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ABSTRACT

G protein-coupled receptors transduce signals through hetero-
trimeric G protein Ga and GBvy subunits, both of which interact
with downstream effectors to regulate cell function. GBvy sig-
naling has been implicated in the pathophysiology of several
diseases, suggesting that G+ could be an important pharma-
ceutical target. Previously, we used a combination of virtual and
manual screening to find small molecules that bind to a protein-
protein interaction “hot spot” on Gy and block regulation of
physiological effectors. One of the most potent and effective
compounds from this screen was selenocystamine. In this
study, we investigated the mechanism of action of selenocys-
tamine and found that selenocysteamine forms a covalent com-
plex with GBy by a reversible redox mechanism. Mass
spectrometry and site-directed mutagenesis suggest that sel-
enocysteamine preferentially modifies GBCys204, but also a

second undefined site. The high potency of selenocystamine
in GBy inhibition seems to arise from both high reactivity of
the diselenide group and binding to a specific site on GB. Using
structural information about the “hot spot,” we developed a strategy
to selectively target redox reversible compounds to a specific site on
GpBy using peptide carriers such as SIGCAFKILGY(-cysteamine)
[SIGC(-cysteamine)]. Mass spectrometry and site-directed mutagen-
esis indicate that SIGC(-cysteamine) specifically and efficiently leads
to cysteamine (half-cystamine) modification of a single site on G,
likely GBCys204, and inhibits GBy more than a hundred times more
potently than cystamine. These data support the concept that cova-
lent modifiers can be specifically targeted to the GBy “hot spot”
through rational incorporation into molecules that noncovalently bind
to GBy.

Introduction

G protein By (GBvy) subunits, when activated by GPCRs,
interact with many target proteins, including phospholipase
C B2 (PLCB2), PLCB3, phosphoinositide 3-kinase vy, G pro-
tein-coupled receptor kinase 2 (GRK2), adenylyl cyclases,
N-type calcium channels, and G protein-activated inwardly
rectifying potassium channels (Gilman, 1987; Oldham and
Hamm, 2006; Smrcka, 2008; Dupré et al., 2009). Through
these interactions, GBy regulates many physiological pro-
cesses, such as neutrophil chemotaxis, vascular cell prolifer-
ation, and cardiac chronotropy. Because overactivation of
Gpy signaling has been implicated in the pathophysiology of
conditions such as cancer (Bookout et al., 2003; Daaka, 2004),
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heart failure (Koch et al., 1995; Rockman et al., 2002), and
chronic inflammation (Hirsch et al., 2000; Li et al., 2000),
GBy may be an important pharmaceutical target (Smrcka et
al., 2008).

We previously used random-peptide phage display screen-
ing to identify a series of peptides that bind to a “hot spot” on
GBy (Scott et al., 2001). The best characterized peptide,
SIGKAFKILGYPDYD (SIGK) inhibits the interaction of GBy
with Ga, PLCB2, PLCB3, phosphoinositide 3-kinase y and
GRKZ2, but not with adenylyl cyclase type I or N-type calcium
channels (Scott et al., 2001). The X-ray cocrystal structure of
GBy with SIGK (PDB code 1XHM), together with site-di-
rected mutagenesis, has shown that the “hot spot” is com-
posed of a set of amino acids located at the mouth of the
central tunnel on the top side of the GB-subunit seven-bladed
B-propeller (Davis et al., 2005). This region is also known to
interact with Ga, PLCB2, GRK2 and other targets of GBy
(Wall et al., 1995; Lambright et al., 1996; Ford et al., 1998;
Lodowski et al., 2003).

ABBREVIATIONS: PLC, phospholipase C; GRK2, G protein-coupled receptor kinase 2; SIGK, SIGKAFKILGYPDYD; PDB, Protein Data Bank;
ELISA, enzyme-linked immunosorbent assay; TBS, Tris-buffered saline; BSA, bovine serum albumin; DTT, dithiothreitol; ESI, electrospray
ionization; QToF, quadrupole time-of-flight; PIP,, phosphatidylinositol-4,5-diphosphate; SIGC, SIGCAFKILGY; NSC119910, 2-(3,4,5-trihydroxy-
6-oxo0-6H-xanthen-9-yl)cyclohexanecarboxylic acid; HEDS, hydroxyethyl disulfide.
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Pursuing the idea that small molecules binding to subsites
within the “hot spot” could be more selective inhibitors of
Gy than peptides such as SIGK, we screened a 1990-mole-
cule diversity set from the National Cancer Institute (NCI)
(Bonacci et al., 2006). The initial screening yielded nine com-
pounds that inhibited the binding of a phage displaying
SIGK to GBy in an enzyme-linked immunosorbent assay
(ELISA) with affinities starting at 100 nM. One of the most
potent and effective compounds was selenocystamine. In

Selective Disulfide Modification of GBy 25

Materials and Methods

Competition ELISA. One microgram of streptavidin in 40 ul of
TBS was immobilized in each well of a 96-well plate by incubation
overnight at 4°C. Each well was blocked with 100 ul of 2% bovine
serum albumin (BSA) in TBS by incubation for 1 h at 4°C, followed
by three washes with TBS plus 0.5% Tween 20. Forty microliters of
25 nM biotinylated GB;v, (bGB;7vs), with biotin incorporated via an
N-terminal acceptor peptide on GB,, were added to each well and
incubated for 1.5 h at 4°C. After three washes with TBS plus 0.5%

