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Long-Term Survival of Borrelia burgdorferi Lacking the Hibernation
Promotion Factor Homolog in the Unfed Tick Vector
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Borrelia burgdorferi, a causative agent of Lyme borreliosis, is a zoonotic pathogen that survives in nutrient-limited environ-
ments within a tick, prior to transmission to its mammalian host. Survival under these prolonged nutrient-limited conditions is
thought to be similar to survival during stationary phase, which is characterized by growth cessation and decreased protein pro-
duction. Multiple ribosome-associated proteins are implicated in stationary-phase survival of Escherichia coli. These proteins
include hibernation-promoting factor (HPF), which dimerizes ribosomes and prevents translation of mRNA. Bioinformatic
analyses indicate that B. burgdorferi harbors an hpf homolog, the bb0449 gene. BB0449 protein secondary structure modeling
also predicted HPF-like structure and function. However, BB0449 protein was not localized in the ribosome-associated protein
fraction of in vitro-grown B. burgdorferi. In wild-type B. burgdorferi, bb0449 transcript and BB0449 protein levels are low dur-
ing various growth phases. These results are inconsistent with patterns of synthesis of HPF-like proteins in other bacterial spe-
cies. In addition, two independently derived bb0449 mutants successfully completed the mouse-tick infectious cycle, indicating
that bb0449 is not required for prolonged survival in the nutrient-limited environment in the unfed tick or any other stage of
infection by B. burgdorferi. We suggest either that BB0449 is associated with ribosomes under specific conditions not yet identi-
fied or that BB0449 of B. burgdorferi has a function other than ribosome conformation modulation.

Lyme disease, the most common tick-transmitted disease in the
United States (1), is caused by infection with the spirochete
Borrelia burgdorferi (2, 3). This pathogen’s complex infectious cy-
cle includes an Ixodes tick vector and multiple vertebrate hosts.
The Ixodes tick vector, like all hard ticks, has three developmental
stages: larva, nymph, and adult. Typically, larval ticks become in-
fected with B. burgdorferi by feeding on an infected vertebrate
host, often a small mammal. B. burgdorferi survives within the tick
midgut (2) as larval ticks molt into nymphs (transstadial passage)
and the nymphs wait to feed again, which can include overwinter-
ing (4, 5). Following the larval molt, infected nymphs can transmit
B. burgdorferi to naive vertebrate hosts, which, in turn, serve as a
reservoir of spirochetes for larval ticks. After fed nymphs molt,
infected adult ticks can also transmit B. burgdorferi, but adults
typically feed on larger animals upon which larvae do not feed.
Moreover, little or no transovarial transmission of spirochetes oc-
curs (6, 7). Therefore, adult ticks do not significantly contribute to
the maintenance of B. burgdorferi populations (8), and neither do
humans, which are incidental hosts of B. burgdorferi. Hence, the
larval and nymphal tick life stages are relevant to the zoonotic life
cycle of B. burgdorferi.

It has been generally accepted that B. burgdorferi populations
are sustained in nature by the long-term infection of vertebrate
hosts (9). However, Lindsay et al. (10) suggested that overwinter-
ing ticks play an important role in maintaining B. burgdorferi pop-
ulations. These authors postulated that infected nymphs that sur-
vive through the winter can infect vertebrate hosts in the spring,
upon which tick larvae can feed in the summer to acquire B. burg-
dorferi (10). This would result in infected larvae that molt and
overwinter as infected nymphs. The midgut of the nymphal tick
when overwintering is likely to be a nutrient-limited environ-
ment, because the larval tick digests blood meal nutrients prior to
molting (11). We are interested in identifying mechanisms that B.
burgdorferi uses to survive within the dormant tick vector.
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Generally, bacteria employ several mechanisms to combat
stressful conditions such as nutrient-limited environments (re-
viewed in reference 12). One such mechanism found in B. burg-
dorferiis the stringent response, which relies on the production of
an alarmone, guanosine tetraphosphate (ppGpp), to ultimately
increase protein recycling (13—18). Another mechanism is the reg-
ulation of global protein translation levels by modulating ribo-
some activity. Three proteins have been implicated in this form of
protein translation control in Escherichia coli: ribosome modula-
tion factor (RMF), YfiA (also called pY or RaiA), and hibernation-
promoting factor (HPF; previously called YhbH). RMF binds to
the 70S ribosome, making a 90S ribosome in which the Shine-
Dalgarno (SD)—anti-SD helix region on the 30S ribosomal sub-
unit is covered by RMF and incoming mRNA transcript is blocked
(19). HPF subsequently binds to 90S ribosomes and covers the A-
and P-sites on the 30S ribosomal subunit, preventing binding of
initiator tRNA (19). Ultimately, RMF and HPF dimerize ribo-
somes, rendering them translationally inactive (12, 19-25). In
contrast, YfiA binds to the 30S subunit of 70S ribosomes, overlap-
ping the A- and P-sites, and prevents association of ribosomes
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TABLE 1 B. burgdorferi strains used in this study

B. burgdorferi HPF Homolog BB0449 Is Dispensable

Strain name* Full name Description” Reference(s)
WT B31-S9 (also called Transformable, infectious A3 derivative; gene bbe02, encoding a 35, 36
B31-A3-68Abbe02) restriction-modification enzyme, replaced with streptomycin
resistance cassette
bb0449A1-97 B31-S9bb0449A1-97::flaB,,-kan Full open reading frame deletion-insertion of kanamycin This study
resistance cassette at bb0449 locus, deletion of last 3 amino
acids of RpoN ORF
bb0449A4-97 B31-S9bb0449A4-97::flaB,,-kan Deletion of amino acids 4 to 97 and insertion of kanamycin This study
resistance cassette at bb0449 locus, leaving rpoN intact
bb0449™* B31-89-bb0449" -flgB,-aacCl1 Allelic reconstitution of bb0449 in bb0449A4-97, marked with This study

gentamicin resistance cassette

7 Strain name denotes an abbreviated name used in this manuscript; full strain names are shown adjacent.

b All strains are missing plasmids cp9, Ip5, and Ip56 as determined by PCR analysis.

with tRNAs (26, 27). YiA-bound ribosomes are 70S monomers
that have been rendered translationally inactive.

