Forum on Immunopathological Diseases and Therapeutics, 2(1), 47-58 (2011)

Locostatin Disrupts Association of Raf Kinase
Inhibitor Protein With Binding Proteins by
Modifying a Conserved Histidine Residue in
the Ligand-Binding Pocket

Anwar B. Beshir,* Christian E. Argueta,’ Lochana C. Menikarachchi, José A. Gascén,
& Gabriel Fenteany*

Department of Chemistry, University of Connecticut, Storrs, Connecticut

*Address all correspondence to: Gabriel Fenteany, Department of Chemistry, University of Connecticut, Storrs, CT 06269-
3060; Tel.: 860-486-6645; Fax: 860-486-2981; gabriel.fenteany@uconn.edu

These authors contributed equally.

ABSTRACT: Raf kinase inhibitor protein (RKIP) interacts with a number of different proteins and regulates
multiple signaling pathways. Here, we show that locostatin, a small molecule that covalently binds RKIP, not
only disrupts interactions of RKIP with Raf-1 kinase, but also with G protein-coupled receptor kinase 2. In con-
trast, we found that locostatin does not disrupt binding of RKIP to two other proteins: inhibitor of kB kinase o
and transforming growth factor B-activated kinase 1. These results thus imply that different proteins interact
with different regions of RKIP. Locostatin’s mechanism of action involves modification of a nucleophilic resi-
due on RKIP. We observed that after binding RKIP, part of locostatin is slowly hydrolyzed, leaving a smaller
RKIP-butyrate adduct. We identified the residue alkylated by locostatin as His86, a highly conserved residue in
RKIP’s ligand-binding pocket. Computational modeling of the binding of locostatin to RKIP suggested that the
recognition interaction between small molecule and protein ensures that locostatin’s electrophilic site is poised
to react with His86. Furthermore, binding of locostatin would sterically hinder binding of other ligands in the
pocket. These data provide a basis for understanding how locostatin disrupts particular interactions of RKIP
with RKIP-binding proteins and demonstrate its utility as a probe of specific RKIP interactions and functions.
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ABBREVIATIONS

DMSO: dimethyl sulfoxide; DTT: dithiothreitol; EDTA: ethylenediaminetetraacetic acid; ESI: electrospray
ionization; GRK2: G protein-coupled receptor kinase 2; HA: hemagglutinin; HPLC: high-performance liquid
chromatography; IKKa: inhibitor of kB kinase o; LC: liquid chromatography; MM: molecular mechanics; MS:
mass spectrometry; PAGE: polyacrylamide gel electrophoresis; PB: Poisson-Boltzmann; PDB: Protein Data
Bank; PEBP: phosphatidylethanolamine-binding protein; pTyr: O-phosphotyrosine; PVDF: polyvinylidene
fluoride; RKIP: Raf kinase inhibitor protein; QM: quantum mechanics; SDS: sodium dodecyl sulfate; TAK1:
transforming growth factor B-activated kinase 1.

I. INTRODUCTION

Locostatin is an inhibitor of cell migration!
and cell-substratum adhesion? that covalently
binds Raf kinase inhibitor protein (RKIP).?
Locostatin disrupts the interaction of RKIP
with Raf-1 kinase.? RKIP has a number of
functions, including modulation of the activity
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of Raf-1 kinase,*® G protein-coupled receptor
kinase 2 (GRK2), and proteins involved in
nuclear factor kB activation, including inhibi-
tor of kB kinase oo IKKa)”® and transforming
growth factor B-activated kinase 1 (TAK1)."8
In addition, RKIP binds a number of endog-
enous small-molecule ligands, most notably
phosphatidylethanolamine, and therefore is
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also known as phosphatidylethanolamine-
binding protein (PEBP).%1° There is evidence
that RKIP/PEBP can bind morphine,!!12
morphine glucuronides,'®!* nucleotides,'® and
a pyrazolopyrimidine phosphodiesterase-5
inhibitor.'® RKIP has also been identified as a
potential odorant-binding protein.'” However,
the effects of these various small molecules on
the function of RKIP are unclear and, at least
in the case of phosphatidylethanoloamine and
morphine glucuronides, these interactions are
of low affinity and appear nonspecific.

