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ABSTRACT: Outer surface protein A (OspA) from the Lyme disease spirochete,Borrelia burgdorferi, is a
dumbbell-shaped protein in which two globular domains are connected by a three-strandedâ-sheet segment
that is solvent-exposed on both faces. Previous studies showed that the whole protein, including the single-
layer â-sheet, is highly rigid. To elucidate the folding mechanism and the role of the centralâ-sheet in
the formation of the rigid molecule, we investigated the equilibrium thermal denaturation reaction of
OspA. We applied differential scanning calorimetry, heteronuclear NMR spectroscopy, and solution small-
angle X-ray scattering (SAXS) to characterize the reaction in detail. All three techniques revealed that
OspA denatures in two separable cooperative transitions. NMR measurements on OspA specifically15N-
labeled at Lys residues identified the locations of the two folding units and revealed that the C-terminal
segment is less stable than the remaining N-terminal segment. The boundary between the two folding
units is located within the centralâ-sheet. The interconversion among the three folding states (fully folded,
C-terminus unfolded, and fully denatured) is slow relative to chemical shift differences (<24 Hz), indicating
that there are significant kinetic barriers in the denaturation reactions. SAXS measurements determined
the radius of gyration of the native protein to be 25.0( 0.3 Å, which increases to 34.4( 1.0 Å in the
first transition, and then to 56.1( 1.6 Å in the second transition. Thus, the intermediate state, in which
the C-terminal folding unit is already denatured, is still compact. These results provide a basis for elucidating
the folding mechanism of OspA.

The folded conformation of a protein is stabilized by
different factors including the hydrophobic effect, hydrogen
bonding, packing, and electrostatic interactions. Studies from
a variety of soluble proteins have established that the
formation of a hydrophobic core that removes hydrophobic
surface from contact with water is a major force for protein
folding (1-3). It is still challenging to quantify contributions
of these factors to the stabilization of a unique conformation.
A unique protein structure can be specifically stabilized by
positive design, that is, by reducing the free energy of the
particular structure, or by negative design, that is, by
increasing the free energy of alternative conformations, such
as denatured states.

Outer surface protein A (OspA)1 from the Lyme disease
spirocheteBorrelia burgdorferi is a 31 kDa abundant

antigenic lipoprotein. The crystal structure of a soluble form
of OspA (hereafter referred to simply as OspA) complexed
with the Fab fragment of a monoclonal antibody revealed a
highly unusual structure of this protein (4). OspA consists
of 21 consecutive antiparallelâ-strands and a C-terminal
R-helix. It contains a unique single-layerâ-sheet which
connects the N- and C-terminal globular domains (in this
article we use the terms N- and C-terminal domains and
centralâ-sheet for clarity, but we do not wish to imply that
they correspond to independent folding units). Such a single-
layer â-sheet is unique among known protein structures.

Nuclear magnetic resonance (NMR) spectroscopy and
solution small-angle X-ray scattering (SAXS) analyses have
demonstrated that the solution conformation of OspA in the
absence of the bound antibody fragment is close to its crystal
structure (5, 6). Further, amide H-D exchange measurements
have demonstrated that the centralâ-sheet is highly stable,
despite the fact that it is solvent-exposed on both faces (7).
On the basis of an analysis of the crystal structure, Pham et
al. found that an increased thickness of the centralâ-sheet
buries nonpolar surface to a degree comparable to those
found in small globular proteins, suggesting that the hydro-
phobic effect is the dominant stabilizing force (7). They also
proposed that characteristic cross-strand Glu-Lys pairs may
play an important role in defining this particular conformation
via negative design.
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Most â-sheets observed in protein structures are amphi-
pathic, and usually the hydrophobic face of theseâ-sheets
is involved in extensive contacts through a hydrophobic core.
These contacts makes it difficult to dissect contributions of
local and nonlocal interactions. Previous studies using
globular proteins have shown that amino acids have distinct
â-sheet-forming propensities, but these propensities are
somewhat dependent on structural context (8-12). Thus, the
OspA centralâ-sheet may provide a unique opportunity to
investigate the energetics and folding ofâ-sheets in the
absence of long-range interactions. Studies of OspA may also
help identify important factors in the energetics of proteins
which are not evident in the conventional form ofâ-sheet.
In addition, the OspA centralâ-sheet may be a good starting
point for engineering smallâ-sheet-forming peptides (13).

OspA is also a promising candidate for a Lyme disease
vaccine. It has been shown that OspA can elicit protective
immunity against theBorrelia infection in mice (14).
Protective anti-OspA antibodies bind C-terminal regions in
the folded form of OspA (15, 16). Knowledge of the stability
and folding mechanism of OspA could be useful for
designing a recombinant vaccine based on OspA fragments.

To gain insights into the energetics and folding of this
unique protein, we undertook equilibrium unfolding studies
of OspA. The amide H-D exchange study (7) showed that
the N-terminal domain (strands 1-7) and the first strand
(strand 8) of the centralâ-sheet contain residues that are
most protected. Strands 9-11 contain residues that exhibit
intermediate protection, and the C-terminal domain (strands
12-the C-terminus) shows the least protection. These results
suggest that, in an equilibrium unfolding experiment, the
C-terminal domain might unfold first, followed by the central
segment, and then by the N-terminal domain. However, one
should be cautious about interpreting amide H-D exchange
data. For example, amide protons in a small globular protein
show a range of protection, but such a protein often unfolds
in a single cooperative transition.

