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Heterotrimeric G proteins transduce signals from activated trans-
membrane G protein-coupled receptors to appropriate down-
stream effectors within cells. Signaling specificity is achieved in
part by the specific �, �, and � subunits that compose a given
heterotrimer. Additional structural and functional diversity in
these subunits is generated at the level of posttranslational mod-
ification, offering alternate regulatory mechanisms for G protein
signaling. Presented here is the identification of a variant of the �2

subunit of G protein heterotrimer purified from bovine brain and
the demonstration that this RDTASIA �2 variant, containing unique
amino acid sequence at its N terminus, is a substrate for ubiqui-
tylation and degradation via the N-end rule pathway. Although
N-end-dependent degradation has been shown to have important
functions in peptide import, chromosome segregation, angiogen-
esis, and cardiovascular development, the identification of cellular
substrates in mammalian systems has remained elusive. The iso-
lation of RDTASIA �2 from a native tissue represents identification
of a mammalian N-end rule substrate from a physiological source,
and elucidates a mechanism for the targeting of G protein �
subunits for ubiquitylation and degradation.

The G protein heterotrimer, composed of an �, �, and �
subunit, is complexed with the nucleotide GDP in its inactive

state. Upon activation, GDP is exchanged for GTP, resulting in
subunit dissociation, and the GTP-bound � or the �� dimer can
both subsequently modulate the activity of a variety of down-
stream effectors (1, 2). The � subunit, although generally
associated in the cell with a � subunit, is the smallest and most
variable heterotrimeric G protein subunit (3, 4) and has been the
least well understood with regard to its specific biological
function. Several well established lipid modifications of � sub-
units include farnesylation or geranylgeranylation of the C
terminus (5, 6), and these modifications play an important role
in membrane association, receptor coupling, and effector regu-
lation (7–9). Recent work suggests a role for the � subunit of
transducin in ubiquitylation and destabilization of Gt�� dimers
(10). Although it is unclear whether such observations can be
extended to other distinct � isoforms, the crucial question of how
a � subunit could be targeted to the ubiquitylation machinery in
a regulated fashion also remains unanswered. The amino ter-
minal region of � subunits is the region most divergent between
the 12 known � isoforms (11), an observation which suggests that
the first 20 amino acids may be crucial for a specific function or
subcellular localization. Indeed, presented here is the identifi-
cation of an N-terminal variant of the G�2 subunit isolated from
bovine brain. Our discovery that this RDTASIA �2 variant
undergoes N-end rule degradation highlights regulated degra-
dation as an important function for the � subunit of the G protein
heterotrimer, offering a mechanism by which G protein subunits
can be targeted to enzymatic components of the ubiquitylation
pathway.

The N-end rule predicts the stability of a protein, based on
the identity of its N-terminal amino acid (12). Determinants
for ubiquitylation and degradation of an N-end substrate
include not only a destabilizing N-terminal residue but also an
internal lysine to which ubiquitin (or multiubiquitin chains) is
covalently attached (13). Destabilizing N-terminal amino acids

may be exposed by a proteolytic cleavage event or can be
generated by posttranslational modification of asparagine and
glutamine (via deamidation), or aspartic acid, glutamic acid,
and cysteine residues (via arginylation) at the N terminus of a
polypeptide (14). Multiubiquitylation of an N-end-targeted
protein frequently results in degradation via a proteasome-
dependent mechanism. The first bona fide N-end substrate to
be identified was the proteolytic C-terminal fragment of the
cohesin subunit, SCC1, which bears an N-terminal arginine
and is a target for N-end ubiquitylation and degradation in
Saccharomyces cerevisiae (15). Although it has been well
established that mammalian systems contain the enzymatic
components of the N-end pathway (16, 17), there previously
have been no substrates isolated from a physiological source
that offer proof that the hierarchy of N-end modifications
(including deamidation and arginylation) do indeed occur,
resulting in the production of a native substrate. In addition to
elucidating a role for the ubiquitin modification of the G�2

heterotrimer subunit, our identification of RDTASIA �2,
which bears unique N-terminal amino acid sequence consis-
tent with the proposed modifications of the N-end rule
pathway, offers important physiological evidence for the ex-
istence of native N-end rule mammalian substrates.

