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ABSTRACT: To determine the role of the myristoylated amino terminus of i G protein activation,

nine individual cysteine mutations along the myristoylated amino terminusupfrv@re expressed in a
functionally Cys-less background. Thiol reactive EPR and fluorescent probes were attached to each site
as local reporters of mobility and conformational changes upon activatiom@ QP by AlF~, as well

as binding to @By. EPR and steady state fluorescence anisotropy are consistent with a high degree of
immobility for labeled residues in solution all along the amino terminus of myristoylatedTais is in
contrast to the high mobility of this region in nonmyristoylateds GMedkova, M., et al. (2002)
Biochemistry 419962-9972]. Steady state fluorescence measurements revealed pronounced increases in
fluorescence upon activation for residues-14 and 21 located midway through the 30-amino acid stretch
comprising the amino-terminal region. Collectively, the data suggest that myristoylation is an important
structural determinant of the amino terminus af;@roteins.

Agonist-bound seven-transmembrane receptors bind to andnto a compact microdomain5), the relevance of this
activate heterotrimeriéG proteins, resulting in dissociation ~microdomain is obscured by the presence of phosphate ion-
of Ga! and @y subunits. These subunits can activate a mediated interactions and crystal contacts.
myriad of effectors such as adenylyl cyclases, phosphodi- Functional studies reveal that amino-terminal regions of
esterases, phospholipases, and ion channels. Crystal structuréso. proteins can impact G protein activity. For example,
of G proteins and their subunits in various activational states phosphorylation of the amino terminus ofiGpotentiates
describe in detail regions of conformational flexibility, called signaling by preventing binding of £ and GAPs §). Graf
switch regions. In addition to changes in switch regions, et al. showed that removal of 18 amino-terminal residues
solution studies have revealed conformational changes oc-from Go; reduces the affinity for @y and reduces the extent
curring in the carboxy terminus of G proteins upon activation of GTPyS binding {), suggesting the amino terminus
(1). In the amino terminus, few structural details are available contributes to the conformation ofoGsubunits involved in
in the absence of @&/, because this region is missing or nucleotide binding and & association. Heterotrimeric G
disordered in @GDP @), Go,GTPyS, and GuGTPyS (3, protein structures§ 9) reveal the amino terminus ofdGas
4) crystal structures. Although theo@SDP structure shows  a clearly resolved-helix in contact with 8y, comprising
ordered residues in the amino and carboxy termini folded @ portion of the binding interface betweernGnd Gy

subunits. Since G protein cycling requires dissociation and
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heidi_hamm@vanderb”t?edu_ ' - of Ga may be directly or |n(_j|_rectly involved in S|gnallng

* Northwestern University. by mediating changes in affinity between these subunits.

§ University of California. In nature, all G subunits are myristoylated and, with the
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1 Abbreviations: G G protein of the rod outer segment, transducin; exception of G, reversibly palmitoylated. A stable amide

G, family of G proteins coupled to inhibition of adenylyl cyclasex,G ~ PONd irreversibly links myristate to the amino-terminal
a-subunits of various G proteins;33, fy-subunit of G proteins; ROS,  glycine in Go, and Gy family members @i —Gais, Got,
rod outer segment; myr, myristoylated; SDS, sodium dodecy! sulfate; and Gu; all but G, are also palmitoylated, as arexGand

EDTA, ethylenedinitrilotetraacetic acid; PMSF, phenylmethanesulfonyl ; ;
fluoride; DTT, dithiothreitol; MES, 24-morpholino)ethanesulfonic Gaq (10). Because all crystallized G proteins to date are

acid; LY, lucifer yellow vinyl sulfone, dipotassium salt; SDSL, site-  Without lipid modifications (as they tend to hinder crystal
directed spin labeling; EPR, electron paramagnetic resonance; M8, 2-(4 formation), little is known about the role of the myristate in

maleimidylanilino)naphthalene-6-sulfonic acid, sodium salt; (1- G protein structure and sianalina. Biochemical studies have
oxy-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate; ’&TP P 9 9

guanosine 50-(3-thiotriphosphate); GDP, guanosinediphosphate; ~ deémonstrated that myristoylation of the amino terminus
GTP, guanosine'&riphosphate; ADP, adenosinediphosphate; Tris, results in a 10-fold increase indG-Gfy binding affinity
tris(hydroxymethyl)aminomethane; IPTG, isopropyb-thiogalactoside; (11, 12). Efficient ADP ribosylation on the carboxy terminus

GFC, gel filtration chromatography; FRET, fluorescence resonance ; ;
energy transfer; ARF1, ADP ribosylation factor 1; MARCKS, myris- of Go, commonly used as a measure g Geterotrimeric

toylated alanine-rich C kinase substrate; PKA, cAMP-dependent protein integriFy 13), occurs preferentially with myristoylatedoG
kinase. subunits 14). This could be due to a reduced level of
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heterotrimer formation in the absence of myristate. Addition-
ally, myristoylation of the amino terminus may stabilize the

carboxy-terminal conformation needed for efficient ribosy-

lation. These results suggest a role for myristoylation in the
structure and function of & subunits.

Myristoylation and concomitant increases in hydrophobic-
ity of Ga. subunits may influence their localization, but the
extent of this relationship is unclear. Inhibition of myris-
toylation does not abrogate membrane associationopirG
COS cells 15). Galbiati et al. 15) also found myristoylation
alone is insufficient to anchor &, proteins to membranes.

