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ABSTRACT: Coupling of heterotrimeric G proteins to activated G protein-coupled
receptors results in nucleotide exchange on the Ga subunit, which in turn decreases its
affinity for both Gfy and activated receptors. N-Terminal myristoylation of Ga subunits aids
in membrane localization of inactive G proteins. Despite the presence of the covalently
attached myristoyl group, Ga proteins are highly soluble after GTP binding. This study
investigated factors facilitating the solubility of the activated, myristoylated protein. In doing
so, we also identified myristoylation-dependent differences in regions of Ga known to play
important roles in interactions with receptors, effectors, and nucleotide binding. Amide
hydrogen—deuterium exchange and site-directed fluorescence of activated proteins revealed a
solvent-protected amino terminus that was enhanced by myristoylation. Furthermore,
fluorescence quenching confirmed that the myristoylated amino terminus is in proximity to
the Switch II region in the activated protein. Myristoylation also stabilized the interaction
between the guanine ring and the base of the aS helix that contacts the bound nucleotide.
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The allosteric effects of myristoylation on protein structure, function, and localization indicate that the myristoylated amino
terminus of G; functions as a myristoyl switch, with implications for myristoylation in the stabilization of nucleotide binding and

in the spatial regulation of G protein signaling.

H eterotrimeric G proteins, consisting of @, f3, and ¥ subunits,
communicate extracellular stimuli to a variety of down-
stream effectors through seven-transmembrane G protein-coupled
receptors. Receptors catalyze the release of GDP and binding of
GTP to Ga subunits, which remain active until GTP hydrolysis
and subsequent Gfy association return the protein to the inactive,
heterotrimeric state. While there are a multitude of G protein-
coupled receptor subtypes, there are only a handful of G protein
families that are responsible for communicating diverse inputs to a
wide variety of effectors. How these many inputs and outputs are
coupled through so few G proteins remains an open question in
the field; however, it likely involves direct conformational as well
as allosteric forces, further influenced by spatial and temporal
mechanisms regulating G proteins and their binding partners in
vivo. Examination of these influences in well-defined systems has
allowed us to dissect individual contributions from moieties as
small as the 14-carbon myristate, which is covalently bonded to
the N-terminal glycine of all Ge; family members, including Ga,
Ga,, and Ga,,.

Crystal structures provide no information about the con-
formation of the myristoylated (myr) N terminus of activated Ga
proteins. This is because no structure of a myrGa protein has been
successfully determined, and structures obtained with unmyr
proteins typically display disordered amino (N) termini in the
absence of Gfy;' ™" thus, these structures shed little light on the
conformation of the amino terminus in a myristoylated protein.
Electron paramagnetic resonance (EPR) studies demonstrate the
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myr N terminus of GaGDP is ordered, even in the absence of
Gy, in contrast to the more mobile N-terminal residues of unmyr
Ga proteins.'* The roles of co- and post-translational
modifications of G proteins in membrane-delineated processes
have been well documented in the literature,">™>* but less is
known about the structural and functional implications of
myristoylation in activated Go; subunits upon their release from
activated receptors. Biophysical and biochemical studies such as
this study provide unique insights into the conformation adopted
by myrGa proteins in solution and, in particular, the orientation of
the myr N terminus in the soluble, activated protein.

Our previous biochemical and biophysical studies suggest that,
upon Go activation, the myrN terminus participates in an intra-
molecular binding event on the surface of the Gat protein.'***** In
this study, we used a combination of hydrogen—deuterium (H—D)
exchange mass spectrometry (MS) and fluorescence studies. H—D
exchange is ideally suited to evaluating solvent accessibility and
protein dynamics. It is generally accepted that the extent of
H-D exchange in the fast exchange regime reflects the solvent
accessibility of the backbone, while the intermediate exchange
regime is a consequence of conformational fluctuations of the
protein. The time dependence of the exchange behavior is
indicative of the conformational equilibria associated with
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dynamics.”*™* Using H-D exchange and fluorescence, we
compared myr and unmyrGe; proteins that had been activated
with either AIF, or GTPyS. AlF, readily binds Ga;GDP to form
Ga;GDP-AIF,, which forms a mimic of the transition state present
during GTP hydrolysis, and GTPyS activates Ge; proteins more
slowly as a result of basal nucleotide exchange of GDP for GTPyS
on the Ga subunit. Guided by the H-D exchange experiments,
we examined effects of myr on the environment of specific
residues using fluorescence approaches. Fluorescence quenching
studies were used to localize the position of the N terminus in
the activated, myristoylated protein. Together, these biophysical
approaches revealed direct and allosteric effects of myristoylation
on the environment of residues throughout the activated protein.
This solution study provides new insights into roles for
myristoylation in the spatial regulation of G protein signaling.

B MATERIALS AND METHODS

Materials. Porcine pepsin, GDP, and GTPyS were pur-
chased from Sigma-Aldrich (Milwaukee, WI). Bodipy FL-
GTPyS thioester and the cysteine-reactive probes monobromo-
bimane and Alexa Fluor 594 Cg maleimide were purchased
from Invitrogen (Madison, WI). D,O was purchased from
Acros (Geel, Belgium). All other reagents and chemicals were
of the highest available purity. ROS membranes containing
rhodopsin and Gf,y, were prepared as described in ref 30.

Protein Expression and Purification. G, and Ga; HI
proteins containing an internal hexahistadine tag between residues
Met'"? and Thr'® of the Ga;, sequence (Rattus norvegicus) were
expressed and purified as described previously.'****" Construc-
tion, expression, and purification of Ga; D328R were essentially
as described in ref 32. Briefly, Ga; proteins were expressed
in Escherichia coli; for myr Ga;, these were coexpressed with
the pbbl31 plasmid (courtesy of M. Linder) encoding N-
myristoyltransferase and supplemented with myristic acid (30 4M).
All proteins were then purified by Ni** affinity chromatography,
followed by anion exchange high-performance liquid chroma-
tography (HPLC) on a § mL Source Q anion exchange column
(GE Healthcare, Piscataway, NJ). Chromatographic fractions
were pooled on the basis of their ability to undergo activation-
dependent changes in intrinsic Trp*'' fluorescence with a
minimum of a 40% increase in fluorescence intensity upon
activation® as seen in the intrinsic Trp fluorescence assay, or
for proteins with mutation of residue 211, by BD-GTPyS
binding.>* Both labeled and unlabeled proteins were stored at
—80 °C in 50 mM Tris, 100 mM NaCl, 2 mM MgCl,, 1 mM
DTT, 10 uM GDP, and 10% glycerol (pH 7.5).