Experimental Methods
Matrix-Assisted Laser Desorption Ionization (MALDI)–MS and Electro-
spray MS of � subunits. G� subunits from 2.5 mg of purified bovine
brain G protein heterotrimer were resolved by using reverse-
phase chromatography as described, and the elution flow was
split to simultaneously allow fraction collection and tandem MS
analysis (18). Aliquots from fractions were lyophilized, resus-
pended in 1–2 �l of sample solvent [47.6% (vol�vol) n-propanol�
47.6% (vol�vol) water�4.76% (vol�vol) acetonitrile�0.095%
(vol�vol) trif luoroacetic acid (TFA)], and then mixed 1:1 or 1:3
with �-cyano-4-hydroxycinnamic acid (50 mM in 70% acetoni-
trile�30% water�0.1% TFA) before MALDI-MS analysis by
using an Applied Biosystems Voyager-DE instrument. Collected
fractions were dried and resuspended in 50% methanol, 26%
water, 20% n-propanol, and 4% acetic acid and loaded into a
pulled glass capillary for nanospray ionization. A custom nano-
spray source was used on a ThermoFinnigan (San Jose, CA)
LCQ Classic ion-trap mass spectrometer. The protein of interest
was isolated according to its m�z ratio and fragmented in the ion
trap. Fragment ions were recorded with an average of 15–30
spectra accumulated. Predicted ions were determined by using
the SHERPA 3.3.1 program (19). For Edman sequencing, �250 �l
of the HPLC fraction was prepared by using a Prosorb (PE
Applied Biosystems, Foster City, CA) filtration device and
analyzed on an Applied Biosystems Procise 494 automated
protein sequencer.

Abbreviations: RD, RDTASIA �2 protein; RA, Arg-�-Ala; WA, Trp-Ala; noK, lysine-less construct.
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Ubiquitin-Fusion Plasmid Design. Construction of ubiquitin-fusion
expression plasmids allowed the recombinant production of �2
proteins with different residues at the N terminus (20). G�2
fusions were created by insertion of five copies of a myc epitope
tag (5xmyc) and ubiquitin (K48R) cDNA into a pcDNA3-�2
vector at the N terminus of the �2 coding region. QuikChange
site-directed mutagenesis (Stratagene) was used to delete the
intervening sequence, resulting in an in-frame fusion between
the last glycine of the ubiquitin sequence and the first amino acid
of the �2 sequence. Various mutagenic primers were used
to create the �2 variant constructs (pc5mUb48R-RD and
pc5mUb48R-MD). In the case of RDTASIA noK (lysine-less
construct), the �2 cDNA sequence was synthesized by Applied
Bio Products (Bionexus, Oakland, CA) and encoded an arginine
substitution at each lysine residue (K14R, K20R, K29R, K39R,
K46R, K64R, and K65R); the 5xmycUb-fusion construct was
subsequently generated using standard subcloning and mutagen-
esis techniques as described above. The constructs depicted in
Fig. 4, which contain one or two lysine residues in the back-
ground of the RDnoK construct, were similarly created by using
mutagenic primers and QuikChange site-directed mutagenesis.

In Vitro Translation�Stability Assays. One microgram of each
pc5mUb48R-�2 fusion (Fig. 2B) was translated used the Quick

Coupled Transcription�Translation system (Promega) in the
presence of 35S-labeled methionine. All translation reactions
contained 0.15 mM bestatin and either buffer control or 3 mM
of the appropriate dipeptide inhibitor [Arg-�-Ala (RA) or
Trp-Ala (WA)], previously prepared as a 50-mM stock solution.
Translations were incubated at 30°C for 20, 60, or 120 min, and
at each time point an aliquot of reaction was removed and
stopped in SDS sample buffer. Reaction products were resolved
by 12% denaturing polyacrylamide electrophoresis, and dried
gels were analyzed by fluorography.