The question of how RKIP binds its protein
ligands is still poorly defined. RKIP binds with
micromolar K, values to phosphopeptides cor-
responding to a part of the N-region of Raf-1
that contains the sequence 338-Ser-Ser-Tyr-
Tyr-341, while the nonphosphorylated peptide
binds with lower affinity; phosphorylation
of Ser338, Ser339, and Tyr341 appear to
modulate binding affinity.'® Recently, Brady
and coworkers have found that O-phosphoty-
rosine (pTyr) binds snugly in RKIP’s highly
conserved ligand-binding pocket in an X-ray
cocrystal structure [Protein Data Bank (PDB)
code 2QYQ; R. Leo Brady, personal communi-
cation]. This structure is the first molecular
description of an interaction that provides
a model for how a protein ligand could con-
ceivably bind in the ligand-binding pocket.
The ligand-binding pocket interacts not just
with pTyr but also other anionic ligands,
such as cacodylate,'” a phosphate mimic, and
O-phosphoethanolamine,?° the head group of
phosphatidylethanolamine. The base of the
pocket 1s composed of residues capable of
hydrogen bonding to anions; additionally, the
pocket is lined with aromatic residues that
make the walls of the pocket more hydrophobic
and may engage in van der Waals contacts
with the hydrophobic portions of amphiphilic
ligands such as pTyr.® Although specific
protein-protein interactions are unlikely to
involve RKIP’s ligand-binding pocket alone,
the pocket may be part of a larger interface
of interaction with protein ligands.?!22
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In this report, we show that locostatin not
only disrupts the interaction of RKIP with
Raf-1 kinase but also with GRK2. In contrast,
we found that locostatin does not affect asso-
ciation of RKIP with IKKa or TAK1, suggest-
ing that different proteins may bind different
parts of RKIP. Locostatin also caused a partial
aggregation of RKIP. Locostatin binds RKIP
with slow kinetics.? Preincubation of RKIP with
locostatin before adding Raf-1 or sufficient incu-
bation time when RKIP, Raf-1, and locostatin
were combined simultaneously were required
to observe disruption of the interaction. After
binding RKIP, the crotonyl group of locostatin
was slowly hydrolyzed from the oxazolidinone
moiety, as determined by mass spectrometry
(MS), leaving an RKIP-butyrate adduct. We
identified the specific residue modified by
locostatin as His86 by tandem MS. His86 is
located in RKIP’s highly conserved ligand-
binding pocket. Computational modeling of the
recognition interaction between locostatin and
RKIP resulted in positioning of His86 near the
B-carbon of the crotonyl group of locostatin,
the electrophilic site on locostatin with which
His86 would be expected to react. These data
add considerably to our understanding of the
molecular mechanism of action of locostatin in
its binding to RKIP and disruption of specific
protein-protein interactions.

Il. MATERIALS AND METHODS

Il.LA. Association of RKIP With Its Binding
Partners in the Presence or Absence of
Locostatin