Intrinsic Trp Fluorescence and AIF, Activation.
Intrinsic tryptophan fluorescence was used to measure
nucleotide exchange rates in Ga; proteins, based on the ability
of Trp*!! to act as a reporter of activation-dependent changes in
solution.*® Gar (200 nM) subunits are monitored by excitation
at 280 nm and emission at 340 nm (ex/em 280/340 nm) before
and after activation with 10 ygM AIF, in 50 mM Tris, 100 mM
NaCl, 2 mM MgCl,, and 10 uM GDP (pH 7.5). Properly
folded and functional Ga proteins exhibit a >40% increase in
relative Trp fluorescence emission upon AlF, activation. The
ability of selected Go; proteins to undergo activation-dependent
changes as a result of basal nucleotide exchange of GDP for
BD-GTPyS was measured as described previously,®* with Ga;
HI proteins exhibiting a 10-fold higher rate of exchange than
wild-type proteins because of the removal of solvent-exposed
cysteines required for site-specific fluorescent labeling. Briefly,
the emission intensity of Ga; (200 nM) was monitored at
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ex/em 280/340 nm before and after addition of GTPyS
(10 uM). Exchange of GDP for GTPyS results in enhanced Trp
emission intensity, similar to the enhancement of the Trp emis-
sion intensity seen upon activation of Ga proteins with AlF,.
Intrinsic nucleotide exchange assays were performed in 50 mM
Tris, 100 mM NaCl, and 1 mM MgCl, (pH 7.5) at 18 °C. All
fluorescence experiments were conducted on a Varian Cary
Eclipse instrument (Agilent, Santa Clara, CA). Changes in
fluorescence emission were determined from a minimum of
three independent experiments + SEM. Time-dependent
fluorescence changes were fit to an exponential association
curve using Prism 4.0 (GraphPad Software). Mean values from
at least three independent experiments that differ significantly
are indicated: *p < 0.05, **p < 0.01, and ***p < 0.001.

Peptide Identification and Hydrogen—Deuterium
Exchange Analysis. To map peptides to the sequence of
the protein, ESI MS/MS was performed essentially as described
in ref 29. The extent of H—D exchange was measured by ESI
LC—MS/MS*” in the positive mode to detect charged ions. We
probed the effects of myristoylation on solvent accessibility and
protein dynamics by incubating the proteins in D,O, which
allows for exchange of backbone amide hydrogens with
deuterium. The H—D exchange reaction was then quenched
by decreasing the pH and temperature, and an acid-stable
protease, pepsin, was used to cleave the protein. The increase in
weight for each peptide, determined by MS analysis, revealed
information regarding the solvent accessibility, conformation, and
protein dynamics. The increase in weight of each peptide due to
exchange of hydrogen for the 1 amu heavier deuterium over time
was monitored, and fitting of the data across all data points
revealed the rate and number of hydrogens being exchanged.
Because side chain and N-terminal amide hydrogens are back
exchanged during chromatography, exchange at these positions is
not detected by this method”” Briefly, porcine pepsin was
incubated with AlF,-activated myrGa; protein in a 1:1 (w/w) ratio
in quench buffer containing 0.1 M KH,PO, (pH 2.3) for a period
of 5 min. Peptides were separated by reverse-phase HPLC on a
microbore 1 mm X 50 mm Jupiter C18 column (Phenomenex)
with a 2 to 98% acetonitrile gradient with 0.4% formic acid
included in both mobile phases at 0.1 mL/min. Peptides were
sequenced on a ThermoFinnigan TSQ Quantum (San Jose, CA)
triple-quadrupole mass spectrometer in positive ion mode using
data-dependent MS/MS collision-induced dissociation. Identities
of the peptides were determined by using a combination of ESI
MS/MS fragmentation, peptide mass searching of the Ga;
sequence using massXpert,”> and predicted fragmentation patterns
generated by MS-Product.®® The amino acid sequences of the
pepsin digests were determined by comparison of the MS/MS
spectra to the predicted fragmentation patterns generated by MS-
Product,® yielding approximately >85% sequence coverage
(Figure 1A) by peptides that were sufficiently well-resolved to
be used in the subsequent H—D exchange experiments.

The exchange of backbone amide hydrogens for deuterium in
AlF -activated Gy proteins was initiated by addition of 5 uL of
Ga; protein (1S pg) to 45 pL of D,O, and samples were
incubated at 21 °C for time spans ranging from 15 s to 30 min.
Following this incubation, reactions were quenched with 50 yL
of quench buffer and mixtures immediately transferred to an ice
bath and then allowed to digest with pepsin for an additional
5 min. The digested peptides were separated over 20 min with a
2 to 98% acetonitrile gradient containing 0.4% formic acid in all
running buffers at a flow rate of 0.1 mL/min. In the LC—MS
separation of deuterated peptides, the injection apparatus and
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all chromatographic buffers were maintained at 0 °C by
submersion in an ice/water slurry to minimize back exchange of
deuterium during HPLC. To determine the extent of deuterium
incorporation that occurred after quenching, a zero percent
control (mg,,) was prepared by addition of Ge; to quench buffer
at 0 °C, followed by addition of 45 yL of D,0, and digestion
with pepsin as described above. Furthermore, the amount of
deuterium back-exchanged during chromatography was deter-
mined with a fully deuterated protein (m1,49y), which was
obtained by incubation of Ga; (15 ug) with 45 uL of D,O at
45 °C for 8 h, followed by addition of quench buffer, and
analyzed as described above. Data processing was performed
using Finnigan Xcaliber (version 1.2). Peptide ions were
located by mass searching, which resulted in a chromatographic
ion profile for each ion that was averaged to obtain a composite
spectrum for each ion. Magtran 1.0 beta 9% identified the
centroid (m,) of the given composite isotope envelope. The
deuterium content of the peptides as a result of H-D exchange
was corrected for gain (mygy) and loss (myggy) of deuterium
during analysis according to eq 1
D = Nt~ ™M0%

m100% — M0% (1)

where mgy, m;, and m g, are the average molecular masses for
the same peptide in the undeuterated control, partially
deuterated sample at time ¢, and fully deuterated control
sample, respectively, and where N equals the total number of
exchangeable peptide amide protons, minus one for the N
terminus and any proline residues present. The amount of
deuterium incorporated at each of nine different time points in
each peptide was averaged in two independent experiments,
with all data for one kinetic experiment collected on the same
day, and plotted as a function of time. The time-dependent
increase in mass as a result of H—D exchange was fit to single-
or double-exponential equations as appropriate to the sum of
first-order rate terms according to eq 2

i=1
D=N- Z exp(—kit)

N (2)

where N is the number of amide hydrogens that exchange for
deuterium at a given rate constant, k;, during time t, the time
point for which exchange was measured. Because of practical
considerations in sample handling, the earliest time point
measured was 15 s; therefore, hydrogens that exchange before
this time point have an estimated k; of >4 min~". Exchange is
measured in two independent experiments for myr and unmyr
proteins, at time points of 15, 30, 45, and 60 s and 2, 4, 10, 15,
and 30 min. All time points were measured on the same day for
a particular experiment. Average deuterium incorporation from
two independent experiments was fit to an appropriate
exponential equation using KaleidaGraph (Synergy Software,
Reading, PA).

