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Pathogens lacking the enzymatic pathways for de novo purine biosynthesis are required to salvage purines
and pyrimidines from the host environment for synthesis of DNA and RNA. Two key enzymes in purine salvage
pathways are IMP dehydrogenase (GuaB) and GMP synthase (GuaA), encoded by the guaB and guaA genes,
respectively. While these genes are typically found on the chromosome in most bacterial pathogens, the gua4B
operon of Borrelia burgdorferi is present on plasmid cp26, which also harbors a number of genes critical for B.
burgdorferi viability. Using molecular genetics and an experimental model of the tick-mouse infection cycle, we
demonstrate that the enzymatic activities encoded by the gua4B operon are essential for B. burgdorferi mouse
infectivity and provide a growth advantage to spirochetes in the tick. These data indicate that the GuaA and
GuaB proteins are critical for the survival of B. burgdorferi in the infection cycle and highlight a potential
difference in the requirements for purine salvage in the disparate mammalian and tick environments.

Purine metabolism is critical for the growth and virulence in
mammals of many bacterial pathogens (11, 26, 29, 33, 51).
Borrelia burgdorferi, the infectious agent of Lyme borreliosis,
lacks the genes encoding the enzymes required for de novo
nucleotide synthesis (8, 12) and therefore must rely on salvage
of purines and pyrimidines from its hosts for nucleic acid
biosynthesis (21, 35). Furthermore, B. burgdorferi lacks the
genes encoding key enzymes required for a classic purine sal-
vage pathway, including /pt (hypoxanthine-guanine phospho-
ribosyltransferase), purA (adenylosuccinate synthase), purB
(adenylosuccinate lyase), and the locus encoding a ribonucle-
otide reductase (4, 8, 12, 35, 66). Despite the absence of a
ribonucleotide reductase, an enzyme critical for the generation
of deoxynucleotides through enzymatic reduction of ribonucle-
otides (32), a novel purine salvage pathway that involves sal-
vage of deoxynucleosides from the host and interconversion of
purine bases to deoxynucleosides by BB0426, a deoxyribosyl
transferase, has recently been demonstrated for B. burgdorferi
(23) (Fig. 1).

In its infection cycle, B. burgdorferi passages between two
disparate environments with potentially distinct purine avail-
abilities, the tick vector and a mammalian host. Hypoxanthine
is the most abundant purine in mammalian blood (17), and it
is available for salvage by B. burgdorferi during the blood meal
of an infected tick and during the spirochete’s transient pres-
ence in the mammalian bloodstream. Despite the absence of
the hpt gene, we and others have shown that B. burgdorferi is
able to transport and incorporate low levels of hypoxanthine
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(23, 35). During mammalian infection B. burgdorferi resides in
various tissues, including the skin, heart, bladder, and joints.
Adenine has been shown to be ubiquitous in mammalian tis-
sues (61) and therefore is available for salvage by B. burgdor-
feri. Guanine is present at low levels in mammalian blood and
tissues (17, 61); however, the amount may not be sufficient for
survival of the spirochete.

The limiting step in guanine nucleotide biosynthesis from
adenine and hypoxanthine is the conversion of IMP to XMP,
which is catalyzed by IMP dehydrogenase (IMPDH) (65).
Guanine nucleotides are essential for DNA and RNA synthe-
sis, signal transduction, and cell cycle control; thus, IMPDH
activity is critical for the survival of most organisms (60). The
enzymes required for the final two steps of guanine nucleotide
biosynthesis, IMPDH and GMP synthase, are encoded by the
guaB and guaA genes, respectively. The guaA and guaB genes
and the corresponding activities of their protein products are
conserved in B. burgdorferi (28, 67). These genes are typically
carried on the chromosomes of bacterial species. However, in
B. burgdorferi, the guaAB operon resides on a 26-kbp circular
plasmid, cp26, and it shares an approximately 185-bp inter-
genic region with, and is transcribed divergently from, the
essential virulence gene ospC (8, 12, 28, 50, 54, 62). The cp26
plasmid has been shown to harbor numerous genes important
for B. burgdorferi survival in vivo and in vitro, including ospC
(16, 34, 50, 53, 56) and resT (7), as well as BBB26 and BBB27
(20). Because of these critical functions, this plasmid is the only
plasmid of the approximately 21 B. burgdorferi plasmids that is
present in all natural isolates and has never been shown to be
lost during in vitro culture (2, 7, 18, 20, 44, 52).

Here we establish that the enzymatic activities of GuaA and
GuaB are critical for the survival of B. burgdorferi in the infec-
tious cycle and highlight a potential difference in this spiro-
chete’s requirement for purine salvage in the disparate mam-
malian and tick environments.
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FIG. 1. Pivotal role of the GuaAB proteins in the purine salvage pathway of B. burgdorferi. A novel pathway for purine salvage has recently been
elucidated for B. burgdorferi (23). Extracellular adenine and hypoxanthine are salvaged by B. burgdorferi from mammalian and tick host
environments (61). Following transport, adenine can be converted to hypoxanthine by adenine deaminase (BBK17) (21). This pathway proposes
two possible fates for hypoxanthine, as follows. (i) Hypoxanthine is converted to IMP by a putative xanthine-guanine phosphoribosyl transferase
(BB0103), IMP is converted to XMP by IMPDH (GuaB or BBB17), and XMP is converted to GMP by GMP synthase (GuaA or BBB18), resulting
in guanine nucleotides for RNA synthesis. (ii) Direct transport of deoxynucleosides appears to provide a source of deoxyribose for interconversion
of hypoxanthine to deoxyinosine by a deoxyribosyl transferase (BB0426) (23). dIMP is generated by a putative deoxynucleotide kinase (BB0239).
GuaB converts dIMP to dXMP, and GuaA converts dXMP to dGMP, providing guanine deoxynucleotides for DNA synthesis (23). Salvage of free
guanine nucleosides and guanine deoxynucleosides, when they are available in the host environment, may allow B. burgdorferi to circumvent the
GuaAB requirement for GMP and dGMP biosynthesis. The dashed arrows indicate dephosphorylation of nucleotide monophosphate or de-
oxynucleotide monophosphate prior to transport by the spirochete and rephosphorylation of nucleoside and deoxynucleoside to nucleotide
triphosphate and deoxynucleotide triphosphate, respectively, for RNA and DNA synthesis. NMP, nucleotide monophosphate; N, nucleoside; dN,

deoxynucleoside; dNMP, deoxynucleotide monophosphate; OM, outer membrane; IM, inner membrane.

