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Leptospira spp., the causative agents of leptospirosis, adhere
to components of the extracellular matrix, a pivotal role for col-
onization of host tissues during infection. Previously, we and
others have shown that Leptospira immunoglobulin-like pro-
teins (Lig) of Leptospira spp. bind to fibronectin, laminin, colla-
gen, and fibrinogen. In this study, we report that Leptospira can
be immobilized by human tropoelastin (HTE) or elastin from
different tissues, including lung, skin, and blood vessels, and
that Lig proteins can bind to HTE or elastin. Moreover, both
elastin and HTE bind to the same LigB immunoglobulin-like
domains, including LigBCon4, LigBCen7�–8, LigBCen9, and
LigBCen12 as demonstrated by enzyme-linked immunosorbent
assay (ELISA) and competition ELISAs. The LigB immunoglob-
ulin-like domain binds to the 17th to 27th exons of HTE (17–
27HTE) as determined by ELISA (LigBCon4, KD � 0.50 �M;
LigBCen7�–8, KD � 0.82 �M; LigBCen9, KD � 1.54 �M; and
LigBCen12, KD � 0.73 �M). The interaction of LigBCon4 and
17–27HTE was further confirmed by steady state fluorescence
spectroscopy (KD � 0.49 �M) and ITC (KD � 0.54 �M). Further-
more, the binding was enthalpy-driven and affected by environ-
mental pH, indicating it is a charge-charge interaction. The
binding affinity of LigBCon4D341N to 17–27HTE was 4.6-fold
less than that of wild type LigBCon4. In summary, we show that
Lig proteins of Leptospira spp. interact with elastin and HTE,
and we conclude this interaction may contribute to Leptospira
adhesion to host tissues during infection.

Pathogenic Leptospira spp. are spirochetes that cause lep-
tospirosis, a serious infectious disease of people and animals
(1, 2). Weil syndrome, the severe form of leptospiral infec-
tion, leads to multiorgan damage, including liver failure
(jaundice), renal failure (nephritis), pulmonary hemorrhage,
meningitis, abortion, and uveitis (3, 4). Furthermore, this
disease is not only prevalent in many developing countries, it
is reemerging in the United States (3). Although leptospiro-
sis is a serious worldwide zoonotic disease, the pathogenic

mechanisms of Leptospira infection remain enigmatic.
Recent breakthroughs in applying genetic tools to Leptospira
may facilitate studies on the molecular pathogenesis of lep-
tospirosis (5–8).
The attachment of pathogenic Leptospira spp. to host tis-

sues is critical in the early phase of Leptospira infection.
Leptospira spp. adhere to host tissues to overcome mechan-
ical defense systems at tissue surfaces and to initiate coloni-
zation of specific tissues, such as the lung, kidney, and liver.
Leptospira invade hosts tissues through mucous membranes
or injured epidermis, coming in contact with subepithelial
tissues. Here, certain bacterial outer surface proteins serve
as microbial surface components recognizing adhesive
matrix molecules (MSCRAMMs)2 to mediate the binding of
bacteria to different extracellular matrices (ECMs) of host
cells (9). Several leptospiral MSCRAMMs have been identi-
fied (10–18), and we speculate that more will be identified in
the near future.
Lig proteins are distributed on the outer surface of patho-

genicLeptospira, and the expression of Lig protein is only found
in lowpassage strains (14, 16, 17), probably induced by environ-
mental cues such as osmotic or temperature changes (19). Lig
proteins can bind to fibrinogen and a variety of ECMs, includ-
ing fibronectin (Fn), laminin, and collagen, thereby mediating
adhesion to host cells (20–23). Lig proteins also constitute good
vaccine candidates (24–26).
Elastin is a component of ECM critical to tissue elasticity

and resilience and is abundant in skin, lung, blood vessels,
placenta, uterus, and other tissues (27–29). Tropoelastin is
the soluble precursor of elastin (28). During the major phase
of elastogenesis, multiple tropoelastin molecules associate
through coacervation (30–32). Because of the abundance of
elastin or tropoelastin on the surface of host cells, several bac-
terial MSCRAMMs use elastin and/or tropoelastin to mediate
adhesion during the infection process (33–35).
Because leptospiral infection is known to cause severe pul-

monary hemorrhage (36, 37) and abortion (38), we hypoth-
esize that some leptospiral MSCRAMMs may interact with
elastin and/or tropoelastin in these elastin-rich tissues. This
is the first report that Lig proteins of Leptospira interact with
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elastin and tropoelastin, and the interactions are mediated
by several specific immunoglobulin-like domains of Lig pro-
teins, including LigBCon4, LigBCen7�–8, LigBCen9, and
LigBCen12, which bind to the 17th to 27th exons of human
tropoelastin (HTE).

MATERIALS AND METHODS

Bacterial Strains—Leptospira interrogans serovar Pomona
(NVSL1427-35-093002) was used in this study (18). All exper-
iments were performed with virulent, low passage strains
obtained by infecting golden Syrian hamsters as described pre-
viously (24). Leptospires were grown in EMJHmedium at 30 °C
for less than five passages; growth was monitored by dark field
microscopy.
Reagents and Antibodies—Rabbit anti-GST antibody and

Alexa488-conjugated goat anti-hamster antibody were
ordered from Molecular Probes (Eugene, OR). Horseradish
peroxidase (HRP)-conjugated goat anti-hamster antibody,
HRP-conjugated goat anti-horse antibody, HRP-conjugated
goat anti-rabbit antibody, and HRP-conjugated streptavidin
were ordered from Kirkegaard & Perry Laboratories (Gaith-
ersburg, MD). Human lung, aortic and skin elastins, and
bovine serum albumin (BSA) were ordered from Sigma. The
QuikChangemutagenesis kit was purchased from Stratagene
(La Jolla, CA). Elastin peptide was ordered from Elastin
Products Co. (Owensville, MO). Hamster anti-L. interrogans
antibodies were previously prepared in hamsters from the
challenge controls (24).
Plasmid Construction and Protein Purification—N2-N3

