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ABSTRACT: Phosphatidylinositol 4,5-bisphosphate (P1(4,5)P,) is involved in the regulation of the actin
cytoskeleton through interactions with a number of actin-binding proteins. We present here NMR titration
experiments that monitor the interaction between the cytoskeletal protein profilin and inositol 1,4,5-
triphosphate (IP3), the headgroup of PI(4,5)P,. These experiments probe the interaction directly, at
equilibrium, and with profilin in its native state. We show the binding between profilin and IP; can readily
be observed at high concentrations, even though profilin does not bind to IP; under physiological conditions.
Moreover, the titration data using wild-type profilin and an R88L mutant support the existence of at least
three headgroup binding sites on profilin, consistent with previous experimentation with intact PI(4,5)P,.
This work suggests that various soluble inositol ligands can serve as effective probes to facilitate in vitro
studies of PI-binding proteins that require membrane surfaces for high-affinity binding.

Phosphoinositide (PT)" lipids are key players in numerous
processes in eukaryotic cells (/). Phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P,) is the most abundant of the doubly
phosphorylated PIs and has an effective cellular concentration
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of approximately 10 #M in typical mammalian cells (2, 3).
This lipid is involved in a variety of cellular functions
including membrane trafficking, activation of ion channels,
GTPase signaling, and cellular growth and motility (/, 4—9).
PI(4,5)P, interacts with a variety of structurally distinct
binding domains including the PH, FERM, and ENTH
domains. In addition, this lipid binds to a group of proteins
that lack a specific binding domain but contain surface
patches of basic residues (2, 5, 10—17). This lipid directly
modulates the functions of numerous proteins, including
profilin, WASP, and AP-2 (/).

Profilin I is a cytoskeletal protein that is found widely
throughout eukaryotes and is essential in all organisms in which
it has been studied (/8). This small (15 kDa) globular protein
binds three types of ligands: actin, PIP,/PIP;, and proteins that
contain poly(L-proline) (PLP) stretches, including members of
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the Ena/VASP, formin, and WASP/WAVE families (19, 20).
Profilin functions in both the Arp2/3 and formin-dependent actin
nucleation pathways and is thought to be required for proper
cell migration and division (/9, 2/—23). Its actin-binding
activity is associated with its ability to serve as a tumor
suppressor in breast cancer lines (24—28). In addition, the PLP-
binding activity of profilin appears to be important in cytosk-
eletal remodeling, vesicle trafficking, and nuclear profilin
function (/9). The actin- and PLP-binding regions of profilin
are distinct from one another (29, 30). In contrast, PI(4,5)P,
binding opposes binding of both actin and PLP, thereby
providing a means for regulation of profilin by signal trans-
duction pathways (18, 31—34).

Multiple regions of profilin have been implicated for
PI(4,5)P, binding. Sohn et al. initially demonstrated the
importance of Arg 88 by showing that mutation of this
residue decreased profilin’s ability to inhibit cleavage of
PI(4,5)P, by phospholipase C (PLC) (35). Shortly thereafter,
the N- and C-terminal helices were implicated as a binding
site. when Chaudhary et al. detected a covalent cross-link
between Ala 1 of profilin and a PI photoaffinity tag (36).
Molecular modeling suggested that Arg 135 and Arg 136,
on the C-terminal helix, were the most probable residues
for interaction with the PI headgroup (36). Later mutational
studies using more direct binding methods supported a role
for these two regions in PI(4,5)P, binding (33, 34). More
recently, Lys 69 and Lys 90 have also been implicated by
mutational analysis (34). However, single mutations generally
have a modest impact on PI(4,5)P, binding, and these effects
are highly dependent on the residue used for the particular
point mutation (33). Moreover, the effects of these mutations
have often been investigated indirectly, and none of the
previous measurements has been made under equilibrium
conditions (26, 33—36).

