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Abstract

Listeria monocytogenes, a food-borne pathogen that infects immunocompromised patients, enters
and proliferates within mammalian cells by taking advantage of host cell machinery. While entry
into macrophages and other phagocytic cells occurs constitutively, intracellular invasion of
nonphagocytic cells, such as epithelial and endothelial cells, occurs through induced phagocytosis.
Invasion of these nonphagocytic cell types is under the control of the secreted L. monocytogenes

protein internalin B (InIB), which directly associates with and activates the receptor tyrosine kinase

Met. Activation of Met by InIB has previously been shown to be potentiated by binding of

glycosaminoglycans to the GW domains of this protein. We studied the interaction between heparin

and full-length InIB as well as a truncated, functional form of InIB to understand the mode of
interaction between these two molecules. InIB preferred long-chain (>dp14) heparin

oligosaccharides, and the interaction with heparin fit a complicated binding model with a dissociation
constant in the nanomolar range. While there are various explanations for this complicated binding

model, one supported by our data involves binding and rebinding of InIB to multiple binding sites

on heparin in a positive and weakly cooperative manner. This mode is consistent with enhancement

of interaction of InIB with glycosaminoglycans for activation of Met.

Listeria monocytogenes is a food-borne microbial pathogen that causes listeriosis. The disease
primarily affects pregnant women, newborns, and adults with compromised immune systems.
Symptoms can include severe gastroenteritis, meningitis, septicaemia, and abortions (1). The
diversity of symptoms is due to the capacity of L. monocytogenes to traverse three tight human
barriers: the intestinal, the bloodbrain, and the feto-placental barriers. Making a major
contribution to the virulence of L. monocytogenes is its capacity to trigger uptake through
induced phagocytosis into nonphagocytic mammalian cells. For example, intestinal epithelial
cells are triggered to phagocytose the pathogen through signaling pathways triggered by the
interaction of the bacterial cell wall-attached protein internalin A (InIA)1 with host cell E-
cadherin (2-4). Invasion of many other cell types, including epithelial, endothelial, hepatocyte,
and fibroblast-like cells, is dependent on a second internalin, InIB, which appears to be
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important for dissemination from the intestine and infection of other tissues (5). InIB directly
binds and activates the host cell receptor tyrosine kinase Met (hepatocyte growth factor/scatter
factor receptor) (6), resulting in stimulation of host cell signaling pathways that control the
actin cytoskeleton and effect intracellular invasion.

InIB isan ~69 kDa elongated L-shaped molecule (Figure 1) consisting of at least two functional
domains, the N-terminal receptor binding domain (RBD) and the C-terminal GW domains.
The RBD binds Met (6,7) and contains three structural components common to the internalin
family of Listeria proteins. The distinguishing characteristic shared by the 24 proteins in this
family is a B-loophelix-loop motif constructed of tandemly arranged 22-amino acid leucine-
rich repeat units (LRRs) (1,8). Approximately 7.5 LRR motifs comprise the LRR domain of
InIB, forming a curved, tubelike structure, with a concave surface that mediates protein-protein
interactions (8-10). The LRR is flanked at one end by an N-terminal cap and at the other by an
immunoglobulin (1g)-like domain (11). The N-terminal cap (residues 36-76) and LRR region
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(residues 77-240)form the shorter arm of the L shape and span ~60 A in length, and the Ig-
like domain projects at a nearly right angle from the base of the LRR. The RBD is connected
to the GW domains by a segment known as the B-repeat region. The 72 residues encompassing
this region are highly flexible and span ~30 A.

The C-terminal domain of InIB is comprised of three ~80-residue tandem GW repeats, named
for a conserved Gly-Trp (GW) dipeptide motif. The first GW repeat, GW1, is unpaired and
flexible, which accounts for its susceptibility to proteolytic cleavage. Along with the B-repeat
region, GW1 is dispensable for Met activation and bacterial invasion (12). Pairwise association
between the second and third GW domains (GW2 and GW3), mediated through conserved
hydrophobic residues and a conserved hydrogen bond, stabilizes these small protein domains
through an enhanced secondary structure that is not susceptible to proteolysis. The surfaces of
all three domains are entirely basic (pl ~ 10) and enriched with arginine residues, which are
known to mediate interactions with heparan sulfate (HS) or heparin through electrostatic
attraction (13,14). The GW domains promote attachment of InIB to the bacterial surface;
specifically, the GW domains associate with negatively charged lipoteichoic acids (LTA)
which are partially buried in the peptidoglycan layer of the bacterial cell wall (15). This
association is noncovalent and dissociable. Although InIB partitions nearly equally between
bacterial surface-attached and released forms (16), burial of InIB in the bacterial cell wall
potentially hinders its ability to interact with eukaryotic cell ligands (8). In agreement with
this, a model in which the released rather than surface-attached form of InIB activates Met is
supported by several lines of evidence (12). The functional purpose of dissociable InIB
attachment may be to coordinate host membrane dynamics with bacterial proximity during
invasion (8).

