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Leptospira interrogans is a pathogenic spirochete that
causes disease in both humans and animals. LigB (Leptospiral
immunoglobulin-like protein B) contributes to the binding of
Leptospira to extracellular matrix proteins such as fibronec-
tin (Fn), fibrinogen, laminin, and collagen. A high affinity
Fn-binding region of LigB has been recently localized to Lig-
BCen2, which contains the partial eleventh and full twelfth
immunoglobulin-like repeats (LigBCen2R) and 47 amino
acids of the non-repeat region (LigBCen2NR) of LigB. In this
study, LigBCen2NR was shown to bind to the N-terminal
domain (NTD) of Fn (K, = 379 nm) by an enzyme-linked
immunosorbent assay and isothermal titration calorimetry.
Interestingly, this sequence was not observed to adopt sec-
ondary structure by far UV circular dichroism or by differen-
tial scanning calorimetry, in agreement with computer-based
secondary structure predictions. A low partition coefficient
(K,,) measured with gel permeation chromatography, a high
hydrodynamic radius (R;,) measured with dynamic light scat-
tering, and the insensitivity of the intrinsic viscosity to gua-
nidine hydrochloride treatment all suggest that LigBCen2NR
possesses an extended and disordered structure. Two-dimen-
sional *>N-'H HSQC NMR spectra of intact LigBCen2 in the
absence and presence of NTD are consistent with these obser-
vations, suggesting the presence of both a 3-rich region and
an unstructured region in LigBCen2 and that the latter of
these selectively interacts with NTD. Upon binding to NTD,
LigBCen2NR was observed by CD to adopt a 3-strand-rich
structure, suggestive of the known f-zipper mode of NTD
binding.

Leptospira interrogans is a pathogenic spirochete that causes
leptospirosis throughout the world, especially in developing
countries but also in regions of the United States where it has
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reemerged (1). Weil’s syndrome, a severe form of this disease, is
an acute febrile illness associated with multiorgan damage,
including liver failure (jaundice), renal failure (nephritis), pul-
monary hemorrhage, and meningitis (1), and has a 15% mortal-
ity rate if not treated (2). The molecular pathogenesis of lepto-
spirosis is poorly understood, and the bacterial virulence
factors involved are largely unknown. Recently, several poten-
tial Leptospira virulence factors have been described, including
sphingomyelinases, serine proteases, zinc-dependent pro-
teases, and collagenase (3); LipL32 (4); lipopolysaccharide (5); a
novel factor H, laminin, and Fn-binding protein (Lsa24 or Len)
(6—8); Loa 22 (9); and Lig (Leptospiral immunoglobulin-like)
proteins (10-12).

Lig proteins, including LigA, LigB, and LigC, contain multi-
ple immunoglobulin-like repeat domains (13 in LigA, 12 in LigB
and LigC) (10-12). Interestingly, the first 630 residues, from
the N terminus to the first half of the seventh immunoglobulin-
like domain, are conserved between LigA and LigB, but the rest
of the immunoglobulin-like domains are variable (10-12)
between the two proteins. Also, a non-immunoglobulin-like
repeat region found on the C-terminal tail of LigB is not found
in LigA (10-12). Lig proteins are categorized as microbial sur-
face components recognizing adhesive matrix molecules
(MSCRAMMs)? due to their ability to bind to eukaryotic cells
(13) through their interactions with extracellular matrix com-
ponents, including fibronectin (Fn), laminin, collagens, elastin,
and tropoelastin (13, 14, 45). Previously, a high affinity Fn-bind-
ing region was localized to LigBCen2, which includes the partial
eleventh and complete twelfth immunoglobulin-like repeat
region and the first 47 amino acids of the non-repeat regions of
LigB (15). LigBCen2 was shown to bind to both the N-terminal
domain (NTD) and the gelatin binding domain (GBD) of Fn.
The addition of calcium induces a conformational change in
LigBCen2 and enhances binding between LigBCen2 and the
NTD of Fn (15).

The first step in the process of bacterial infection is cellular
adhesion, mediated by bacterial adhesins interacting with var-

2The abbreviations used are: MSCRAMM, microbial surface component
recognizing adhesive matrix molecules; DLS, dynamic light scattering;
DSC, differential scanning calorimetry; Fn, fibronectin; GBD, gelatin
binding domain; ITC, isothermal titration calorimetry; MALDI-TOF,
matrix-assisted laser desorption ionization-time of flight; NTD, N-termi-
nal domain; SPR, surface plasmon resonance; GST, glutathione S-trans-
ferase; ELISA, enzyme-linked immunosorbent assay.
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Conformational Change Induced by Fibronectin Binding to LigB
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FIGURE 1. A schematic diagram showing the location of the truncated
LigBCen2 protein, including the LigBCen2R and LigBCen2NR constructs
used in this study.

ious components of the extracellular matrix (16). Known inter-
action modes between Fn and bacterial Fn-binding proteins
include the B-zipper (17, 18) and the cationic cradle (19). It was
recently discovered that the Fn-binding domains in certain Fn-
binding proteins are disordered and extended but gain struc-
ture upon binding to the NTD of Fn (20-22).

We have performed a fine-mapping study of the NTD-bind-
ing site on LigBCen2 and identified this site as LigBCen2NR, a
portion of the non-repeat region (amino acids 1119-1165).
The addition of NTD promotes the folding of LigBCen2NR
from a disordered and extended structure to a folded structure.
This finding is notable, since LigBCen2NR is located in the
non-immunoglobulin-like region of LigB, as compared with
other Fn-binding proteins, such as Staphylococcus aureus
FnbpA and FnbpB (23), Streptococcus dysgalactiae FnBB (17),
and Streptococcus pyogenes Stbl and Stbll (24). Thus, the bind-
ing mode appears to be similar to the known B-zipper mecha-
nism but unique in sequence-specific interactions. This finding
provides the fundamental groundwork for the development of a
therapeutic agent to target this interaction in order to prevent
or treat Leptospira infection.