MATERIALS AND METHODS

B. burgdorferi clones and growth conditions. All low-passage infectious B.
burgdorferi clones used in this study are listed in Table 1 and were derived from
strain B31 clone A3, which lacks plasmid cp9 but contains all 20 additional
plasmids described for the parental strain MI-B31 (10). Wild-type clone A3-M9
was derived by passage of A3 through a mouse, followed by single-colony isola-
tion (55). A3-M9 lacks both cp9 and Ip21, which have been demonstrated to be
dispensable for mouse and tick infection (10, 38, 55). B. burgdorferi was grown in
liquid Barbour-Stoenner-Kelly (BSK) IT medium supplemented with gelatin and
6% rabbit serum (1) and was plated on solid BSK medium as previously de-
scribed (40, 41). All cultures were grown at 35°C with 2.5% CO,. Kanamycin was
used at a concentration of 200 pg/ml, and gentamicin was used at a concentration
of 40 pg/ml.

Reverse transcriptase qPCR of spirochete mRNA isolated from infected
mouse tissues. Total RNA was isolated from the heart tissue of groups of seven
C3H/HeN or C3H/HeN/SCID mice infected with 1 X 10° wild-type B. burgdorferi
A3-MD9 cells at 2 and 4 weeks postinoculation. Mouse infection was assessed by
reisolation of spirochetes from ear and bladder tissues. Heart tissues were har-
vested immediately following mouse sacrifice, immersed in RNApro solution
(FastRNA pro Green kit; MP Biomedicals, Solon, OH), and homogenized using
a FastPrep-24 instrument and lysing matrix D beads in impact-resistant 2-ml
tubes. Samples were processed for 40-s intervals at setting 6.0, followed by 3 min

on ice, until tissue was no longer visible. RNA was isolated using the FastRNA
pro Green kit (MP Biomedicals, Solon, OH) according to the manufacturer’s
specifications. cDNA was synthesized using random hexamer primers and a
high-capacity cDNA reverse transcriptase kit (Applied Biosystems, Branchburg,
NJ). Parallel cDNA reactions were carried out in the absence of reverse trans-
criptase. cDNA was treated with RNase H for 1 h at 37°C to remove RNA-DNA
hybrids. Samples were cleaned and concentrated using a MiniElute kit (Qiagen,
Valencia, CA). cDNA samples were quantitated by spectrophotometric analysis
at 260 nm and diluted to obtain a working concentration of 50 ng/ul in DNase-
and RNase-free water. Real-time quantitative PCR (qPCR) mixtures were pre-
pared using 100 ng cDNA and a TagMan universal PCR Mastermix kit (Applied
Biosystems). Using an Applied Biosystems 7900HT instrument, samples were
assayed for the flaB transcript (21) and for the guaA, guaB, and ospC transcripts
using primers 9 to 16 and probes 1 to 4 (Table 2). The flaB transcript was used
as the endogenous reference to which all other target genes were normalized.
The amounts of the flaB, guaA, guaB, and ospC transcripts were interpolated by
using a standard curve for each gene target that was generated using genomic
DNA isolated from 10°, 10%, 103, 102, and 10" spirochetes. Samples were ana-
lyzed in triplicate, and gene expression is reported below in number of gene
transcripts per flaB mRNA copy. The amplification efficiencies of the target
genes were as follows: flaB, 98.9%; guaA, 96.3%; guaB, 97.9%; and ospC, 98.4%.
The amplification for samples lacking reverse transcriptase was similar to that for

TABLE 1. B. burgdorferi clones used in this study

Clone Introduced DNA Plasmids missing Reference
A3-M9 None cp9, Ip21 55
A3-M9 guaA:figB -kan/pBSV2G guaA:figB -kan, pBSV2G cp9, Ip21 23
A3-M9 guaA::figB,-kan/pBSV2G guaAB guaA::figB-kan, pBSV2G guaAB cp9, Ip21 23
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Primer or

probe 0. Designation Sequence (5'-3")"
Primers
1 guaAF GATTTTGGATCCCAATATAGCC
2 guaAR CCCATTCTATGGTTGATGGAGGCTTAGA
3 guaA16159-SallF GTCGACGGATGGAATTGTAGGCCG
4 guaA15926-SallRC GTCGACGTAAACACTGGATTGTTGCGC
5 guaAcompF-Sall GCGTCGACGGTTTATAGCTAGATCTTTTGATTTGGC
6 guaAcompRC-Sall GCGTCGACTCAGCAGAATTTGCAGATGTATTCCC
7 flgBp,-Xhol TAATACTCGAGCTTCAAGGAAGATTT
8 3" aacC1-Nhel GCTAGCCGATCTCGGCTTGAACG
9 flaB TagMan FWD TCTTTTCTCTGGTGAGGGAGCT
10 flaB TagMan REV TCCTTCCTGTTGAACACCCTCT
11 guaA TagMan FWD GAAGAATTAGAGAAATTGGCGTTTATAC
12 guaA TagMan REV GGTAGGAGCTTCTTTTGAATAAACAG
13 guaB TagMan FWD AGGAATAGGTCCGGGTAGTATATGC
14 guaB TagMan REV TCATAGACATCGCAGATTGCTGTT
15 ospC1-F ACGGATTCTAATGCGGTTTTACCT
16 ospCl1-R CAATAGCTTTAGCAGCAATTTCATCT
17 guaA 3' Kpnl GGGGTAACCTTATTATTCCCATTCTATGGTTGATGGAGGC
Probes
1 flaB TagMan probe 6-FAM-AAACTGCTCAGGCTGCACCGGTTC-TAMRA
2 guaA TaqMan probe 6-FAM-AGCAGGACTTCCACTTAGTATTATTCCTGAGATATTCAT-TAMRA
3 guaB TaqgMan probe 6-FAM-AACTCCAACTCCCGCAACGATTCTTGTT-TAMRA
4 ospCl1 probe 6-FAM-CTGTGAAAGAGGTTGAAGCGTTGCTGTCAT-TAMRA

“ FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.

the no-template control. Data sets were compared using the nonparametric
Kruskal-Wallis test with Dunn’s multiple-comparison test using GraphPad Prism
version 4.00 for Windows (GraphPad Software, San Diego CA).