The majority of ribosome inactivation/hibernation studies
that focused on HPF have studied the biochemistry of ribosome-
protein interactions and in vitro ribosome analysis to show that
HPF is required for ribosome dimerization (19, 20, 24, 28-31).
There have been several other studies that used genetic techniques
to address biological phenotypes of hpf-deficient strains. Deletion
of hpfin E. coli, and of an hpfhomolog in Lactococcus lactis, shows
that the gene products are involved in ribosome dimerization, and
mutants lacking HPF exhibited subtle effects on bacterial survival
in E. coli and recovery of L. lactis following starvation (21, 32). In
addition, deletion of the Listeria monocytogenes hpfhomolog elim-
inated ribosome dimerization and impaired tissue colonization in
two mouse infection models (33), while deleting the ipf homolog
in Erwinia amylovora, a plant pathogen, rendered this pathogen
noninfectious to tobacco leaves and immature pear fruits (34).
These studies suggest that HPF plays a role in bacterial survival in
vitro and perhaps in vivo.

The goal of our study was to determine if B. burgdorferi has
RMEF, YfiA, or HPF homologs, and if so, whether they regulate
ribosome conformation to increase bacterial survival. We also
wanted to ascertain if such a mechanism is important in the infec-
tious cycle, specifically, for survival of B. burgdorferi under the
nutrient-limited conditions of infected ticks using a simulated
overwintering phase.

MATERIALS AND METHODS

Bacterial strains and culture conditions. All B. burgdorferi strains used
were derived from strain B31-S9 (also called B31-A3-68Abbe02), referred
to as wild type (WT) in this study, which is an infectious derivative of the
B31 clone A3 that has increased transformation efficiency due to the ab-
sence of native restriction-modification systems (35-37) (Table 1).
B31-S9 and its derivatives all lack cp9, Ip5, and 1p56, as determined by
PCR analysis. Spirochetes were grown in Barbour-Stoenner-Kelly II
(BSKII) medium (38) supplemented with 6% rabbit serum (Pel-Freez
Biologicals, Rogers, AR, USA) at 35°C or in solid BSK medium, as de-
scribed previously (39). All B. burgdorferi-containing plates were incu-
bated at 35°C and in 2.5% CO,. DNA manipulations were performed in E.
coli TOP10 cells (Life Technologies, Carlsbad, CA, USA) grown at 37°C in
Luria broth.

Identification of homologous B. burgdorferi proteins. Amino acid
sequences of E. coli RMF (NC_000913.3), YfiA (NC_007779.1), and HPF
(NC_000913.3) were compared with the translated B. burgdorferi B31
genome (NC_001318.1) in the NCBI database using BLASTp 2.2.28+. A
B. burgdorferi protein sequence identified as similar was aligned with the
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E. coli protein sequence using the MacVector program (version 12.7.5)
(MacVector, Inc., Cary, NC, USA).

BB0449 protein secondary structure modeling. The Phyre2 open-
source modeling program was used to generate secondary structure mod-
els of BB0449, which were then compared to HPF cocrystallized with
ribosomes from Thermus thermophilus (PDB accession number 3V26)
using the open-source Visual Molecular Dynamics (VMD) program (40,
41). Influence of amino acid side chains was estimated by visually over-
lapping the crystallized HPF and modeled BB0449 proteins in VMD. Sec-
ondary structure modeling was also completed with the SWISS-MODEL
(42-45), I-Tasser (46—48), RaptorX (49-51), and HHPred (52, 53) mod-
eling programs.

qRT-PCR. Total RNA was extracted from B. burgdorferi cultures using
TRIzol reagent, according to the manufacturer’s protocol (Life Technol-
ogies, Grand Island, NY, USA), and cDNA was produced as previously
described (54). Briefly, RNA was extracted by lysing spirochetes in TRIzol
reagent, extracting RNA in chloroform, precipitating it in isopropanol,
and resuspending it in RNase-free water. Contaminating DNA was re-
moved by treatment with the Turbo DNA-free kit according to the man-
ufacturer’s instructions (Life Technologies), and ¢cDNA was produced
using the high-capacity cDNA reverse transcriptase kit (Life Technolo-
gies) according to the manufacturer’s instructions. Quantitative reverse
transcriptase PCRs (QRT-PCRs) were performed as described previously
(54) with TagMan Universal PCR master mix (Life Technologies) and
gene-specific primers and probe sets (see Table S1 in the supplemental
material) (Integrated DNA Technologies, Coralville, IA, USA, or Sigma-
Aldrich, St. Louis, MO, USA). Experiments were performed in biological
and technical triplicates, and experimental results were analyzed on a
Viia7 real-time PCR system with the Viia7 software package (Life Tech-
nologies). The qRT-PCR data were analyzed using a standard curve gen-
erated with purified total genomic DNA (Qiagen, Alameda, CA, USA),
representing a defined number of genome equivalents, as calculated from
the DNA concentration and B. burgdorferi genome size. Transcripts are
represented per 1,000 flaB transcripts and were analyzed with a Kruskal-
Wallis test with Prism 6 statistical analysis software (GraphPad, La Jolla,
CA, USA).

BB0449 polyclonal antiserum production. The gene sequence of
bb0449 was codon optimized for E. coli expression, synthesized, and
cloned into the pUC57-Kan vector with added endonuclease restriction
sites Ndel and BamHI at the 5" and 3" ends of bb0449, respectively (Ge-
newiz, South Plainfield, NJ, USA). Optimized bb0449 was removed from
pUC57-Kan by Ndel-BamHI digestion and ligated with similarly digested
pET-28a(+) vector, adding an in-frame amino-terminal 6-histidine tag
to BB0449. This vector was then transformed into BL21(DE3)pLysS E. coli
cells. Recombinant BB0449 protein (rBB0449)-producing E. coli was
grown in 1 liter of Overnight Express Instant TB medium (EMD Milli-
pore, Billerica, MA., USA) at 37°C for 16 h. Cultures were harvested by
centrifugation and stored at —80°C. Cell pellets were resuspended in 30
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ml of lysis buffer (500 mM KCl, 50 mM HEPES [pH 7.5], 2 mM (-mer-
captoethanol, 10 mM imidazole, 5 mM MgCl,) and disrupted by sonica-
tion, and cell debris was cleared by centrifugation. The soluble protein
fraction was combined with 1 ml of preequilibrated nickel-nitrilotriacetic
acid (Ni-NTA) agarose (Qiagen) and incubated for 1 h at 4°C with rock-
ing. Subsequently, the Ni-NTA agarose slurry was applied to a chroma-
tography column and washed with 50 bed volumes of lysis buffer. Proteins
were eluted from the column in 5-ml fractions in elution buffer (300 mM
KCl, 50 mM HEPES [pH 7.5], 2 mM B-mercaptoethanol, 250 mM imi-
dazole, 5 mM MgCl,). Elution fractions were analyzed by SDS-PAGE and
Coomassie blue staining. Fractions containing rBB0449 were pooled in an
Amicon Ultra centrifugal unit (EMD Millipore) and subjected to buffer
exchange and protein concentration into a buffer lacking imidazole (300
mM KCl, 50 mM HEPES [pH 7.5], 2 mM B-mercaptoethanol, 5 mM
MgCl,). Production of rBB0449 polyclonal antiserum in rabbits was per-
formed as previously described (55). The Rocky Mountain Laboratories
(RML) are accredited by the International Association of Assessment and
Accreditation of Laboratory Animal Care. Animal protocols were pre-
pared according to the guidelines of the National Institutes of Health and
approved by the RML Animal Care and Use Committee.