domain of FnBPA (rFnBPA-(194–511)) gene from Staphylo-
coccus aureus (34, 39) and the full-length HTE gene (40) were
cloned into pQE30 and pTrcHis-TOPO vectors, respectively,
and purified as histidine tag fusion proteins. Construction for
expression as histidine tag, GST, or maltose-binding protein
fused with truncated HTE, including 1–18 HTE (1st to 18th
exons of HTE), 17–27 HTE (17th to 27th exons of HTE), and
27–36 HTE (27th to 36th exons of HTE), is shown as a scheme
in Fig. 5A. Truncated LigB constructs, including LigBCon
(amino acids 47–630 in LigB), LigAVar (amino acids 631–1225
in LigA), LigBCen (amino acids 631–1417 in LigB), LigBCtv
(amino acids 1418–1889 in LigB), LigBCen1 (amino acids 631–
1013 in LigB), LigBCen2 (amino acids 1014–1165 in LigB), Lig-
BCen3 (amino acids 1166–1417 in LigB), LigBCon1–3 (amino
acids 47–316 in LigB), LigBCon4–7� (amino acids 307–630 in
LigB), LigBCon4 (amino acids 307–403 in LigB), LigBCon5
(amino acids 397–492 in LigB), LigBCon6–7� (amino acids
486–630 in LigB), LigB7�–8 (amino acids 631–756 in LigB),
LigB9 (amino acids 755–850 in LigB), LigB10 (amino acids
846–941 in LigB), LigB11 (amino acids 942–1028 in LigB),
LigB12 (amino acids 1047–1119 in LigB), and LigBCen2NR
(amino acids 1120–1165 in LigB) is shown as a scheme in Fig. 2.
Each PCR-amplified fragment was inserted into vectors pET-
THGT, pET-THMT, pQE30 (Qiagen, Alencia, CA), and/or
pGEX-4T-2 (GE Healthcare) as described previously (21, 22,
26). Constructs for the expression of histidine tag orGST-fused
LigBCon, LigAVar, LigBCen, LigBCtv, LigBCen1, LigBCen2,
LigBCen3, LigBCen2NR, and GST were obtained from previ-
ous studies (21, 22, 26, 41) (Fig. 1). Other constructs, including

1–18HTE, 17–27HTE, 27–36HTE, LigBCon1–3, LigBCon4–7,
LigBCon4, LigBCon5, LigBCon6–7�, LigB7�–8, LigB9, LigB10,
LigB11, and LigB12, were amplified by PCR using the primers
described in Table 1 and are based on the DNA sequences
derived from GenBankTM (L. interrogans serovar Pomona,
FJ030916) and human tropoelastin (42). For constructing
LigBCon1–3 and LigBCon4–7�, primers were engineered to
introduce a SalI site at the 5� end and a stop codon followed by
a NotI site at the 3� end of each fragment. For LigBCon4, Lig-
BCon5, LigBCon6, LigBCen7�–8, LigB9, LigB10, LigB11, and
LigB12 fragments, primers were engineered to introduce an
SphI site at the 5� end and a stop codon followed by a SalI site at
the 3� end of each fragment (Table 1). PCR products were
sequentially digested with either SalI and NotI or SphI and SalI
and inserted into pQE30 or pGEX-4T-2 cut with appropriate
matching restriction enzyme sets. Sets of primers were engi-
neered to introduce an EcoRI site at the 5� end and a stop codon
followed by a NotI site at the 3� end of each fragment in con-
structing 1–18HTE, 17–27HTE, and 27–36HTE clones (Table
1). PCR products were sequentially digested with EcoRI and
NotI and then ligated into pET-THMT or pET-THGT
(obtained from the Cornell Protein Production and Character-
ization Core Facility, Cornell University) cut with EcoRI and
NotI, respectively. For LigBCon4D35N mutant construction,
the pQE30 expression plasmid containing the DNA sequence
encoding LigBCon4was subjected to site-directedmutagenesis
using the QuikChange mutagenesis kit following the manufac-
turer’s instructions (Stratagene, La Jolla, CA). Resulting PCR
products were digested with DpnI to remove contaminating
wild type plasmid and then transformed into Escherichia coli

TABLE 1
Primers

Primer/Vector Sequencea

LigBCon1–3fp/pGEX4T2b CGGTCGACTGGTAACTCTAATCCG
LigBCon1–3rp CGGCGGCCGCAATAGAAACTAAGGC
LigBCon4–7�fp/pGEX4T2 CGGTCGACTATCGTTACTCCAGCA
LigBCon4–7�rp CGGCGGCCGCAATATCCGTATTAGA
LigBCon4fp/pQE30c CGGCATGCATCGTTACTCCAGCA
LigBCon4rp CGGTCGACTAATACCTCTTGTGT
LigBCon5fp/pQE30 CGGCATGCAAAGTTACACAAGAG
LigBCon5rp CGGTCGACGAGAACCGCAGGAAC
LigBCon6–7�fp/pQE30 CGGCATGCACTGTAGTTCCTGCG
LigBCon6–7�rp CGGTCGACAATATCCGTATTAGA
LigBCen7�–8fp/pQE30 CGCGGATCCATTGCTGAAATT
LigBCen7�–8rp CGCCCTGCAGGACATTCAAAAC
LigBCen9fp/pQE30 CGGCATGCAATGTCACTCCTGCA
LigBCen9rp CGGTCGACTAAGTCAGTGACTGT
LigBCen10fp/pQE30 CGGCATGCACAGTCACTGACTTA
LigBCen10rp CGGTCGACGGCAGCACTTACATT
LigBCen11fp/pQE30 CGGGATCCACGTTAGATTCCATT
LigBCen11rp CGAAGCTTTTAGACCGTTATGTC
LigBCen12fp/pQE30 CGGGATCCACCCTTTCTTCGATT
LigBCen12rp CGAAGCTTTTATACTGTGAGAATTGT
LigBCon4D341Nd GGGATCTTTACAAATAATTCAAACTCG
LigBCon4D341Nrd CGAGTTTGAATTATTTGTAAAGATCCC
1–18HTEfp/pET-THGTe CGGAATTCATGGCGGGTCTGACGGCG
1–18HTErp CGGCGGCCGCTGGAACCGCAGCACC
17–27HTEfp/pET-THGT CGGAATTCGGCGTTGGGACTCCA
17–27HTErp CGGCGGCCGCTCCATATTTGGCTGC
27–36HTEfp/pET-THMTe CGGAATTCGTACCTGGAGCCCTG
27–36HTErp CGGCGGCCGCTTTTCTCTTCCGGCC

a The restriction enzyme cutting sites are underlined.
b Plasmid was obtained from GE Healthcare.
c Plasmid was obtained from Qiagen Inc., Valencia, CA.
d Primed were used for site-directed mutagenesis.
e Plasmidswere obtained from theCornell Protein Production andCharacterization
Core Facility, Cornell University.
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XL-1 Blue (Stratagene, La Jolla, CA). Transformants were
screened and subjected to DNA sequencing. In this study, we
purified the soluble form of the histidine tag, GST, or maltose-
binding fusion proteins from E. coli as described previously (21,
23, 41).
Bacterial Adhesion to Immobilized Elastin or Tropoelastin