Mutation of guaA. The guaA gene was amplified from B31 genomic DNA using
Taq polymerase and primers 1 and 2 (Table 2) and was cloned into the vector
pCR-XL-TOPO (Invitrogen), yielding pguaA. A 233-bp region of guaA (encod-
ing amino acids 185 to 264) was removed from pguaA by inverse PCR using the
Expand Long PCR system (Roche) and primers 3 and 4 (Table 2), yielding linear
plasmid pguaA.,,, with Sall sites at its ends. The kanamycin resistance cassette,
flgB-kan (5), was amplified from pBSV2 (49) with Xhol ends by using primers
7 and 8 and Taq polymerase (Table 2) and was cloned into the pCR2.1-TOPO
vector (Invitrogen). The figBp-kan gene cassette was removed from the pCR2.1-
TOPO vector by Xhol digestion and ligated into inactivation constructs digested
with Sall to create pguaA:figBp-kan. Twenty micrograms of pguaA:filgBp-kan
plasmid DNA purified from Escherichia coli was transformed into A3-M9 as
previously described (10, 13, 41), and recombinants were selected on solid BSK
medium containing kanamycin. Colonies were screened by PCR for the presence
of the kanamycin resistance cassette in the guaA4 locus, using primers 1 and 2
(Table 2). Total genomic DNA was prepared from PCR-positive A3-M9 guaA::
flgBp-kan clones and screened with a panel of primers for the presence of all B.
burgdorferi plasmids (10). A clone that had the plasmid content of the parent
clone was used in further experiments (Table 1).

Construction of pBSV2G guaAB. The guaA:figBp-kan mutant was comple-
mented with pBSV2G guaAB, a shuttle vector carrying a wild-type copy of the
guaAB operon and native promoter. Plasmid pBSV2G guaAB was constructed by
PCR amplifying a 3.4-kbp DNA fragment containing the guaAB operon and its
putative promoter region with Sall ends from wild-type B. burgdorferi genomic
DNA, using Vent polymerase (Invitrogen) and primers 5 and 6 (Table 2). TA
ends were added to this DNA fragment using 7aq polymerase, and the product
was cloned into the vector TOPO-XL (Invitrogen). The 3.4-kbp guaAB DNA
fragment was removed from TOPO-XL by Sall digestion and cloned into the B.
burgdorferi shuttle vector pBSV2G (9) digested with Sall. The plasmid structure
and sequence were analyzed and verified by restriction digestion and sequence
analysis. Transformation of plasmid pBSV2G guaAB DNA isolated from E. coli
into the low-passage infectious clone A3-M9 guaA::flgB -kan was attempted five
times without success. To facilitate transformation of pBSV2G guaAB into
A3-M9 guaA::figB ,-kan, the E. coli purified plasmid was first transformed into
the high-passage, noninfectious clone B31-A (5). B31-A lacks 1p25 but contains
Ip56 (24, 58), both of which carry putative restriction-modification systems (22,
24). Purification of pBSV2G guaAB from 1p56™ B31-A should result in partially

modified B. burgdorferi DNA that may be less likely to be targeted for degrada-
tion upon transformation into the 1p25™ 1Ip56™ low-passage, infectious clone. B.
burgdorferi clone A3-M9 guaA::figB,-kan was transformed with pBSV2G guaAB
purified from B31-A or with pBSV2G purified from E. coli (10, 13, 41). Trans-
formants were recovered using this method. Transformants were screened by
PCR for the presence of the guaAB and aacCI genes or the aacC1 gene alone by
using primer pairs 1/2 and 7/8 (Table 2). PCR-positive transformants were
analyzed to determine their plasmid contents, and clones that retained the
plasmids found in the parent clone were selected and used for further experi-
ments (Table 1).

Functional analysis of the GuaA protein. The wild-type and mutant alleles of
guaA, along with their native promoters, were PCR amplified from B. burgdorferi
A3-M9 and A3-M9 guaA:figB-kan genomic DNA, respectively, using the Ex-
pand Long PCR system (Roche) and primers 6 and 17 (Table 2). The resulting
PCR products were cloned into the pCR2.1 TOPO vector (Invitrogen), yielding
pCR2.1 Bb guaA and pCR2.1 Bb guaA::figB -kan. The structures and sequences
of the plasmids were analyzed and verified by restriction digestion and sequence
analysis. Plasmids pCR2.1 Bb guad and pCR2.1 Bb guaA:figB,-kan and the
pCR2.1 vector were transformed into E. coli guaA::Tnl0 strain ghtl (59). Trans-
formants were selected on LB plates supplemented with 100 pg/ml ampicillin
and individually tested to determine their abilities to grow on M63 agar (27)
supplemented with 0.2% glucose, 0.1% Casamino Acids, 1 mM MgSO, - 7H,0,
0.00005% thiamine (vitamin B;), and 100 pg/ml ampicillin and either lacking or
containing 20 mg/liter guanine (28).

Immunoblot analysis of the GuaB protein. B. burgdorferi clones were grown
in 100 ml of BSK II medium containing the appropriate antibiotic to a density
of 1 x 107 spirochetes/ml. Cells were harvested, washed twice in HN buffer
(50 mM HEPES, 50 mM NaCl; pH 7.6), and resuspended in 1 ml of the buffer
at a final concentration of 1 X 10° spirochetes/pl. Cells were disrupted by
sonication, and 10 ul (1 X 107 spirochetes) of total cell lysates was resolved
by electrophoresis on 12.5% sodium dodecyl sulfate gels and blotted onto
nitrocellulose. Immunoblots were hybridized with a rabbit polyclonal anti-
body that was raised against purified recombinant B. burgdorferi GuaB pro-
tein (1:1,000 dilution of anti-IMPDH) and with a monoclonal antibody that
recognizes B. burgdorferi flagellin protein (1:200 dilution of H9724, provided
by T. Schwan) (3). The conditions, secondary antibodies, and detection meth-
ods used have been described previously (16).

