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Introduction

New advances in understanding the details of cellular response
to agonist ligands require integration of approaches derived
from pharmacology and both cell and molecular biology.
Direct visualization of alterations in the concentration and
distribution gradients of [Ca**] in individual cells achieved by
monitoring differences in fluorescence characteristics of Ca*>"
indicator dyes in their Ca®>*-bound and unbound states has
produced an almost unimaginable increase in our under-
standing of the dynamics of cellular Ca®>" handling over the
last ten years. However, until relatively recently the potential
for non-invasive analysis of the dynamics of trafficking of
cellular proteins seemed limited. In the recent past the use of
mutationally modified forms of the autofluorescent green
fluorescent protein (GFP) from the jellyfish Aequorea victoria
has begun to make imaging of many proteins in living single
cells a reality. In the near future this is likely to result in as
profound a revolution in our understanding of cellular
targeting, trafficking and interactions between proteins of
pharmacological interest as was the introduction and
improvement of Ca?" indicator dyes for the regulation of
Ca>" homeostasis. Although this approach has now been used
for a wide range of signalling proteins this review will
concentrate on insights gained from the use of GFP-tagging
into the kinetics and dynamics of regulation of G protein-
coupled receptors (GPCRs) and proteins which interact
directly with them.

Until the introduction of GFP as an experimental tool
single, intact, cell detection and analysis of the potential
cellular redistribution of a GPCR or other GPCR-interacting
proteins was restricted to two approaches. In the first of these
pharmacophores from ligands with appropriate pharmacolo-
gical selectivity were modified to incorporate fluorescent
chemical groups. Key issues for this approach are that
pharmacological selectivity and, if possible, potency are
preserved in the modified ligand. Validation of the ligands for
potential use in physiologically relevant systems could be
achieved initially using cell lines which had been transfected
with ¢cDNAs for appropriate GPCRs (Daly er al., 1998).
However, unless a distinct increase in fluorescence of the ligand
is obtained upon binding the GPCR in question, direct
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visualization is difficult to achieve without substantial washing
of the cell or tissue. For GPCRs with small molecule
endogenous ligands the ensuing limitation on the affinity of
drugs which can be used generally results in the most
appropriate ligands being antagonists. As such, a rather static
picture of GPCR expression and distribution is the most likely
outcome. Many of these issues have recently been reviewed
and assessed (McGrath et al., 1996). In the case of GPCRs
with high affinity peptide ligands it is often possible to attach a
suitable fluorescent dye to a location in the peptide not
involved in an integral way in binding the receptor. Ligand
affinity is thus often preserved. Furthermore, given the fact
that agonist binding to a GPCR frequently results in an
alteration in the cellular distribution of the GPCR and the fact
that high affinity peptide ligands are routinely co-internalized
with the GPCR owing to their slow dissociation rates,
internalization of the peptide-GPCR complex can be mon-
itored directly (see Ashworth er al., 1995 for example).
Although many early studies utilized fluorescent tags such as
rhodamine, improvements in chemistry in this area have
allowed generation of fluorescently-tagged peptides which are
much brighter and which can thus be used to localize and
visualize GPCRs expressed at relatively low levels (see
Advanced Bioconcepts at http://www.bioconcept.com for
example).

The second approach utilizes immunocytochemical detec-
tion of the GPCRs. Appropriate antisera, generally to peptide
sequences of the GPCR in question, have been produced in
many cases and represent the only practical means to
immunolocalize GPCRs in tissues and cells which express the
GPCR endogenously. However, by far the most widespread
strategy in cell transfection studies has been the use of epitope-
tagging. Herein, a cDNA encoding a GPCR is modified to
incorporate a sequence, either within the N-terminal extra-
cellular region or at the C-terminus, which is known to be
identified by a well defined, high affinity, antibody. Widely
used epitope tags include HA, c-myc, FLAG™ and VSV. With
such modified GPCRs it is important to define that the
alterations to the protein sequence do not modify the
pharmacology of the GPCR. For GPCRs with small molecule
natural ligands, N-terminal epitope tagging is unlikely to
modify ligand binding or function. C-terminal tagging would
also be anticipated to have little effect on ligand pharmacology
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or on second messenger regulation by a GPCR. However,
recent studies have suggested that not all functions of a GPCR
necessarily arise via G protein activation. For example Hall et
al. (1998) have recently demonstrated that the f-adrenoceptor
interacts with the Na®/H" exchanger regulatory factor
(NHERF) via a PDZ domain in NHERF. Mutagenesis studies
indicate that it is the extreme C-terminal motif of the
pr-adrenoceptor which is responsible for this interaction.
Although it has not been examined directly, it must be
anticipated that addition of a C-terminal epitope tag to the
pr-adrenoceptor would modify or potentially ablate this
interaction. Immunofluorescence pictures of such epitope-
tagged GPCRs before and following treatment with different
agonist ligands have provided direct and key insights into the
regulation of GPCR internalization and trafficking. However,
by their very nature, such experiments must be performed on
fixed and permeabilized cells (to allow antibody access to the
potentially internalized GPCR) and thus limits use in real time,
dynamic, cell imaging.

Green fluorescent protein

The Aequorea victoria photoprotein GFP is a 238 amino acid
protein that emits green light with an emission maximum of
509 nm upon fluorescent excitation at 488 nm. Unlike other
bioluminescent reporter proteins no additional substrates or
cofactors are required for light emission (Chen et al., 1995).
GFP fluorescence is stable and has been measured non-
invasively in living cells of many species including mammals,
drosophila, C. elegans, yeast and E. coli. GFP fluorescence can
be detected by fluorimetry, by fluorescence activated cell
sorting (FACS) and by microscopy. As there is no required
cofactor the attractiveness of GFP as a reporter protein is
obvious (Chalfie & Kain, 1998). The availability of the cDNA
sequence for GFP has resulted in the generation and
characterization of several GFP mutants with enhanced
fluorescence emission. Mutation of the serine at amino acid
65 to threonine resulted in the generation of a protein with a 6
fold increase in the intensity of fluorescence emission (Haas et
al., 1996). Furthermore, the presence of the Ser®*Thr and
mutation of the phenylalanine residue at position 64 to leucine
has resulted in a 35 fold increase in fluorescence intensity
(Haas et al., 1996). In addition, a number of novel mutants of
GFP have also been identified with altered excitation or
emission characteristics. For example, mutation of the tyrosine
residue at position 66 to histidine generated a protein with
altered spectral properties and blue fluorescence emission. This
so-called blue fluorescent protein has a 1., for excitation of
458 nm and for emission of 480 nm (Chalfie & Kain, 1998).
These and many other variants of GFP are now commercially
available from a number of sources.

Studies using GPCR—GFP fusion constructs

Although often used directly in cellular transient transfection
studies simply to identify cells in a field which have taken up
cDNA and express the protein, the true benefit of GFP can be
utilized following its construction into fusion proteins to tag
and thus monitor the distribution of another protein of
interest. The modified forms of GFP described above have
been widely used in fusion proteins to assess protein trafficking
(Ferrer et al., 1997), and subcellular localization of recombi-
nantly expressed proteins (Wang and Hazelrigg, 1994).
Introduction of this technology into analysis of GPCR
regulation was first reported at the end of 1997 (Barak et al.,
1997). Since then a number of groups have described the

creation and use of GPCR—GFP fusion proteins to monitor
both receptor internalization and recycling following agonist
treatment and to explore a number of distinct pharmacological
issues.

