,
although it is processed inefficiently. rOmpB is conserved among all rickettsiae of both the
spotted fever and typhus groups and thus may be essential (8). Interestingly, whatever
defect is present in the putative outer membrane protease that is apparently responsible
for the processing of both rOmpB and rOmpA, it appears to not completely block proteo-
lytic processing but only reduces the efficiency. We speculate that the small amount of
correctly processed rOmpB may be sufficient to allow growth in cell culture and that
complete disruption of the putative outer membrane protease may be toxic.

Autotransporters may be postprocessed either through autocatalysis or cleavage by
an outer membrane protease. The findings here suggest that both rOmpA and rOmpB
are cleaved through an external process and not through autocatalysis. The amino acid
sequence of rOmpB from lowa does not contain amino acid sequence differences from
other processed forms of rOmpB from the closely related virulent Morgan, Hauke, and
Hino strains (34), none of which contain any demonstrable error in rOmpB processing.
Therefore, the possibility that a genetic mutation has impaired the autocatalytic activity
of rOmpB in lowa is remote. Currently, the only known strain defective for the
postprocessing of rOmpB is lowa, which is also defective in the production of rOmpA.
Autotransporters may not only have functions in pathogenesis such as host activity
modulation, motility, and cytotoxicity but may also themselves function as proteases
that process other transporters (40). We had previously questioned whether the
absence of rOmpA from the lowa strain might account for the lack of processing of
rOmpB (32). An isogenic rompA mutant (31) in the highly virulent Sheila Smith strain is
able to process rOmpB in a manner identical to the wild type. Therefore, the ability of
R. rickettsii to process rOmpB does not seem to depend on the presence of rOmpA.
Furthermore, sequence analysis of the four intact Sca proteins in R. rickettsii revealed a
motif with a consensus GDE amino acid sequence immediately downstream of the
predicted cleavage sites, suggesting that a specific outer membrane protease may be
responsible for the processing of all the R. rickettsii autotransporters.

MATERIALS AND METHODS

Rickettsial strains and purification. R. rickettsii strains Sheila Smith and lowa (33) were grown and
propagated in Vero cells in M199 medium and purified by Renografin density gradient centrifugation
(41). Density gradient-purified bacteria were then serially diluted and plated onto Vero cells and overlaid
with M199 agar to determine the number of PFU by plaque assay (32). Direct rickettsial counts were
performed in parallel by acridine orange staining and filtration onto black Nuclepore filters essentially as
previously described (43).

Comparative genome sequencing. R. rickettsii genomic DNA from approximately 1 X 10'° purified
organisms was extracted using an UltraClean microbial DNA isolation kit (Mo Bio). Approximately 2 ug
of genomic DNA was provided to the Rocky Mountain Laboratories Genomics Core Facility for compar-
ative genome sequencing. DNAs from the R. rickettsii lowa large-plaque and small-plaque variants were
compared to R. rickettsii reference strain lowa (CP000766). Libraries were run as 2 X 300 bp paired-end
reads on an lllumina MiSeq sequencer, which produced ~10 million reads per sample. Reads were
trimmed for TruSeq Adapter sequence and trimmed and filtered for low-quality sequence using the FASTX-
Toolkit. The resulting reads were mapped to the R. rickettsia strain lowa genome (CP000766.3) using Bowtie2
(44). The assembly was corrected using the Pilon (45) genome assembly improvement tool.

Bioinformatic analysis of rOmpA. rOmpA (A1G_06990), rOmpB (A1G_06030), Scal (A1G_00130),
and Sca2 (A1G_00670) sequences were from the R. rickettsii Sheila Smith genome (RefSeq NC_009882.1).
Global pairwise alignment of rOmpA and rOmpB was performed using EMBOSS Stretcher with the
Needleman-Wunsch algorithm for alignment optimization. Hydropathy plots of the amino acid se-
quences of rOmpA and rOmpB from the annotated autotransporter domain were performed using the
Kyte-Doolittle moving-scale average (46). Structural prediction and modeling of the rOmpA, rOmpB,
Scal, and Sca2 autotransporter domains were accomplished using the Phyre2 suite (47). Multilocus
sequence alignment of all Sheila Smith Sca proteins was accomplished using Clustal Omega (48).