Although three-dimensional structures have been reported
for the profilin-actin and profilin*PLP complexes, no
structures have been reported for the profilinPI(4,5)P,
complex (29, 37). To our knowledge, only one crystal
structure, solved recently, is available for any protein bound
to an intact PI ligand (38). Moreover, the complex between
PI(4,5)P, micelles and profilin, with an estimated molecular
mass of approximately 270 kDa, is too large for high-
resolution NMR analysis (39). In general, protein PI-binding
sites have been structurally characterized by the use of
soluble phosphoinositides such as inositol 1,4,5-triphosphate
(IP3), the headgroup of PI(4,5)P, (40, 41). However, no
detectable binding has been observed between profilin and
IP5 (20, 36, 42, 43).

Nonetheless, several lines of evidence suggest that
profilin interacts largely if not exclusively with the charged
headgroup moiety of PI(4,5)P,. Profilin is a soluble protein
that associates with membranes in a peripheral manner,
and its binding to PI(4,5)P, micelles results in no gross
disruption of the micelle structure (42, 44). In addition,
profilin can be dissociated from PI(4,5)P,-containing
membranes or vesicles through the use of a high salt
buffer, suggesting that Coulombic interactions are the
major driving force for the binding event (45). Finally,
we have shown that covalent PI(4,5)P, micelle mimics
completely lacking the diacylglycerol (DAG) chain can
bind profilin with high affinity (S. M. Richer, N. K.
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Stewart, S. A. Webb, J. W. Tomaszewski, and M. G.
Oakley, submitted for publication).

In spite of these considerations, profilin discriminates
between PI(4,5)P, and IP; under physiological conditions,
and this discrimination appears to be important for its
biological function (46). One explanation for this phenom-
enon is that profilin is able to recognize higher local
concentrations of PI(4,5)P, for interaction in a multivalent
fashion. Supporting this view, profilin binds PI(4,5)P, with
a measured stoichiometry of one molecule of profilin
interacting with approximately five molecules of PI(4,5)P,
(39, 42). Moreover, there appear to be regions within the
plasma membrane that contain a higher local concentration
of PI(4,5)P, (47). Finally, profilin binds to PI(4,5)P, at
submicellar concentrations with a drastically reduced affinity
compared to PI(4,5)P, micelles (48).

If profilin recognizes a multivalent display of PI(4,5)P,
molecules through interaction primarily with the polar PI
headgroup, then it should bind to IP;, albeit with significantly
reduced affinity. Moreover, the interaction of IP; will closely
mimic that of PI(4,5)P,, providing valuable information about
the profilin+PI(4,5)P, complex. The investigation described
herein utilizes NMR analysis to provide direct information
concerning the binding of PI(4,5)P, to profilin under equi-
librium conditions. We demonstrate that profilin does indeed
bind IP;, and we measure the affinity of this interaction.
These results provide valuable information about the profilin®
PI(4,5)P, interaction. Moreover, this work suggests that 1P;
is a useful tool not only for proteins that bind with high
affinity to soluble PIs, but also for the study of peripheral
membrane proteins that can discriminate in vivo between
intact PIs and their hydrolysis products.