As GFP is a 27 kDa protein it is greater than 50% of the
size of the majority of family 1 and family 2 GPCRs. As such,
a key initial issue must be to ensure that the basic features of
GPCRs are not altered by their tagging with GFP. All the
constructs used to date have the GFP linked to the C-terminal
tail of the GPCR. When expressed alone, GFP is a soluble
protein which folds as a tightly packed globular structure. It is
thus unlikely to allow appropriate targeted expression of the
fusion protein were GFP to be linked to the N-terminus of a
GPCR (unless an appropriate leader sequence was also
incorporated into the cDNA) as this would require transit of
the GFP across the plasma membrane. Encouragingly, in all
reports to date the GFP-tagged GPCRs have been able to
regulate appropriate second messenger production in an
agonist-dependent manner. Furthermore, clear evidence for
agonist-mediated phosphorylation of GFP-tagged GPCRs and
their interaction with proteins of the arrestin family has been
produced.

As with many areas of GPCR research, one of the initial
reports on the regulation of a GFP-tagged GPCR utilized the
human f,-adrenoceptor (Barak et al., 1997). Following
transient expression in HEK?293 cells a fusion protein between
the pfr-adrenoceptor and a mutated form of GFP with
enhanced autofluorescence displayed similar agonist and
antagonist binding characteristics as the wild type fs-
adrenoceptor. Furthermore, the fusion protein also allowed
concentration-dependent stimulation of cyclic AMP produc-
tion which was desensitized following short-term exposure to a
high concentration of isoprenaline. Thus, although no very
extensive pharmacological comparison of an isolated GPCR
and an equivalent GFP-tagged form of the same GPCR has
yet been published, basic features of GPCR function appear
well maintained. Both the isolated f,-adrenoceptor and the
GPCR -GFP fusion protein could be phosphorylated in an
agonist-dependent manner. Although it was not formally
demonstrated that the sites of phosphorylation in the fusion
protein were the same as those modified in the isolated GPCR,
or indeed whether the GFP tag also became phosphorylated,
both forms of the GPCR became internalized to similar extents
following a 30 min challenge with isoprenaline. The f,-
adrenoceptor-GFP fusion protein became internalized into
defined vesicles in response to agonist, a process which could
be followed in intact cells and in real time. The capacity to
photobleach regions of a cell membrane on exposure to a short
pulse of high intensity light has been widely applied to examine
the diffusional mobility of proteins in membranes. Such
fluorescence recovery after photobleaching (FRAP) monitor-
ing of the movement of the f,-adrenoceptor-GFP construct
from outwith the photobleached area into this region allowed
calculation of the rate of diffusion of the GPCR as 4-
12x 1072 cm? sec™ .

A significant issue with transient transfection of many
GPCRs into commonly used cell lines is that when expression
of the protein is driven by a strong viral promoter, a significant
proportion of the protein so produced appears to remain
trapped in the Golgi apparatus or other intracellular
membranes and is not effectively trafficked to the plasma
membrane. This can be visualized directly when using a
GPCR - GFP fusion protein (see Milligan, 1998, for example).
Such inappropriately trafficked protein poses obvious difficul-
ties for detailed analysis of agonist regulation of the subcellular
distribution of GFP-tagged GPCRs in such transiently



G. Milligan

GPCR - GFP fusion proteins 503

transfected cells and thus the production of cell clones stably
expressing the fusion protein is to be preferred. In the case of
the f,-adrenoceptor this has been achieved in both HeLa
(Kallal et al., 1998) and HEK293 (McLean & Milligan, 1999)
cells (Figure 1). In HeLa cells expressing some 200 fmol mg ™'
membrane protein of fr-adrenoceptor-GFP, Kallal et al.
(1998) recorded a rapid sequestration of this construct in
response to isoprenaline which could be monitored in parallel
by a reduction in levels of intact cell specific binding of the
hydrophillic antagonist [’H]JCGP —12177. HEK 293 cell derived
clones stably expressing higher levels of a f,-adrenoceptor-
GFP (5.5 pmol mg~' membrane protein) were examined by
McLean & Milligan (1999) but similar agonist-induced
sequestration was observed in both [PHJCGP - 12177 binding
studies and by visual examination in a confocal microscope. In
both systems internalization of f,-adrenoceptor-GFP induced
by short-term exposure to agonist could be reversed by
removal of agonist and its replacement with the antagonist
alprenolol. In the HeLa cell system long-term treatment (up to
24 h) with a maximally effective concentration of isoprenaline
resulted in downregulation of up to 50% of the receptor
binding sites as monitored by the binding of [*H]dihydroal-
prenolol (PH]IDHA) (Kallal et al., 1998). By contrast,
equivalent treatment of the HEK293 clone could be shown
to largely remove plasma membrane localized f3,-adrenocep-
tor-GFP, but direct visualization of the cells indicated that
much of the internalized pf,-adrenoceptor-GFP was not
degraded effectively. This pictorial representation was effec-
tively supported by intact cell PH]DHA binding assays (this
ligand is hydrophobic and thus can monitor total cellular levels
of the fusion protein in intact cells) (McLean & Milligan,
1999). This may reflect an overload of the degradative pathway
resulting from the high levels of expression of the f,-
adrenoceptor-GFP in these cells, a stabilization effect of
attachment of GFP to the GPCR or some combination
thereof.

Although only qualitative data could be provided, it is of
considerable interest to note that the rate and extent of
internalization of f,-adrenoceptor-GFP in HeLa cells may be
determined by the duration of action and intrinsic activity of
the agonist ligand used. Mathematical predictions of the extent
and rate of GPCR internalization have been considered

(Koenig & Edwardson, 1997). However, the capacity to
directly visualize these processes adds substantially to under-
standing. Kallal ez a/. (1998) noted much slower internalization
of the fluorescent protein in response to the low intrinsic
activity, but long acting, f,-adrenoceptor agonist salmeterol
than in response to isoprenaline. Preliminary studies have also
compared internalization of a human f,-adrenoceptor-GFP
construct stably expressed at some 5 pmol mg~' membrane
protein in HEK293 cells with the ff,-adrenoceptor-GFP in the
same cell system discussed above. Isoprenaline-induced
internalization was both slower and less dramatic for the
human f;-adrenoceptor-GFP fusion protein (McLean &
Milligan, 1999). The internalized construct could also be
recycled to the plasma membrane, however, following removal
of isoprenaline and its replacement by the f;-adrenoceptor-
selective blocker betaxolol (McLean & Milligan, 1999).