In this study, we observed the temperature-induced equi-
librium unfolding of OspA using differential scanning
calorimetry (DSC), heteronuclear NMR spectroscopy, and
solution SAXS. DSC and NMR experiments clearly dem-
onstrated that OspA undergoes a two-step cooperative
denaturation reaction, and the locations of two folding units
have been deduced from NMR data. The SAXS technique
provides complementary information on the size and shape
of macromolecules, and it has been successfully applied to
characterize non-native protein conformations (17, 18).
SAXS data show that the intermediate state, in which the
N-terminal half is still folded but the C-terminal half is
denatured, remains highly compact.

MATERIALS AND METHODS

Sample Preparation. Unlabeled OspA was expressed in
Escherichia colias described previously (19). For preparation
of [15N-Lys]-OspA,E. coli BL21 (DE3) cells containing the
OspA expression vector were grown at 37°C until OD600

reached∼0.5. [R-15N]-Lys (100 mg L-1; Cambridge Isotope
Labs) was added to the media, and then, after 30 min of
incubation, protein expression was induced by an addition
of isopropylâ-D-thiogalactopyranoside at a final concentra-
tion of 1 mM. The cells were harvested 3 h later by

centrifugation. OspA was purified as previously described
(5).

Differential Scanning Calorimetry. Calorimetric measure-
ments were made with a Nano-DSC instrument (CSC, Utah)
as described previously (20). Very small differences were
found between data taken with 1 K/min and those with 0.5
K/min, indicating that the scanning rate dependence was
small in this range of scanning rate (data not shown). Thus,
a scanning rate of 1 K/min was used for further measure-
ments. The protein concentrations were 2.49 and 2.42 mg
mL-1 in sodium phosphate buffer (10 mM, pH 6.0) contain-
ing NaCl (50 mM) with and without GuHCl (0.4 M),
respectively. The denaturation reaction was found to be
reversible, since the trace of the rescanning of the same
sample showed more than 80% agreement with that of the
first scan.

Analysis of the DSC data was carried out by the use of a
simplified version of a previously developed program (21)
according to the following scheme

where N, I, and D denote a native state, an intermediate state,
and a denatured state, respectively.

Fluorescence Spectroscopy. GuHCl-induced equilibrium
unfolding and refolding reactions were followed by measur-
ing Trp fluorescence. Experiments were performed on a
Spectronic AB-2 spectrofluorometer equipped with a motor-
driven syringe. The cuvette temperature was kept at 30°C.
An unfolding experiment started with a 1.5 mL solution
containing 5µM OspA in sodium phosphate buffer (10 mM,
pH 6.0) and NaCl (50 mM). An emission spectrum (300-
400 nm; excitation at 290 nm) was recorded following an
equilibration delay (5 min) after each injection (50 or 100
µL) of the buffer solution containing 5µM OspA and
GuHCl. A refolding experiment was performed by titrating
GuHCl-denatured OspA with the buffer containing OspA.
Unfolding curves were fit with a two-state model using a
nonlinear least-squares routine (22, 23) in the program Igor
Pro (Wavemetrix, OR) on a Macintosh computer.

NMR Spectroscopy. All experiments were performed on
a Varian Unity INOVA 600 spectrometer. The HSQC
experiment was performed using a published procedure (24,
25). For temperature-scanning experiments, data acquisition
(∼4 h) was initiated after a temperature equilibration delay
of 1 h. The protein concentration was approximately 0.3 mM
in sodium phosphate buffer (10 mM, pH 6.0) containing
NaCl (50 mM) and GuHCl (0.4 M) prepared in 95% H2O/
5% 2H2O. NMR spectra were processed with the NMRPipe
suite (26) and analyzed with the NMRView program (27).

Analysis of Thermal Denaturation Data. Thermal dena-
turation data were analyzed by fitting the two-state model,
based on the Gibbs-Helmholz equation and the linear baseline
assumption, to the averaged peak intensities using a nonlinear
least-squares routine (reviewed in ref28). Equations

and

N S I S D

K(T) )
IN(T) - I(T)

I(T)
) exp([(∆Hm(1 - T/Tm) -

∆Cp{Tm- T + T ln(T/Tm)}]/-RT)
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were used in the fitting procedure, whereIN(T) andI(T) are
the peak intensity for the native state at the temperatureT
and the measured intensity atT, respectively;IN

0 is the
intensity for the native state atT ) 0, andmN is the slope of
IN(T) with respect toT; K(T) is the equilibrium constant at
T between the native and denatured states;Tm is the midpoint
of the thermal denaturation curve, and∆Hm is the enthalpy
change upon denaturation atT ) Tm; ∆CP is the change in
heat capacity between the native and denatured states.∆CP

values for the N-terminal (residues 16-118) and C-terminal
(residues 119-273) folding units were estimated according
to the method of Myers et al. (29): ∆CP ≈ 172+ 17.6N (in
cal mol-1 K-1), whereN is the number of residues. See
Discussion for the choice of the boundary between the
folding units.

SAXS Measurements and Data Analysis. The SAXS
instrument and SAXS experiment method were as described
before (30). The X-ray source is a Rigaku-RU 300 rotating-
anode generator with a copper target producing 1.54 Å
X-rays. The generator was operated at 9 kW. The detector
is a two-dimensional multiwire detector with 256× 144
pixels and a sensitive area of 290× 288 mm2. The X-ray
beam was circularly collimated. No desmearing of the
scattering data was necessary as shown by comparing the
scattering data of a protein standard, bovine serum albumin,
with and without taking account of the beam profile. The
sample-to-detector distance could be changed between 1.4
and 2.3 m. This enabled an effectiveQ range of 0.01-0.60
Å-1 to be measured whereQ ) 4π sin θ/λ is the magnitude
of the scattering vector, 2θ is the scattering angle, andλ )
1.54 Å was the wavelength of the X-rays. Both the collimator
and the sample-to-detector path were helium flushed. The
sample cell was a 2 mmquartz capillary tube. The sample
holder was temperature-controlled with a circulating water
bath. SAXS measurements were from 28 to 61°C. Samples
were sealed with mineral oil to prevent evaporation.