His-tagged human RKIP-1/PEBP-1 in the
pET-15b vector was expressed in FEscheri-
chia coli strain BL21(DE3) and purified with
Ni-NTA agarose, according to the manufac-
turer’s instructions (Novagen). Mammalian
expression constructs for hemagglutinin
(HA)-tagged human Raf-1 in pcDNA3, FLAG-
tagged human IKKa in pCMV-FLAG, and
FLAG-tagged human TAK1 in pCMV-FLAG
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were transfected separately into COS-7 cells
with Lipofectamine 2000 (Invitrogen). HA-
Raf-1 was activated by treating the cells
with phorbol 12-myristate 13-acetate (100
nM) for 20 min before cell lysis. Human
Raf-1 was also baculovirally expressed as a
FLAG-Raf-1 fusion in Sf9 cells. In all cases,
the lysis buffer consisted of 20 mM Tris,
pH 7.4, 2 mM ethylenediaminetetraacetic
acid (EDTA), 0.1% (v/v) protease inhibitor
cocktail (P8340, Sigma-Aldrich), and 0.1%
Nonidet P40 Substitute (USB Corp.). Puri-
fied recombinant human GRK2 protein was
purchased from Invitrogen. Two micrograms
of mouse monoclonal anti-HA antibody (Santa
Cruz Biotechnology) for HA-Raf-1 or mouse
monoclonal anti-FLAG antibody (Santa Cruz
Biotechnology) for FLAG-tagged Raf-1, IKKa,
or TAK1 was added to the cell lysates (Sf9 cell
lysates for FLAG-Raf-1 or COS-7 cell lysates
for the other FLAG-tagged proteins) or, in
the case of GRK2, mouse monoclonal anti-
GRK2 antibody (Santa Cruz Biotechnology)
was added to the purified GRK2 sample. The
samples were incubated at 4°C for 2 h and
immunoprecipitated with Dynabeads protein
G (Invitrogen) in a binding buffer of 20 mM
Tris, pH 7.4, 2 mM EDTA. RKIP (100 nM)
was preincubated with locostatin (200 uM) or
0.2% (v/v) dimethyl sulfoxide (DMSO) carrier
solvent alone at 37°C for 6 h, also in 20 mM
Tris, pH 7.4, 2 mM EDTA, then added to the
immunoprecipitates and incubated at room
temperature for 1 h with rotation. Samples
were pelleted by centrifugation at 2500 x g
for 2 min and washed five times with the
same buffer, with centrifugation between
each wash. In experiments where RKIP was
not preincubated with locostatin first, RKIP
and locostatin or RKIP and DMSO alone
were added to the Raf-1 sample at the same
time, with a buffer of 10 mM HEPES, pH
7.4, 3 mM MgCl,, 10 mM KCI, and 150 mM
NaCl for binding. Samples were centrifuged
at 2500 x g for 2 min and washed five times,
with centrifugation between each wash. In all
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cases, the pellets were resuspended in sodium
dodecyl sulfate (SDS) sample buffer, boiled
and then subjected to SDS-polyacrylamide gel
electrophoresis (PAGE), then transferred to
polyvinylidene fluoride (PVDF) membranes
for Western blot analysis. The blots were
probed for RKIP with a rabbit anti-RKIP
antibody (Invitrogen), and chemiluminescent
detection was accomplished with a mouse
anti-rabbit IgG conjugated to horseradish
peroxidase (Santa Cruz Biotechnology).

11.B. RKIP Aggregation

RKIP (20 uM) was mixed with locostatin (100
uM) or 0.1% (v/v) DMSO alone in a 0.6 mL
microcentrifuge tube and incubated at 37°C
for 24 h in a buffer of 20 mM Tris, pH 7.5, 2
mM EDTA, and 2 mM dithiothreitol (DTT).
The sample was then centrifuged at 2500 X
g for 5 min to pellet aggregated RKIP from
the solution. The supernatant was transferred
to a new 0.6 ml microcentrifuge tube. Super-
natant and pellet samples were subjected to
SDS-PAGE, followed by transfer to a PVDF
membrane and Western blot analysis with an
anti-RKIP antibody, as described above. Per-
centage of aggregated RKIP was determined
with Quantity One software (Bio-Rad).

II.C. MS Analysis

Covalent association of locostatin with intact
RKIP was examined by liquid chromatography
(LC)—electrospray ionization (ESI)-MS. A
mixture of RKIP (20 uM) and locostatin (100
uM) or 0.1% (v/v) DMSO alone was incubated
at 37°C for 6 h in 20 mM Tris, pH 7.5, 2 mM
EDTA, and 2 mM DTT. The mixture was cen-
trifuged at 2500 X g for 2 min to separate the
precipitate from the solution. Aggregated pro-
tein was resuspended in an anionic acid-labile
surfactant (Progenta AALS I from Protea Bio-
sciences) that is compatible with LC-MS. The
RKIP-locostatin mixture was then injected
onto a C18 column (Hypersil GOLD, 1.9 um,
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100 mm X 1.0 mm, Thermo Scientific) on a
10ADvp high-performance LC (HPLC) system
(Shimadzu). Protein was eluted with a linear
gradient of acetonitrile containing 0.1% (v/v)
acetic acid from 2% (v/v) acetonitrile/water
to 90% (v/v) acetonitrile/water over 20 min
at a flow rate of 50 mL/min. The LC effluent
was fed into the ESI source of a QStar Elite
mass spectrometer (Applied Biosystems/MDS
Sciex). Typical source conditions were IS 5500
V, GS120,DP 80V, FP 280V, and DP2 15 V.
Data acquisition was controlled with Analyst
software (AB SCIEX).