A considerable series of other GPCR — GFP fusion proteins
have been constructed and various aspects of cellular
distribution and agonist-dependent regulation examined
following either transient or stable expression in mammalian
cell lines. These include the cholecystokinin type A(CCK,)
receptor (Tarasova et al., 1997), the thyrotropin releasing-
hormone receptor-1 (TRHR-1) (Milligan, 1998; Drmota et al.,
1998a, 1999), the oy, (Hirasawa et al., 1997) and o;p-
adrenoceptors (Hirasawa et al., 1997; Awaji et al., 1998), the
vasopressin V2 receptor (Schulein et al., 1998), the parathyroid
hormone receptor (Conway et al., 1999), the CXCR-1
chemokine receptor (Barlic et al., 1999) and the Ca®*-sensing
receptor (Gama & Breitwieser, 1998).

Many of these studies have explored the likely nature of
intracellular vesicles into which the agonist-activated receptor
is translocated by taking advantage of the opportunity to ‘co-
localize’ as a ‘yellow’ image the internalized GPCR-GFP
fusion protein with makers known to enter the cells via the
constitutive endocytic pathway (Clague, 1998). By providing
cells with rhodamine, Cy3, Texas red, Alexa® or other
appropriately labelled forms of transferrin, followed by
washing to remove excess label, overlap between the
transferrin-containing vesicles and those containing the
internalized GPCR-GFP fusion protein is obtained by
merging of the ‘red’ and ‘green’ images (Tarasova et al.,
1997, Drmota et al., 1998a; Kallal et al., 1998; Awaji et al.,

Figure 1 Internalisation of a f,-adrenoceptor-GFP fusion protein in response to isoprenaline. The human f,-adrenoceptor was C-
terminally tagged with GFP and expressed stably in HEK293 cells. A field of cells expressing this construct was visualised with a
confocal microscope before (A) and following application of isoprenaline (10 uM, 30 min) (B) (see McLean & Milligan, 1999 for

further details).
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1998). Similar strategies with appropriately labelled forms of
Dextran or other molecules which are preferentially sorted to
late endosomes and lysosomes can then be used to study the
delivery of GPCR—-GFP fusion proteins to these compart-
ments with sustained agonist treatment of cells (Kallal et al.,
1998). It is interesting to note that stable expression of a CCK,
receptor-GFP construct in three different, widely used, cell
lines resulted in predominantly agonist-dependent fusion
protein internalization in CHO and HeLa cells. However, this
process was largely constitutive in NIH3T3 cells (Tarasova et
al., 1997). As this constitutive process was blocked by CCK,
receptor antagonists then the selection of cell system may be
predicated by whether the investigator wishes to examine the
function of agonist or antagonist ligands.

Although impractical to display in a short series of single
fixed snapshots, a number of journals now accept supplemen-
tary, multimedia information, which is posted on a web site in
conjunction with a published paper. This provides an
opportunity to generate short video movies of agonist-induced
alteration in the cellular distribution of a GPCR —GFP fusion
protein (Drmota et al., 1999, see http://www.BiochemlJ.org/bj/
340/bj3400529add.htm for further details). Such videos allow
the best representation of the dynamics of protein movement
and a number of groups also maintain such videos on personal
web sites. In the case of a TRHR-1-GFP fusion protein
expressed stably in HEK?293 cells, initially this has homo-
genous distribution around the plasma membrane (Figure 2).
Addition of TRH results in rapid concentration of the GFP
signal to punctate foci at the plasma membrane. This is
followed by internalization of the construct into a large
number of small punctate vesicles closely apposed to the
plasma membrane (Figure 2). At later time points many of
these small vesicles appear to fuse into larger structures
(Drmota et al., 1999). The internalization of TRHR-1-GFP,
but not its recruitment to foci at the plasma membrane, is
blocked by hypertonic sucrose (Drmota et al., 1998a). As this
treatment is routinely used to block internalization of proteins
via clathrin-coated pits it is tempting to assume that the plasma
membrane foci represent such regions.

Using combinations of imaging of a GPCR-GFP and
immunolocalization in fixed cells of G protein « subunits it has
also been possible to address the possibility of co-internaliza-
tion of a GPCR and an associated G protein. Using HEK293
cells expressing high levels of both the rat TRHR-1 and the G
protein Gy, Drmota et al. (1998b) were able to use
immunofluorescence approaches to observe that sustained
treatment with a maximally effective concentration of TRH
resulted in movement of this G protein away from the plasma
membrane and into punctate intracellular structures. However,
by following the internalization of the TRHR-1 in intact cell
[FH]TRH binding studies the movement of the G protein was
substantially slower than of the GPCR (Drmota et al., 1998b).
To extend this work and assess potential co-localization of the
GPCR and G protein, Drmota et al. (1999) concurrently
examined the cellular distribution of TRHR-1-GFP and the
phospholipase C-linked G proteins Gy and G« using a
confocal microscope. Prior to TRH treatment both sets of
proteins were heavily concentrated at the plasma membrane
and merging of the images confirmed their overlap. Following
sustained treatment with TRH (1 uM, 4 h) the bulk of TRHR-
1 - GFP had been internalized. Although a large fraction of the
cellular Gy and Gy« remained at the plasma membrane, clear
evidence was also produced for internalization of these G
proteins. Merging of the images of TRHR-1-GFP and G«
and G, location indicated the internalized proteins to be in
overlapping, intracellular membrane fractions. When the

kinetics of this process were examined internalization of
TRHR-1-GFP was rapid (5—10 min) but it was not possible
to measure G protein internalization within 1 h. At this
juncture it is impossible to know whether this observed
temporal dislocation indicates that the different proteins are
really internalized with very different kinetic (and thus
potentially mechanistic) bases or whether the observations
reflect the high levels of G protein in these cells compared to
TRHR-1-GFP. It is possible that internalization of TRHR-
1-GFP is always associated with co-internalization of Gy
and G« but that many cycles of GPCR internalization and
recycling to the plasma membrane are required to internalize a
significant fraction of the G protein (which may not recycle)
such that internal co-localization can be imaged. Future
studies which interfere with GPCR-GFP recycling may
address this issue.

As well as phosphorylation in a strictly agonist-dependent
manner, which is produced by members of the G protein-
coupled receptor kinase (GRK) family, many GPCRs can be
phosphorylated via second messenger-activated kinases to
provide a potential for heterologous desensitization. As the
op-adrenoceptor becomes phosphorylated in response to
treatment with phorbol esters (Diviani er al., 1997) this is
presumably mediated via isoforms of protein kinase C.
Following expression in the gonadotroph-derived cell line
oT3-1 the effects of various pharmacological agents on the
internalization of an oj,-adrenoceptor-GFP construct was
investigated (Awaji et al., 1998). The phospholipase C
inhibitor U73,122 (10 uM, 10 min pretreatment) was largely
able to prevent noradrenaline-promoted internalization of the
construct as was the rather broad spectrum protein kinase
inhibitor staurosporine, which is often inappropriately used as
a selective protein kinase C inhibitor. Although not as effective
as noradrenaline, the protein kinase C activator phorbol
myristate acetate (1 uM, 30 min treatment) was also able to
stimulate internalization of o;,-adrenoceptor-GFP. Further-
more, heterologous internalization of the «;,-adrenoceptor-
GFP construct was also observed by treatment of the cells with
gonadotrophin releasing hormone (GnRH) to activate the
endogenously expressed, PLC-coupled, GnRH receptor (Awaji
et al., 1998).

