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ABSTRACT. Covalent attachment of ubiquitin is well-known to target proteins for degradation. Here, mass
spectrometry was used to identify the site of ubiquitination in Gpal, the G pratsubunit in yeast
Saccharomyces carsiae The modified residue is located at Lys165 within tidaelical domain of @,

a region of unknown function. Substitution of Lys165 with Arg (GF&T) results in a substantial decrease

in ubiquitination. In addition, yeast expressing the Gp&R mutant are moderately resistant to pheromone

in growth inhibition assaysa phenotype consistent with enhancea €gnaling activity. These findings
indicate that thex-helical domain may serve to regulate the turnover of Gpal.

Many sensory and chemical stimuli act via cell surface In yeast, pheromones act on G protein-coupled receptors
receptors and intracellular G proteins. The primary role of to initiate mating-the fusion ofa and a. haploid cells to
the receptor is to discriminate among external signals, andform thea/a. diploid. Many of the yeast signaling proteins
to transmit the signal to the appropriate G protein. Upon were identified genetically, through mutations that produce
receptor activation, the G protein subunit releases GDP,  an unresponsivesterile or STH phenotype. These include
binds GTP, and dissociates from tfig’ subunit complex.  genes encoding the pheromone receptors (Ste2, Ste3), the G
The dissociated subunits in turn transmit and amplify the proteing (Ste4) andy (Ste18) subunits, G protein effectors
signal to effector proteins that produce an intracellular second (Ste5, Ste20, Cdc24), downstream protein kinases (Stell,
messenger within the cell. Signaling persists until GTP is Ste7, Fus3), and a transcription factor (Ste12). Yeast lacking
hydrolyzed to GDP, and the subunits reassemble ( the G proteinu subunit (Gpal) are constitutively activated,
resulting in pheromone-independent cell cycle arrest and
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regulated by extracellular signals. This has been shown forwere harvested by centrifugation at 480@r 10 min at 4
palmitoylation of mammalian & and Go (8), and for °C, resuspended in 10 mM NgNrapidly frozen in liquid
myristoylation of Gpal9). N, and stored at-80 °C.

Finally, it has been demonstrated that Gpal can be co- The cells were thawed at room temperature in 250 mL of
valently modified with ubiquitin 10), a highly conserved  Urea Buffer (6 M urea, 10 mM Tris, pH 8.0, 100 mM sodium
peptide (73 of 76 residues are identical in human and in phosphate, 10 mM 2-mercaptoethanol) and subjected to glass
yeast) that earmarks proteins for degradatit®).(The rate bead homogenization. The lysate was allowed to rock for
of degradation can also depend on the N-terminal amino acid90 min to solubilize proteins, then centrifuged at 3§46r
of the ubiquitinated substrate, though Gpal appears to be20 min and filtered through Whatman paper no. 1 to remove
an exception to this “N-end rule” paradigriq). Proteolysis cellular debris. The sample was mixed with 2 mL of
of the ubiquitinated substrate is usually carried out by the equilibrated TALON Superflow resin (Clontech) for 90 min,
proteasomel(l). However, proteolysis of some membrane then loaded onto a HR 10/10 (Amersham Pharmacia Biotech)
proteins, including the receptors Ste2 and Ste3, is carriedcolumn, and washed with 20 mL of Urea Buffer. Gpal was
out instead within the vacuole (yeast counterpart to the eluted using a step gradient consisting of 14 mL each of
lysosome) 12, 13. Similarly, it was shown recently that Urea Buffer plus 0, 8, 20, 28, 40, 48, 60, 68, 80, 88, 100,
several mammalian G protein-coupled receptors are ubig-120, 140, 160, 200, 240, 280, 320, and 400 mM imidazole.
uitinated prior to their endocytosis and degradatibh (5. Fractions were analyzed by immunoblotting with polyclonal

