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Lyme disease, a global health concern, is caused by infection with Borrelia burgdorferi, B. afzelii, or B. garinii.
The spirochete responsible for the disease in the United States is B. burgdorferi and is spread by the bite of an
infected Ixodes tick. We utilized multiple two-dimensional gel techniques combined with proteomics to reveal
the full humoral immune response of mice and Lyme patients to membrane-associated proteins isolated from
Borrelia burgdorferi. Our studies indicated that a subset of immunogenic membrane-associated proteins (some
new and some previously identified) was recognized by mice experimentally infected with Borrelia burgdorferi
either by low-dose needle inoculation or by tick infestation. Moreover, the majority of these immunogenic
membrane-associated proteins were recognized by sera from patients diagnosed with early-disseminated Lyme
disease. These included RevA, ErpA, ErpP, DbpA, BmpA, FtsZ, ErpB, LA7, OppA I, OppA II, OppA IV, FlhF,
BBA64, BBA66, and BB0323. Some immunogens (i.e., BBI36/38) were more reactive with sera from mice than
Lyme patients, while additional membrane proteins (i.e., FlaB, P66, LA7, and Hsp90) were recognized more
strongly with sera from patients diagnosed with early-localized, early-disseminated, or late (chronic)-stage
Lyme disease. We were able to examine the humoral response in Lyme patients in a temporal fashion and to
identify the majority of immunoreactive proteins as the disease progresses from early to late stages. This
serologic proteome analysis enabled the identification of novel membrane-associated proteins that may serve
as new diagnostic markers and, more importantly, as second-generation vaccine candidates for protection
against Lyme disease.

Borrelia burgdorferi is the causative agent of Lyme disease in
North America and is the most commonly reported vector-
borne infectious agent in the United States (14, 15, 59). The
spirochete infectious cycle is complex and involves the coloni-
zation and infection of Ixodes ticks, as well as a range of
mammalian hosts, including humans (6, 33). The bacterium is
thus exposed to variation in its environment as it moves be-
tween arthropod vector and mammal. During transmission,
bacteria encounter significant changes in pH, temperature, and
other aspects of the host milieu. B. burgdorferi responds with
differential gene expression and changes in the composition of
its membrane proteins (7, 9, 54). The ability of B. burgdorferi to
alter its surface in response to these signals is a critical step in
the pathogenesis of Lyme disease. This adaptation may aid the
efficient transmission of the organism, as well as to predispose
the mammalian host to chronic infection (51).

Translation of the sequenced B. burgdorferi B31 genome
predicts an unusually basic proteome, with an average pI
greater than 8.0 (43). Another distinct aspect is its high per-
centage of predicted lipoproteins, greater than 10% of the
predicted proteome (20). Many lipoproteins have been found
to undergo differential expression in the tick and mammalian
hosts (35). The response of many previously characterized
lipoproteins to simple environmental cues is well documented,

such as the increased production of OspC at 35°C and pH 7.0
relative to 23°C and pH 8.0 (45, 56, 57). The alterations in a
number of other membrane components, such as the Erp fam-
ily of complement-binding proteins, the adhesins DbpA and
-B, VlsE, and other complement-binding proteins such as
CRASP-1, are thought to contribute to the successful trans-
mission to the mammalian host during the blood meal of the
Ixodes tick (18, 25, 26, 31, 60). Serologic data from human and
murine hosts demonstrate a humoral response to a number of
these membrane-associated lipoproteins (19, 30, 55, 60). How-
ever, the clinical course of infection in the two mammalian
hosts differs: humans manifest the erythema chronicum mi-
grans rash in early localized disease and arthritis later, whereas
the infection of natural murine host species produces no skin
findings and arthritis in a limited number of laboratory-derived
strains (15, 69). These divergent clinical manifestations may
have their foundation in the innate and adaptive immune re-
sponse in each host to distinct membrane components.

Using two-dimensional electrophoresis with nonequilibrium
pH gradient electrophoresis (2DE-NEPHGE) and with immo-
bilized pH gradients (2DE-IPG), immunoblotting with murine
and human sera, as well as matrix-assisted laser desorption
ionization–time of flight (MALDI-TOF) analysis, we have
identified a set of common immunogens among three distinct
mouse strains and patients diagnosed with Lyme disease.
These include a number of acidic, high-molecular-mass pro-
teins, as well as basic lipoproteins of 30,000 to 45,000 Da. We
correlate these data with immunoreactivity from human sera
pools reflecting the temporal course of Borrelia infection in
order to further our understanding of the evolving humoral

* Corresponding author. Mailing address: Department of Molecular
Genetics and Biochemistry, W1145 Biomedical Science Tower, Uni-
versity of Pittsburgh School of Medicine, 200 Lothrop St., Pittsburgh,
PA 15261. Phone: (412) 383-7696. Fax: (412) 624-1401. E-mail: jcarroll
@mgb.pitt.edu.

3864



response in Lyme disease. These studies reveal members of the
paralogous gene family 54 (pgf 54) as consistently immuno-
genic across human and murine sera and identify novel acidic
proteins that may be involved in the pathogenesis of infection
in mammalian hosts.