Tween 20, small molecules/peptides and 10° SIGK-displaying phage
particles were added simultaneously and incubated for 1 h at 4°C.
The wells were then washed six times with TBS plus 0.5% Tween 20.
Forty microliters of a 1:5000 dilution of horseradish peroxidase-
conjugated anti-M13 antibody (GE Healthcare, Chalfont St. Giles,
Buckinghamshire, UK) were subsequently added to each well and
incubated for 1 h at room temperature. The wells were then washed
six times with TBS plus 0.5% Tween 20, and 40 pl of 2,2’-azino-bis(3-

this study, we investigated the mechanism of action of
selenocystamine and found that selenocysteamine (half
selenocystamine) forms a covalent complex with GBvy by a
reversible redox mechanism. We developed a strategy to
selectively target redox reversible compounds to a specific
site on GBvy by using structural information about the “hot
spot.”
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Fig. 1. A, reaction of selenocystamine with cysteine. Selenocystamine is known to react with protein cysteines to form mixed sulfide-selenides and
selenocysteamine. B, titration of selenocystamine in the ELISA leaving the compound in the reaction. The experiment was carried out as described
under Materials and Methods, Competition ELISA, except that 5 X 10° SIGK-displaying phage particles per well were used instead of 0.1 X 10'°. Data
are representative of five independent experiments, shown as mean = S.E.M. of duplicate determinations, and are fit with a sigmoid dose-response
curve using the Prism 5 software (GraphPad Software, San Diego, CA). C, titration of selenocystamine in the ELISA, removing the compound from
the reaction after pretreating GBy with it for 30 min at 4°C. The experiment was carried out as described under Materials and Methods. Deactivation
ELISA. Data are representative of five independent experiments, shown as mean = S.E.M. of duplicate determinations, and are fit with a sigmoid
dose-response curve using the GraphPad Prism 5 software. D, prevention of the action of selenocystamine by DTT and GSH. The experiment was
carried out as described under Deactivation ELISA in Materials and Methods. Biotinylated-GB;vy, was immobilized in the wells. Five millimolar DTT
or GSH (final concentration) was added together with 1 uM selenocystamine and incubated for 30 min at 4°C. The wells were washed six times with
TBS plus 0.5% Tween 20, and then phage was added. Data are representative of five independent experiments and are shown as mean = S.E.M. of
duplicate determinations. E, reversal of the effect of selenocystamine by DTT and GSH. The experiment was carried out as described under
Deactivation ELISA in Materials and Methods. Biotinylated-Gp,v, was pretreated with 1 uM selenocystamine for 30 min at 4°C and then immobilized
in the wells. After six washes with TBS plus 0.5% Tween 20, 5 mM DTT or GSH (final concentration) was added and incubated for 1 h at 4°C. Data
are representative of five independent experiments and are shown as mean = S.E.M. of duplicate determinations.
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ethylbenzothiazoline-6-sulfonic acid) (Sigma-Aldrich, St. Louis, MO)
solution were added to each of them. The colorimetric reaction was
monitored at 405 nm. Nonspecific binding was subtracted for each
reading and the results expressed as percentage of phage binding to
G175 in controls with H,O/dimethyl sulfoxide (depending on which
solvent the small molecules/peptides were dissolved in).

Deactivation ELISA. Deactivation of GB; vy, by redox agents was
assessed as described above for the competition ELISA, except that
small molecules/peptides were added and incubated for 30 min at
4°C, washed six times with TBS plus 0.5% Tween 20, followed by
addition of 5 X 10° SIGK-displaying phage particles and incubation
for 1 h at 4°C. Prevention of the action of the redox agents by
dithiothreitol (DTT) or GSH was assessed by inclusion of 5 mM DTT
or GSH (final concentration) with the small molecules. To test for
reversal of the effect of the redox agents by DTT or GSH, biotinylated
Gf3,7Y, was incubated with the small molecules/peptides for 30 min at
4°C. After six washes with TBS plus 0.5% Tween 20, 5 mM DTT or
GSH (final concentration) was added and incubated for 1 h at 4°C.
The wells were washed six times with TBS plus 0.5% Tween 20, and
then 5 X 10° SIGK-displaying phage particles were added and incu-
bated for 1 h at 4°C.

Analysis with Mass Spectrometry. To determine the nature of
the modification produced by selenocystamine on GBy, 2.5 uM
G3,6hisy,C68S in 20 mM ammonium acetate, pH 7.0, was incubated
with 20 uM selenocystamine for 15 min and analyzed in a nano ESI
QToF mass spectrometer (Synapt; Waters, Milford, MA) with sam-
pling cone and extraction cone voltages at 80 and 2.5 V, respectively.
To maintain intact GBy complexes, the collision cell voltage was set
at 10 V. The collision cell voltage was increased to 80 V to promote
collision-induced dissociation of the GB subunit from the Gy subunit
and other noncovalent interactions without fragmentation of the
peptide backbone.