In vitro growth analysis. Cultures of B. burgdorferi were inoculated using
frozen stocks into 5 ml of BSK II medium containing the appropriate antibiotic
and grown to a density of approximately 1 X 107 spirochetes/ml. Clones were
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subsequently diluted in triplicate to obtain 1 X 10° spirochetes/ml in 5 ml of BSK
II medium containing the appropriate antibiotic. Spirochete density was deter-
mined every 24 h for 120 to 140 h using a Petroff-Hausser counting chamber.

Experimental tick-mouse infection cycle. The Rocky Mountain Laboratories
(RML) are accredited by the International Association for Assessment and
Accreditation of Laboratory Animal Care. Protocols for all animal experiments
were prepared according to the guidelines of the National Institutes of Health
and were approved by RML’s Animal Care and Use Committee. Two different
strains of mice were used in experiments. Mice from an outbred colony of
Swiss-Webster mice maintained at RML (called RML mice) represented a ge-
netically heterogeneous rodent population, and C3H/HeN mice (Harlan Spra-
gue-Dawley, Indianapolis, IN) represented a uniform, inbred rodent population.
For needle inoculation of mice, 250 pl of an inoculum containing either 5 X 10°
or 1 X 107 spirochetes was used; 200 wl of the inoculum was delivered intra-
peritoneally, and 50 pl was delivered subcutaneously. Groups of three to five
mice were inoculated for each B. burgdorferi clone. The number of spirochetes
inoculated into mice was determined using a Petroff-Hausser counting chamber
and was verified by subsequently counting CFU on solid BSK medium; for each
inoculum 10 to 20 colonies were screened by PCR to determine the presence of
the virulence plasmids Ip25 and 1p28-1, which confirmed that >90% of the
individuals in the population contained the plasmids essential for mouse infec-
tivity. The total plasmid contents of all in vivo inoculum cultures were confirmed
using a panel of primers that amplify specific DNA targets on all B. burgdorferi
plasmids (10). Mouse infection was assessed 4 to 6 weeks postinoculation by
immunoblot analysis of mouse sera and reisolation of spirochetes from ear,
bladder, and joint tissues, as previously described (10, 13, 14, 42).

Cohorts of 100 to 200 4- to 5-month-old Ixodes scapularis tick larvae (from a
colony maintained at RML, Hamilton, MT) were experimentally infected with
comparable, exponential-phase cultures of various B. burgdorferi clones as pre-
viously described (15, 36). Each immersion was performed in duplicate, and the
entire experiment was repeated twice. One hundred to 200 larvae or 15 to 25
nymphs were applied to each mouse and were allowed to feed to repletion.
Infection of RML mice on which infected ticks fed was assessed 6 to 11 weeks
after tick feeding, as described above.

Determination of spirochete densities in ticks. The spirochete densities in
ticks were assessed 7 to 25 days after feeding to repletion by plating dilutions of
triturated whole ticks on solid BSK medium, as previously described (15, 21), and
performing a qPCR analysis of tick DNA, as described below. Genomic DNA
was isolated from batches of 40 unfed larvae, 20 fed larvae, 4 to 7 unfed nymphs,
or 1 to 3 fed nymphs infected with B. burgdorferi. Ticks were homogenized with
a plastic pestle in an Eppendorf tube, and genomic DNA was isolated using a
NucleoSpin tissue kit (Clontech Laboratories, Inc., Mountain View, CA) accord-
ing to the manufacturer’s specifications. gPCR was performed using 100 ng of
total genomic DNA, as previously described (21, 48), primers 9 and 10, and
probe 1 (Table 2). The number of spirochete genomes per tick was calculated as
follows: (number of flaB copies amplified/ng total genomic DNA) X (ng total
genomic DNA isolated/tick).

RESULTS

The guaAB operon is expressed during mammalian infec-
tion. B. burgdorferi requires host-derived nucleotide precursors
for production of nucleic acids. Surprisingly, the interconver-
sion of purine bases to DNA occurs in the absence of a ribo-
nucleotide reductase (4, 23, 35). It has recently been demon-
strated that, in the absence of a ribonucleotide reductase,
purine salvage and DNA synthesis by B. burgdorferi involve a
combination of salvage of deoxynucleosides directly from the
host and interconversion of purine bases to deoxynucleosides
by a deoxyribosyl transferase (23) (Fig. 1). Moreover, it has
been demonstrated that the GuaB and GuaA enzymes, the
final two enzymes in the B. burgdorferi purine salvage pathway
required for guanine nucleotide synthesis (28, 67), are able to
use dIMP and dXMP, respectively, as substrates to produce
dGMP (23), in addition to the well-characterized substrates
IMP and XMP, respectively, to generate GMP (28, 67) (Fig. 1).
Because of the pivotal roles that these enzymes play in the
purine salvage pathway of B. burgdorferi for generation of both
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guanine nucleotides and deoxynucleotides (23), we hypothe-
sized that the enzymatic activities of GuaA and GuaB contrib-
ute to the ability of spirochetes to survive in host tissues whose
guanine, guanosine, and/or deoxyguanosine concentrations
may be insufficient to support spirochete growth.

To begin to address the role(s) of the GuaAB enzymes in a
mammalian host, we sought to determine the pattern of gene
expression of the guaAB operon during an active infection. The
guaAB operon is divergently transcribed from the ospC gene
on cp26, and this operon and gene share an approximately
185-bp intergenic region (8, 12, 28). Expression of the ospC
gene is upregulated during tick feeding (19) and remains high
throughout establishment of an early infection in a mammal
(25, 56). However, the OspC protein ultimately elicits a robust
humoral immune response, and repression of ospC expression
is vital for B. burgdorferi persistence in the mouse (56, 62, 64).
A duplicated palindromic sequence consisting of 20-bp in-
verted repeats is located in the intergenic region between the
ospC and guaA open reading frames (28, 62, 63). This DNA
sequence, termed the ospC operator, has been shown to be
important for repression of ospC expression (62, 63); however,
the effect of this region, if any, on guaAB expression is un-
known.