MATERIALS AND METHODS

Bacterial strains and growth. A nonclonal isolate of B. burgdorferi strain B31
(passaged five times in vitro after isolation from an experimentally infected
mouse) was grown at 35°C to 5 � 107 cells per ml (mid-log phase) in 1 liter of
BSK-H medium (Sigma, St. Louis, MO), adjusted to pH 7.0, and harvested by
centrifugation (8,000 � g, 10 min, 4°C). The cell pellet was rinsed once with 200
ml of HN buffer (50 mM NaCl [Sigma] in 10 mM HEPES [Fisher, Pittsburgh,
PA], pH 8.0) and centrifuged a second time. Cell pellets were suspended in 3 ml
of 2.0 mM dithiothreitol (DTT; Calbiochem, San Diego, CA), 1.0 mM EDTA
(pH 8.0; Calbiochem), and Complete EDTA-free protease inhibitor cocktail
(Roche, Indianapolis, IN) in HN buffer and lysed by using a French press
(Thermo IEC, Marietta, OH) (two passes at 18,000 lb/in2) as described previ-
ously (43). Total cell lysates generated in this manner were clarified of nonlysed
cells and insoluble material by centrifugation (10,000 � g, 15 min, 4°C) and then
subjected to subcellular fractionation to yield membrane-associated proteins.

Subcellular fractionation and isolation of membrane proteins. Total cell ly-
sate was subjected to ultracentrifugation (435,700 � g, 1 h, 4°C) in a Sorvall
Discovery M150 SE Ultracentrifuge to pellet membrane vesicles. Membrane
pellets were rinsed in 1.0 ml of HN buffer with the addition of protease inhibi-
tors, reisolated by ultracentrifugation, and suspended in 200 to 400 �l of HN
buffer plus complete protease inhibitor cocktail with the aid of a small Teflon
coated homogenizer (Kontes, Vineland, NJ). Suspended membrane-associated
proteins were stored at �80°C until use. Membrane protein quantities were
determined by using a modified Lowry protein assay with bovine serum albumin
as a standard (38).

2DE. Prior to separation by using a 2D gel, membrane proteins were precip-
itated by the addition of 8 volumes acetone (Fisher), 1 volume of a saturated
trichloroacetic acid solution (Fisher), and incubated at �20°C for 45 min. Pre-
cipitated protein samples were then subjected to centrifugation (16,000 � g, 20
min, 4°C), rinsed in 80% cold acetone in distilled water, air dried, and solubilized
for isoelectric focusing by either 2DE-NEPHGE or IPGPhor pH 4-7 2DE-IPG
strips (Amersham, Piscataway, NJ). For separation in the first dimension by
2DE-NEPHGE, proteins were suspended in C4TT NEPHGE buffer consisting of
7 M urea (Promega, Madison, WI), 2 M thiourea (Fisher), 4.0% (wt/vol) CHAPS
{3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate; Calbiochem},
1.0% (vol/vol) Triton X-100 (Bio-Rad, Hercules, CA), 65 mM DTT, and 2.0%
(vol/vol) preblended ampholytes (pH 3 to 9.5; Amersham) and then incubated
overnight at 23°C with gentle agitation. Samples were clarified by ultracentrifu-
gation (435,700 � g, 30 min, 23°C), and 25 �g (immunoblots) or 150 �g
(MALDI-TOF analysis) was loaded onto tube gels (2.0 mm in diameter by 12 cm
in length) consisting of 8 M urea, 4.4% Duracryl acrylamide (Genomic Solutions,
Ann Arbor, MI), 4.0% CHAPS (wt/vol), 1.0% (vol/vol) Triton X-100, and 2.0%
(vol/vol) preblended ampholytes (pH 3 to 9.5). The first dimension was focused
at 200 V for 1 h and then increased to 600 V for 4 h (total of 2,600 V · h). The
tube gels were extruded and stored at �80°C until separated in the second
dimension by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

For separation in the first dimension by IPG strips, membrane proteins were
suspended in C4TT IPG pH 4 to 7 buffer consisting of 7 M urea, 2 M thiourea,
4.0% (wt/vol) CHAPS, 1.0% (vol/vol) Triton X-100, 100 mM DTT, and 0.5%
IPGphor buffer 4-7 (Amersham) (vol/vol). Samples were clarified by ultracen-
trifugation (435,700 � g, 30 min, 23°C) as described above, and 50 �g (immu-
noblots) or 400 �g (MALDI-TOF analysis) was loaded onto 13 cm, pH 4-7 IPG
strips and focused for 82,000 V · h using the IPGphor system (Amersham)
(running conditions: 500 V for 1 h, 1,500 V for 1 h, and 8,000 V for 80,000 V ·
h). Once the strips had focused, they were stored at �80°C until separated in the
second dimension by SDS-PAGE.

Prior to the separation of proteins in the second dimension, focused NEPHGE
tube gels and IPG strips were equilibrated twice (10 ml, 10 to 30 min, 23°C) with
SDS equilibration buffer composed of 3 M urea, 2.0% (wt/vol) SDS (Fisher),
1.0% DTT, and 10% (vol/vol) glycerol in 125 mM Tris (pH 8.8). Standard
SDS-PAGE was performed by laying the tube gel or strip onto a 12.5% acryl-
amide gel (13.5 cm long by 1.5 mm wide by 14 cm high) on a Hoefer SE600 gel
apparatus at 35 mA per gel. Broad-range protein standards or Precision Plus
prestained protein standard (Bio-Rad) were used to estimate the relative mo-

lecular masses. Proteins separated for MALDI-TOF identification were stained
by using the Silver Stain Plus Kit (Bio-Rad). Gel images were created by acquir-
ing digitized images (400 dpi) using a Canon LiDE 30 flatbed scanner. Once
scanned, gels were stored in 1.0% acetic acid (Fisher) at 4°C until the spots of
interest were excised for mass spectrometry (MS).