MATERIALS AND METHODS

Reagents and Antibodies—Rabbit anti-GST antibody and
horseradish peroxidase-conjugated goat anti-rabbit antibody
were ordered from Molecular Probes, Inc. (Eugene, OR) and
Zymed Laboratories Inc. (San Diego, CA), respectively. NTD or
GBD of Fn, aldolase, bovine serum albumin, ovalbumin, chy-
motrypsinogen A, ribonuclease A, aprotinin, insulin chain B,
sodium chloride, sodium phosphate monobasic, and sodium
phosphate dibasic were purchased from Sigma.

Plasmid Construction and Protein Purification—The con-
struction, expression, and purification of LigCon (amino acids
1-630) were performed as described previously (12). Con-
structs for the expression of histidine-tagged or GST-fused Lig-
BCen2 (amino acids 1014-1156) and GST were generated
using the vector pQE30 (Qiagen, Alencia, CA) and/or pGEX-
4T-2 (GE Healthcare), respectively, as previously described
(14). Constructs for the expression of histidine-tagged or GST-
fused LigBCen2R (amino acids 1014-1123) and LigBCen2NR
(amino acids 1119-1165) were generated using the vector
pQE30 and pGEX-4T-2 (Fig. 1). To perform the PCRs, the fol-
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lowing forward and backward primers were utilized (14):
LigBCen2R forward primer 5'-GGATCCACTGCGACTTAC-
AAT-3" and backward primer 5'-GTCGACCGTGTCCGTTT-
TGTT-3'; LigBCen2NR forward primer 5'-CGGGATCCAAC-
AAAACGGACACG-3' and backward primer 5'-CGGTCG-
ACATTGGAACTATTAAT-3'. Primers were engineered to
introduce a BamHI site at the 5'-end of each fragment and a
stop codon followed by a Sall site at the 3’-end of each frag-
ment. PCR products were sequentially digested with BamHI
and Sall and then ligated into pQE30 or pGEX-4T-2 cut with
BamHI and Sall, respectively. In this study, we purified the sol-
uble form of the histidine tag or GST fused with LigBCen2,
LigBCen2R, or LigBCen2NR from Escherichia coli, as previ-
ously described (25). Tris buffer (25 mm Tris and 150 mm
sodium chloride at pH 7.0) containing 100 um calcium chloride
was used in all experiments, since we have previously shown
that calcium enhances the binding of LigBCen2 to NTD (15)
and that both LigBCen2R and LigBCen2NR bind calcium (data
not shown).

NMR Sample Preparation and Experiments—E. coli harbor-
ing the expression plasmid for His-tagged LigBCen2 were cul-
tured in M9 minimal medium. The recombinant LigBCen2
(retaining the His, tag) was labeled with ">NH,CI (Cambridge
Isotopes, Cambridge, MA), expressed, and purified, as previ-
ously described (26). The purified '*N-labeled LigBCen2 was
dialyzed against Tris buffer with 100 um calcium chloride at pH
6.0 and concentrated to 0.95 mM (0.3 ml) using the Amicon
Ultra centrifugal filter (Millipore, Billerica, MA). For some
spectra, **N-labeled LigBCen2 was also mixed with 1.44 mm
(unlabeled) NTD.

NMR spectra were recorded at 25 °C on a Varian Inova 600-
MHz spectrometer equipped with a triple resonance (hydro-
gen, carbon, and nitrogen) z axis pulse-field gradient probe.
Two-dimensional **N-'H fast HSQC spectra were recorded
with spectral widths of 2.4 kHz in t1 (400 real + imaginary data
points) and 10 kHz in t2 (2048 real + imaginary data points)
(27), with 16 or 32 transients per free induction decay for Lig-
BCen2 in the absence or presence of NTD and a recycle delay of
1.0 s. NMR data were processed and analyzed using the soft-
ware tools nmrPipe, nmrDraw, and Pipp (28, 29). Data were
apodized using a phase-shifted sine bell function and zero-filled
prior to Fourier transformation.

Surface Plasmon Resonance (SPR)—Association and dissoci-
ation rate constants for LigBCen2/NTD binding were meas-
ured by SPR analysis performed with a Biacore 2000 instrument
(GE Healthcare) at 26.7 °C. 1 um His-tagged LigBCen2 in Tris
buffer containing 100 um CaCl, was immobilized on an nitrilo-
triacetic acid chip (GE Healthcare) conjugated with 500 um
nickel sulfate. Serial concentrations (100, 200, 400, and 800 nm)
of NTD were injected into the flow cells at a flow rate of 5
wl/min over the immobilized LigBCen2. All experiments are
duplicated. All sensogram data have been corrected by sub-
tracting data from a control cell injected with Tris buffer
containing 100 uM CaCl,. Kinetic parameters were obtained
by fitting the data to the one-step biomolecular association
reaction model (1:1 Langmuir model) with the curve-fitting
BIAevaluation software, version 3.0.
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ELISA Fn Binding Assays—To determine the binding of
GST-LigBCen2, GST-LigBCen2R, GST-LigBCen2NR, or GST-
LigCon (negative control) to the NTD of Fn, 1 um NTD was
coated on microtiter plate wells, incubated at 4 °C for 16 h, and
blocked with blocking buffer (100 ul/well) containing 3%
bovine serum albumin in Tris buffer with 100 um calcium chlo-
ride at room temperature for 2 h. Then serial concentrations (as
indicated by Fig. 3A) of GST-LigBCen2, GST-LigBCen2R,
GST-LigBCen2NR, or GST-LigCon in 100 wl of Tris buffer with
100 pM calcium chloride were added to the microtiter plate
wells for 1 h at 37 °C. To detect the binding of GST-LigBCen2,
GST-LigBCen2R, GST-LigBCen2NR, or GST-LigCon, rabbit
anti-GST (1:200) and horseradish peroxidase-conjugated
goat anti-rabbit IgG (1:1,000) were used as primary and sec-
ondary antibodies, respectively. After washing the plates
three times with TBST (0.05% Tween 20, 100 uM calcium
chloride in Tris buffer), 100 ul of TMB (KPL, Gaithersburg,
MD) was added to each well and incubated for 5 min. The
reaction was stopped by adding 100 ul of 0.5% hydrofluoric acid
to each well. Each plate was read at 630 nm using an ELISA plate
reader (Bioteck EL-312, Winooski, VT). Each value represents
the mean = S.E. of three trials in triplicate samples. Statistically
significant (p < 0.05) differences are indicated by an asterisk.