Measured by ELISA and Epifluorescence Microscope—To
measure the binding of Leptospira to elastin or tropoelastin,
100 �l of 10 �g/ml human lung elastin, chicken tropoelastin,
or BSA (negative control) were coated onto microtiter plate
wells. For dose-dependent binding experiments, 100 �l of
different concentrations of each human lung, aortic and skin
elastins, chicken tropoelastin, or BSA were coated onto
microtiter plate wells. To immobilize elastin, all of the
elastins were dissolved in coating buffer (0.1 M sodium bicar-
bonate, pH 9.4) and then air-dried under UV light (355 nm)
at room temperature for 18 h as described previously (35).
To immobilize tropoelastin or BSA, tropoelastin or BSA was
dissolved in Tris buffer (25 mM Tris and 150 mM sodium
chloride, pH 7.5), added to microtiter plate wells, and incu-
bated at 4 °C overnight (21, 22, 43). After the plates were
subsequently blocked with blocking buffer (100 �l/well)
containing 3% BSA in Tris buffer at room temperature for
2 h, Leptospira (107) were added to each well and further
incubated at 37 °C for 6 h. Following incubation, the plates
were washed three times with Tris buffer containing 0.05%
Tween 20 (TBST). Tomeasure the binding of Leptospira, ham-
ster anti-Leptospira (1:200) and HRP-conjugated goat anti-
hamster IgG (1:1000) were used as primary and secondary anti-
bodies, respectively. After washing the plates three times with
TBST, 100 �l of 3,3�,5,5�-tetramethylbenzidine (Kirkegaard &
Perry Laboratories) were added to eachwell and incubated for 5
min. The reaction was stopped by adding 100 �l of 0.5%
hydrofluoric acid to eachwell. Each plate was read at 630 nmby
an ELISA plate reader (Biotek EL-312, Winooski, VT). Each
value represents the mean � S.E. of three trials in triplicate
samples. Statistically significant (p � 0.05) differences are indi-
cated by an asterisk.
To measure the binding of Leptospira to elastin or tro-

poelastin by epifluorescence microscopy, Leptospira (108)
were added to each well (eight well culture slides) coated
with 1 �g of human lung elastin, chicken tropoelastin, or
BSA (negative control) in 100 �l of Tris buffer and incubated
at 37 °C for 6 h. For the detection of Leptospira binding in
Fig. 2B, hamster anti-Leptospira antibodies (1:100) and
Alexa 488-conjugated goat anti-hamster IgG (1:250) were
used as primary and secondary antibodies, respectively. Fix-
ation and immunofluorescence staining were performed as
described previously (22) with slight modifications. Briefly,
Leptospira were fixed in 2% paraformaldehyde for 60 min at
room temperature. For antibody labeling, fixed bacteria
were incubated in Tris buffer containing 0.3% BSA for 10
min at room temperature. The primary and secondary anti-
bodies, diluted in Tris buffer containing 0.3% BSA, were
incubated sequentially for 60 min at room temperature.
After incubation with the primary and secondary antibodies,
the glass slides were mounted with coverslips using Prolong
Antifade (Molecular Probe) and viewed with a �60 objective

by epifluorescence microscope (Nikon, Japan). The settings
were identical for all captured images. Images were pro-
cessed using Adobe Photoshop CS2.
Elastin andTropoelastin Binding Assays—100�l of 10�g/ml

human lung elastin,HTE, or BSA (negative control and data not
shown) was coated onto microtiter plate wells as described
above. 100 �l of different concentrations of biotinylated Lig-
BCon, LigAVar, LigBCen, LigBCtv, LigBCon1–3, LigBCon4–7�,
LigBCen1, LigBCen2, LigBCen3, LigBCon4, LigBCon5,
LigBCon6–7�, LigBCen7�–8, LigBCen9, LigBCen10, Lig-
BCen11, LigBCen12, LigBCen2NR, or rFnBPA-(194–511)
(positive control), or biotin (negative control) were added sub-
sequently (Fig. 3). To reveal the HTE-binding sites of Lig pro-
tein, 100�l of 1�M full-lengthHTEand truncatedHTE, includ-
ing 1–18HTE, 17–27HTE, 27–36HTE, or BSA (negative
control), were coated onto microtiter plate wells, and 100 �l
of different concentrations of biotinylated LigBCon4,
LigBCen7�–8, LigBCen9, LigBCen12, or biotin (negative con-
trol) were added subsequently (Fig. 5). To detect binding of
biotinylated proteins, HRP-conjugated streptavidin (1:1000)
was added to each well at room temperature for 1 h prior to
washing the wells three times with TBST. The measurement
of binding by ELISA was as described above. To determine
the dissociation constant (KD), the data were fitted as shown
in Equation 1 by using KaleidaGraph software (version 2.1.3
Abelbeck software, Reading, PA), and the calculated KD val-
ues are listed in Table 2.

OD630 �
OD630max[Lig proteins]

KD�[Lig proteins]
(Eq. 1)

Inhibition of LigBCon4, LigBCen7�–8, LigBCen9, LigBCen12,
and rAFnBPA-(194–511) Binding to Immobilized Elastin or
Tropoelastin with Soluble Elastin Peptides or Tropoelastin—
The wells of a microtiter plate were coated with 100 �l of 10
�g/ml human lung elastin, HTE, or BSA (negative control) as
described previously. 100 �l of 1 �M biotinylated LigBCon4,
LigBCen7�–8, LigBCen9, LigBCen12, rAFnBPA-(194–511)
(positive control), or biotin (negative control) were mixed
with different concentrations of soluble lung elastin peptides
or HTE at room temperature for 1 h prior to be added to
elastin or HTE-coated wells (Fig. 4). The binding of biotiny-
lated proteins was measured by ELISA as described above.
Steady State Fluorescence Measurement—Steady state flu-

orescence emissions were measured on a Hitachi F4500
spectrofluorometer (Hitachi. San Jose, CA). All spectra were
recorded in correct spectrum mode of the instrument using
excitation and emission band passes of 2 nm. The intrinsic
tryptophan fluorescence of 1 �M wild type LigBCon4 or
LigBCon4D35N was recorded by exciting the solution at 295
nm and measuring the emission in the 305–400-nm regions.
For truncated tropoelastin titration, 0.4, 0.8, 1.6, 3.2, 6.4, or
12.8 �M 1–18HTE, 17–27HTE, 27–36HTE in Tris buffer (25
mM Tris, 150 mM sodium chloride, pH 7.5) was mixed with 1
�M LigBCon4 or LigBCon4D35N. For measuring the pH
effect on LigBCon4 (1 �M) binding to 17–27HTE, the same
serial dilutions of 17–27HTE mentioned above using Tris
buffer with pH ranging from 4.5 to 9.5, as described in Fig.
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7C,were used. All spectra were recorded at 25 °C after 5 min.
Furthermore, the spectra of the various concentrations of
HTE indicated above were also recorded and used to sub-

tract the spectra of each Lig protein in the addition of certain
concentrations of HTE. To determine the dissociation con-
stant (KD), the fluorescence intensities at 320 nm were

