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ABSTRACT OspA (outer surface protein A) is an abun-
dant immunogenic lipoprotein of the Lyme disease spirochete
Borrelia burgdorferi. The crystal structure of a soluble recom-
binant form of OspA was solved in a complex with the Fab
fragment of mouse monoclonal antibody 184.1 and refined to
a resolution of 1.9 Å. OspA has a repetitive antiparallel b
topology with an unusual nonglobular region of ‘‘freestand-
ing’’ sheet connecting globular N- and C-terminal domains.
Arrays of residues with alternating charges are a predominant
feature of the folding pattern in the nonglobular region. The
184.1 epitope overlaps with a well conserved surface in the
N-terminal domain, and a hydrophobic cavity buried in a
positively charged cleft in the C-terminal domain is a potential
binding site for an unknown ligand. An exposed variable
region on the C-terminal domain of OspA is predicted to be an
important factor in the worldwide effectiveness of OspA-based
vaccines.

Lyme disease is a progressive infection resulting from inocu-
lation of the spirochete Borrelia burgdorferi into the skin by a
feeding tick, usually Ixodes species (1). Dissemination occurs
early and can produce a wide array of clinical manifestations.
Because some individuals are initially asymptomatic, there is
no objective sign or laboratory abnormality that can univer-
sally identify infection. Left untreated, infection can eventually
lead to serious joint, neurologic, cardiac, and skin abnormal-
ities.
Two basic lipoproteins with 53% sequence identity are

abundant proteins of cultured B. burgdorferi spirochetes (2).
OspA (outer surface protein A, 31 kDa) and OspB (34 kDa)
are encoded by tandem genes located on a 49-kb linear plasmid
and are transcribed in a single transcriptional unit (3, 4); their
natural biological functions are unknown. Although several
studies suggest that the predominant location of these antigens
is periplasmic, they are also found on the fluid outer mem-
brane (5–8). OspA has been shown to be present when the
spirochete is dormant in the tick midgut but is no longer
detected after rapid division and dissemination to the tick
salivary glands during a blood meal (9). This may explain why
the natural immune response to OspA develops only in a
minority of Lyme disease patients, and usually only late in the
course of the disease. Preliminary studies have shown that
vaccines based on OspA can induce protective immunity in
mammals (10–12). Blockage of spirochete transmission from
the tick vector to the mammalian host by anti-OspA antibodies
appears to be the main mechanism of protection (13). Phase
III trials to assess the effectiveness of recombinant OspA
vaccines in humans are in progress (14, 15).

A fully successful vaccine will require delineation of neu-
tralizing epitopes of OspA and their variation across the range
of Lyme-disease-causing Borrelia (16, 17). We initiated struc-
ture determination of OspA (from strain B31) to aid in vaccine
design and to begin to elucidate protein function. Although
OspA normally has a lipidated N-terminal cysteine to provide
a membrane anchor (18), a recombinant unlipidated form is
soluble in aqueous solution and is still recognized by antibodies
from Lyme disease patients (19). Efforts to crystallize recom-
binant OspA by itself failed, but crystals of the protein
complexed with the antigen-binding fragment of a murine
monoclonal antibody (Fab 184.1) were readily obtained (20).
The structure was solved by a combination of molecular
replacement and multiple isomorphous replacement methods
using diffraction data collected with synchrotron radiation
(see Table 1 for details). We report herein a refined atomic
model for the complex at a resolution of 1.9 Å (see Fig. 1 for
refinement details). OspA has a number of intriguing features,
including a novel folding pattern that incorporates alternating
charge arrays into antiparallel b-sheet, a potential ligand
binding site, a conserved surface overlapping the epitope of
the Fab, and a distinctive variable motif. We suggest that the
protein has a conserved function, possibly acting as a receptor
or signal transducer.