Physiologically relevant activation of Met has been shown to require coordinated action in cis
of the InIB N-terminal RBD in binding Met and the C-terminal GW domains in binding
glycosaminoglycans (12). Interaction of the InIB GW domains with the glycosaminoglycan
heparin increases the potency of InIB approximately 10-fold for Met activation (12).
Furthermore, addition of soluble heparin to the glycosaminoglycan-deficient CHO-S745 cell
line has been shown to make it permissive to InIB-mediated invasion (12). The
glycosaminoglycan HS has been suggested to be the physiologically relevant mediator for InlB
(16), but since more highly sulfated sequences of HS generally interact with proteins, heparin
is often used as a model for HS (17). HS and heparin are important mediators in various
physiologic and pathophysiologic processes, including cell adhesion, cell-cell communication,
and cell growth (18-22). Despite structural differences between LTA and heparin, the charge
density and flexibility of heparin are sufficient for competitive displacement of InIB from the
bacterial surface (15).

While the importance of glycosaminoglycans in InIB-mediated intracellular invasion is clear
(12,16), the precise mode of interaction remains to be elucidated. In the study present here, we
used surface plasmon resonance (SPR) to study the interaction of surface-immobilized heparin
with InIB and a truncated, functional form of InIB lacking the B-repeat and GW1 (InIB-
ABAGW1) (12).

EXPERIMENTAL PROCEDURES

Materials

Biotinylated alboumin-heparin conjugate and biotinylated albumin were purchased from Sigma
(St. Louis, MO). Streptavidin covalently linked to a carboxymethylated dextran matrix sensor
chip and HBS-EP buffer [10 mM HEPES, 150 mM NaCl, 1.5 mM EDTA, and 0.005% P20
(pH 7.4)] were from BlAcore (Uppsala, Sweden). Porcine intestinal heparin (average
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molecular weight MW, of 12 500) and low-molecular weight heparin (LMWH, MWp,q of
5000) were purchased from Celsus (Cincinnati, OH).

Preparation of InIB and InIB-ABAGWZ1—Previously reported procedures were used for
expression and purification of InIB and InIB-ABAGW1 (8,12).

Preparation of Biosensor Surfaces—Biotinylated albumin-heparin conjugate was
immobilized to sensor chips comprised of streptavidin covalently linked to a
carboxymethylated dextran matrix. The conjugate was immobilized in two of the four flow
cells of each sensor at a flow rate of 20 pL/min. Successful immobilization was confirmed by
the observation of an ~190-250 response unit (RU) increase. A control flow cell was coated
with ~400 RU of biotinylated albumin. The final flow cell was unmodified, and it served as
the reference surface for detection of changes in the bulk refractive index, injection noise,
baseline drift, and nonspecific binding. Multiple sensor chips were prepared in an identical
fashion and used for different aspects of this study.

Data Acquisition and Analysis—Interaction data were acquired with a Biacore 3000
biosensor, which was operated with Biacore Control 3.2. All experiments were performed at
25 °C. Buffers were filtered and degassed prior to use in each experiment. Concentrated
solutions of InIB or InIB-ABAGW1 were serially diluted with HBS-EP buffer, yielding
concentrations ranging from 0.3 to 62.5 nM. Samples (250 pL) were injected over the sensor
surface at a flow rate of 50 uL/min. The sensor surface was regenerated with a 10 pL pulse of
0.5% SDS, which was followed by a 50uL injection of 1 M NaCl in 25 mM NaOH, and a 50
uL injection of 2 M NaCl. All experiments, except for the competition and solution affinity
measurements, were repeated to ensure reproducibility. Each experiment was independently
evaluated for kinetic and equilibrium binding parameters due to a loss in binding capacity,
which may be attributed to harsh regeneration conditions. For each protein, three independent
sets of data were included for analysis. Data obtained from four other binding studies on
different sensor chips were analyzed to confirm the proper selection of a kinetic binding model.