FIGURE 1. Binding of L. interrogans serovar Pomona (NVSL 1427-35-093002) to elastin and tropoelastin. A, binding of Leptospira to BSA, elastin, or
tropoelastin. Leptospira (107) were added to wells coated with BSA, human lung elastin, or HTE (1 �g in 100 �l of Tris buffer). B, binding of Leptospira to
immobilized elastin or HTE. Leptospira (108) were cultured in human lung elastin-, THE-, or BSA-coated (negative control) (1 �g in 100 Tris buffer) or -uncoated
wells (negative control). Leptospiral immobilization was assayed by immunofluorescence microscopy. C, binding of Leptospira (107) to various concentrations
of human lung elastin, human aortic elastin, human skin elastin, HTE, or BSA (0, 0.25, 0.5, 1, 2, 4, 8, and 16 �g/ml in 100 �l of Tris buffer). BSA serves as negative
control. A and C, the binding of Leptospira was estimated by ELISA, and each value represents the mean � S.E. of three trials performed in triplicate samples.
Statistically significant (p � 0.05) differences compared with the negative reference are indicated by an asterisk.

TABLE 2
The dissociation constant (KD) obtained from the Elastin and HTE binding by Lig proteins determined by ELISA

Truncated Lig
KD

Elastin HTE 1–18HTE 17–27HTE 27–36HTE

LigBCon 166 � 38 nM NDa NDa NDa NDa

LigBCon1–3 NBb NDa NDa NDa NDa

LigBCon4–7 181 � 33 nM NDa NDa NDa NDa

LigBCon4 179 � 29 nM 475 � 80 nM NBb 501 � 51 nM NBb

LigBCon5 NBb NDa NDa NDa NDa

LigBCon6–7� NBb NDa NDa NDa NDa

LigAVar NBb NDa NDa NDa NDa

LigBCen 101 � 11 nM NDa NDa NDa NDa

LigBCen1 189 � 21 nM NDa NDa NDa NDa

LigBCen7�–8 750 � 56 nM 824 � 17 nM NBb 833 � 13 nM NBb

LigBCen9 1230 � 15 nM 1390 � 11 nM NBb 1540 � 351 nM NBb

LigBCen10 NBb NDa NDa NDa NDa

LigBCen11 NBb NDa NDa NDa NDa

LigBCen12 208 � 25 nM 726 � 20 nM NBb 742 � 31 nM NBb

LigBCen2 212 � 34 nM NDa NDa NDa NDa

LigBCen2NR NBb NDa NDa NDa NDa

LigBCen3 NBb NDa NDa NDa NDa

LigBCtv NBb NDa NDa NDa NDa

rFnBPA194–511 42 � 1.5 nM 133 � 22 nM NDa NDa NDa

a ND indicates not determined.
b NB indicates no binding.

TABLE 3
Thermodynamic parameters for the interaction of 17–27HTE and LigBCon4 or LigBCon4D341N

�Proteins� �HTE� �H T�S KD �G n

�M �M kcal mol	1 kcal mol	1 K	1 �M kcal mol	1

LigBCon4 20 1 	46.39 	37.88 0.54 � 0.02 	8.51 1.01
LigBCon4D341N 20 1 	56.68 	49.05 2.51 � 0.48 	7.63 0.99
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recorded and fitted as shown in Equation 2 using Kaleida-
Graph software (version 2.1.3 Abelbeck software),

Fmax � F �

Fmax � Fmin��tropoelastin�

KD � �tropoelastin�
(Eq. 2)

where Fmax is the fluorescence intensity of Lig proteins in the
absence of HTE; Fmin indicates the fluorescence intensities of
Lig proteins saturated with HTE. In addition, F is the fluores-
cence intensities of Lig proteins in the presence of various con-
centrations ofHTE.All of themeasurementswere corrected for
dilution and for inner filter effect.
Calculation of Charges on LigBCon4 and 17–27HTE at Dif-

ferent pH Values—The charges on LigBCon4 at different pH
values and 17–27HTE were determined using ABIM, a web
service for remote and automatic data processing. The analyses
were performed using default values.
Isothermal Titration Calorimetry (ITC)—The experiments

were carried out with a CSC 5300 microcalorimeter (Calorim-
etry ScienceCorp., Lindon,UT) at 25 °C as described previously
(21, 22). In a typical experiment, the cell contained 1 ml of a
solution of LigBCon4 or LigBCon4D35N, and the syringe con-
tained 250 �l of a solution of 17–27HTE. The concentration of
Lig proteins and 17–27HTE are detailed in Table 3. Both solu-
tionswere inTris buffer, pH7.5. The titrationwas performed as
follows: 25 injections of 10 �l with a stirring speed of 250 rpm
with a delay time between injections of 5 min. Data were ana-
lyzed using Titration Binding Work 3.1 software (Calorimetry
Science Corp.) fitting them to an independent binding model.
CD Spectroscopy—CD analysis was performed on an Aviv

215 spectropolarimeter (Lakewood, NJ) under N2 atmosphere.
CD spectra were measured at room temperature (25 °C) in a
1-cm path length quartz cell. Spectra of LigBCon4 and
LigBCon4D35N were recorded in Tris buffer, pH 7.5, at a pro-
tein concentration of 10 �M. Three spectra were recorded for
each condition from 190 to 250 nm for far-UV CD in 1-nm
increments. To reveal the effect of pH, 10 �M LigBCon4 or
17–27HTE inTris buffer ranging frompH4.5 to 9.5was used in
all CD experiments. The background spectrum of buffer with-
out protein was subtracted from the protein spectra. CD spec-
tra were initially analyzed by the software accompanying the
spectrophotometer. Analysis of spectra to extrapolate second-
ary structures was performed by Dichroweb (44) using the K2D
and Selcon 3 analysis programs (45, 46).
Statistical Analysis—Significant differences between sam-

ples were determined using the Student’s t test following loga-
rithmic transformation of the data. Two-tailed p values were
determined for each sample, and a p value �0.05 was consid-
ered significant. Each data point represents themean� S.E. for
each sample tested in triplicate. An asterisk indicates the result
was statistically significant.

RESULTS

Leptospira Can Be Immobilized by Elastin and Tropoelastin—
To determine whether leptospiral adherence is mediated by
elastin, ELISA-based and immunofluorescence assays were
performed. As shown on Fig. 1, A and B, both elastin and its
precursor, tropoelastin, can immobilize Leptospira on microti-
ter plate wells or culture slides.