A more recent study suggests palmitate levels regulate the

movement of myristoylated & into lipid rafts involved in
the spatial regulation of G protein signalintgj. Similarly,
a myristoylation and palmitoylation deficient mutant ofG

Preininger et al.
MATERIALS AND METHODS

Materials. Guanosine sdiphosphate (GDP) was purchased
from Boehringer Mannheim (Indianapolis, IN). Lucifer
yellow vinyl sulfone (LY) was purchased from Sigma (St.
Louis, MO), and MAINS (M8), 2-(4maleimidylanilino)-
naphthalene-6-sulfonic acid, sodium salt, was purchased from
Molecular Probes (Eugene, OR). The sulfhydryl spin-label
reagent S-(1-oxy-2,2,5,5-tetramethylpyrroline-3-methyl)-
methanethiosulfonate (R1) was a generous gift of K. Hideg
(University of Pecs, Pecs, Hungary). All other reagents and
chemicals were of the highest available purity.

Preparation of @y and Holotransducin.Native ho-
lotransducin and By subunits were prepared as previously
describedZ3). Purified proteins were stored a0 °C in a

cannot be localized to membranes unless palmitoylation is Puffer containing 10 mM Tris (pH 7.5), 100 mM NaCl, 5

restored 17). Furthermore, creation of a receptdbo; fusion

mM S-mercaptoethanol. and 40% glycerofsBwas further

protein restores receptor-mediated signaling to a membranePurified by gel filtration chromatography in a buffer contain-

binding deficient nonpalmitoylatedds (18). It is possible
that relative levels of palmitate and myristate modulate
localization of Gx subunits, but the reversible nature of
palmitoylation makes it a more likely regulator of membrane
binding than myristoylation1(9). Confounding the issue, the
farnesyl group of @ is involved in the cooperative binding
of acylated Gt subunits to membrane2Q).

A role for myristoylation, beyond membrane binding, is
controversial. Myristoylation may play a role in protein
protein interactions, and may be required for palmitoyl acyl

ing 10 mM Tris (pH 7.5) and 100 mM NaCl prior to being
used in fluorescence and EPR experiments.

Construction, expression, and purification of the mutant
Ga protein was conducted as described previouaf, fwith
minor modifications that led to myristoylated proteins.
Briefly, an expression vector with various single cysteine-
substituted residues in the amino terminus was cotransfected
into BL21(DE3) GOLD cells (Stratagene, La Jolla, CA) with
plasmid pbb131 encoding-myristoyl transferase for protein
expression X1). The N-myristoyl transferase vector was

transferase to recognize and palmitoylate cysteines in thegenerously provided by M. Linder (Washington University,

amino terminus of @ proteins. One study found impaired
palmitoylation in a nonmyristoylateddz mutant which was
capable of binding to membranes ang)Gsubunits 21),

St. Louis, MO), as was the parentofz. The parent @i,
vector contains a hexabhistidine tag between amino acid
residues M119 and T120 of theotz coding region. To be

while another study found that myristoylation was not needed able to specifically label the & subunit at the desired

for palmitoylation (L5). Myristoylation has also been impli-
cated in effector activation. A constitutively activeaz
requires myristoylation to effectively inhibit adenylyl cyclase
in COS cells 22). Likewise, a membrane-localized non-
myristoylated G; mutant was shown to be defective in
inhibition of adenylyl cyclase22), supporting a role for
myristoylation in effector activation.

A previous paper characterized the environment of non-

myristoylated amino-terminal & residues in a series of

cysteine-substituted residues, six solvent-exposed native
cysteines of @;; had been previously removed to produce
the hexa mutant ;-C3S/C66A/C214S/C305S/C325A/
C351I1 (Hexa 1) prior to introduction of single cysteine
mutations along the amino termin®5f which are expressed

as myristoylated proteins in the study presented here. The
parent Gy Hexa | protein behaves in a manner similar to
that of the wild type in functional assays, including intrinsic
Trp?'! activation, receptor-mediated G¥® binding, and

fluorescence and EPR experiments. To gain insight into the GTP hydrolysis in both the presence and absence of RGS4

role of myristoylation in the structure and function otG

(25). Previous mutagenesis with the QuickChange mutagen-

subunits, EPR and fluorescence studies have now beeresis kit (Stratagene) resulted in the followinguGHexa |

conducted using myristoylatedoGproteins. EPR provides

constructs: A3C, K10C, V13C, E14C, R15C, S16C, K17C,

quantitative data on side chain and backbone dynamics, whileR21C, and K29C Z5). In this study, the proteins were
fluorescence provides data on the polarity of the environment expressed as myristoylated proteins by coexpression with the

and fluorophore mobility. In the myristoylatedo§cysteine
mutants, Al~ activation caused pronounced increases in
the fluorescence of several amino-terminal residues (14

pbb131 plasmid encoding myristoyl transferase, designated
Go; Hexa | CM. The individual mutant proteins are
designated, for example, as Hexa |-K10CM, where CM

and 21), similar to the somewhat smaller increases seen forstands for the myristoylated Cys mutant and K10 identifies

LY-labeled residues in nonmyristoylated o proteins.
Compared to the highly mobile, random coil seen in
nonmyristoylated @;GDP proteins, EPR and fluorescence
anisotropy of myristoylated &GDP proteins demonstrated
very little mobility for labeled @ residues in the GDP-bound

the native residue (Lys) and the sequence position at residue
10. In this study, Hexa I-K10CM, Hexa I-V13CM, Hexa
[-E14CM, Hexa I-R15CM, Hexa I-S16CM, Hexa I-K17CM,
Hexa I-R21CM, and Hexa I-K29CM were prepared.

Expression and purification were conducted as described

state. Taken together, these results reveal pronounced difpreviously @4, 25) with minor modifications. Briefly,

ferences in the activation and3 binding of myristoylated
Go, proteins in solution compared to those of their non-
myristoylated counterparts, and a significant role for myris-
toylation in Go. amino-terminal structure.