The binding of InIB and InIB-ABAGW.1 to heparin was assessed through a procedure based
on double referencing (23,24). The procedure involved subtraction of the data for the reference
flow cell from the data obtained for the albumin- and heparin-coated surfaces, correction of
the heparin binding data for nonspecific binding to albumin, and then subtraction of a blank
injection. Nonspecific binding was more prevalent at the higher solution concentrations of
protein but represented, at most, 10% of the total measured binding to the heparin-coated
surfaces that were selected for analysis. Rate and affinity constants were determined by globally
fitting the experimental data with BlAevaluation, version 3.1.

Analysis of the Steady-State Binding Levels—The steady-state binding of InIB or InIB-
ABAGW!1 to heparin was approximated using nonlinear least-squares curve fitting to the
equation

[AB]eq = ABmaX[l / (1 + KD / [A])]

where A'is InIB or InIB-ABAGW1, B heparin, ABnax the maximum surface binding capacity
(RU), and Kp the equilibrium dissociation constant. Both interactions were tested for mass
transfer limitations and heterogeneity prior to kinetic analyses of selected data sets. The test
for mass transfer limitations between the bulk solution phase and the surface layer involved a
variation in the flow rate (15, 50, and 100 uL/min). The test for heterogeneous binding consisted
of variation in the sample volume (50, 200, and 325 uL). Binding levels measured in the last
100 s of the association phase were averaged for each injected concentration. Curves that
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demonstrated a change greater than 5 RU over this interval were interpreted as not having
achieved steady state. Curves in which biosensor-related effects were predominant (solution
concentrations above 10 nM for InIB or 25 nM for InIB-ABAGW1) were not included in the
analyses.

Oligosaccharide and Polysaccharide Competition Experiments—The preparation
of bovine lung heparin-derived oligosaccharides of defined and uniform structure (dp2-dp14)
has been previously described (25). Oligosaccharides, polysaccharides, LMWH, and porcine
intestinal heparin were mixed with InIB or InIB-ABAGW!1 at a ratio of 1000:1 (final
concentrations of 12.5 nM InIB or InIB-ABAGW1 and 12.5 uM oligosaccharide or
polysaccharide) and incubated for 5 min prior to injection over the biosensor surfaces. Steady-
state binding levels were determined by subtracting the maximum response for just the 12.5
uM oligosaccharide or polysaccharide samples from the measured maximum responses for the
protein/oligosaccharide or protein/polysaccharide mixtures. This difference in response was
used to compare the affinity of InIB and InIB-ABAGW!1 for each oligosaccharide and
polysaccharide.

Solution Affinity Experiments—A known amount of InIB-ABAGW1 was incubated with
a range of oligosaccharide concentrations prior to injection over the sensor surface. The
measured response represented the fraction of InIB-ABAGW1 available to bind heparin, and
the InIB-ABAGW!1 solution concentration was determined by graphing the steady-state
responses of known concentrations of InIB-ABAGW!1 as a function of concentration and fitting
the data with a polynomial to the fourth power using nonlinear regression. The use of the
polynomial equation to estimate the InIB-ABAGW!1 solution concentrations was ascertained
by comparison to estimates obtained with the four-parameter equation (Bl Aevaluation, version
3.1). InIB-ABAGW!1 (12.5 nM) was mixed and incubated with varying concentrations of
tetradecasaccharide (dp14), LMWH, or heparin for 5 min. The solution affinity data were
normalized according to the response measured for InIB-ABAGW!1 or InlIB in the absence of
polysaccharide. A similar experiment was also performed using InIB and LMWH.