MALDI-TOF MS analysis. Protein spots of interest were manually picked (1.0
to 3.0 mm in diameter) and rinsed in 400 �l of distilled water. Silver ions were
removed by adding 50 �l of fresh destaining solution (15 mM potassium ferri-
cyanide and 50 mM thiosulfate in distilled water; Invitrogen, Carlsbad, CA) to
each spot, followed by incubation for 20 min. Samples were then rinsed twice
with 500 �l of distilled water and equilibrated with 200 mM ammonium bicar-
bonate (Fisher) for 20 min. Samples were rinsed three times in 400 �l of 50%
acetonitrile (Fisher) in 25 mM ammonium bicarbonate (23°C for 15 min) and
dehydrated in 400 �l of 100% acetonitrile (23°C for 10 min). Dehydrated gel
punches were treated with trypsin manually. Samples were digested in situ with
200 to 300 ng of trypsin (Sigma) for 14 h at 37°C, and peptides were extracted
twice with 50 �l of 50% acetonitrile–2.5% trifluoroacetic acid (Fisher) in distilled
water and dried using a CentriVap Speed Vacuum (Labconco, Kansas City,
MO). Extracted, dried peptides were mixed with 5 �l of �-cyano-4-hydroxycin-
namic acid (CHCA), and 0.5 �l was spotted onto the target for MALDI-TOF
analysis. MALDI-TOF was performed using the 4700 Proteomics Analyzer
(ABI, Foster City, CA). Mass spectra were individually calibrated by using
internal trypsin peaks with Data Explorer software available from ABI. Proteins
were identified by using ProteinProspector (University of California, San Fran-
cisco; http://prospector.ucsf.edu/) set to a mass accuracy of �50 ppm to compare
unknown mass fingerprints to those of known proteins in the NCBI database
using a species filter for the B. burgdorferi B31 genome.

Sera used for immunoblots. Needle-inoculated pooled mouse sera (a gift from
P. Rosa) was generated by the injection of RML white mice with 103 B. burg-
dorferi intradermally, with subsequent bleeds on 21 to 28 days postinfection (dpi)
and was used at a 1:1,000 dilution. Tick bite sera were obtained from the
white-footed mouse Peromyscus leucopus (the natural reservoir for Borrelia in the
United States) at �30 dpi or ICR mice (�18 dpi) as previously reported (9, 22)
and used at a dilution of 1:1,000. Rabbit hyperimmune antiserum raised against
live, low-passage B. burgdorferi B31 was produced as previously described and
used at a dilution of 1:10,000 (9, 10). Human sera were obtained from the CDC
Lyme patient serum panel and grouped into categories of negative, early local-
ized, early disseminated, and late disseminated based on CDC guidelines and
used at a dilution of 1:1,000. The individual CDC sera used and their clinical
histories are found in Table 1.

Immunoblot analysis. Proteins separated by either 2DE technique were pre-
pared for immunoblotting by electrophoretic transfer to nitrocellulose (0.45-mm-
pore-size Trans-Blot Transfer Medium; Bio-Rad) as described by Towbin et al.
with a Bio-Rad Trans-Blot Cell (30 V, 12 h, 4°C) (65). After transfer, the proteins
were visualized with Amido Blue Black (0.1% Amido Blue Black in 1.0% acetic
acid), and standards were marked. The nitrocellulose membranes were blocked
with 5% nonfat dry milk in 10 mM Tris-HCl–150 mM NaCl–0.1% Tween 20 at
pH 8.0 (TBS-T20) for 3 h at 23°C, and immune serum diluted 1:1,000 in blocking
solution was applied to the blot (1 h; 23°C). The blot was washed twice in 100 to
200 ml of TBS-T20 for 10 min. Secondary antibody (horseradish peroxidase-
conjugated goat anti-human immunoglobulin G [IgG], anti-rabbit, or anti-mouse
antibody; Sigma) was diluted 1:5,000 in TBS-T20 (with 1% nonfat dry milk for
human sera) and applied to the blot (1 h, 23°C), followed by three washes with
100 to 200 ml of TBS-T20. Reactive bands were visualized with the enhanced
chemiluminescence kit (Amersham) in accordance with the manufacturer’s spec-
ifications.

RESULTS

Comparison of 2DE membrane immunoblots with mouse
sera against needle-infected and tick-infected B. burgdorferi.
Figure 1 compares immunoblots of membrane proteins from
B. burgdorferi grown at 35°C and pH 7.0 and separated with
2DE-NEPHGE. Immunoblots were probed with hyperimmune
rabbit serum derived from needle-inoculated B. burgdorferi
(Fig. 1A) as a reference immunoblot, or P. leucopus mouse
serum (the reservoir host) infected via tick bite (Fig. 1B).
MALDI-TOF identifications made in the present study and
previous proteomic studies of the membrane fraction are listed
in Table 2 (7, 43). Of the proteins identified previously and in
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the present study, ErpA/I/N (simply referred to herein as
ErpA) is an OspE paralog (37, 63) with three identical loci
identified in B. burgdorferi B31 designated ErpA, ErpI, and
ErpN (12, 13, 41) and has formerly been shown to be temper-
ature regulated and immunogenic in the murine and human
host (41, 60). Furthermore, ErpA has also demonstrated an
ability to bind factor H and is also termed BbCRASP-5 (com-
plement regulator-acquiring surface protein) (3, 30, 66). Like-
wise, OspC and RevA are lipoproteins that are coordinately
regulated by alterations in pH or temperature (8, 9, 53, 57, 70)
and have been determined to be immunogenic in mammals
(21, 24, 49, 50, 58, 68). The tick bite-infected sera (Fig. 1B)