Escherichia colicells were grown to an Ofg of 0.3 unit in

the presence of 10@g/mL ampicillin and 50 ug/mL
kankamycin, and protein expression was then induced with
30uM IPTG at room temperature for £2L6 h. Postinduction
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cells fran a 1 L culture were resuspended in buffer A [50 buffer and samples were prepared as described above and
mM NaH,PO, (pH 8) and 300 mM NacCl] containing 5 mM  electrophoresed on a 10% Tris-glycine gel at 100 V for 180

imidazole and leupeptin, pepstatin, and aprotinim@ImL min, resulting in a mobility shift for the myristoylated
each) and then disrupted by sonication. The cytosolic fraction proteins as compared to nonmyristoylated protéity 28).
was incubated with 5 mL of a 50% slurry of NNTA Spectrofluorometric Assay§.0 monitor the ability of
agarose resin (Qiagen, Valencia, CA) for 60 min atGt labeled Gy mutants to undergo activation, intrinsic tryp-

and loaded onto an empty column. The unbound proteinstophan (Trg') fluorescenceZ9) of the labeled proteins (100
were removed by washing the mixture first with 20 mL, and nM) was monitored in buffer B by excitation at 280 nm and
then 10 mL, of buffer A containing 5 mM imidazole, and emission at 340 nm before and after the addition of ,AlF
10 mM imidazole, respectively. & mutant proteins were (10 mM NaF and 5@M AIClI 5) using an AMINCO Bowman
eluted with 5-10 mL of buffer A containing 40 mM Series 2 luminescence spectrometer.

imidazole. Eluted proteins were buffer exchanged against Activation and @y-dependent changes in amino-terminal
buffer B containing 50 mM Tris (pH 8), 50 mM NaCl, 1 residues were measured in buffer B using excitation at 430
mM MgCl,, 20% glycerol, and 2@M GDP and then loaded = nm and emission at 520 nm before and after the addition of
onto a 1 mL MonoQ column (Pharmacia Amersham, AlF,~ or the G3y subunit to LY-labeled myr-@ subunits.
Piscataway, NJ). The sample was chromatographed at 700Fluorescence polarization at LY wavelengths was assessed
psi on a Beckman System Gold HPLC system (Beckman with a Victor V multilabel plate reader (Perkin-Elmer Life
Coulter, Fullerton, CA) with a linear gradient from 50 to Sciences, Boston, MA), and anisotropy was calculated as
200 mM NacCl in buffer B, and the & subunit was eluted  follows:

at approximately 150 mM NaCl. After anion exchange had

been carried out, purification resulted in greater than 85% A= (S— GP)/(S+ 2PG) 1)

?:ure myn_stog:ated tG'i Hexa fl ggtel?s asl est_lcrjnatedl by whereA is anisotropySis polarized emission in the parallel
oomassie bilue staining o $9 yacrylamide geis. direction, P is polarized emission in the perpendicular
Protein concentrations were determined by the Coomassie

bl hod26) using bovi lbumi dard orientation, andG = 1.143 for our system. Th& factor,
ue metho 26) using bovine serum albumin as a standar which corrects for disparities in the efficiency of light
(Pierce, Rockford, IL).

! . . transmission in parallel and perpendicular positions, was
Fluorescent Labeling of ProteinsAll proteins were P perp P

. . . o determined experimentally.
exchanged into labeling buffer prior to modification. LY b y

labeli f ) ¢ d as d bed . Qualitative and quantitative binding of LY-labeleduG
abeling o Gl proteins was performed as described previ- ¢, njts 1o @y was assessed with a FRET assay between
ously 5). Briefly, LY (10 mM) was added in a 5:1 molar

. = ; Gair-LY and G3y-M8. M8 donor excitation (excitation at
ratio to G proteins in 50 mM Tris-HCI (pH 8.0), 50 mM 320 nm and emission at 417 nm) resulted in an increase in
NaCl, 1 mM MgC}, and 50uM GDP; the mixture was )

incubated h and th . hed b LY emission (excitation at 430 nm and emission at 520 nm)
incubated at #C for 1 h and the reaction quenched by 5,45 sypunit binding, less any contribution frongGM8
mM g-mercaptoethanol. & was labeled with fluorescent 0o The affinity of labeled &13CM-LY (4.1 nM) and

probe M8 @7) by incubation of a 10-fold molar excess of Ghy- : . » : :
. ) o y-M8 subunits was determined by addition of increasing
M8 with holotransducin, GGDP-Gfiyy, at 4 °C before 55 0ts of @y-M8 (0.6-30 nM). Binding resulted in a

quenching with 5 mMp-mercaptoethanol. Ge_l filtration dose-dependent increase in LY emission. Qualitative binding
chromatography buffer B was supplemented with AlE10 was confirmed by measuring the fluorescence of-IG/
mM NaF and 5QuM AICI3) to allow recovery of unbound o, aqdition of a 1.5-fold molar excess oBBMS, and

Gpy-M8 in late fractions from chromatography on an . horcent increase in fluorescence was calculated as
SW2000 column (Tosoh Haas, Montgomeryville, PA). This foIIovF\)/s:

resulted in By-M8 being labeled at sites distinct from the
o—py binding interface. Myr-@-LY proteins were purified [(FGaﬁy — Fgo)/Fg, x 100 @)
in a similar manner by gel filtration chromatography in buffer
B. The stoichiometry of labeling was calculated as a molar whereFgg, is the fluorescence emission of the reconstituted
ratio of the concentration of fluorophore to the concentration heterotrimer at 520 nm (excitation at 320 nm) drg, is
of the labeled protein. The concentration of fluorophore was the emission measured in the absence 6§-®8.
determined by measuring the absorbance of the labeled Spin Labeling and EPR Measuremer8gin labeling was
protein (430 nm for LY and 317 nm for M8) with extinction  carried out in a buffer containing 10 mM MES (pH 6.8),
coefficients of 12 400 and 27 000 Mcm for LY and M8, 100 mM NaCl, 5 mM MgC4, 100 uM GDP, and 10%
respectively. The protein concentration of labeled samplesglycerol (wt %). Gx subunits (final concentration of M)
was determined by the Coomassie blue binding metB6d (  were incubated with the sulfhydryl spin-lab&(1-oxy-
using bovine serum albumin as a standard (Pierce). The2,2,5,5-tetramethylpyrroline-3-methyl)methanethio-
stoichiometry of labeled proteins was between 0.4 and 0.6 sulfonate in a 1:1 molar ratio at room temperature<$@rh.
mol/mol for myr-Go-LY and markedly higher for Gy-M8, Any unreacted label was removed by extensive washing
which has five cysteines available for labeliriZy). using an Amicon concentrator with a molecular mass cutoff
SDS-PAGE.Myr-Ga; Hexa I-LY mutant proteins were  of 10 kDa. For EPR spectroscopy, thexGsamples were
electrophoresed on a 10 to 20% Tris-glycine gel in the loaded into an AquaX quartz 4 bore cell (Bruker Biospin,
presence gf-mercaptoethanol and SDS. Illlumination by UV  Billerica, MA). Spectra were recorded at X-band microwave
light, followed by Coomassie staining, was used to visualize frequencies using a Bruker E580 spectrometer and a high-
the LY-labeled proteins. To resolve myristoylated from sensitivity resonator (HS0118). Each spectrum was collected
nonmyristoylated subunitd M urea was added to running with a 100 G field scan, a modulation amplitude4oG at
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100 kHz, and a microwave power of 19.92 mW. The
recorded data are averages of 100 scans. After eagh G
spectrum was collected, the sample was recovered #mnd G
was added in equimolar amounts. The diluted solution was
then concentrated to the originalxGconcentration, and a
spectrum was collected.

A spectrum of the 17R1 myristoylated mutant was also
recorded at-50 °C using a quartz flat cell with a 110 G
field scan and a microwave power of 0.1992 mW. The low-
temperature spectrum was fit using a Levenbeévtarquardt
rigid limit simulation program to obtain rigid limit magnetic
parameters for EPR simulations. In addition, the hyperfine
splitting parameters from the rigid limit spectrum were used
to obtain the rotational correlation times of the nitroxidg (
according to

r=al-9’ 3 B 3

where ara of 8.52x 10 1°s and & of —1.16 are empirical ~~ ~ § 7iDa
values determined for a Brownian diffusion model with a 5 Cesesa w6y 0kDa
G Lorentzian line width 0, 31) and Sis the ratio of the e : 37kDa
splitting of the outer hyperfine extrema in the slow motional
(2A;7) and rigid limit (2Az). 25kDa

The EPR spectra of the spin-labeled proteins were fit using 310 13 14 16 17 21 29
the NLSL program of Freed and co-worke®2). For the Myr-Gai Hexa I Cys Mutants
17R1 side chain, the principal values of thandA tensors
obtained by rigid limit simulation are as followsg = c /Non-myr
2.0086,0,y = 2.0066,9,, = 2.0023,Ax = 6.2, A,y = 5.9, P
andA,, = 37. These magnetic parameters were fixed in all 4 v 1en ‘\Myr

. . RT 15" 155" 16
simulations.

D

RESULTS -

Strategy for Studying the Acttion-Dependent Confor-

mational Changes of the Myristoylated Amino Terminus of 3 IM 10 10MI3 13M 14 1M 15 15M 16 16M 17 17M 21 2IM 29 298
the Ga Subunit.We previously addressed the role of the . . I .

. . . : S ith . Ficure 1: Expression and purification of myreHexa | proteins.
Go amino terminus in G protein activation with a site- () visualization of Gx; complexed with @y using DINO (PDB
directed cysteine mutagenesis study of nonmyristoylai@d G entry 1GP2) 25). (B) Coomassie-stained SB®AGE gel of Ni-
subunits 25). The same amino-terminal Cys mutants were NTA protein extracts (10 to 20% Tris-glycine gel). (C) Purification
expressed as myristoylated proteins for use in the currentof the myristoylated protein prior to labeling. RT (retention time)

e i ; ; .. is the length of time the sample was retained on the column. RT
studies in an effort to elucidate the role of myristoylation in 15" describes the fraction which elutes 15 min after injection into

the structure and function of & subunits. The cysteine  ne flow path. Aliquots of the fractions from chromatograpy were
mutations are located at multiple positions on the amino- analyzed via SDSPAGE. Lanes represent the profile from anion

terminal helix (Figure 1A), primarily at solvent-exposed exchange fractions of the &G Hexa I-17CM protein on a Coo-
positions opposite the & binding interface. The proteins ~ Massie-stained S'ﬁirea gel (|10%dTr|s-glyg|ne gel arl Mlureg).
were coexpressed ifE. coli with a plasmid encoding f_IDe)XiDIS—ure_a gel of myristoylated (M) and nonmyristoylated,G
. o proteins after HPLC purification.

