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Abstract

The binding of the gelsolin P2 peptide (residues 150–169) with lysophosphatidic acid (LPA) and lipopolysaccharide (LPS) was investigated by
isothermal titration calorimetry. P2 binds to LPS with higher affinity than to LPA. For the interaction of 1-oleoyl-LPA with P2 in the absence of
salt, Kd and ΔH° were 920 nM and −2.07 kcal/mol, respectively, at pH 7.4 and 25 °C. For the interaction of lipopolysaccharide (LPS) from
P. aeruginosa with P2 under the same conditions, Kd was 177 nM and ΔH° was −7.6 kcal/mol.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Lysophosphatidic acid (LPA) is structurally the simplest of
the glycerophospholipids. Intracellularly, LPA is produced via
de novo synthesis from glycerol-3-phosphate or by deacylation
of phosphatidic acid, and extracellularly it is generated by a
lysopholipase known as autotaxin through cleavage of the
headgroup of lysophosphatidylcholine (LPC). LPA is a well-
known endogenous ligand of several members of the EDG
(endothelial differentiation genes) family of G-protein-coupled
receptors (GPCR) genes [1]; in addition, some forms of LPAs
activate the lipid-regulated transcription factor PPARγ [2,3].
This phospholipid growth factor displays a myriad of cellular
functions. Examples of activities that are controlled by the
interactions of LPA with GPCRs [4,5] are cell survival, cell
proliferation, Ca2+ homeostasis, cell motility, angiogenesis, and
embryo implantation. The discovery that LPA is as efficient as
PIP2 in dissociating related actin-binding protein complexes [6]
suggests an additional role for this lipid, i.e., as a regulator of
cellular structural reorganization via interactions with gelsolin.
[7,8]. Recent research has revealed that lipopolysaccharide
⁎ Corresponding author. Fax: +1 718 997 3349.
E-mail address: robert.bittman@qc.cuny.edu (R. Bittman).

0005-2736/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2005.12.009
(LPS), the major cell wall component in the outer membrane of
Gram-negative bacteria, also binds to gelsolin [9].

Gelsolin is an approximately 85-kDa protein present in
plasma and in extracellular fluids at concentrations of 100–250
μg/ml [10]. This protein regulates cellular morphology
and motility by severing actin filaments, binding actin
monomers, and nucleating actin polymerization, resulting in
cytoskeletal modifications [7,11]. It is mainly regulated by
phosphatidylinositol 4,5-bisphosphate (PIP2) [12,13] through
binding at two sites near the N-terminus of the protein [7,14],
denoted as P1 (residues 135–149) and P2 (residues 150–169:
KHVVPNEVVVQRLFQVKGRR-OH). P2 was shown to
compete with full-length gelsolin for binding to PIP2 [14].

In this paper, the thermodynamics of LPA and LPS interactions
with the P2 domain of gelsolin have been characterized and
compared by isothermal titration calorimetry (ITC).

2. Materials and methods

2.1. Gelsolin P2 peptide

Gelsolin P2 was synthesized by solid-phase peptide synthesis on an Applied
Biosystems 433A peptide synthesizer (Foster City, CA) starting with preloaded
N-α-Fmoc-Arg(Pmc)-Wang resin. The 0.1 mmol FastMoc chemistry
(Applied Biosystems) was used for elongation of the peptide chain with an
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Fig. 1. Upper panels: ITC traces of binding of 74 μM gelsolin P2 with 4.9 mM 1-oleoyl-LPA in (a) the absence of NaCl, and in the presence of (b) 100 mM NaCl, and
(c) 150 mM NaCl at 25 °C. Lower panels: integrated data from top showing best fit curves. See Materials and methods for experimental details.