highlighted the immunogenicity of pgf 54 members BBA64,
BBA66, and BBI36/38 (this protein pair is 98.6% identical in
their primary sequences and thus are indistinguishable in our
studies). All three proteins are reactive with both sera despite
being present in low abundance by silver staining (data not
shown). We also identified FlhF, a flagellum-associated pro-
tein, as an immunogenic membrane-associated protein in close
proximity to BBA66. The acidic pole contained a group of
high-molecular-mass membrane proteins (box) that were not
identified in previous studies and yet are highly immunoreac-
tive with the P. leucopus tick bite serum. Because of the low
abundance of these proteins when they were visualized with

FIG. 1. Comparison of B. burgdorferi membrane-associated proteins separated with 2DE-NEPHGE and immunoblotted with mammalian sera.
Membrane-associated proteins (MAP) from B. burgdorferi were separated by 2DE-NEPHGE (100 �g of MAP/gel) and immunoblotted with
needle-infected rabbit serum (9, 10) (A) or tick-infected P. leucopus mouse serum (B). Acidic and basic ends are noted. Relative molecular mass
markers (in kilodaltons) are indicated to the left of each gel. Proteins identified by MALDI-TOF analysis of identical silver-stained spots are
annotated and listed in Table 2. Boxed areas indicate unidentified acidic proteins.

TABLE 1. Clinical descriptions of CDC Lyme disease patient seraa

Pool Patient identification ELISA Symptomology

Early localized CDC 91-1222 IgM�/IgG� Single ECM, culture positive, 1-mo history
CDC 91-1347 IgM�/IgG� Single ECM, culture positive, 1-mo history
CDC 91-1349 IgM�/IgG� Single ECM, culture positive, 1-mo history
CDC 91-1350 IgM�/IgG� Single ECM, culture positive, 1-mo history
CDC 91-1351 IgM�/IgG� Single ECM, culture positive, 1-mo history

Early disseminated CDC 90-2631 IgM�/IgG� Single ECM, systemic illness, culture positive, 3-mo history
CDC 90-2668 IgM�/IgG� Bell’s palsy, systemic illness, Ab�, 2-mo history
CDC 91-0865 IgM�/IgG� Bell’s palsy, ECM, Ab�, 6-wk history
CDC 91-1104 IgM�/IgG� Multiple ECM, Ab�, 2-mo history
CDC 91-1348 IgM�/IgG� Single ECM, culture �, 3-mo history

Late disseminated CDC 91-0521 IgM�/IgG� ECM, arthritis, Ab�, 5-mo history
CDC 91-0532 IgM�/IgG� ECM, arthritis, CNS symptoms, Ab�, 13-yr history
CDC 91-0533 IgM�/IgG� Bell’s palsy, arthritis, Ab�, 5-yr history
CDC 91-0544 IgM�/IgG� Arthritis, CNS symptoms, Ab�, 3 yr history
CDC 92-0057 IgM�/IgG� Severe CNS disease, culture positive, 4-yr history

a ELISA, enzyme-linked immunosorbent assay; ECM, erythema chronicum migrans; Ab�, B. burgdorferi Western blot positive; CNS, central nervous system.
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silver staining, we were unable to identify them by MALDI-
TOF from samples separated by 2DE-NEPHGE.

While high-density inoculation of rabbits with B. burgdorferi
produces sera which react with a wide variety of membrane
proteins as indicated in the reference immunoblot in Fig. 1A,
tick-bite-infected hosts produce sera with a more limited hu-
moral response to membrane proteins that are more likely to
be present or expressed during transmission. We explored the
possibility that low-density needle infection of mice might pro-
duce an attenuated immune response similar to natural tick
bite infection. Figure 2 demonstrates that low-density (i.e., 103

B. burgdorferi) needle infection of RML white mice (Fig. 2B
and E) produced sera very similar in profile to tick-infected
ICR (Fig. 2C and F) or P. leucopus (Fig. 1B) mice. As ex-
pected, there was a reduction in the reactivity to OspA in sera
from mice infected by tick bite or low-dose needle inoculation,
and several other minor basic proteins are less immunoreactive
with serum samples from low-dose needle inoculated mice
compared to that from the high-dose inoculated rabbit refer-
ence serum.

MALDI-TOF identification of acidic membrane proteins
separated by pH 4-7 2DE-IPG. Although we have previously
reported the identification of pH-regulated membrane pro-
teins in B. burgdorferi (7, 9), the immunoblots in Fig. 2 show
reactivity with several acidic, high-molecular-mass proteins
that are immunogenic in tick bite infection of mice. The iden-
tification of these proteins in previous studies was hampered by
their relative low density. We attempted to improve our iden-
tification of these proteins by using IPG separation of mem-
brane proteins with a more focused pH range (4.0 to 7.0).
Expansion of the acidic membrane proteome with this tech-
nique also allowed for increased sample loading, more than
twice the amount used in 2DE-NEPHGE. Figure 2 shows
silver staining (Fig. 2A) and immunoblotting of pH 4-7 2DE-
IPG-separated membrane proteins with needle-inoculated