The protein was buffer-exchanged to the 10 mM sodium
phosphate, 50 mM NaCl, 0.1 mM EDTA, and 0.4 M GuHCl
using a small Sephadex G25 column (Pharmacia NAP-5)
after repeatedly concentrating and diluting the buffer with a
Centricon-10. The same batch of buffer was used for SAXS
background subtraction.

The radius of gyration was obtained by Guinier ap-
proximation (31):

in the QRg e 1 region with a linear least-squares fitting
routine. Two protein concentrations (10.5 and 5.25 mg/mL)
were measured at each temperature. No concentration
dependence of the radii of gyration was observed at these
two concentrations at all temperatures measured, indicating
that the intermolecular interaction effect is negligible. The
P(r) functions were generated from the scattering data by
the GNOM program (32).

Singular value decomposition (SVD) analysis was per-
formed by a FORTRAN program written on the basis of the
SVD algorithm by Press et al. (33). A set of background
subtractedI(Q) curves, in a range of thermal denaturation
temperatures, was arranged into anM×N matrix A whose
number of rowsM represents the number ofQ points (M )

110 when 0.015e Q e 0.24 Å-1) and the number of
columnsN represents the number of temperatures measured
(N ) 11 from 28.4 to 60.9°C). The matrix A can be
decomposed into

whereU is anM×N column-orthogonal matrix,W is anN×N
diagonal matrix, andV T is the transpose of anN×N
orthogonal matrix. Equation 1a can also be written as a sum
of outer products of columns ofU and rows ofVT, with the
weighting factors being the singular valueswj

In cases when most of the singular valueswj of matrix A
are very small, the matrixA can be approximated with only
a few columns ofU and V (the samek ones) with good
accuracy. The minimum value ofk represents the minimum
number of components to reconstruct a scattering curve at
the jth temperature

The minimum value ofk, L, was determined by examining
the singular valueswk; the random distribution of the
normalized residues between the measuredIj(Qi) and the
reconstructedIj,cal(Qi), rj(Qi) ) (Ij,cal(Qi) - Ij(Qi))/σj(Qi),
whereσj(Qi) is the error inIj(Qi) derived from the counting
statistics; and the global chi-square value

RESULTS

DSC Measurements ReVeal Two Separable Denaturation
Transitions. DSC experiments were performed to characterize
the thermodynamics of the equilibrium denaturation reaction
of OspA. Figure 1A shows the DSC scan of OspA in sodium
phosphate buffer (10 mM, pH 6.0) containing NaCl (50 mM),
the same solvent conditions as those for our previous NMR
studies (5). The DSC scan clearly shows two transition peaks,
and the two components were curve-fitted well with a
scheme, NS I S D, where N, I, and D denote the native
state, an intermediate state, and a denatured state, respectively
(Figure 1A). The thermodynamic parameters obtained from
this analysis for the first step are the following:t1/2, the
temperature at which the reaction is half-complete, is 59.4
°C; and∆Hcal (the calorimetric enthalpy att1/2) is 149 kcal
mol-1. Those for the second step aret1/2 ) 67.8°C and∆Hcal

) 108 kcal mol-1. These results demonstrate that the thermal
denaturation reaction of OspA involves at least two coopera-
tive transitions.

We then tried to characterize structural features of the
thermal unfolding reaction of OspA using NMR spectro-
scopy. However, the transition temperature was too high for
our NMR instrument. In addition, at a higher protein
concentration required for NMR measurements, OspA pre-
cipitated at∼60 °C.

A ) UWVT (1a)

Aij ) ∑
k)1

N

wkUikVjk (1b)

Ijc(Q) ) ∑
k)1

L

wkUikVjk (2)

ø2 ) ∑
j)1

N

∑
i)1

M

{r j(Qi)}
2

IN(T) ) IN
0 + mNT

lnI(Q))ln I(0) - 1/3Q
2Rg2
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To decrease the transition temperature and possibly
eliminate protein precipitation by an addition of GuHCl, we
characterized GuHCl-induced unfolding of OspA at 30°C.
Figure 2 shows the unfolding transition followed by fluo-
rescence emission from the single Trp in the C-terminal
domain. The unfolding reaction was almost fully reversible.
The presence of an iso-fluorescent point at 340 nm in the
spectra (Figure 1A) suggests that the unfolding transition of
the region around the Trp residue is a two-state process. From
the unfolding curve, we decided to include 0.4 M GuHCl in
further characterization of thermal unfolding.

The DSC scan in the presence of 0.4 M GuHCl still shows
the two separable transitions (Figure 1B), though the
separation between the two peaks is smaller than that in the
absence of GuHCl. The thermodynamic parameters for the
first step are the following:t1/2 is 44.8°C, and∆Hcal (the
calorimetric enthalpy) is 124 kcal mol-1. Those for the
second step aret1/2 ) 51.0°C and∆Hcal ) 72.6 kcal mol-1.