Protein Labeling. Ga; HI proteins®' were labeled with the
indicated thiol-reactive probes. With a 5:1 probe:protein molar
ratio and Ge; HI proteins at a concentration of approximately
1 mg/mL in buffer free of reducing agent, proteins were labeled
in 50 mM Tris, 130 mM NaCl, 2 mM MgCl,, and 100 uM
GDP (pH 7.5), followed by quenching with -mercaptoethanol
and removal of the unbound probe via HPLC using a SW2000
size exclusion column (Sigma-Aldrich, St. Louis, MO). The
efficiency of labeling was between 25 and 40%, depending on
the nature of the probe used, the location of the residue, and
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the time of labeling (generally 1—4 h). Chromatography was
conducted in the same buffer supplemented with 10 uM GDP
and 1 mM DTT. The monodispersity and molecular weight of
the monomeric, labeled proteins used in this study after
purification by gel filtration HPLC were confirmed through
comparison of peak retention times and peak shape to results of
a column calibration performed with a broad range of molecular
weight standards run on the same day as the purified samples
(Bio-Rad, Hercules, CA). The monomeric, labeled, purified
proteins were pooled on the basis of their ability to undergo
activation-dependent changes as measured by intrinsic Trp*"!
activation (described above). Proteins with Trp*'! mutations
were assayed by BD-GTPyS binding (described below) to ensure
the functional integrity of the labeled proteins.

Extrinsic Fluorescence Assays. For bimane quenching
experiments, emission of myr and unmyr Ga; HI proteins (in
complex with Gfy, 150 nM each) specifically labeled at the
third residue with monobromobimane (as described in Protein
Labeling) was scanned between 400 and 600 nm, with
excitation at 375 nm, before and after activation with 10 uM
AlF, in 50 mM Tris, 100 nM NaCl, 2 mM MgCl,, 10 uM GDP,
and 1 mM DTT (pH 7.5). The time dependence of bimane
quenching due to basal nucleotide exchange was based on the
intrinsic basal nucleotide assay described in Intrinsic Trp
Fluorescence and AlF4 Activation. Nucleotide exchange was
initiated by addition of 10 uM GTPyS to bimane-labeled GDP-
bound Ga HI proteins (200 nM) and fluorescence monitored
at bimane-specific wavelengths (excitation and emission at 375
and 475 nm, respectively). For fluorescence studies of Al-
labeled proteins, the emission maxima of 200 nM labeled Go;
subunit were determined by scanning emission between 590
and 750 nm, with excitation at 580 nm. For BD-GTPyS
binding,** the emission of BD-GTPyS (1 uM) was monitored
at BD-specific wavelengths of 485 and 515 nm (excitation and
emission, respectively) for 1 h after addition of Ga; (200 nM),
and for experiments with D328R protein, BD-GTPyS binding
was measured with or without 10 yM AIF,, in buffer consisting
of 50 mM Tris, 100 mM NaCl, 2 mM MgCl,, and 1 mM DTT
(pH 7.5) at 18 °C. All fluorescence data were analyzed as
described in Intrinsic Trp Fluorescence and AlF4 Activation.

Rhodopsin Binding Assay. The ability of labeled Go
subunits to bind rhodopsin in urea-washed ROS membranes
was assessed as described previously.32 Ga; (5 uM) with Gy
(10 pM) and rhodopsin (50 M) in a buffer containing SO mM
Tris (pH 8.0), 100 mM NaCl, and 2 mM MgCl, were
incubated in the dark, after light activation, and after light
activation with the addition of GTPyS (100 uM) for 30 min at
4 °C. Membranes were separated by centrifugation at 20000g for
1 h, and the supernatants were removed from the pellets. For the
dark fraction, the mixture was protected from light during
centrifugation, and the supernatant was removed in dim red light.
The isolated fractions were boiled, visualized via Coomassie-
stained SDS—PAGE gels, and quantified by densitometry using a
Bio-Rad Multimager by comparison of the amount of 37 kDa Gar
in either pellet or supernatant to the total amount of Ga subunits
in both fractions, expressed as a percent of the total. Data are
averages of at least three independent experiments.

Tryptic Digest. Bimane-labeled myrGoHI W211F and
unlabeled wild-type Ga; protein (15 M) in the GDP-bound and
GDP-AlF -activated state were incubated with tosyl-phenylalanyl
chloromethyl ketone trypsin at 4 °C in a 1:50 trypsin:Ga protein
molar ratio. Samples were treated with tosyl-L-lysine chloromethyl
ketone at a final concentration of 40 pg/mL for S min at 4 °C,
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prior to separation via SDS—PAGE and Coomassie staining
(Figure S2B of the Supporting Information).*

B RESULTS

Activation Results in a Highly Soluble myrGa Protein.
We examined the effect of myr on membrane binding, before
and after activation of the G protein by GTPyS. To do this, we
measured the percent recovery of Ga protein in the pellet fraction
versus that recovered in the soluble fraction in a reconstituted
system consisting of rhodopsin in ROS membranes and Ga in
complex with Gfy. Like Ga, Ga; subunits bind Gfy, and the
reconstituted heterotrimer interacts with rhodopsin in an
activation-dependent manner.”****® ROS membranes were
prepared under dim red light, allowing examination of the mem-
brane binding activity of G proteins in the dark, after receptor
activation by light, and after addition of light and GTPyS. Den-
sitometry of Coomassie-stained SDS—PAGE gels showed the
relative amounts of Ga recovered in the pellet and supernatant frac-
tions after incubation under the indicated conditions (Figure 1A,B),
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Figure 1. Myristoylation alters the protein localization and environ-
ment of residues in receptor-binding regions. (A) SDS—PAGE gels of
indicated Ga proteins reconstituted with Gfy prior to binding to ROS
in the dark, in the light, and after light activation followed by addition
of GTPyS, as described in Materials and Methods. Abbreviations: DS,
supernatant from the dark sample; DP, pellet fraction in the dark; LS,
light supernatant; LP, light pellet; GS, supernatant, with light and GTPyS;
GP, pellet, with light and GTPyS. (B) Quantitation of data in panel A
from densitometry of gels. Each bar (red, myr; blue, unmyr) is the average
of three independent experiments; results are means + SEM.