mouse serum (Fig. 2B). The immunoreactivity pattern of high-
molecular-mass acidic proteins is comparable to that seen with
rabbit sera in Fig. 1 and was used to pick individual proteins
visualized with silver stain for analysis. Immunoreactive pro-
teins identified with MALDI-TOF are labeled in Fig. 2A, and
the corresponding identifications are listed in Table 2. We
confirmed a number of previously recognized membrane pro-
teins that are known to be immunogenic in mammalian infec-
tion, including RevA, ErpA, BmpA (P39), and several mem-
bers of the OppA family (OppA I, II, and IV) (5, 8, 16, 60).
ErpB/J/O (three identical loci in B. burgdorferi B31 [12, 13, 41]
that we refer to simply as ErpB) was identified as an immu-
nogenic protein present in low amounts in cell lysates (data not
shown) or membrane-associated proteins, which we were pre-
viously unable to identify by MALDI-TOF analysis of 2DE-
NEPHGE-separated proteins. ErpB, an Elp (OspE/F-like
leader peptide) paralog and also referred to as ElpB1 in strain
297 (2, 61), is immunogenic in infected mice, baboons, and
humans (28, 41, 60). In addition, FtsZ, a cell division protein
with homology to tubulin, was immunogenic with this serum.
Our identification of these membrane-associated proteins
present in low amounts by MALDI-TOF has expanded the
known proteomic map of the membrane fraction and allowed
us to examine the immune response to B. burgdorferi mem-
brane-associated proteins in a number of other mouse strains.

Immunoblotting of pH 4-7 2DE-IPG- and 2DE-NEPHGE-
separated B. burgdorferi membrane proteins with murine sera.
The identification of low-abundance acidic proteins via 2DE-
IPG, which show high degrees of immunogenicity with mouse
sera, allowed us to more completely map the similarities in the
humoral immune response to B. burgdorferi infection among
outbred murine strains. Figure 2 shows pH 4-7 2DE-IPG-
separated B. burgdorferi membrane proteins immunoblotted
with sera from pooled low-density needle-inoculated RML
white mice (Fig. 2B) and from tick-infected ICR mice (Fig.

TABLE 2. Proteins identified by MALDI-TOFa

Protein identification (additional designations) % Coverage Isoelectric point
(pI)

Predicted molecular
mass (Da)

Source or
reference

RevA (BBM27, BBP27) 36.0 5.6* 15,628* 7, 43; this study
ErpA/I/N (BBL39, BBP38, OspE paralog,

BbCRASP-5)
31.0 5.2* 18,200* 7, 43; this study

BBA03 65 5.3 19,222 43
ErpP (BBN38, OspE paralog, BbCRASP-3) 52 8.4* 20,689* This study
lipoprotein LA 7 (BB0365) 72 5.5* 21,866* 43; this study
BB0323 25 9.4# 29,000# 43
BBA64 (P35) 36.0 9.3* 31,878* 7, 43
BBI36/38 35.0 9.6* 33,101* 43; this study
BmpA (BB0383, P39) 89.0 5.1* 35,113* 43; this study
FlaB (BB0147) 60 5.5 35,765 43; this study
FtsZ (BB0299) 55 4.9 42,398 This study
ErpB/J/O (BBL40, BBP39, ElpB1) 21.0 5.0* 43,038* This study
FlhF (BB0270) 29.0 8.4 44.369 This study
BBA66 18.0 9.4* 43,787* 7, 43
OppA I, II, and IV (BB0328, BB0329,

BBB16)
50, 54, and 54 5.4*, 5.4*, and 5.5* 57,937*; 58,549*; and 58,330* 43; this study

OppA III (BB0330) 40.0 9.1 62,355 43
P66 (BB0603) 68.0 6.0 68,173 43; this study
Hsp90 (BB0560) 11.0 5.6 71,219 43; this study
P83/100 (BB0744) 46.0 5.1 77,503 43; this study

a The asterisk denotes the predicted molecular mass and pI of lipoprotein after cleavage of the signal peptide. The “#” symbol denotes the predicted molecular mass
and pI after CtpA processing.

VOL. 74, 2006 SEROLOGIC ANALYSIS OF BORRELIA MEMBRANE PROTEINS 3867



F
IG

.
2.

Im
m

un
ob

lo
tt

in
g

of
B

.
bu

rg
do

rf
er

i
m

em
br

an
e

fr
ac

tio
n

pr
ot

ei
ns

se
pa

ra
te

d
by

2D
E

w
ith

m
ur

in
e

se
ra

.
B

.
bu

rg
do

rf
er

i
M

A
P

w
er

e
se

pa
ra

te
d

w
ith

pH
4-

7
2D

E
-I

PG
(A

-C
)

or
2D

E
-N

E
PH

G
E

(D
-F

)
an

d
vi

su
al

iz
ed

w
ith

si
lv

er
st

ai
ni

ng
(A

an
d

D
)

or
im

m
un

ob
lo

tt
in

g
(B

,
C

,
E

,
an

d
F

).
Im

m
un

ob
lo

tt
in

g
w

as
pe

rf
or

m
ed

w
ith

a
1:

1,
00

0
di

lu
tio

n
of

se
ra

fr
om

lo
w

-d
en

si
ty

ne
ed

le
-in

fe
ct

ed
R

M
L

w
hi

te
m

ic
e

(B
an

d
E

)
or

fr
om

tic
k-

in
fe

ct
ed

IC
R

m
ic

e
(C

an
d

F
).