To reveal whether elastin derived from different tissues
affects the immobilization of Leptospira, Leptospirawere incu-
bated over various concentrations of human lung, aortic or skin
elastin coated onto microtiter plate wells. Based on the results
of Fig. 1C, Leptospira can bind to elastin from all different
sources, including lung, skin, and blood vessels.
LigBCon4, LigBCen7�–8, LigBCen9, and LigBCen12Mediate

the Binding of Leptospira to Elastin and Tropoelastin—To
examine LigA- and LigB-mediated leptospiral adhesion to elas-
tin, Lig proteins were truncated and expressed as shown in Fig.
2. First, biotinylated LigBCon, LigAVar, LigBCen, LigBCtv, or
biotin (negative control) was added to elastin-coatedmicrotiter
plate wells. In addition, rFnBPA-(194–511) was used as a pos-
itive control (33, 35). As indicated in Fig. 3A, only LigBCon and
LigBCen can bind to elastin (LigBCon, KD � 166 � 38 nM;
LigBCen, KD � 101 � 11 nM). To further localize the elastin-

FIGURE 2. A schematic diagram showing the structure of Lig proteins and
the truncated Lig proteins used in this study.
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FIGURE 3. Localization of the elastin or HTE binding domains on Lig proteins. Various concentrations (0.0156, 0.03125, 0.0625, 0.125, 0.25, 0.5, and 1 �M) of
biotin (negative control), biotinylated rAFnBPA-(194 –511) are as follows: A, LigBCon, LigAVar, LigBCen, and LigBCtv; B, LigBCon, LigBCon1–3, and LigBCon4 –7�;
C, LigBCen, LigBCen1, LigBCen2, and LigBCen3; D, LigBCon4�-7, LigBCon4, LigBCon5, and LigBCon6 –7�; E, LigBCen1, LigBCen7�– 8, LigBCen9, LigBCen10, and
LigBCen11; F, LigBCen2, LigBCen12, or LigBCen2NR; and G, LigBCon4, LigBCen7�– 8, LigBCen9, and LigBCen12 were added to wells coated with 1 �g of BSA
(negative control and data not shown). A–F, human lung elastin; G, HTE in Tris buffer. The binding of biotinylated proteins to elastin or HTE was measured by
ELISA. For all experiments, each value represents the mean � S.E. of three trials in triplicate samples. Statistically significant (p � 0.05) differences compared
with negative control are indicated by an asterisk.
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binding sites on LigBCon or LigBCen, truncated LigBCon and
LigBCen were constructed, expressed, purified, and biotiny-
lated (Fig. 2), and ELISAs were performed to map the elastin-
binding sites. As shown in Fig. 3, B and D, the elastin-binding
site on LigBCon was determined as LigBCon4, the fourth
immunoglobulin repeated region of LigBCon (LigBCon4,KD �
179� 29 nM). On the other hand, unlike LigBCon, there were
three elastin-binding sites on LigBCen, including
LigBCen7�–8, LigBCen9 and LigBCen12 (LigBCen7�–8,
KD � 750 � 56 nM; LigBCen9, KD � 1230 � 15 nM; and Lig-
BCen12, KD � 208 � 25 nM) (Fig. 3, C, E, and F).
To investigate whether tropoelastin also binds to similar Lig

protein-binding sites as elastin, biotinylated LigBCon4, Lig-
BCen7�–8, LigBCen9, or LigBCen12 was added to HTE-coated
microtiter plate wells in a binding assay. As presented in Fig.
3G, all four of these regions can also bind to HTE (LigBCon4,
KD � 475 � 80 nM; LigBCen7�–8, KD � 824 � 17 nM; Lig-
BCen9, KD � 1390 � 11 nM; and LigBCen12, KD � 726 �
20 nM).
Soluble Elastin or HTE Block LigBCon4, LigBCen7�–8, Lig-

BCen9, and LigBCen12 Binding to Elastin or HTE—To further
confirm the association of specific Lig domains with elastin or
HTE, biotin (negative control) and biotinylated LigBCon4,
LigBCen7�–8, LigBCen9, or LigBCen12 was incubated in the

presence of soluble elastin or HTE prior to the addition of
elastin or HTE-coated microtiter plate wells. As shown in
Fig. 4A, soluble elastin peptide blocked the interaction of
LigBCon4, LigBCen7�–8, LigBCen9, and LigBCen12 with
elastin. Pretreatment of these four fragments with HTE also
inhibited binding (Fig. 4B), suggesting that these fragments
contain both THE- and elastin-binding sites.
LigBCon4, LigBCen7�–8, LigBCen9, and LigBCen12 Bind to

17th to 27th Exons of HTE—To locate the binding domain on
HTE, biotin (negative control), biotinylated LigBCon4,
LigBCen7�–8, LigBCen9, or LigBCen12 was incubated with
either full-lengthHTEor different truncated fragments ofTHE,
including 1–18HTE (1st to 18th exons of HTE), 17–27HTE
(17th to 27th exons of HTE), and 27–36HTE (27th to 36th
exons of HTE) (Fig. 5A) and assayed for their binding activity
using ELISA. As indicated in Fig. 5, all four Lig protein frag-
ments only bind to 17–27HTE (LigBCon4, KD � 0.50 � 0.051
�M; LigBCen7�–8, KD � 0.83 � 0.13 �M; LigBCen9, KD �
1.54 � 0.35 �M; and LigBCen12, KD � 0.74 � 0.031 �M).

Because the binding affinity of LigBCon4 to 17–27HTE is
highest, further studies using steady state fluorescence spec-
trometry and ITCwere used; the results confirm those from the
ELISA tests. We found that the tryptophan fluorescence inten-
sity of LigBCon4 in the presence of 17–27HTE (compared with
1–17HTE or 27–36HTE) was quenched; this is in agreement
with our ELISA results, indicating that LigBCon4 binds to
17–27HTE (Fig. 6, A and B). The KD value obtained from the
quenched fluorescence spectra (KD � 0.49� 0.07�M)matched
the data obtained with ELISA very closely (Fig. 6B). Further-
more, KD values from ITC measurements confirmed the bind-
ing nature of LigBCon4 to 17–27HTE (KD � 0.54 � 0.02 �M)
(Fig. 6C and Table 3). On the other hand, the negative values of
both enthalpy and entropy shown on Table 2 indicated that the
binding of LigBCon4 to 17–27HTE was an enthalpy-favorable
and entropy-unfavorable interaction. The binding was only
driven by enthalpy through charge-charge interactions or van
der Waal forces, i.e. the surface charges of interface of Lig-
BCon4-17-27HTE might contribute to the binding.
Effect of pH on the LigBCon4-17-27HTE Interaction—Be-