Kinetic Analysis of the Interaction between InIB and Heparin—Kinetic binding
parameters were estimated using a two-step mass transfer-limited reaction model for the
interaction of the soluble analyte with a surface-bound heterogeneous ligand. The following

equations were used to model the kinetic binding data:
A0 s A+B = AB

[All0O]=0
d[A] / dt = kM(AO - [A]) - (kal[A][B] + k[ AIIC] - k gy [AB] - kdz[AC])
(BJ0] = Rmaxl

dlB] / dt = — (ky,[AIIB] - kyq[AB))

[ABJO]=0

dIAB] / dt = (ke [ATIB] - ky,LAB])
0= A+Cs=AC

[cllol = Rmaxz
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diC]/ dt= — (ky JAIC] — kg lAC])

[AC]0]=0

d[AC] / dt = (ky,[ATLC] — kyolAC])

where A, represents the concentration of InIB or InIB-ABAGW1 in the bulk solution phase,
[A]isthe concentration of InIB or InIB-ABAGW!1 at the sensor surface, and ky is the coefficient
of mass transfer for the transport of InIB or InIB-ABAGW1 between these solution phases. For
the purpose of unit consistency, the modeling software converts ky, (M s1) to k; (RU M1
s'1) with the approximation k; = 109 x MW x ky; (26). Using the ProtParam tool (http:/
us.expasy.org/tools/protparam.html), the theoretical molecular masses of InIB and InIB-
ABAGW!1 were calculated to be 68.5 and 53.2 kDa, respectively. B and C represent the two
different types of binding sites, where Rinax1 is the maximum surface binding capacity for site
B and Rpyax2 is the maximum surface binding capacity for site C. Both Ryyax parameters are
measured in terms of relative response (RU). The association and dissociation rate constants
for site B are ka1 and kq1, respectively. The association and dissociation rate constants for site
C are kg and kg, respectively. The concentration of InIB or InIB-ABAGW1 in the bulk flow
(Ao) was assumed to be constant during the association phase. The measured response ([AB]
+ [AC]) was attributed to the simultaneous binding of InIB or InIB-ABAGW!1 to both classes
of binding sites; terms were modeled in RUs. An additional term was included to adjust for
biosensor-related effects (e.g., baseline offset).

SPR Measurements of InIB-Heparin Interaction

Sensor chips containing immobilized heparin prepared using several different chemistries
(27-29) were evaluated to reduce the level of nonspecific binding of InIB. Minimal nonspecific
interaction was achieved using biotinylated albumin-heparin conjugate bound to a streptavidin-
coated surface (data not shown). The level of honspecific interaction could be further decreased
using atruncated, fully functional version of InIB, InIB-ABAGW1, missing the B-repeat region
and GW1 domain (12). On the basis of these preliminary experiments, all further studies
utilized albumin-heparin chips and both InIB and InIB-ABAGW!1.

Varying Contact Time for the Examination of Binding Complexities

Preliminary examination of the interaction between InIB and heparin using SPR suggested a
complex binding mechanism that did not follow a single pseudo-first-order reaction. The
contact time between the InIB analyte and immobilized heparin ligand was examined. The
dissociation phase profile of an analyte, binding to one or more classes of sites within a ligand
on the sensor surface, should remain unaffected by the duration of time over which binding
occurs (30,31). An InIB-ABAGW!1 solution at high concentrations (100-500 nM) obscured the
dissociation phase kinetics but yielded binding progress curves closely resembling those
obtained for binding of InIB to heparin (data not shown). Lower concentrations (10 nM) of
InIB-ABAGW!1 afforded interpretable results at contact times of 1, 4, and 6.5 min (data not
shown). The dissociation rate of InIB-ABAGW1 was faster when the association phase was
limited to 1 min, suggesting that this interaction involves a level of complexity beyond a simple
bimolecular interaction.

Steady-State Analysis To Resolve Three Binding Mechanism Possibilities

The three binding mechanisms, known to result in an alteration in dissociation phase kinetics,
can often be resolved by the evaluation of steady-state binding levels. If the mechanism is
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consistent with either a change in conformation or a heterogeneous analyte, then the steady-
state binding levels will conform to a 1:1 binding model. A multivalent analyte (e.g., a bivalent
antibody) that binds to a monovalent class of receptors will not conform to the case of 1:1
binding, and Scatchard plot analysis will reveal a curvature consistent with negative
cooperative binding.

The measured response (Req) was plotted as a function of the solution concentration (Figure
2a). Each set of data was fit to a 1:1 binding model using nonlinear regression, and the modeled
parameters are reported in Table 1. Both InIB and InIB-ABAGW!1 bind heparin with nanomolar
affinity. Scatchard analysis (Figure 2b) reveals curvature suggestive of positive cooperative
binding, providing additional insight into the binding mechanism. Extension of the linear
portion of the Scatchard plots predicts approximately 2 mol of InIB (or InIB-ABAGW1) binds
to each mole of heparin. However, the Scatchard analysis lacks a degree of certainty since the
interactions were limited to a narrow range of concentrations.