Groups of C3H/HeN and C3H/HeN/SCID mice were inoc-
ulated with 1 X 10° wild-type B. burgdorferi cells. Mice were
sacrificed 2 and 4 weeks postinoculation, and total RNA was
extracted from heart tissue and analyzed for guaA, guaB, ospC,
and flaB mRNA transcripts by reverse transcriptase qPCR. All
mice were confirmed to be positive for infection, as assessed by
reisolation of spirochetes from bladder and joint tissues. The
guaA and guaB transcripts were present at detectable levels in
spirochetes isolated from infected mouse tissue at 2 and 4
weeks postinoculation (Fig. 2A and 2B). Comparison of the
median levels of the guaA transcript in spirochetes isolated
from infected C3H/HeN and C3H/HeN/SCID mouse tissues
at 2 and 4 weeks using the Kruskal-Wallis test suggested that
there was a significant difference in the mean rank sums of
the transcript levels for all in vivo growth conditions (H =
11.77; df = 3; P = 0.0082). Similarly, analysis of the guaB
expression data revealed a significant difference in the mean
rank sums of the transcript levels for all in vivo growth
conditions (H = 14.47; df = 3; P = 0.0023), suggesting that
expression of these two genes may be regulated in vivo.
These data indicate that the gua4 and guaB genes are ex-
pressed by spirochetes during mouse infection, suggesting
that the biochemical functions that they encode are impor-
tant for mammalian infection. In addition, unlike expression
of ospC, expression of the guaA and guaB genes did not
exhibit a dramatic 100-fold increase in the absence of an
acquired humoral immune response. These data suggest
that the guaAB operon is not coregulated with the diver-
gently transcribed ospC gene.

The GuaAB proteins are required for mouse infectivity by
needle inoculation. The GuaA and GuaB proteins have been
successfully disrupted in high-passage, noninfectious B. burg-
dorferi clones (20, 57), indicating that these enzymes are not
essential for growth of B. burgdorferi in vitro. The expression of
guaAB in vivo (Fig. 2) suggests that the enzymes that these
genes encode may be important for spirochete growth and
survival in the mouse. In order to examine the roles of these
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FIG. 2. guaA and guaB genes are expressed during mammalian
infection. Groups of C3H/HeN and C3H/HeN/SCID (SCID) mice
were inoculated with 1 X 10> A3-MJ9 cells. Mice were sacrificed 2 and
4 weeks postinoculation. RNA samples were prepared from heart
tissues, and flaB, guaA (A), guaB (B), and ospC (C) expression was
quantified by reverse transcriptase qPCR. The data are expressed as
the number of gene transcripts per flaB mRNA copy. Each data point
indicates the average of triplicate measurements for the tissue RNA of
an individual infected mouse. @, samples obtained 2 weeks postinocu-
lation; O, samples obtained 4 weeks postinoculation. The bars indicate
the median values of the data sets. Data sets for each gene transcript
were compared using the Kruskal-Wallis nonparametric rank test fol-
lowed by Dunn’s multiple-comparison test.
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enzymes in the B. burgdorferi infection cycle, a deletion-inser-
tion mutation in guad was constructed in the low-passage,
infectious clone A3-M9 (23) (Table 1 and Fig. 3A). Attempts
to generate an antibody to the GuaA protein were unsuccess-
ful. Therefore, in order to test the loss of function of the
mutant GuaA protein (GMP synthase activity) encoded by the
guaA mutant allele, the wild-type and mutant guaA alleles from
B. burgdorferi A3-M9 and A3-M9 guaA::figB -kan were used to
functionally complement an E. coli guaA mutant. E. coli guaA::
Tnl10 strain ghtl is unable to grow on minimal media lacking
guanine due to its lack of GMP synthase activity and therefore
its inability to synthesize guanine nucleotides de novo (28, 59).
Growth of this mutant is restored by supplementing the me-
dium with guanine or providing a functional gua4 gene in trans
(28, 59). Functional complementation of this E. coli mutant
with a wild-type copy of the B. burgdorferi guaA gene has been
shown previously to allow growth of the E. coli mutant in the
absence of guanine (28). Similar to the results for the control
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with the vector alone, a plasmid containing the mutant B.
burgdorferi guaA allele was unable to functionally complement
the E. coli guaA mutant for growth in the absence of exogenous
guanine, whereas the E. coli guaA mutant harboring the wild-
type B. burgdorferi guaA allele did not require supplemental
guanine for growth (Fig. 3B). These data demonstrate that the
insertion-deletion mutation in B. burgdorferi guaA resulted in a
mutant allele that does not encode a functional GuaA protein.

Because guaA and guaB appear to be cotranscribed, we
anticipated that disruption of guaA4 would result in the loss of
guaB expression. As expected, no GuaB protein was detected
by immunoblot analysis of spirochetes in which guaA was in-
activated (Fig. 3C). Complementation of the guad mutant
clone with the B. burgdorferi shuttle vector pBSV2G (9) con-
taining both the guaA4 and guaB genes under the control of
their own promoter (23, 28) (Table 1) restored GuaB expres-
sion (Fig. 3C), demonstrating that the mutation in guad was
polar on guaB. Moreover, we recently showed that the B.
burgdorferi guaA mutant was unable to convert IMP or dIMP to
GMP or dGMP and incorporate the products into RNA or
DNA. In these experiments, the wild-type and complemented
mutant strains incorporated GMP and dGMP into both RNA
and DNA (23). Thus, in this mutant, the pathway for the
conversion of IMP or dIMP to GMP or dGMP was successfully
disrupted, and the mutant is therefore null for GuaA and
GuaB.

Spirochetes functionally lacking GuaAB and the isogenic
complemented clone exhibited no growth defect in vitro (data
not shown), confirming that any in vivo phenotypic differences
were not due to an in vitro growth difference. Finally, because
the flgB -kan resistance cassette disrupting guaA is transcribed
in the same direction as ospC (Fig. 3A), we examined expres-
sion of the OspC protein in in vitro-grown B. burgdorferi clones
A3-M9, A3-M9 guaA::figB -kan/pBSV2G, and A3-M9 guaA::
figB ,-kan/pBSV2G guaAB by immunoblotting. The presence
of the figB,-kan cassette in guaAd had no effect on OspC
protein production (data not shown). These data demon-
strated that the flgB,,-kan cassette did not alter expression of
OspC in any way.