Here, we have identified the ubiquitination site of Gpal. Gpal antibodies, as described previously Pooled peak
This is the first direct identification of an in vivo ubiquiti- ~ fractions were mixed with 2 mL of equilibrated Q-Sepharose

nation site using mass spectrometry. Fast Flow resin (Pharmacia Biotech) for 90 min, washed with
10 mL of Urea Buffer, and eluted with a 20 mL-Q M
EXPERIMENTAL PROCEDURES linear NaCl gradient in Urea Buffer at 1 mL/min. Peak

) ) fractions were pooled and concentrated using a Millipore

Strains and PlasmidsStandard methods for the growth,  yjirafree centrifugal filter (Biomax-10K MWCO) to a final
maintenance, and transformation of yeast and bacteria, and,gjyme of 256-350uL. Samples (16-20 uL) were resolved
for the manipulation of DNA, were used throughob), by 16 cmx 0.75 mm sodium dodecyl sulfat@olyacryla-
The yeasSaccharomyces cersiae strain YPH499 IATa mide (8% or 10%) gel electrophoresis (SBBAGEY at 50
ura3—52 lys2-801F"ade2-101°trp1-A63 his3A200 leu2- A visualized by Coomassie blue (Bio-Rad) or silver
Al) was used for Gpal purification and copper induction gtaining, equilibrated in 20% EtOH, 10% glycerol solution,
analysis. Strain YGS9ATa ura3-521ys2 ade2°trpl leu2 and dried in cellophane.
Al gpal:hisGstel®) (17) was used for reporter transcrip-

tion and growth arrest assaykgj. Strains MHY753 K1ATa ; :
) protein band was excised and transferred to a 0.5 mL
his3A200leu2Al ura3-52lys2801trplA63ade2101) and  \icrocentrifuge tube. The gel band was finely minced,

MHY 754 (MHT753' cim31) (19) were used for protease ey grated in 10@L of CHCN for 10 min, and centrifuged
sensitivity analysis. to remove the CECN, and then the step was repeated. The

Mass SpectrometryEach Coomassie or silver-stained

Yeast shuttle plasmids used here are pRSEEN am[, dehydrated gel pieces were dried under vacuum for 15 min
URA3J (20), pRS316-GPA1 which contaitGPAlunderthe  after which an equal volume of milli-Q 40 was added. The
control of its native promoterl(), pAD4M (2 u, amg;, gel pieces were allowed to swell for 15 min. The water was

LEUZ2, ADH1 promoter/terminator, from P. McCabe, Onyx  removed and CECN added for another round of dehydration.
Pharmaceutical), pAD4M-GPALY), pND187 (2u, amf, The solution was aspirated, and the gel pieces were dried
URA3 CUP1 promoter), and pND187-derived plasmids again under vacuum.

containing ubiquitin (PND186), or myc-ubiquitin (pND747) For reduction and alkylation, 6@L of 10 mM dithiothri-

(21, 22. His-taggedGPAlwas constructed by replacing an g0 in 100 mMm NHHCO; was added, and the gel pieces
internal 0.37 kbp fragment with a PCR product, generated \yere held at 56C for 45 min. After cooling, the solution
using templat&sPA1(Xba —Xba fragment in pBluescript)  \yas aspirated. An equal volume of 55 mM iodoacetamide

and primers flanking th6&PA1 Hirdlll site (5-CCC AAG in NH4HCO; was added, and gel pieces were incubated in
CTT TAC ATC ACC ATC ACC ATC ACC ATC ACG darkness for 30 min. Solution was again aspirated; then 60