T
he

pH
ra

ng
e

of
ea

ch
ge

li
s

in
di

ca
te

d.
R

el
at

iv
e

m
ol

ec
ul

ar
m

as
s

m
ar

ke
rs

(i
n

ki
lo

da
lto

ns
)

ar
e

in
di

ca
te

d
to

th
e

le
ft

of
ea

ch
ge

l.
Pr

ot
ei

ns
id

en
tifi

ed
by

M
A

L
D

I-
T

O
F

an
al

ys
is

of
id

en
tic

al
si

lv
er

-s
ta

in
ed

sp
ot

s
ar

e
an

no
ta

te
d

an
d

lis
te

d
in

T
ab

le
2.

B
ox

ed
ar

ea
s

de
si

gn
at

e
pr

ot
ei

n
is

of
or

m
s

w
ith

a
si

ng
le

id
en

tifi
ca

tio
n.

F
or

pH
4-

7
2D

E
-I

PG
,4

00
�

g
of

M
A

P
w

as
us

ed
fo

r
si

lv
er

st
ai

ni
ng

an
d

50
�

g
of

M
A

P
w

as
us

ed
fo

r
im

m
un

ob
lo

tt
in

g.
2D

E
-N

E
PH

G
E

ut
ili

ze
d

15
0

�
g

of
M

A
P

fo
r

si
lv

er
st

ai
ni

ng
an

d
25

�
g

of
M

A
P

fo
r

im
m

un
ob

lo
tt

in
g.

3868 NOWALK ET AL. INFECT. IMMUN.



2C). The map of the reactivity with these sera demonstrates a
number of similarities between strains. Previously identified
membrane proteins such as OspC, DbpA, BmpA, and ErpA
are reactive in all pooled sera tested in our study, including
other pooled RML white and ICR mouse sera (data not
shown). FtsZ, identified in Fig. 2A, was immunogenic across all
strains tested, an unexpected finding for a cell division-associ-
ated protein. OppA I, II, and IV, oligopeptide permease ho-
mologs, were reactive with all sera, as were ErpB and ErpP.
Similar to ErpA, ErpP is an OspE paralog that demonstrates
the ability to bind Factor H and is also called BbCRASP-3 (3,
30, 32, 39). Lipoprotein LA7 (p22) was recognized by all sera
tested, although with various intensities. FlaB induced only
faint responses in all murine sera examined. The reactivity of
several of these proteins agrees with prior 2DE-IPG work
performed with non-temperature-adapted or non-pH-adapted
B. burgdorferi (16, 17) and adds the identification of a number
of immunoreactive membrane-associated proteins present in
lower quantity. These immunoblots also confirm the utility of
the low-density needle infection (103) as a surrogate for tick
bite infection, since the reactivity patterns of all four panels are
very comparable.

Although we used the pH 4-7 2DE-IPG to identify acidic
proteins present in low amounts in the membrane fraction, this
pH range does not demonstrate the full humoral response to B.
burgdorferi. We therefore examined the reactivity of RML
white and ICR mouse sera with B. burgdorferi membrane pro-
teins separated with 2DE-NEPHGE and correlated these blots
with our previously established proteomic map (43). 2DE-
NEPHGE offers a broader pH range resolution and highlights
the predominantly basic membrane proteome of B. burgdorferi.
Figure 2D demonstrates the pattern of 2DE-NEPHGE sepa-
ration of B. burgdorferi strain B31 membrane-associated pro-
teins, with corresponding identifications made by MALDI-
TOF analysis. Figure 2E and F shows immunoblots of similarly
separated proteins, with sera from pooled low-density needle-
inoculated (103) RML white mice (Fig. 2E) and from tick-
infected ICR mice (Fig. 2F). All sera showed comparable
patterns of reactivity between pH 4-7 2DE-IPG and 2DE-
NEPHGE, and the pattern of reactivity of acidic proteins with
2DE-NEPHGE allowed comparison with proteins identified
previously using pH 4-7 2DE-IPG. All sera recognized BBA66
and BBI36/38, the basic pgf 54 lipoproteins recognized by P.
leucopus serum, whereas BBA64 was recognized by the major-
ity of tested sera. FlhF and BB0323 were immunogenic in all
tested mouse sera. Higher-molecular-mass acidic proteins, in-
cluding ErpB, OppA I, OppA II, OppA IV, BmpA, and FtsZ,
were reactive across the panel, reproducing the results of the
2DE-IPG samples. The previously established immunogens—
OspC, DbpA, BmpA, and ErpA—were recognized by each
murine serum pool. We also observed immunoreactivity to
RevA in all mouse sera when 2D-IPG or 2D-NEPHGE immu-
noblots were probed. The observed variability in RevA reac-
tivity in some murine sera (compare Fig. 2B and E) was due to
the equilibration steps of the NEPHGE tube gels prior to
SDS-PAGE separation, which can cause the loss of low-mo-
lecular-mass proteins.