Isothermal Titration Calorimetry (ITC)—The experiments
were carried out with a CSC 5300 microcalorimeter (Calorim-
etry Science Corp., Lindon, UT) at 25 °C, as described previ-
ously (14). In a typical experiment, the cell contained 1 ml of a
solution of NTD, and the syringe contained 250 ul of a solution
of LigBCen2R or LigBCen2NR. The concentrations of
LigBCen2R, LigBCen2NR, and NTD are described in Table 1.
Both solutions were in Tris buffer with 100 um calcium chlo-
ride. The titration was performed in 25 injections of 10 ul with
a stirring speed of 250 rpm, and the delay time between the
injections was 5 min. Data were analyzed using Titration Bind-
ing Work version 3.1 software (Calorimetry Science), fitting
them to an independent binding model.

Prediction of Protein Disorder—The LigBCen2NR folding
prediction was carried out using PONDR (Predictor of Natu-
rally Disordered Regions), a software package containing
VL-XT (refers to the merger of three predictors, one trained on
variously characterized long disordered regions and two
trained on x-ray-characterized terminal disordered regions),
XL1-XT (the XL1-XT predictor is a feedforward neural net-
work optimized to predicted regions greater than 39 amino
acids), and VL3 (the VL3 predictor is a feedforward neural net-
work that was trained on regions of 152 long regions of disorder
that were characterized by various methods), which predict
naturally disordered regions (30 —32). PONDR can be used as a
Web service for remote and automatic data processing. The
analyses were performed using default values.

Differential Scanning Calorimetry (DSC)—The excess heat
capacity C,(7) of LigBCen2, LigBCen2R, or LigBCen2NR was
measured using a DSC Q1000 microcalorimeter (Waters, New
Castle, DE). Degassed samples containing 3 um LigBCen2,
LigBCen2R, LigBCen2NR, or Tris buffer with 100 um calcium
chloride were heated at a 10-K/h scan rate. C,(7) data were
recorded, corrected for buffer base line, and normalized to the
amount of the samples. The TA Universal Analysis software
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(Waters) was used for the data analysis and display. All calori-
metric experiments in this study were repeated three times to
ensure reproducibility.

Gel Permeation Chromatography—LigBCen2, LigBCen2R,
and LigBCen2NR were analyzed for their partition coefficient
(K,,) and effective radii (Stokes radii, R) in Tris buffer with 100
M calcium chloride using a Superdex 200 HR 10/30 column
(GE Healthcare) attached to a fast protein liquid chromatogra-
phy (GE Healthcare) system. Protein samples were preequili-
brated with Tris buffer with 100 um calcium chloride and
eluted with the same buffer at a flow rate of 0.5 ml/min. The
column was calibrated using a low molecular weight gel filtra-
tion calibration kit (GE Healthcare). The standard globular pro-
teins contained in the kit were ribonuclease A (13,700 Da), chy-
motrypsinogen (25,000 Da), ovalbumin (43,000 Da), and
albumin (67,000 Da). Blue dextran 2000 (2,000,000 Da) (Amer-
sham Biosciences) and aldolase (158,000 Da) were used to indi-
cate the void volume (V) and the total volume (V,), respec-
tively. The elution volume (V,) of each sample was measured.
To define the relationships between the elution volumes of pro-
tein samples and their respective molecular weight, the K,
value for each protein was calculated using Equation 1,

Ve_ Vo

Kav = Vt _ Vo

(Eq.1)

where V, and V, for the column used were 7.96 and 23.56 ml,
respectively. K, values of standard and LigBCen2, LigBCen2R,
or LigBCen2NR were plotted against the logarithm of the pro-
tein molecular weights to fit Equation 2 as follows (33),

logM, = aK,, + b (Eq.2)

where a and b are constants. R values of the proteins were
determined using sample elution volumes and standard curves,
as described in the calibration kit (GE Healthcare).

Dynamic Light Scattering (DLS)—One mg/ml LigBCen?2,
LigBCen2R, or LigBCen2NR was dialyzed against prefiltered
(0.22-pum Millipore filters) Tris buffer with 100 um calcium
chloride. The samples were placed in a 1-ml plastic cuvette. The
standard globular proteins, including albumin (67,000 Da),
ovalbumin (43,000 Da), chymotrypsinogen A (25,000 Da), ribo-
nuclease A (13,700 Da), aprotinin (6,500 Da), or insulin chain B
(3,400 Da), were used to generate the calibration curve of glob-
ular proteins. The automated measurements were collected
with a Zetasizer Nano ZS instrument (Malvern Instruments
Ltd., Worcestershire, UK), using a 2-min equilibrium delay at
each measurement. The data were adjusted using the method of
cumulants to obtain the hydrodynamic radii (R,). The loga-
rithms of the R;, values of standards and LigBCen2, LigBCen?2R,
or LigBCen2NR were plotted against the logarithm of the pro-
tein molecular weights to fit the equation,

log M, = alogR, + b (Eq.3)

where a and b are constants.

Intrinsic Viscosity Measurements—The viscosities of the Lig-
BCen2, LigBCen2R, and LigBCen2NR were measured using a
Cannon-Ubbelohde Semi-Micro Dilution Viscometer (catalog
number 25 9722-H50; Cannon Instrument Co., State College,
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PA) with a viscometer constant, 0.002044 mm?/s?, at 25 °C.
Before measuring the viscosities, 1 ml of each protein at con-
centrations of 0.5, 0.75, 1, and 1.5 mg/ml were dialyzed over-
night against Tris buffer with 100 um calcium chloride, with or
without 6 M guanidine hydrochloride, and the same buffer was
used as a reference solution. The specific viscosity (n,,) was
determined as previously described (34). Specific viscosity/con-
centration values of untreated or 6 M guanidine hydrochloride-
treated LigBCen2, LigBCen2R, or LigBCen2NR were plotted
against the concentration of proteins, and the intrinsic viscosity
[n] was calculated using the following equation,

=[] + KmFC

(Eq.4)
where ¢ represents protein concentration and k is a dimension-
less constant. The values of [7n] expected for a denatured pro-
tein shown in Table 3 were obtained from the following equa-
tion (34),

[n] = 0.716n%% (Eq.5)

where 7 represents the number of residues in the protein.