GBv-Ge; Interactions. Inhibition of the interaction between
GpB;,vs and Ga; was measured as follows: 10 nM biotinylated-GS; v,
was pretreated with 1 uM selenocystamine in a final volume of 200
ul of pulldown buffer (20 mM HEPES, pH 8.0, 1 mM EDTA, 1.2 mM
MgCl,, 150 mM NaCl, 0.1% Lubrol, and 10 uM GDP) for 30 min at
4°C and then incubated with 10 nM Ge; for 2 h at 4°C. Subsequently,
40 pl of prewashed streptavidin-agarose beads were added, and the
reaction was incubated for 2 h at 4°C. The beads were centrifuged
and washed three times with 500 ul of pulldown buffer. Twenty-five
microliters of 2X SDS-polyacrylamide gel electrophoresis sample
buffer were then added, followed by boiling for 10 min, separation by
SDS-polyacrylamide gel electrophoresis, and transfer to nitrocellu-
lose. Membranes were probed with a 1:2000 dilution of anti-Gg;
antibody or 1:5000 anti-GB (B600) antibody followed by a 1:10,000
dilution of goat anti-rabbit IRDye 800CW and scanned on an Odys-
sey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).

GpBv- GRK2 Interactions. Inhibition of the interaction between
GpB,y, and GRK2 was measured as follows: 15 ul of prewashed
SPHERO streptavidin-polystyrene particles were incubated with 20
nM biotinylated-Gf; 7y, in a final volume of 100 ul of flow cytometry
buffer (20 mM HEPES, pH 8.0, 50 mM NacCl, 0.1% Lubrol, and 0.1%
bovine serum albumin) for 1.5 h at 4°C. After washing the beads
twice with 100 ul of flow cytometry buffer, the indicated concentra-
tions of selenocystamine were added and the reactions were incu-
bated for 30 min at 4°C. Alexa Fluor-532 (10 nM; Invitrogen, Carls-
bad, CA)-labeled GRK2 was next added, and the reactions were
incubated for 1 h at 4°C. The bead-associated fluorescence was then
recorded in a FACSCanto flow cytometer (BD Biosciences, San
Jose, CA).

PLCpB2 Activity Assay. Inhibition of the GBy-dependent activa-
tion of PLCB2 was measured as follows: phospholipid micelles con-
taining 50 uM phosphatidylinositol-4,5-diphosphate (PIP,), 200 uM
phosphatidylethanolamine, and [*HJPIP, (3.0 X 10~2 uCi/assay)
were prepared by sonication in 50 mM HEPES, pH 7.2, 3 mM EGTA,
and 80 mM KCI. After sonication, 1 mg/ml BSA and 0.1% n-octyl-g-
D-glucopyranoside were added. Next, 200 nM Gp;vy, was added, and

the reactions were incubated for 15 min on ice. The indicated con-
centrations of selenocystamine were then added, and the reactions
were incubated for 15 min on ice. After that, 0.5 ng of PLCB2 and 1.5
mM CaCl,, were added to a final volume of 60 ul, and the reactions
were incubated for 30 min at 30°C and then transferred back to the
ice bath. The reactions were terminated by addition of 200 ul of 10%
trichloroacetic acid, and the proteins and lipids were removed by
precipitation with 100 ul of 10 mg/ml BSA and centrifugation for 5
min at 3000 rpm. Soluble [*Hlinositol-1,4,5-trisphosphate released
in the reaction was then measured by analyzing 300 ul of superna-
tant by liquid scintillation counting for 5 min.

Synthesis of SIGC(-Cysteamine). SIGCAFKILGY-amide was
added to a 5 mM solution of cysteamine-HCI at pH 8.0 to a final
concentration of 0.5 mM in a total reaction volume of 15 ml. After
overnight incubation with exposure to air, the resulting mixture was
analyzed by high-performance liquid chromatography and mass
spectrometry to demonstrate that stoichiometric 1:1 modification of
SIGC with cysteamine occurred. The resulting mixture was acidified
with trifluoroacetic acid and passed through a C18 cartridge to
separate modified SIGC(-cysteamine) from free cysteamine, and the
SIGC(-cysteamine) peptide was eluted with acetonitrile followed by
lyophilization. Identity and purity of the SIGC(-cysteamine) peptide
was confirmed by liquid chromatography and liquid chromatogra-
phy-mass spectometry (MS).

Results

Characterization of the Modification Produced by
Selenocystamine. Selenocystamine (Fig. 1A) inhibits the
binding of a phage displaying SIGK to GBy in an ELISA with
IC;, of 20 nM (Fig. 1B). Selenocystamine is known to react
with cysteines to form mixed sulfide-selenides (Jacob et al.,
1999), which suggests that selenocystamine could covalently
modify Gy through a redox mechanism. If GBy were to be
covalently modified in the presence of selenocystamine, pre-
treatment of GBvy with selenocystamine should prevent SIGK
binding even if the compound were removed from the reac-
tion before addition of SIGK. To test this hypothesis, we
pretreated GBy with selenocystamine for 1 h, followed by
extensive washing before SIGK-phage addition. As shown on
Fig. 1C, selenocystamine inhibited Gy with IC5, around 20
nM even after extensive washing, suggesting formation of a
covalent complex or very tightly bound compound.

We predicted that the reducing agents DTT and GSH
would prevent the action of selenocystamine by breaking the
diselenide bridge before selenocystamine could react with
Gpy. To test this prediction, we added an excess of DTT or
GSH before and during incubation with selenocystamine. As
shown in Fig. 1D, both DTT and GSH were able to prevent
selenocystamine-dependent inhibition of GB7y interactions
with SIGK. We then tested whether reducing agents could
reverse the selenocystamine-dependent inhibition of Gpy-
SIGK interactions by washing away selenocystamine as de-
scribed above, followed by treatment of the immobilized-
modified GBy with DTT and GSH. As shown on Fig. 1E, both
DTT and GSH were able to reverse the inhibitory effect of
selenocystamine.