Table 1
Thermodynamic data for the interaction of 1-oleoyl-LPA with gelsolin P2 at
25 °C

[NaCl] (mM) ΔH° (kcal/mol) TΔS° (kcal/mol) ΔG° (kcal/mol) Kd (μM)

0 −2.1 6.1 −8.2 0.92
100 −0.96 5.9 −6.9 9.0
150 −0.23 6.1 −5.8 24

The values reported are averages from 2 to 3 trials and were within ±15%.
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O-benzotriazolyl-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU),
1-hydroxybenzotriazole (HOBt), and diisopropylethylamine-catalyzed single
coupling step using 10 equiv of the protected Fmoc-amino acids. Cleavage from
the resin was accomplished with a mixture of trifluoroacetic acid, phenol,
thioanisole, and water. After precipitation with cold diethyl ether, the crude
peptide was purified by C18-HPLC (elution with a water/acetonitrile gradient
containing 0.1% trifluoroacetic acid, detection at 220 nm). ESI-MS: m/z calcd.,
2388.9; found, 2390.0.

Gelsolin P2 was dissolved in 10 mM HEPES buffer, pH 7.4, at
concentrations of 74 to136 μM. The solution was vortexed gently for 1 min
and sonicated in a water bath at room temperature for 5 min to aid in the
dissolution of the peptide. Buffers were prepared with ultra-pure water (distilled
and passed through a Milli-Q water purification system (Millipore, Bedford,
MA) to a resistivity of 18 MΩ cm).

2.2. Lipids

1-Oleoyl-LPA, 1-myristoyl-LPA, and 1-palmitoyl-lysophosphatidylcholine
(LPC) were purchased from Avanti Polar Lipids (Alabaster, AL) and were used
without further purification. LPS from P. aeruginosa was purchased as the
lyophilized powder from Sigma-Aldrich (St. Louis, MO).

LPAwas dissolved in buffer consisting of 10 mM HEPES, 0.1 mM EDTA,
pH 7.4, with or without NaCl, to a concentration of ∼5 mM (see figure
captions for concentrations) and vortexed vigorously for ∼2 min at room
temperature. Mixtures of LPC and LPA were prepared by dissolving LPC and
LPA in CHCl3, followed by evaporation under a stream of N2 until a thin lipid
film remained. The film was dried further under vacuum overnight and
hydrated with buffer, vortexed vigorously for ∼5 min, and sonicated in a water
bath at room temperature. LPS was dissolved in salt-free 10 mM NaH2PO4

buffer, pH 7.4.

2.3. Isothermal titration calorimetry

High-sensitivity ITC was conducted in a Microcal MCS calorimeter
(Northampton, MA) at 25 and 37 °C. All solutions were degassed with stirring
for at least 30 min prior to experiments. The 250-μl injection syringe was
loaded with LPA solution and 8–10 μl aliquots were injected into the ITC
sample cell containing P2, after temperature equilibration, at 4-min intervals.
The contents of the sample cell were stirred at a rate of 400 rpm throughout
the experiment.

For the LPS–P2 binding experiments, the titration was carried out by filling
the syringe with P2 and the sample cell with LPS. P2 and LPS were dissolved in
10mMNaH2PO4, pH 7.4 (in the absence of NaCl). Aliquots of 6 μl of 136 μMP2
were injected into 2.7 μMLPS at 4-min intervals and stirred as described above.

Data were collected and analyzed using Origin 5.0. Best-curve fit routines of
the integrated area under the peaks of the raw data were performed using a one-
binding-site model, from which the values of ΔH° and ΔS° were obtained. The
dissociation constant Kd and Gibbs free energy change were obtained from the
fundamental equations of thermodynamics, ΔG°=−RTln K=ΔH°−TΔS°.
3. Results

3.1. LPA–P2 interactions

Fig. 1a shows the results of a titration of 74 μM P2 with 4.9
mM 1-oleoyl-LPA at 25 °C in the absence of salt. To determine
the contributions of ionic interactions, the binding was studied
with increasing concentrations of NaCl (Fig. 1b, c). The
interactions in all of the titrations are exothermic, and the results
are summarized in Table 1. Increasing the salt concentration
caused the reaction to become less exothermic, from −2.1 kcal/
mol in the absence of salt to −0.23 kcal/mol in the presence of



Table 2
Thermodynamic data for 1-oleoyl-LPA/gelsolin P2 interactions in 150 mM
NaCl, HEPES buffer, pH 7.4, at 25 °C and 37 °C

Temperature (K) ΔH° (kcal/mol) Kd (μM)

298 −0.23 24
310 −0.59 14

The values reported are averages from 2 to 3 trials and were within ±20%.