MATERIALS AND METHODS

Protein Expression and Purification. The plasmid encoding
human profilin I (pMW172) was a kind gift from S. C. Almo.
The Arg 88 to Leu mutation (R88L) was introduced using
QuikChange site-directed mutagenesis (Stratagene). The
DNA primers used for this point mutation were 5-GAATT-
TAGCATGGATCTTCTGACCAAGAGCACCGGT-3" and
5’-ACCGGTGCTCTTGGTCAGAAGATCCATGC-
TAAATTC-3’ (R — L mutation underlined). DNA sequenc-
ing was used to verify this mutation. Proteins were expressed
using the T7 system in Escherichia coli BL21(DE3) cells
(Novagen) (49). Unlabeled proteins were expressed in
Luria—Bertani (LB) medium with 10 ug/mL ampicillin.
Uniformly !°N-labeled proteins were expressed in M9
minimal medium enriched with '"'NH,CI (Sigma-Aldrich) and
supplemented with 10 ug/mL ampicillin. Purification and
expression were achieved as described previously without
the use of anion-exchange chromatography (50, 51). Ad-
ditionally, we found that substitution of S-mercaptoethanol
(BME) for dithiothreitol minimized protein precipitation and
methionine oxidation. Therefore, ] mM SME was used in
all buffers. The proteins were concentrated using 3000 Da
cutoff Amicon centrifugal filter devices (Millipore) and
dialyzed into buffer A (20 mM Bis-Tris, 40 mM KCl, 20
mM SME, 10% D,0, pH 6.4) for NMR experiments.
Concentrations were determined utilizing Trp absorbance at
280 nm in 5—6 M guanidine hydrochloride (52). The masses
of the purified proteins were confirmed by MALDI-TOF.
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NMR Measurements and Resonance Assignments. All
NMR spectra were collected at 20 °C on a Varian INOVA
500 MHz NMR spectrometer except for the three-dimen-
sional TOCSY-HSQC and NOESY-HSQC experiments,
which were performed at 20 °C on a Varian DirectDrive
600 MHz NMR spectrometer utilizing an HCN cold probe.
Spectra were referenced to an external 2,2-dimethyl-2-
silapentane-5-sulfonate (0 ppm) standard. The data were
processed using VNMR (Varian) and viewed using Sparky
version 3.111 (T. D. Goddard and D. G. Kneller, Sparky 3,
University of California, San Francisco, CA) or processed
and viewed using Felix98 (Molecular Simulations Inc., San
Diego, CA). 'H="°N amide HSQC protein resonance as-
signments for human profilin I have been reported previously
(53). Assignments for the R88L mutant were made primarily
by comparison to the reported wild-type profilin HSQC
assignments (53). All assignments were confirmed using
three-dimensional TOCSY-HSQC and NOESY-HSQC ex-
periments utilizing mixing times of 70 and 100 ms,
respectively.

To investigate structural similarities between the mutant
and wild-type proteins, the "H—""N HSQC spectra of profilin
and the R88L mutant were directly compared in the absence
of IP;. Peaks of the R88L mutant were considered to have
no significant difference from those seen with the wild-type
profilin if the >N resonances were within the error limits of
0.5 and 0.05 ppm for NH resonances according to the method
described by Czerwinski et al. (54). Assignments were
confirmed utilizing three-dimensional TOCSY-HSQC and
NOESY-HSQC, as described above.

Observation of Binding between Profilin and IP; or
Phosphate. To monitor binding between IP; and wild-type
profilin, IP; was added stepwise in 6 L increments to '*N-
labeled profilin at an initial concentration of 440 4M so that
final stoichiometric ratios of IP; to profilin were 0, 0.82, 4.08,
8.17, 15, 20, 25, 30, 38, and 45. At each titration point the
HSQC spectrum was recorded. The chemical shifts for
individual profilin residues that change upon IP; binding were
fit with Kaleidagraph (Synergy Software) to yield an apparent
dissociation constant (Ky) using a 1:1 binding stoichiometry
for species in fast exchange as described by Ye et al. (55).
Only resonances with measurable shifts and goodness of fit
parameters (R value) = 0.995 were included.

To monitor binding between IP; and R88L profilin, a
similar set of titration experiments was performed using an
initial concentration of 421 uM '“N-labeled R88L profilin
and adding IP; in 6 uL increments. The final stoichiometric
ratios of IP; to profilin were 0, 0.82, 4.08, 8.17, 15, 20, 25,
30, 38, and 45. The chemical shifts for the binding of IP; to
the R88L profilin mutant were fit as above.

Titration of wild-type profilin with phosphate was per-
formed with an initial profilin concentration of 349 uM and
the addition of phosphate in 10 uL increments so that final
stoichiometric ratios of phosphate to profilin were 0, 0.6,
1.2, 3.0, 6.0, 15, 24, 33, 45, 54, and 100.