Not all GPCRs are effectively delivered to the plasma
membrane of cells. Hirasawa et al. (1997) have shown that
although transient expression of an o g-adrenoceptor-GFP
construct in COS-7 cells results in the bulk of the expressed
protein reaching the plasma membrane, this was not true for
an equivalent GFP-tagged form of the o5-adrenoceptor.
They used this phenomenon to re-examine the long held
suggestion that the hydrophillic «;-adrenoceptor alkylating
agent chlorethylclonidine (CEC) can be used as a selective
pharmacological discriminator for the «,z-adrenoceptor.
Inactivation of the two GPCR subtypes by CEC was
equivalent in membrane preparations but displayed selective
inactivation of the ojgz-adrenoceptor in intact cell studies.
They thus concluded that CEC is not inherently a selective
alkylating agent between these two closely related GPCRs if
provided with equal access, but that observed differential
effects of CEC might rather relate to uneven cellular
distribution of the two GPCRs (Hirasawa et al., 1997).
GPCR mutagenesis can often result in poor plasma
membrane delivery of the modified protein. In experiments
designed to explore and contrast features of the agonist
binding pocket and the capacity of a GPCR to adopt a
conformation capable of G protein activation it is important
to be able to ascertain whether the modified GPCR has been
expressed and properly targeted. Although yet to be
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employed in exactly this context, GFP-tagging of mutation-
ally modified forms of the vasopressin V2 receptor has been
used to explore the contribution of a dileucine sequence, and
an associated upstream acidic residue often found within
such dileucine motifs, in the C-terminal tail of this GPCR to
the capacity of the expressed protein to escape from the

endoplasmic reticulum (Schulein er al., 1998). Another
potentially useful situation in which GFP-tagging of GPCRs
has yet to be utilized in a significant manner is to confirm
the expression and appropriate targeting of ‘orphan’ GPCRs
for which ligands are currently unknown, when they are
being incorporated into ligand discovery programmes.

Figure 2 Agonist-induced cellular redistribution of a GFP-tagged form of the long isoform of the rat thyrotropin-releasing
hormone receptor-1. An N-terminally VSV epitope-tagged form of the long isoform of the rat thyrotropin-releasing hormone (TRH)
receptor-1 was C-terminally tagged with GFP and expressed stably in HEK293 cells. Cells of clone VTGP1 (Drmota et al., 1998)
were grown on a glass cover slip and imaged in a confocal microscope at time 0 (a) and after addition of 10 um TRH for 4 (b), 7.5
(c), 8.5 (d), 12 (e) and 23 (f) min. The construct moved from an essentially homogenous plasma membrane distribution to an
initially plasma membrane-associated punctate distribution to location in intracellular punctate vesicles some of which became
perinuclear associated (see text for details). Pictures are taken from Drmota ef al. (1999) with permission.
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Studies using G protein—GFP fusion constructs

The most obvious set of GPCR interacting proteins are the
heterotrimeric G proteins. Rather little has been done,
however, with GFP-tagged forms of G proteins. This may
reflect that the extreme C-terminus of G protein o subunits
represents a key contact site for interaction with GPCRs
(Bourne, 1997; Milligan & Rees, 1999). As such, it has yet to be
demonstrated that a G protein « subunit-GFP fusion protein,
in which the GFP is attached to the C-terminal tail of the G
protein, would be able to interact effectively with a GPCR.
Equally, all G protein o subunits are either co- or post-
translationally modified in their N-terminal region by
attachment of saturated fatty acyl chains. For the Gi-family
G proteins myristate is added to the N-terminal glycine (Gly?)
exposed after removal of the initiator methionine. This cannot
occur if this glycine is no longer at the N-terminus, as would be
the case if GFP was fused in front of the G protein. Palmitate
and other saturated fatty acids are added to Cys®. As such, the
only significant use to date of GFP-tagged forms of a G
protein o subunit has been to explore the role of N-terminal
acylation in targeting the G protein both to the plasma
membrane and more specifically to particular membrane
subdomains. Galbiati et al. (1999) used C-terminally attached
GFP as a reporter for these processes following construction of
fusion proteins between either full-length G« or a series of C-
terminally truncated forms of this G protein. These were either
wild-type at their N-terminus or mutationally modified
(Gly*Ala, Cys’Ser) to prevent myristoylation and/or palmi-
toylation. Even constructs which contained only the N-
terminal 32 amino acids of G;,a were able to be appropriately
modified by palmitate and myristate, and when both fatty
acids were present the construct was appropriately targeted to
the plasma membrane upon transient expression in HEK293
cells. However, mutational prevention of acylation either
compromised (palmitoylation negative, Cys*Ser) or abolished
(combined myristate and palmitate negative, Gly’Ala) plasma
membrane targeting. Biochemical analysis of subcellular
localization of these GFP containing constructs following
expression in COS-7 cells indicated co-fractionation of a
significant amount of the fully acylated G protein-GFP
constructs with fractions heavily enriched for caveolin-1, a
key marker protein for morphologically defined caveolae. By
contrast, only a small fraction of the myristoylated but
palmitoylation-resistant construct was present in the same
fractions and the fully acylation-resistant constructs failed to
co-fractionate with caveolin-1. Fully acylated Gja-GFP
constructs could be co-immunoprecipitated with wild-type
caveolin-1 and this interaction also required the palmitoylation
of caveolin-1 as no co-immunoprecipitation of acylated G o-
GFP could be achieved following co-expression of the G
protein construct and a palmitoylation resistant mutant of
caveolin-1 (Galbiati et al., 1999). Such results demonstrate a
key role for N-terminal G protein acylation in appropriate
cellular targeting of a G protein o subunit and for interaction
with caveolin-1.

There has been considerable interest in reports that the
subcellular localization of Gj,o and Gyso is very distinct. Gja is
targeted to the plasma membrane in human colon cancer HT-
29 cells while Gz is targeted to the Golgi and endoplasmic
reticulum (Petiot et al., 1999). Although such studies to date
have been performed by immunofluorescence, GFP fusion
proteins offer an alternative approach. Furthermore, commer-
cially available anti-GFP antibodies are effective in immuno-
precipitation protocols. As such, these constructs would offer a
means to explore potential differences in proteins which may

selectively interact with these two G proteins to help define the
basis for the observed differential cellular localizations.