ATT ATA TCA ACG CCA GTG T- 3) and the multiple //LL of 100 mM NHHCO; was added. After 5 min, the
cloning siteSad (5 'CECC GAG CTC TCA TAT AAT ACC solution was removed, and 100 of CHsCN was added.
AAT TTT TTT AA-3'), to yield IHis8-GPAL. The resulting G| pieces were dehydrated for 15 min. Following aspiration,
His tag follows codon 125 in the native sequence. The he dehydrated minced gel band was dried under vacuum
Lys165Arg mutation was generated with the QuikChange ¢, 25 min. Gel pieces were reconstituted with &0 of 10
mutagenesis kit (Stratagene) and mutagenic oligonucleotideng/ﬂL modified trypsin (Promega) in 50 mM NHCOs, held
(5-CAG AGT ACC GGA CGA GCAAAAGCT GCTTTC o jce for 40 min and topped with 50 mM NHCO;, and
GAT GAA GAC-3, plus the complementary oligonucle-  en transferred to 37C for overnight incubation. Gel pieces
otide). Reporter transcription assays were carried out Usingyere centrifuged, and the supernatant was saved. Peptides
PRS425-FUS1-lacz23). o were extracted first with 5L of milli-Q H ;0, then 3 times
Gpal Purification from Yeast. S. ceifsiae (YDK499) with 50 uL of 5% HCOOH, 50% CHCN. All four
containing pAD4M-IHis8-Gpal and pND747 (myc-ubig-
uitin) was grown in synthetic complete medium plus 2% 1 Abbreviations: CID, collision-induced dissociation; LC-MS/MS,

dextrose to Olyo nm= 0.25. Copper sulfate (100M) was liquid chromatography tandem mass spectrometry; SBSGE,
added to induce myc-ubiquitin expression. After 4 h, cells sodium dodecyl sulfatepolyacrylamide gel electrophoresis.
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supernatants were pooled, and the solution was dried undemith a multi-well plate reader using 485 nm excitation and

vacuum to almost dryness and then reconstituted ipl14
of 0.005% heptafluorobutyric acid, 0.4% acetic acid in
milli-Q H,0.

Analysis of peptides by microelectrospray liquid chroma-
tography tandem mass spectrometry (LC-MS/MS) was
performed essentially as described by Gygi et 2K).(
Microelectrospray columns were constructed from 360
0.d. x 75um i.d. fused silica capillary with the column tip
tapered to a 510 um opening. The columns were packed
with 200 A 5um Cyg beads (Michrom BioResources Inc.),
a reverse-phase packing material, to a length ef D cm.
The flow through the column was split precolumn to achieve
a flow rate of 300 nL/min. The mobile phase used for
gradient elution consisted of (A) 0.4% acetic acid, 0.005%
heptafluorobutyric acid, 5% acetonitrile and (B) 0.4% acetic
acid, 0.005% heptafluorobutyric acid in acetonitrile. The
gradient was linear from 0.5% to 45% B in 35 min followed

530 nm emission. All determinations were carried out at least
twice with similar results.

RESULTS

Our primary goal here was to map the site of ubiquitin
attachment within Gpal. Our approach was to purify Gpal,
and analyze the protein by electrospray ionization tandem
mass spectrometry. A second aim was to determine if
ubiquitination affects G protein function, through charac-
terization of a ubiquitination-resistant mutant in vivo.

A plasmid containingsPA1(internally tagged with 8 His
codons) was introduced infgpalA mutant and wild-type
cells. This plasmid could fully restore pheromone-dependent
signaling to thegpalA mutant strain, indicating that the His-
tag does not interfere with Gpal function in vivo (data not
shown). For purification, wild-type cells were co-transformed

by 45-65% B in 5 min. Tandem mass spectra were recorded With a vector containing an N-terminal myc-tagged ubiquitin
on a LCQ ion trap mass spectrometer (Thermoquest Corp.,under the control of a copper-inducible promo2)( Myc-