For tandem MS analysis to identify the
specific residue modified by locostatin, RKIP
(20 uM) was incubated with locostatin (200
uM) or 0.1% (v/v) DMSO alone for 24 h at 37°C
in 20 mM Tris, pH 7.5, 2 mM EDTA, and 2
mM DTT. The aggregated RKIP-locostatin
mixture was resuspended in 15 ul. 50 mM
ammonium bicarbonate with 10 mM DTT. The
sample was then incubated at 95°C for 5 min,
cooled to room temperature, and mixed with
3 ulL 100 mM iodoacetamide in the dark and
incubated at room temperature for 20 min.
Modified trypsin (Promega) was added for
a final trypsin:RKIP ratio of 1:50 (w/w) and
then incubated at 37°C for 24 h. The reaction
was terminated by adding formic acid. The
fragments were subjected to LC-ESI-MS/MS,
under the same conditions and with the same
HPLC system, mass spectrometer, and control
software as above.

11.D. Computational Methods

The X-ray crystal structure of human RKIP
complexed with pTyr (PDB code 2QYQ) was
utilized for the docking calculations. The
structure was processed with the protein
preparation toolkit of Maestro, version 9
(Schrodinger). The process includes separa-
tion of nonprotein atoms and addition and
optimization of hydrogen atoms. The pTyr
coordinates were removed to allow for the
docking of locostatin. The ligand structure
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for locostatin was obtained from a den-
sity functional theory minimization at the
B3LYP/6-31g* theory level with Gaussian
09.23 Electrostatic potential charges were
obtained from this calculation and assigned
to locostatin. These charges were later used
in the docking calculation.

Docking was performed with Glide, ver-
sion 5.0 (Schrodinger), allowing for ring
conformational sampling and bond rotation.
Ten different poses were selected from the top
20 ranked poses according to the Glide dock-
ing score. The criteria for selecting these 10
poses was to make sure to include different
orientations of the locostatin’s phenyl group
relative to the center of the protein cavity.
Using these 10 structures, quantum mechanics
(QM)/molecular mechanics (MM) optimizations
were performed at the b3lyp/6-31g*/OPLS2001
theory level with locostatin at the QM level
and the rest of the protein at the MM level,
leaving the protein frozen during minimiza-
tion. Another set of QM/MM single-point
energy calculations were performed on the
QM/MM optimized structures with the same
theory level including Poisson-Boltzmann (PB)
continuum solvation. All QM/MM calculations
were performed with the program Qsite, ver-
sion 5.5 (Schrodinger). At the end, all ten poses
were reranked according to the QM/MM and
QM/MM/PB energies, with the lowest-energy
pose the one shown in this report.

lll. RESULTS AND DISCUSSION

In addition to confirming that locostatin pre-
vents association of RKIP with Raf-1 under
conditions where RKIP is preincubated with
locostatin (Fig. 1A and Ref. 3), we demonstrate
in this report that locostatin added at the same
time as RKIP to a Raf-1 sample results in
disruption of binding of RKIP to Raf-1 when
the sample is incubated at 37°C for 6 h, but
not at 4°C for 30 min (Fig. 2). Locostatin also
has been shown to disrupt the interaction of
RKIP with Raf-1 in vivo.?*
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FIGURE 1. Locostatin disrupts binding of RKIP with Raf-1 and GRK2 but not IKKa or TAK1. Purified recombinant
human RKIP (100 nM) was preincubated with locostatin (200 uM; Loco) or DMSO alone (0.2%, corresponding to
the concentration of DMSO carrier solvent in the experimental treatment) as control (Ctl) at 37°C for 6 h and then
added to immunoprecipitated samples of the following recombinant human RKIP-binding proteins: (A) Raf-1 (shown
are HA-tagged Raf-1 on the left and FLAG-tagged Raf-1 on the right); (B) GRK2; (C) IKKa; (D) TAK1. After allowing
binding of RKIP to its binding proteins for 1 h at room temperature, the samples were centrifuged and washed five
times. The pellets were then subjected to SDS-PAGE and Western blot analysis with an anti-RKIP antibody. Each
Western blot is representative of at least three separate experiments.