SDS-PAGE and immunoblotting. Total protein lysates were made as
previously described (54). Briefly, spirochetes were pelleted, washed twice
with HN buffer (50 mM HEPES [pH 7.5], 50 mM NaCl), and resuspended
in Laemmli sample buffer (Bio-Rad, Hercules, CA, USA), at a final con-
centration of 10° or 10 spirochetes per pl. Spirochete cell lysates derived
from 107 or 10® spirochetes (as indicated) were separated on 12% or 15%
SDS-polyacrylamide gels or 4 to 20% Mini Protean TGX gels (Bio-Rad) in
SDS-PAGE running buffer (1.92 M glycine, 26 mM SDS, 250 mM Tris
base) and transferred to a nitrocellulose blotting membrane as described
previously (56). Nitrocellulose membranes were blocked in 5% nonfat
milk (LabScientific Inc., Livingston, NJ, USA) in Tris-buffered saline with
0.1% Tween 20 (TBS-T). Membranes were then incubated with primary
antibody or mouse sera at the indicated dilutions: anti-BB0449 polyclonal
antibody (1:50), antiflagellin monoclonal antibody H9724 (1:200) (a gift
from T. Schwan [57]), or infected mouse sera (1:200). Subsequently, blots
were incubated with secondary antibody at the indicated dilutions: anti-
rabbit IgG peroxidase-conjugated antibody (1:50,000) (Sigma Life Sci-
ences) or anti-mouse IgG peroxidase-conjugated antibody (1:10,000)
(Sigma Life Sciences). Blots were developed with a Super Signal West Pico
chemiluminescent substrate kit (Thermo Scientific, Rockford, IL, USA)
and X-ray film (LabScientific Inc.).

Crude ribosome preparation. B. burgdorferi ribosomes were prepared
as described with modifications (58). Briefly, WT spirochetes were grown
to 2 X 10® cells/ml and incubated for an additional 24 h (referred to as
stationary phase + 1 day). A total of 2 X 10"" spirochetes were pelleted by
centrifugation (7,000 X g, 10 min, 22°C), resuspended in ice-cold ribo-
some buffer A (20 mM Tris-HCI [pH 7.5], 300 mM NH,Cl, 10 mM
MgCl,, 0.5 mM EDTA, 6 mM B-mercaptoethanol), and lysed with a
French press. Cell debris, including membrane blebs and unlysed cells,
was removed by ultracentrifugation (30,000 X g, 1 h, 4°C). The superna-
tant containing cytosolic protein, including ribosomes, was spun through
a 32% sucrose cushion (120,000 X g, 21 h, 4°C), resulting in a pellet that
should contain ribosomes.

To confirm that the ribosome pellet contained ribosomal proteins,
residual DNA and RNA were removed from the B. burgdorferi ribosome
protein lysate with Benzonase treatment according to the manufacturer’s
instructions (Sigma-Aldrich). The ribosome fraction was separated on a 4
to 20% SDS-polyacrylamide gel and stained with Coomassie brilliant
blue. Visible bands were excised and sent to the Protein Chemistry Section
of the NTAID Research Technologies Branch, NIH, for mass spectrometry
identification using the protocol described previously (59, 60).

Inactivation of bb0449. To construct the vector (pbb0449KOVA1-97)
used to delete the full open reading frame (ORF) of hpf, including the 11
bp overlapping the upstream rpoN gene, flanking upstream and down-
stream DNA fragments were amplified from genomic DNA with primer
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pairs 1-2 and 3-4, respectively (Fig. 1; Table 2; see also Table S1 in the
supplemental material). Plasmid pbb0449KOVA4-97, which did not de-
lete the base pairs encoding the first 3 amino acids (aa) of BB0449, which
overlap rpoN, was constructed by amplifying flanking DNA fragments
with primer pairs 1-5 and 3-4, respectively (Fig. 1; see also Table S1). PCR
products were cloned into pCR-Blunt II-TOPO vector (Fig. 1; see also
Table S1). Primers 2, 3, and 5 contained BglII restriction sites. Resulting
vectors were digested with the restriction enzymes BglIl and Notl. The
Notl cleavage site is present in the multicloning site of the vector. Orien-
tations of the upstream and downstream flanking sequences in the pCR-
Blunt II-TOPO vector allowed for linearization of the downstream-con-
taining vector and liberation of the upstream fragments using restriction
sites contained in the vector sequence. Upstream and downstream flank-
ing sequences were purified from an agarose gel with the MinElute gel
extraction kit (Qiagen). Linearized downstream-containing vector was
ligated to either of the purified upstream flanking regions. All ligations
used T4 DNA ligase (New England BioLabs). The kanamycin resistance
cassette (ﬂaBp—kun) (61) was amplified using BamHI restriction site-con-
taining primers 6 and 7, cloned into pCR2.1 TOPO vector, liberated by
BamHI restriction digestion, and purified with an agarose gel and a Min-
Elute gel extraction kit (Qiagen) (Fig. 1; see also Table S1). The vectors
with adjoining downstream and upstream flanking sequences were di-
gested with BglIT to insert the kanamycin resistance cassette between the
flanking regions. The structures of the resulting plasmids, called
bb0449A1-97 knockout vector (pbb0449KOVA1-97) and bb0449A4-97
knockout vector (pbb0449KOVA4-97), were confirmed by restriction di-
gest and sequencing (Table 2). The plasmids have the flaB,,-kan insertion
in opposite orientations (Fig. 1).