MATERIALS AND METHODS

OspA–Fab 184.1 crystals were grown by vapor diffusion as
described (20); they belong to space group P212121, with unit
cell dimensions a 5 89.2 Å, b 5 91.7 Å, and c 5 100.8 Å.
Diffraction data (Table 1) were collected at the Brookhaven
National Laboratory National Synchrotron Light Source, on
beamlines X25 (Cys-84-II) and X12C (all others). Each data
set was collected from a single crystal soaked for 1–2 days in
a cryoprotectant solution [50 mM TriszHCl, pH 8.5y80 mM
MgCl2y20% PEG (Mr 3300)y8% glycerol] and then flash-
cooled to 100 K. Platinum and lead derivatives were obtained
by presoaking crystals in stabilizing solutions (no glycerol)
containing millimolar concentrations of the heavy atom com-
pounds; the iodine derivative was obtained by reacting the
OspA–Fab 184.1 complex with Iodo-beads (Pierce) prior to
crystallization. Diffraction images were collected using MAR
image plateyscanner systems and were processed with DENZO
(22).
When the HyHEL5 Fab (23) was used as a search model, a

molecular replacement solution was independently obtained
with both AMORE (24) and XPLOR (25–27). Phases calculated
with the single platinum site identified by isomorphous and
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anomalous difference Patterson functions were employed to
locate lead and iodine derivative sites; molecular replacement
phased difference Fouriers provided independent verification
of derivative sites. Several cycles of phase combination with
SIGMAA (28), solvent flattening with SOLOMON (29), model
building with O (30), followed by refinement with XPLOR were
then performed. The assignment of side chains for the OspA
polypeptide [strain B31 sequence (31)] was confirmed by
difference Fourier maps locating the positions of two OspA
site-directed point mutants (Ser-843 Cys and Ser-1163 Cys:
wild-type sequence and Cys-116 mutant data sets were col-
lected but are not reported in Table 1). Diffraction data sets
from OspA Cys-84 mutant crystals were of higher quality than

those of native OspA and so were ultimately used as parents
in phasing calculations. The platinum compound bound to the
sole methionine residue of OspA (Met-38); six iodine positions
were located on tyrosine phenol rings of the Fab.
Recombinant OspA lacks the hydrophobic leader and signal

peptidase II site of the native protein precursor (19). Ala-17,
the mature recombinant N-terminal residue, replaces the
mature native lipidated N-terminal Cys-17; the remainder of
the recombinant polypeptide follows the OspA sequence (31).
Electron density is not observed for the first six residues, so the
OspA model extends from Ser-23 to Lys-273, the C terminus.
The Fab model was generated by replacing the molecular
replacement model with an immunoglobulin of class G2b and

FIG. 1. Schematic view of the OspA–Fab 184.1 complex. OspA is displayed with its secondary structural elements, b-strands (cyan, numbered
1–21) and a-helix (magenta, labeled a), connected by grey turns or loops. The front face of the central sheet, as defined in the text, is seen in this
view. Fab 184.1 is represented by violet and green ribbons for the light and heavy chains, respectively. The three complementarity determining
region (CDR) loops on each chain are displayed as thin ropes and labeled (e.g., L1 for CDR1 of the light chain). The figure was generated with
SETOR (21).
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then making substitutions according to Fab 184.1 light and
heavy chain gene sequences that were determined by N-
terminal sequencing followed by a reverse transcriptase-
coupled polymerase chain reactionysequencing method (No-

vagen). The final R factor for the OspA–Fab complex model
refined against dataset Cys-84-II is 22.9% (R-free 5 29.5%),
with 5498 nonhydrogen atoms, including 328 water oxygens.