as described in Materials and Methods. Initially, myrGe is recovered
to a greater extent in the membrane fraction than the unmyr
(Figure 1A,B, lane DP, red vs blue) under dark conditions. Upon
receptor activation, Gar proteins are equally well localized to the
membrane (Figure 1A,B, LP lanes), and subsequent GTPyS binding
releases activated subunits from membrane-bound receptors,
facilitating recovery of both myr and unmyrGe in the supernatant
(Figure 1A,B, GS lanes). Because myristoylation augments
membrane association in the inactive, but not the active, state, we
next sought to determine the factors facilitating the solubility of the
activated protein.

Myristoylation Alters the Environment of the N Terminus
and Other Regions throughout the Activated Protein.

1914

To investigate the activation-dependent solubility of myrGe,
we performed H—D exchange analysis. In particular, we were
interested in the ability of amide hydrogens in the myr N ter-
minus to exchange with deuterium, as a means of investi-
gating the solvent exposure and conformational flexibility of this
region. Intact, AlF,-activated Ge;, (myr and unmyr) was exposed
to D,O for varying periods of time, followed by quenching and
enzymatic cleavage as described in Materials and Methods.
Subsequent MS analysis of the products allowed direct measure-
ment of the number of backbone amide hydrogens that exchange
with deuterium during the assay.”” After mapping the individual
peptides to the primary sequence (Figure S1 of the Supporting
Information) using high-resolution LC—MS/MS, we measured
the time dependence of H—D exchange in peptides that were well-
resolved in both myr- and unmyrGe; proteins. The nine time
points tested for each protein ranged from 15 s to 30 min. The
average H—D exchange at each time point was then fit to an
appropriate exponential equation. The y-intercept of the fitted line
provides an estimate of the number of backbone amide hydrogens
that exchange in the first 15 s. The percentage of hydrogens in
each peptide that exchange in this fast exchange regime is shown
in Figure 2, which reflects the solvent (D,0) accessibility of the
specific region of the protein.”® The kinetic plots also reveal the
number and rates of backbone hydrogens that exchange over
the entire time course of the experiment. These data, along with
statistics for evaluating the quality of the data fitting, are listed
in Table S1 of the Supporting Information. From this analysis,
we observed qualitative similarities between myr and unmyr
proteins, consistent with their ability to bind Gfy, nucleotides, and
receptors and hydrolyze GTP, with subtle myr-dependent differ-
ences in regions throughout the Ga protein.

A Number of Regions Display Relatively Similar Fast
H-D Exchange, Regardless of Myristoylation. In
comparing the percentage of fast-exchanging hydrogens in the
activated myr and unmyr proteins, we observed a qualitatively
similar trend across the primary sequence regardless of
myristoylation (Figure 2A) in some regions of the Ga proteins.
For example, in both myr and unmyr proteins, regions that
displayed the highest percentage of fast exchange included the
peptide that encompassed the hexahistadine tag (denoted with
an asterisk), followed by the extreme C terminus (residues
341-353), the aA/aB loop (residues 92—103), and a peptide
spanning the C-terminal end of the @2 helix and the a2/p4
loop (residues 209—222), with >50% of the amide hydrogens
exchanging before the first time point in both myr and unmyr
proteins (Figure 1B, top gray dashed line). Regions with a
relatively low percentage of fast-exchanging protons regardless
of myristoylation included residues 9—18 and 24—34 in the N
terminus, residues 37—52 containing the phosphate binding
loop (P-loop), and portions of the aC, aD, and aE helices,
residues 124—139, 140—153, and 154—159, respectively, with
<30% of the amide hydrogens undergoing fast exchange
(Figure 1B, bottom gray dashed line). The f3/a2 region
(residues 196—208), a3 helix (residues 241—249) and residues
preceding it (residues 232—234), fS strand (residues 267—
274), p6/as loop (residues 322—330), and several residues in
the C-terminal S helix (residues 334—336) also exhibit a low
percentage of amide hydrogens undergoing fast exchange
regardless of myr. These results reveal information about the
accessibility of the backbone amide hydrogens to D,0, relevant
to the conformation the protein adopts in solution. These
results also revealed subtle effects of myristoylation on various
regions throughout the Ga protein.
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Figure 2. (A) Myristoylation allosterically modifies the environment of multiple regions within the activated Ga protein. Shown is the percentage of
deuterium incorporation in each peptide as a percent of the total number of exchangeable backbone amide hydrogen in each peptide (y-axis), which
occurs as a result of fast H—D exchange in the indicated peptides of myrGa; (filled bars) and unmyrGa; (empty bars), shown on the x-axis. The fits
for all peptides can be found in Table S1 of the Supporting Information and the peptide cleavage map of the protein in Figure S1 of the Supporting
Information. Regions of secondary structure are indicated along the top. The label 111—123* denotes the peptide that encompasses the
hexahistadine tag (unnumbered) located between residues 119 and 120. Gray dotted lines indicate peptides with an overall high (>50%, top dashed
gray line) or low (<30%, bottom dashed gray line) solvent accessibility regardless of myristoylation. (B and C) H—D exchange kinetic rate profiles
for peptides encompassing residues 9—18 (B) and 307—318 (C). Shown are the time dependencies of incorporation of deuterium into peptides
originating from myrGa,GDP-AIF, (red spheres) and unmyrGa;GDP-AIF, (blue spheres) as a function of incubation time in D,0O. Each time point
is the average of two independent experiments; results were fit to a single- or double-exponential equation according to eq 2, with fitted parameters
listed in Table S1 of the Supporting Information. (D) em,,,, for the indicated Al-labeled Ga; HI proteins after AlF, activation was determined as
described in Materials and Methods from excitation at 580 nm and scanning peak emission between 590 and 750 nm in a minimum of three
independent experiments; results are means + SEM. (E and F) Surface of unmyrGe,GDP-AIF,, from PDB entry 1GFL? with the last resolved residue
in the C terminus colored dark green, shown to indicate the receptor-binding face of the protein. Light blue indicates the a4/$6 loop region, with
darker blue indicating the position of indicated a4/f6 residues that were analyzed in panel D: (E) side view and (F) view of the protein that faces
the receptor. The surface of 1GFI” was rendered with Chimera.*®
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Regions throughout the Ga Protein Display myr-
Dependent Alterations in Fast H-D Exchange. While
general trends in fast exchange across the protein were
qualitatively similar, a number of regions displayed myr-dependent
differences in the percentage of fast-exchanging hydrogens. The
myrN-terminal peptide displayed a >10% reduction in fast
exchange due to myristoylation (Figure 2A). Surprisingly, several
regions far removed in sequence from the N-terminal
myristoylation site also displayed a >10% reduction in fast
exchange due to myristoylation. These regions included residues in
the aB region (residues 107—110), aE (residues 154—159),
Switch II (Swll, residues 199—214), residues in the 4 strand
(residues 225—227), a3 helix (residues 250—258), residues within
the aG helix (residues 274—287), the a4/36 loop (residues 307—
318), and nearby residues 308—323, as well several residues in the
aS helix (residues 334—336). While myristoylation generally
conferred reductions in the percentage of fast-exchanging
hydrogens, there were several regions that showed myr-dependent
enhancements (>10%) in fast exchange, including the peptide that
encompasses the P-loop (residues 37—52), as well as a small
segment of Switch III (SwlII, residues 232—234). Because the myr
proteins are highly membrane localized, we next sought to
determine how the environment of receptor-binding regions in the
activated state might support a cytosolic localization for the myr
protein.