Results
Identification and Characterization of N-Terminal Variant of G�2. In
the characterization of the structural diversity of G proteins, the
individual �-, �-, and � subunits were isolated from purified
Go�Gi heterotrimers by using HPLC, and fractions that con-
tained � isoforms were subsequently analyzed by using MS and
other protein characterization techniques (18). G�2, a primary
component of the brain G protein Go, is one of the most
abundant G� subunits in brain (21). The majority of �2 protein
isolated was physiologically processed as predicted at the N
terminus by removal of the N-terminal methionine and subse-

Fig. 1. Identification of the RDTASIA variant of �2 subunit isolated from bovine brain heterotrimer. (A) Matrix-assisted laser desorption ionization–MS of an
HPLC fraction containing � variant (m�z 7,594), unmethylated �2 (m�z 7,738), �5 C-terminal variant (m�z 7,502; ref. 35), and �3 (m�z 8,284). (B) Edman sequencing
analysis of an HPLC fraction containing truncated�modified � isoforms for the first four cycles. The sequenced fraction contained two independent sequences,
�3 (minor) and RDTASIA �2 (major). (C) Electrospray ionization tandem MS analysis of RDTASIA variant of �2. A tandem MS spectrum of RDTASIA �2 isoform is
shown. [M � 8H]8� ion, m�z 950.3 selected, average of 18 scans. (Inset) Table of predicted and observed ions.
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quent acetylation (22); however, a small population of protein
(molecular mass of 7,592.7 � 1.0 Da; mean � SEM, n � 4)
copurified with � isoforms but had a mass that did not corre-
spond to known � isoforms (Fig. 1A). Edman sequencing of
HPLC fractions containing this variant confirmed its �2 simi-
larity (Fig. 1B), although the N-terminal amino acids, arginine
and aspartic acid, were not those predicted by �2 cDNA se-
quence. A �2 variant beginning with the sequence RDTASIA,
instead of the predicted sequence MASNNTASIA, has a pre-
dicted mass of 7,593 Da, which is in good agreement with the
observed matrix-assisted laser desorption ionization–MS mass of
7,592.7 Da. MS fragmentation of the C terminus (Fig. 1C) and
�2 immunoreactivity (data not shown) confirmed the identifi-
cation of an N-terminal variant of �2, containing two amino acids
on a modified N terminus, likely a result of posttranslational
modification. Given that this newly described N-terminally pro-
cessed protein was isolated from a biological source (bovine
brain), its function and mechanism of generation are likely
related to the fundamental role of the G proteins of which it is
a part.

RDTASIA �2 Is a Type I N-End Substrate. Although nascent polypep-
tides are translated starting with a stabilizing methionine resi-
due, posttranslational processing at the N terminus or internal
cleavage of a protein may expose an N-terminal amino acid
predicted to be destabilizing by the N-end rule pathway (Fig.
2A). An exposed secondary destabilizing residue (Asp, Glu, Cys)
may be modified by the conjugation of Arg, or a tertiary
destabilizing residue (Asn, Gln) may undergo deamidation fol-
lowed by arginylation, culminating in the ubiquitin-dependent
degradation of the polypeptide substrate (23). Given the obser-
vation that the RDTASIA �2 variant bears an N-terminal
destabilizing amino acid (Fig. 2 A), wild-type �2 or its RDTASIA
variant were produced in a reticulocyte lysate translation system
by using a ubiquitin-fusion strategy (Fig. 2B; ref. 20), and
accumulation of each was evaluated in the presence of dipeptide
inhibitors known to target the type I (RA) or II (WA) binding
sites of the N-end ubiquitin ligase, Ubr1�E3� (24). If RDTASIA
�2 is a specific Ubr1�E3� substrate, its accumulation would be
predicted to be altered only by type I inhibitors. Although near
uniform levels of wild-type �2 protein are observed up to 2 h
after the start of translation, the RDTASIA �2 protein (RD)
accumulates only in the presence of the type I dipeptide inhib-
itor, RA (Fig. 2C). A �2 construct identical to RDTASIA �2, with
a substitution of Met for the N-terminal Arg (MD), restores the
wild-type phenotype, confirming that RDTASIA is degraded as
a consequence of its N-terminal Arg, not due to the absence of
amino acids 2–5 from the wild-type �2 sequence. It is important
to note that the accumulation of translated protein is in fact
correlated to stability; translation of RDTASIA �2 in the
presence of 50 �M MG132, an inhibitor of proteasome activity,
results in uniform accumulation of RDTASIA �2 (Fig. 2C),
indicating that the absence of protein in select treatments
reflects its susceptibility to proteasome-dependent degradation.