Membrane fractionation. Membrane fractionation of R. rickettsii was as described previously with
some modifications (42, 49, 50). Briefly, density gradient-purified R. rickettsii bacteria were pelleted, and
approximately 5 X 10° bacteria were washed in TE (50 mM Tris [pH 7.5], 5 mM EDTA) with 1 mM
dithiothreitol (DTT) and resuspended in buffer L (50 mM Tris [pH 7.5], 5 mM EDTA, 1 mM DTT, 250 mM
sucrose, 50 ug/ml DNase) supplemented with X ProBlock Gold bacterial 2D protease inhibitor cocktail
(Goldbio, St. Louis, MO). Cells were then ruptured in a cell disruption vessel by nitrogen cavitation (Parr
Instrument Company, Moline, IL). After bacterial lysis, disrupted cells were centrifuged at 4,000 rpm for
10 min at 4°C in order to remove intact cells. The crude lysate was then pelleted by centrifugation in an
SW41 swinging-bucket rotor at 175,000 X g for 1 h at 4°C. The membrane pellet was resuspended in
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buffer L and then layered over a sucrose gradient from 35 to 50%, and the gradient was centrifuged in an
SW41 rotor for 16 h at 4°C. Fractions were collected in 500-ul aliquots. The outer membrane fraction was
pooled and run on a 10% polyacrylamide gel.

Mass spectrometry of rickettsial proteins. The outer membrane fraction of R. rickettsii Sheila Smith
was separated by SDS-PAGE and stained with a SilverQuest silver stain kit. Whole-cell lysates of R. rickettsii
Sheila Smith, lowa, and the large- and small-plaque variants of early-egg-passage lowa were run on
SDS-PAGE gels and stained with Coomassie brilliant blue. The bands of interest were excised, and the gel
slices were processed essentially as described previously (51). Matrix-assisted laser desorption ionization-
time of flight spectra were collected using an Applied Biosystems 4800 MS/MS MALDI TOF/TOF analyzer.

Antibody production. A polyclonal rabbit antibody to the  fragment of rOmpA was contractually
developed (Thermo Scientific, Atlanta, GA). The distal carboxy-terminal end of the rOmpA protein was
selected as a potential target, and a custom peptide with the sequence KQSKTSFDVGVGVTAKHK was
generated. The peptide is initiated ~240 amino acids downstream of the annotated autotransporter
domain and was thus labeled “c240.” Two rabbits were immunized, and antibody from the terminal bleed
for each animal was then antigen affinity purified.

Immunoblotting, immunoprecipitation, and immunofluorescence. Immunoblot analyses with
monoclonal antibodies (MAbs) 13-2 (anti-rOmpB) and 13-3 (anti-rOmpA) or affinity-purified c240 anti-
body (27) were performed as previously described (31).

Immunofluorescence was performed with MAbs 13-2 and 13-3 and rabbit polyclonal antibody c240.
Vero cells were infected with rickettsiae at a multiplicity of infection (MOI) of 5 overnight at 37°C in M199
medium. Monolayers were fixed in 3.7% paraformaldehyde and permeabilized with phosphate-buffered
saline (PBS) with 0.01% Triton X-100 and 0.05% sodium dodecyl sulfate (SDS). Fixed coverslips were
stained with a rabbit anti-R. rickettsii antibody and either MAb 13-2 or 13-3, washed, and detected with
anti-mouse antibody-Alexa Fluor 488 or anti-rabbit antibody-Alexa Fluor 594. Images were acquired on
a Nikon Eclipse 80i microscope with a 60X 1.4-numerical-aperture oil immersion objective and a Nikon
DS-QiTMc camera.

N-terminal sequencing. Outer membrane fractions or whole-cell lysates of R. rickettsii Sheila Smith
were transferred to a polyvinylidene difluoride (PVDF) membrane as described above. The membrane
was stained with amido black (0.1% amido black 10B, 25% isopropanol, 10% acetic acid) for 10 min,
followed by destaining with several changes of distilled water. The appropriate 32-kDa bands were cut
and submitted for N-terminal amino acid sequence determination by Edman degradation at the
University of Nebraska Protein Structure Core Facility (Omaha, NE).

Guinea pig inoculations. Female Hartley strain guinea pigs (average weight, 400 g) were purchased
from Charles River Laboratories, MA, and housed in an animal biosafety level 3 laboratory under a
protocol approved by the Rocky Mountain Laboratories Animal Care and Use Committee (protocol
2009-42). Guinea pigs were inoculated intraperitoneally with R. rickettsii strains Sheila Smith, lowa, and
lowa large- and small-plaque variants at 1,000 PFU. Guinea pigs were inoculated intraperitoneally with
the same amount of formaldehyde-fixed strain Sheila Smith or an equal volume of diluent control.
Animal temperatures were monitored for 14 days after infection. The animals were sacrificed on day 30
after collection of sera via heart puncture under deep anesthesia.

Accession number(s). Genome sequence and annotation files have been deposited in GenBank
under accession numbers CP018914 for the R. rickettsii lowa small-plaque variant and CP018913 for the
R. rickettsii lowa large-plaque variant.
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