The Hill coefficient was calculated from the steady-state data to investigate the possibility of
positive cooperative reactions (32-34). Qualitative interpretation of the Hill coefficient gives
ameasure of the number of binding sites that interact cooperatively (33) and is often considered
a diagnostic measure of binding cooperativity (32). A coefficient of >1 is considered positively
cooperative and a coefficient of <1 negatively cooperative, and at a value of 1, the Hill equation
reduces to the Langmuir equation corresponding to an interaction that is noncooperative. The
Hill coefficient for each independent set of data was close to the one obtained for the averaged
data (Figure 2c), and error bars represent one standard deviation from the averaged value
determined subsequent to the transformation of the independent estimates for Y. In the
interaction of InIB with heparin, the estimated Hill coefficient was 1.15, and the half-saturation
point was 3.7 nM. A slightly lower Hill coefficient of 1.12 was determined for the interaction
between InIB-ABAGW1 and heparin, with half of the sites occupied at a concentration of 12.3
nM. Thus, the Hill coefficients are consistent with a mechanism of dimerization on a single
heparin chain. However, the values are considerably lower than the theoretical maximum of
2, indicating only a weak tendency for dimerization.

Competition Binding Assay for Investigating the Size of the Heparin Binding Site in InIB

Crystallographic data of InIB afford the dimensions for each of the GW domains,
approximately 27 A x 25 A x 15 A (8). On the basis of these dimensions, it seemed reasonable
that an octasaccharide, which is 34 A in length (35), could easily span one of the two GW
domains (Figure 1b).

Structurally defined heparin oligosaccharides (dp2-dp14), LMWH, and heparin in a large molar
excess with respect to InIB or InIB-ABAGW1 (1000:1) were injected over the heparin surface.
The measured response is proportional to the amount of unbound protein in the solution phase
(Figure 3). Disaccharide (dp2), tetrasaccharide (dp4), and hexasaccharide (dp6) did not alter
binding of InIB or InIB-ABAGW1 to immobilized heparin. The octasaccharide (dp8) resulted
in amodest decrease in the level of binding of InIB and InIB-ABAGW1 to immobilized heparin.
dp14 was markedly more potent in reducing the level of binding to immobilized heparin by
more than 50% for both InIB and InIB-ABAGW1. LMWH, a mixture of oligosaccharides
ranging from dp8 to dp20 (average dp14), showed an even greater reduction. Heparin (average
dp38) at the concentration tested effectively blocked measurable levels of binding. The
enhanced binding affinity of dp14 for both InIB and InIB-ABAGW1, compared to that of dp8-
dpl2, suggests that the heparin binding site in InIB might span the GW2 and GW3 domains
(Figure 1b). Alternatively, the high binding affinity might require multivalent interactions,
which could involve multiple binding sites between InIB and heparin or various states of InIB
oligomerization (e.g., dimerization). The smaller-sized oligosaccharides might simply be
unable to accommodate the additional interactions for high-affinity binding.
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Solution Affinity Studies for Determination of ICsg Values

Solution affinity experiments were next undertaken to determine 1Csq values for the
competition of dp14, LMWH, and heparin with binding of InIB-ABAGW!1 to immobilized
heparin. In these experiments, a known amount of InIB-ABAGW1 was incubated with a range
of oligosaccharide concentrations prior to injection over the sensor surface. The measured
response represented the fraction of InIB-ABAGW!1 available to bind heparin, and the InIB-
ABAGW!1 solution concentration was determined from a calibration curve (Figure 4a).
Construction of the calibration curve involved graphing the steady-state responses of known
concentrations of InIB-ABAGW!1 as a function of concentration, and fitting the data with a
polynomial to the fourth power using nonlinear regression.

Equilibrated mixtures of InIB-ABAGW1 and InIB with polysaccharides were injected over the
heparin-coated surface. Steady-state binding levels corresponded to the free concentration of
protein in the solution mixtures and were normalized according to the response measured for
InIB-ABAGW1 or InIB in the absence of polysaccharide, and the results are combined in Figure
4b. As expected, an increased chain length led to a reduction in the apparent ICsq. The
concentration of dp14 required to inhibit 50% of the binding was 7.1 uM; for LMWH, the
approximate 1Csq decreased to 1.3 pM, whereas the 1Cgq for heparin was around 60 nM. The
solution affinity of full-length InIB for LMWH yielded an 1Csq identical to the one determined
for InIB-ABAGW1 and LMWH.