cause of the possibility of surface charges for the binding of
LigBCon4 to 17–27HTE (Table 3), we further investigated the
influence of pH on the interaction of both proteins. An ABIM
software program was used to analyze the titration curve of
LigBCon4 and 17–27HTE. As shown in Fig. 7A, 17–27HTE
undergoes a sharp isoelectric transition at pH9.5 andmaintains
a positive charge up to pH 9.5. However, there are two steps of
transitions from the titration curve of LigBCon4 located
around pH 4 and pH 11, and the surface charge of LigBCon4 is
kept slightly negative frompH4 to pH10 (Fig. 7A). The effect of
pH on the LigBCon4-17-27HTE interaction was also measured
by the quenching of fluorescence intensity of LigBCon4 in the
presence of various concentrations of 17–27HTE. As presented
in Fig. 7,B andC, the highest affinity was found in the range of
pH 6.5–7.5 (pH 6.5, KD � 0.60 � 0.08 �M; pH 7.5, KD �
0.49 � 0.07 �M). When pH was lower than 6.5 or higher than
7.5, the binding affinity of LigBCon4-17-27HTE was consid-
erably lower (pH 4.5, KD � 4.84 � 0.20 �M; pH 5.5, KD �
2.53 � 0.27 �M; pH 8.5, KD � 2.30 � 0.20 �M) (Fig. 7B);

FIGURE 4. Soluble elastin peptide or HTE inhibited LigBCon4, Lig-
BCen7�-8, LigBCen9, LigBCen12 binding to immobilized elastin or
HTE. One �M of LigBCon1–3 (negative control), biotinylated rAFnBPA-
(194 –511) (positive control) LigBCon4, LigBCen7�– 8, LigBCen9, and Lig-
BCen12 treated with various concentrations (3.90, 7.81, 15.62, 31.25, 62.5,
125, and 250 �g/ml in 100 �l of Tris buffer) of soluble elastin peptide or
HTE were added to each well coated with 1 �g of BSA (negative control
and data not shown). A, human lung elastin; B, HTE in Tris buffer. The
binding of biotinylated proteins to wells was measured by ELISA. The
percentage of binding was determined relative to the binding of biotiny-
lated proteins in the untreated well. For all experiments, each value rep-
resents the mean � S.E. of three trials in triplicate samples. Statistically
significant (p � 0.05) differences compared with the negative reference
are indicated by an asterisk.
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interaction was found to be negligible at pH 9.5 or higher
(data not shown).
To determine whether the observed reduced affinity was

because of conformational changes by LigBCon4 and 17–
27HTE when the pH was outside the 6.5–7.5 range, we per-
formed a CD analysis. Results from our undifferentiated CD
spectra recorded from pH 4.5 to 9.5 indicate that the reduced
affinity was not the result of disruption of the structure of Lig-
BCon4 and 17–27HTE (supplemental Fig. 1). Furthermore, the
secondary structures of LigBCon4 and 17–27HTE were shown
to be unaffected by various pH environments (supplemental
Fig. 1). This indicates that the interaction of LigBCon4 and
17–27HTE is largely influenced by charge-charge interaction
via the environmental pH.
Asp-341 Is Critical for the Association of LigBCon4 and

17–27HTE—The results of surface charge prediction
showed that the negatively charged amino acids of LigBCon4
at physiological pH might contribute to the interaction of
Lig/HTE by charge-charge interaction (Fig. 7A). The
sequence alignment was performed on LigBCon4, Lig-

BCen7�–8, LigBCen9, and LigB-
Cen12 to identify potentially con-
served acidic amino acids that may
contribute to the binding of Lig
proteins to HTE. Surprisingly,
Asp-341 in LigBCon4 was the only
acidic amino acid conserved in all
four elastin-binding immunoglobu-
lin-like domains (Asp-341 in LigB-
Con4, Asp-703 in LigBCen7�–8,
Asp-789 in LigBCen9, and
Asp-1061 in LigBCen12) (Fig. 8A).
To determine whether this aspar-
tate plays a role in binding to
17–27HTE, a mutant, LigBCon-
4D341N, was constructed. The
intrinsic fluorescence spectra of
LigBCon4D341N in the absence or
presence of various concen-
trations of 17–27HTE were re-
corded, and our results showed
the binding affinity of Lig-
BCon4D341N and 17–27HTE was
fitted by the quenching of fluores-
cence intensities with aKD of 2.44�
0.21 �M (Fig. 8B). ITC was per-
formed to measure the binding
affinity of LigBCon4D341N to
17–27HTE (KD � 2.51 � 0.48 �M)
(Fig. 8C and Table 3). Interestingly,
the binding affinity of Lig-
BCon4D341N to 17–27HTE was
4.6-fold lower compared with wild
type LigBCon4 (KD � 0.50 �M from
ELISA, KD � 0.49 �M from fluores-
cence spectroscopy, and KD � 0.54
�M from ITC) (Figs. 5A and Fig. 6
and Table 3). Moreover, the far-UV

CD data of LigBCon4D341N to 17–27HTE was similar to that
of wild type LigBCon4. This result rules out the possibility that
the reduction of binding activity of LigBCon4D341N is because
of a conformation change (supplemental Fig. 2). These data
indicate that Asp-341 is a pivotal residue in LigBCon4-17-
27HTE binding.

DISCUSSION

The colonization of host tissues by pathogenic Leptospira
spp. is a pivotal factor in leptospiral pathogenesis. Leptospira
spp. express a number of MSCRAMMs on their surfaces that
promote binding to host ECMs, and they likely play an impor-
tant role in leptospiral pathogenesis (10–13, 18, 20–23). Lep-
tospira spp. cause severe pulmonary hemorrhage with signifi-
cant mortality rates in several countries (36, 37, 47, 48) and
cause abortion with placentitis (38, 49, 50). The lung and pla-
centa are elastin-rich tissues; this led us to examine the inter-
action of L. interrogans with elastin. Our results clearly show
that L. interrogans can adhere to both immobilized elastin pep-
tides and tropoelastin, the precursor of elastin (Fig. 1,A and B),

