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The hydrophobic effect is the main thermodynamic driving force
in the folding of water-soluble proteins'?. Exclusion of nonpolar
moieties from aqueous solvent results in the formation of a
hydrophobic core in a protein, which has been generally consid-
ered essential for specifying and stabilizing the folded structures
of proteins'®. Outer surface protein A (OspA) from Borrelia
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burgdorferi contains a three-stranded [-sheet segment which
connects two globular domains’. Although this single-layer -
sheet segment is exposed to solvent on both faces and thus does
not contain a hydrophobic core, the segment has a high confor-
mational stability’. Here we report the engineering of OspA
variants that contain larger single-layer B-sheets (comprising
five and seven -strands) by duplicating a B-hairpin unit within
the B-sheet. Nuclear magnetic resonance and small-angle X-ray
scattering analyses reveal that these extended single-layer f3-
sheets are formed as designed, and amide hydrogen—deuterium
exchange and chemical denaturation show that they are stable.
Thus, interactions within the 3-hairpin unit and those between
adjacent units, which do not involve the formation of a hydro-
phobic core, are sufficient to specify and stabilize the single-layer
B-sheet structure. Our results provide an expanded view of
protein folding, misfolding and design.

The crystal structure of OspA revealed that this protein has an
unusual architecture’: it is dumbbell-shaped and contains a three-
stranded ‘single-layer’ B-sheet in the centre (Fig. 1). The single-layer
B-sheet segment is rich in polar amino acids, and its amino-acid
sequence does not follow the canonical, alternating hydrophobic/
hydrophilic pattern usually found in amphipathic 3-sheets (Fig. 2).
Our previous studies showed that the solution structure of OspA is
similar to the crystal structure®, and that the protein, including the
unusual single-layer B-sheet region, is highly stable®'".

The OspA single-layer B-sheet, although it does not contain a
hydrophobic core, buries nonpolar surfaces to a degree comparable
to that found in small globular proteins that do contain a hydro-
phobic core®. We attributed this effective burial of nonpolar surfaces
to strategically placed amino acids with long side chains in the -
sheet. Despite the lack of a hydrophobic core in this region, the
single-layer B-sheet architecture can gain sufficient stabilization
from the hydrophobic effect, generally considered the dominant
factor in protein stability”. However, B-strands 8 and 10 of the
three-stranded single-layer B-sheet make extensive interactions
with the globular domains (Fig. 1), and thus these two strands

B-strand 7/9

B-strand 8/10

Figure 1 Structure of wild-type OspA. a, b, Drawings of the OspA structure’. The
molecule in b is rotated along a horizontal axis relative to the molecule in a. The
homologous B-hairpins (B-strands 7 and 8, and 9 and 10) in the single-layer B-sheet
region are labelled and shown in blue and cyan, respectively. ¢, Superposition of the 3-
hairpin units. B-strands 7 and 8 (residues 95—118; black lines) and 9 and 10 (119-141;
red lines) have been superimposed using C,, atoms in the B-strand regions. The root-
mean-squared deviation for the backbone atoms in the 3-strands is 0.51 A,
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could be considered as edge strands of the two globular domains.
There are also a few interactions between the ninth, central, strand
and the globular domains’. Thus, it could not be excluded that the
single-layer B-sheet region is stably held only because it is a short
segment tightly packed between two globular domains. Here, we
examined whether interactions within the single-layer [B-sheet
region are sufficient to specify and sustain the B-sheet structure,
by designing extended single-layer 3-sheets and characterizing their
structure and stability.

Two B-hairpins in and adjacent to the single-layer B-sheet region
(B-strands 7 and 8, and 9 and 10, respectively) have homologous
amino-acid sequences (Fig. 2), and their conformations are similar
(Fig. 1c). This suggests that a B-hairpin unit similar to the existing
ones could be inserted between B-strands 8 and 9, which would
reproduce most of the original interstrand interactions (Fig. 2).
Thus, we engineered OspA variants in which a B-hairpin segment
(residues 119-141) was duplicated and triplicated (called
OspA+1bh and OspA+2bh, respectively; Fig. 2).