The requirement for the GuaAB enzymes in the mamma-
lian environment was assessed by needle inoculation of mice
with 5 X 10° or 1 X 107 spirochetes functionally lacking or
containing GuaAB. No mice became infected when spiro-
chetes lacking GuaAB were used at either dose, as assessed
by the lack of serological conversion to B. burgdorferi pro-
teins and reisolation of spirochetes from mouse tissues (Fig.
4 and Table 3). In contrast, seven of eight mice inoculated
with 5 X 10° GuaAB™spirochetes and four of four mice
inoculated with 1 X 10”7 GuaAB™ spirochetes were serore-
active and positive for reisolation of spirochetes from tissues
(Fig. 4 and Table 3). The complementation data demon-
strated that the deletion-insertion in guaA4 had no deleteri-
ous effect on expression of the adjacent essential virulence
gene, ospC. Together, these data demonstrate that the
GuaAB proteins are essential for survival of B. burgdorferi in
the mouse.

Consistent with these data, analysis of B. burgdorferi reiso-
lated from mice infected with guaAB mutant spirochetes com-
plemented with the guaAB genes on a shuttle vector indicated
that all reisolated bacteria retained the complementing plas-
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FIG. 3. guaA mutant spirochetes do not produce functional GuaA or GuaB protein. (A) Diagram of the wild-type and mutant guaAB loci on
cp26. A total of 233 bp was deleted from the guad gene and replaced with an figB,-kan antibiotic resistance cassette. (B) Functional comple-
mentation of an E. coli guaA mutant with the B. burgdorferi guaA wild-type and mutant alleles. E. coli guaA::Tnl0 strain ghtl harboring the pCR2.1
vector alone (vector), pCR2.1 Bb guad (Bb guaA), or pCR2.1 Bb guaA:figB -kan (Bb guaA:figB -kan) was streaked on M63 agar without
(—guanine) and with (+guanine) 20 mg/liter guanine. (C) Protein lysates from A3-M9 (wt), A3-M9 guaA::flgB-kan/pBSV2G (GuaAB™), and
A3-M9 guaA::figB ,-kan/pBSV2G guaAB (GuaAB™) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by

immunoblotting using antisera against GuaB and FlaB.

mid (data not shown). Although the shuttle vector alone is
stable during in vitro propagation of spirochetes, the frequency
of maintenance of the shuttle vector by spirochetes during
growth in the mouse is significantly less than 100% (56). These
data suggest that synthesis of the GuaA and GuaB enzymes is
required throughout infection and indicate that the cytoplas-
mic GuaA and GuaB proteins are not neutralizing targets of
the mammalian immune response. In contrast, it has been
demonstrated that the shuttle vector encoding the surface-
localized OspC protein is actively selected against during in-
fection of immunocompetent mice and is not present in B.
burgdorferi recovered from mouse tissue bacteria reisolated
after 10 weeks of persistent infection (56).

Spirochetes lacking GuaAB are attenuated for replication in
the tick. Spirochetes lacking GuaAB were unable to survive in
mice following needle inoculation (Table 3). To determine

whether the guaAB gene products are also required for B.
burgdorferi colonization, replication, and/or persistence in
ticks, we artificially infected I scapularis larvae with spiro-
chetes functionally lacking or containing GuaAB. Larval ticks
were immersed in B. burgdorferi cultures that were the same
density. qPCR using total DNA isolated from unfed infected
larvae demonstrated that the spirochete loads were equivalent
(~500 spirochetes/tick) prior to feeding on mice regardless of
the presence of the guaAB gene products (Fig. SA) (H = 2.0;
df = 2; P = 0.38), indicating that all ticks received comparable
inocula and suggesting that GuaAB are not involved in spiro-
chete colonization of the tick midgut. Comparably infected
groups of larvae were allowed to feed to repletion on naive
mice in three separate experiments. The spirochete densities in
ticks were determined by qPCR and by plating dilutions of
triturated whole ticks on solid BSK medium 7 to 21 days
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FIG. 4. Serological responses of mice inoculated with wild-type and
GuaAB-deficient B. burgdorferi: immunoblot analysis of sera collected
6 weeks postinoculation from either C3H/HeN mice needle inoculated
with 5 X 10 or 1 X 107 spirochetes or RML mice on which infected
ticks fed. The protein lysates tested for seroreactivity included a lysate
of E. coli carrying a cloning vector (Ec), a lysate of E. coli carrying a
cloning vector expressing the B. burgdorferi P39 protein (45) (also
known as BmpA [43]) (P39), and a lysate of infectious B. burgdorferi
strain B31 (Bb). Representative results for the serum of one mouse
infected with B. burgdorferi clone A3-M9 (wt), A3-M9 guaA::figB -kan/
pBSV2G (GuaAB™), or A3-M9 guaA:flgB -kan/pBSV2G guaAB
(GuaAB™) are shown. Neither the inoculum nor the route of infection
had an effect on the serological responses of the mice to the different
B. burgdorferi clones. Molecular masses (in kilodaltons) are indicated
on the left. Comparable serum dilutions and exposure times were used
for all immunoblots.

following the blood meal. Both methods of analysis demon-
strated that there was an approximately 100-fold decrease in
the median number of GuaAB™ spirochetes per larval tick,
resulting in a GuaAB-dependent statistical difference in the
mean rank sums of the spirochete load per larval tick (Fig. 5B
and 5C) (for gPCR, H = 10.29, df = 2, and P = 0.0058; for
CFU determination, H = 17.49, df = 2, and P = 0.002).

Following molting, spirochete loads in unfed nymphal ticks
were determined by gPCR. In the absence of active replication,
the median number of spirochetes functionally lacking guaAB
per unfed nymph was approximately twofold less than the
number per unfed nymph harboring GuaAB™ spirochetes (Fig.
5D) (H = 8.647; df = 2; P = 0.0013). Further analysis of the
spirochete load per nymph by qPCR and plating of triturated
whole nymphs was carried out 7 to 21 days following feeding to
repletion on naive mice. As observed for infected larval ticks,
the median spirochete load in fed nymphs infected with spiro-
chetes lacking GuaAB was 100-fold less than the median spi-
rochete load in nymphs infected with the complemented
GuaAB™" clone or with the wild-type control, resulting in a
GuaAB-dependent statistical difference in the mean rank sums
of the spirochete load per nymph (Fig. 5SE and 5F) (for qPCR,
H = 6.667, df = 2, and P = 0.0357; CFU determination, H =
34.86, df = 2, and P < 0.0001). Together, these data indicate
that in contrast to the findings for the mammalian environ-
ment, the guaAB gene products are important, but not essen-
tial, for spirochete replication in the tick. The biochemical
activities of the GuaA and GuaB enzymes contribute to the
growth of B. burgdorferi following a tick blood meal.