San Jose, CA) equipped with an in-house microelectrosprayubiquitinated proteins are typically poor substrates for
ionization source. Needle voltage was set at 1.6 kV. lon proteolysis, so their levels tend to accumulate within the cell
signals above a predetermined threshold automatically trig- (22, 26. Cells were lysedn 6 M urea (to fully solubilize
gered the instrument to switch from MS to MS/MS mode Gpal and to inhibit proteolysis of the protein) and subjected
for generating collision-induced dissociation (CID) spectra to cobalt affinity chromatography. Gel electrophoresis and
(data-dependent MS/MS). The CID spectra were searchedsilver staining revealed a prominent band of molecular mass
against a nonredundant yeast protein sequence database usingp4 kDa, as well as a minor band of63 kDa that
the computer algorithm SEQUESZH). Additional proteins ~ corresponds to the predicted size of 8-His-Gpal plus ubig-
were identified in the upper gel slice (YHNO hypothetical Uitin. In addition, a series of high molecular mass bands were
56.5 kDa protein in dysi-pcl5 intergenic region, DCP1 detected, corresponding to poly- or multi-ubiquitinated forms
pyruvate decarboxylase 61.5 kDa, YEI1), the upper and of Gpal. The identity of the bands was confirmed by
middle gel slices (GLYC cytosolic serine hydroxymethyl- immunoblotting with antibodies against Gpal, poly-His, and
transferase 52.2 kDa, GLYM mitochondrial serine hy- the myc epitope (Figure 1A, and data not shown). These
droxymethyltransferase 53.7 kDa, NADM nicotinamide bands were absentin a similarly prepared sample using non-
nucleotide adenyltransferase 45.9 kDa, YOR359w), the His-tagged Gpal (mock purification, data not shown).

middle slice (HEM1 5-aminolevulinic acid synthase 59.4

Three gel slices encompassing the region from 54 to 63

kDa, G6PI glucose 6-phosphate isomerase 61.5 kDa), thekDa were excised, subjected to limited digestion with trypsin,

middle and lower slices (HS42 heat shock proteir-42.8
kDa, EF1H elongation factor 1-gamma-26.5 kDa), and
the lower slice (MT170-acetylserine sulfhydrylase 48.5 kDa,
and EF1A elongation factor 1a 50 kDa).

Pheromone Response Assdy@: the pheromone-depend-

and analyzed by electrospray ionization tandem mass spec-
trometry. A similar approach was used previously to map
the ubiquitination sites on recombinaxXénopus laeis cal-
modulin and purified bovine testis calmodulin, both conju-
gated in vitro by an enriched source of ubiquityl-calmodulin

ent growth inhibition assay (halo assay), cultures were grown synthetase from rabbit reticulocyte®7]. In two of the gel

to saturation (23 days), and 10@L was diluted with 2
mL of sterile water, followed by the addition of 2 mL of
1% (w/v) dissolved agar (58C). This mixture was then

slices (“upper” and “middle”), a tryptic fragment was
identified that corresponds to ubiquitin residues-48, Leu-
lle-Phe-Ala-Gly-Lys (Figure 1, panels B and C). The same

poured onto an agar plate containing selective medium. two gel slices yielded a partial tryptic fragment corresponding
Sterile filter disks were spotted with synthetéc-factor to Gpal residues 165178 (Lys-Ala-Ala-Phe-Asp-Glu-Asp-
pheromone and placed onto the nascent lawn. The resultingGly-Asn-lle-Ser-Asn-Val-Lys) plus a 115 Da modification
zone of growth-arrested cells was documented after 3 days.at the Lys-165 position (Figure 1, panels D and E). These
For pheromone-dependent repoftganscription assays, data are consistent with the attachment of the ubiquitin
cells were transformed with pRS425-FUS1-lacZ and grown C-terminal Gly-Gly fragment (residues #36) in isopeptide
to mid-log phase. Cultures were then aliquoted 2 onto linkage with thee-amino side chain of Lys. Gly-Gly repre-
a 96-well plate and mixed with 1@L of o-factor, in sents an expected trypsin cleavage product, as it is preceded
triplicate. Finalo-factor concentrations ranged from 0 to 100 by an Arg residue. Ubiquitination may have altered trypsin
uM. After 90 min at 30°C, g-galactosidase activity was cleavage of Gpal, since no unmodified peptide of the same
measured by adding 20 of a freshly prepared solution of  sequence (residues 16578) was detected. Neither ubiquitin
83 uM fluorescein dig-p-galactopyranoside (Molecular nor the ubiquitinated form of Gpal was detected in the “low”
Probes, 10 mM stock in DMSO), 137.5 mM PIPES pH 7.2, band. The high probability scores from SEQUEST and the
and 2.5% Triton X-100 and incubating for 90 min at 37. CID spectra corroborate the identity of the modified Gpal
The reaction was stopped by the addition ofi20of 1 M peptide. The presence of one prominent unassigned peak
N&CQ0;, and the resulting fluorescence activity was measured within the CID spectra at/z of 790 can be accounted for
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Ficure 1: Purification and mass spectrometry of Gpal. His-tagged Gpal was expressed in YPH499 cells and purified by cobalt affinity
and Mono Q-Sepharose chromatography. (A) Two microliters of undiluted (“U”) or a 10-fold diluted sample (“D") of pooled and concentrated
fractions was subjected to SBRAGE (8% acrylamide, 16 cm gel) and visualized using silver or Coomassie stain (not shown), and by
immunoblotting using antibodies (“Ab”) against Gpal or poly-His. Gpal migrates predominantiydakDa, with minor species at 63