Degradation in Vitro Correlates with High-Molecular-Weight Multi-
ubiquitin Conjugates. If the differences in stability�accumulation
between �2 and its RDTASIA variant are indeed a result of
ubiquitin-dependent degradation, a pattern of high-molecular-
weight multiubiquitylated conjugates, which are specifically al-
tered by dipeptide inhibitors, should be visible in the upper
portion of the gels. The dipeptide inhibitor RA, which targets the
type I site on the N-end ubiquitin ligase, clearly reduces the
formation of multiubiquitylated RDTASIA �2 as seen in Fig. 3.
This attenuation of ubiquitylation is not observed with an
inhibitor for a distinct substrate binding site (WA; Fig. 3, lane 3).
A similar (and perhaps more marked) pattern of multiubiqui-
tylation is observed for RDTASIA �2 translated in the presence

of a proteasome inhibitor (Fig. 3, lanes 4–6), consistent with the
MG132 block of degradation, a step downstream of ubiquitin
modification. Finally, N-end-dependent degradation includes a
requirement for a lysine residue within the substrate molecule,
as a site of ubiquitylation (13). An RDnoK �2 variant (containing

Fig. 2. N-terminal variant of �2 undergoes proteasome-dependent degra-
dation. (A) Destabilizing N-terminal amino acids of the N-end rule pathway.
Primary destabilizing amino acids can be subdivided into the type I (basic)
residues or type II (bulky hydrophobic) residues. Secondary destabilizing
amino acids require N-terminal arginylation, whereas tertiary amino acids are
modified by deamidation and arginylation before N-end degradation (14). (B)
The ubiquitin-fusion constructs used to generate �2 in reticulocyte coupled
transcription�translation system with varying N termini. Ub48R, ubiquitin
containing K48R substitution, which does not support formation of multi-
ubiquitin chains. (C) Accumulation of �2 or its N-terminal variants after trans-
lation in rabbit reticulocyte lysate. Dipeptide inhibitors of the N-end ubiquitin
ligase (type 1 inhibitor, RA; type 2 inhibitor, WA) are included in the indicated
reactions.

Fig. 3. High-molecular-weight ubiquitin conjugates formed in reticulocyte
lysate after translation of RDTASIA �2, RDTASIA �2 � 50 �M MG132, or
RDTASIA �2 noK (all lysine residues substituted with arginine). Gels shown are
from [35S]methionine-labeled reaction aliquots terminated 20 min after the
start of translation.
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substitution of all seven lysine residues with arginine) lacks the
selective accumulation of higher-molecular-weight ubiquitin
conjugates (Fig. 3, lanes 7–9), because it lacks the amino acid to
which ubiquitin is covalently attached. Consistently, the accu-
mulation of this RDnoK �2 protein was unaltered by either type
I or II dipeptide inhibitors (Fig. 4), confirming that a lysine
residue (and likely ubiquitin modification) is indeed required for
the degradation of RDTASIA �2 in reticulocyte extract.