Locations of the Two Folding Units Identified by NMR
Spectroscopy. Though far-UV CD and fluorescence spec-
troscopies are the most common methods used to probe
conformational changes during protein denaturation (34),
these techniques are not well-suited for probing the dena-
turation reaction of OspA. OspA is a predominantlyâ-sheet

protein. CD spectroscopy is most sensitive to helical second-
ary structure. It has been shown that the CD spectra of
â-sheets have significant variations between proteins and they
are also sensitive to the packing geometry (35). In addition,
it is a macroscopic technique, and one cannot assign an
observed change in CD spectrum to a specific structural
change without further experiments. A previous study
showed that there is only a small change in the far-UV CD
spectrum of OspA upon denaturation (36). OspA contains a
single Trp residue at position 216 in the C-terminal domain.
Thus, the fluorescence emission spectrum of OspA is
dominated by this Trp residue, and it only gives information
on local structural changes in the C-terminal domain. Because
of these reasons, we decided to probe the denaturation
reaction of OspA using NMR spectroscopy. NMR is sensitive
to secondary structure and local packing. It has been
successfully used to follow protein denaturation reactions
(for examples, see refs37-39). We have already established
the resonance assignments for OspA, and thus we can follow
conformational changes at specific locations.

Though OspA is quite large by current standards for
solution NMR, it gives an exceptionally good1H, 15N-

FIGURE 1: DSC measurements of OspA at pH 6.0 in the absence
(A) and presence (B) of 0.4 M GuHCl. The solid lines represent
experimental data. Data were fit with a scheme NS I S D, where
N, I, and D denote the folded, intermediate, and fully denatured
states. The best fit is shown as thin solid lines which almost
completely coincide with the experimental data. Dashed lines show
the resuting deconvoluted curves for two denaturation transitions.
Dot-and-dash curves show the calculated baselines.

FIGURE 2: Denaturation of OspA monitored by Trp fluorescence.
(A) Representative emission spectra of OspA in the transition
region. (B) the fluorescence intensity plotted versus GuHCl
concentration. The fluorescence intensity at 360 nm was normalized
to that at 340 nm. The open circles indicate an unfolding transition,
and the closed circles indicate a refolding transition. From curve
fitting of the two-state model to the unfolding transition, the free
energy of unfolding in the absence of GuHCl was determined to
be 8.0 ((0.2, standard deviation) kcal mol-1 and the dependence
of the free energy on GuHCl concentration was 9.5 ((0.2) kcal
mol-1 M-1.
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HSQC spectrum which correlates the chemical shift of
directly attached1H and 15N nuclei (5). We exploited this
high-quality spectrum previously to obtain complete NMR
assignments. However, the spectrum of the uniformly labeled
protein is highly crowded with close to 300 cross-peaks, and
it was difficult to follow the migration and intensity changes
of peaks as the temperature was changed. To simplify the
NMR spectrum while conserving as much information
content as possible, we prepared an OspA sample which was
specifically 15N-labeled at the backbone amide nitrogen of
Lys residues. This method has been successfully used to
study apomyoglobin (40). OspA contains 40 Lys residues
which are quite uniformly distributed throughout the mol-
ecule.

The HSQC spectra were collected on a [15N-Lys]-OspA
in the presence of 0.4 M GuHCl from 30 to 55°C at 2.5°C
intervals. The temperature was then decreased to 30°C.
Figure 3 shows representative spectra. The cross-peaks in
the spectrum collected at 30°C were first assigned on the
basis of our previous assignments (5). The peak positions in
this spectrum are in an excellent agreement with those
predicted from the assignments for the native protein, clearly
indicating that OspA is fully folded under these conditions.
The cross-peaks are well-separated in the spectrum, making
it easy to follow the decay of peaks for the native state and
the appearance of new peaks as the temperature was raised.
The spectrum at 55°C (Figure 3C) only contains cross-peaks
clustering near1H ) 8.5 ppm, consistent with a spectrum of
an unfolded protein. The spectrum collected at 30°C after
refolding (Figure 3D) has all of the cross-peaks that are
present in the original 30°C spectrum. The intensities of
these peaks in the spectrum of the refolded protein were
∼80% of those in the original spectrum, indicating that the
refolding reaction was highly reversible even at a high protein
concentration used for this experiment (9 mg mL-1). There
are additional peaks near the center of the spectrum, which

suggest the presence of denatured or misfolded species. No
sign of protein precipitation of OspA was found in the sample
throughout data collection.

Of the 40 Lys residues in OspA we found that 32 residues
could be used as conformational probes. Residues 27, 39,
44, 48, 64, 117, and 125 were excluded from analysis due
to peak overlaps, and residue 18 was not detected due to
rapid exchange of its amide proton with solvent. The
temperature dependence of the intensity of each cross-peak
is shown in Figure 4A. This figure clearly shows that the
cross-peaks can be categorized into two groups in terms of
temperature dependence of peak intensity. The first group
shows a cooperative transition with a midpoint at ap-
proximately 41°C, while the second group has a midpoint
at approximately 47.5°C. The first group with the lower
transition temperature includes residues 119, 129, 135, 151,
157, 159, 163, 175, 181, 189, 193, 211, 212, 230, 231, 233,
239, 254, 264, 269, and 273. These residues are located in
the last two strands of the centralâ-sheet and in the
C-terminal domain (Figure 5). The second group includes
residues 46, 51, 60, 69, 80, 83, 85, 87, 103, and 107. These
are located in the N-terminal domain (Figure 5). The
spectrum taken at 45°C (Figure 3B) clearly shows this

FIGURE 3: 1H, 15N-HSQC spectra of [15N-Lys]-OspA in 0.4 M
GuHCl at 30 (A), 45 (B), and 55°C (C), and that of the same
sample at 30°C after cooling from 55°C (D).