There are two cysteine residues in the vicinity but only
GByC204 is directly in the SIGK binding site (Davis et al.,
2005). To test whether selenocystamine blocks peptide bind-
ing by modifying GByC204, we tested SIGK-phage binding to
a mutant with GBCys204 changed to alanine (GByC204A).
This mutant binds SIGK-phage but the signal is only 20% of
that of wild-type GBv, indicating that GBCys204 is important
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for peptide binding but not absolutely required. As shown on
Fig. 2A, 1 uM selenocystamine does not inhibit binding
of SIGK-phage to GByC204A. This demonstrates that
GBCys204 is required for selenocystamine-dependent inhi-
bition of SIGK binding, suggesting that selenocystamine
modifies GByC204 in the “hot spot” to inhibit GBvy interac-
tions with SIGK.

The data above suggest that modification of GB204 is crit-

Prevention by GB(C204A)y mutation
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Fig. 2. A, action of selenocystamine on the GBC204A-mutant GBy. The
experiment was carried out as described Deactivation ELISA in Materials
and Methods. Biotinylated-GB,(C204A)y, was pretreated with 1 uM sel-
enocystamine for 30 min at 4°C, and then immobilized in the wells. After
six washes with TBS plus 0.5% Tween 20, 5 X 10° SIGK-displaying phage
particles were added per well. Data are representative of five indepen-
dent experiments and are shown as mean * S.E.M. of duplicate deter-
minations. B, mass spectrum of selenocystamine-treated GBy. Top left,
Gp,6hisy,C68S (2.5 uM) in 20 mM ammonium acetate, pH 7.0, was
analyzed in a Waters “Synapt” nano ESI QToF Mass Spectrometer. +12,
+13, and +14 charged species were observed. Only the +13 charged
species is shown for simplicity. The major peak at 3542.66 (46,042 Da)
represents the GBy heterodimer where GB has the N terminal Met
cleaved and Gy subunits that have not been processed. Other peaks
represent either differential N terminal processing of Gy or ion adducts.
Bottom left, GB,6hisy,C68S (2.5 uM) in 20 mM ammonium acetate, pH
7.0, was incubated with 20 uM selenocystamine for 15 min and then
analyzed as described above. Right, tandem MS dissociation of G and Gy
by increasing the collision cell voltage results in release of free Gy, whose
mass is unchanged by selenocystamine (not shown), and free GB, (+8 ion
shown for simplicity). (It is highly unlikely that a noncovalent complex
between selenocystamine and G survive these collision conditions nec-
essary to dissociate GB from Gvy.)
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ical for inhibition of GBy-SIGK interaction, but there are 13
free cysteines in GB; and 1 free cysteine in Gy, that could
also be modified. In addition, it is not clear what type of
oxidative modification is occurring upon selenocystamine
treatment. To determine the nature of the modification of
Gpy by selenocystamine and the number of sites modified by
selenocystamine, G3;y, was treated with excess selenocysta-
mine (20 uM) for 30 min followed by analysis by intact
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Fig. 3. Effect of selenocystamine on the interaction between GBy and
three physiological binding partners. A, pull-down assay against Ge;. Ten
nanomolar biotinylated-Gp,y, was pretreated with 1 uM selenocysta-
mine, then incubated with 10 nM Ge;, and finally immobilized on strepta-
vidin-agarose beads. Associated Ge; was detected with antibody to Ga;,
and GBy was detected with antibody specific to the C terminus of G
(B600). Data are representative of two independent experiments. B, flow
cytometry GRK2 binding assay. 20 nM biotinylated-Gp;y, was immobi-
lized on streptavidin-polystyrene particles, treated with selenocystamine
at the shown concentrations, and finally incubated with 10 nM Alexa
Fluor-532-labeled GRK2. The bead-associated fluorescence was recorded
in a BD FACSCanto flow cytometer. Data are representative of two
independent experiments, are corrected for background, are shown as
mean * S.E.M. of duplicate determinations, and are fit with a sigmoid
dose-response curve using the Prism 5 software. C, PLCB2 activity assay.
Purified PLCB2 (0.5 ng) was assayed with 1.5 mM CaCl, and selenocys-
tamine at the shown concentrations, in the presence or absence of 200 nM
purified Gp;y,. The reactions were incubated for 30 min at 30°C.
[*H]inositol-1,4,5-trisphosphate released from sonicated phospholipid mi-
celles containing 50 uM PIP,, 200 uM phosphatidylethanolamine, and
[PHIPIP, (3.0 X 10 ® uCi/assay) was measured by liquid scintillation
counting. Data are representative of two independent experiments, are
shown as mean = S.E.M. of duplicate determinations, and are fit with a
sigmoid dose-response curve using the Graph Pad Prism 5 software.
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protein mass spectrometry. This technique measures the
mass of assembled, intact, noncovalent protein complexes
and has an advantage over tryptic peptide MS in that it
allows assessment of the total number of modifications that
occur on the protein. We observed ions corresponding to the
+12, +13, and +14 charged species of Gy but only the +13
ion is shown for simplicity in Fig. 2B, left. Figure 2B, top left,
shows untreated GBvy and the peak at 3542.67 (46,042 Da)
represents the Gy heterodimer with the 8 subunit N-termi-
nally processed and acetylated and 6Hisy,(C68S) unproc-
essed. The other peaks in the spectrum represent complexes
with variously processed Gy species with various degrees of
N-terminal methionine cleavage, N-terminal acetylation, or
adduct formation. After treatment with selenocystamine
(Fig. 2B, bottom left) the peak at 3542 is diminished with
appearance of a new peak at 3552.06 (46,164 Da), corre-
sponding to a mass increment of 122 Da (equal to one-half the
molecular weight of selenocystamine minus 1 [the proton lost
by the cysteine]) and representing GBy with one molecule
of selenocysteamine attached. A second peak appears at
3561.43 (46,286 Da), corresponding to a mass increment of
244 Da and representing GBy with two molecules of seleno-
cysteamine attached. Thus, treatment with selenocystamine
resulted in attachment of a selenocysteamine at two posi-
tions on GBy with a single modification being the predomi-
nant species.