Myr-Dependent Differences between the N Terminus
and a4/$6 Loop. Several of the regions that displayed myr-
dependent differences in H—D analysis are located in regions
known to be involved in receptor binding, and because of the
critical role of these regions, we selected them for further study.
We noted myr-dependent differences in the percentage of fast-
exchan%in hydrogens in the N terminus and the a4/p6
loop,”**** as indicated by differences in the y-intercepts of the
fitted lines in panels B and C of Figure 2. To investigate this
further, we next used site-directed fluorescent labeling to
examine the environment of specific residues within each of
these regions, to examine myr-dependent differences at the
residue level. We introduced cysteines at sites of interest in the
background of a cysteine-depleted parent Ge;, HI protein.® We
labeled residues in the N terminus and the @4/f6 loop of three
separate Ga; HI Cys mutants with a thiol-reactive Alexa™® (A1)
probe. The Al probe has been shown to exhibit a lower em,,,,
(blue shift) of ~10 nm in hydrophobic environments as
compared to its em,, in more polar environments.”*
Individually labeled myr and unmyrGe; HI 3C-Al, 315C-Al,
and 318C-Al were activated with AlF, as described in Materials
and Methods, and the em,,,, values of the myr and unmyr
proteins were compared (Figure 2D). Because the first well-
resolved peptide in common to both myr and unmyr proteins
started with residue 9 in the H—D exchange analysis, the ability
to specifically label residue 3 provided a measure of the
environment closer to the extreme N terminus. We observed a
statistically significant myr-dependent blue shift in the em,,,,
values of all three proteins, consistent with myr-dependent
decreases in polarity surrounding these labeled residues in the
activated proteins. The a4/$6 loop (Figure 2EF, light blue)
and residues 315 and 318 (Figure 2E,F, dark blue) in this
region are visible in crystal structures of activated, unmyrGoci,2
near the last resolved residues in the C terminus, colored green
in panels E and F of Figure 2 for reference. Because similar
fluorescence studies conducted with specifically labeled residues
in the C terminus failed to detect any myr-dependent decreases
in em,,, (not shown), this indicates that the myr-dependent
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blue shifts we detected in fluorescently labeled residues in the
a4/p6 loop region are not likely due to interactions with
nearby C-terminal residues, which exhibit a high level of fast
exchange regardless of myristoylation (Figure 2A). In addition
to receptor-binding regions, regions known to be involved in
binding nucleotide also exhibited myr-dependent differences in
fast exchange.

Myr-Dependent Differences in Regions That Interact
with the Guanine Ring. Interestinglyy, H—D exchange
revealed unexpected myr-dependent differences in fast exchange
in regions with well-established roles in nucleotide binding, such as
the base of the a5 helix, which interacts with the guanine ring. To
examine the effect of myr on nucleotide binding, we used an
extrinsically labeled GTP analogue, Bodipy-GTPyS (BD-GTPyS)
(Figure 3A, inset), as a reporter of environmental differences
surrounding the bound nucleotide. While it is known that BD-
labeled nucleotides bind Gar subunits with a lower affinity than
unlabeled nucleotides, we can compare the relative ability of myr
and unmyr proteins to bind to this GTP analogue. Because BD-
GTPyS binds Gor subunits with a lower affinity than unlabeled
GTPyS,>**" we competed away bound BD-GTPyS with a 10-fold
excess of unlabeled GTPyS. The time dependence of the decrease
in BD-GTPyS emission (Figure 3A) upon addition of unlabeled
GTPyS was significantly slower in the myr protein than in the
unmyr protein (Figure 3A, solid line vs dotted line, *p, 0.002 +
0.0009 vs 0.004 + 0.0001 s™', respectively), revealing a myr-
dependent enhancement in BD-GTPyS binding.

Activation with AIF, Offsets the Destabilizing D328R
Mutation in the Myristoylated Ga Protein. To determine
if the myr-dependent enhancement of BD-GTPyS binding was
due to allosteric effects of myr on regions involved in binding
the guanine ring, we examined H—D exchange in regions
surrounding the guanine ring. We noted that, of the two
peptides flanking the guanine ring (Figure 3B), only peptide
322—330 exhibited a myr-dependent reduction in the time
dependence of H-D exchange (panels C and D of Figure 3,
respectively). This peptide encompasses residue 328; mutation of
this residue (and others around it) is known to markedly elevate
the level of nucleotide exchange.32’41 However, it is known that, in
wild-type Ga; proteins, addition of AlF, severely reduces the level
of exchange of GDP for GTPyS, using either unlabeled GTPyS* or
BD-GTPyS.* This indicates AlF, binding can stabilize bound
GDP, regardless of the nucleotide analogue used in the exchange
assay. However, unlike wild-type Ga, even addition of AIF, does
little to prevent exchange of GDP for BD-GTPYS in the unmyrGey
D328R protein.*” Because myr reduced the time dependence of
H-D exchange in the region encompassing residue 328, we
reasoned that myr may stabilize the D328R protein against
exchange. Because the maximal level of fluorescence after GDP—
GTPyS exchange differs for myr and unmyr proteins (see below),
we set the maximal fluorescence for each protein to 1.0. We then
measured the effect of addition of AlF, on nucleotide exchange in
the myr D328R protein, as compared to unmyr, as described in
Materials and Methods. We found that myristoylation significantly
enhanced the AlF,-mediated stabilization of bound GDP,
weakening overall BD-GTPyS binding (Figure 3E, right two
bars). This indicates that myr stabilizes interactions between the
base of the @S helix and the guanine ring that is specifically
perturbed by the D328R mutation located within this region
(Figure 3B). We next examined interactions between the
nucleotide and the phosphate binding corridor, which accom-
modates binding to GDP, GTP, and GTP analogues with
substitutions in and around the - and y-phosphates.