Kinetic Characterization Studies of the Interaction between InIB and Heparin

The binding of InIB to heparin was further examined by globally fitting the kinetic binding
data. Global analysis, which involves fitting the association and dissociation phase data for a
series of concentrations simultaneously, provides a stringent test for the binding model and
better parameter estimates (23,24,36). The results obtained showed that InIB exhibited mass
transfer limitations (Figure 5), where the rate at which the analyte reaches the surfaces from
the bulk solution is slower than the rate of binding to the ligand, creating a shortage of analyte
to the surface, thus interfering with kinetics. The presence of mass transfer limitations was
confirmed by varying the flow rate used in the SPR experiments. Since the kinetics varied with
flow rate, mass transfer limitation was likely (37). Thus, a term accounting for mass transfer
was included in the models that were considered. Representative fits using a heterogeneous
ligand model for InIB and InIB-ABAGW!1 and corresponding residuals are shown in panels a
and b of Figure 6, respectively, and the parameter estimates summarized in Table 2. Although
the numerical estimates are somewhat different for the two proteins, both interactions are
similar, and neither appears to support a mechanism involving dimerization. The model
predicts that a large proportion of the measured response is from the fast association of InlB
with lower-affinity sites, while the remainder is attributed to higher-affinity sites with a slower
association rate. The binding parameters for the higher-affinity site (Table 2, site 1) were
consistent on the different sensor chips and at different heparin surface concentrations. The
solution concentrations eligible for kinetic evaluation (<20 nM for InIB and <50 nM for InIB-
ABAGW?1) reduced the accuracy of these parameter estimates, especially for the site with the
lower binding affinity (Table 2, site 2). While the overall affinity of the second (lower-affinity)
binding site was maintained, the estimates for the kinetic rate constants varied nearly 10-fold.
The ratio of the Rynax for the high-affinity site to the maximum response measured in the
modeled data is slightly less than 20%. Successful deconvolution of biosensor data for a
heterogeneous ligand typically requires a low-affinity site accounting for 20% of the binding
(38). Thus, while reasonable fits were obtained, the two-site model may not be adequate for
rigorous quantitative interpretation of the binding kinetics, and the values presented in Table
2 can be considered only apparent binding constants.
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Another mechanism that was investigated was a rebinding event that could be taking place on
the surface of the chip, where the protein, InIB, binds to the ligand, heparin, then comes off
for a short amount of time and eventually reassociates back to the surface to bind to the ligand
(39). The first suggestion of rebinding was that at higher flow rates a faster dissociation was
observed (40) (Figure 5). Rebinding was tested by injecting soluble heparin during the
dissociation of InIB-ABAGW1 from the biotinylated albuminheparin conjugate immobilized
to the chip (41). When soluble heparin was injected, a faster decrease in response was observed,
suggesting that InIB-ABAGW1 was taken away by soluble heparin when it dissociated from
the surface, preventing it from binding back on the chip (data not shown). As the rebinding
phenomenon leads to sensorgrams with a slower dissociation phase, the off rate and
dissociation constants determined by curve fitting will be lower and higher, respectively, than
the true values (41).

DISCUSSION

A detailed examination of the mechanism of binding between InlB and heparin was undertaken
using SPR. In initial experiments, using standard SPR methods, InIB exhibited an unusually
high degree of nonspecific binding to the surface of biosensor chips. The use of surfaces
containing albumin-heparin conjugate and InIB-ABAGW1, a simplified and fully functional
version of the InIB protein, missing the B and GW1 domains (Figure 1a), reduced the level of
nonspecific binding but retained the elements required for heparin binding, namely, the GW?2
and GW3 domains. Thus, both InIB and InIB-ABAG1 were used throughout the course of this
study. Previous studies using biotinylated albumin-heparin conjugate-based chips (27)
suggested that they might further reduce the level of nonspecific binding, facilitating the
analysis of InIB-heparin interactions. Unfortunately, these chips have low stability that would
require their replacement after the collection of each data set. Thus, appropriate controls and
repetitive studies were undertaken in this study to ensure the accuracy and repeatability of our
measurements. While nonspecific binding could not be completely eliminated, we were able
to acquire interpretable data over a narrow range of InIB concentrations.