kDa (presumably mono-ubiquitinated) and higher (presumably multi-ubiquitinated), as indicated. Purified protein was excised from the
stained gel in three adjoining segments, designated “upper” (contains the 63 kDa species), “lower” (54 kDa species), and “middle” (intervening
segment). Each of the gel segments was subjected to limited trypsin proteolysis, and analyzed by LC-MS/MS. CID spectra were acquired
by ion trap mass spectrometry forte2 precursor ion with mass/charga/g) ratio of 649.29 from the “middle” gel slice (panel B, left) and

for a +2 precursor ion witm/z of 648.36 from the “upper” gel slice (panel C), corresponding to the tryptic ubiquitin peptide LIFAGK
(residues 4348). The b and y ions detected are marked with arrows in the spectra and indicated in boldface in the table generated by
SEQUEST (panel B, right). X-correlation scores were 1.96 and 1.51, respectively. CID spectra were also acqtiedrémursor ion

with m/z of 811.83 from the “middle” gel slice (panel D) and fé#2 precursor ion withm/z of 811.6 from the “upper” gel slice (panel E),
corresponding to a partial tryptic Gpal peptide *KAAFDEDGNISNVK with a Gly-Gly modified Lys residue. The b and y ions detected

for the modified Gpal peptide are marked by arrows on the spectra and indicated in boldface in the tables generated by SEQUEST (panels
D, right, and E, right). X-correlation scores were 2.9738 and 3.2023, respectively. Asterisk indicates modified amino acid residue depicting
addition of Gly-Gly from ubiquitin to the peptide. Total Gpal sequence coverage was 36%, 36%, and 19% for the upper, middle, and lower
samples, respectively.
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FiGURE 2: GpaX!65R exhibits a reduction in ubiquitination. To -~
confirm that Lys165 is ubiquitinated in vivo, this residue was
replaced with Arg and coexpressed with myc-ubiquitin, expressed Gpal Ab
under the control of the copper-inducible promoter fratP1 FiGURE 3: Increased Gpal ubiquitination in protease-deficient
Cells were grown in the presencei(") or absence (*-") of copper mutants. Gpal was expressed in wild-type cells (“WT"), a congenic

(“Cu”), as indicated, then harvested, and lysed directly in boiling muytant deficient inCIM3 (required for 26 S proteasome activity,
SDS-PAGE sample buffer. The abundance of native (54 kDa) and 265 mut"), or wild-type cells cotransformed with the myc-ubiquitin

mono-ubiquitinated (63 kDa) Gpal was assessed by 8%-SDS plasmid (“myc-Ub”). Whole cell lysates were resolved by 10%
PAGE and immunoblotting, using anti-Gpal rabbit polyclonal Sps-PAGE, and subjected to immunoblotting with anti-Gpal
antibodies. KR, Lys165Arg mutation. 18, internal 8-His tag. antibodies. The proteasome mutant and wild-type cells coexpressing
) ) a protease-resistant myc-tagged form of ubiquitin each exhibit an
by the peptide Phe-Asp-Glu-Asp-Gly-Asn-lle resulting from increase in high molecular weight (presumably multi-ubiquitinated)