N-myristoyltransferase, purified by NINTA chromatogra-
phy (Figure 1B), followed by a final purification by ion Functional AssaysTo determine whether the mutant
exchange chromatography-Myristoyltransferase tolerates  proteins folded properly, had GDP bound, and could undergo
a variety of residues at position 3, and residues critical to a GTP-dependent conformational change, the intrinsic Trp
the function of this enzyme, specifically the fifth and sixth fluorescence change after addition of AtRvas measured.
residues, were preserved in all the Hexa | mutant proteins Similar to wild-type recombinant &, all amino-terminal
(33, 34). myristoylated @&; Hexa | proteins underwent a conforma-

All of the nine Hexa | Cys mutants were cotranslationally tional change upon binding to AIF, the Gu proteins
modified by NMT with >85% efficiency as evidenced by a exhibited an at least 40% increase in relative fluorescence
faster migration of acylated proteins compared to the sameboth before and after labeling, demonstrating that the labeled
nonmyristoylated mutant on SB$AGE gels in the pres-  proteins were properly folded and functional.
ence of urea X1, 28). In the final purification by ion Labeling of Myristoylated @j-LY Hexa | ProteinsCon-
exchange chromatography, the myristoylated proteins elutedformational changes associated with G protein activation
at a lower salt concentration than their nonmyristoylated were detected in fluorescent assays by attachment of a thiol
counterparts (Figure 1C) which were excluded from the pool reactive environmentally sensitive probe, LY (Figure 2A).
of active, myristoylated protein reserved for fluorescent and After ion exchange chromatography, LY was used to
spin labeling (Figure 1D). specifically label each of the amino-terminal mutants.
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Ficure 2: Fluorescent labeling of myr« Hexa | proteins. (A)
Fluorescent probe, LY, used in this study. (B) UV illumination of
LY-labeled myr-Gy; Hexa | proteins (top panel) and Coomassie
stain (bottom panel) of purified, LY-labeled subunits on an SDS
PAGE 10 to 20% Tris-glycine gel.

Unreacted label was removed by gel filtration chromatog-
raphy, and each protein was subjected to SPAGE and

detected by UV illumination and Coomassie staining (top
and bottom panels of Figure 2B, respectively). Use of gel
filtration chromatography with a calibrated column to isolate
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Effect of Gx Activation on the Fluorescence of Site
Specific Fluorescent Label§o determine whether there was
an activation-dependent conformational change in or around
the myristoylated amino terminus ofoGwe first measured
the fluorescence change of labeled amino-terminal myrG
LY mutants upon addition of AlF (Figure 4 and Table 1)
at LY specific wavelengths. We found changes in the
fluorescence of LY-labeled amino-terminal residues ranging
from 0 to 40% for these residues upon activation. Figure
4A is a representative example of the data collected for G
Hexa I-21CM-LY. Upon addition of Al to the LY-labeled
Ga; Hexa I-21CM protein, the relative fluorescence increased
~30%, indicating a more hydrophobic environment for this
LY-labeled residue upon activation. Similar changes in
fluorescence were seen for LY-labeled residues-1'6
located midway through the amino-terminal region (Figure
4B). There was a small but measurable change in LY
fluorescence upon binding to3 for the myristoylated
amino-terminal residues, indicating a move to a slightly more
solvent-exposed environment upon activation, consistent with
their solvent-exposed positions when bound fyGFigure
4A and Table 1). Alg activation of the &; Hexa |I-21CM-

LY —GpBy complex increased LY fluorescence to the same
extent as direct activation of thea@DP subunit, indicating
guantitative dissociation of reconstituted heterotrimers (Fig-
ure 4A). All of the fluorescent changes exhibited by the
labeled proteins were in contrast to control experiments with
AlF,~ added to (i) LY alone, (ii) a By/LY mixture, (iii)
Gpy alone, and (iv) a mixture of & and nonreactive LY,

all of which showed no changes in fluorescen2zb)(

Mobility of Myristoylated @&; Hexa | Proteins. To
determine the effect of myristoylation on amino-terminal

the labeled proteins ensured the monomeric state of themobility, the anisotropy of LY-labeled residues was exam-

proteins, which is unchanged by AlFactivation @5). To

ined in myristoylated and nonmyristoylatedoGHexa |

determine whether the mutant proteins folded properly, had proteins. The anisotropy of LY-labeledoGsubunits was
GDP bound, and could undergo GTP-dependent conforma-measured in 50% glycerol to isolate localized movement in
tional changes, the intrinsic Trp fluorescence change afterand around the region of labeled residues without additional

addition of AIR,~ was measured. The labeled proteins
retained the ability to undergo activation; the increase in
intrinsic Trp fluorescence of the LY-labeled proteins after
the addition of AlR~ was again~40%, indicating proper
functioning of these labeled subunit&dj.

To further ensure proper functioning of labeled subunits,
binding of LY-labeled myristoylated & to Gfy was

contributions from global tumbling of the molecul&7j. The
labeled proteins retained the ability to undergo activation in
the presence of 50% glycerol; the increase in the intrinsic
Trp fluorescence of the LY-labeled proteins after the addition
of AlF,~ was again~40%, indicating proper functioning of
these labeled subunit®29) in the assay medium. The
anisotropy values for myristoylated amino-terminal mutants

confirmed by energy transfer between fluorescently labeled Were higher than those of the nonmyristoylated counterparts

Gpy (donor) and @-LY (acceptor) subunits35). Energy

at all positions examined along the amino-terminal helix, both

transfer resulted in a dose-dependent increase in acceptoin the activated GDP- and AlF-bound state (Figure 5A)

emission upon binding of & Hexa | to 13CM-LY and of
Gpy to M8, less any contributions from donor-labelef)G

M8 alone (Figure 3A). The measured Kd of 7 nM is
consistent with the reported value for the interaction of
myristoylated Gt with GBy (36). Similar qualitative results
were obtained for all labeled subunits (Figure 3B). The
fluorescence of @ Hexa I-15CM-LY increased markedly
upon @y binding, consistent with its known position as a
direct G3y contact site on the heterotrimeric-Jy interface
(Figure 1A). Although both 15C and 16C are located at the
Ga—py binding interface, it is likely that 15C-LY is closer
to a donor fluorophone on M84% than 16C-LY, which
shows a more modest increase in fluorescence ugen G
binding.