We first examined whether a simple bimolecular interaction was responsible for InIB-heparin
binding by varying the association time. InIB has previously been reported to bind heparin as
a 1:1 complex (8), and it exists only as monomers by sedimentation equilibrium
ultracentrifugation (12). However, when the time allowed for the association phase was limited,
InIB-ABAGW1 was shown to have a faster dissociation rate. This deviation from ideal behavior
suggests three possible interaction mechanisms. First, interaction of InIB with heparin could
be accompanied by a change in conformation, leading to the formation of a more stable
complex, and this increased association time allows a greater proportion of these stable
complexes to form. Second, the binding event might involve multivalency of InIB, and the
increase in contact time favors the formation of stabilized complexes composed of a single
multivalent InIB cross-linking two or more binding sites within the immobilized heparin ligand.
Third, the binding involves InIB being composed of multiple species that are capable of binding
to a uniform heparin ligand.

Via evaluation of the steady-state binding levels, the three possible binding mechanisms could
be narrowed down. Both InIB and InIB-ABAGW?1 were able to bind heparin with nanomolar
affinity. On the basis of the steady-state binding data, Hill coefficients of 1.12 and 1.15 were
calculated for InIB-ABAGW!1 and InIB, respectively. These values suggest a positive
cooperativity; however, since these coefficients are significantly less than 2, this positive
cooperativity is extremely weak. Scatchard analysis revealed curvature, also suggestive of
positive cooperative binding. If the last group of data points in Figure 2b is extended, the plots
suggest that there are two protein binding sites per heparin chain. The stoichiometry of binding
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appears to be consistent with the paradigm that dimers are capable of forming on a heparin
chain but only with a weak level of positive cooperativity.

Next, we investigated the relative size(s) of the heparin binding site(s) in InIB and InIB-
ABAGW!L. Only >dp14 oligosaccharides were capable of noticeably decreasing the level of
binding of InIB to heparin. Comparable competition data (Figure 3) and I1Csp values were
observed for full-length InIB and InIB-ABAGW1. These results suggest that the heparin-
binding site spans both GW2 and GW3 domains.

SPR curves were next globally fit to a heterogeneous ligand model, in which one InIB binds
independently to two sites within heparin. The SPR chip prepared using biotinylated albumin-
heparin conjugate gave data that fit this model well with very few systematic residuals. Since
variations of the flow rate indicated binding kinetics were prone to mass transfer limitations,
this was taken into account when the data were analyzed. This model afforded an average
Kp of 0.64 nM for the first binding site and a Kp of 4.57 nM for the second binding site for
the interaction of full-length InIB and heparin. Similarly, the InIB-ABAGW1-heparin
interaction exhibited average Kp values of 1.11 and 14.6 nM for the first and second binding
sites, respectively. This kinetic analysis is limited, however, because of the narrow range of
concentrations available to fit and because the low-affinity binding accounts for <20% of the
interaction (34). A rebinding event might also be occurring along with other mechanisms of
interaction. Rebinding was examined by injecting soluble heparin during the dissociation,
revealing a drop in response and, thus, supporting a rebinding event.

These studies suggest that the interaction of InIB with heparin involves a complex mechanism
of binding. The stoichiometry of the interaction appears to be 2:1 InIB (or InIB-
ABAGW?1):heparin and shows weak positive cooperativity as indicated by the Hill
relationships; however, a generalized mechanism for dimerization is not consistent with the
kinetic interaction data. Comparison of the steady-state binding data, competition, and affinity
experiments for InIB and InIB-ABAGW1 show that InIB binds to heparin with a slightly higher
affinity than does InIB-ABAGW1, suggesting that the B and GW1 domains may play some
small role in binding heparin. The studies also reveal that dp14 is the minimum heparin chain
length required for strong binding, which likely involves interactions with both the GW2 and
GW3 domains. The enhanced solution affinity for heparin compared to dp14 and LMWH
suggests that heparin potentially accommodates multiple InIB-ABAGW1 molecules. This
would help explain the weak positive binding cooperativity indicated by a Hill coefficient of
>1. An alternative explanation is that a lysine-rich putative heparin binding site in the LRR
region of InIB participates as a secondary binding site, which requires full-length heparin to
bridge the two binding sites to enhance the overall binding affinity. The kinetic interactions
are reasonably consistent with nonspecific binding to a lattice or both specific and nonspecific
binding to a lattice. These data suggest a significant proportion of the binding may be attributed
to nonspecific electrostatic attractions. A smaller proportion of the binding appears to be
attributed to specific binding and potentially dimerization in heterogeneous regions of heparin.