Studies using f-arrestin-GFP fusion constructs

As noted previously, many GPCRs are phosphorylated, in a
strictly agonist-dependent manner, at a number of Ser and Thr
residues in their C-terminal tail by members of the GRK
family of protein kinases. This however, represents only the
initial phase of preventing GPCR and G protein interactions
which results in desensitization of agonist function. The
phosphorylated GPCR then acts as a binding partner for
proteins of the arrestin family (Zhang et al, 1998a). In the
unstimulated cell arrestins are cytoplasmic proteins. As such, it
should be possible to image the movement of a GFP-tagged
arrestin from the cytoplasm to the location of a GPCR at the
plasma membrane in response to agonist. Recently, an elegant
demonstration of this was achieved for an N-terminally HA
epitope-tagged form of the human p,-adrenoceptor and f-
arrestin 1 in HEK293 cells. These studies also provided direct
evidence for a role of c-Src in this process (Luttrell ez al., 1999).
Efforts to demonstrate such interactions using GFP-tagged
forms of f-arrestins were initiated by Barak ez al. (1997) who
generated a fusion protein in which a form of GFP with
enhanced autofluorescence was attached to the C-terminus of
p-arrestin 2. Transient co-transfection of the human f,-
adrenoceptor and f-arrestin 2-GFP into HEK293 cells
followed by treatment of the cells with isoprenaline (20 um,
10 min) resulted in translocation of a fraction of f-arrestin 2-
GFP from a uniformly distributed cytoplasmic fluorescence to
produce a halo of plasma membrane concentrated f-arrest-
in 2-GFP. Both the extent and kinetics of agonist-induced
translocation were enhanced by co-transfection of GRK2.
Equivalent results were produced with transient expression of
the dopamine D, 4 receptor (Barak ez al., 1997) and in review
(Ferguson, 1998; Ferguson et al., 1998) these authors have
indicated that the basic features of agonist-induced f-arrest-
in 2-GFP translocation can be observed for a wide range of
GPCRs. One GPCR which is highly resistant to agonist-
induced short-term desensitization is the gonadotrophin
releasing hormone (GnRH) receptor. This GPCR is unique
in that, at least in mammalian species, it lacks a C-terminal
tail. As such, it was anticipated not to be regulated by GRKs
and p-arrestins. Following transient introduction of a f-
arrestin 1-GFP fusion protein into HEK293 cells stably
expressing high levels of the rat GnRH receptor, addition of
GnRH failed to cause translocation of -arrestin 1-GFP to the
plasma membrane (Vrecl et al., 1998). In contrast, equivalent
transfection of HEK293 cells stably expressing the rat TRHR-
1 resulted in rapid and effective translocation of fS-arrestin
I-GFP to the plasma membrane upon addition of TRH
(Milligan et al., 1998; Vrecl et al., 1998; Groarke et al., 1999).
It will be of interest to examine whether addition of the C-
terminal tail of the TRHR-1 to the GnRH receptor will allow
agonist-mediated rapid desensitization and interaction with f-
arrestin 1-GFP. To extend such analyses Groarke et al. (1999)
constructed HEK?293 cell lines stably expressing f-arrestin 1-
GFP and then transiently introduced a N-terminally VSV
epitope-tagged form of the TRHR-1 (Figure 3). As antici-
pated, in the absence of agonist f-arrestin 1-GFP displayed a
uniform cytoplasmic distribution. Combined confocal imaging
of the f-arrestin 1-GFP and immunofluorescence detection of
the GPCR indicated them to be in entirely resolved cellular
locations. Addition of TRH resulted in a rapid (<1 min)
movement of f-arrestin 1-GFP to the plasma membrane where
merging of the signals of GPCR and p-arrestin 1-GFP
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b)

Figure 3  Cellular redistribution of f-arrestin-1-GFP in response to activation of the TRH receptor-1. f-arrestin-1-GFP (Groarke et
al., 1999) was expressed stably in HEK293 cells. The long isoform of the rat TRHR-1 was then introduced transiently. In the
absence of TRH distribution of f-arrestin-1-GFP was entirely even and cytoplasmic (a). Following treatment with TRH (10 um,
30 min) the distribution of a fraction of the f-arrestin-1-GFP became punctate but only in a subset of the cells (b), whereas it
remained evenly distributed throughout the cytoplasm of other cells. Further studies confirmed that the redistribution of f-arrestin-
1-GFP was only obtained in cells which had positively expressed the TRHR-1 (see Groarke ef al., 1999 for details).

indicated their co-localization. Following longer term incuba-
tion with TRH, a proportion of the f-arrestin 1-GFP could be
seen to compartmentalize into large, punctate intracellular
vesicles. This only occurred in cells which could also be shown
to be immunopositive for the presence of the TRHR-1 and not
in cells which were not transiently expressing the GPCR.
Merging of internal GPCR and f-arrestin 1-GFP indicated
them to be co-localized. Equivalent results were obtained by
reversing the experimental protocol. Introduction and im-
munodetection of f-arrestin 1 in HEK293 cells stably
expressing a TRHR-1-GFP construct initially demonstrated
entirely separate locations of these proteins with the f-
arrestin 1 distributed uniformly throughout the cytoplasm.
Treatment with TRH (10 uM, 30 min) resulted in internaliza-
tion of TRHR-1-GFP, a punctate appearance of a fraction of
the cellular f-arrestin 1 and their internal co-localization as
assessed by merging of the colour signals from the individual
proteins (Groarke et al., 1999). Highly similar approaches have
also been used to examine interactions and co-internalization
of f-arrestin 1-GFP with both the neurokinin NK1 receptor
(McConalogue et al., 1999) and the protease-activated
receptor-2 (Dery et al., 1999). The capacity to observe
apparent co-localization of internalized GPCRs and f-arrest-
ins seems to be GPCR dependent, although a very wide range
of GPCRs are able to promote recruitment of f-arrestins to the
plasma membrane. For a number of GPCRs, including the f3,-
adrenoceptor and the dopamine D,, receptor, the f-arrestin
recruited to the plasma membrane appears to remain there
rather than being trafficked into the interior of the cells along
with the GPCR. By contrast GPCRs such as the angiotensin 11
type 1A receptor, the neurotensin receptor (Zhang et al., 1999)
and, as noted above, the TRHR-1 (Groarke et al., 1999) allow
relocalization of the f-arrestins into intracellular vesicles in
which they appear to be co-localized with the GPCR. Perhaps
not surprisingly, the identity of the GPCR C-terminal tail
plays a central role in whether the f-arrestin is co-internalized
with the GPCR. Addition of the C-terminal tail of the
angiotensin II type 1A receptor to the body of the f,-
adrenoceptor results in regulation of the cellular distribution

of f-arrestins in a manner akin to that seen for the full-length
angiotensin II type 1A receptor. Furthermore, the inverse
pattern was produced with the complementary GPCR chimera
(Zhang et al., 1999). Further work is likely to determine the
detailed basis for these observations.

Agonist-induced translocation of transiently expressed f-
arrestin 2-GFP to the plasma membrane has also been
examined in HEK?293 cells following co-expression with wild
type and mutant forms of the hamster o;,-adrenoceptor
(Mhaouty-Kodja et al., 1999). Adrenaline (20 uM, 10 min)
produced a clear translocation when added to cells expressing
the wild type GPCR. Following expression of a constitutively
active (Ala®*Glu) mutant of this GPCR a considerable
amount of fS-arrestin 2-GFP could be observed to be present
at the plasma membrane without addition of agonist. This
mutant also showed greater levels of agonist-independent
phosphorylation than the wild-type GPCR. However, and
compatible with the observation that addition of adrenaline
can further stimulate the levels of phosphorylation of this
mutant GPCR, addition of adrenaline resulted in a more
pronounced translocation of f-arrestin 2-GFP (Mhaouty-
Kodja et al., 1999). The generation of constitutive activity in
terms of second messenger regulation does not necessarily
correlate with enhanced GPCR phosphorylation. An Asp'** -
Ala mutant of the hamster o;,-adrenoceptor also displays a
constitutive capacity to stimulate [*H]inositol phosphate
generation. However, this mutant was not effectively
phosphorylated in either the absence or presence of adrenaline.
Plasma membrane concentration of f-arrestin 2-GFP was not
observed in the absence or presence of adrenaline following co-
expression with this GPCR in HEK293 cells (Mhaouty-Kodja
et al., 1999). It is also noteworthy that the Asp'**Ala form of
the hamster a;,-adrenoceptor is poorly internalized in response
to adrenaline.