To inactivate bb0449, WT spirochetes were transformed with either
pbb0449KOVA1-97 or pbb0449KOVA4-97 by electroporation as previ-
ously described (62), and allowed to recover overnight in BSKII medium
at 35°C. Spirochetes were then plated in BSK plates containing strepto-
mycin (50 pg/ml, to select for retention of streptomycin-marked lp25)
and kanamycin (200 pg/ml). The inactivation of bb0449 and the addition
and genomic location of the kanamycin resistance cassette were con-
firmed by PCR (primer pairs 8-14, 6-7, and 6-15, respectively) (Fig. 1; see
also Table S1 in the supplemental material). We also confirmed that the
plasmid content of transformants was identical to that of the parental WT
strain (i.e., missing only cp9, Ip5, and Ip56) as previously described (63).
The bb0449A1-97 mutant contains a truncated rpoN gene, which results
in a protein missing the last three amino acids. The bb0449A4-97 mutant
retains a complete rpoN gene and encodes an 18-amino-acid (aa) peptide
that starts from the bb0449 ATG but has only 5 amino acids in common
with the WT BB0449 protein.

Allelic restoration of bb0449 with the vector pbb0449ARV. To con-
struct the bb0449 allelic restoration vector (pbb0449ARV), the upstream
flanking sequence and the bb0449 open reading frame (ORF) were ampli-
fied using primers 1 and 8, which has a BglII restriction site, and cloned
into pCR-Blunt II-TOPO vector (Fig. 1; see also Table S1 in the supple-
mental material). The orientation of the upstream-bb0449 flanking se-
quences in the pCR-Blunt II-TOPO vector allowed for digestion with
BglII and NotI (contained in the vector sequence) to liberate the up-
stream-bb0449 fragment, which was purified with an agarose gel and the
MinElute gel extraction kit (Qiagen). The pCR-Blunt II-TOPO vector
containing downstream flanking sequence, which was created when mak-
ing pbb0449KOVA4-97, was linearized by digestion with BglII and NotI
and ligated with the upstream-bb0449 fragment. The gentamicin resis-
tance cassette, ﬂng—aacCI, was amplified from pBSV2G shuttle vector
(64) with primers 9 and 10, which contained BamHI restriction sites;
cloned into pCR-Blunt II-TOPO vector; liberated by BamHI digestion;
and purified with an agarose gel and the MinElute gel extraction kit (Qia-
gen) (Fig. 1; see also Table S1). The vector containing the upstream flank-
ing sequence and the bb0449 ORF joined with a BglII restriction site to the
downstream flanking sequence was digested with BglII and ligated to a
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A. bb0449 mutant constructions

B. burgdorferi HPF Homolog BB0449 Is Dispensable
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FIG 1 Construction of the bb0449 mutant (bb0449A1-97 and bb0449A4-97) and allelic restoration (bb0449*®) strains. Gene ORFs are represented by gray
arrows, and the bb0449 OREF is in dark gray. Primer locations are shown with small black arrowheads and numbers and correspond to Table S1 in the
supplemental material. (A) Construction of the bb0449 mutants. The full or partial bb0449 ORF was replaced with the kanamycin antibiotic resistance cassette,
flaB,-kan, from one of the bb0449-knockout vectors (pbb0449KOVA1-97 or pbb0449A4-97). (B) Closeup of junction between the end of rpoN and the bb0449
deletion- ~flaB-kan insertion region. The BglII-BamHI hybrid site creating the junction is shown in bold type. Strain names are indicated to the left of the
sequence. (C) Construction of the bb0449 allelic restoration strain (bb0449*%). The bb0449 ORF was restored to bb0449A4-97 (linked to a downstream

gentamicin antibiotic resistance marker, flgB,,-aacCI) by allelic exchange with pbb0449ARV. Figure not drawn to scale.

purified gentamicin resistance cassette. The structure of pbb0449ARV was
confirmed by restriction digest and sequencing (Table 2).

To reconstitute bb0449, bb0449A4-97 spirochetes were transformed
with pbb0449ARYV as described above. Cultures were plated with strepto-
mycin and gentamicin (40 pg/ml). Reconstitution of bb0449 and the pres-
ence and genomic location of the gentamicin resistance cassette were con-
firmed by PCR (primer pairs 8-14, 9-10, and 9-15, respectively) (Fig. 1).
Plasmid content was confirmed to be the same as that of the WT strain
(63).

TABLE 2 Plasmids used in this study

In vitro growth analysis. Strains were grown to mid-log phase (2 X
107 to 7 X 107 cells/ml) from frozen stocks and diluted to 5 X 10 cells/ml
in BSKII medium in triplicate with appropriate antibiotic selection. Spi-
rochete densities were counted in Petroff-Hausser chambers every 24 h
for 5 days and again at 8 days.

Experimental mouse-tick infectious cycle. We determined if bb0449
played a role in the B. burgdorferi infectious cycle with two separate ex-
periments. One experiment used WT and the bb0449A1-97 mutant, and
the other used WT, the bb0449A4-97 mutant, and an allelic restoration

Plasmid Purpose

Strain generated

pbb0449KOVA1-97
pbb0449KOVA4-97

rpoN intact
pbb0449ARV

Delete entire bb0449 ORF and insert a kanamycin resistance cassette, truncating rpoN
Delete bb0449 by replacing most of the bb0449 ORF with a kanamycin resistance cassette, leaving

Restore bb0449 at its native locus; marked with a gentamicin resistance cassette

bb0449A1-97
bb0449A4-97

bb0449*}
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A. HPF and BB0449 protein alignment
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FIG 2 Relationship between E. coli HPF and B. burgdorferi BB0449. (A) E. coli HPF and BB0449 amino acid sequence alignment. Proteins have 26% identity (dark
gray) and 46% similarity (light gray). Asterisks indicate amino acids involved in protein-ribosome interaction (23). (B) Genomic contexts of hpfin E. coli genome
(strain MG1655, NC_000913.3) and bb0449 in B. burgdorferi genome on the chromosome (strain B31, NC_001318.1). The hpf gene and its homolog, bb0449, are
shown in white; the gene for the conserved o°* alternative sigma factor (rpoN) is in light gray; and other genes are in dark gray. Predicted functions of the gene
products are indicated above the gene. LPS, lipopolysaccharide; PTS, phosphotransferase.

strain. We first needle inoculated RML mice, which are outbred deriva-
tives of Swiss Webster mice that are reared at the Rocky Mountain Labo-
ratories breeding facility. Six- to 8-week-old female mice were needle
inoculated intraperitoneally (8 X 107 spirochetes) and subcutaneously
(2 X 10? spirochetes) for a total of 10* B. burgdorferi spirochetes. Mice
were bled 3 weeks postinjection to determine seroconversion, which was
assessed by immunoblotting with whole-cell lysates of B. burgdorferi. After
ticks fed to repletion, mice were euthanized approximately 5 weeks post-
needle inoculation and ear, bladder, and ankle joint tissues were cultured
in BSKII medium for isolation of B. burgdorferi.