We have completed the backbone NMR assignments of
OspA+1bh (280 residues). Carbon-13 NMR chemical shifts of the
C, and Cg atoms are sensitive to the peptide backbone configura-
tion, and thus they are accurate measures for identifying secondary
structure elements'>. An analysis of C chemical shifts of
OspA+1bh revealed that the inserted segment (residues 119'—
141") contains two B-strands as designed (Fig. 3b, c¢). The chemi-
cal-shift profiles of the two original B-hairpin units (3-strands 7
and 8, and 9 and 10) show only small changes upon the B-hairpin
insertion in OspA+1bh (Fig. 3b, ¢). The chemical-shift profile of the
inserted segment (strands 9’ and 10’) closely resembles that of
strands 9 and 10. These results indicate that the conformation of the
inserted segment may be similar to that of 3-strands 9 and 10, and
that the insertion did not significantly affect the conformations of
the original B-strands (7, 8, 9 and 10) of the B-sheet. Furthermore,
characteristic nuclear Overhauser effect (NOE) connectivities were
detected in and near the insertion (Fig. 2), showing that the peptide
backbone of the extended single-layer B-sheet is folded as designed.
Residues in the globular domains of OspA+1bh show small or no
chemical-shift deviations from those of wild-type OspA (data not
shown), indicating small effects of the B-hairpin insertion on the
globular domains. 'H-'""N NOE measurements provide infor-
mation on the conformational dynamics of individual amide N—
H bond vectors®. In OspA-+1bh, residues that have reduced '"H-""N
NOE are localized in the terminal and loop regions, and the residues
in the B-strands of the extended single-layer B-sheet have 'H-""N
NOE:s close to the average (Fig. 3d), indicating that the region is not
highly mobile on a picosecond—nanosecond timescale.

The ratio of the "°N longitudinal and transverse relaxation times
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Figure 3 NMR characterization of the extended single-layer 3-sheetin OspA+1bh. a, The
model structure of OspA+1bh. b, ¢, Secondary shifts'? of "°C,, (b) and "*Cy (¢) plotted against
residue number. Consecutive residues with a '>C,, secondary shift larger than 0.7 p.p.m. with
a ‘SCB secondary shift smaller than —0.7 p.p.m. define a B-strand'2. Upper rows show data for
wild-type OspA, and the lower rows for OspA+1bh. Residue numbering is according to
that in Fig. 2. Horizontal bars indicate the locations of predicted B-strands in OspA+1bh,
and those of B-strands in the wild-type OspA crystal structure. d, "H—""N NOE intensities
plotted against residue number. e, Amide HX protection factors™® (P = K/ K spsened» WHEre
Katrinsic 1S the reference HX rate in the unstructured peptide; the scale is shown on the left
vertical axis) plotted against residue number. The scale for the free energy of opening of a
hydrogen-bonded amide proton (AG,x = RTIn(P)) is shown on the right vertical axis.

Strand
7

Inserted
B-hairpin

Figure 2 The B-sheet extension design in OspA+1bh. Residues 119'—141" denote those
in the insertion. Two conservative mutations at residues 132" and 136" were introduced
in the new B-hairpin to reduce the sequence identity between the 3-strands 9'—10" and
9-10, and hence to increase the dispersion of NMR spectra. Residues in boxes are those
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within B-strands; residues in dashed lines have side chains protruding toward the reader.
Hydrogen bonds are shown as arrows, with the arrowhead pointing to the carbonyl group.
Unambiguously observed H'~H" NOEs are shown as red dashed lines.
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(T, and T,, respectively) is a good measure for the rate at which each
N-H bond vector reorients because of global tumbling”, and it can
be used to define long-range order in a protein that has a significant
rotational diffusion anisotropy'®. The "N T,/T, ratios for 108
residues in OspA+1bh range from 14 to 50 (Fig. 4), indicating a
large rotational diffusion anisotropy of the molecule. The data were
best fitted with the equation describing the theoretical dependence
of the T}/T, ratio on the angle 6 between the N—H bond vector and
the long axis of the rotational diffusion tensor, when the diffusion
axis is aligned parallel to the unique axis of the inertia tensor of the
model structure (Fig. 4)''*"®. Data for residues from the amino-
and carboxy-terminal globular domains have similar dependence
on 0 (Fig. 4), showing that the whole OspA+1bh molecule tumbles
as a fairly rigid entity. Furthermore, many of the residues located in
the B-strands of the single-layer B-sheet have large "N T,/T, ratios
that indicate slow tumbling. This is consistent with the model
structure, in which the N—H bond vectors of these residues have
small angles with the long axis of the molecule (Figs 2 and 3a).