FIGURE 4: (A) Intensities of individual HSQC cross-peaks plotted
versus temperature. Peak intensities are normalized to those at 30
°C. The continuous lines with a midpoint temperature of∼41 °C
are for 21 residues located between positions 109 and 273. The
dashed lines with a midpoint temperature of∼47 °C are for 10
residues located between positions 46 and 107. Residues 112 and
113 are not included in this plot (see text and Figure 6). (B) The
average intensities of the 10 and 21 resonances in the N- and
C-terminal folding units, shown with open circles and closed circles,
respectively. The curves are the best fits of the data to the two-
state denaturation model.
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distinction between the two groups of cross-peaks. The first
group has weak peaks in the spectrum, while the second
group retains strong peaks. These results indicate that the
C-terminal globular domain and the last two strands of the
central â-sheet (residues 119-273) denature before the
N-terminal globular domain (residues 16-107) denatures.

The cross-peak for residue 113 in the centralâ-sheet
exhibited an unusual pattern of temperature dependence. The
intensity of the original peak for this residue decreased
following the first transition. However, we observed con-
comitant appearance of a cross-peak in the vicinity of the
original peak (Figure 6). The intensity of the “daughter” peak
increases with the same temperature dependence as the
denaturation of the C-terminal folding unit, and it decays
with the second transition. We tried to assign this new peak
using the magnetization transfer technique at the midpoint
of the first transition. However, no cross-peaks were observed
for this peak in a15N-double edited NOESY experiment due
to an amide hydrogen exchange rate that was significantly
faster than the interconversion rate between the native and
the intermediate states (data not shown). Though we could
not establish an unambiguous assignment for this daughter
peak, its proximity to the cross-peak for residue 113 in a
well-isolated region of the spectrum strongly suggests that
this daughter peak belongs to residue 113. Further, the sum
of peak intensities for residue 113 and its daughter peak
closely follows the average transition curve for the N-
terminal residues (Figure 6B). In the OspA structure there
are two Lys residues in the vicinity of Lys 113. The peak

FIGURE 5: (A) Schematic drawing of OspA structure. (B) Lys residues in OspA. A black circle shows the position of a Lys residue which
unfolds with a midpoint temperature of∼41 °C. A white circle shows a position that unfolds with a midpoint temperature of∼47 °C. Lys
residues that are excluded from analysis due to peak overlap are not shown. Residues 112 and 113 are shown as gray circles and labeled
with a residue number. (C) Schematic drawing of the centralâ-sheet of OspA. Residues enclosed with rectangles are those withinâ-strands.
Hydrogen bonds are shown as arrows with the arrowheads pointing to the carbonyl groups. Residues enclosed in dashed lines have side
chains protruding toward the reader. Panels A and B were made with MOLSCRIPT (57).

FIGURE 6: (A) Appearance of new peaks for residue 113. Sections
of HSQC spectra which include the original and new peaks for the
residue are shown. (B) Peak intensities of residue 113 plotted as a
function of temperature. Open circles indicate the intensity of the
original peak; triangles, that of the new peak; and closed circles,
the sum of the two peak intensities. Errors were estimated from
noise in the spectra and are shown only for the total peak intensity
for clarity. The two curves show the denaturation curves of the
two folding units as determined in Figure 4B.
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intensity for residue 112 follows the first transition. We also
observed an appearance of a new peak in its vicinity.
However these cross-peaks are located in a crowded region
close to the center of the spectrum, and we could not make
a strong argument about the identity of the new peak. The
cross-peak for residue 119 is well-isolated (Figure 3). This
cross-peak decays with the other peaks in the C-terminal
folding unit, and we did not observe a new peak in the
neighborhood of this cross-peak.

We did not observe large changes in the line shape of
cross-peaks as OspA denatured. This observation indicates
that the respective interconversion rates between the fully
folded and intermediate states and between the intermediate
and fully denatured states are slow relative to the corre-
sponding chemical shift differences of cross-peaks. From the
cross-peaks for residue 113, we can estimate the upper limit
of these interconversion rates to be 20-50 Hz.

NMR data were then used to estimate stabilities of the
two folding units in OspA. As the temperature is increased
and thus the molecular tumbling rate increases, the NMR
line shape becomes sharper. Concomitantly, the exchange
rate for an amide proton with the solvent becomes faster.
Therefore, we do not expect the peak intensities to remain
constant in the thermal denaturation experiment, even in the
temperature range where no conformational transition occurs.
Rather, they should be a complex function of temperature.
However, in practice, the average intensity for the N-terminal
unit has a quite linear dependence on temperature in the
region where the unit is predominantly folded (30-40 °C).
Therefore, we analyzed these thermal denaturation curves
according to the standard two-state model and the linear
baseline approximation for the native and denatured states.
Because a cross-peak shifts drastically upon denaturation so
that the denatured state does not have a cross-peak at the
same position as the native state, the peak intensity for a
cross-peak in the denatured state was taken to be zero. The
C-terminal unit does not have a sufficient baseline region
for the native state. We assumed that the native baseline for
the C-terminal unit has the same slope as that for the
N-terminal unit. This assumption is reasonable because there
is no qualitative difference in distribution of Lys residues in
the two folding units (see Figure 5). The midpoints of the
thermal denaturation curves were determined to be 47.3 ((
0.2) and 41.1 (( 0.1) °C for the N- and C-terminal folding
units, respectively. The enthalpy changes at the transition
midpoint, ∆Hm, were 111 and 105 kcal mol-1 for the N-
and C-terminal folding units, respectively. The difference
in the free energy between the two units,∆∆G0, at the
transition midpoint for the C-terminal unit (41.1°C) was
2.0 kcal mol-1. These thermodynamic parameters are in a
reasonable agreement with those determined with DSC (see
above). The midpoints of the two transitions derived from
the NMR data are 3.7°C lower than their respective values
from the DSC experiments. These differences may be
attributed to differences in protein concentration, tempera-
ture-scanning rate, and sample preparation (see below). The
unfolding standard free energy,∆G0, of the C-terminal
folding unit at 30°C in the presence of 0.4 M GuHCl was
estimated to be 3.2 kcal mol-1 from the NMR data. This
value is in a reasonable agreement with the corresponding
value determined from the fluorescence experiment (4.2 kcal
mol-1), and that from the DSC data (5.2 kcal mol-1).