FIGURE 5. Mapping the binding site of LigBCon4, LigBCen7�-8, LigBCen9, and LigBCen12 on HTE. A, chart
presenting the location of HTE and truncated HTE used in this study. B–E, binding of LigBCon4, LigBCen7�– 8,
LigBCen9, and LigBCen12 to various concentrations of immobilized truncated HTE. Various concentrations
(0.03125, 0.0625, 0.125, 0.25, 0.5, 1, and 2 �M) of biotin (negative control and data not shown), biotinylated (B)
LigBCon4, (C) LigBCen7�– 8, (D) LigBCen9, or (E) LigBCen12 were added to 1 �M of full-length HTE, 1–18HTE,
17–27HTE, 27–36HTE, or BSA (negative control) in 100 �l of phosphate-buffered saline-coated microtiter plate
wells. Bound proteins were measured by ELISA. For all experiments, each value represents the mean � S.E. of
three trials in triplicate samples. Statistically significant (p � 0.05) differences compared with the negative
control are indicated by an asterisk.
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and that elastin peptides extracted from tissues including lung,
skin, and blood vessels can immobilize Leptospira as well (Fig.
1C). These data indicate that L. interrogans can bind to immo-
bilized elastin peptides and tropoelastin.
We and others have shown that Lig proteins bind to Fn, lami-

nin, collagen, and fibrinogen (20, 21). Therefore, we wanted to
investigate whether Lig proteins can bind to elastin. Our ELISA
data show that coated elastin peptides can bind to the Lig pro-
tein fragments LigBCon and LigBCen but not LigAVar or Lig-
BCtv (Fig. 3A). Additionally, LigBCon and LigBCen can only
partially block leptospiral binding to elastin, raising the possi-
bility that L. interrogansmay possess other elastin-binding pro-
teins on its surface (Fig. 3B). Further studies confirming this are
needed. To our surprise, LigBCon was recently shown to have
no binding capacity for Fn, laminin, fibrinogen, or collagen (20,
21), but it proved capable of binding to elastin. Thismay explain
why LigBCon is a protective antigen against L. interrogans sero-
var Pomona challenge (41). This study clearly demonstrated
that Lig proteins bind to elastin, thus proving our hypothesis
that one or more leptospiral MSCRAMMs bind to elastin. A
recent study indicated a ligBmutant with an insertion contain-
ing an Spcr cassette into the 3� end of the ligB gene is still viru-
lent in a hamstermodel (5). Although the reasons are unknown,
there are several possibilities. 1) The truncated LigB is
expressed, but at a lower level because the insertion is only in
the far 3� end of ligB. 2) Because the first 630 amino acids of

LigA and LigB are identical, LigA
may compensate for LigB in this
mutant even with a similar LigA
expression level. 3) LigB is not
required for virulence in a hamster
or rat model. 4) LigB is only needed
for initial adhesion and invasion of
Leptospira spp. moving from the
environment through mucous
membranes and injured skin. To
answer these questions, it is essen-
tial to knock out the complete ligA
and ligB genes (in-frame deletion of
the complete ligA and ligB genes)
and perform a virulence test using
different animal models, such as
dogs or monkeys.
To map the potential binding

sites of Lig proteins to elastin, Lig-
BCon and LigBCen were further
truncated into several fragments,
and the recombinant proteins were
purified for use in an ELISA to iden-
tify the potential elastin binding
domains. From our truncated con-
structs, we found that only Lig-
BCon4, LigBCen7�–8, LigBCen9,
and LigBCen12 can bind to elastin
(Fig. 3, D–F). Furthermore, soluble
elastin peptides can block the bind-
ing of these four truncated proteins
to elastin. These data clearly indi-

cate that there are four elastin-binding sites located on the LigB
moiety (Fig. 4A). Although LigA and LigB contain 12 and 13
immunoglobulin-like domains, respectively, only LigBCon4,
LigBCen7�–8, LigBCen9, and LigBCen12 are able to bind to
elastin. This is not surprising, given that the amino acids of each
immunoglobulin-like domain of LigA and LigB are so divergent
(14, 16, 17).
Apart from elastin, the binding regions of LigB to HTE, the

precursor of elastin, were examined by ELISA and competition
binding assays, and our results indicated that the elastin bind-
ing domains of LigB, LigBCon4, LigBCen7�–8, LigBCen9, and
LigBCen12 can also bind to HTE (Fig. 3G and Fig. 4B). More-
over, we demonstrated that the HTE binding region for Lig-
BCon4, LigBCen7�–8, LigBCen9, and LigBCen12 resides in
17–27HTE, the central region of HTE (Fig. 5, B–E). Interest-
ingly, FnBPA, the elastin-binding protein of S. aureus, was
found to bind to 1–18HTE and 17–27HTE, the N-terminal
region and central regions of THE, respectively (33). It suggests
that binding to elastin or tropoelastin is a commonmechanism
for pathogen adhesion (33). However, HTE is also involved in
elastogenesis, the process of elastin formation, which is pivotal
for tissue repair and the regeneration of host cells. Basically,
monomer HTE is expressed and excreted into the extracellular
area, undergoing a rapid ordered assembly to form tropoelastin
packages, a self-association process called coacervation. Lysine
oxidation by lysyl oxidase facilitates cross-linking and then

FIGURE 6. Interaction of 17–27HTE and LigBCon4 by steady state fluorescence spectroscopy and ITC.
A, intrinsic fluorescence spectrum of LigBCon4 in the presence and absence of 17–27HTE. One �M of
LigBCon4in Tris buffer was excited at 295 nm. Aliquots of 17–27HTE from respective stock solutions were
added. The figure shows Trp fluorescence in the presence of 0, 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8 �M 17–27HTE.
B, determination of KD value of LigBCon4 and truncated HTE by monitoring the quenching fluorescence inten-
sities of LigBCon4 titrated by 1–18HTE, 27–36HTE (data not shown), or 17–27HTE shown in A. The emission
wavelength recorded in this figure was 327 nm; only the titration of 17–27HTE can quench the spectrum of
LigBCon4. KD value was determined by fitting the data point into Equation 2 as described under “Materials and
Methods” (KD � 0.49 � 0.07 �M). C, ITC profile of LigBCon4 with 17–27HTE as a typical ITC profile in this study.
Upper panel, heat difference obtained from 25 injections. Lower panel, integrated curve with experimental
point (�) and the best fit (O). The thermodynamic parameters are shown in Table 3.
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incorporation into microfibrils to generate elastic fibers (28,
32). HTE is tethered to the cell surface and probably binds to
ligands, including glycosaminoglycans, integrins, and other
non-ECM molecules, by its C-terminal region 27–36HTE (43,
51). Thus, Lig protein binding to 17–27HTE may not only
mediate leptospiral adhesion but may also inhibit tissue regen-
eration by blocking the network formation (fromHTE) of elas-
tin fibers. Moreover, failed tissue repair may further facilitate
the invasion of L. interrogans during infection.
To gainmore insight into the interaction of Lig proteins with

HTE, LigBCon4 was chosen for further characterization using
steady state fluorescence spectroscopy and ITC techniques
(Fig. 6). The KD values obtained from both experiments are
close to each other and to our ELISA results (ELISA, KD �
0.50 � 0.05 �M; ITC, KD � 0.49 � 0.07 �M; AND fluorescence
spectroscopy, KD � 0.54 � 0.02 �M). The spectrum of Lig-
BCon4 possesses a doublet maximum in 315 and 326 nm simi-
lar to that of LigBCen2. LigBCen2 contains a tryptophan in an
immunoglobulin-like domain; indications are that this trypto-
phan is buried in a highly hydrophobic core (23), but the
quenching of the spectra in the presence of 17–27HTE suggest
the binding site of LigBCon4 may be close to this hydrophobic
core containing a tryptophan. Also, the interaction of