In all titration series, the pH was carefully controlled and
held within the range of 6.5 & 0.1. To determine spectral
changes at slightly elevated pH from the initial 6.4, a profilin
HSQC spectrum was obtained at pH 6.8. Only two peak
shifts were seen in this spectrum when compared to profilin
at pH 6.4 (data not shown). These shifts were in the opposite
directions in both >N and 'H dimensions compared to those
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seen upon binding to IP;. Thus, all peak shifts could be
attributed to binding events.

RESULTS

Titration of Profilin I with IP;. HSQC spectra of N-
labeled profilin were recorded in the absence and presence
of increasing concentrations of IP;. The IP; titrations resulted
in concentration-dependent shifts of 30 resonances corre-
sponding to backbone amides located primarily on one face
of profilin (Figures 1 and 2, Table 1). The number of
resonances that shift upon IP; binding is greater than is the
case for PLP binding, suggesting a broader binding interface
(37). Weighted chemical shift changes of profilin’s amide
backbone can be seen in Figure 1B. The residues that
are affected by IP; are concentrated around site R88 and to
a lesser extent R135/R136 and K69/K90 (Figure 2), consis-
tent with previous mutational studies for profilin binding to
PI1(4,5)P, (26, 33—36). The IP; binding surface also overlaps
with both the PLP- and actin-binding sites, consistent with
the observation that PI(4,5)P, binding opposes binding of
both of these ligands (29, 37). Thus, as expected, the binding
of IP; to profilin closely mimics that of PI1(4,5)P.

To determine a dissociation constant for the interaction
between profilin and IPs, the data for each shifting resonance
were fit assuming a 1:1 binding model (Figure 1C, Table 1).
The large number of residues affected by IP; binding strongly
suggests binding by more than 1 equiv of this ligand. However,
we could not distinguish isolated binding subsites for individual
IP; molecules on the surface of profilin; indeed, we cannot rule
out the possibility that changes in chemical shift for some amide
resonances are affected by binding at more than one subsite.
We therefore determined an average Ky for all sites of 19 + 13
mM. As expected, this is significantly higher than the reported
range of apparent K, values (0.13—35 uM) for profilin’s binding
to PI(4,5)P, (20, 33, 35, 45).

The importance of Coulombic interactions in profilin’s
affinity for IP; was also investigated by an HSQC titration
series with phosphate. Although concentration-dependent
shifts were observed for several amide resonances at high
phosphate concentrations, the affinity of profilin for IP; is
clearly significantly higher than for phosphate, even when
compared on a per phosphate basis (Figure 3). Indeed, the
Ky value for the profilin*phosphate interaction is too high
for reliable determination by NMR. Thus, the binding seen
with IP; is specific and not merely a function of the
nonspecific Coulombic interactions between the basic binding
surface of profilin and a highly negatively charged ligand.

Titration of R8SL Profilin with IP;. In hopes of distin-
guishing the PI(4,5)P, binding subsites on profilin, we
monitored the binding of IP; to a profilin mutant with
approximately a 3-fold decrease in affinity for PI(4,5)P, (35).
In the absence of P, the 'H—""N HSQC spectra for the wild-
type protein and for the R88L mutant are nearly superim-
posable, demonstrating that the three-dimensional structure
of the protein is not significantly affected by the mutation.
Indeed, 94% of "N resonances and 90% of 'Hy resonances
in the 'H—""N HSQC for R88L profilin are unaltered
compared to the spectrum for wild-type profilin (data not
shown) (54). As would be expected, the peaks that are shifted
relative to the wild-type spectrum correspond to residues that
are largely confined to the region of the mutation. In addition,
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FIGURE 1: NMR detection of IP; binding to profilin. (A) A region
of the "TH—"N HSQC spectra illustrating examples of changes in
cross-peak chemical shifts as a result of profilin’s interaction with
IP;. The overlaid spectra show profilin in the presence of 1P; (IP5/
profilin = 45, black) and the absence of this ligand (gray). The
profilin concentration was initially ~440 uM and decreased by
approximately 10% throughout the titration. (B) Plot of weighted
chemical shift (Adyeignea = 1AOml + 0.21A01s\l) against the
corresponding residue number. Weighted shifts were used to
normalize shifts in both the 'H and >N dimensions. As observed
previously, solvent exchange or the absence of an amide proton
resulted in the lack of chemical shift information for 13 residues
(53). (C) Examples of binding curves used in dissociation constant
determination. The amide nitrogen chemical shifts of Thr 64 (@),
Asp 80 (H), Gly 120 (#), and Ile 123 (A) are plotted versus the
IP; concentration. The curve fits allowed for a calculation of an
average Ky of 19 mM.