Lysine Residues in the C Terminus of G�2 Mediate Ubiquitin-Depen-
dent Degradation. Although these data establish the �2 subunit as
a substrate for ubiquitylation, we sought to further these obser-
vations by identifying the specific lysine residues required for
ubiquitin-dependent degradation. Our strategy consisted of
reincorporating lysine residues in the context of the RDnoK �2
construct (see Fig. 4A) and assaying the stability of these
translated protein products in the presence of dipeptide inhib-
itors, with the goal of identifying those lysine residues sufficient
to recapitulate the RDTASIA �2 phenotype. As seen in Fig. 4B,
the protein levels of RDTASIA �2 containing a lysine residue at
either position 14 or 20 were unaltered by dipeptide inhibitors,
suggesting that these sites are not important for modulation of
degradation. However, lysine residue(s) incorporated at posi-
tions 29�32, 46, or 64�65 (Fig. 4, rows 4–6) were each sufficient
to effect degradation of RDTASIA �2, as shown by its selective
accumulation in the treatment (RA) group that blocks access to
the type I site of the ubiquitin ligase. These functional residues
reside in the C-terminal half of the � subunit (Fig. 5), which, in
the context of the G protein heterotrimer structure, has an
orientation in close proximity to the plasma membrane (25, 26).
In addition to a predicted role in degradation, we suggest that
ubiquitin modification of the C-terminal residues of �2 may also
modulate association of the � (and associated �) subunits with
the plasma membrane.

Discussion
We have presented the identification of an N-terminal variant of
the heterotrimeric G�2 protein, present within a physiological
tissue source, bovine brain. Our demonstration that the RDTA-
SIA �2 variant undergoes ubiquitin-dependent degradation by
the N-end rule pathway highlights a novel function for the �2
subunit and offers important insight into the mechanism of
targeting of heterotrimeric G protein subunits for ubiquitin-

dependent degradation. Our work supports a model in which the
N terminus of the � subunit undergoes posttranslational modi-
fication, resulting in the production of a destabilizing N terminus
capable of targeting the �2 subunit for ubiquitylation (on a series
of C-terminal lysine residues) and degradation by the N-end rule
pathway (Fig. 5). Given the short predicted half-life of an
N-terminal Arg-containing protein [t1/2 � 2 min (14)], our
isolation and detection of the RDTASIA �2 variant from brain
extracts, although perhaps surprising, is clearly important, and it
suggests that a large fraction of bovine �2 protein could be
processed through this pathway in the brain.

Fig. 4. Lysine residues required for the ubiquitin-dependent degradation of RDTASIA �2. (A) RDTASIA �2 (containing seven lysine residues), RDnoK (arginine
substitution at all residues indicated), and various constructs containing lysine residues that were reintroducted by mutagenesis techniques. (B) [35S]Methionine-
labeled protein produced from RDTASIA �2 constructs depicted after translation in reticulocyte lysate, in the absence or presence of dipeptide inhibitors.

Fig. 5. N-end modification and ubiquitylation of the G�2 subunit. Depicted
above is the crystal structure (IGP2) for the G�i1, �1, �2 heterotrimer, with the
N terminus of � and C terminus of � oriented toward the plasma membrane
(25). Structural figure includes amino acids 8–61 of the �2 subunit (amino acids
1–71) with the remainder of residues absent because of disordered structure.
Lysine residues within �2 are represented in red ball and stick format (with the
exception of K64 and K65). The N terminus of �2, the site of posttranslational
modification, extends toward the interior of the cell, whereas the sites of
ubiquitylation (indicated by black stars) are more closely oriented toward the
plasma membrane.
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The proposed role for ubiquitin-dependent regulation of the
� subunit of the heterotrimer is particularly significant, given
accumulating evidence for a role for ubiquitin in the regulation
of distinct components of the G protein signaling pathway.
Nearly two decades ago, it was first observed that a hetero-
trimer � subunit, yeast Gpa1, was a substrate for N-end rule
degradation. This degradation, although dependent on the
N-end enzyme Ubr1, was not targeted by the N-terminal amino
acid of Gpa1 (27), a phenomenon believed to be the result of
targeting by an internal degron. Recently, the site of ubiquitin
modification for Gpa1 was elegantly mapped to residue 165,
substitution of which results in moderate pheromone resis-
tance, an observation consistent with its reduced level of
ubiquitylation (28). However, given that the ubiquitylation site
in Gpa1 is present within a loop absent in mammalian �
subunits, should N-end ubiquitin-dependent degradation of
mammalian heterotrimeric G protein subunits occur, it is likely
to use a different ubiquitylation site and distinct targeting
mechanism than that identified thus far for Gpa1 (� subunit)
in S. cerevisiae. In fact, recent evidence suggests that modifi-
cation of a distinct G protein subunit may occur in the
mammalian retina. During the preparation of this article,
transducin Gt� was demonstrated to be an in vitro substrate for
ubiquitylation, suggesting a role for ubiquitin-dependent deg-
radation of �� subunits in the rod inner segments after
illumination (10). Although the targeting signal, or degron, for
transducin subunits is proposed to reside within the � subunit,
our data demonstrate the N terminus of a distinct isoform,
G�2, is posttranslationally modified, resulting in the produc-
tion of a substrate that can be recognized by an N-end
ubiquitin ligase such as Ubr1�E3�. These observations cumu-
latively highlight an important role for ubiquitin modification
in the regulation of heterotrimeric G protein subunits, al-
though the mechanism of targeting and resulting cellular
effects are likely to vary significantly.