partial fragmentation of the larger modified peptide. This forms of Gpal. I8, internal 8-His tag.
partial fragment was also seen in the CID spectra for the ) , .
unmodified peptide, Arg.Ala-Lys-Ala-Ala-Phe-Asp-Glu-Asp- However, cells expressing the Gp&ER mutant did exhibit .
Gly-Asn-lle-Ser-Trp-Val-Lys. a modes.t increase in recovery from grpwth arrest (turbid
To confirm that ubiquitination occurs at position 165, we Nalos, Figure 4B). These effects indicate an enhanced
compared expression of a Lys165Arg substitution mutant 'écovery from pheromone-induced growth arrest, and/or
(GpaX15R) and the wild-type protein. Arg has a basic side atténuation of long-term signaling.
chain but cannot be ubiquitinated. As shown in Figure 2,
GpaZX'65R exhibits a substantial reduction in expression of DISCUSSION
the 63 kDa species, with no change in the 54 kDa form of  All biological processes are regulated through the modi-
the protein. These data indicate that Lys165 is a major sitefication of existing proteins. With regard to cell signaling,
of ubiquitination. The remaining 63 kDa species likely much work has focused on phosphorylation of receptors, and
represents ubiquitination at a second (unidentified) site, asthe consequent changes in their expression, localization, and
typically occurs when the primary site is altered (discussed signaling properties. More recently, attention has turned to
below). downstream signaling components, to other types of covalent
Most ubiquitinated proteins are modified with multiple modification, and to regulation of protein degradation.
copies of ubiquitin, and are then degraded by the proteasomelJbiquitin in particular is now recognized to be a central
A notable exception is the G protein-coupled receptors Ste2regulator of protein turnover. Ubiquitinated substrates include
and Ste3, which are mono-ubiquitinated and degraded in thekey regulators of cell communication, proliferation, and
vacuole (2, 13. We were able to detect “laddering” developmentl1, 31). However, only a handful of G protein
indicative of multi-ubiquitination (Figure 1A). To confirm  signaling components are known to be ubiquitinated. These
that Gpal is degraded by the proteasome, we monitoredinclude several G protein-coupled receptdtd, (15, 32, a
expression in a conditional mutant strain deficient in 26S G proteina subunit (Gpal)10), and two RGS proteins38,
proteasomedim3-1) activity (19). As shown in Figure 3,  34).
expression of Gpal increased in the proteasome-deficient Most attempts to map sites of ubiquitination have used a
mutants, as did expression of the high molecular weight form process of elimination, through systematic mutation of
of Gpal. These data indicate that Gpal is degraded by thecandidate Lys residue€, 39. This approach may not be
proteasome. A similar pattern was seen with our positive practical for proteins with a large number of Lys residues
control, a wild-type strain expressing the protease-resistant(there are 43 in Gpal). This approach can also be misleading,
myc-ubiquitin. since mutation of a ubiquitinated Lys typically leads to
Since overexpression @PAlleads to diminished signal-  modification of a second (nonphysiological) site. Analysis
ing (28), and deletion ofcPAlleads to sustained release of of three known substrates, c-Ju86), the T-cell receptot
Gpy and constitutive signaling, ubiquitin-dependent degrada- subunit 87), and the encephalomyocarditis virus 3C protease
tion of Gpal could alter the pheromone resporz® 0. (38), revealed no single Lys-to-Arg mutation that blocked
To determine if the Gpd&15°R mutation alters signaling, we  ubiquitination. A counter-example is Mdm2, which under-
measured pheromone-dependent gene transcription using goes auto-ubiquitination of a single Lys resid@8)( leading
reporter-transcription assayFUS1promoter, lacZ reporter,  to its self-destruction. The inflammatory response regulator
Figure 4A). By this method, we could detect no difference I«Ba appears to be ubiquitinated at a single site in vivo but
in pheromone sensitivity. Using the growth inhibition plate not in vitro, probably because of steric blockade of other
assay (halo assay), we again could detect little difference inLys residues by protein binding partners within the c)(
the extent of growth inhibition (halo size, Figure 4B). Thus, itis unclear whether some Lys residues are preferred
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o-factor to induceFUSZXlacZ, and the consequent change in
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Ficure 5: Structural localization of the ubiquitination site irnG
The position of the unique 110 amino acid ubiquitination loop of
Gpal, which includes Lys165, is shown in the context of the G
a crystal structure40—43). The top is likely oriented toward the
lipid bilayer.