Table 3
Thermodynamic data for the interaction of 1-oleoyl-LPA/1-palmitoyl-LPC
mixed micelles with gelsolin P2 in 100 mM NaCl at 25 °C

LPA/LPC (mol/mol) Kd (μM) ΔH° (kcal/mol) TΔS° (kcal/mol)

1:1 40 −0.64 5.4
1.6:1 27 −0.87 5.4

Errors from 2 to 3 trials were within a standard deviation of ±5%.
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150 mM NaCl. The Kd decreased with lower salt concentration,
from 24 μM in the presence of 150 mM NaCl to 0.92 μM in the
absence of salt.

The structural specificity with respect to the acyl chain of
LPA and P2 was examined by titrating P2 with 1-myristoyl-
LPA. An exothermic heat of binding was detected but did not
reach saturation, indicating non-specific interactions (data not
shown). Ionic interactions appear to be important since no
discernible binding (i.e., no heat change detected; data not
shown) was observed when the buffer contained 150 mM
NaCl.

The binding of LPA to P2 was also studied at 37 °C and
150 mM NaCl. The interaction was more exothermic at the
higher temperature, and Kd decreased (Table 2). The difference
in ΔH° observed at the two temperatures allowed an
approximate estimation to be made of the change in heat
capacity (ΔCp) according to the Kirchoff equation [15–17]. The
value for ΔCp was negative (−29.5 cal/K), which suggests
hydrophobic dehydration on binding [15,18].

3.2. Lysophosphatidylcholine does not bind to P2

When P2 was titrated with 1-palmitoyl-LPC no binding was
detected in buffer containing 100 mM NaCl (Fig. 2, top panel,
Fig. 2. Binding isotherms of 1-oleoyl-LPA/1-palmitoyl-LPC mixtures with P2 at 25 °
mol injectant. Curve a, LPC injected into a solution of P2; curve b, LPA/LPC mixtu
1.6/1; right panel, 1/1 (mol/mol)) injected into P2. Titrations were performed in buffer
5 mM; the P2 concentration was 100 μM.
curve a). When the LPA/LPC ratio was increased from 1:1 to
1.6:1 (mol/mol), ΔS° was unchanged and ΔH° became slightly
more negative (Fig. 2, curve c, and Table 3), and the binding
affinity increased slightly (Kd decreased from 40 μM to 27 μM).
To confirm that the heat signal detected was a result of binding
of LPA to P2 and not to demicellization of the LPA/LPC
aggregate, the same solution of LPA/LPC was injected into the
buffer, and an insignificant heat change was observed (Fig. 2,
top panel, curve b).

3.3. LPS–P2 interactions

Fig. 3 shows the data from the calorimetric titration in which
aliquots of P2 were injected into the sample cell filled with 2.7
μM LPS in 10 mM NaH2PO4 buffer, pH 7.4, devoid of sodium
chloride, at 25 °C. Analysis of the binding isotherm shows that
P2 binds with a higher affinity to LPS (Kd=177 nM) than to
1-oleoyl-LPA (Kd=0.92 μM) under the same experimental
conditions, and that the binding is considerably more
exothermic (ΔH°=−7.6 kcal/mol). These results are consistent
with recent work showing strong interactions between LPS
and a rhodamine-labeled 10-residue peptide (gelsolin residues
160–169) derived from P2 [9]. The binding was considered to
be highly specific because no interactions were detected when
C. Top panels represent raw ITC data; bottom panels represent integrated heats/
re injected into a solution of pure buffer; curve c, LPA/LPC mixture (left panel,
containing 100 mMNaCl. The concentration of 1-oleoyl-LPA in the syringe was



1 A rigorous application of the Kirchoff relationship requires additional
experiments at other temperatures.

Fig. 3. Titration isotherm of binding of LPS with P2 in NaH2PO4 buffer, pH 7.4,
at 25 °C. The spurious data point at the third injection is apparently a result of an
air bubble.
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P2 was replaced with a peptide in which the sequence of amino
acids was scrambled.