dx.doi.org/10.1021/bi201472c | Biochemistry 2012, 51, 1911-1924
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Figure 3. Protein—nucleotide binding interactions influenced by myristoylation. (A) Ga;GDP proteins were preloaded with 1 yuM BD-GTPyS for
1 h, and dissociation was initiated at time zero by addition of 10 yM unlabeled GTPyS [emission monitored with excitation and emission
wavelengths of 485 and 515 nm, respectively (ex/em 485/515 nm)] as described in Materials and Methods. Data points are the average of three
independent experiments, which were fit to a single-exponential dissociation curve using GraphPad Prism 4.0. The inset shows the structure of BD-
GTPyS used in these studies (Invitrogen, Madison, WI). (B) Regions of G, that surround the guanine ring (PDB entry 1GF],> rendered with
Chimera®) are shown as blue ribbons. (C and D) Time dependence of H—D exchange (as described in the legend of Figure 2) for (C) peptide
267—274 flanking the guanine ring and (D) peptide 322—330 located at the base of the a$ helix. (E) Myr-dependent stabilization of interactions
between the guanine ring and residue 328 located at the base of the C-terminal a5 helix. The left two bars show the maximal level of BD-GTPyS
fluorescence (ex/em 485/515 nm) for each protein exhibited upon full BD-GTPyS binding measured after 1 h (set to 1.0). The right two bars show
preactivation of GDP-bound proteins with 10 M AlF, for S min prior to addition of BD-GTPyS reduces the extent of exchange of GDP-AIF, for
BD-GTPyS, as compared to their respective maxima. Data are averages of three independent experiments; results are means + SEM.

Myristoylation Enhances the Polarity of the Phos- sensor of interactions between residues in the phosphate
phate Binding Corridor. On the opposite side of the binding corridor and bound nucleotide in the vicinity of the
nucleotide binding pocket, residues important for hydrolysis of third phosphate. While myr and unmyrGa; proteins exhibited
the y-phosphate of GTP line the phosphate binding corridor. similar rates of BD-GTPyS binding (0.001 + 0.0001 s™%),
To examine effects of myr on the phosphate binding corridor, myristoylation resulted in a consistently lower overall maximal
we took advantage of another unique characteristic of BD- emission intensity of the probe after full exchange had occurred
GTPyS: it has the fluorescent moiety linked to the terminal (Figure 4A), an effect seen in both wild-type and mutant G,
phosphate (Figure 34, inset). This provides a convenient proteins. The lower maximal fluorescence for myrGa; upon
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binding to BD-GTPyS indicates there is a more polar
environment surrounding the labeled nucleotide near the
region of the third phosphate due to myristoylation.

Regions that contribute residues important for nucleotide
binding and hydrolysis include the Swl region and P-loop,””
encompassed by peptides 177—192 and 37-52, respectively
(Figure 4B, colored red). Although the percentage of
hydrogens undergoing fast exchange in the region encompass-
ing Swl residues 177—192 is similar regardless of myristoyla-
tion, this region nevertheless exhibited a myr-dependent
increase in the dynamics of H—D exchange (Figure 4C).
Furthermore, there was an increase in the fast H—D exchange
for residues 37—52 in the P-loop region of the myr protein
(Figure 4D). This myr-dependent increase in the percentage of
fast exchange in the P-loop is also consistent with a more polar
environment surrounding the Bodipy group linked to the third
phosphate of GTPyS that we detected in the myrGa; protein
(Figure 4A). Depictions of regions surrounding the guanine
ring and in the phosphate binding corridor described above are
shown as ribbons (Figure 4E) and space-filled views (Figure 4F,G)
for reference. These results indicate that regions involved in
nucleotide binding are altered by myristoylation, including regions
surrounding the guanine ring and those lining the phosphate
binding corridor.

Myristoylation Alters the Environment of Residues in
the Swll Region. Given the effects of N-terminal
myristoylation on regions involved in nucleotide binding and
hydrolysis, we next examined the effect of myristoylation on
interactions with the Swil region. This Switch region is known for
its ability to report activation-dependent changes in conformation
through changes in the emission of Trp*!! located in this region,
which exhibits enhanced emission because of the decrease in the
polarity of its environment upon activation.” While the time depen-
dence of H—D exchange in Swill was unaltered by myristoyla-
tion, there was a myr-dependent decrease in the number of
hydrogens undergoing fast H-D exchange, that is, exchange
that occurs prior to the first time point of 15 s (Figure SA). To
examine the environment of specific SwIl residues, we
compared the em_, of AlF,-activated myr and unmyrGe; HI
proteins labeled at residues 209 and 211 (Figure SB). Both of
the labeled proteins retained the ability to undergo activation-
dependent changes as described in Materials and Methods.
Residue 211 reported a significant myr-dependent blue shift in
em,,,, consistent with a more hydrophobic environment for
this residue in the myr protein, unlike effects on nearby residue
209. Because Swll residues do not directly contact bound
nucleotide, and because a previous study demonstrates that
myristoylation influences the environment of the Swil Trp,*
we next investigated the interaction between the myr N
terminus and the SwII region.