Small-angle X-ray scattering (SAXS) has proved to be useful in
defining the global conformation of a nonspherical molecule, such
as OspA (ref. 9), and in distinguishing compact denatured states
from a native protein'’. The radius of gyration (R,) for OspA+1bh
was determined to be 28.4 = 0.2 A, in an excellent agreement with
an estimated value of 28.5 * 0.1 A from the model structure (Figs 3a
and 5a). A radial Patterson (P(r)) curve, which is a real-space
representation of the information in a scattering curve, shows the
length distribution of atom-weighted interatomic vectors in the
particle”. The P(r) curve for OspA+1bh agrees well with that
predicted from a model structure (Fig. 5a). In contrast, the P(r)
curve for a structural ensemble, in which the inserted segment is
assumed to be a flexible linker, is distinct from the experimental
data. Taken together, our NMR and SAXS data of OspA+1bh show
that the extended single-layer B-sheet is formed as designed, that
OspA+1bh is predominantly monomeric in solution, and that the
insertion of the B-hairpin does not cause a significant bending of
the B-sheet.

The R, of OspA+2bh, the protein with two B-hairpin inserts, was
determined to be 30.7 = 0.6 A, which is in good agreement with an
estimation of 31.4 * 0.1 A from our model. Its P(r) curve also

0 30 60 90 120 150 180
Angle 6 (°)

Figure 4 Nitrogen-15 T/T, ratios of the amide "N nuclei in OspA+1bh plotted against
the angle 6 between the N-H bond vectors and the estimated unique axis of the rotational
diffusion tensor. Crosses indicate data for residues in the N-terminal globular domain,
filled circles for those in the single-layer B-sheet, and open circles for those in the C-
terminal globular domain. Data for residues in the inserted 3-hairpin are labelled with
residue numbers. The curve shows the best fit of the equation describing the 6
dependence of the 7,/T, ratio™®.
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agrees well with the prediction (Fig. 5b). We have not completed
NMR characterization of OspA+2bh, because of technical difficul-
ties associated with the larger molecular weight and the repetitive
sequence in the single-layer B-sheet; however, the SAXS data
indicate that the seven-stranded single-layer B-sheet may also fold
into the designed structure. This is a critical test of the design, as the
insertion of the second B-hairpin unit into the B-sheet of
OspA+1bh should reproduce most of the interactions between
the B-hairpin units that are already present in OspA+1bh (Fig. 2).
The degree of protection of amide protons from solvent exchange
distinguishes a tightly packed protein from a loosely packed,
molten-globule-like  state>'®”.  Amide hydrogen—deuterium
exchange (HX) rates were determined for 117 amide protons of
OspA+1bh at 45°C and pH 6.09. Each of the five B-strands of the
extended single-layer B-sheet contains amide protons that exhibit
substantial protection (Fig. 3e). Similar to the wild-type protein®,
the most protected amides are located in the N-terminal globular
domain. The free energies of ‘opening’ hydrogen bonds for the
protected amides in strands 8, 9, 10’, 9 and 10 range from 4.1
to 7.7 kcal mol™ at 45°C, indicating that the extended single-layer
B-sheet is tightly packed. The relatively low protection factors for 3-
strands 9" and 10’ indicate an increased mobility of the region. This
might be due to suboptimum packing of the inserted segment
caused by the two mutations at residues 132" and 136’ (Fig. 2).
OspA undergoes a twostep unfolding reaction, in which the C-
terminal folding unit, including B-strand 9 to the C terminus,
unfolds first". Thus, the boundary between the two folding units
coincides with that between the two homologous B-hairpins in the
single-layer B-sheet (Fig. 2). Stability of the C-terminal unit can be
specifically determined using fluorescence emission of the single
tryptophan residue in this unit'’. A mutation in B-strand 9, F126A,
decreases the unfolding free energy of the C-terminal folding unit by
2.0 kcal mol™" (Fig. 6), indicating that the stability of the OspA C-
terminal folding unit is sensitive to perturbation in the single-layer
B-sheet. Consequently, the stability measurement of the C-terminal
folding unit can be used to probe the integrity of the single-layer 8-
sheet. The unfolding free energies of the C-terminal folding unit
in the wild-type protein, OspA+1bh and OspA+2bh are 8.3 (*£0.2),
9.2 (*+0.2) and 8.8 (+0.3)kcalmol™, respectively. The similar