CD Spectroscopy—CD analysis was performed on an Aviv
215 spectropolarimeter (Lakewood, NJ) under N, atmosphere.
CD spectra were measured at room temperature (25 °C) in a
1-cm path length quartz cell. Spectra of LigBCen2, LigBCen2R,
or LigBCen2NR were recorded in Tris buffer with 100 um cal-
cium chloride at a protein concentration of 10 um. Three spec-
tra were recorded for each condition from 190 to 250 nm for far
UV CDin 1-nm increments. In the thermal denaturation exper-
iment, 10 um LigBCen2, LigBCen2R, or LigBCen2NR were
used, and data were collected at 2 °C/min increments from 20
to 100 °C, recording the ellipticity at 205 nm, with 30-s temper-
ature equilibrations, followed by 30-s data averaging. In order
to measure the melting point, the first order derivative of the
melting curve was taken. Structural changes in LigBCen2R and
LigBCen2NR upon binding to the NTD of Fn were examined by
analyzing changes in the CD spectrum. LigBCen2R (10 uMm) or
LigBCen2NR (10 um) was preincubated with or without the
NTD (10 um) of Fn for 1 h at 25 °C, and the far UV CD spectra
were recorded as described above. The changes of the CD spec-
tra upon NTD-LigBCen2R or NTD-LigBCen2NR interaction
were determined by computationally subtracting the ellipticity
of the NTD-LigBCen2R or NTD-LigBCen2NR complex from
the added spectra of the free forms of interacting proteins. The
deconvolution of the resulting spectra was performed as
described above. In all CD experiments, the background spec-
trum of buffer without protein was subtracted from the protein
spectra. CD spectra were initially analyzed by the software
accompanying the spectrophotometer. Analysis of spectra to
extrapolate secondary structures was performed by Dichroweb
(35) (available on the World Wide Web), using the K2D and
Selcon 3 analysis programs (36, 37).

Fluorescence Spectroscopy—Fluorescence emission spectra
were measured on a Hitachi F4500 spectrofluorometer (Hita-
chi, San Jose, CA). All spectra were recorded in the correct
spectrum mode of the instrument, using excitation and emis-
sion band-passes of 5 nm. The intrinsic tryptophan fluores-

23550 JOURNAL OF BIOLOGICAL CHEMISTRY

cence of the protein was recorded by exciting the solution at
295 nm and measuring the emission between 305 and 400 nm.
For the LigBCen2NR/NTD binding experiment, the emission
spectra of untreated or LigBCen2NR (10 um) treated with NTD
(10 um) were taken. LigBCen2NR contains no tryptophan;
therefore, for the LigBCen2NR/NTD binding experiment, the
spectrum of LigBCen2NR in isolation was essentially back-
ground and was subtracted from the spectrum for the mixture.

Matrix-assisted Laser Desorption Ionization-Time of Flight
(MALDI-TOF) Mass Spectrometry—The molecular weights of
samples of purified LigBCen2, LigBCen2R, and LigBCen2NR
were analyzed using MALDI-TOF mass spectra recorded on an
Applied Biosystems 4700 mass spectrometer (Applied Biosys-
tems, Foster City, CA). Prepared samples included 10 um Lig-
BCen2, LigBCen2R, or LigBCen2NR in deionized water.

Statistical Analysis—Significance between samples was deter-
mined using Student’s ¢ test following logarithmic transformation
of the data. Two-tailed p values were determined for each sample,
and a p value of <0.05 was considered significant. Each data point
represents the mean = S.E. of samples tested in triplicate. An aster-
isk indicates that the result was statistically significant.

RESULTS

Identification of the Binding Sites of NTD on LigBCen2—In
order to investigate the general structural properties of Lig-
BCen2 and its interactions with Fn, uniformly '*N-labeled Lig-
BCen2 was prepared, and two-dimensional *>N-"H chemical
shift correlation NMR experiments were performed in the
absence and presence of an equimolar amount of unlabeled
NTD (Fig. 2, A-D).

The NMR spectrum of apo-LigBCen2 shows evidence for
distinct structured and unstructured regions, with a set of
highly resolved peaks dispersed across both dimensions of the
spectrum and another set of peaks of higher intensity clustered
toward the center of the spectrum (Fig. 2, A and B). The number
of well dispersed peaks and their positions are consistent with
the B-sheet-rich immunoglobulin-like fold predicted for repeat
regions 11 and 12, which would place backbone N-H groups in
unique chemical environments and would cause the corre-
sponding '"N-'H correlation peaks to appear at widely varying
positions in the NMR spectrum. In contrast, for a dynamically
unstructured polypeptide, the corresponding '>N-'H correla-
tion peaks are stronger due to increased motion and cluster to
similar regions of the spectrum due to the more uniform chem-
ical environment of the solvent. A set of such peaks is clearly
present, as highlighted by the LigBCen2 *N-'H spectrum at a
higher contour level (Fig. 2B). The number of peaks associated
with folded and unfolded sets of N-H groups roughly matches
the number of residues expected to adopt the B-sheet-rich fold
of the twelfth and partial eleventh Ig-like repeats (LigBCen2R)
and the number of residues included from the non-repeat
region (LigBCen2NR), respectively.

When 1.44 mM unlabeled NTD was added to 0.95 mm '°N-
LigBCen2, the well dispersed peaks corresponding to folded
protein remained largely unperturbed, whereas most of the
sharp, clustered peaks either disappeared or were greatly
diminished in intensity (Fig. 2C), as highlighted by the overlay
of this spectrum with the apo-LigBCen2 spectrum (Fig. 2D).
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for other intrinsically disordered
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non-repeat sequence selectively binds to NTD.