Localization of the myr N Terminus in the Activated Ga
Protein. To determine if the reductions in solvent accessibility
and exposure in the N terminus and Swil were due to a direct
binding event between these regions, as suggested previously,”
we performed bimane quenching experiments. Bimane
quenching relies on the ability of tryptophan to quench bimane
fluorescence when the fluorophore is within 15 A of a
tryptophan residue.*’ The following experiments, designed to
localize the N terminus, were confined to myr proteins; because
all Ga; proteins are permanently myristoylated, interactions of
the unmyrN terminus are of little relevance to signaling in vivo.
We labeled the myr N terminus of 3C-Ge; HI at the third
residue with a thiol-reactive bimane probe and scanned the
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protein’s emission at bimane-specific wavelengths before and
after activation of the protein with AlIF, (Figure SC). The
activation-dependent quenching evidenced by decreased
emission from the probe upon activation indicated that the
third residue closely approached one or more Trp residues in
Ga;. Because there are two Trp residues in the GTPase domain,
Trp™® and Trp*', near the last resolved residues in the N
terminus of Ga;GDP-AIF, (Figure SD, Trp side chains colored
green, N terminus colored red), we individually mutated each
of these to Phe. We then repeated the quenching experiment as
described in Materials and Methods; only mutation of Trp*!!
was able to significantly relieve the activation-dependent
quenching (Figure SE, center bar) of the N-terminal bimane
probe, unlike nearby Trp*®. All of the proteins are competent
to undergo activation-dependent conformational changes in a
manner similar to that of the wild-type protein, as measured by
the >40% increase in the intrinsic Trp fluorescence for proteins
containing a native Trp residue at position 211, as described in
Materials and Methods. Because mutation of residue 211
precludes the use of the Trp activation assay, the ability of the
bimane-labeled Trp®'' mutant was assayed by BD-GTPyS
binding and tryptic digests. These controls demonstrate that
the protein binds GTP analogues, and that the labeled protein
can undergo AIF,-mediated activation in a manner similar to
that of the wild-type protein, which protects it from tryptic
digestion (Figure S2A,B of the Supporting Information).

To investigate the relevance of the activation-dependent
quenching of bimane fluorescence to conformational changes in
Swil that occur upon activation, we compared the time
dependence of the quenching to the time dependence of Trp
fluorescence, both upon exchange of GDP for GTPyS. We
chose this measure because uncatalyzed GDP—-GTPyS
exchange in Ga proteins occurs at rates that are specific for
each Ga isoform, and Trp fluorescence is enhanced upon
GTPyS binding as a result of the conformational change in Swil
that tucks Trp*!! into a hydrophobic pocket. We conducted the
experiments in the background of the myrGe; HI W258F
protein, as this mutation reduced background fluorescence. We
measured the time dependence of bimane quenching (Figure SF,
dashed line) and the time dependence of Trp fluorescence
increases that occur upon exchange of GDP with GTPyS
(Figure SF, solid line) as described in Materials and Methods.
When we compared these results, we found that the time
dependence of bimane quenching essentially mirrored the time-
dependent increase in Trp*'' fluorescence, and these changes
occurred at roughly the same rate (0.01 + 0.002 s™'). This
indicates that the quenching of N-terminal fluorescence upon
GTPyS binding is temporally linked to conformational changes
in SwII that occur as a result of GDP—GTPYS exchange in each
of these Ga; proteins. Together with the observation that
mutation of Trp*'! relieves this quenching (Figure SE), the data
indicated that activation-dependent changes in the environment
of the myr N terminus and Trp*'' in SwIl were due to an
increased proximity between these regions in the activated
protein.

B DISCUSSION

This comprehensive study of myristoylated Ga; proteins was
undertaken to improve our understanding of the factors that aid
in the solubility of activated myrGa proteins. The association of
the myr N terminus with the surface of the protein upon GTP
binding, shown as a dark dotted line in Figure 6, likely plays an
important role in maintaining the solubility of myrGa proteins

dx.doi.org/10.1021/bi201472c | Biochemistry 2012, 51, 1911-1924
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chains colored green) located within the GTPase domain of Ga;, with the last resolved N-terminal residues colored red, and the SwiI region
containing W211 as a green ribbon (PDB entry 1GFL,? rendered with Chimera®®). (E) Quantitation of activation-dependent quenching of bimane
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fit to a single-exponential curve shown, using GraphPad Prism 4.0. Assays were performed at 18 °C as described in Materials and Methods. Data are
the average of three independent experiments.

membranes and binding partner(s) are a defining feature of all
myristoyl switching proteins, including Arf** PRAY HIV-
Gag,46 MARCKS,*” ¢-Src,*® recoverin,® and hisactophilin,50 to

upon GTP binding through a dual disengagement of Ga from
Gpy and membrane fractions. Activation-dependent changes in
the myr N terminus that regulates the protein’s access to
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Figure 6. Model of the G protein cycle, rendered with Pymol (http://www.pymol.org). Model of the receptor-bound state taken from ref 67:
inactive receptor colored red, activated receptor colored orange, C terminus of Ga colored teal, N-terminal myristate on Ga colored navy blue, and
C-terminal farnesylation of Gy colored gray. In Gfly, Gf is colored brown and Gy gray. In the GTP-bound state, N-terminal residues 2—31 are
shown as a dotted line attached to myristate, with the Switch II region colored green, and other ribbons colored as in Figures 4E and 5D.

name a few, as well as Ga subunits from the G; family of
heterotrimeric G proteins.

The monomeric G protein Arf shares a number of structural
and functional characteristics with heterotrimeric Ga proteins,
including a homologous GTPase domain. A recent NMR
structure of myr Arf> reveals the myristate bound in a series of
overlapping orientations, indicating the intramolecular binding
of the myr N terminus of Arf may be a highly dynamic process.
Myristoylation of Arf also exerts allosteric effects on residues in
Arf's GTPase domain, distal from the N-terminal myr site, as is
the case with Ga. Allostery and protein dynamics may be
general mechanisms regulating GTPases that are subject to
N-terminal myristoylation such as Arf and Ga; family proteins,
with effects that are specific to the function of each protein.

In Ga,, the intramolecular interaction site is close to, or
overlaps with, portions of the effector binding cleft, located
between Swil and the a3 helix.""'***7>” While the proposed
binding site for the myr N terminus may appear at first glance
to be at odds with cocrystal structures of unmyrGa effector
proteins, this is not necessarily the case. This intramolecular
binding could enhance, perturb, or have no effect on
interactions with effectors, and furthermore, this could occur
in an effector-specific manner. The Swll region may
accommodate binding of the myr N terminus and an effector
without major alterations of the binding cleft, evidenced by the
RGS9-PDEy—Ga;,, cocrystal structure, where Swll of Ga
cooperatively binds both the C terminus of PDEy and portions
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of RGS9."' Moreover, there are indications in the literature that
intramolecular binding of the N terminus and effector may not
be mutually exclusive, at least for the myrGa—PDEy
interaction. A cross-linking study revealed activation-dependent
cross-links between residues in the myr N terminus of Ga, and
the C terminus of PDEy,® the same region of PDEy that binds
to the cleft in RGS9—-PDEy—Ga;, complexes."' Taken
together, the cross-linking data and crystal structure place the
C terminus of PDEy and N-terminal residues of myrGa within
10 A of each other and the effector binding cleft, consistent
with the bimane quenching we observed. This activation-
dependent quenching also rules out the myr N terminus
collapsing on itself as a cause for changes in the environment of
specifically labeled N-terminal residues,'**' and the quenching
is also consistent with a previous study*’ demonstrating that
myr altered the solvent exposure of Trp*'' in the activated
protein.