The current study, while unable to definitively establish the mechanism of binding of InIB and
heparin, suggests that multiple mechanisms are responsible. A rebinding event could be
occurring that obscures the kinetic analysis (39-43). Such a mechanism is supported by faster
dissociation at higher flow rates (Figure 5) (41) and faster dissociation after injection of free
heparin. Such rebinding might facilitate microbial entry into host cell, by allowing InIB to
interact with GAGs for a longer amount of time, allowing more efficient activation of Met and
thereby promoting actin rearrangements that lead to internalization. Additional binding studies
with complementary analytical techniques will be required to more fully elucidate the
mechanism with which InIB binds glycosaminoglycans and potentiates activation of Met.
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FIGURE 1.

(a) Structural domains of InIB and InIB-ABAGW!1. (b) The tertiary structure of InIB is shown
in ribbon representation complexed with a schematic illustration of heparin. Reprinted with
permission from ref 8. Copyright 2002 Macmillan Publishers Ltd.
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FIGURE 2.

(a) Three different sets of levels of steady-state binding of InIB (filled symbols) and InIB-

ABAGW!1 (empty symbols) to immobilized heparin. Each set of data was independently fit to
the 1:1 binding model. (b) Steady-state binding levels of InIB (left) and InIB-ABAGW!1 (right)
in a Scatchard plot. The x-axis intercept provides a theoretical estimate for the total number of
binding sites. Extension of the linear portion of these data, which includes the last four (InIB)
or five (InIB-ABAGW1) data points, predicts approximately two protein binding sites for each
heparin chain. (c) Hill representation of the steady-state binding levels for InIB (o) and InIB-
ABAGW!1 (2). A function of the bound protein [log Y/(Ymax - Y)] was plotted vs the logarithmic
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concentration of the amount of protein injected, where Y represents the molar ratio of InIB (or

InIB-ABAGW1) bound to heparin ([InIB]/[heparin]). The maximum binding level for each
protein was based on two binding sites per heparin chain.
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FIGURE 3.
Oligosaccharide competition experiments for (a) InIB and (b) InIB-ABAGW1.
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FIGURE 4.

Solution affinity data for the interactions between InIB-ABAGW1 and dp14, LMWH, or
heparin, combined with solution affinity data for InIB and LMWH. (a) Calibration curve used
to determine the free solution concentration of InIB-ABAGW!1 in the solution affinity
experiments. (b) Steady-state binding levels corresponded to the free concentration of protein
in the solution mixtures and were normalized according to the response measured for InlB-
ABAGW!1 or InIB in the absence of polysaccharide.
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FIGURE 5.

Binding progress curves for the interaction between InIB and heparin with a variation in flow
rate. A solution consisting of 15 nM InIB was injected over a heparin-coated sensor surface at
(@) 15, (b) 50, and (c) 100 pL/min.
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FIGURE 6.

Kinetic analysis of the interaction between InIB and heparin. (a) Independent sets of curves
were globally fit to a model for two binding sites, or heterogeneous ligand. InIB solution
concentrations were 0.313, 0.625, 1.25, 2.5, 5, 10, 15, and 20 nM. (b) Kinetic analysis of the
interaction between InIB-ABAGW!1 and heparin. One representative set of fitted curves is
shown using solution concentrations of 0.78, 1.56, 3.13, 6.25, 12.5, 18.8, 25, 32.2, and 50 nM.
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Table 2
Kinetic Parameter Estimates for Binding of InIB and InIB-ABAGW!1 to Heparin with the Two-Site Heterogeneous

Ligand Model for Each Set of Data?

average InIB average InIB-ABAGW1

k (Mts 1.5x10°+03 5x108+1
site 1

Koy (M7 57 32x10%+06 12x10°+05

kg 5 2x10°+0.6 12x10%+02

Riaxt (RU) 46£5 297

Ko, (M) 6.4x101°+0.8 11x10°£05
site 2

Ky (M%) 1x10%+0.1 17 x 107 24

kg (5 05+0.1 242

Rpaxz (RU) 440 + 41 350 + 23

Kpp (MY 5x10°+1 15%x10%+04
N 49+37 29+07

aLI'he average was calculated on the basis of the kinetic data obtained from three independent sets of experiments (data not shown).
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