Interestingly, application of a transverse relaxation optimized
spectroscopy-based '>N-"H HSQC experiment useful for very
large proteins (38) did not recover the lost peaks (data not
shown). These results demonstrate that NTD does not bind to the
structured region of LigBCen2. The nature and number of peaks
that are affected by the addition of NTD suggest that NTD specif-
ically binds to LigBCen2NR and results in chemical exchange in
the intermediate rate regime, where the peaks whose chemical
environment changes between conformational states are broad-
ened beyond the level of detection.

In order to test the possibility that the peak disappearance is
due to sampling between free and bound states, SPR was per-
formed to measure the binding kinetics for the LigBCen2-NTD
interaction at pH 6.0 and 26.7 °C to correspond to the NMR
conditions (supplemental Fig. S1). Based on the rates obtained,
(k,,=228X10°%+0.23X10°s M 4 k=247 X102 =
0.16 X 10"2s™ 1), the k_, should be 112 * 11 s~ * at the condi-
tions of the NMR sample (1.44 mm NTD, 0.95 mm LigBCen?2,
[NTD];.. = 0.49 mm). Resonances undergoing exchange
broadening due to ligand binding usually refocus at saturation.
Given the unusually slow off-rate of binding, at saturating con-
centrations of NTD, the spectrum of LigBCen2 should show a
single set of peaks reflecting the bound state. A saturation of
>99% was predicted for the NMR sample, assuming simple
two-state binding with a K, of 93 nMm (15). Therefore, the line
broadening observed for the NMR sample is not due to
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FIGURE 2. NMR provides evidence for distinct structured and disordered regions of LigBCen2. A, the
"H->N HSQC of apo-LigBCen2 exhibits a set of well dispersed peaks, indicative of folded, B-rich residues, and
a set of sharper peaks clustered toward the center, indicative of residues in an unstructured region. This is
emphasized by the HSQC viewed at a higher contour level (B). The number of peaks indicative of folded and
unfolded residues roughly matches the number of residues expected to adopt the Ig-like fold of repeat regions
11 and 12 and the number of residues included from the non-repeat region, respectively. C, when unlabeled
NTD is added at an equimolar concentration, most of the sharp, clustered peaks either disappear or are greatly
diminished in intensity, whereas the well dispersed peaks corresponding to folded protein remain largely
unperturbed, as highlighted by the overlay of this spectrum with the apo-LigBCen2 spectrum (D). The disap-
pearance of the peaks corresponding to the unstructured region(s) of the LigBCen2 construct suggests that the

75 70 65 109 £ 8 nmat pH 6.0,95.5 * 1.4 nm
at pH 7.0) are in good agreement
with each other, and the value at pH
7.0 is in excellent agreement with
the previously reported K, 0f 93 = 8
nM at pH 7.0 (15). The kinetic rates
at each pH were also in close agree-
ment with each other (k,, = 2.72 =
0.19 X 10° s ' MY, ke = 26 =

0.22 X 1072 s~ ! at pH 7.0). All sub-

sequent biophysical measurements
were performed at pH 7.0.

In order to test the NMR-derived hypothesis that NTD inter-
acts specifically with LigBCen2NR, various concentrations of
GST-LigCon (a truncation that cannot interact with Fn, used as
a negative control), GST-LigBCen2 (positive control), GST-
LigBCen2R, GST-LigBCen2NR, and GST were added to an NTD-
coated microtiter plate. As shown in Fig. 34, LigBCen2NR
binds NTD, but no NTD binding was observed for LigBCen2R
or LigCon (Fig. 1) (13, 14). These results were also confirmed by
ITC experiments. LigBCen2NR binding to NTD is an endo-
thermic reaction (unfavorable enthalpy, favorable entropy)
with a dissociation constant (K,) of 379 nMm (Fig. 3B and Table
1). The favorable entropy suggests that the complex formation
of LigBCen2 and N'TD involves significant hydrophobic inter-
actions. By contrast, ITC experiments demonstrate that
LigBCen2R does not bind to NTD (Table 1). Both ELISA and
ITC results support the NMR-derived hypothesis that
LigBCen2NR, the non-immunoglobulin-like domain 47-resi-
due region of LigBCen?2, selectively binds to NTD.

LigBCen2NR Possesses a Disordered and Unfolded Structure—
To further characterize the structural properties of Lig-
BCen2NR and investigate the NMR-derived hypothesis that
this region is unstructured, the amino acid sequence of
LigBCen2NR was analyzed by PONDR, a software tool used
to predict naturally disordered protein regions. More than
half of the residues in LigBCen2NR (all but residues 1146 —
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1164) were predicted to be disordered by VL-XT in the
PONDR software package. In addition, a highly disordered
structure was also predicted in LigBCen2NR by XL1-XT and
VL3 in the PONDR software package (data not shown).

In order to confirm this sequence-based prediction, the sec-
ondary structure of LigBCen2, LigBCen2R, or LigBCen2NR
was examined by far UV CD. As presented in Fig. 44, both
LigBCen2 and LigBCen2R contain significant 3-sheet structure
(40% in LigBCen2 and 55% in LigBCen2R). However,
LigBCen2NR contains 65% random coil. Thus, compared with
LigBCen2R, LigBCen2NR possesses a highly disordered and
unfolded structure, in agreement with the NMR analysis of Lig-
BCen?2 presented above.

Gel Permeation Chromatography and Dynamic Light Scat-
tering Indicate That LigBCen2NR Adopts an Extended
Structure—Most proteins containing disordered structures
are extended instead of globular and highly packed. Due to
differences in the hydrodynamic properties (such as Rg and
the K,,) of globular and extended proteins, gel permeation
chromatography is a powerful technique to determine if a
protein is unfolded. The K, values of LigBCen2, LigBCen2R,
LigBCen2NR, and other globular protein standards were
determined by the V, value obtained from gel permeation
chromatography and calculated by Equation 1 above. In
addition, K, was plotted against the logarithm of molecular

0 2000

weight, and a calibration curve of globular proteins was
made by using the data from the globular protein standards.
Compared with LigBCen2 and LigBCen2R, the value of K,
for LigBCen2NR was far from the calibration curve and less
than expected for a globular protein with a similar molecular
mass (Fig. 4B). These results indicate that LigBCen2NR is
not a globular protein. Similarly, the Ry value of Lig-
BCen2NR revealed by gel permeation chromatography (1.93
nm) is significantly larger than expected for a globular pro-
tein (0.62 nm) (Table 2), suggesting that LigBCen2NR forms
an extended structure.