RESULTS AND DISCUSSION

Previous biophysical studies by France et al. (32) predicted
predominantly b-structure for OspA. In the crystalline OspA–
Fab 184.1 complex, OspA is folded into 21 consecutive anti-
parallel b-strands connected by turns or short loops, followed
by a single C-terminal a-helix (Figs. 1 and 2). Ten b-strands
(5–14n) form the molecule’s scaffold: a long central b-sheet
with right-handed twist. One edge of the central sheet is
well-ordered with tight turns; the other edge is more poorly
ordered with longer loops and b-bulges near the ends of three
strands (Figs. 2 and 3). The repetitive fold of the central sheet
is reminiscent of repetitive nonglobular structures—e.g.,
coiled-coils and leucine zippers. We designate the two faces of

FIG. 2. Two-dimensional representation of the OspA folding pat-
tern. The view is of the front face of the central b-sheet, with other
b-sheets ‘‘uncurled’’ to form a single pseudocontinuous sheet. Resi-
dues in secondary structural elements (b-strands or a-helix) are
represented by uppercase type; residues in turns are in lowercase type.
Residues in brackets at the N terminus are predicted to be present in
recombinant OspA but are not seen in the crystal. The four b-sheets
formed by the 21 antiparallel b-strands are indicated by labeled
rectangles enclosing sections of sequence, and the C-terminal a-helix
is indicated at the bottom. For each line, the b-strand number is
indicated in parentheses to the right, followed by the numerical range
and direction of displayed residues. Vertical rectangles indicate resi-
dues with side chains extending behind the plane of the figure, residues
with uppercase type outside the rectangles extend toward the viewer.
Residues with exposed surface areas less than 10 Å2 are considered
buried and are underlined. In general, buried residues are front-facing
between strands 1 and 9 and rear-facing between strands 11 to 21,
corresponding to the folding of N- and C-terminal domains on
opposite sides of the central sheet. Strand 14 has main-chain hydrogen
bonds to both the central sheet (14n) and to barrel sheet 1 (14c).
Residues that contact Fab 184.1 are horizontally boxed (heavy lines);
residues in the charge arrays are indicated in italic type. Residues
strictly conserved in 49 OspA sequences (see Fig. 4) are within shaded
circles; highly variable residues are within circles with shaded outlines.

FIG. 3. Electron density for antiparallel b-strands 8–11 in the
central sheet of OspA. The (2Fobs 2 Fcalc), model phase map is
contoured at 1.0 s (mesh). The thick-wire model extends from Thr-108
at the upper left through two b-hairpins to Ser-152 at the upper right.
Note poor density for the flexible loop (upper center) between
b-strands 9 and 10, typical for the larger more-flexible loops on the
upper edge of the central sheet.

Table 1. Diffraction data and phasing statistics for the OspA–Fab 184.1 complex

Dataset Cys-84-I Cys-84-II K2PtCl4 KI Pb(CH3)3

Observed reflections, no. 155,965 254,719 87,304 70,488 89,601
Unique reflections, no. 36,731 58,870 20,837 17,419 23,461
Resolution limit, Å 2.30 1.95 2.80 2.85 2.70
Completeness, %* 97.9 (86.4) 97.1 (88.3) 98.2 (96.9) 88.5 (91.0) 99.3 (99.0)
Rmerge, %† 5.2 (22.4) 4.8 (21.6) 8.0 (21.7) 8.6 (19.5) 6.9 (23.2)
Riso, %† 6.8 10.5 6.6
Phasing power‡ 1.61 (1.69) 1.24 1.09 (1.37)

*Data for reflections in the last shell for the given resolution limit are in parentheses. The shell width is '0.1 Å.
†Rmerge indicates agreement of individual reflection measurements over the set of unique averaged reflections: Rmerge 5 •h •i uI(h)i 2 I(h)uy•h
•i I(h)i, where h is the Miller index and i indicates individual observed reflections, including those in symmetry equivalent positions. Riso indicates
agreement of native and derivative structure factures: Riso 5 •h uFP(h) 2 FPH(h)uy•h FP(h).
‡Phasing power is the mean heavy-atom structure factor amplitude divided by the mean lack-of-closure error. Larger values usually indicate better
calculated experimental phases. For platinum and lead derivatives, the phasing power for the anomalous component is given in parentheses.
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the central sheet as ‘‘front’’ and ‘‘back.’’ A small N-terminal
b-sheet (strands 1–4) packs perpendicular to the first four
strands of the front face, forming a b-sandwich domain. At the
C-terminal end, two b-sheets (strands 14c–16 and 17–21)
straddle the final a-helix to form a barrel-like unit that packs
against the last five strands of the back face. Although the
central sheet is involved in typical globular domain-packing
arrangements at either end, three b-strands in the center
(strands 8–10) are largely exposed to solvent on both faces.
The latter feature appears to be unique among known protein
structures; the distribution of residues in this region warrants
careful inspection. OspA may prove to be a useful model for
study of the folding of freestanding antiparallel b-sheets.
A large electrostatic component to the folding of recombi-