and in the inactive GDP- and fz-bound states (Figure
5B,C). This is consistent with an immobilized amino
terminus in all conformations of & While glycerol greatly
reduces the extent of global tumbling of molecules, without
time-resolved analysis we cannot rule out myristoylation as
an additional contributor to the already reduced level of
global tumbling. Nevertheless, this is likely to be small due
to the fact that myristoylation has little effect on the size or
weight of the Gx molecule itself. Figure 5D compares the
anisotropy of myristoylated & Hexa | in different confor-
mations. There is a small gradient of mobility along the
o-helix; however, it is relatively small compared to the larger
effects of myristoylation itself on the anisotropy ofaG
proteins (panels AC vs panel D of Figure 5).
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Table 1: Summary of Fluorescent Changes for Myrr8Gexa I-LY resolved outer hyperfine extrema with &;2 of ~68 G,

Proteins (% increase over baggleft) and Previous Results indicative of a nitroxide in the slow motional regime. The
Utilizing Nonmyristoylated Proteins (rightRf) rigid limit spectrum (data not shown) for the 17R1 mutant
myristoylated ~ with  with nonmyristoylated with  with shows a 2, hyperfine splitting of 74 G. Rotational cor-
Goi Hexa I-GDP  AlIF,~  GBy Ga; Hexa I-GDP AIF,~ GBy relation times calculated using this value and eq 3 indicate
3CMLY 15+ 1.6 —1.53 3CLY 30 190 that the rotational motion of the nitroxide.(= 16 ns) is
10CMLY 0.9+ 1.9 —3.87 10CLY 149 65 similar to the tumbling rate of the protein computed from

13CMLY 12421 -4.73 13CLY 135 182 the Stokes-Einstein relationshipzt ~ 14 ns).

14CMLY 8.1+13 —1.74 14CLY 78 5.9 .

15CMLY  19.64+ 2.3 —3.74 15CLY 32 25 Each of the EPR spectra apparently consists of two
16CMLY  29.3+2.0 —2.08 16CLY 49 109 components arising from spin populations with different

17CMLY ~ 39.84+5.3 —3.25 17CLY 12.3 115 mobilities that vary in relative amounts from site to site. In

21CMLY  29.7+2.1 —3.03 21CLY 20.8 132

this case, the individual components may be obtained by
— - - subtraction of one spectrum from another that differs in the
“LY fluorescence emission of labeled proteins was monitored at 1 |5tiye amounts. For example, subtraction of the appropriate
520 nm with excitation at 430 nm. The percent increase in fluorescence .
is relative to the LY fluorescence of theaDP-bound subunit. 8y amount of the 14R1 spectrum from the 29R1 spectrum yields
binding data are averages of two to three independent experiments. the mobile component spectrum (Figure 6C, bottom, green
trace), and subtraction of this spectrum from that of 29R1
Electron Paramagnetic Resonance Spectroscopy of theyields the spectrum of the immobile species (Figure 6C,
Spin-Labeled Mutant§ o further examine the conformation middle panel, blue trace). These individual spectra were fit
of the Goy amino terminus, myristolated cysteine mutants well with an isotropic diffusion model to give correlation
in the Hexa | background were modified with a nitroxide times of approximately 1 and 16 ns for the mobile and
methanethiosulfonate spin reagent to generate the spinimmobile components, respectively (Figure 6C, bottom and
labeled side chain designated R1 (Figure 6A). Figure 6B middle panels, black traces). The spectrum of 29R1 is best
shows the EPR spectra of ninexGR1 derivatives before  fit by a state with 39% of the spin arising from the mobile
and after the addition of &. All of the data have well- population (Figure 6C, top panel, black trace). Similar

29CMLY 1.8+1.0 —2.95 29CLY 31 0.1
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Ficure 5: Effect of myristoylation on the mobility of G Hexa I-LY proteins labeled at the indicated amino-terminal residues. Fluorescence
anisotropy of myristoylated and nonmyristoylated LY-labeled] &ibunits (200 nM) in buffer B calculated from fluorescence polarization
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Anisotropy of GDP-bound myristoylated and nonmyristoylated &ibunits. (D) Anisotropy of myristoylated proteins in the mya&DP-,
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analyses of the other mutants showed that the more mobileorientation between amino and carboxy domains regulates
component constituted 2810% of the population, and had the basal activity of these subunits.

a correlation time in the range o4 ns. The immobile To determine the function of myristate in G protein
population was consistently 16 ns. The values for the mobile activation and deactivation, EPR and fluorescence studies
component are approximate due to the high modulation have compared nonmyristoylate@5] and myristoylated
amplitude used to enhance detection sensitivity for the proteins. While both studies reveal changes in amino-terminal
dominant immobilized component. Itis evident from the data structure upon formation of the inactive heterotrimer, as well
of Figure 6B that there is little change in the spectra of as during activation of @& subunits, the study presented here
myristoylated @y (black traces) upon interaction with3@ demonstrates a number of prominent differences between
(red traces). The spectral changes that are seen reflect smathyristoylated and nonmyristoylatec$3roteins, suggesting
changes in the ratio of the mobile and immobile populations. a critical role for myristoylation in the structure and function