The hydrodynamic radii R, values of LigBCen2, LigBCen2R,
LigBCen2NR, and globular protein standards were measured
using dynamic light scattering to confirm the results from the
gel permeation chromatography measurements. The R, value
of LigBCen2 or LigBCen2R was close to the value of the globu-
lar proteins possessing a similar molecular mass (Fig. 4C and
Table 2). However, the R, value of LigBCen2NR (1.97 nm) was
significant larger than that of globular proteins with a similar
molecular mass (0.94 nm) (Fig. 4C and Table 2). The distinctly
larger R;, of LigBCen2NR suggested that it is a highly extended
protein, consistent with the results obtained from gel perme-
ation chromatography.

Intrinsic Viscosity Measurements Suggest that LigBCen2NR Is
Extended and Denatured—Measurement of intrinsic viscosity
is a well known method to deter-
mine if a protein is denatured
because of the direct relationship

Time (sec)

4000 6000 8000

0 M
«=4=GST-LigCon
== GST-LigBCen2
= GST-LigBCen2NR
== GST-LigBCen2R

0 0.2 04 06 0.8 1

between the number of residues of a
denatured protein and its intrinsic
viscosity, as shown in Equation 5.
For extended or denatured proteins,
intrinsic viscosity is also generally
larger than for folded proteins (21).

To further examine if LigBCen2NR
is denatured and extended, the vis-

GST-Lig (12M)

kcal/mol of injectant

cosities of LigBCen?2, LigBCen2R, and
LigBCen2NR were measured. The
specific viscosity over protein con-
centration was plotted against con-
centration, as shown in Fig. 4D. The
data were fitted to Equation 4 to

0 02 04

Molar Ratio LigBCen2NR:NTD

FIGURE 3. Determination of binding constant and thermodynamics of the LigBCen2NR/NTD interaction
by ELISA and ITC. A, binding of serial concentrations of LigBCen2NR to immobilized NTD by ELISA. Serial
concentrations of GST-LigBCen2R, GST-LigBCen2NR, GST-LigBCen2 (positive reference), or GST-LigCon (neg-
ative reference) were added to 1 um NTD- or bovine serum albumin-coated wells (negative control; data not
shown). B, determination of the binding affinity by ITC. The cell contained 1 ml of NTD, and the syringe
contained 250 ul of LigBCen2NR. Top, heat differences obtained from 25 injections of LigBCen2NR; bottom,
integrated curve with experimental data (4 ) and the best fit (/ine). The thermodynamic parameters are shown

obtain intrinsic viscosities, and these
values were compared with the values
expected for denatured proteins, as
calculated by Equation 5. As shown in
Fig. 4D and Table 3, the intrinsic vis-
cosity of untreated LigBCen2 or
LigBCen2R measured by viscometry

0608 1 12 1416 1.8

in Table 1. was smaller than that of LigBCen2 or
TABLE 1
Thermodynamic parameters for the interaction of NTD and LigBCen2R or LigBCen2NR
Macromolecule LigB residues [LigB] [NTD] AH TAS AG K, n
M M keal mol ™! keal mol™! keal mol ™! nm
LigBCen2NR 1119-1165 362 61 13.13 £ 1.55 22.25 —9.12 379 £ 16 0.94 = 0.01
LigBCen2R 1014-1123 118 5.9 NF* NF NF NF NF

“ NF, non-fittable.
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FIGURE 4. Analysis of LigBCen2, LigBCen2R, or LigBCen2NR by far UV CD, gel permeation chromatography, DLS, and viscometry. A, far UV CD analysis
of LigBCen2, LigBCen2R, and LigBCen2NR. The molar ellipticity, ®, was measured from 190 to 250 nm for a 10 um concentration of each protein in Tris buffer
with 100 um calcium chloride. B, gel permeation chromatography of standard molecular mass markers, LigBCen2, LigBCen2R, and LigBCen2NR. The partition
coefficient (K,,) is plotted as a function of the molecular weight of each individual protein on a log scale. C, dynamic light scattering of standard molecular mass
markers, LigBCen2, LigBCen2R, and LigBCen2NR. The hydrodynamic radius (R,,) is plotted as a function of the molecular weight of each individual protein on
a log-log scale. For C and D, the molecular weights of the standards are indicated under “Materials and Methods,” and the molecular weights of LigBCen2,
LigBCen2R, and LigBCen2NR are indicated in Table 2. D, determination of the intrinsic viscosity of proteins under native or denaturing conditions. The specific
viscosity/concentration versus concentration is plotted for LigBCen2, LigBCen2R, and LigBCen2NR in Tris buffer with 100 um calcium chloride and with or
without 6 M guanidine hydrochloride. The intercept at the y axis is the intrinsic viscosity.

TABLE 2
Estimated radii of recombinant LigBCen2, LigBCen2R, and LigBCen2NR
Callfllzlilsasted specﬁzzscopy GPEC)J( lzzfitlfilﬁf)ﬁrgglrve R, from GPC Df;gsﬁfgggir::lwe R, from DLS
Da Da nm nm nm nm
LigBCen2 18,130.97 18,131.60 2.05 1.95 2.04 2.07
LigBCen2R 13,473.76 13,416.81 1.67 2.07 1.75 171
LigBCen2NR 5,956.57 5,929.34 0.62 1.93 0.93 1.97
TABLE 3 CD and DSC Thermal Unfolding Experiments Further Indi-
Intrinsic viscosity of recombinant LigBCen2, LigBCen2R, and cate That LigBCen2NR Has an Unfolded Structure—In order
LigBCen2NR . . . . .
Measared [T from to gain more insight on .the conformation of .ngBCenZ, LigB-
viscometry Predicted [7] for Cen2, LigBCen2R, and LigBCen2NR were subjected to thermal
0MGnHCI 6 M GnHCI denatured protein unfolding experiments using CD spectrophotometry and DSC.
LigBCen2 9.55 9223 21.39 As shown in Fig. 54, the melting points of LigBCen2 and
LigBCen2R 4.75 20.45 17.87 LigBCen2R are 54.0 = 0.5 and 58.1 = 0.8 °C, respectively, as
LigBCen2NR 10.76 10.98 10.20 measured by monitoring the CD signal at 205 nm from 20 to