We also artificially infected larval ticks, as previously described (65), to
confirm tick infectivity of B. burgdorferi strains. Briefly, larval ticks (Okla-
homa State University) were partially dehydrated for 48 h before immer-
sion and incubation in B. burgdorferi cultures (1 X 10% cells/ml). Im-
mersed larval ticks were washed with phosphate-buffered saline and
allowed to recover for 48 to 72 h before feeding on mice (~150 artificially
infected larval ticks/mouse).

To assess spirochete acquisition by ticks, approximately 100 to 150
larval Ixodes scapularis ticks (Oklahoma State University) were fed on
seropositive mice 4 weeks post-needle inoculation with B. burgdorferi.
Bacterial loads per fed larva were determined by manually homogenizing
individual fed larval ticks, plating tick homogenates in BSK plates, and
counting CFU. Infection prevalence was calculated by dividing the num-
ber of infected ticks by the total number of ticks plated. Remaining larval
ticks molted into nymphs and were fed on naive mice to determine trans-
missibility of B. burgdorferi strains. Unfed and fed nymphal ticks were
plated in the same manner as larval ticks to determine transstadial survival
and bacterial loads after feeding. Spirochetes were transmissible if the
mice upon which infected nymphs fed became infected, as determined by
seroconversion and spirochete isolation from ear, bladder, and ankle joint
tissues. Bacterial loads in infected mouse tissues were determined using
DNA isolation from infected mouse tissues and quantitative PCR (qPCR)
analysis as previously described (66).

In addition, a subset of unfed nymphal ticks was held at 4°C for 3
months to simulate overwintering. Nympbhal ticks were then fed on naive
mice, and transmission was assessed, as described above. Fed nymphal
ticks were processed as described above to determine bacterial loads. The
remainder of the ticks that had undergone 3 months at 4°C were stored at
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23°C for an additional 6 months, fed on mice, and processed as described
above.

Statistical significance of B. burgdorferiinfectivity and infection prev-
alence of ticks were determined with Fisher’s exact test in a pairwise
manner. The reported P values include the lowest and highest of the
comparisons. Medians of spirochete tick loads of B. burgdorferi strains
were compared using a Kruskal-Wallis test with the GraphPad soft-
ware Prism 6.

RESULTS

Identification of a B. burgdorferi hpf homolog. Using the NCBI
BLASTP tool, we searched the translated B. burgdorferi B31 ge-
nome for homologs of the E. coli proteins RMF, YfiA, and HPF,
the three proteins that are directly involved in changing ribosome
conformation to control global protein translation. We found an
HPF homolog, encoded by the chromosomal gene bb0449, but did
not find RMF or YfiA homologs in B. burgdorferi (Fig. 2). Primary
amino acid analysis showed that E. coli HPF and B. burgdorferi
BB0449 share 26% identity and 46% similarity. BB0449 also
shared conserved amino acid residues that were previously in-
ferred to be interaction sites between HPF and ribosomes, based
on sequence similarity with known ribosome interaction sites of E.
coli YfiA, a protein that shares ribosome binding sites with HPF
(24). Of the six HPF-ribosome interaction site amino acid resi-
dues, three residues were identical in the B. burgdorferi protein
BB0449, while the remaining three residues were similar to those
in HPF (e.g., lysine versus arginine) (Fig. 2A). Furthermore, hpf
and bb0449 have similar genomic contexts (Fig. 2B). Both genes
are directly downstream of rpoN, the gene encoding the alternate
sigma factor (6°*), in their respective genomes. The relative posi-
tions of rpoN and hpf homologs are conserved in all Borrelia
strains (data not shown) and among the Enterobacteriaceae (34).
Additionally, the small intergenic spaces in this region of the ge-
nome indicate the possibility of coregulation. However, the sur-
rounding regions in E. coli and B. burgdorferi contain genes with
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FIG 3 Expression of bb0449 and levels of BB0449 protein in WT B. burgdorferi
during growth in culture. (A) bb0449 transcript levels at different growth
phases. Graphed are the median number of copies (determined by qRT-PCR)
of bb0449 standardized to flaB with the first and third quartile ranges of bio-
logical replicates. bb0449 transcript levels do not significantly vary among B.
burgdorferi growth phases (P = 0.64). (B) Immunoblot assay showing BB0449
protein in protein lysates prepared at the same growth phases. Lanes were
loaded with total cell lysate of 10° B. burgdorferi cells. Growth phases were
defined as follows: “midlog,” 2 X 107 to 7 X 107 cells/ml; “stat” (stationary),
2 X 10® cells/ml; “stat + 3d” and “extended stat,” stationary-phase cultures
incubated for an additional 3 or 5 to 6 days, respectively. (C) Reprobing of the
same immunoblot with monoclonal antiflagellin (FlaB; H9724 [57]).

different predicted functions, according to NCBI database func-
tion assignments (Fig. 2B).

Comparison of BB0449 and HPF secondary structure. The
Phyre2 program modeled the BB0449 amino acid sequence as the
ribosome hibernation protein YhbH (also called HPF) with a 97.9
confidence level and 29% identity (data not shown). This was
reproduced by secondary structure predictions generated by the
SWISS-MODEL, I-Tasser, RaptorX, and HHPred programs (data
not shown). The predicted model of BB0449 contains 4 3-sheets
and 2 a-helices, which is consistent with the structure of HPF
cocrystallized with a ribosome from T. thermophilus. Further-
more, comparison of the BB0449 model with crystallized HPF
showed almost complete conservation of protein secondary struc-
ture, including placement of the six amino acids predicted to in-
teract directly with ribosomes on exposed a-helices (see Fig. S1 in
the supplemental material). Secondary structure differences in-
cluded a shortened B1-sheet and a2-helix in BB0449, but neither
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a-BB0449

FIG 4 Localization of BB0449 protein by immunoblot analysis of fractions
during ribosome preparation from WT B. burgdorferi. Equivalent portions of
fractions indicated above lanes were separated by SDS-PAGE, blotted, and
hybridized with anti-BB0449 antibody. bb0449A4-97, total cell lysate equiva-
lent to 10® cells; BB0449, purified recombinant His-tagged protein; kDa, mo-
lecular masses of size standards that migrated at indicated positions.

of these regions contains amino acids predicted to interact with
ribosomes. However, the K82R substitution in BB0449 increases
the size of the amino acid R-group, which might interfere with
potential ribosomal interaction, although the R85K substitution
in BB0449 could compensate by reducing the size of a nearby side
chain.