nant OspA had been predicted based on the unusual stability
of the protein at low and high salt concentrations and over a

wide pH range (32). In our model, all but three of 74 charged
residues have surface-exposed charged groups forming ion
pairs or higher-order arrays (the three exceptions are discussed
later). An extended charge array composed of six side chains
of alternating Glu and Lys residues is found on the back face
of the central sheet, and an interrupted charge array (Lys, Glu,
Ile, Glu, Lys, Glu) sits in an adjacent position on the front face
(see Fig. 2, residues in italics). This arrangement bears resem-
blance to polar zippers predicted by Perutz and colleagues (33,
34) for primary sequences containing more obvious and
extended regions of alternating charges. Although charged
residues are known to be poor at forming antiparallel b-sheets
by themselves, ion pairs across antiparallel b-strands have
favorable side-chain interaction energies (35). Residues known
to favor b-sheet formation, hydrophobic and uncharged polar
residues (36, 37), f lank the charge arrays. Alignment of

FIG. 4. Conservation map for OspA, with epitope of Fab 184.1 superimposed. Forty-nine OspA sequences available in GenBank in February
1996 were aligned, and the results were encoded on a 0–10 conservation scale using ALSCRIPT (38). OspA was then color-coded according to
conservation, with red representing the most variable residues and blue representing strictly conserved residues. Similar results are obtained when
the 19 available OspB sequences are also included (data not shown). (Left) Space-filling model of OspA, with the surface made inaccessible by
Fab 184.1 indicated as a white mesh. (Right) Ribbon model in same orientation, with same coloring scheme. Included were sequences from the
genospecies B. burgdorferi sensu stricto, Borrelia garinii, Borrelia afzelii, Borrelia japonica, and Borrelia andersonii (16, 17). The figure was made with
GRASP (39).
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available OspA and OspB sequences (see Fig. 4) suggests that
the charge arrays are not strictly conserved but continuous
runs with four or more alternating charges always appear on
at least one of the two faces. Charge arrays are likely to be an
important feature in the stability of the central sheet antipa-
rallel folding motif.
Monoclonal antibody 184.1 was raised against sonicated

spirochetes (40). It recognizes an epitope near the N terminus
of OspA that is not readily accessible on intact spirochetes
(41). The Fab 184.1–OspA interface is typical of Fab–protein
complexes (42), with extensive surface burial (800 Å2 for OspA
and 1200 Å2 for the Fab), and intermolecular contacts that
include seven direct hydrogen bonds, two ion pairs, numerous
van derWaal’s interactions, and water bridges. Consistent with
the broad specificity of monoclonal antibody 184.1 (43), the
epitope overlaps a highly conserved surface of OspA (Figs. 2
and 4). The size, shape, and in vivo inaccessibility of the
conserved surface suggests that this region of OspA may
normally take part in a specific interaction with another
membrane component.
The C-terminal domain is the target of most agglutinating