To determine on which subunit the modifications occurred,
and whether they were covalent, we increased the collision
cell voltage to dissociate the GB;- and the Gy,-subunits and
any noncovalently bound molecules. Figure 2B, top right,
shows the GB;-subunit +8 ion in the untreated sample. In
the selenocystamine-treated sample, new peaks represent-
ing, the GB;-subunit with one and two molecules of seleno-
cysteamine attached appeared (Fig. 2B bottom right). The
mass of the Gy,-subunit remained unchanged (not shown). A
noncovalent complex between selenocystamine and the Gg-
subunit would be unlikely to survive the collision conditions
necessary to dissociate the GB-subunit from the Gy-subunit,
indicating that the modifications produced by selenocysta-
mine on the B-subunit were covalent. The ELISA with
GByC204A suggests that one of these modifications occurs on
GBCys204.

Half-selenocystamine (123 Da, 10 atoms) is much smaller

than SIGK, and approximately one third the size of 2-(3,
4 ,5-trihydroxy-6-oxo-6 H-xanthen-9-yl)cyclohexanecarboxylic
acid (NSC119910; M119) (370 Da, 45 atoms), which is one of
the most potent noncovalent inhibitors of GBy (Bonacci et al.,
2006). To determine whether this small modification disrupts
interactions between GBy and physiological binding part-
ners, we tested the ability of selenocystamine to inhibit in-
teractions of Gy with Ge;;, GRK2, and PLCB2 (Fig. 3, A-C).
Selenocystamine inhibited Gy protein-protein interactions
with these targets in all cases, with IC5, values of 300 nM for
GRK2 and 3 uM for PLCB2 (Fig. 3, A-C).

Determination of the Requirements Necessary to
Achieve Selectivity for GBy and Specificity for GBCys204.
Diselenides such as selenocystamine are known to react with
the cysteines of many proteins (Jacob et al., 1999), yet the
potency of selenocystamine in our assays (ICs,, 20 nM) was
surprising. As a first step in determining whether the reaction
with GBCys204 was driven by reactivity of the diselenide group
or if there were additional GBy binding components, we ana-
lyzed a series of related compounds in a structure activity
analysis. In a pure bimolecular reaction, the reaction rate and
the equilibrium constant heavily depend on the pK, of the
leaving thiol or selenol; the lower the pK, of the thiol (or sel-
enol), the higher the reactivity and the lower the IC;, of the
disulfide (or diselenide). First we tested cystamine (Table 1), the
less reactive sulfur analog of selenocystamine. Cystamine is
also known to react with cysteines, but in this case, to form
mixed disulfides (Gilbert, 1990). The pK,, of selenocysteamine is
5.50 (Arnold et al., 1986), whereas the pK, of cysteamine is 8.60
(Mezyk, 1995). Cystamine indeed inhibited GBy in the ELISA,
but with an IC;, of approximately 100 uM (5000 times that of
selenocystamine) (Fig. 4A). The inhibition was prevented by
DTT and GSH (Fig. 4B) and reversed by DTT, but unlike the
effect of selenocystamine, it was not reversed by GSH (Fig. 4C).
Cystamine produced 100% inhibition at 10 mM against wild-
type GBvy, but very little inhibition at the same concentration
against GByC204A (Fig. 4D). In this case, the large difference
between the IC;, values of selenocystamine and cystamine ob-
served in the ELISA is probably due to their differences in pK,.

The reaction rate and the equilibrium constant could also
depend on the ability of selenocystamine or cystamine to
establish specific binding interactions with GB+y. The cocrys-
tal structures of Gy with SIGK (PDB code 1XHM) (Davis et

TABLE 1
Structure-activity analysis of disulfides
Disulfide Structure Net Charge at pH 7.5 pK,, of Thiol ELISA ICj,
S N-'I:|
i + e 3 it o
Selenocystamine H3N SN \Se/\/ Positive 5.50 20 nM
+ NH
Cystamine HsN N TN Positive 8.60° 100 uM
(o] o
+
L-Cystine H ;\: ~ /INH'"’ Neutral 8.33% 1 mM
3
-0 o
HEDS N T Neutral 9.50° 100 mM

“ Arnold et al., 1986.
b Mezyk, 1995.
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al., 2005) (Fig. 5A), with Gay; (PDB code 1GOT) (Lambright
et al., 1996), and with GRK2 (PDB code 10MW) (Lodowski et
al., 2003) reveal that each of these molecules has a lysine on
which the e-amino group interacts with a negative pocket in
the “hot spot” of GBy composed of Asp228, Asn230, and
Asp246 (Fig. 5B). PLCB2 also contains a sequence similar to
SIGK, ELKAYDLLSK (which also binds to GBvy as an iso-
lated peptide) (Sankaran et al., 1998), the first lysine of
which may also interact with the negative pocket. GBCys204
is located near the negative pocket on GB. Given the similar-
ity between the e-amine on the lysine side chain and the
amine of the cystamine and selenocystamine molecules, we
hypothesized that the positively charged amino group of cys-
tamine bound to the negative pocket before, during, and after
cystamine/selenocystamine reacts with GBCys204.