To rule out aggregation as an artifactual cause of reduced®f Ga subunits.
mobility in the predominantly immobile population of myr- EPR spectra of nonmyristoylatedo{&DP reveal a dy-
Ga subunits, gel filtration chromatography was performed namic random coil-like state for the amino terminus. Only
on representative samples of myristoylated proteins. Reten-upon complexation with @y to form the inactive heterot-
tion times for these subunits before and after spin labeling rimer are the spectra consistent with @selical structure
were consistent with monomericoG with a molecular mass ~ (25). This is not the case for myristoylatedy3roteins. EPR
of ~40 kDa, compared to a mass of 66 kDa for the spectraofthe spin-labeled, myristoylated;GDP reveal that

monomeric albumin standard. the dominant population of the spin-label R1 side chain is
uniformly immobilized along the length of the amino
DISCUSSION terminus, in contrast to the highly mobile side chain in the

nonmyristoylated counterpart®). Because the spin-labeled

The amino terminus of & subunits plays complex roles  Go; subunits do not appear to be aggregated, it must be
in activation and deactivation of G proteins. Myristate, an concluded that the amino terminus adopts a highly ordered
integral component of all & family members, adds another  structure. The strong immobilization of all side chains that
level of complexity to G protein signaling. The slow step in have been examined indicates tertiary interactions of the
G protein activation involves release of GDP. The activation amino-terminal sequence along its length, and precludes a
process could involve the amino terminus by either direct dynamic analysis of the nitroxide motion that would allow
contacts or a relative movement of the helical and GTPasea determination of the secondary structure.
domains of G. A shift between domains may widen acleft  As illustrated in Figure 6B, each spectrum of the myris-
that eases nucleotide release, and this may involve specifictoylated amino-terminal labeled protein is characterized by
interactions between the amino and carboxy ternmd&( two components corresponding to a highly mobile and
40). A Gay-like chimera that perturbs the interaction between immobilized state. The immobilized state is always dominant,
amino-terminal VaP and carboxy-terminal If8° increases  and has a correlation time ef16 ns, corresponding to the
the extent of GDP release, while adding a contact in the rotational correlation time of & estimated from Stokes
hydrophobic pocket to break the interaction between the Einstein behavior. Thus, it is highly immobilized with respect
o-helical and GTPase domain (Migal) reduces the extent  to the protein, and in strong tertiary interaction. On the other
of basal GDP releas&8). These results suggest the relative hand, the short correlation time of the more mobile compo-
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Ficure 6: Electron paramagnetic resonance of the R1 side chairojn (@) Structure of the side chain. (B) Normalized EPR spectra of

nine Go; Hexa | CM-R1 labeled proteins along the myristoylated amino terminusogf i the absence (black traces) and presence (red
traces) of Gbg. The vertical dotted lines show the splittings of the outer hyperfine extrema, separated by 68 G. The arrows denote the
locations of a relatively mobile component in the spectra. (C) Normalized EPR spectra of 29R1 (top panel, red trace) and the resolved
mobile (green trace, bottom panel) and immobile (blue trace, middle panel) components. Simulated spectra are shown as superimposed
black traces (see the text). (D) For comparison, spectra of nonmyristoylatede®a I-13C-R1 in the absence (black trace) and presence
(green trace) of Gy (25).

nent (-4 ns) suggests that this state may represent a lesdn the rotational diffusion rate. However, the nitroxide motion
ordered form of the amino terminus in equilibrium with the is already in the slow motional regime, and the great breadth
ordered state, or possibly two rotamers of the nitroxide side of the outer hyperfine extrema, probably because of hetero-
chain with different mobilities. The mobile component geneity of the local environment, precludes detection of the
apparently does not arise from the nonmyristoylated protein, slight reduction in line width expected from the approximate
both because the population of this component{20%) doubling of the molecular mass. It also follows that changes
exceeds the estimated level of the nonmyristoylated con-in protein internal dynamics with effective correlation times
taminant <15%) and because its spectrum does not match longer than~20 ns will not be readily detected in the linear
that of unmyristoylated &GDP (Figure 6D) 25). EPR line shapes. Thus, modulation of low-frequency dy-
In the G protein cycle, @GTP is hydrolyzed to @GDP, namic modes upon complexation otxGwith Gy would
and association with @& returns the @ protein to its escape detection.
inactive, heterotrimeric state. The EPR spectra of myristoy- Consistent with the EPR results, steady state fluorescence
lated GGDP, upon addition of By, reflect very little also revealed only small changes upgfy@®inding, despite
change, compared to spectra of nonmyristoylataeg®teins a nanomolar binding affinity of LY-labeled &subunits for
(Figure 6B,D). This indicates that the dynamics and environ- Gy (Figure 3A). The small fluorescence decreases seen
ment of the spin-labels do not change detectably upon upon heterotrimer formation in myristoylateduGproteins
formation of the complex. In turn, this implies that a indicate a slightly more solvent-exposed environment for
structural rearrangement involving changes in tertiary inter- these labeled residues uporfGassociation, as would be
action along the amino terminus is not detected upon expected for solvent-exposed amino-terminal residues mov-
complexation. Because the estimated correlation time of theing out toward the bulk of the solution opposite thg)G
spin-label in Gy apparently reflects the rotational diffusion  binding interface. This is in contrast to the nonmyristoylated
of the subunit, it might be expected that complex formation proteins which demonstrate pronounced increases in fluo-
should minimally reveal a spectral change due to a reductionrescence upon £ binding, suggesting a hydrophilic
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Myristoylated

Ficure 7: Hypothetical model of @ amino-terminal involvement in G protein cycling. The agonist-occupied receptor activates G proteins,
causing release of GDP, uptake of GTP, and dissociation of subunits. In the deactivation of G pratemalr@yzes GTP to GDP,

followed by reassociation of subunits and membrane binding. This work suggests the myristoylated amino terminus has an intramolecular
binding site that rigidifies its structure. To reassociate wifhyGthere must be a transition of this region to an extended helixgfor

binding. The disordered amino terminus seen in nonmyristoylatedn@ay be indicative of a transient intermediate before or during
reassociation with @y. The farnesyl group of & and myristoyl group of @ are both shown in red. &amino-terminal residues-130

are shown as a solid green line.