Furthermore, Raf-1 is not the only RKIP-
binding protein whose interaction with RKIP
is disrupted by locostatin. We found that
locostatin also prevents association of RKIP
with GRK2 (Fig. 1B). Binding of GRK2 there-
fore appears to involve a region of RKIP that
overlaps with the region to which Raf-1 binds.
However, interaction of GRK2 with RKIP
is enhanced by phosphorylation of Ser153
on RKIP, while binding of Raf-1 is reduced

A
Ctl Loco

RKIP (IP: Raf-1)

—

No preincubation, 6 h, 37°C

when Ser153 is phosphorylated.® These data
collectively imply that while both Raf-1 and
GRK2 may partly interact in a similar manner
within the same region of RKIP, such as in
the ligand-binding pocket, additional diver-
gent interactions exist. Raf-1’s association
with RKIP 1s antagonized by phosphorylation
of Ser153, perhaps sterically, while GRK2’s
binding to RKIP is stabilized by the presence
of a phosphorylated Ser153 residue.

B
Ctl Loco
RKIP (IP: Raf-1)

— s —

No preincubation, 30 min, 4°C

FIGURE 2. Locostatin disrupts binding of RKIP with Raf-1 without preincubation of RKIP with locostatin. RKIP (100
nM), immunoprecipitated FLAG-tagged Raf-1, and locostatin (200 uM; Loco) or DMSO alone (0.2%) as control (Ctl)
were combined at the same time, then incubated for either (A) 6 h at 37°C or (B) 30 min at 4°C. After centrifugation
and washing five times, the pellets were subjected to SDS-PAGE and Western blot analysis with an anti-RKIP antibody.
Each Western blot is representative of at least three separate experiments.
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TABLE I. Binding of Locostatin to RKIP Causes Aggregation of RKIP?2

Sample Mean (%) Standard deviation (%)
RKIP with DMSO alone: supernatant (n = 3) 100 0
RKIP-locostatin: supernatant (n = 3) 77.8 7.9
RKIP-locostatin: precipitate (n = 3) 22.2 7.9

aHis-tagged RKIP (20 uM) was incubated with locostatin (100 uM) or DMSO alone (0.1%) as control at 37°C for
24 h. The samples were centrifuged, and supernatants and pellets were separately collected and subjected to
SDS-PAGE and Western blot analysis with an anti-RKIP antibody. The data represent band intensities for three

independent Western blots.

In contrast to the binding of Raf-1 and
GRK2, the interactions of RKIP with IKKo
or TAK1 were not appreciably disrupted by
locostatin (Figs. 1C and 1D). These results
imply very different modes of binding to
RKIP for these two sets of proteins. Raf-1
and GRK2 binding may at least partly, but
critically, depend on interactions in the same
region of RKIP, which is sterically blocked or
conformationally altered by locostatin binding.
IKKo and TAK1, on the other hand, either
bind in another region entirely or, if they do
bind in an overlapping manner with Raf-1
and GRK2, the overall interactions of IKKa
and TAK1 are not as strongly destabilized by
locostatin binding.

Another report suggested that locostatin
does not disrupt the interaction of RKIP with
Raf-1; however, in that study, locostatin,
RKIP and Raf-1 were mixed together at the
same time and the subsequent incubation
was done at 4°C for only 30 min.?> These
conditions are not sufficient to observe dis-
ruption of the RKIP-Raf-1 interaction (Fig.
2B). Locostatin alkylates RKIP with slow
kinetics, i.e., the calculated second-order rate
constant for the irreversible association at
25°C 15 13.09 + 1.36 M! s ! (mean + standard
deviation).? Therefore, binding of locostatin to
RKIP requires either preincubation of RKIP
with locostatin prior to addition of Raf-1 or
sufficient incubation time when RKIP, Raf-1,
and locostatin are simultaneously combined.
Under conditions that reflect the kinetics
of locostatin’s binding to RKIP and are not

unduly stringent, locostatin abrogates the
interaction of RKIP with Raf-1 and GRK2
(Figs. 1 and 2, and Ref. 3).

The binding of Raf-1 to RKIP would
presumably have much faster association
kinetics than the binding of locostatin to
RKIP. Without preincubation of locostatin
with RKIP, there are then two possibilities
to explain how locostatin eventually displaces
Raf-1 from RKIP. If the two binding events
are mutually exclusive sterically, the binding
of locostatin would have to occur when Raf-1
1s in the off state under equilibrium condi-
tions. If, however, locostatin can still bind to
the RKIP-Raf-1 complex, this would suggest
that the binding sites are distinct and that
locostatin causes a conformational change
resulting in dissociation of Raf-1. With either
possibility, however, locostatin would prevent
reassociation of Raf-1 or cause its dissociation
over time, since locostatin, unlike Raf-1, binds
irreversibly, having a thermodynamic, though
not a kinetic, advantage in binding.