P(r) x 103

Figure 5 The A(r) functions of OspA+1bh (@) and OspA+2bh (b) determined from SAXS
data. Circles show experimental data, and the continuous lines are predictions from the
models. In a, the broken line shows the A(r) function for a structural model in which the
inserted segment is assumed to be flexible. Models of the two proteins are also shown
with the inserted B-hairpins in red.
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stabilities for the three proteins show that the integrity of the single-
layer B-sheet is maintained in the extended -sheets. In contrast, an
OspA+1bh variant containing three mutations in the inserted -
hairpin (K119"T/F126'L/K135'G) has a markedly reduced stability
(AAG® = 3.1kcal mol ™ '; Fig. 6), further confirming that the seg-
ment is an integral part of the protein. The dependence of the
unfolding free energy on denaturant concentration (the m-value)
was 2.44 (£0.07), 2.88 (*0.08) and 3.09 (£0.11) for OspA,
OspA+1bh and OspA+2bh, respectively. The m-value is known to
correlate well with the change in solvent-accessible surface area
upon unfolding®; thus, the incremental increase in the m-value for
OspA+1bh and OspA+2bh compared with that of the wild-type
suggests that the size of the C-terminal folding unit increases as
more (-hairpins are incorporated in the single-layer B-sheet, and
that the insertion is part of the C-terminal folding unit.

Our successful design of large, stable single-layer B-sheets is, to
our knowledge, the first example of the stable extension of a B-sheet
in a natural protein. Further extension of the OspA 3-sheet should
be quite feasible, as no significant decrease in conformational
stability occurred in OspA+1bh and OspA+2bh. Our results clearly
indicate that interactions within the B-hairpin units, and between
adjacent units, are sufficient for stability within the extended single-
layer B-sheet structure. Thus, our results indicate that it may be
possible to design a stable protein without the formation of a
hydrophobic core. Peptides that form three-stranded (-sheets
have been successfully designed®'; also, the WW domain has been
shown to fold as a three-stranded B-sheet?>?. The high stabilities of
the single-layer (-sheets in OspA variants are distinct from the
marginal stabilities observed for these three-stranded B-sheets. This
difference can be attributed to the fact that both edges of the OspA
single-layer 3-sheets are capped with globular domains that seques-
ter additional surface areas of the single-layer B-sheet®. Thus,
effective burial of the edge-strand surfaces may be important for
the design of a small B-sheet motif with a high stability.

It is tempting to speculate that single-layer 3-sheet structures may
be involved in increases of B-sheet content that are associated with
amyloid-like fibril formation and protein aggregation**”, because a
single-layer B-sheet could be formed with a segment of a protein
possessing a hydrophobic periodicity compatible with an amphi-
pathic a-helix; such a B-sheet does not require the alternating
hydrophobic/hydrophilic pattern of the amphipathic B-sheet. We
have proposed that amino acids with long side chains play impor-
tant roles in stabilizing the single-layer (3-sheet structure by burying
nonpolar surfaces®. It is intriguing that the ‘polar zipper’ sequences
identified by Perutz et al.*®, such as the poly-glutamines associated
with Huntington’s disease, appear to satisfy the proposed require-
ments of stable single-layer (3-sheets, suggesting potential involve-
ment of single-layer B-sheet structures in human diseases.