80 °C. The higher melting temperature for LigBCen2R indi-
LigBCen2R treated with guanidine hydrochloride. However, the ~ cates that the presence of LigBCen2NR reduces the thermal
intrinsic viscosities of both guanidine hydrochloride-treated and ~ stability of LigBCen2R. The midpoint of the DSC transition
untreated LigBCen2NR were close to the intrinsic viscosity —curves for LigBCen2 (54.2 = 0.4 °C) and LigBCen2R (57.3 =
expected for a denatured protein, as calculated by Equation 5. 0.2 °C) are consistent with the CD-derived melting points
Taken together, these results indicate that LigBCen2NR is dena-  (Fig. 5B). Compared with the results of LigBCen2 and
tured and extended. LigBCen2R, no obvious cooperative unfolding transition of
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orescence spectrum of NTD (supple-
mental Fig. S2), which suggests that
binding of LigBCen2NR does not
significantly alter the chemical envi-
ronment of the tryptophan residues
of NTD. This observation, which
suggests that NTD does not
undergo significant conformational
rearrangement upon binding, has
been reported previously for binding
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FIGURE 5. Thermal unfolding transitions of LigBCen2, LigBCen2R, or LigBCen2NR as measured by CD and
DSC. A, thermal unfolding of 10 um LigBCen2, LigBCen2R, or LigBCen2NR was observed by CD, measuring
ellipticity at 205 nm from 20 to 100 °C. A transition point was identified for LigBCen2 and LigBCen2R but not for
LigBCen2NR. The melting temperatures were determined by the location of the peak in the derivative of the
ellipticity curve, as shown in the lower panel. The transition midpoints of LigBCen2 and LigBCen2R are 54.0 +
0.5 and 58.1 = 0.8 °C, respectively. B, thermal unfolding transitions of LigBCen2, LigBCen2R, and LigBCen2NR
measured by DSC. Molar heat capacity (kcal/(mol-K)) was plotted against temperature (°C) from 20 to 80 °C for
3 um LigBCen2, LigBCen2R, or LigBCen2NR. The dotted line indicates that the midpoint temperatures of the
transitions for LigBCen2 and LigBCen2R are 54.2 = 0.4 and 57.3 = 0.2 °C, respectively.

LigBCen2NR was observed (Fig. 5). Therefore, both thermal
and chemical denaturation experiments indicate that
LigBCen2NR has an unfolded structure.

The Conformation of LigBCen2NR Changes upon the Addi-
tion of NTD—In order to determine if the binding of NTD
affects the structure of LigBCen2NR, the CD spectra of NTD,
LigBCen2NR (Fig. 64), and NTD mixed with LigBCen2R or
LigBCen2NR were recorded (Fig. 6, B and C). The NTD spec-
trum and either the LigBCen2R or the LigBCen2NR spectrum
were added as a comparison to assess conformational changes
upon binding. Consistently, the far UV CD spectrum of the
NTD presented on Fig. 6A is similar to that published previ-
ously (20, 21, 41), since a minimum in intensity was located
around 215 nm, and two peaks were located around 200 nm and
230 nm, respectively due to tyrosine side chains (42, 43). As
shown in Fig. 6, A and B, the spectra of apo-LigBCen2NR and
complexed NTD-LigBCen2NR after subtraction of the NTD
CD spectrum are significantly different, but the spectrum of
apo-LigBCen2R cannot be distinguished from a mixture of
NTD and LigBCen2R after subtraction of the NTD CD spec-
trum. Therefore, conformational changes occur upon binding
of NTD to LigBCen2NR. In order to clarify whether NTD or
LigBCen2NR changes conformation after binding, the intrinsic
fluorescence spectra of unbound or LigBCen2NR-bound NTD
were measured. In a previous study, it was shown that confor-
mational changes in NTD are easily detected by intrinsic tryp-
tophan fluorescence due to the presence of seven tryptophan
residues in NTD that are sensitive to small changes in environ-
ment (20). Furthermore, because of the absence of tryptophan
in LigBCen2NR, the intrinsic fluorescence spectrum of NTD-
bound LigBCen2NR reflects only the conformation of NTD.
The addition of LigBCen2NR did not significantly change the flu-
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8  ofadomain of FnbA from S. dysgalac-
tiae to NTD, and it is thought to be
generally true for many NTD-binding
MSCRAMMs that NTD remains
conformationally unchanged upon
binding (20). Thus, the difference
between the CD spectrum of the Lig-
BCen2-NTD complex and the sum of
the spectra of the individual compo-
nents shown in Fig. 6C is considered
to be due to conformational changes
in LigBCen2NR and not NTD.

The CD spectra of free and com-
plexed LigBCen2NR were analyzed
by software to quantitate secondary
structure before and after binding of
NTD (Fig. 6A). The results of analysis show that LigBCen2NR
gains secondary structure upon the addition of NTD because
the percentage of random coil dramatically decreases (from 65
to 46%), whereas the B-sheet composition increases (from 28
to 48%). However, the a-helix composition changes little
(from 7 to 6%). This indicates that binding of NTD may cause
LigBCen2NR to adopt a B-sheet-rich structure.