Global Structural Changes ReVealed by SAXS Measure-
ments. We then used SAXS to probe the overall conformation
of OspA. From the slope of a plot of lnI(Q) vs Q2, one can
determine the electronic radius of gyration (Rg) (17, 41).
Rg is extremely sensitive to the spatial extent of a particle.
Figure 7A shows the Guinier plot of OspA at different
temperatures. There is a small (∼10%) increase in Rg as
the temperature was raised from 28.4 to 41.5°C (Figure 7B).
As the temperature was further raised, a dramatic increase
in Rg was observed. At 60.4°C, Rg was determined to be
56.1 ( 1.6 Å, which is close to the Rg value (60 Å)
calculated for the random coil state of OspA (42). The
forward scattering intensityI(0), which is sensitive to the
molecular weight of the scatterer, remained unchanged
(Figure 7A), demonstrating the absence of protein aggrega-
tion upon thermal denaturation in the temperature range
measured by SAXS.

From the entire scattering curves collected at both small
and larger angles, one can obtain information regarding the
overall shape of the particle (17, 41). A Fourier inversion of
scattered intensity gives a radial Patterson (P(r)) curve that
is a real-space representation of the information in a
scattering curve. AP(r) curve shows the length distribution
of atom-weighted interatomic vectors in the particle. TheP(r)
curve of OspA at 30°C closely matches theP(r) curve
calculated from the crystal structure with a maximum
molecular dimension of about 85 Å (6). At 41.5°C, theP(r)
curve of OspA has an average maximum molecular dimen-
sion of about 110 Å (Figure 7C). As the temperature was
further increased, the protein became significantly more
expanded. At the highest temperature, the protein is highly
extended, with the average maximum molecular dimension
length approximately 3 times longer than that of the folded
protein.

The P(r) curves at different temperatures have two
apparent iso-crossing points (see Figure 7C), suggesting that
the thermal denaturation of OspA may not be a two-state
process. Thus, the scattering data were also analyzed by the
singular value decomposition (SVD) method. The SVD
method has been applied to SAXS studies of quaternary
structure change and protein unfolding problems (43-46).
SVD analysis is capable of determining the minimum number
of species present in the sample to account for the scattering
data within experimental error, without a prior knowledge
of the structural information of the individual species.
However, it should be emphasized that, although SVD can
determine the minimum number of species in the scattering
data, the significant basis functions used to reconstruct the
scattering curve do not represent the scattering curves of
particular molecular species (44). Based on theø2 (see Figure
6D) and the random fluctuations of the normalized residues
between-1 and+1, SVD analysis demonstrates that the
denaturation of OspA contained three distinct species,
consistent with the results of the DSC and NMR measure-
ments.

For an ensemble mixture of macromolecules of the same
molecular weight but of different sizes, the scattering
intensityI(Q) and the Rg2 are number averaged values. The
I(Q) and the Rg2 observed for a mixture of three conforma-
tional states can be expressed as
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wherex is the number fraction of a molecular species and
subscripts 1, 2, and 3 denote the folded, intermediate, and
unfolded states, respectively. These number fractions can be
calculated on the basis of a two-step denaturation model
using the equilibrium constants of denaturation,K1 (for the
C-terminal folding unit) andK2 (for the N-terminal folding
unit), from the NMR thermal denaturation data

We chose to use the equilibrium constants from the NMR
data, rather than those from the DSC measurements, because
of the following reasons. There may have been a small
systematic difference in GuHCl concentration between the
DSC samples and the NMR and SAXS samples. The NMR
and SAXS samples were both prepared at University of
Rochester, while the DSC samples were prepared at Kobe
University. Also the protein concentration and the measure-
ment time per temperature point used in the SAXS experi-
ments were quite similar to those in the NMR experiment,
but a lower protein concentration and significantly faster
temperature-scanning rates were used in the DSC measure-
ments. It was not possible to record interpretable DSC data
with a temperature-scanning rate similar to those employed
in the NMR and SAXS experiments. This is because DSC
measurements require a faster rate for sensitivity.