nucleotides. Both domains can be expressed separately and
reassembled into a functional proteid2( 43. Based on
structure, there has been speculation that the helical domain
contributes to GTP binding affinity4d) and to effector
recognition 43, 45, 4. Interactions between residues across
the domain interface appear to be involved in receptor-
mediated GTP binding and subsequent recep®protein
dissociation 47). There is also some experimental evidence
that the helical domain acts as a tethered GTPase accelerating

S-galactosidase activity was measured fluorometrically. The data protein, helping to swing a catalytic Arg (residue 178 ipoG
shown are representative of two independent experiments. Error201 is Go) into the substrate binding pocketd). In the
bars,+SEM. (B) To measure pheromone-dependent growth arrest, ghsence of any experimental evidence of binding or catalytic

cells were plated on solid medium and exposed to 100, 50, 25, or

12.5ug of a-factor, spotted onto filter disks. The resulting zone of
growth inhibition was documented after 3 days.

activity, however, the true function of the helical domain
remains uncertain. Our data suggest that the helical domain
of Gpal serves as a regulator of protein stability.

sites when others are available. If a consensus sequence A question for the future is whether otherGroteins
exists, direct methods will be needed to determine where are ubiquitinated or otherwise tagged for degradation.

ubiquitination occurs in vivo. The method described here
should serve the purpose.

Our findings indicate that Gpal is ubiquitinated at Lys165
in vivo. Mutation of the ubiquitinated Lys leads to diminished
ubiquitination of the substrate protein, but little or no
difference in overall G protein expression or G protein-

mediated signaling. The absence of any short-term func-

tional effects of the Lys-to-Arg mutation is not surprising,
considering the location of the residue within the protein.
Crystal structure determination of mammalian @roteins
has revealed two domaing,(41) (Figure 5), separated by a
narrow crevice within which the guanine nucleotide is bound.
One domain is structurally similar to Ras (“Ras-like”,
“GTPase” or “G” domain) and contains all of the confor-
mationally active “switch” regions, as well as all of the
known binding determinants for effectorsj{ and guanine
nucleotides. The second consists of a six-helix bundie (*
helical” domain), and has no known protein binding partners

Receptor activation has been shown to destabilize G
proteins in mammalian cells, but it is not known if this
involves ubiquitin-dependent degradation of the protéB).(
Gpal differs from other @ proteins in that it has a half-life
of less than 1 h, even when unstimulatd®,(49. Gpal is
also unique in that it contains a large (110 amino acid) insert,
encompassing the modified Lys. Although the Gf&R
mutant shows a normal rate of degradation (data not shown),
deletion of the 110 amino acid insert does result in significant
stabilization of the protein (Y. Wang and H. G. Dohiman,
manuscript in preparation). Thus, Gpal may have evolved
to allow rapid turnover, reflecting its transient role in cell
signaling prior to mating. Pheromone signaling is required
only during the transient developmental stages leading up
to cell fusion. Once mating has occurred, the pheromone
signal transduction apparatus is no longer needed and must
be rapidly dismantled.

In conclusion, this work represents the first direct iden-

and does not appear to have any contact sites for guanindification of an in vivo ubiquitination site by mass spectrom-
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etry. It is also a rare exampld a G protein signaling com-
ponent that undergoes ubiquitination. This situation is likely

to change, however, as improved methods for the identifica-
tion of ubiquitinated species become available. The approach
used here should be broadly applicable to the identification

and characterization of other ubiquitinated proteins.
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