The differential capacity of morphine and etorphine to
cause internalization of the p-opioid receptor has for some
time represented a pharmacological puzzle which has been
assumed to relate to ligand efficacy. This issue has also recently
been re-explored using f-arrestin 2-GFP translocation as an
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assay end point (Zhang et al., 1998b). Transient transfection of
HEK?293 cells with the p-opioid receptor allowed excellent
internalization in response to etorphine but not morphine.
This difference could not be overcome by co-expression of /-
arrestin 1 but was when GRK2 was transiently introduced
either with or without extra f-arrestin 1. In the absence of
additional GRK2, although etorphine produced significant
phosphorylation of the p-opioid receptor, morphine did not.
By contrast, in the presence of excess GRK2 both ligands were
capable of producing strong phosphorylation of the GPCR,
and indeed the extent of phosphorylation by either ligand was
now substantially greater than produced by etorphine when
extra GRK2 was not co-expressed. Etorphine-induced
translocation of co-expressed f-arrestin 2-GFP could be
observed without GRK2 expression, but it was weak and
greatly enhanced by the presence of excess GRK2. Further-
more, a marked translocation of f-arrestin 2-GFP was
produced by morphine only upon co-expression with GRK?2
(Zhang et al., 1998b). Such results offer a plausible rationale
for long observed differences in the desensitization potential of
ligands at the p-opioid receptor and suggest that varying
expression levels of GRKs in different cells and tissues may be
just as important in practical terms as the ‘intrinsic activity’ of
the ligand in inducing differential patterns of GPCR
desensitization to a ligand. It is thus of potential major
significance that GRK levels are regulated in various disease
processes including heart failure (Rockmann er al., 1998;
Taccarino et al., 1998, 1999) and hypertension (Gros et al.,
1997).

Future directions

Simple application of the types of strategies discussed above,
using a wide range of GFP-tagged signalling polypeptides,
coupled with detailed pharmacological and biochemical
experiments is likely to produce novel insights into a wide
range of important issues in pharmacology. Although beyond
the scope of this review, GFP-tagged forms of ion channel
subunits, growth factor receptors with intrinsic tyrosine kinase
activity, as well as many proteins involved in information
transfer from the cell surface to the nucleus have already been
generated and studied.

In terms of GPCR function and regulation two obvious and
rapidly emerging strategies are likely to be widely employed.
Mutant forms of GFP which have enhanced the brightness of
the parent polypeptide have been central to the use of GFP
tagging and imaging in live cells. A range of mutants which
have resulted in altered spectral peaks for excitation and

References

ASHWORTH, R., YU, R., NELSON, E.J., DERMER, S., GERSHEN-
GORN, M.C. & HINKLE, P.M. (1995). Visualization of the
thyrotropin-releasing hormone receptor and its ligand during
endocytosis and recycling. Proc. Natl. Acad. Sci. U.S.A4., 92,
512-516.

AWAIJIL, T., HIRASAWA, H., KATAOKA, M., SHINOURA, H., NA-
KAYAMA, Y., SUGAWARA, T., IZUMI, S. & TSUJIMOTO, G.
(1998). Real-time optical monitoring of ligand-mediated inter-
nalisation of ojp-adrenoceptor with green fluorescent protein.
Mol. Endocrinol., 12, 1099—-1111.

BARAK, L.S., FERGUSON, S.S., ZHANG, J., MARTENSON, C,
MEYER, T. & CARON, M.G. (1997). Internal trafficking and
surface mobility of a functionally intact beta2-adrenergic
receptor-green fluorescent protein conjugate. Mol. Pharmacol.,
51, 177-184.

emission have already been characterized and the use of these
in conjunction with the enhanced GFPs offers the possibility of
differential tagging of two (or more) signalling proteins which
can then allow concurrent dual imaging of the individual
proteins in living cells (Ellenberg er al., 1999). This would
represent a distinct advance over the combined use of GFP
fluorescence and immunofluorescence which currently repre-
sents the cutting edge in the GPCR field. Such studies may find
particular application in studying the dynamics of dephos-
phorylation of GPCRs and their recycling to the plasma
membrane with concurrent examination of the consequences
for cellular f-arrestin distribution. Cloning of other biolumi-
nescent proteins from a variety of marine species is also likely
to expand the chromogenic palette available for imaging
studies.

There has also been considerable interest in the application
of fluorescence resonance energy transfer (FRET) techniques
to the interaction of proteins within signalling cascades
(Pollock & Heim, 1999). Given that spectrally modified forms
of GFP have been identified which have the capacity to act as
FRET partners, then as the basis of the technique requires
that two partners are brought into (or are removed from)
close physical proximity, it may prove a highly appropriate
way to examine the issue of GPCR dimerization and
potential regulation of such dimers by agonist ligands
(Hebert et al., 1996; Cvejic & Devi, 1997). A potentially
even more useful alternative to FRET is bioluminescence
resonance energy transfer (BRET) which can be achieved
between a polypeptide linked to a GFP-variant and one
linked to an appropriate luciferase (Xu et al., 1999).
Assuming that attachment of luciferase (or other similar
reporters which provide a luminescence output) to a GPCR
does not interfere with the basic function and pharmacology
of the protein it should be possible to use BRET, which
produces a clear bioluminescent signal in the region of 520—
550 nm to directly report the types of protein—protein
interactions discussed in the review.

Undoubtedly further technical developments are to come
but it is already clear that imaging and measuring real time
pharmacological processes initiated by ligand binding to a
GPCR has a very ‘bright’ future.

Work in the authors’ laboratory incorporating GFP-tagging
approaches is supported by the Biotechnology and Biosciences
Research Council and SmithKline Beecham. I thank Thomas
Drmota, D. Alex Groarke, Alison J. McLean and Patricia A.
Stevens for their contributions to the studies discussed.

BARLIC, J., KHANDAKER, M.H., MAHON, E., ANDREWS, J.,
DEVRIES, M.E., MITCHELL, G.B.,, RAHIMPOUR, R., TAN, C.M.,
FERGUSON, S.S.G. & KELVIN, D.J. (1999). f-arrestins regulate
interleukin-8-induced CXCRI1 internalization. J. Biol. Chem.,
274, 16287-16294.

BOURNE, H. (1997). How receptors talk to trimeric G proteins. Curr.
Opin. Cell Biol., 9, 134—142.