FIGURE 7: (A) The Guinier plot of SAXS data recorded at 28.4, 41.5, 44.8, and 60.4°C. (B) The radius of gyration, Rg, determined from
the SAXS data plotted as a function of temperature. (C) TheP(r) plot of OspA in 0.4 M GuHCl at various temperatures (from top to bottom
in the smallr region, 28.4, 32.5, 36.6, 39.1, 41.5, 44.8, 47.4, 50.0, and 60.4°C). There are two apparent iso-crossing points in theP(r)
functions (see the inset). (D) The globalø2 of the SVD analysis of the scattering data plotted as a function of the number of speciesL. With
L ) 3, ø2 becomes close to 1, suggesting that the thermal denaturation of OspA has a minimum number of three components. WhenL >
3, ø2 is further reduced but the small decrease does not necessarily mean a better fit of the reconstructed SVD curve to the experimental
data sinceø2 is less than 1. (E) The radius of gyration of the intermediate, Rg2, plotted as a function of temperature. (F) TheP(r) function
of the intermediate state calculated from eq 3a on the basis of the number of fractions estimated from the NMR data.

I(Q) ) x1I(Q)1 + x2I(Q)2 + x3I(Q)3 (3a)

Rg2 ) x1Rg1
2 + x2Rg2

2 + x3Rg3
2 (3b)

x1 ) 1
1 + K1 + K1K2

, x2 )
K1

1 + K1 + K1K2
,

andx3 )
K1K2

1 + K1 + K1K2
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In this calculation, Rg values measured at 28.4 and 61.0
°C were used as Rg1 and Rg3, respectively. The value for
Rg2 remained unchanged within error in the transition region
of 35-50 °C in which the intermediate state is most
populated (Figure 7D). This suggested that the thermal
denaturation of OspA could indeed be considered as a three-
state unfolding process comprising two transitions as revealed
by the DSC and NMR experiments. The averaged Rg2 in
the 35-50 °C was determined to be 33( 4 Å. The P(r)
function of the intermediate state was also calculated from
I(Q)2 based on eq 3a (Figure 7F). The radius of gyration of
the intermediate state calculated from thisP(r) function was
34.4 ( 1.0 Å.

DISCUSSION

We have shown that the denaturation reaction of OspA at
equilibrium involves two separate transitions, and that the
intermediate state contains the N-terminal folding unit in the
folded form and the C-terminal folding unit in the denatured
form. The SAXS data indicate that this intermediate is
compact with a radius of gyration approximately 1.3 times
larger than the fully folded protein. Upon denaturation of
the N-terminal folding unit, the protein significantly expands
to a more random coil-like state.

Our data clearly show the two distinct cooperative transi-
tions in the denaturation reaction of OspA, and from the
NMR data it is clear that the boundary between the two
folding units is located within the centralâ-sheet (Figure
5). However, the exact boundary has not yet been precisely
defined. There are eight Lys residues in the centralâ-sheet
(strands 8-10; Figure 5C). Unfortunately residues 117 and
125, which lie at critical positions, had to be excluded from
analysis due to peak overlap. Residues 119, 129, and 135
were categorized with the C-terminal folding unit. In contrast,
residue 113 seems to be a part of the N-terminal unit. Though
the original peak for residue 113 decays concomitantly with
the denaturation of the C-terminal folding unit, a new peak
appears in the vicinity of the original peak (Figure 6). These
observations suggest that residue 113 is still folded as the
C-terminal folding unit denatures, but its resonance frequen-
cies are affected by the denaturation of nearby residues. The
peak intensity for residue 112 follows the transition for the
C-terminal unit, and a new peak concomitantly appears in
its vicinity, suggesting that the peak for residue 112 is also
affected by denaturation of the C-terminal domain. As
described above, our attempts to assign these new peaks
using the magnetization transfer method were not successful,
because of the rapid amide hydrogen exchange rates at the
relatively high temperature used (41.5°C). This technique
was successfully used for other systems under more favorable
conditions (for example, see ref47). Thus, the assignments
of these new peaks are still tentative, particularly for residue
112 which is in a crowded region. It is also possible that the
peak for residue 112 shifts drastically upon denaturation of
the C-terminal unit. The amide proton of Lys 112 is hydrogen
bonded to Glu 124 (Figure 5C), and thus denaturation of
the C-terminal folding unit is expected to cause a large shift
of the Lys 112 resonance. In contrast, the amide proton of
Lys 113 is hydrogen-bonded to Leu 99 in the N-terminal
fragment (Figure 5C), and denaturation of the C-terminal
unit should not cause a large shift of this amide proton. Taken
together, these results suggest that strand 8 which includes

residues 112 and 113 belongs to the N-terminal folding unit,
and strands 9 and 10 are included in the C-terminal unit.
The boundary between the two folding units may be better
defined by performing unfolding experiments using OspA
samples which are15N-labeled at positions other than Lys
residues.

The results from this study are consistent with previous
results on OspA. Amide H-D exchange experiments indicate
that the N-terminal folding unit (strands 1-8) has the highest
protection and that strands 9-11 have intermediate protection
(7). The remaining C-terminal segment has the least protec-
tion, but the most protected residue (residue 230) has a
protection comparable to those for residues in strands 9-11.
It has been shown that in small globular proteins, the free
energy derived from the most protected amide proton closely
agrees with the global stability determined by equilibrium
unfolding (48). The consistency between the H-D exchange
data and the results in this study suggests that amide
exchange experiments can predict stability differences among
folding units in a protein. It should be noted that the two
folding units of OspA have few interactions, and that this
situation is quite different from folding units within a globular
protein.