To verify whether the positive charge of the amino group
was important for the reactivity of cystamine, we tested
L-cystine and hydroxyethyl disulfide (HEDS) in the ELISA
(Table 1 and Fig. 4A). L-Cystine, with a net neutral charge,
because of a carboxyl group in addition to each amine of
cystamine, inhibited GBy with IC;, of 1 mM, 10 times that of
cystamine, even though the pK, of L-cysteine is 8.33 (Mezyk,
1995), a little lower than that of cysteamine. HEDS, also
having a net neutral charge with a hydroxyl group in the
place of amine of cystamine/selenocystamine, inhibited Gy
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with an IC;, of 137 mM, more than 1000 times that of
cystamine. Given that the pK, of the leaving group, 2-mer-
captoethanol, is 9.50 (Mezyk, 1995), just 0.90 above that of
cysteamine, we conclude that the loss of the positive charge is
responsible for most of the loss of reactivity. Although steric
effects of the carboxyl group, in addition to the charge, might
explain the lesser activity of L-cystine, this cannot be the case
with HEDS.

These results indicate that a positive charge, although
increasing the pK, of the leaving group and decreasing the
general reactivity of the disulfide, increases the affinity for
GpBy. We have not tested any positively charged groups aside
from the primary amine of selenocystamine and cystamine,
but it is theoretically possible that more complex positively
charged groups could establish additional specific interac-
tions with the residues bordering Cys204 and the negative
pocket, in this way increasing the affinity of the disulfide
for GBy.

Development of the SIGC(-Cysteamine) Peptide. The
results above suggest that binding directly to specific sites on
Gy could direct the reactivity of these sulfhydryl-reactive
modifiers to specific sites and possibly increase potency. On
the basis of this idea, we postulated that a molecule that
bound noncovalently to GBvy could potentially deliver a reac-
tive compound specifically to GBCys204 if it could place the
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Fig. 4. A, titrations of cystamine, L-cystine, and HEDS in the ELISA. Titrations were carried out as described under Deactivation ELISA in Materials
and Methods. The compounds were removed from the reaction after pretreating GBy with them for 30 min at 4°C. Data are representative of three
independent experiments, are shown as mean = S.E.M. of duplicate determinations, and are fit with a sigmoid dose-response curve using Prism 5
software. B, prevention of the action of cystamine by DTT and GSH. The ELISA was carried out as described under Deactivation ELISA in Materials
and Methods. Biotinylated-Gf3,y, was immobilized in the wells. Five millimolar DTT or GSH (final concentration) was added together with 1 mM
cystamine and incubated for 30 min at 4°C. The wells were next washed six times with TBS plus 0.5% Tween 20, and then the phage was added. Data
are representative of three independent experiments and are shown as mean = S.E.M. of duplicate determinations. C, reversal of the effect of
cystamine by DTT and GSH. The ELISA was carried out as described under Deactivation ELISA in Materials and Methods. Biotinylated-Gf3,7y, was
pretreated with 1 mM cystamine for 30 min at 4°C, and then immobilized in the wells. After six washes with TBS plus 0.5% Tween 20, 5 mM DTT
or GSH (final concentration) was added and incubated for 1 h at 4°C. Data are representative of three independent experiments and are shown as
mean * S.E.M. of duplicate determinations. D, action of cystamine on the GBC204A-mutant GBy. The ELISA was carried out as described under
Deactivation ELISA in Materials and Methods. Biotinylated-Gf3;y, was pretreated with 10 mM cystamine for 30 min at 4°C, and then immobilized
in the wells. After six washes with TBS plus 0.5% Tween 20, 5 X 10° SIGK-displaying phage particles were added per well. Data are representative
of five independent experiments and are shown as mean * S.E.M. of duplicate determinations.
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reactive moiety in a position to attack the thiol of GBCys204.
We tested this idea by creating a modified version of SIGK.
For these experiments, we used SIGKAFKILGY, a short
version of SIGK that we had previously determined binds to
GpBy with an affinity similar to that of full-length SIGK. In
the crystal structure of SIGK bound to GBvy, the SIGK-Lys4
residue is very close to GBCys204. We replaced the SIGK-
Lys4 residue with a cysteine and reacted this peptide (SIGC)
with cysteamine to generate SIGC(-cysteamine) Fig. 5 C.
After reaction of cysteamine with SIGC-C4, the functional
group at C4 becomes a primary amine derived from cysta-
mine and is connected to the peptide backbone by a linear
aliphatic chain, but now the position analogous to the y-car-
bon of SIGK-Lys4 aliphatic side chain is replaced by a reac-
tive disulfide bond in SIGC(-cysteamine). This increases the
length of the side chain relative to the Lys4 position of SIGK
by the length of one sulfur atom and probably alters bond
angles in the chain but otherwise closely mimics the lysine
that it replaced. Close examination of the structure of the
GBy-SIGK complex shows that the y-carbon of SIGK lysine 4
is 3.5 A from the sulfur of GBCys204. Thus, the disulfide
substitution at the position analogous to the SIGK-Lys4 vy
carbon places the disulfide very near the reactive sulthydryl
of Cys204 but maintains the interaction of the lysine-like
side chain with GBy.