At high concentrations of RKIP and
locostatin, we observed aggregation of RKIP,
as previously reported.?®> We determined the
fraction of RKIP that aggregated when RKIP
(20 uM) was incubated with locostatin (100
uM) at 37°C for 24 h. Under these conditions,
22.2% of the RKIP appeared as a pelletable
aggregate (Table 1). The aggregate could
be resolublized with SDS sample buffer for
SDS-PAGE for Western blot analysis (Table
1) or with an anionic acid-labile surfactant
(Progenta AALS T from Protea Biosciences).
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FIGURE 3. Modification of RKIP by locostatin. RKIP (20 uM) was incubated with locostatin (100 uM) or DMSO alone
(0.1%) as control at 37°C for 6 h and then subjected to LC-MS. Mass spectra are shown for (A) the control RKIP
sample and (B) the locostatin-treated RKIP sample. In addition to the His-tagged RKIP molecular ion peak, the mass
spectrum in (B) shows a prominent peak at an m/z of RKIP+246 (corresponding to an RKIP-locostatin adduct) and a
weaker peak at RKIP+86 (corresponding to an RKIP-butyrate adduct), as well as still weaker peaks at RKIP+2x246
and RKIP+246+86 (corresponding to a small degree of alkylation of a secondary site).

We sought to further define the mode of
binding of locostatin to RKIP. We found by
LC-MS that locostatin primarily alkylates
one residue on RKIP, with a small degree
of alkylation of a second (Fig. 3). The mass
spectra showed peaks corresponding to prod-
ucts of modification of RKIP by locostatin and
by a smaller entity, the latter corresponding
in mass to a butyrate moiety (Fig. 3). The
RKIP-locostatin signal became less intense
and the RKIP-butyrate signal became more
intense slowly over time (data not shown),

RKIP-Nu o

RKIP—Nu: \ o

L/\/[LN ALK,

)3 ]

O HO O

Locostatin
adduct

RKIP-locostatin

suggesting conversion of the first species to
the second. The MS data thus suggested that
the bound locostatin is slowly converted to a
bound butyrate moiety as a result of hydro-
lysis of the acyl group from the oxazolidinone
(Fig. 4).

Next, we focused on identification of the
primary site of alkylation of RKIP by locosta-
tin. Prior work has shown that the residue
alkylated by locostatin is not RKIP’s regula-
tory Ser153 residue,>?®> whose phosphorylation
results in dissociation of RKIP from Raf-1 and

O
OJ\NH

(4S)-4-Benzyl-
2-oxazolidinone

RKIP-Nu

P

RKIP-butyrate
adduct

FIGURE 4. Mechanism of modification of RKIP by locostatin and hydrolysis of the bound locostatin. The scheme
shows the putative mechanism of alkylation of RKIP by locostatin and hydrolysis of the RKIP-locostatin adduct to an
RKIP-butyrate adduct, consistent with the MS data shown in Fig. 3.
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FIGURE 5. Locostatin modifies His86, a highly conserved residue in RKIP’s ligand-binding pocket. RKIP (20 uM) was
incubated with locostatin (100 uM) or DMSO alone (0.1%) as control at 37°C for 24 h and then subjected to LC-MS/
MS. Mass spectra are shown for the fragment 81-YREWHHFLVVNMK-93 from tryptic digestion of (A) the control RKIP
sample and (B) the locostatin-treated RKIP sample. Tandem mass spectra are shown for the same tryptic fragment
from (C) the control RKIP sample and (D) the locostatin-treated RKIP sample, with modified ions underlined.

association with GRK2.6 Therefore, in order to
identify the main residue on RKIP alkylated
by locostatin, we subjected RKIP treated with
locostatin to LC-MS/MS. We identified His86
as the alkylated residue (Fig. 5). His86 is a
highly conserved residue in RKIP’s ligand
binding pocket.