environment for these residues in theeGDP compared to  can be extracted into isotonic buffer containing GP®)(
the fy-bound state (Table 1). indicating an increase in solubility for this myristoylated
Since the EPR spectra demonstrated a highly immobilized subunit in the active conformation. Receptor-mediated
state for the myristoylated amino terminus as compared to activation of Gxs results in its redistribution from membrane
the nonmyristoylated amino terminus, we further explored to cytosol, accompanied by an increased level of depalmi-
the mobility of this region with fluorescence anisotropy of toylation of Gos (42). The high degree of immobility seen
the LY-labeled @G proteins. Fluorescence anisotropy is in EPR spectra, the immobility suggested by anisotropy, and
indicative of the average environment and mobility of labeled the activation-dependent increases in the hydrophobic en-
residues in solution. The highly immobilized state was also vironment seen in steady state fluorescence studies altogether
reflected in the steady state anisotropy studies, suggesting auggest the possibility of an intramolecular binding site on
restricted mobility of labeled residues for both the myr- the surface of the & molecule for the myristoylated amino
GoGDP- and myr-@GDP—AIF, -bound states at all posi- terminus.
tions examined along the amino terminus. These results also The idea of an intramolecular binding site for the amino
paint a picture of amino-terminal residues in a highly terminus is notan entirely new one. The monoclonal antibody
restricted rotational environment in myristoylated proteins, LAS-2 amino-terminal epitope includes residues-1@, and
compared to nonmyristoylated proteins. Results of fluores- the myristoyl group is close to these residué8)( LAS-2
cence and EPR demonstrate a significant stabilizing role for binds myristoylated @ proteins preferentially43), as does
myristoylation in amino-terminal structure. Mab4A (44), indicating a difference in conformation between
In this solution structure, the amino-terminal region may myristoylated and nonmyristoylated proteins. Our results
reside close to the rest of the molecule in theGDP-bound support this hypothesis and include myristoylation as an
state. However movement of these residues, either alone oressential feature of the structural changes in this region.
in combination with conformational changes in the rest of Furthermore, an activation-dependent amino-terminal con-
the molecule, may change the local environment of amino- formational change may be accompanied by an intramolecu-
terminal residues, giving rise to the substantial activation- lar binding site for the myristoylated amino terminus ai.G
dependent increases in fluorescence seen for residues 14 Studies designed to locate an intramolecular binding site are
17 and 21. These changes indicate a more hydrophobicunderway, using protein docking simulations to guide
environment for these residues upon activation, especially creation of double-cysteine mutations ioGlrhese double-
for residues midway through this 30-amino acid region. This cysteine mutants can be modified with a single type of probe
is consistent with the activation-dependent fluorescence prior to use in FRET-based anisotropy homotransfer assays
changes seen previously with nonmyristoylated proteins, and spir-spin EPR studies to identify the intramolecular
where extended probes may stand in for myristate and binding site.
stabilize this interaction2p). A hypothetical model of amino-terminal involvement in
Conformational changes in the amino terminus af G G protein activation is shown in Figure 7. The inactive
proteins could regulate movement oft@roteins within the heterotrimer, with its isoprenylatedyGand myristoylated
cell. Seitz et al.41) found that the extent of binding ofdz Ga, binds membranes cooperativeR0f. Agonist activation
GTP to lipid monolayers is substantially lower than that of of the receptor triggers GDP release from the G protein,
the GoGDP subunit, indicating a difference in the hydro- binding of GTP, and dissociation of subunits. A conforma-
phobicity of the protein between the active and inactive state. tional change occurs uponoGactivation in switch and
Similarly, native GuGDP in retinal membrane preparations amino-terminal region26, 29), as well as carboxy-terminal
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regions (). This conformational change in the amino The EPR and fluorescence together suggest myristoylation
terminus may help facilitate dissociation ob(&@TP from radically alters the structure and stability of the amino-
Gpy and the receptor. This conformational change may also terminal region, in comparison to previously studied non-
protect the myristoyl group from the cytosol, increasing the myristoylated proteins. These results are consistent with an
solubility of Go. and allowing it to translocate from the immobile amino terminus in the GDP-bound state which
membrane to interact with effectors, regulators, or signaling moves into a more nonpolar environment upon activation.
rafts. The myristoylated amino terminus ofu@s shown Fluorescence results revealed pronounced changes in the
participating in an intramolecular interaction with the surface overall average polarity seen by fluorescent probes attached
of the Ga molecule in the @GTP-bound state, and to a to the Cys residues upon activation. These solution studies
lesser extent in the physiologically transiertGDP species  also reveal the potential for an intramolecular binding site
(Figure 7). The nonmyristoylated d@GGDP random caoll for the myristoylated amino terminus ofGproteins. Further
amino-terminal structure may represent a transient intermedi-work in examining amino-terminal conformational changes
ate for the amino-terminal conformation between GTP-bound in the presence of the membrane-bound receptor is underway.
and inactive, By-bound states. These crucial experiments will help illuminate any contribu-
Palmitoylation, a reversible lipidation, has the potential tions from the amino terminus in receptor-mediated activation

to dramatically affect the membrane associatidissociation ~ ©f G Pproteins, and allow us to examine conformational

cycle of Go subunits. The intermediate hydrophobicity of changes in a lipid en_v_ironment. Unt_iI crystallogra_phic stuc_iies
myristate is only marginally able to effect membrane reveal the exact position of the myristoylated amino terminus
localization in the absence of cooperative association with I GPP- and GTP-bound states, solution studies can be used

Gy’s isoprenylated C-terminu&0). Bourne and co-workers to help determine the relative environment of residues in the
have shown that myristoylated, palmitoylated @&sides on
the membrane4®); thus, regulation of palmitoylation will
play a key role in interaction of &with Sy and membranes,
and will help regulate interaction with other signaling
partners 16).

myristoylated amino terminus as it dynamically cycles
through activation and deactivation.
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results utilizing large, extended probes attached to amino-
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