the circular dichroism spectra of wild-type profilin and the
R88L mutant are nearly identical (data not shown), also
suggesting an unchanged global conformation.

In contrast, the '"H—'"N HSQC spectra in the presence of
IP; are significantly altered for the R8SL protein relative to
wild-type profilin. The number of peaks that exhibit con-
centration-dependent changes in chemical shift with increas-
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ing IP; concentration are substantially reduced, from 30 to
8, strongly supporting the importance of R88 in PI(4,5)P,
and IP; binding. As expected, none of the residues in the
vicinity of the R88L mutation site exhibited chemical shift
changes. In addition, resonances corresponding to the N-
terminal side of helix D, which is proximal to R88, are no
longer affected by the presence of IP;, suggesting a role for
this helix in IP; and PI1(4,5)P, binding (Figure 4, Table 2)
(56). Finally, peaks corresponding to the C-terminal side of
[-strand D and the turn that connects strands D and E, which
are more distal to the mutation site, also fail to shift in the
R88L mutant in the presence of IP; (Figure 4, Table 2) (56).
The source of this change is not obvious.

The resonances corresponding to residues in the vicinity
of the proposed K69/K90 and R135/R136 sites do show
concentration-dependent shifts in the presence of IP; for the
R88L mutant (34, 36). These data clearly demonstrate that
IP; binding can occur at these sites even in the absence of
R88. The apparent affinity of residues near site K69/K90
for IP; is unchanged in the mutant protein, with a K4 of 18
+ 4.4 mM. A small decrease in affinity is observed for the
residues near site R135/R136, for which the measured
average Ky is 44 £ 19 mM. This change may reflect an
energetic coupling, possibly through helix D, between R135/
R136 and the mutation site.

DISCUSSION

Using NMR titrations, we have established for the first
time that profilin interacts specifically with IP3, the headgroup
of its target lipid PI(4,5)P,. The chemical shifts of 30 residues
are perturbed in a concentration-dependent manner by IP;
binding, and the average apparent K, of profilin for IP;, as
measured for these shifting peaks, is 19 £ 13 mM. As
expected, this affinity is significantly lower than the values
reported for the complex between profilin and PI(4,5)P,
micelles or vesicles, with measured apparent Ky values
ranging from 0.13 to 35 uM (20, 33, 35, 45). A similar
difference in binding affinity has been demonstrated for
mono- and multivalent carbohydrate probes toward proteins
with multiple binding sites, suggesting the self-associated
PI(4,5)P, molecules in membranes or micelles behave as a
multivalent ligand for profilin (57—59). Indeed, the affinity
of profilin for PI(4,5)P, at submicellar concentrations is
substantially lower (Kyg ~1 mM) than that seen with micelles
or vesicles (48). The affinity of profilin for IP; is roughly
20-fold lower than that observed with submicellar concentra-
tion of PI(4,5)P,. This observation may suggest that the intact
lipid molecules self-associate on the surface of profilin
through their hydrophobic tails, providing additional stabil-
ity to the multivalent complex. Consistent with this interpre-
tation, profilin clusters PI(4,5)P, in model membrane sys-
tems (48).