DISCUSSION

MSCRAMM is a class of well known adhesin proteins that
enable microbes to attach to host cells by binding to their extra-
cellular matrices. LigB binds to Fn, fibrinogen, laminin, elastin,
proelastin, and collagen and hence probably plays a substantial
role in adhesion for pathogenic Leptospira (13, 14, 44, 45). We
have shown that LigBCen2 strongly binds to the NTD and
weakly binds to the GBD of Fn (14) (NTD, K, = 272 nm; GBD,
K, = 1200 nm). LigBCen2 contains an immunoglobulin-like
repeat region, LigBCen2R, and a non-repeat 47-residue region,
LigBCen2NR. In this study, two-dimensional NMR spectros-
copy revealed both folded and disordered regions of LigBCen2,
demonstrated that the folded region does not bind to NTD, and
indicated that the disordered region specifically interacts with
NTD. Using ELISA and ITC, we found that LigBCen2NR
indeed binds to NTD. However, the binding affinity of
LigBCen2NR/NTD (K, = 379 nm) (Table 1) is 4-fold lower
than LigBCen2/NTD (K, = 93 nm) (15). It is not presently clear
why this is true, but it may suggest that residues near the inter-
face between LigBCen2R and LigBCen2NR may play a substan-
tial role in binding and that severing the two regions reduces
their binding capacity. In protein binding studies of intrinsically
disordered proteins, it is not uncommon for regions flanking
binding elements to contribute to binding without directly con-
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FIGURE 6. Modification of the far UV CD spectrum of LigBCen2NR upon NTD binding. Shown are far UV spectra of the apo forms and mixtures of 10 um NTD
and 10 um either LigBCen2NR (A) or LigBCen2R (B). The ellipticities shown in A are those of uncomplexed LigBCen2NR (short dashed line), complexed NTD and
LigBCen2NR after subtraction of the NTD CD spectrum (long and short dashed line), and the CD spectrum of 10 um NTD (solid line). The ellipticities in Bare those
of LigBCen2R (short dashed line), a mixture of NTD and LigBCen2R after subtraction of the NTD CD spectrum (long and short dashed line), and the CD spectrum
of 10 um NTD (solid line). C, the far UV spectra of mixtures of NTD and LigBCen2NR (dashed line) or LigBCen2R (solid line) after subtraction of the CD spectra of

both apo-NTD and apo-LigBCen2NR or LigBCen2R.

tacting the binding partner (40). A similarly unexplained reduc-
tion in binding affinity has previously been observed for trun-
cated forms of BBK32 from B. burgdorferi (21). Further study is
needed to clarify this result.

The N-terminal domain of BBK32 (amino acids 56 —-205)
from B. burgdorferi possesses Fn binding activity but lacks sec-
ondary structure (21). Additional Fn-binding proteins previ-
ously shown to be disordered include FNBD-D, the D1-D3
repeat region of FnbpA from S. aereus; FNBD-A and FNBD-B,
the A1-A3 and B1-B3 repeat regions of FnbA and FnbB from S.
dysgalactiae; and FNBD-P, the P1-P4 repeat regions of Sfb
from S. pyogens (20). These Fn-binding regions change their
conformation to a folded form upon binding to NTD (20, 21,
23). Similarly, upon binding to NTD, LigBCen2NR folds into a
B-strand-rich structure, much like the D123 domain of FnbPA
or the N-terminal of BBK32 (21). High resolution structures of
the complex between the B3 region of FnbB and the first and the
second type I module of Fn (17, 18) and the complex between
the first or the fifth Fn binding region of FnbpA and the second
to the fifth type I module of Fn (23, 39, 46) all indicate that a two
B-strand complex, called a B-zipper, mediates those interac-
tions. The binding of Stb and BBK32 to NTD are also accom-
plished through the B-zipper interaction (23, 39, 46). The
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B-strand-rich conformation formed by LigBCen2NR after
binding NTD observed via far UV CD spectroscopy suggests
that the binding of LigBCen2NR to NTD might be also medi-
ated by a B-zipper interaction. However, the entropy-driven
interaction of LigBCen2NR and NTD is distinct from the
enthalpy-driven binding of other bacterial proteins known to
bind NTD via the B-zipper interaction (Table 1) (23, 39, 46). In
addition, we are unable to identify substantial sequence simi-
larity between LigBCen2NR and BBK32 or other Fn-binding
proteins, so additional study is needed to further characterize
the binding between LigBCen2NR and NTD.

The on-rate of LigBCen2-NTD binding obtained from SPR is
on the order of 10° M~ * s~ %, 3 orders of magnitude below rates
expected for diffusion-limited two-state binding (10® to 10°
M~ 's71) (47). This indicates that additional processes occur
either before or concurrently with association of LigBCen2
with NTD. The observed increase in secondary structure of
LigBCen2NR upon binding may account for this.

The off-rate of the NTD-LigBCen2 complex is also strik-
ingly slow, yielding a residence time on the order of 40 s. This
may be an important feature for the role of LigB in infection.
Recent experiments (48, 49) have suggested that a small kg
of a drug-target complex is an important predictor, in some
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cases more than a small K, of in vivo efficacy. This is
because in vivo the concentration of ligand is often not con-
stant but is instead influenced by absorption, distribution,
metabolism, and excretion. In some cases, this leads to a
greater dependence on kg of the overall duration of the
complex. Since a bacterial adhesin is challenged by many of
the same limitations to concentration as a drug, it is inter-
esting to speculate that the slow off-rate reported here is
evolutionarily optimized to avoid clearance, whereas the
slow on-rate may be optimized to facilitate movement
through the host.

We have demonstrated that the region of LigBCen2 that
mediates its interaction with the NTD of Fn is localized to
LigBCen2NR. LigBCen2NR has a disordered structure that
dramatically increases its -strand content after binding to
NTD. Disordered proteins often alter their conformations
when binding their partners (50). One possible role of protein
disorder in protein-protein interactions is the large accessible
surface area per residue contributed by the disordered protein
(18, 51). The unfavorable decrease in the entropy of Lig-
BCen2NR upon binding NTD due to the disorder-order tran-
sition is offset by a larger increase in entropy, possibly due to
hydrophobic interactions, as demonstrated by ITC. Another
advantage of protein disorder in binding is that coupled folding
and binding usually contribute high specificity and low affinity
to the interaction (50).

In conclusion, the moderate affinity and slow kinetics of the
LigBCen2NR interaction with the NTD of Fn might aid in Lep-
tospira infection of a host organism by increasing the time it
remains adhered to cells while simultaneously facilitating effi-
cient transmission within the host. These intriguing results
motivate further study of the role this disordered region plays in
the pathogenesis of leptospiral infection.
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