17–27HTE and LigBCon4 is driven by enthalpy as determined
by ITC (Table 3). Because enthalpy-driven reactions are gener-
ally due to charge-charge interactions or van der Waal forces,
the examination of the influences of surface charges on Lig-
BCon4 and 17–27HTE was conducted by adjusting the envi-
ronmental pH. Interestingly, the optimal binding of LigBCon4
to 17–27HTE corresponds to pH 6.5–7.5, where the charge of
LigBCon4 and 17–27HTE is opposite to each other and implies
that binding between the two is governed by charge-charge
interaction (Fig. 7). Furthermore, the structure of LigBCon4 or
17–27HTE and the binding activities of LigBCon4-17-27HTE
are properly maintained from pH 4.5 to pH 8.5 when detected
by CD and fluorescence spectroscopy; this indicates that the
interaction can occur in slightly basic and/or acidic environ-
ments (Fig. 7, B and C, and supplemental Fig. 1).

Leptospira spp. usually invade the host through mucous
membranes or injured skin and then are distributed to different
organs such as the lung, liver, kidney, or placenta through spi-
rochetemia (1). The normal range of pH in plasma is 7.38–7.42
and that of urine ranges from 4.5 to 8.5 (52). We conclude that
the pH range from4.5 to 8.5 allows the optimal environment for
LigBCon4-17-27HTE binding, facilitating adhesion of Lepto-
spira spp. to tissues in these organs.

FIGURE 7. Effect of different pH values on the binding of LigBCon4 to 17–27HTE. A, titration curve for LigBCon4 and 17–27HTE. LigBCon4 (broken line)
undergoes two-step charge transition at pH 4 and 11. 17–27 HTE (solid line) undergoes a charge transition at pH 9.5. B, determination of KD value of LigBCon4
and 17–27HTE by monitoring the quenching fluorescence intensities of LigBCon4 at various concentrations (0, 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8 �M) of 17–27HTE
in Tris buffer at different pH values (4.5, 5.5, 6.5, 7.5, and 8.5). One �M LigBCon4 in Tris buffer was excited at 295 nm, and the emission wavelength recorded in
this figure was 327 nm. The KD value was determined by fitting the data point into Equation 1 as described under “Materials and Methods.” C, LigBCon4 binding
to 17–27HTE from pH 4.5 to 8.5. A plot of KD against pH indicates that the interaction is strongly dependent on pH.
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In this study, it was inferred that the interaction of
LigBCon4/17–27HTE can partly be attributed to charge-
charge interaction because of the enthalpy-driven interaction
found by ITC (Table 3), and the acidic amino acids of Lig-
BCon4, LigBCen7�–8, LigBCen9, and LigBCen12 participate in
the binding because of the negative charge on the surface of
LigBCon4 as predicted in Fig. 7A. The results obtained from
alignment of LigBCon4, LigBCen7�–8, LigBCen9, and Lig-
BCen12 indicate that Asp-341 of LigBCon4 is conserved in all
four elastin binding immunoglobulin-like domains (Fig. 8A). A
mutant, LigBCon4D341N, was constructed, and the binding
activity of the mutated protein to 17–27HTE was analyzed by
ITC and fluorescence spectroscopy to determine whether an
aspartate residue is involved in the binding of LigBCon4 to
17–27HTE. The ITC and fluorescence spectroscopy re-
sults show a 4.6-fold reduction of binding activity when
LigBCon4D341N was used instead of the wild type LigBCon4
(LigBCon4, KD � 0.54 � 0.02 �M and LigBCon4D341N, KD �

2.51 � 0.48 �M) (Fig. 8C and Table 3). This result further sup-
ports that the charge-charge interaction of LigBCon4 to 17–27
HTE is because of the negative charge of aspartate at physiolog-
ical pH (Asp; pKa � 3.9). However, the binding of 17–27HTE to
LigBCon4D341N is not completely eliminated. This strongly
indicates that other residues of LigBCon4 also contribute to the
binding of HTE but to a lesser degree. It is not surprising that
Lig proteins interact with HTE mainly through charge-charge
interactions because of the biochemical nature of HTE. There
are twomajor types of domains found in tropoelastin, including
hydrophobic domains rich in nonpolar amino acids as well as
hydrophilic domains rich in basic amino acids like lysine, so
HTE can inherently bind to many partners via charge-charge
interaction; examples include FnBPA binding to 17–27HTE
and glycosaminoglycans binding to HTE (32, 53, 54).
In conclusion, we have identified that Lig proteins contribute

leptospiral adhesion to elastin andHTE. Elastin andHTE bind-
ing regions on the immunoglobulin-like domains of LigBCon4,

FIGURE 8. Asp-341 is one of the important residues contributing to the LigBCon4-17-27HTE interaction. A, sequence alignment of LigBCon4 (Asp-341),
LigBCen7�– 8 (Asp-703), LigBCen9 (Asp-789), and LigBCen12 (Asp-1061) shows that an aspartate is conserved in these four domains as indicated by an asterisk.
The gaps were introduced to maximize the alignment. Black and gray colored residues indicate the conserved residues, and the homology analysis was
performed with EMBL-EBI ClustalW. B, intrinsic fluorescence spectrum of LigBCon4D341N in the presence and absence of 17–27HTE. One �M LigBCon4D341N
in Tris buffer was excited at 295 nm. Aliquots of 17–27HTE from the respective stock solutions were added. The figure shows Trp fluorescence in the presence
of 0, 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8 �M of 17–27HTE (inner plot). The determination of the KD value of LigBCon4D35N and 17–27HTE by monitoring the quenching
fluorescence intensities of LigBCon4D35N was titrated by 17–27HTE. The emission wavelength recorded in this figure was 327 nm, and KD value was revealed
by fitting the data point into Equation 2 as described under “Materials and Methods.” (KD � 2.44 � 0.21 �M). C, ITC profile of LigBCon4D35N with 17–27HTE as
a typical ITC profile in this study. Upper panel, heat difference obtained from 25 injections. Lower panel, integrated curve with experimental point (�) and the
best fit (O). The thermodynamic parameters are shown in Table 3.
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LigBCen7�–8, LigBCen9, and LigBCen12 were mapped.
Among these binding regions, LigBCon4 was found to bind to
elastin and HTE with the highest affinity, and the residue Asp-
341 of LigBCen4was determined to be involved inHTEbinding
through charge-charge interactions. This is the first report that
elastin and tropoelastin can bind to LigBCon, the conserved
region of Lig from Leptospira spp. Further study of the interac-
tion of Lig protein with elastin and tropoelastin is in progress in
our laboratory.
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