Fraction unfolded

Figure 6 Urea-induced unfolding of wild-type OspA (open circles), OspA+1bh (open
triangles), OspA+2bh (crosses), OspA mutant F126A (filled circles) and OspA+1bh
mutant K119'T/F126'L/K135'G (closed triangles). Urea-induced unfolding reactions of
the C-terminal folding unit in these proteins were followed using fluorescence emission
from the single tryptophan residue in the C-terminal globular domain'. The data were
converted to fraction unfolded, according to the standard two-state model™.
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Methods

Sample preparation

The gene for OspA+1bh was constructed by inserting a 69-base pair (bp) DNA segment
coding for the B-hairpin sequence (Fig. 2) in the wild-type OspA gene, using standard
polymerase chain reaction (PCR) techniques. The second insertion was made by ligating a
69-bp DNA duplex at a unique restriction site (BseRI) within the first insert. The F126A
mutation was introduced using standard oligonucleotide-directed mutagenesis. Two
unplanned mutations, K119'T and F126'L, were introduced by PCR errors during the
construction of an OspA+1bh mutant, K135'G, which resulted in the triple mutations.
The entire genes were sequenced to confirm that no other mutations had been introduced.
The proteins were expressed and purified as described'’.

NMR spectroscopy

The NMR sample contained 1.3 mM "*C,"’N-OspA+1bh in 10 mM sodium phosphate
buffer, pH 6.0, with 50 mM sodium chloride in 95% H,0 and 5% D,0. All NMR
experiments were performed at 45 °C on a Varian Inova 600 spectrometer. Resonance
assignments of OspA-+1bh were achieved using standard triple resonance techniques, as
described for wild-type OspA (ref. 10). HN-=H" NOEs were identified in a 3D "*N-edited
NOESY spectrum”. The chemical-shift data have been deposited in the BioMagRes Bank
(accession number 4367). Carbon-13 secondary chemical shifts were calculated as the
differences from respective random-coil shifts'>. Amide HX measurements were per-
formed on a 1.0 mM "N-sample in sodium phosphate buffer (10 mm, pH* 6.09, the direct
pH meter reading) containing sodium chloride (50 mM) at 45 °C, as described
previously®. '"H-""N NOE and "°N T} and T, values were measured using published
procedures'®*. The N-H bond vectors were calculated from an energy-minimized
structural model of OspA+1bh, as described™. The rotation diffusion property of this
model structure can be well described with an axially symmetric diffusion model, in which
the molecule is approximated as a prolate ellipsoid. The dependence of the T}/T, ratio on
the angle between the N—H vector and the unique axis of the diffusion tensor was analysed
according to this model'*".

Small-angle X-ray scattering

The proteins were dissolved in sodium phosphate buffer (10 mM, pH 6.0) containing
sodium chloride (50 mM). The protein concentrations were 5.2 and 5.15 mg ml™, for
OspA+1bh and OspA+2bh, respectively. SAXS experiments were carried out at 30 °C as
described’. Forty structures of OspA+1bh, in which the N- and C-terminal fragments were
linked with a flexible linker corresponding to the inserted segment, were calculated using
simulated annealing® with distance restraints that maintained the conformations of the
terminal fragments.

Urea denaturation

Experiments were carried out in 10 mM sodium phosphate buffer (pH 6.0) with 50 mM
sodium chloride at 30 °C, as previously'".

Molecular graphics

We used Quanta (Molecular Simulations) for molecular modelling. The structures of
OspA+1bh and OspA-+2bh were modelled, in which the single-layer B-sheet was extended
with an assumption that the inserted 3-hairpin takes on a conformation similar to that of
B-strands 9 and 10. Drawings were made using MOLSCRIPT?.
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