4. Discussion

4.1. LPA–P2 interactions

It has been shown previously that LPA binds to full-length,
plasma gelsolin [10,19], and very recently the binding of
gelsolin to LPS from Salmonella minnesota was also demon-
strated [9]. The goal of the studies described here was to
compare the interactions of LPA and LPS with one of the two
known peptides that comprise part of gelsolin's binding site for
polyphosphoinositides.

The equilibrium binding of 1-oleoyl-LPAwith P2 is sensitive
to the presence of NaCl (Table 1), indicative of the role of ionic
interactions. The peptide bears 5 positive charges and LPA bears
∼1.5 negative charges at the experimental pH; therefore, the
finding of an electrostatic component of the binding is not
surprising. The addition of salt to the buffer shields the charged
groups on P2 and LPA, decreasing affinity. Although Kd and
ΔH° both became more favorable as the salt concentration was
decreased, binding was not abolished even in 150 mM NaCl,
and Kd remained in the low micromolar range. Additional
evidence for the existence of specificity for LPA-P2 binding is
provided by the facts that we did not detect binding of LPA to
the second PIP2-binding domain, P1, by calorimetric titration
(data not shown), and that PIP2 binds with high affinity to
an engineered P2 analog bearing a net negative charge
[11]. Moreover, replacing 1-oleoyl-LPA with 1-myristoyl-LPA
resulted in an exothermic but unsaturable isotherm, which also
suggests that charge attraction is insufficient to fully account for
the high affinity binding observed in Fig. 1.

Intestinal fatty acid binding protein interacts with lipids via
electrostatics to create a “collisional complex,” after which
hydrophobic forces appear to drive the high affinity binding
[20]. A similar phenomenon may occur with P2, with the ionic
forces between P2 and LPA bringing the species into close
proximity prior to hydrophobic binding.

4.2. LPA/LPC interaction with P2

LPC, which is structurally similar to LPA, also appears to
interact with various GPCRs [21]. LPC and LPA differ in their
headgroup structure, which is apparently sufficient to prevent
LPC from binding to P2. The absence of a net negative charge in
LPC may prevent the formation of the collisional complex that
appears to be required for binding with P2. LPA retains its
ability to bind with high affinity to P2 in mixed micelles with
LPC, suggesting that the affinity of LPA for P2 is greater than
that between LPA and LPC in the mixed micelles.

4.3. LPS–P2 interaction

The negative heat capacity obtained from these studies1

suggests that hydrophobic dehydration of the charges occurs on
binding of LPA to P2 [15,16]. This has been observed for the
binding of LPS with the polycationic drug polymyxin B [15].
That P2 interacts with LPS is not surprising since the
polycationic character of P2 is one of the structural require-
ments found to be important for LPS-binding properties, the
others being cationic protonatable groups residing approxi-
mately 15 Å apart and a hydrophobic moiety [22]. The high
affinity of P2 for LPS (indicated by Kd in the nanomolar range;
see Fig. 3) and the high degree of specificity of the peptide for
LPS found by Bucki et al. [9] suggest a role for gelsolin in the
transport of the toxin through the bloodstream. Gelsolin levels
decrease during trauma, and low levels of the protein coincide
with greater susceptibility to shock [23]. Thus, LPS appears to
be an additional lipid, in addition to polyphosphoinositides and
LPA, that interacts with and affects the levels of free gelsolin in
plasma.

4.4. Conclusions

ITC was employed to study the interactions of the PIP2-
binding domain of gelsolin with LPA and LPS. The equilibrium
constant for binding of P2 to 1-oleoyl-LPA was in the
micromolar range, and ΔH° and ΔS° were both thermodynam-
ically favorable and salt- and temperature-dependent; the
affinity remained high whether or not NaCl was present at
both temperatures used in this study. Gelsolin P2 did not bind to
LPC, and LPC did not interfere with LPA binding with P2. The
binding of P2 to LPS from P. aeruginosa was tighter than to
1-oleoyl-LPA and 1-myristoyl-LPA.
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