and neutralizing antibodies directed against OspA (44, 45); it
must therefore be accessible on the spirochete cell surface.
Mapping studies with OspA point mutants (46) have shown
that the epitopes of three strain-specific agglutinating mono-
clonal antibodies as well as one broader-specificity neutralizing
monoclonal antibody overlap a variable region in the C-
terminal domain that includes a strictly conserved tryptophan
residue (Trp-216). This region was predicted to adopt an
a-helical conformation (47), but instead it encompasses two
b-strands, 16 and 17, plus the loops flanking these strands (see
Figs. 2 and 4). The discontinuity in main-chain hydrogen-bond
formation between b-strands 16 and 17 provides significant
surface exposure to most of the residues, a feature that might
predispose the region to be antigenic. Conserved residues,

including Trp-216, face inward to form interstrand contacts.
Residues that vary widely across the five defined genospecies
of Lyme-disease-causing Borrelia (though are fairly well con-
served within genospecies) are either outward-facing at the
centers b-strands 16 and 17 or are exposed in the three loops
flanking the two strands (Fig. 2). Significantly, the epitope of
the protective monoclonal antibody LA-2 (48, 49) has recently
been mapped to this hypervariable region (50). Success of
recombinant OspA as a protective vaccine in a hamster model
is strongly correlated with high titers of LA-2-equivalent
antibodies (51). Thus, vaccines based on OspA may require
representatives of this hypervariable region from several geno-
species for world-wide effectiveness. To better define the
epitope of LA-2, we have obtained crystals of OspA complexed
with the LA-2 Fab fragment and structure determination is
underway.
A prominent feature of the center of the C-terminal barrel

domain is a trio of partially buried charged residues–Arg-139
from b-strand 10, Glu-160 from b-strand 12, and Lys-189 from
b-strand 15 (Fig. 5). Of the three residues, the first two are
strictly conserved in both OspA and OspB; position 189 is
nearly always Lys in OspA andArg inOspB. The trio is situated
at the base of a well-conserved prominent cleft '5 Å across,
24 Å long, and 8 Å deep. The cleft is formed in the C-terminal
domain and is extended by curling of poorly ordered loops of
the central sheet toward the back face, an effect promoted by
b-bulges near the ends of b-strands 8, 10, and 11. The aliphatic
side-chain methylenes of Lys-189 form the ‘‘lid’’ of a 34-Å3
solvent-inaccessible cavity that is lined by well-conserved
hydrophobic residues (Fig. 5). Even though the cavity is large
enough in volume to accommodate two solvent molecules,
electron density maps do not indicate preferred water posi-
tions. The presence of the cavity and partially buried charges
within the cleft suggests that the C-terminal domain of OspA
might be a binding site for a ligand that could have a negative
charge and certainly some hydrophobic character. We can only
guess at the nature of the ligand, but the cleft is large enough
to fit a small peptide, linear saccharide, or an exposed protein
loop. Three-dimensional search programs (52–54) using either
the whole OspA structure or the Arg-139, Glu-160, and
Lys-189 motif as probes failed to find a similar arrangement of
partially buried charged residues in other known protein
structures.
We have described herein the structure of a protein of

immunological interest for which there is no defined function.
The usual question asked at the end of a structure determi-
nation, which is how does structure explain function, must be
turned around–what does structure tell us about possible
function? Although OspA has no significant sequence or
structural homology to proteins with known function, we can
still draw in a general way on known structure–function
relationships. An extensive conserved surface usually denotes
interactions with other macromolecules, and the presence of
conserved charged groups in a pronounced cleft is typical of
proteins that bind small or linear polymeric ligands. In its
natural position in the spirochete, OspA could thus play a
sensory role, e.g., recognizing either a soluble or host cell
surface biomolecule in its C-terminal cleft and transmitting
this information to another membrane component.
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FIG. 5. Close-up of the C-terminal domain potential ligand binding
pocket. The main chain of OspA is shown as a light-blue ribbon;
residues forming the charge trio (Arg-139, Glu-160, and Lys-189) or
lining the 34-Å3 cavity (Leu-167, Leu-178, Leu-187, Phe-237, and
Ile-243) are shown in colors representative of side-chain type. The
cavity, represented in green, was calculated by using the University of
Groningen BIOMOL suite. The figure was generated with SETOR (21).
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