Although profilin binds IP; with reduced affinity relative
to PI(4,5)P,, the sites of interaction are consistent with the
biochemical data for profilin’s interaction with PI(4,5P), (26,
33—36). Indeed, perturbed amide resonances were observed
for residues at and adjacent to each of these three sites
(Figure 2, Table 1). This observation suggests that IP; is an
appropriate model for probing the binding interactions of
PI(4,5)P,, even for proteins that do not bind IP; under
physiological conditions (20, 36, 42, 43).
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FIGURE 2: Structural mapping of profilin residues affected by IP; binding. Highlighted in red are the residues for which a chemical shift
change was observed upon IP; binding. Shown in ball and stick representation are residues K69/K90, R88, and R135/R136. Structures in
panels A and C show the positions of shifting residues on the face of wild-type profilin that includes the previously identified PI1(4,5)P,
binding sites. Structures in panels B and D show the opposite face of this protein. As expected, binding is seen primarily on one face of
the protein. Residues affected by IP; on the opposite face of the protein are located primarily in loop regions or on the edges of the protein.

Table 1: Calculated Ky and Ad,,, Values for Each Shifting Residue in
Wild-Type Profilin and the Error Associated with Each Value

residue Ky (mM) Ky error (mM) A max (ppm)
N4 BN 13.8 3.2 0.180
Y6 PN 35.8 28.0 —-0.370
S56 PN 16.8 5.5 0.224
S57 BN 37.5 16.0 —0.657
G62 PN 18.8 3.7 0.190
T64 SN 9.9 2.7 0.158
Q68 PN 7.8 3.6 —0.029
K69 PN 20.8 8.3 —0.280
C70 PN 14.1 4.5 —0.250
S71 BN 21.7 7.7 0.214
D75 PN 10.5 2.9 0.710
S76 'H 51.7 66.2 —0.192
D80 N 15.1 74 0.220
ES82 PN 32.1 16.1 0.193
R88 N 16.9 1.8 0.194
T89 BN 57.5 29.4 0.348
S91 BN 26.0 6.9 —0.620
S91 'H 21.8 10.7 —0.151
G94 PN 15.4 4.6 0.260
G117 BN 14.1 5.7 —0.130
H119 PN 6.8 1.2 0.600
H119 'H 10.0 34 —0.041
G120 N 4.6 1.1 0.260
G120 'H 11.9 3.0 —0.271
L122 PN 7.9 1.7 0.264
1123 BN 17.1 6.6 —=0.210
N124 'H 16.7 7.1 —0.096
K126 PN 9.0 2.3 —0.168
H133 BN 1.5 0.8 0.088
L134 BN 14.7 5.0 0.127
R135 BN 17.7 8.0 0.097
S137 BN 22.4 10.3 —0.101
Q138 PN 28.6 16.7 —0.388

Perturbed amide resonances corresponding to residues that
cover an entire face of profilin were observed in response to
IP; binding. Thus, it is highly unlikely that these widespread
shifts are caused by a single IP; molecule. However, on the
basis of the wild-type titration alone, we could not rule out

0.25

0.2

0.15

0.1

Ady (ppm)

0.05

0 0.005 0.01 0.015

Phosphate (M)

FIGURE 3: Comparison of IP; and phosphate binding to profilin.
The binding curves illustrate the changes in profilin His 119 amide
nitrogen chemical shifts upon binding to either IP; (@) or phosphate
(M). The shifts are plotted on a per phosphate basis to allow for
direct comparison.

the possibility that a fraction of the chemical shift perturba-
tions is due not to a direct interaction but to a change in
protein conformation upon IP; binding. Indeed, a modest
helical increase has been observed previously upon profilin
binding to PI(4,5)P, (20). To address this issue, we used an
R88L profilin mutant, as this residue has been shown to be
important for PI(4,5)P, binding in several independent
studies (26, 33, 35). In this mutant, IP; binding is no longer
observed at or near residue 88, suggesting that this subsite
is rendered nonfunctional by this mutation. Instead, two
widely separated regions (approximately 30 A apart) experi-
ence chemical shift perturbations in the presence of IPs: a
region around R135/R136 and a second around K69/K90.
These data provide strong evidence for a multivalent complex
between profilin and PI(4,5)P, or IP; and suggest binding
by at least three separate molecules. This stoichiometry
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FIGURE 4: Comparison of IP; binding surfaces for wild-type and R88L profilin. Highlighted in red are the residues for which a chemical
shift change was observed upon IP; binding. Shown in ball and stick representation are residues K69/K90, R88, and R135/R136. The
structure in panel A shows shifts from the wild-type profilin experiment whereas that in panel B shows shifting residues that were derived
from the R88L titration series. The structure in panel C shows residues from helix D (blue), -strand D (orange), and f-strand E (green).
The mutation of site R88 eliminates many of the residues that were affected by IP; binding, but binding is still evident around R135/R136

and to a lesser extent near K69/K90.