Analysis of in vitro bb0449 transcript and protein levels of
WT spirochetes. In E. coli, the level of hpf transcript increases
relative to rRNA in stationary phase, which correlates with a con-
comitant increase in ribosome dimerization (20). To determine if
bb0449 was similarly regulated in B. burgdorferi, we analyzed
bb0449 transcript and product levels of cultured WT spirochetes.
RNA was extracted, and protein lysates were prepared from WT
spirochetes at different growth phases. Transcript and protein lev-
els were determined by qRT-PCR or immunoblotting, respec-
tively. QqRT-PCR showed that there was no significant variation in
bb0449 transcript levels at different growth phases in cultured spi-
rochetes (P = 0.64) (Fig. 3A). Likewise, immunoblot analysis
showed that BB0449 levels do not increase in stationary phase
(Fig. 3B). These analyses indicate a lack of differential regulation
under these conditions. To visualize BB0449 protein, it was nec-
essary to use cell lysates from 10® spirochetes, which leads to a very
strong antiflagellin signal (Fig. 3C). However, we detected only
flagellin and no BB0449 when cell lysates from 107 spirochetes
were used (data not shown). This likely reflects low levels of
BB0449 protein, which is consistent with low transcript levels.

Cellular localization of BB0449. Since HPF dimerizes ribo-
somes to modulate global protein translation levels in E. coli, we
used differential centrifugation to selectively enrich for B. burg-
dorferi ribosomes and probed ribosome preparations with
BB0449-specific antiserum to determine if BB0449 was associated
with ribosomes. BB0449 protein was visualized predominantly in
a fraction containing cytosolic proteins and ribosomes, but not in
the ribosome pellet fraction, suggesting that BB0449 is not associ-
ated with ribosomes under the conditions tested and is instead a
soluble protein (Fig. 4). We confirmed that ribosomal proteins
were represented in the ribosome fraction by using mass spec-
trometry to identify protein bands of the ribosome protein frac-
tion. Fifty-one of 55 ribosomal proteins encoded in B. burgdorferi,
as identified in the KEGG database (67), were identified in the
tandem mass spectrometry (MS/MS) analysis (see Table S2 in the
supplemental material). In addition, BB0449 was not detected by
mass spectrometry from the ribosome protein sample. The ab-
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FIG 5 Immunoblot assay demonstrating absence of BB0449 protein in the
bb0449A4-97 mutant. Lysates of indicated strains and purified BB0449 were
separated by SDS-PAGE, blotted, and probed with antibody to flagellin («-
FlaB, to standardize protein loading) and to BB0449. BB0449 protein, recom-
binant BB0449 protein with a 6XHis tag, which increased the protein size.
Protein lysates equivalent to 10® spirochetes were loaded in each lane. kDa,
molecular masses of size standards that migrated at indicated positions.

sence of BB0449 from the ribosome fraction as determined by
immunoblotting and mass spectrometry analysis indicated that
BB0449 was not associated with ribosomes under the culture con-
ditions tested.

Strain characterization. To determine whether bb0449 played
arole in the infectious cycle of B. burgdorferi, we constructed two
bb0449 mutants (bb0449A1-97 and bb0449A4-97) and an allelic
restoration strain in bb0449A4-97 (bb0449*%) (Fig. 1). One mu-
tant (bb0449A1-97) lacks the entire BB0449 coding sequence and
removes the last 3 amino acids of the preceding RpoN open read-
ing frame (ORF), and the other deletion (in bb0449A4-97) begins
after the end of the rpoN gene, yielding a truncated version of the
BB0449 protein that is 18 aa in length, of which only the first 5
amino acids are the same as in the native BB0449 product (Fig. 1A
and B). Loss of BB0449 protein production in the two mutants
and restoration of protein production in the allelic restoration
strain were confirmed by SDS-PAGE and immunoblotting (Fig. 5
and data not shown). Analysis of growth in culture showed that
there was no significant difference in the growth rates or the final
spirochete densities of bb0449A1-97, bb0449A4-97, or bb0449*R
compared to WT (data not shown).

Infectious cycle analysis of WT, mutant, and allelic restora-
tion strains. To ascertain if bb0449 is required for mouse infec-
tion, we performed two separate infectious cycle experiments with
combinations of WT, bb0449 mutants, and bb0449*". We needle
inoculated mice with approximately 10* cells of each strain. Three
weeks postinoculation, we assessed seroreactivity of mice by im-
munoblotting, and larval ticks were fed on a subset of seropositive
mice. We euthanized the mice 5 weeks post-needle inoculation,
after tick feeding, and collected ear, bladder, and joint tissues for
spirochete isolation. Infected mice were defined as those that
seroconverted and for which spirochetes were isolated from
mouse tissues. There was no significant difference in the number
of mice infected by any of the B. burgdorferi strains in analyses of
either separate or combined experiments (P = 0.33 to 1.00) (Table
3). We also used quantitative PCR to assess loads of spirochetes in
tissues of infected animals and found no significant differences in
tissue burden for any strain (data not shown). Therefore, bb0449is
not required for mouse infection by needle inoculation.

Acquisition of spirochetes and colonization of larval ticks were
determined by individually plating a subset of replete larval ticks
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that fed on serologically positive mice. There was no significant
difference in either the proportion of infected ticks or the number
of CFU in tick homogenates from ticks infected with WT,
bb0449A4-97, or bb0449"" (P = 0.67) (Fig. 6). These data suggest
comparable acquisition of spirochetes by larval ticks among B.
burgdorferi strains. In contrast to the large numbers of fed larval
ticks obtained in the first larval feeding, we obtained only low
numbers of fed larvae during the WT and bb0449A1-97 larval tick
feeding, so we plated two larval ticks to confirm the presence of
infected larvae. Only one of the ticks tested that fed on a
bb0449A1-97-infected mouse was infected (Fig. 6). We concluded
that some proportion of larval ticks acquired bb0449A1-97 spiro-
chetes. We also confirmed that both of the bb0449 mutants and the
allelic restoration strain were capable of infecting larval ticks by
artificially infecting larval ticks, feeding those larval ticks on naive
mice, and then individually plating them to determine if the ticks
were infected. Consistent with naturally infected larvae, we found
no statistically significant difference in the spirochete loads of ar-
tificially infected larval ticks (P = 0.87) (data not shown).

To determine the importance of bb0449 in transstadial passage,
we individually plated unfed nymphs from cohorts of larvae that
fed upon mice infected by needle inoculation with WT,
bb0449A4-97, or bb0449*%. There was no significant difference in
the prevalence of infection in ticks (P = 0.44 to 1.00) or in unfed
nymph spirochete loads (P = 0.13) (Fig. 6), indicating that bb0449
is not required for successful transstadial passage.