CHALFIE, M. & KAIN, S.R. (ed.). (1998). Green fluorescent protein
properties, applications and protocols. 385pp. Wiley-Liss Press,
New York.

CHEN, W., SHIELDS, T.S., STORK, P.J.S. & CONE, R.D. (1995). A
colorimetric assay for measuring activation of Gs- and Gq-
coupled signaling pathways. Anal. Biochem., 226, 349 —354.



G. Milligan

GPCR - GFP fusion proteins 509

CLAGUE, M.J. (1998). Molecular aspects of the endocytic pathway.
Biochem. J., 336, 271 —-282.

CONWAY, B.R., MINOR, L.K., XU, J.Z., GUNNET, J.W., DEBIASIO, R.,
D’ANDREA, M.R., RUBIN, R., DEBIASIO, R., GIULIANO, K.,
ZHOU, L. & DEMAREST, K.T. (1999). Quantification of G-protein
coupled receptor internalization using G-protein coupled
rece_Ptor—green fluorescent protein conjugates with the ArrayS-
can™ high-content screening system. J. Biomol. Screening, 4,
75-86.

CVEJIC, S. & DEVI, L.A. (1997). Dimerization of the ¢ opioid
receptor. Implication for a role in receptor internalization. J.
Biol. Chem., 272, 26959 —26964.

DALY, C.J., MILLIGAN, C.M., MILLIGAN, G., MACKENZIE, J.F. &
MCGRATH, J.C. (1998). Cellular localisation and pharmacologi-
cal characterisation of functioning o;-adrenoceptors by fluor-
escent binding and image analysis reveals identical binding
properties of clustered and diffuse populations of receptors. J.
Pharmacol. Exp. Ther., 268, 984 —990.

DERY, O., THOMA, M.S., WONG, H., GRADY, E.F. & BUNNETT, N.W.
(1999). Trafficking of protease-activated receptor-2 and f-arrest-
in-1 tagged with green fluorescent protein. ff-arrestin-dependent
endocytosis of a proteinase receptor. J. Biol. Chem., 274, 18524 —
18535.

DIVIANI, D., LATTION, A.L. & COTECCHIA, S. (1997). Characteriza-
tion of the phosphorylation sites involved in G protein-coupled
receptor kinase- and protein kinase C-mediated desensitization
of the alphalB-adrenergic receptor. J. Biol. Chem., 272, 28712 —
28719.

DRMOTA, T., GOULD, G.W. & MILLIGAN, G. (1998a). Real time
visualization of agonist-mediated redistribution and internalisa-
tion of a green fluorescent protein-tagged form of the thyro-
tropin-releasing receptor. J. Biol. Chem., 273, 24000 —24008.

DRMOTA, T., NOVOTNY, J.,, GOULD, G.W., SVOBODA, P. &
MILLIGAN, G. (1999). Visualization of distinct patterns of
subcellular redistribution of the thyrotropin-releasing hormone
receptor and Gqo/G o induced by agonist stimulation. Biochem.
J., 340, 529 - 538.

DRMOTA, T., NOVOTNY, J., KIM, G.-D., EIDNE, K.A., MILLIGAN, G.
& SVOBODA, P. (1998b). Agonist-induced internalisation of the G
protein Gijo0 and thyrotropin releasing hormone (TRH)
receptors proceed on different time scales. J. Biol. Chem., 273,
21699-21707.

ELLENBERG, J., LIPPINCOTT-SCHWARTZ, J. & PRESLEY, J.F.
(1999). Dual-colour imaging with GFP variants. Trends Cell
Biol., 9, 52-56.

FERGUSON, S.S. (1998). Using green fluorescent protein to under-
stand the mechanisms of G-protein-coupled receptor regulation.
Braz. J. Med. Biol. Res., 31, 1471 -1477.

FERGUSON, S.S., ZHANG, J., BARAK, L.S. & CARON, M.G. (1998).
Molecular mechanisms of G protein-coupled receptor desensiti-
zation and resensitization. Life Sci., 62, 1561 —1565.

FERRER, J.C., BAQUE, S. & GUINOVART, J.J. (1997). Muscle
glycogen synthase translocates from the cell nucleus to the
cystosol in response to glucose. FEBS Lett., 415, 249 —-252.

GALBIATI, F., VOLONTE, D., MEANI, D., MILLIGAN, G., LUBLIN,
D.M., LISANTI, M.P. & PARENTI, M. (1999). The dually acylated
NH,-terminal domain of Gjo is sufficient to target a green
fluorescent protein reporter to caveolin-enriched plasma do-
mains. Palmitoylation of caveolin-1 is required for the recogni-
tion of dually acylated G-protein o subunits in vivo. J. Biol.
Chem., 274, 5843 —5850.

GAMA, L. & BRIETWIESER, G.E. (1998). A carboxyl-terminal domain
controls the cooperativity for extracellular Ca” " activation of the
human calcium sensing receptor. A study with receptor-green
fluorescent protein fusions. J. Biol. Chem., 273, 29712—-29718.

GROARKE, D.A., WILSON, S., KRASEL, C. & MILLIGAN, G. (1999).
Visualization of agonist-induced association and trafficking of
green fluorescent protein-tagged forms of both f-arrestin-1 and
the thyrotropin releasing hormone receptor-1. J. Biol. Chem. (in
press).

GROS, R., BENOVIC, J.L., TAN, C.M. & FELDMEN, R.D. (1997). G-
protein-coupled receptor kinase activity is increased in hyperten-
sion. J. Clin. Invest., 99, 2087—2093.

HAAS, J., PARK, E.C. & SEED, B. (1996). Codon usage limitation in
the expression of HIV-1 envelope glycoprotein. Curr. Biol., 6,
315-324.

HALL, R.A., OSTEDGAARD, L.S., PREMONT, R.T., BLITZER, J.T.,
RAHMAN, N., WELSH, M.J. & LEFKOWITZ, R.J. (1998). A C-
terminal motif found in the beta2-adrenergic receptor, P2Y1
receptor and cystic fibrosis transmembrane conductance reg-
ulator determines binding to the Na*/H™ exchanger regulatory
factor family of PDZ proteins. Proc. Natl. Acad. Sci. U.S.A., 95,
8496—-8501.

HEBERT, T.E., MOFFETT, S., MORELLO, J.P., LOISEL, T.P., BICHET,
D.G., BARRET, C. & BOUVIER, M. (1996). A peptide derived from
a fr-adrenergic receptor transmembrane domain inhibits both
receptor dimerization and activation. J. Biol. Chem., 271,
16384 —-16392.

HIRASAWA, A.,, SUGAWARA, T., AWAIJIL, T., TSUMAYA, K., ITO, H. &
TSUJIMOTO, G. (1997). Subtype-specific differences in subcellular
localization of «;-adrenoceptors: Chlorethylclonidine preferen-
tially alkylates the accessible cell surface oj-adrenoceptors
irrespective of the subtype. Mol. Pharmacol., 52, 764—770.