Temporal course of pooled CDC Lyme patient serum panel
reactivity with 2DE-IPG- and 2DE-NEPHGE-separated B.
burgdorferi membrane proteins. The characterization of the

murine immune response to B. burgdorferi membrane-associ-
ated proteins allowed us to compare this with the humoral
response to B. burgdorferi infection in humans. There have
been few previous reports using 2DE in the examination of
human antibody reactivity from specific populations (such as
cerebrospinal fluid profiles during neuroborreliosis and syno-
vial fluid profiles during arthritis) with B. burgdorferi cell lysates
(27, 40). These previous studies were performed with pH
ranges that limited basic protein resolution or did not enrich
for membrane proteins. Our work is differentiated by the in-
creased range of basic protein resolution, as well as the analysis
of temporal changes in the humoral immune response to B.
burgdorferi membrane proteins. We obtained the CDC Lyme
patient serum panel in order to compare and contrast the
serologic response to infection in the early-localized (�1
month), early-disseminated (1 to 6 months), and late-dissem-
inated (	6 months phases). Figure 3 shows immunoblotting of
pH 4-7 2DE-IPG B. burgdorferi membrane proteins with
pooled sera from early-localized (Fig. 3A), early-disseminated
(Fig. 3B), and late-disseminated human infection (Fig. 3C).
FlaB, the only antigen recognized strongly by early sera, was
reactive throughout human exposure. P66 and OppA I, II, and
IV are weakly reactive with the early localized pool. Pooled
early-disseminated sera recognized OspC, DbpA, BmpA, and
ErpA, which was similar to the murine response (refer to Fig.
2B and C). However, reactivity with P66 was much more prom-
inent, as well as P83/100. Interestingly, FtsZ and ErpB were
also immunogenic in the human, both in early- and late-dis-
seminated disease. Although RevA and ErpA decreased in
reactivity in late-disseminated sera at the dilution of 1:1,000,
there was strong recognition of several new antigens, including
LA7, OspB, and OspA. A number of antigens which the hu-
man sera pools react with (P66 and P83/100) have previously
been described as immunogens in the human host (34, 44). The
immunoblotting of 2DE-NEPHGE membrane fractions (Fig.
3D and E) with the same temporal groups detected a similar
pattern of reactivity compared to the narrower pH range data
in Fig. 3A to C. In addition, the reactivity of BBA66, FlhF, and
BB0323 in early-disseminated sera was revealed with the im-
proved pH range of the NEPHGE technique. Little reactivity
with BBA64 or BBI36/38 was observed with either the early-
disseminated or late Lyme sera pools at a dilution of 1:1,000, in
contrast to the murine humoral response. These blots also
confirm the reactivity of LA7 in late sera and the diminished
recognition of OspC by these sera (comparing Fig. 3E and F).

DISCUSSION

We describe here the serologic proteome analysis of murine
and human humoral responses to B. burgdorferi membrane-
associated proteins, using 2DE and MALDI-TOF identifica-
tion of individual antigens. This study represents a comprehen-
sive analysis of serologic reactivity in two dimensions and
confirms a number of past observations regarding the humoral
response in Lyme disease. We have identified a number of
novel immunogens as well, including several members of the
pgf 54 family of lipoproteins. The identified proteins and their
reactivity with murine and human sera are listed in Table 3.
The use of alternative methods of protein separation—both
narrow, acidic range 2DE-IPG and broad pH range 2DE-
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NEPHGE—allowed us to identify abundant proteins with
moderate reactivity (OspC), as well as very minor species that
manifest significant immunogenicity in all hosts (FtsZ, FlhF,
BB0323, and BBA66). The temporal map of the humoral re-
sponse in humans reveals the shifting reaction to B. burgdorferi
membrane components, highlighting differences in the anti-
body response over time. In total, these data represent a map
of the humoral response to B. burgdorferi infection in both
human and murine hosts and provide a number of areas of new
investigation in the pathogenesis of Lyme disease.

Investigation of humoral responses in humans and mice in
past studies has focused on single clinical stages of Lyme dis-
ease (36) or on selected sites, including a 2DE-NEPHGE study
of synovial fluid immunoglobulin reactivity with B. burgdorferi
(40). Other work has focused on 2DE-IPG-separated B. burg-
dorferi antigens extracted with Triton X-114 from infected tis-
sue in SCID mice or rabbits and then probed with immune
rabbit or monospecific protein sera (16, 17). Our data correlate
many of the identifications made in these studies, particularly
in the more recent work with skin samples from infected
mouse and rabbit hosts. The use of 2DE-IPG, as demonstrated
by Crother et al. in recent studies, does reduce the separation
of highly basic proteins, a recognized limitation of this elec-
trophoretic technique (16, 17). The highly basic nature of the
B. burgdorferi proteome (average pI of 	8.0), however, adds
importance to the improved resolution of these alkaline pro-
teins. We have previously documented the efficiency of our
CHAPS-based buffer system in combination with 2DE-
NEPHGE for the identification of proteins with a pI as basic as
10.0 (7, 43). The increased resolution, as well as the compar-
ison not only between species but also with the temporal
course of human infection, allows us to better understand the
humoral immune response to B. burgdorferi.