The regulated degradation of one or more subunits of a G
protein heterotrimer is likely to have important functional
implications, suggested by the precise regulation of � and ��
levels, which has been observed during early mouse develop-
ment or pertussis toxin treatment of cells (29, 30). There is
clear precedence that distinct components of the G protein-
coupled receptor (GPCR) signaling pathway, including
GPCRs, �-arrestin, and RGS7 (regulator of G protein signal-
ing), are regulated by ubiquitylation (31, 32), thus potentially
altering the duration of the GPCR-dependent response. One
hypothesis generated from the present study is that regulated
�� degradation (in response to agonist stimulation) may
contribute to the attenuation of cellular signaling events, at the

level of the G protein, by removal of an activated �� dimer. In
addition to contributing to the cessation of the primary signal,
�� removal may alter subsequent reformation of the hetero-
trimer either temporally (delay during the translation of new
protein subunits) or spatially (allowing distinct subunits al-
ready present at a location in the cell to preferentially asso-
ciate). Although our data suggest that N-end targeting of G�2
is likely to result in degradation, ubiquitylation may result in
internalization within a cell rather than degradation; thus,
there exists the possibility that ubiquitylation of G�2 at
C-terminal lysine residues may have an important function in
altering the cellular localization of particular modified or
associated subunits, events which also have the potential to
alter �� function.

In addition to elucidating a targeting mechanism for ubiqui-
tylation of the G protein �2 subunit, this study is significant in
that it identifies a G�2 variant found in bovine brain as a
mammalian N-end rule substrate isolated from a physiological
tissue source. RGS4, a negative regulator of G� subunit activity,
has been recently identified (by using a cDNA-based expression
cloning strategy) as an N-end substrate in rabbit reticulocyte
lysate and is N-terminally arginylated when expressed exog-
enously in mouse cells (33, 34). However, it remains unclear
whether native RSG4 protein is processed in such a way for
N-end rule recognition�degradation within a cell. Our identifi-
cation of a G�2 variant in bovine brain, which contains a unique
amino acid sequence at its N terminus, offers proof in principle
for the proposed hierarchy of posttranslational modifications
that converts a tertiary destabilizing residue to a type I N-end
substrate (23), providing physiological evidence that such a
series of N-end modifications does indeed occur in vivo. We
acknowledge that elucidation of the upstream events that gen-
erate this variant of �2 are of extreme importance. Because
mammalian enzymes that could supply the N-terminal amidase
and arginyltransferase activities have already been described (16,
17), we postulate that a currently unidentified protease may be
the initiating step that activates the cascade of modifications that
results in ubiquitylation and degradation. Such an activity is
likely to be a significant part of the complexity of G protein
subunit regulation and therefore signaling specificity within a
cell.
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