We tested SIGC(-cysteamine) in the competition ELISA to
confirm the ability to bind to GBy and compete for SIGK
binding. SIGC(cysteamine) competes for SIGK-phage bind-
ing with an IC;, 100 times more potent than that of cysta-
mine (Fig. 6A, left). Unlike the reversible binding of SIGK,
inhibition of SIGK binding by SIGC(-cysteamine) persisted
after washing to remove reversibly bound peptide from the
reaction (Fig. 6A, right). Inhibition by SIGC(-cysteamine)
was prevented by both DTT and GSH (Fig. 6B) and reversed

rop ic
q core

by DTT addition after treatment of GBy (Fig. 6C). SIGC
without cystamine modification only weakly inhibited SIGK
binding indicating that a positive charge at the 4 position of
the peptide is essential for inhibition.

We anticipated that SIGC(-cysteamine), unlike selenocys-
tamine, would modify GBy at a single position, GBCys204,
but were unsure of which half of the disulfide (cystamine,
SIGC, or a mixture) would attach covalently to GBy. To
answer these questions, we pretreated wild-type GBy with
SIGC(-cysteamine) and analyzed it by mass spectrometry.
Figure 7A, left, shows the GBy +13 ion (low collision energy).
The peak at 3542.82 (46,044 Da) representing unreacted GBy
(Fig. 7A, top left) disappeared upon treatment with SIGC
(-cysteamine), whereas a single new peak at 3548.63 (46,119
Da), corresponding to a mass increment of 75 Da (equal to one
half the molecular weight of cystamine minus 1) and represent-
ing GBy with a molecule of cysteamine attached, appeared (F'ig.
7A, bottom left). Figure 7A, right, shows the free B-subunit +8
ion, released at high collision energy. The peak at 4662.24
(37,290 Da) representing the unreacted B-subunit was nearly
abolished by SIGC(-cysteamine) treatment, whereas a single
new peak at 4671.63 (37,365 Da), corresponding to a mass
increment of 75 Da and representing the B-subunit with a
molecule of cysteamine attached, appeared (Fig. 7A, bottom
right). No peaks were detected corresponding to GB; or Gy,
with SIGC attached. Thus, SIGC(-cysteamine) efficiently trans-
ferred only cysteamine to a single position in the B-subunit.

To confirm that the single position was Cys204, we tested
SIGC(-cysteamine) in the ELISA against GBC204A. As
shown in Fig. 7B, SIGC(-cysteamine) competitively inhibited
binding of SIGK-phage to GBC204A in manner that was
reversed by washing, indicating that the protein GBC204A
could not be covalently modified by SIGC(-cysteamine). Thus,
SIGC(-cysteamine) efficiently and specifically delivers cys-

Fig. 5. A, SIGK bound to the GBy “hot spot.” Electrostatic
surface representation prepared with the Molsoft ICM-Pro
software from Davis et al., 2005 (PDB code 1XHM). Posi-
tively charged areas are in blue, negatively charged in red,
and hydrophobic in white. The hydrophobic core in SIGK
interacts with a hydrophobic pocket in the GBy “hot spot,”
whereas Lys4 interacts with a negative pocket. B, GBvy “hot
spot” without SIGK bound to it. Electrostatic surface repre-
sentation of the GBy “hot spot” (large circle) without SIGK
bound. Trp332, Lys57, Tyr59, Trp99, Vall00, Metl01,
Leull7, Tyrl45, and Met188 comprise a hydrophobic pocket
(oval) that interacts with the hydrophobic core of SIGK.
Asp228, Asn230, and Asp246 delimit a negative pocket (small
circle) that interacts with the first lysine of SIGK. C, SIGK,
SIGC, and SIGC(-cysteamine). Stick and ball representations
prepared with the Molsoft ICM-Browser software from the
structure published by Davis et al., 2005 (PDB code 1XHM).
When SIGK is bound to Gy, the side chain of Lys4 is near
Cys204.

SIGC(-cysteamine)
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teamine to covalently modify Cys204 in the GBy “hot spot
leading to inhibition of protein-protein interactions.

Discussion

We used a series of high-throughput technologies to iden-
tify peptides and small molecules that bind to a “hot spot” on
Gy (Scott et al., 2001; Bonacci et al., 2006). In the course of
analyzing these small molecules, we found that a class of
these compounds acts by reversible redox modification of GBy
(A. L. Dessal and A. V. Smrcka, unpublished data). In this
study, we moved from discovery of a susceptible cysteine on
the B-subunit, which can be modified by relatively nonselec-
tive compounds acting in a redox manner, to the design of a
selective peptide that specifically and efficiently transfers a
cysteamine moiety to GBCys204. This could establish the
basis for the design of selective small-molecule irreversible
inhibitors and covalent modifiers of GRBYy.

Selenocystamine, cystamine, SIGC(-cysteamine), and the
other molecules that covalently modify Cys204 produced
100% inhibition in the ELISA in conditions under which our
most potent noncovalent binders [such as M119 or gallein
(8',4',5',6'-tetrahydroxyspiro[isobenzofuran-1(3H),9'-(9H)
xanthen]-3-one)] could not achieve more than 75%. This
means that covalent modifiers of GBy might be not only more
potent but also more efficacious pharmacological agents than
the noncovalent binders. The effect of covalent modifiers
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might also last longer than that of the noncovalent binders,
especially when they produce modifications that cannot be
reversed by GSH, as in the case of the addition of a cysteam-
ine moiety.