GuaAB are essential for mouse infection by tick bite. The
naive mice on which infected ticks fed were assessed to deter-
mine whether they were infected with B. burgdorferi. None of
the mice on which either larvae or nymphs infected with spi-
rochetes lacking GuaAB fed became infected (Table 4). In
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contrast, three of four mice on which larval ticks infected with
GuaAB™" spirochetes fed and four of four mice on which
nymphal ticks infected with GuaAB™ spirochetes fed were
seropositive and reisolation positive (Table 4). The difference
in infectivity was not likely due to a difference in the starting
inoculum, as there was little GuaAB-dependent difference in
spirochete densities in unfed larval or nymphal ticks just pre-
ceding attachment and feeding (Fig. 5A and 5D). However, the
observed difference in infectivity may have been affected by the
inability of the GuaAB-deficient spirochetes to replicate to
densities equal to the densities of GuaAB™ spirochetes in the
tick midgut during the blood meal. Together, our data indicate
that the guaAB gene products are essential for survival of B.
burgdorferi in the mammal when the bacteria are introduced by
needle inoculation, as well as by tick bite, the natural route of
infection (Tables 3 and 4), and that these gene products con-
tribute to the ability of spirochetes to replicate to high densities
in the tick midgut following a blood meal (Fig. 5).

DISCUSSION

The B. burgdorferi strain B31 genome is divided into as many
as 24 genetic elements, including a single 910-kbp linear chro-
mosome, 11 circular plasmids, and 12 linear plasmids (8, 12, 31,
46, 47). It is currently not known why the genome of this
spirochete is divided into a diverse set of replicons. The cp26
replicon has been referred to as a mini-chromosome because it
carries genes essential for bacterial growth, as well as mam-
malian infectivity, and is present in all natural isolates (2, 7, 18,
20, 44, 52). It has recently been suggested that linkage of ospC
with the constitutively required functions on cp26 encoded by
resT, BBB26, and BBB27 provides a mechanism for the main-
tenance of ospC in environments where this gene is not re-
quired or is disadvantageous (20, 56). Here we establish that
two additional genes present on the cp26 plasmid, gua4 and
guaB, and the enzymes that they encode, GMP synthase and
IMPDH, respectively, are essential for mammalian infectivity
(Fig. 4 and Tables 3 and 4) and provide a growth advantage to
spirochetes in the tick (Fig. 5). Moreover, these data provide
additional examples of genes vital to the survival of B. burg-
dorferi in vivo that are located on plasmids, reinforcing the
conclusion that genetic linkage of critical physiological and
virulence functions on the cp26 plasmid is significant for stable

TABLE 3. Infection of mice with B. burgdorferi lacking or
containing GuaAB

No. of mice  No. of mice

infected with infected with Lot N
5% 103 1x 107 Oof mice
Clone X . infected/
spirochetes/  spirochetes/ total
total no. total no. agail Zlgé},
analyzed” analyzed” Y
A3-M9 guaA::ﬂng-kan/pBSVZG 0/8 0/5 0/13
A3-M9 guaA:figB -kan/pBSV2G 7/8 5/5 12/13

guaAB

“ The number of mice infected was assessed by immunoblot analysis with cell
lysates of B. burgdorferi and E. coli producing P39 recombinant protein at 3 and
6 weeks postinoculation and by reisolation of spirochetes from ear, bladder, and
joint tissues harvested 6 weeks postinoculation.

® Based on total number of mice infected with 5 X 10° and 1 X 107 spirochetes,
the P value calculated by Fisher’s exact test was 0.002.
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FIG. 5. Spirochetes lacking GuaAB are attenuated for growth in fed ticks. I scapularis larvae were artificially infected by immersion in liquid
cultures of B. burgdorferi clone A3-M9 (wt), A3-M9 guaA::flgB,,-kan/pBSV2G (GuaAB"), or A3-M9 guaA::figB,-kan/pBSV2G guaAB (GuaAB™).
(A) Total DNA was isolated from unfed larvae, and the spirochete density was assessed by qPCR. The symbols indicate the average numbers of
spirochetes per larval tick calculated from the number of genome equivalents in the pooled DNA isolated from separate groups of 40 unfed larval
ticks. (B and C) Seven to 21 days after the ticks were allowed to feed to repletion, the number of spirochetes per larval tick was determined by
qPCR (B) and by plating dilutions of triturated whole fed larvae on solid BSK medium and determining the number of CFU (C). The symbols
indicate the number of spirochetes per fed larval tick calculated from the number of genome equivalents in the pooled DNA isolated from separate
groups of 20 larval ticks (B) or the number of colonies per individual fed larval tick (C). (D) Following molting, the spirochete densities in unfed
nymphs were determined by qPCR. The symbols indicate the number of spirochetes per unfed nymph, calculated from the number of genome
equivalents in the pooled DNA isolated from separate groups of four to seven unfed nymphs. (E and F) Seven to 21 days after the ticks were
allowed to feed to repletion, the number of spirochetes per nymphal tick was determined by qPCR (E) and by plating dilutions of individual
triturated whole fed nymphs on solid BSK medium and determining the number of CFU (F). The symbols indicate the number of spirochetes per
fed nymphal tick calculated from the number of genome equivalents in the pooled DNA isolated from separate groups of one to three nymphal
ticks (E) or the number of colonies per individual fed nymphal tick (F). The bars indicate the median values of the data sets. The data were
analyzed using the Kruskal-Wallis nonparametric rank test followed by Dunn’s multiple-comparison test.

maintenance of this plasmid throughout the infection cycle of
B. burgdorferi.