A key finding in the present study is the consistent immu-
nogenicity of several members of the highly basic pgf 54 li-
poproteins, including BBA64, BBA66, and BBI36/38. Our
group has previously identified BBA64 and BBA66 as pH-
regulated membrane proteins whose expression is increased at
pH 7.0 relative to pH 8.0 (7). Ojaimi et al., in a gene array
study, noted an increase in the transcription of BBA64 and
BBA66 at 35°C relative to 23°C (46), again suggesting the
increased presence of these proteins in the membrane during
the transmission of B. burgdorferi into mammalian hosts. The
identification of BBI36/38 in the pH 7.0 membrane proteome
in a recent study confirmed another lipoprotein from pgf 54 as
expressed at pH 7.0 and 35°C in culture. The reactivity of many
sera with BBA64 (P35) has previously been established (1, 23),
but the recognition of BBA66 and BBI36/38 as immunogens
has not. The use of 2DE is critical to this recognition, since
BBA66 (�43 kDa) migrates at a molecular mass similar to that
of FlaB (�42 kDa) and BmpA (�39-40 kDa), and BBI36/38
(�33 kDa) is obscured in medium-derived B. burgdorferi by the
expression of OspA and OspB. In previous studies examining
1DE of membrane proteins, it is likely that any specific reac-
tivity with BBA66 would have been masked by the humoral
response to these more abundant proteins. Other studies have
noted the increased expression of pgf 54 member mRNA in
response to temperature and exposure to blood, including
BBA64 and BBA66 (46, 64). The function of this paralogous
family remains unknown, but these data suggest a role for their
expression under conditions that would simulate transmission
to a mammalian host.

The immunogenicity of the pgf 54 members also highlights
the contrast between abundant, moderately immunogenic pro-
teins in the membrane and minor components which appear
more highly immunogenic. BBA66 in particular is a minor
protein difficult to visualize with silver staining and yet is im-
munogenic across mammalian hosts. FtsZ, a cell division-as-
sociated protein (20), was not identified in our previous study
mapping the proteome of B. burgdorferi and, due to its pres-
ence in such limiting quantities, it required overloading with
2DE-IPG for identification in the present study. Similarly to
BBA66, it is recognized across all of the sera we have examined
in the present study. Interestingly, the 75-kDa Bartonella ba-
cilliformis FtsZ homolog has been determined as a major im-
munogen in humans diagnosed with Carrion’s disease (48). We
would postulate that B. burgdorferi FtsZ, produced during spi-
rochetal cell division in the persistently infected host, is recog-
nized by the humoral response and may be a useful diagnostic
target. What role FtsZ may play in Lyme borreliosis besides
the putative role it serves in cell division remains to be deter-
mined. BB0323 is a membrane-associated protein of unknown
function that is a substrate for the carboxyl-terminal protease
(CtpA) of B. burgdorferi (47). Moreover, insertion of the mar-
iner transposon into this gene leads to disruption of the outer
membrane and the formation of large blebs in noninfectious B.
burgdorferi clones (62). Interestingly, BB0323 contains a con-
served LysM domain at the C terminus. LysM domains are
found in prokaryotic and eukaryotic proteins and are thought
to act as peptidoglycan-binding domains. These domains are
found within cell wall-degrading enzymes, staphylococcal au-
tolysins, and the invasion-associated protein P60 of Listeria
monocytogenes (4, 11, 29). Lastly, the identification of FlhF, a

TABLE 3. Specific reactivity of serum poolsa

Protein

Mouse sera Human serab

P.
leucopus

RML
white ICR EL ED LD

RevA (BBM27, BBP27) � � � �
ErpA/I/N (BBL39, BBP38, OspE

paralog, BbCRASP-5)
� � � �

Lipoprotein LA 7 (BB0365) � � � �
ErpP (BBN38, OspE paralog,

BbCRASP-3)
� � � � �

DbpA (BBA24) � � � � �
OspC (BBB19) � � � � �
BB0323 � � � � �
OspA (BBA15) �
BBI36/38 � � �
BBA64 (P35) � � � �
BmpA (BB0383, P39) � � � � �
FlaB (BB0147) � � �
FtsZ (BB0299) � � � � �
ErpB/J/O (BBL40, BBP39,

ElpB1)
� � � � �

FlhF (BB0270) � � � � �
BBA66 � � � � �
OppA I, II, and IV (BB0328,

BB0329, BBB16)
� � � �/� � �

OppA III (BB0330) � �
P66 (BB0603) �/� � �
Hsp90 (BB0560) � �
P83/100 (BB0744) � �

a �/�, weakly immunoreactive; �, strongly immunoreactive.
b EL, early localized; ED, early disseminated; LD, late disseminated.
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putative flagellar GTP-binding protein, as immunogenic in all
sera tested is intriguing given the evidence for a role as a sensor
molecule in other bacterial models (52).

One limitation of this and any study seeking to analyze
serologic samples is the use of culture-derived B. burgdorferi.
While the ability to propagate B. burgdorferi in vitro is crucial
to the progress made thus far in understanding the pathogen-
esis of Lyme disease, evidence that BSK-grown spirochetes
may present a much different membrane protein composition
is undeniable (42, 67). For example, in our experience OspA
expression in vitro is persistent despite alterations in medium
temperature and pH. Moreover, our current serologic pro-
teome analysis technique is limited to proteins that we can
visualize with dilute mammalian sera. We hypothesize that the
expression of some low-abundance proteins such as pgf 54
members is greatly augmented during and after transmission
by the tick, and we are currently involved in the study of this
gene family in order to describe what its true in vivo expression
and function may be during infection. Variations in medium
composition, as well as interstrain differences in protein pro-
files, also make serologic results more challenging to interpret.
We feel, however, that the present study clearly establishes the
utility of a serologic proteome analysis in identifying novel
antigens involved in the pathogenesis of B. burgdorferi infec-
tion. This tool will obviously be applicable to analyses in a wide
variety of microbiologic systems where exploration of humoral
immune response is critical. These data will direct further
investigation into the antigenicity and possible protective roles
of a number of B. burgdorferi proteins, and we hope will pro-
vide insight into the critical role of these membrane proteins in
the development of Lyme disease in the human host.
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