Table 2: Calculated K4 and Ad., Values for Each Shifting Residue of
the R88L Mutant and the Error Associated with Each Value

residue Ky (mM) K4 error (mM) A ax (ppm)
Y6 PN 343 14.5 —0.39
S57 PN 14.3 54 —0.20
G62 'H 23.0 13.2 0.04
S71 'H 17.5 11.1 0.03
L134 'H 30.8 13.1 0.05
R135 'H 63.8 33.2 0.12
R136 'H 27.1 23.9 0.03
Y139 'H 65.3 115.4 0.09

agrees reasonably well with previous estimates for the
profilin:PI(4,5)P, ratio of 1:5, as determined in lipid vesicles,
and may suggest that such experiments overestimate the
stoichiometric ratio (39, 42).

The data obtained with the R88L mutant also provide
support for the role of K69/K90 in PI(4,5)P, binding.
Previous mutation of these residues to glutamate results in
only a 25—35% change in affinity (34). Nonetheless, the
affinity of this subsite for IP; in the R88L mutant is
indistinguishable from that in wild-type profilin, suggesting
that the two subsites, although closely spaced, act indepen-
dently. Similarly, modest changes in PI(4,5)P, affinity have
been observed for the mutations R88A, R135D, and R135/
R136A, though an RI36D mutation leads to a more
significant decrease in binding affinity (33). This situation
is reminiscent of PI(4,5)P, binding by FERM domain
proteins. These proteins contain three separate clusters of
basic residues, approximately 20—40 A apart. Mutation of
a single cluster of basic residues has only a modest effect
on the binding of ezrin to PI(4,5)P,, whereas mutation of
two or more clusters completely abrogates lipid binding (60).
Importantly, only one of these sites is implicated in the
cocrystal structure of the FERM protein radixin with IP;,
suggesting that crystallographic studies may fail to detect
all biochemically important binding sites (6/). In contrast,
the use of IP; in our NMR titration appears to detect all three
subsites in profilin.

In summary, we have established that IP; is an effective
probe for studying the interaction between profilin and
PI(4,5)P,, in spite of the fact that profilin distinguishes
between IP; and PI(4,5)P, under physiological conditions

(46). Our data also clearly demonstrate that the PI(4,5)P,
binding sites on the surface of profilin overlap with the
binding sites of both actin and PLP, providing a structural
basis for understanding the means by which profilin may be
regulated by PIs (29, 37). Moreover, because multivalent
interactions between cytoskeletal proteins and PIs are quite
common, this method can easily be extended to study the
regulation of other multivalent PI(4,5)P, binding proteins
including FERM proteins, cofilin, gelsolin, vinculin, WASP-
Scar, and a-actinin (60, 62—69).

At least ten structurally distinct PI-binding domains have been
identified, and numerous other PI proteins have been identified
that contain no canonical PI domain, complicating the study of
protein Pl interactions (//—14, 31, 39, 40, 64, 65, 70, 71). In
addition, PI(4,5)P, is only one of seven PIs with known
physiological roles (/). It is likely that the appropriate soluble
PI headgroup ligands can also be used to study the structural
basis of PI regulation by lipids including PIP;, PI(3,4)P,,
PI(3,5)P,, and the three known PIP species. The small size of
these soluble PI ligands makes them applicable not just for
NMR studies but for a variety of assays from which the entire
lipid structure would be excluded due to its particle size or the
unpredictable aggregation properties.
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