We next assessed the ability of spirochetes to be transmitted to
naive mice and to replicate within a nymphal tick. We fed infected

TABLE 3 Infectivity and transmissibility of B. burgdorferi strains

No. of infected
mice/total no.

Infection route of mice B. burgdorferi strain of mice®
Needle inoculation® WT¢ 9/10
Abb0449 cumulative® 8/10
bb0449A1-97 5/5
bb0449A4-97 3/5
bb0449** 4/5
Tick bite? WT 4/4
Abb0449 cumulative 3/4
bb0449A1-97 1/2
bb0449A4-97 2/2
bb0449"% 1/1
Tick bite (4°C, 3 mo)*© WT 2/2
bb0449A4-97 4/4
bb0449*"¢ 2/2

“ Infected mice are defined as mice that seroconverted and from which spirochetes were
reisolated.

b Mice were needle inoculated subcutaneously and intraperitoneally with 1 X 10* B.
burgdorferi cells.

¢WT and Abb0449 cumulative data are pooled from two infection experiments that
used either WT and bb0449A1-97 or WT, bb0449A4-97, and bb0449** (allelic
restoration) strains.

4 Ten to 20 infected nymphs were fed on naive mice approximately 12 weeks after the
larval feeding.

¢ 4°C for 3 months simulates “overwintering” prior to feeding.

/The ticks placed on two of these mice had been incubated for an additional 6 months
at 23°C prior to feeding.

£ The ticks that fed on one of these mice had been incubated for an additional 6 months
at 23°C prior to feeding.
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FIG 6 Spirochete loads per tick at various tick developmental stages. Ticks infected with WT, bb0449A1-97, bb0449A4-97, or bb0449*® were plated either before
or 5 to 10 days after feeding on mice, to determine spirochete CFU. Data represent two independent infection experiments. WT data are pooled from the two
experiments. “Fed Larvae,” larval ticks infected by feeding on infected mice to determine acquisition; “Unfed Nymphs,” infected nymphs plated before feeding
to determine transstadial survival; “Fed Nymphs,” infected nymphs fed to repletion on naive mice; “Fed Nymphs 4°C, 3 months,” infected nymphs held at 4°C
for 3 months before feeding on naive mice; “Fed Nymphs 4°C, 3 months RT, 6 months,” infected nymphs held for 3 months at 4°C and a further 6 months at 23°C
before feeding. Bacterial loads were compared within a specific tick developmental stage with a Kruskal-Wallis test. There was no statistical difference in bacterial
loads in fed larvae, unfed nymphs, fed nymphs held at 4°C for 3 months, or fed nymphs held at 4°C for 3 months and 23°C for 6 months (P = 0.67, 0.38, 0.56,
and 0.15, respectively). WT-infected fed nymphs did have higher bacterial loads than bb0449A1-97-infected fed nymphs (P = 0.02). Points indicate values from
individual ticks. Bars represent median tick bacterial loads, and error bars indicate the first and third interquartile ranges. Infection prevalence is shown as

number of infected ticks divided by number of ticks plated. ND, not determined.

nymphs on naive mice and individually plated fed nymphs to
determine spirochete loads. There was no significant difference in
the prevalence of spirochete infection in fed nymphs (P = 0.06 to
1.00). However, the median spirochete load in WT-infected fed
nymphs was approximately five times higher than that in
bb0449A1-97-infected fed nymphs (P = 0.02), which were in-
fected with spirochetes that produced truncated RpoN, but there
was no statistically significant difference in bacterial loads among
any of the other strains (Fig. 6). Furthermore, all of the B. burg-
dorferi strains, including bb0449A1-97, infected naive mice by
nymphal tick bite, regardless of spirochete burdens in ticks. This
shows that bb0449 is not required for transmission (Table 3). Bac-
terial loads in infected mouse tissues (ear, heart, and ankle joint)
were not different among B. burgdorferi strains, indicating that
bb0449 is not required for spirochete dissemination (data not
shown).

To evaluate the effects on transmissibility of extended periods
within a tick vector, we placed cohorts of unfed nymphs infected
with WT, bb0449A4-97, or bb0449** at 4°C for 3 months, to sim-
ulate overwintering, before feeding them on naive mice. There was
no statistically significant difference in the bacterial loads of fed
infected nymphs held at 4°C (P = 0.56) (Fig. 6). In addition, all
three B. burgdorferi strains from ticks kept at 4°C were able to be
transmitted to naive mice by tick bite (Table 3). These data indi-
cate that survival through the infectious cycle and experimental
overwintering process does not require bb0449. After an addi-
tional 6 months of incubation at 23°C, an additional two cohorts
of ticks infected with bb0449A4-97 and one cohort infected with
bb0449"" were fed on mice. Again, the spirochete loads in the ticks
were similar (Fig. 6), and all three mice became infected (Table 3).
These data underscore the ability of spirochetes lacking bb0449 to
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survive an extended period in unfed ticks and to recover after
entering the nutrient-rich mammalian environment.

DISCUSSION

The infectious cycle of B. burgdorferi includes extended periods of
time within the tick midgut during which spirochetes must sur-
vive, such as within overwintering nymphal ticks. Therefore, B.
burgdorferi likely has a mechanism to cope with the nutrient-lim-
ited conditions found in an unfed tick midgut. In our study, we
found that B. burgdorferi harbors a protein, BB0449, that is ho-
mologous to E. coli HPF, which facilitates the formation of trans-
lationally inactive ribosomes in E. coli during stationary phase
(Fig. 2). Despite protein homology, we determined that BB0449 is
not found in ribosome protein fractions of B. burgdorferi grown to
stationary phase, suggesting that BB0449 may not function as an
HPEF-like protein or that BB0449 associates with ribosomes under
specific culture conditions not yet identified (Fig. 4). In addition,
we constructed two independent bb0449 mutants that differed
both in the direction of the inserted selectable marker and by
either leaving an intact rpoN ORF or deleting the last three codons
of the rpoN gene. Although the bb0449A1-97 mutant might have
been expected to have a stronger phenotype, based on reduced
RpoN function, both mutants completed the experimental tick-
mouse infectious cycle, indicating that bb0449 is not required at
any point during experimental infection (Table 3; Fig. 6). In fact,
bb0449A4-97-infected nymphs were able to transmit spirochetes
to naive mice after only 72 h of feeding (unpublished data). We
have also made strains that overproduce the bb0449 product in
culture, but we have found no defect in growth that correlates with
the amount of protein produced (L. Fazzino and K. Tilly, unpub-
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lished data), which might be expected if BB0449 dimerized ribo-
somes and blocked global translation.