Huang et al. showed that a C-terminal fragment corre-
sponding to residues 130-273 has a significantly decreased
conformational stability compared to the full-length protein
(Huang, X., Dunn, J. J., Lawson, C. L., Luft, B. J., and Koide,
S., unpublished results). They found that them value, that
is, the dependence of the free energy on denaturant concen-
tration, for the C-terminal fragment, as monitored by
fluorescence from the single Trp, is nearly identical to that
of the full-length protein. Them value has been shown to
correlate well with the change in the solvent-accessible
surface area upon denaturation (29). Therefore, the similar
m values suggested that similar changes in the solvent-
accessible surface area accompany the denaturation reaction
of the C-terminal segment within full-length OspA and in
the C-terminal fragment. This, in turn, suggests that the
C-terminal segment is an independent folding unit.

Though the equilibrium denaturation reaction does not
necessarily correspond to the kinetic folding reaction, the
two-step denaturation mechanism of OspA demonstrated in
this study and the low stability of a C-terminal fragment
suggest that the N-terminal folding unit may serve as a
template upon which the C-terminal folding unit is as-
sembled. Interactions within the single-layerâ-sheet might
then couple the high stability of the N-terminal unit to the
C-terminal unit. Pham et al. proposed that hydrophobic
clusters and long side chains of Glu and Lys are the major
factors for the high stability of the single-layerâ-sheet (7).
Cross-strand electrostatic interactions between the charac-
teristic Glu-Lys pairs (Figure 5C) may also contribute to
stability. It will be interesting to see how mutations in this
segment affect stability of the two folding units.

The C-terminal domain of OspA is the target of protective
antibodies (15, 16). It also contains hypervariable regions
which have been identified from a sequence analysis (49).
Thus, it is intriguing that OspA has the more stable
N-terminal domain that is highly conserved and possibly acts
as a folding template for the hypervariable C-terminal
domain. This architecture might be evolutionally advanta-
geous, because the stabilization by the N-terminal domain
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allows mutations in the C-terminal domain which may
destabilize the protein but helps to change OspA’s immu-
nogenicity, thereby evading recognition by the immune
system. Our findings have significant implications for the
design of a Lyme disease vaccine based on OspA fragments.
Protective anti-OspA antibodies bind to conformational
epitopes in the C-terminal domain. The N-terminal domain
contains a region which has shown to elicit unwanted side
effects (50). Thus, a vaccine based on the C-terminal domain
is desired. An OspA fragment used as a vaccine needs to be
folded in order to elicit antibodies that recognize conforma-
tional epitopes in the folded form of OspA. The folding
mechanism of OspA implicated by our data suggests that
the removal of the N-terminal domain would always
significantly decrease the conformational stability. A new
strategy is required to compensate this loss of stability, to
engineer a vaccine based on a C-terminal fragment of OspA.

The intermediate state of OspA found in this study is
highly compact. However, available data suggest that the
denatured C-terminal folding unit in this state does not
correspond to the classical definition of the molten globule
state. We use the term “molten globule” as a state in which
a protein has nativelike secondary structure but lacks specific
tertiary contacts (51, 52). In contrast to the molten globule
state of apomyoglobin, which exhibits a number of cross-
peaks which are shifted from the random coil chemical shift
(53), the HSQC peaks for the denatured state of the OspA
C-terminal unit are all clustered near the random coil shift
(Figure 2B). Also the time scale of the interconversion
between the fully folded state and the intermediate state is
slow compared to the chemical shift difference (20-50 Hz).
This slow interconversion rate suggests that there is a
significant energy barrier between the two states, which may
correspond to a large structural rearrangement. The C-
terminal folding unit in the intermediate may be best
described as a collapsed denatured state which is stabilized
by hydrophobic interactions (54, 55).

The OspA intermediate contains the fully folded N-
terminal folding unit. The OspA intermediate state appears
to bear a strong resemblance to the so-called Shortle fragment
of Staphylococcal nuclease. In this large fragment, the
N-terminalâ-sheet is largely retained, while the rest of the
protein is disordered, as judged by NMR and calorimetry
(54, 56). Flanagan et al. showed, using SAXS, that this
fragment is highly compact (41). It is intriguing to point out
that the OspA intermediate and the Shortle fragment are both
partially folded and compact. This may be simply because
the conditions used to populate these partially folded states
are not strong enough to induce highly denatured states.
However, it is also possible that the folded domain provides
a rigid surface to stabilize a compact state. These alterations
can be tested in a comparison of the conformation of the
C-terminal folding unit as an isolated fragment and that in
the OspA intermediate under same conditions.

This study demonstrates that the use of heteronuclear NMR
spectroscopy in conjunction with selective amino acid
labeling provides a powerful means to monitor conforma-
tional changes at multiple positions in a protein. Selective
labeling significantly simplifies the NMR spectrum and its
analysis, while retaining a high degree of information content.
This method may be particularly useful for distinguishing a
partially folded protein containing a folded segment and an

unfolded segment from a molten globule, which has native-
like secondary structure but lacks specific tertiary structure
(40). It should be noted that most model proteins used in
folding studies are smaller than OspA (28 kDa), so that the
application of this technique to those proteins should be
straightforward. Even in the absence of resonance assign-
ments, these experiments would be quite useful in identifying
multistep unfolding transitions.

The present characterization of the denaturation processes
of OspA provides a basis for elucidating important interac-
tions in its stability and folding mechanism. This protein
contains at least two distinct folding units. The more stable
N-terminal folding unit appears to act as a folding template
for the C-terminal unit. The single-layerâ-sheet part separat-
ing the globular domains is not itself a single folding unit.
The interactions between the two folding units mediated by
the single-layerâ-sheet appear critical for stabilizing the
C-terminal folding unit. Contributions of individual interac-
tions in the centralâ-sheet to the stability of OspA are
presently under investigation.
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