IACCARINO, G., DOLBER, P.C., LEFKOWITZ, R.J. & KOCH, W.J.
(1999). beta-adrenergic receptor kinase-1 levels in catecholamine-
induced myocardial hypertrophy: regulation by beta- but not
alphal-adrenergic stimulation. Hypertension, 33, 396—401.

IACCARINO, G., TOMHAVE, E.D., LEFKOWITZ, R.J. & KOCH, W.J.
(1998). Reciprocal in vivo regulation of myocardial G protein-
coupled receptor kinase expression by beta-adrenergic receptor
stimulation and blockade. Circulation, 98, 1783 —1789.

KALLAL, L., GAGNON, A.W., PENN, R.B. & BENOVIC, J.L. (1998).
Visualization of agonist-induced sequestration and down-regula-
tion of a green fluorescent protein-tagged beta2-adrenergic
receptor. J. Biol. Chem., 273, 322—-328.

KOENIG, J.A. & EDWARDSON, J.M. (1997). Endocytosis and
recycling of G protein-coupled receptors. Trends Pharmacol.
Sci., 18, 276-287.

LUTTRELL, L.M., FERGUSON, S.S., DAAKA, Y., MILLER, W.E.,
MAUDSLEY, S., DELLA ROCCA, G.J., LIN, F., KAWAKATSU, H.,
OWADA, K., LUTTRELL, D.K., CARON, M.G. & LEFKOWITZ, R.J.
(1999). Beta-arrestin-dependent formation of beta2 adrenergic
receptor-Src protein kinase complexes. Science, 283, 655-661.

MCCONALOGUE, K., DERY, O., LOVETT, M., WONG, H., WALSH,
J.H.,, GRADY, E.F. & BUNNETT, N.W. (1999). Substance P-
induced trafficking of f-arrestins. The role of fS-arrestins in
endocytosis of the neurokinin-1 receptor. J. Biol. Chem., 274,
16257—-16268.

MCGRATH, J.C., ARRIBAS, S. & DALY, C.J. (1996). Fluorescent
ligands for the study of receptors. Trends Pharmacol. Sci., 17,
393-399.

MCLEAN, AJ. & MILLIGAN, G. (1999). Receptor-GFP fusion
proteins; A study of receptor internalisation and trafficking. In:
Thiery, J.P. (ed.). Molecular Mechanisms of Transcellular
Signalling: From Membrane Receptors to Transcription Factors.
NATO Science Series. A.S.1. Series A: pp. 247—-252.

MHAOUTY-KODJA, S., BARAK, L.S., SCHEER, A., ABUIN, L.,
DIVIANI, D., CARON, M.G. & COTECCHIA, S. (1999). Constitu-
tively active alpha-1b adrenergic receptor mutants display
different phosphorylation and internalization features. Mol.
Pharmacol., 55, 339 —347.

MILLIGAN, G. (1998). New aspects of G protein-coupled receptor
signaling and regulation. Trends Endocrinol. Metabolism, 9, 13—
19.

MILLIGAN, G., GROARKE, D.A., MCLEAN, A., WARD, R., FONG,
C.W., CAVALLI, A. & DRMOTA, T. (1998). Diversity in the
signaling and regulation of G protein-coupled receptors.
Biochem. Soc. Trans., 27, 149 —-154.

MILLIGAN, G. & REES, S. (1999). Chimaeric Go proteins: their
potential use in drug discovery. Trends Pharmacol. Sci., 20, 118 -
124.

PETIOT, A., OGIER-DENIS, E., BAUVY, C., CLUZEAUD, F., VANDE-
WALLE, A. & CODOGNO, P. (1999). Subcellular localization of the
Gi3 protein and G alpha interacting protein, two proteins
involved in the control of macroautophagy in human colon
cancer HT-29 cells. Biochem. J., 337, 289 —295.

POLLOCK, B.A. & HEIM, R. (1999). Using GFP in FRET-based
applications. Trends Cell Biol., 9, 57— 60.



510 G. Milligan

GPCR - GFP fusion proteins

ROCKMAN, H.A., CHOI, D.J., AKHTER, S.A., JABER, M., GIROS, B.,
LEFKOWITZ, R.J., CARON, M.G. & KOCH, W.J. (1998). Control of
myocardial contractile function by the level of beta-adrenergic
receptor kinase 1 in gene-targeted mice. J. Biol. Chem., 273,
18180—18184.

SCHULEIN, R., HERMOSILLA, R., OKSCHE, A., DEHE, M., WIESNER,
B., KRAUSE, G. & ROSENTHAL, W. (1998). A dileucine sequence
and an upstream glutamate residue in the intracellular carboxyl
terminus of the vasopressin V2 receptor are essential for cell
surface transport in COS.M6 cells. Mol. Pharmacol., 54, 525—
535.

TARASOVA, N.I., STAUBER, R.H., CHOI, J.K., HUDSON, E.A,,
CZERWINSKI, G., MILLER, J.L., PAVLAKIS, G.N., MICHEIJDA,
C.J. & WANK, S.A. (1997). Visualization of G protein-coupled
receptor trafficking with the aid of the green fluorescent protein.
Endocytosis and recycling of cholecystokinin receptor type A.
J. Biol. Chem., 272, 14817 - 14824.

VRECL, M., ANDERSON, L., HANYALOGLU, A., MCGREGOR, A.M.,
GROARKE, A.D., MILLIGAN, G., TAYLOR, P.L. & EIDNE, K.A.
(1998). Agonist-induced endocytosis and recycling of the
gonadotropin-releasing hormone (GnRH) receptor: Effect of f-
arrestin on internalization kinetics. Mol. Endocrinol., 12, 1818 —
1829.

WANG, S. & HAZELRIGG, T. (1994). Implications for bcd mRNA
localization from spatial distribution of exu protein in Droso-
phila oogenesis. Nature, 369, 400—403.

XU, Y., PISTON, D.W. & JOHNSON, C.H. (1999). A bioluminescence
resonance energy transfer (BRET) system: Application to
interacting circadian clock proteins. Proc. Natl. Acad. Sci.
U.S.A., 96, 151-156.

ZHANG, J., BARAK, L.S., ANBORGH, P.H., LAPORTE, S.A., CARON,
M.G. & FERGUSON, S.S.G. (1999). Cellular trafficking of G
protein-coupled receptor/f-arrestin endocytic complexes. J. Biol.
Chem., 274, 10999 — 11006.

ZHANG, J., FERGUSON, S.S., BARAK, L.S., ABER, M.J., GIROS, B,,
LEFKOWITZ, R.J. & CARON, M.G. (1998a). Molecular mechan-
isms of G protein-coupled receptor signaling: role of G protein-
coupled receptor kinase and arrestins in receptor desensitization
and resensitization. Receptors Channels, 5, 193 —199.

ZHANG, J., FERGUSON, S.S., BARAK, L.S., BODDULURI, S.R.,
LAPORTE, S.A., LAW, P.Y. & CARON, M.G. (1998b). Role for G
protein-coupled receptor kinase in agonist-specific regulation of
mu-opioid receptor responsiveness. Proc. Natl. Acad. Sci.
U.S.A.,95,7157-7162.

(Received April 23, 1999
Revised July 2, 1999