Computational docking and subsequent
quantum mechanical refinement of locostatin
to RKIP revealed that the lowest-energy inter-
action for the recognition step (not considering
the subsequent alkylation reaction) results in
locostatin bound in such a way that N3 and
N1 of His86 are 5 A and 5.6 A, respectively,
from the B-carbon of the o,B-unsaturated acyl

group (Fig. 6). This Michael acceptor func-
tionality on locostatin is thus well situated
to alkylate His86.

The lowest-energy docked structure has
locostatin in a trans configuration, and the
phenyl ring of its benzyl substituent closely
abuts the phenyl ring of Tyr81, with a cen-
troid-centroid distance of 4.16 A and a dis-
tance of the Tyr81 centroid to the locostatin
phenyl plane of 3.65 A (Fig. 6). This raises
the possibility of a pi-pi stacking interaction
between the locostatin’s phenyl group and
Tyr81. One face of the hydrophobic phenyl
ring of locostatin is still positioned partly
out of the ligand-binding pocket and would
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FIGURE 6. Computational modeling of the recognition interaction between locostatin and RKIP results in locostatin
well positioned to modify His86 in RKIP’s ligand-binding pocket. The structure of human RKIP bound to pTyr (PDB
code 2QYQ) was utilized for the docking calculations, after removing the pTyr coordinates to allow for docking of
locostatin. (A) The docked structure for the calculated lowest-energy interaction of locostatin for the recognition step
(not considering the subsequent alkylation reaction). (B) Superimposition of the docked locostatin molecule onto the
RKIP-pTyr cocrystal structure, with locostatin in orange and pTyr in light gray. [Images for Figures 6A and 6B were,
respectively, rendered with UCSF Chimera (http://www.cgl.ucsf.edu/chimera/) and PyMOL (http://www.pymol.org/).]
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be exposed to the aqueous environment. This
may account for the tendency of locostatin to
cause aggregation of RKIP. Alternatively, and
not mutually exclusively, aggregation may
be driven by modification-induced confor-
mational changes in the protein that expose
hydrophobic residues.

Based on the RKIP-pTyr cocrystal struc-
ture (PDB code 2QYQ), binding of locostatin
would be expected to sterically block pTyr
binding (Fig. 6B). It is not yet clear whether
the ligand-binding pocket of RKIP functions as
a pTyr-binding site under physiological condi-
tions. While there is evidence that phosphory-
lation of Ser388, Ser389, and Tyr341 on Raf-1
increases affinity of Raf-1 for RKIP (Ref. 18 and
R. Leo Brady, personal communication), there
are also results to suggest that interaction of
Raf-1 with RKIP instead blocks the phospho-
rylation of these same residues on Raf-1.26 The
ligand-binding pocket could also conceivably
accommodate Tyr and Asp residues, though
with lower expected affinity than pTyr.!8 It is
possible that phosphorylation of Tyr residues
on Raf-1 such as its Tyr341 residue (Ref. 18
and R. Leo Brady, personal communication)
and GRK2 could modulate the affinity of bind-
ing of these proteins to RKIP.

Alkylation of His86 on RKIP by locostatin
would sterically hinder binding of proteins
whose association is dependent on interaction
in the ligand-binding pocket. There are, of
course, other possibilities for how binding of
locostatin to RKIP disrupts binding to Raf-1
and GRK2. Locostatin could cause a confor-
mational change in RKIP that affects protein-
protein interactions. In addition, precipitation
of RKIP on alkylation by locostatin may itself
be a part of the mechanism, although the
fact that locostatin disrupts interactions with
Raf-1 and GRK2 but not IKKa and TAK1
suggests a protein-selective mechanism, more
in line with steric hindrance or a specific con-
formational effect. The fact that interactions
of RKIP with certain proteins but not others
are disrupted by locostatin also implies very
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different modes of binding between different
proteins. Some proteins such as Raf-1 and
GRK2 may bind within the ligand-binding
pocket as a critical part of their overall associa-
tion with RKIP, although elements outside of
the ligand-binding pocket are also important,
such as the phosphorylation state of Ser153.6
Other proteins such as IKKo and TAK1 may
be less sensitive to competitive occupancy
of the pocket, possibly binding another part
of RKIP entirely. The present study greatly
enhances an understanding of the molecular
mechanism of action of locostatin and demon-
strates how this small molecule can be useful
for the dissection of specific RKIP interactions
and functions.
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