Given the fact that some Ga proteins are not myristoylated,
and that unmyrGa proteins are often able to activate effectors,
myristoyl switching in heterotrimeric G proteins may serve to
fine-tune, rather than prevent, signaling. However, many in
vitro studies comparing these effects employ N-terminally
tagged recombinant Gea; and Ga;, proteins. This hampers
direct comparisons between myr and unmyr proteins, as does
the inclusion of membrane lipids, and emphasizes the need for
solution studies using untagged proteins to either confirm or
rule out a direct role for myr in effector activation. For example,

dx.doi.org/10.1021/bi201472c | Biochemistry 2012, 51, 1911-1924


http://www.pymol.org

Biochemistry

myr has been shown to enhance Ga; inhibition of adenylyl
cyclase in experiments using membrane preparations,”" which
reflect membrane anchorage effects as well as any direct effects
that might be present due to myr. Nevertheless, another study
demonstrates that a myristoyl-deficient Ga;, protein remains
membrane-associated but is unable to regulate adenylyl
cylcase. Further studies in well-defined systems are needed
to determine the influence of myr on effector activation and to
determine if these influences are effector-specific or more
general in nature.

How do the various conformations in the N terminus relate
to the G protein cycle depicted in Figure 6? Structures of
unmyr heterotrimeric G proteins show the extreme amino-
terminal helix of G flanking a solvent-exposed face of Gfy and
positioned for interaction with membrane-bound recep-
tors.**¥* Upon receptor-mediated GTP binding, the affinity
of Ga for Gy decreases,”® and the intramolecular binding
sequesters the N terminus from this Gfy interaction site as well
as membranes. While both protein—lipid and protein—protein
interactions play a role in intramolecular binding, as seen by the
relatively low extent of fast H—D exchange of the N terminus in
both myr- and unmyrGa, myr may more heavily favor the
bound state, driven by hydrophobic interactions and the energy
cost of solvating an exposed carbon chain. The intramolecular
interaction results in a predominantly soluble protein (Figure 6).
The myr-dependent decrease in H—D exchange in the a4/$6
loop may serve to reduce the surface area available for receptor
interaction, aiding in the solubility of the myr protein. Upon
hydrolysis of GTP to GDP, the N terminus of myrGaGDP
exhibits a high degree of immobility'* (Figure 6, shown
bracketed), and this conformation is also accompanied by
remodeling of the SwI region."””?* The decreased mobility of
the myr N terminus relative to the unmyr state observed in
these EPR experiments indicates the N terminus of Ga is
capable of adopting distinct conformations based on the
presence of the myristoyl group.'* This is followed by Gfy
reassociation, leading to extrusion of the myr N terminus and
subsequent burial in the membrane, where the inactive G
protein remains poised for another round of activation.

This study reveals insights into forces involved in
stabilization of bound nucleotide in the activated protein. In
vivo, bound GTP and Mg** position a catalytically important
water molecule in the phosphate binding region of Ga; protein,
flanked by Swl and the P-loop. In mice, expression of a
myristoylation-deficient Ga, protein results in a degree of
mislocalization, and the protein that is properly localized
exhibits defects in deactivation,®* consistent with a role for myr
in both localization and hydrolytic activities of the protein. The
increased level of solvent exposure we detected in the P-loop as
a result of myr may augment movement or positioning of this
catalytic water; however, the time dependence of H-D
exchange in the P-loop was unchanged by myristoylation.
Dynamics of the P-loop may be stabilized by AlF, binding in
this region or may simply be tightly regulated. The latter is
suggested by a G42V mutation that increases the flexibility of
the P-loop and results in a 30-fold lower k_, for GTP hydrolysis
versus that for wild-type Ga,*® Opposite the P-loop, in the Swl
region, the myr protein displays increased protein dynamics,
which may serve to predispose this Switch region for
conformational changes that are known to occur upon GTP
hydrolysis.

The strength and duration of nucleotide binding are critically
important for the function of Ga proteins, as defects in either
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of these can have dramatic effects on signaling. We observed
myr-dependent reductions in the level of H—D exchange at the
base of the a5 helix at nearly all time points tested. This region
directly contacts the guanine ring of the bound nucleotide.
Myristoylation stabilized interactions between the guanine ring
and the aS helix, revealed by the Go; D328R mutant that
perturbs this interaction,*”*! and these stabilizing effects were
confirmed in wild-type Ga; proteins. Together, these studies
suggest that myr-dependent effects on the environment and
H-D exchange dynamics of residues surrounding the guanine
ring serve to enhance and stabilize nucleotide binding in the
activated protein.

Taken together, the subtle and not-so-subtle myr-dependent
differences we uncovered reveal allosteric influences of
myristoylation on activated Ga proteins. These results are
consistent with a myristoyl switching mechanism for Ga
proteins that modulates the access of these proteins to the
membranes and cytosol through activation-dependent changes
in the myr N terminus of Ga subunits. Myr-dependent effects
on activated Ga proteins influenced the stability of binding of
the nucleotide in activated Ga proteins through interactions
between the C-terminal @S helix and the guanine ring. These
results provide new insights into the role of myristoylation in
the spatial and temporal regulation of G protein signaling,
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BD-GTPyS, Bodipy-GTPyS; G, G protein of the rod outer
segment, transducin; G; family of G proteins coupled to
inhibition of adenylyl cyclase; G, family of G proteins coupled
to activation of adenylyl cyclase; Ga, a subunits of G proteins;
Gpy, GPyy, dimer of heterotrimeric G proteins that binds Ge;
family proteins; $2-AR, -2 adrenergic receptor; AU, arbitrary
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units; amu, atomic mass unit; SEM, standard error of the mean;
em,,,, maximal emission wavelength; Arf, ADP ribosylation
factor; PKA, cyclic AMP-dependent protein kinase; HIV-1 Gag,
Gag protein of the human immunodeficiency virus-1;
MARCKS, myristoylated alanine-rich C kinase substrate;
c-Src, cellular homologue of the transforming protein of Rous
sacroma virus; SDS—PAGE, sodium dodecyl sulfate—polyacrylamide
gel electrophoresis; PDB, Protein Data Bank.
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