A deletion or insertion in guaA effectively resulted in a
GuaAB-deficient clone due to the inability of the mutant gua4
allele to functionally complement an E. coli guaA mutant, the
polar effect of the mutation on guaB, and the inability of the
mutant spirochetes to convert IMP or dIMP to GMP or dGMP
for RNA and DNA synthesis (Fig. 3) (23). Spirochetes lacking
GuaAB were unable to infect mice after needle inoculation of
up to 1 X 107 spirochetes (Fig. 4 and Table 3) and after a tick
bite, the natural route of infection (Fig. 4 and Table 4); how-
ever, complementation with guaAB in trans restored infectivity,
confirming that the in vivo defect resulted from loss of GuaAB.
The median densities in fed ticks of spirochetes functionally
lacking guaAB were up to 100-fold less than those of spiro-
chetes containing these genes (Fig. 5). Together, these data
demonstrate that, similar to the pncA4 gene on Ip25, these genes
encode physiological functions that are critical for the survival
of B. burgdorferi throughout its infection cycle (15, 37, 39;
M. W. Jewett, unpublished data). Consistent with our findings,
a previous study utilizing random transposon mutagenesis in
an infectious B. burgdorferi genetic background identified a

transposon mutant with a mutation in the guaB gene that was
defective in infection of a mouse (6). However, since the mu-
tation was not complemented, the data suggested but did not
prove that the infectivity defect resulted from the guaB mutation.

TABLE 4. Tick bite infection of mice with B. burgdorferi lacking or
containing GuaAB

No. of mice No. of mice

infected by  infected by z(}tillizg'
Clone larval nymphal infected/
tick bite/ tick bite/
total no.
total no. total no. analvzed?
analyzed analyzed” analyze
A3-M9 guaA::flgB -kan/pBSV2G 0/4 0/4 0/8
A3-M9 guaA::figB,,-kan/pBSV2G 3/4 4/4 7/8

guaAB

“The data are pooled data from two separate tick feeding experiments. In-
fection was assessed by immunoblot analysis with cell lysates of B. burgdorferi and
E. coli producing P39 recombinant protein at 3, 6, and 9 weeks postinoculation
and by reisolation of spirochetes from ear, bladder, and joint tissues at 9 weeks
postinoculation.

> Based on total number of mice infected by larval and nymphal tick bites, the
P value calculated by Fisher’s exact test was 0.02.
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Our data demonstrate that the guaAB genes are expressed
during infection of both immunocompetent and immunocom-
promised mice (Fig. 2), suggesting that the encoded biochem-
ical activities are important during all stages of infection. This
expression pattern contrasts with that of ospC, which is adja-
cent to the guaAB operon on cp26 and shares a 185-bp inter-
genic region with guaA (8, 12, 28, 62) and whose expression is
dramatically increased in immunocompromised mice (Fig. 2).
These data indicate that although guaA and ospC share the
same intergenic region that harbors inverted repeats demon-
strated to be important for downregulation of ospC expression
following early infection (62, 63), expression of the guaAB
operon is not coregulated by this region of DNA.

In E. coli, the gua operon is controlled by guanine and
adenine nucleotide pools, resulting in induction by excess
AMP and repression by excess GMP (30). It is unlikely that
expression of the guaAB operon is regulated by AMP in B.
burgdorferi, given the absence of the purAB genes from the
genome, resulting in the inability of this spirochete to convert
IMP to AMP. Instead, IMP in B. burgdorferi is fated for con-
version to GMP by GuaA and GuaB (Fig. 1). Because the
concentration of guanine in mammalian tissues does not ap-
pear to be sufficient to support growth of the spirochete, B.
burgdorferi seems to rely primarily on adenine and hypoxan-
thine salvage during mammalian infection, which therefore
requires expression of guaA and guaB for the final steps of
guanine nucleotide biosynthesis (Fig. 1). Indeed, hypoxanthine
incorporation assays demonstrated that spirochetes lacking
GuaAB failed to synthesize guanine nucleotides (23). More-
over, unlike what has been shown for the shuttle vector alone
(56), the shuttle vector carrying guaAB was stably retained by
guaAB mutant spirochetes reisolated from infected mice, sug-
gesting that the presence of these genes is essential for survival
of the spirochetes in the guanine-starved environment of the
mammalian host. Our data suggest that in the absence of the
guaAB gene products, B. burgdorferi may not be able to syn-
thesize guanine nucleotides, resulting in a survival defect in
vivo.

The guaAB gene products are important, but not essential,
for spirochete replication in the tick (Fig. 5). The fact that
spirochetes lacking GuaAB were able to survive in the tick,
albeit at an attenuated level relative to GuaAB-containing
bacteria, suggests that a source of guanine nucleosides may be
available in a tick blood meal, which allows bypass of the
guaAB-encoded functions and therefore spirochete survival
(Fig. 1). The degraded cellular material in the digested blood
meal may provide a source of guanine nucleosides and guanine
deoxynucleosides for salvage by the spirochetes. A direct
source of guanine nucleosides and guanine deoxynucleosides
from the blood meal may circumvent the requirement for
GMP/dGMP synthesis by GuaA and GuaB (Fig. 1), although it
may not be sufficient to allow a wild-type level of spirochete
replication in the absence of the guaAB gene products. The
ability of B. burgdorferi to transport guanine ribonucleosides
and deoxyribonucleosides, presumably following dephosphor-
ylation, and its ability upon rephosphorylation to incorporate
these precursors into RNA and DNA have recently been dem-
onstrated (23), suggesting a possible mechanism for the atten-
uated survival in the tick of spirochetes functionally lacking
guaAB (Fig. 1). An analogous mechanism likely accounts for
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the lack of a growth defect of GuaAB-deficient spirochetes in
vitro compared to GuaAB™ spirochetes. Similar to a digested
tick blood meal, components in the rich, complex BSK II
medium may be a source of excess nucleosides or nucleotides
for salvage for the spirochetes. There is currently no defined
medium available for in vitro culture of B. burgdorferi to test
this hypothesis.

Together, the data demonstrate that the GuaAB enzymes
are critical for the survival of B. burgdorferi in environments
that appear to lack sufficient amounts of guanine, guanosine,
and/or deoxyguanosine to support spirochete growth, such as
mammalian host tissues, and thereby contribute to the enzo-
otic infectious lifestyle and biological success of the Lyme
disease spirochete.
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