Selenocystamine disrupted the interaction of Gy with the
three cellular binding partners that were tested: Ge;;, GRK2,
and PLCp2. Inhibition of the interaction between GBy and
effectors is a potential site for pharmacological interventions
(Koch et al., 1995; Iaccarino and Koch, 2003; Li et al., 2003).
We identified a number of small molecules that bind to the
“hot spot.” We have tested two of these molecules, gallein and
the related molecule M119, in a number of in vivo models of
disease (Lehmann et al., 2008; Mathews et al., 2008; Casey et
al., 2010). M11 enhances the potency of morphine-dependent
analgesia, whereas gallein was very effective at inhibiting
inflammation in a foot-pad inflammation assay. Molecules
that bind to the “hot spot” have the potential to be useful in
the treatment of heart failure. M119 and gallein are revers-
ible inhibitors of GBy. A covalent modifier of GBy may have
advantages in terms of duration of action but has the poten-
tial for nonspecific effects. The strategy we show here could
allow for the development of covalent modifiers with in-
creased specificity for GBvy.

Although the modification produced by SIGC(-cysteamine)
resisted reversal by GSH in the ELISA, the initial modifica-
tion of GBy was prevented by GSH. It remains to be seen
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Fig. 6. A, titration of SIGC(-cysteamine) in the ELISA. Left, titration of SIGC(-cysteamine) in the ELISA leaving the peptide in the reaction. The
experiment was carried out as described under Deactivation ELISA in Materials and Methods, except that 5 X 10° SIGK-displaying phage particles
per well were used instead of 10°. Right, titration of SIGC(-cysteamine) in the ELISA removing the peptide from the reaction after pretreating Gy
with it for 30 min at 4°C, as described under Deactivation ELISA in Materials and Methods. Data are representative of two independent experiments,
are shown as mean * S.E.M. of duplicate determinations, and are fit with a sigmoid dose-response curve using GraphPad Prism 5. B, prevention of
the action of SIGC(-cysteamine) by DTT and GSH. The ELISA was carried out as described under Deactivation ELISA in Materials and Methods.
Biotinylated-Gf3;y, was immobilized in the wells. Five millimolar DTT or GSH (final concentration) was added together with 10 uM SIGC(-cysteamine), 1
mM cystamine, or 1 uM selenocystamine and incubated for 30 min at 4°C. The wells were next washed six times with TBS plus 0.5% Tween 20, and then
the phage was added. Data are representative of two independent experiments and are shown as mean * S.E.M. of duplicate determinations. C, reversal
of the effect of SIGC(-cysteamine) by DTT and GSH. The ELISA was carried out as described under Deactivation ELISA in Materials and Methods.
Biotinylated-Gp, v, was pretreated with 10 uM SIGC(-cysteamine), 1 mM cystamine, or 1 uM selenocystamine for 30 min at 4°C, and then immobilized in
the wells. After six washes with TBS plus 0.5% Tween 20, 5 mM DTT or GSH (final concentration) was added and incubated for 1 h at 4°C. Data are
representative of two independent experiments and are shown as mean * S.E.M. of duplicate determinations.
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whether SIGC(-cysteamine) can resist the protective action
of GSH in the cell. Nevertheless, to avoid potential problems
with GSH, other (less reactive) groups might be used in place
of disulfides (e.g., monofluoroalkyl ketones and acyloxym-
ethyl ketones) (Shaw, 1990; Krantz et al., 1991; Smith et al.,
2002; Vicik et al., 2006). This strategy of avoiding inactiva-
tion by GSH by using monofluoroalkyl ketones and acyloxym-
ethyl ketones has successfully been applied in the develop-
ment of cysteine protease inhibitors (Vicik et al., 2006).
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Fig. 7. A, mass spectrum of SIGC(-cysteamine)-treated GBy. Top left,
G3,6hisy,C68S (2.5 uM) in 20 mM ammonium acetate, pH 7.0, was
analyzed in a Waters “Synapt” nano ESI QToF Mass Spectrometer de-
signed for intact protein analysis. +12, +13, and +14 charged species
were observed. Only the +13 charged species is shown for simplicity.
Bottom left, GB,6hisy,C68S (2.5 uM) in 20 mM ammonium acetate, pH
7.0, was incubated with 20 uM SIGC(-cysteamine) for 15 min and then
analyzed as described above. Right, tandem MS dissociation of G and Gy
by increasing the collision cell voltage results in release of free Gy, whose
mass is unchanged by SIGC(-cysteamine) (data not shown), and free G,
(+8 ion shown for simplicity). (It is highly unlikely that a noncovalent
complex between SIGC(-cysteamine) and G survive these collision con-
ditions necessary to dissociate GB from Gv.) B, action of SIGC(-cysta-
mine) on the GB(C204A)y. No wash, ELISA leaving 100 uM SIGK, 100
uM SIGC(-cysteamine), or 10 mM cystamine in the reaction. The
experiment was carried out as described under Deactivation ELISA in
Materials and Methods, except that 5 X 10° SIGK-displaying phage
particles per well were used instead of 1 X 10°. Wash, ELISA removing
SIGC(-cysteamine) from the reaction after pretreating Gy with it for
30 min at 4°C, as described under Deactivation ELISA in Materials
and Methods. Data are representative of two independent experiments
and are shown as mean * S.E.M. of duplicate determinations.
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