Although our results are inconsistent with BB0449 having a
role in ribosome dimerization, we did not empirically show that
BB0449 does not influence ribosome dimerization in all circum-
stances, specifically within the infectious cycle at stages where we
were unable to measure levels of the protein or transcript. It is
possible that BB0449 functions as a ribosome dimerization pro-
tein in B. burgdorferi in a specific set of conditions not recapitu-
lated during growth in culture. The conservation of the secondary
structure of BB0449 supports this hypothesis (see Fig. SI in the
supplemental material). The only indication of changes in second-
ary structure that could influence the ability of BB0449 to bind to
ribosomes was the substitution of lysine for arginine at a key res-
idue introducing a larger R-group. However, determining if this
change affects the ability of BB0449 to bind ribosomes is imprecise
without BB0449 cocrystallized with B. burgdorferi ribosomes.
Overall, our secondary structure analyses of BB0449 did not detect
large differences between HPF and BB0449 secondary structure,
suggesting that BB0449 should be able to interact with ribosomes
in B. burgdorferi. Biochemical studies, such as those performed
previously in other bacteria (19, 21, 24, 28, 31, 32, 68), may help
exclude the possibility of, or elucidate, a molecular role for
BB0449 in B. burgdorferi ribosome modulation. Despite these ca-
veats, the ability of B. burgdorferi totally lacking the BB0449 prod-
uct to complete the mouse-tick infectious cycle, including spend-
ing approximately 9 months in unfed ticks, argues against a major
impact on ribosome modulation by BB0449, if it exists.

Two additional pieces of data support the alternative hypoth-
esis that BB0449 does not function as an HPF-like protein: (i) the
lack of regulation seen in bb0449 transcript expression and protein
production patterns (Fig. 3) and (ii) the absence of homologs of
additional E. coli ribosome modulation proteins, such as RMF and
YfiA. The low levels of bb0449 transcript and protein in B. burg-
dorferi do not change in various growth phases (Fig. 3), which is
incongruent with the observed increase in hpf transcript in rela-
tion to ribosome copy number in stationary-phase E. coli (21). In
addition to these data, we have been unable to detect bb0449 tran-
script in RNA derived from infected ticks, either when unfed or at
several time points during and after feeding (Fazzino and Tilly,
unpublished). Moreover, BB0449 protein levels were no higher in
spirochetes that had been cultured at 25°C than in those grown at
35°C (Fazzino and Tilly, unpublished). This low-level gene ex-
pression and protein production in B. burgdorferi may reflect a
fundamentally different protein function. Ultimately, the molec-
ular role of BB0449 is nonessential, as the protein is not required
to complete the experimental infectious cycle.

Moreover, the amount of BB0449 detected in cultured spiro-
chetes is likely to be inadequate to bind sufficient numbers of
ribosomes to reduce global protein translation. In contrast to
bb0449 transcript levels, E. coli grown to stationary phase has ap-
proximately 1 copy of hpf transcript per ribosome (21). In addi-
tion, HPF-mediated ribosome dimerization in E. coli is a transient
and easily reversible process. In fact, Ueta et al. observed the dis-
association of RMF, HPF, and YfiA from stationary-phase trans-
lationally inactive ribosomes within 1 min of transferring E. coli to
fresh medium (21). This reversible attribute, again, signifies that
relatively high levels of protein, which are not present in B. burg-
dorferi when grown in culture (or likely in ticks, where transcript
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was below the level of detection in the stages that we examined),
would be needed to impact global protein translation levels.

The family of HPF-like proteins has either a short (97-amino-
acid) or along (200-amino-acid) form (24). B. burgdorferi BB0449
is homologous to the short HPF protein. Short HPF proteins are
generally found in bacteria that also harbor RMF and YfiA (to
which B. burgdorferi does not appear have homologs) and are not
able to dimerize ribosomes in vitro without the RMF protein (21,
24). In comparison, long HPF-like proteins are thought to func-
tionally replace both RMF and short HPF because of an extended
C terminus and have been shown to dimerize ribosomes in vitro
(22, 68). The lack of association between BB0449 and ribosomes
corresponds with the observation that short HPF proteins are un-
able to dimerize ribosomes without additional proteins (Fig. 4).
Although a previous study by Ueta et al. (24) reported that B.
burgdorferi harbored a long HPF-like protein found by searching
the KEGG database, current searches of the KEGG database do not
yield any long HPF homologs in the B. burgdorferi genomes and
likely indicate that the previously described long HPF was an in-
correct annotation and has since been removed.

It is also possible that BB0449 has a function other than ribo-
some modulation. Other studies suggest that HPF-like proteins
may modulate RpoN, also called alternative sigma factor 54 (34,
69). In fact, the B. burgdorferi bb0449 ORF is directly downstream
of rpoN, making the involvement of BB0449 in modulation of
RpoN an attractive hypothesis. Furthermore, the relative posi-
tions of rpoN and hpfhomologs are conserved in the genus Borre-
lia (data not shown) and in Enterobacteriaceae (34). However, in
B. burgdorferi, RpoN helps regulate multiple virulence genes en-
coding outer surface proteins (e.g., OspC and DbpA) by directing
transcription of the gene for a second alternative sigma factor,
RpoS (reviewed in reference 70) (71-73). A lack of functional
RpoN, RpoS, or OspC in B. burgdorferi results in strains that are
noninfectious or severely attenuated in mammals (reviewed in
reference 70) (71-73). The ability of the bb0449 mutants to com-
plete the entire experimental infectious cycle indicates that
BB0449 is not a crucial component controlling RpoN/RpoS activ-
ity, although it does not exclude the possibility of involvement.

In conclusion, we have shown that bb0449 is not required to
complete the experimental mouse-tick infectious cycle. In addi-
tion, despite homology to E. coli HPF at the primary and second-
ary structure levels, BB0449 protein did not appear to bind to
ribosomes in cultured spirochetes. Although it remains a possibil-
ity that BB0449 is associated with ribosomes only under condi-
tions that we have not examined in this study, our findings that
BB0449 is not required for survival in the nutrient-deprived unfed
tick environment, not associated with ribosomes under the con-
ditions examined, and not made in sufficient quantities to bind
ribosomes stoichiometrically indicate that BB0449 may serve a
role other than ribosome dimerization in B. burgdorferi.
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