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We have expressed human m2 muscarinic acetylcholine receptors tagged with six histidine
residues at the carboxy-terminal region in insect cells (Sf9) and purified them using
metal-immobilized Chelating Sepharose gels. Co**-immobilized gels were found to be much
more efficient for purification of m2 receptors than gels containing Ni?* or other metal ions.
Twenty-fold purification was attained by a simple, single-step procedure, and approxi-
mately 40% of solubilized receptors were recovered as a partially purified preparation with
a specific activity of 1.6 nmol/mg of protein. Purified receptors were functionally active in
that carbamylcholine stimulated binding of (**S]GTP ¢S to the G-protein G,; reconstituted
in lipid vesicles with purified m2 receptors. The extent of stimulation of [*S]GTPyS
binding to G,; by hexahistidine-tagged m2 receptors was essentially the same as that
observed for m2 receptors that lack histidine tags. In addition, palmitoylation at the
carboxy-terminal region was not impaired by the hexahistidine-tag fusion. The method
described in this study should be applicable to the purification of other G-protein-coupled

receptors in functionally active form.
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Many receptors for hormones and neurotransmitters trans-
duce extracellular signals to the cytoplasm through activa-
tion of heterotrimeric G-proteins by promoting GDP-GTP
exchange (1). Many of these receptors have been identified
by ¢cDNA cloning. These receptors constitute a G-protein-
coupled receptor superfamily, and have in common seven
hydrophobic regions that are predicted to be membrane-
spanning domains. Purification of each receptor is neces-
sary for its biochemical and biophysical characterization.
Purification of homogenous receptors, however, is usually
difficult because most receptors are expressed in low levels
and several receptor subtypes often coexist in a single
tissue. Affinity chromatography has been practically the
only method for efficient purification of receptors expressed
in low levels (2-6).

We have attempted to develop a simple purification
method that is generally applicable to G-protein-coupled
receptors. For this purpose, we used the hexahistidine-tag
method for purification of muscarinic m2 receptors and
compared it to an established affinity chromatography
method (7, 8). Oligohistidine tagging has been shown to be
useful for purification of different kinds of proteins ex-
pressed in both prokaryotes and eukaryotes (9-11). The
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proteins tagged by hexahistidine bind to metal-immobiliz-
ed gels and are eluted under mild conditions, such as low
pH, addition of an excess amount of hexahistidine or
imidazole, or removal of metal ions with EDTA.

The hexahistidine-tag method has already been used for
purification of G-protein-coupled receptors such as bovine
rhodopsin (12) and human B;-adrenergic receptor (13).
Such modifications did not affect spectral properties or
ligand-binding activities of these receptors. It has not been
shown, however, if the rhodpsin or £ -adrenergic receptors
purified with the hexshistidine-tag method are functionally
intact and can interact with and activate G-proteins.

We have expressed hexahigtidine-tagged m2 receptors in
baculovirus-Sf9 protein expression system. The baculo-
virus-Sf9 system has been used for expression of many
exogenous genes (14, 15) including G-protein-coupled
receptors (16-22). We report here that hexahistidine-tag-
ged m2 receptors can be purified 20-fold by a simple
procedure using Co®*-immobilized Chelating Sepharose,
and that purified receptors can activate G-protein G,; and
can be palmitoylated at the carboxyl terminus.

EXPERIMENTAL PROCEDURES

Materials—[*H]Palmitic acid was purchased from
American Radiolabeled Chemicals, Chelating Sepharose
fast flow from Pharmacia, Centricon-10 from Amicon,
digitonin, yeast extract, tryptose phosphate broth and
pluronic F-68 solution from Sigma, fetal bovine serum
from Cansera, and linearized baculovirus DNA BacPAK6
and Transformer™ site-directed mutagenesis kit from
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Clontech. Sf9 cells were obtained from Dr. E.M. Ross
(University of Texas Southwestern Medical Center),
c¢DNAs for human m2 subtype (Hm2/pSG5) and a m2
receptor mutant lacking 233-380 residues (des-(P233-
S380)Hm2/pSG5] were from Dr. W. Sadée (University of
California San Francisco) (23), and the baculovirus trans-
fer vector pVL1393 was from Dr. M.D. Summers (Texas
A&M University).

Fusion of a Hexahistidine-Tag to the Human Muscarinic
m2 Receptor—The transfer vectors of hexahistidine-tagged
m2 receptors were constructed as follows. Putative N-glyco-
sylation sites were eliminated by substitution of Asn2,
Asn3, Asn6, and Asn9 with aspartic acid residues. The
substitutions were carried out by PCR-based mutagenesis.
Two overlapping 5 -oligonucleotides were designed, be-
cause the region to be mutated is rather long. The 5-oligo-
nucleotide for the first PCR is 5'-GACTCCACGGACTCCT-
CTGACAATAGCCTG-3’ corresponding to 7-36 of m2 recep-
tor-coding sequence, and that for the second PCR is
5 -GCTCTAGATCTGCCATGGATGACTCCACGGACTC-
CTC-3, corresponding to 1-23 of the coding sequence and
recognition sites for Xbal and BglIl. Double-stranded
¢DNAs for human m2 subtype (Hm2/pSG5) and an m2
receptor mutant lacking 233-380 residues [des-(P233-
S380)Hm2/pSG5] (23) were used as a template. These
mutated ¢cDNAs were digested with Bgl{ll and Pstl and
inserted into the BamHI and PstI sites of pV1.1393 [pVL
m2(N-D), pVL m2(N-D)(13del)].

Thrombin recognition and six histidine residues were
also fused to the carboxyl terminus of m2 receptors by
PCR. Two overlapping 3’-oligonucleotides were designed.
The 3’-oligonucleotide used for the first PCR is 5'-GGTG-
GCTGCCACGGGGCACCAGCCTTGTAGCGCCTATGTT-
CT-3', corresponding to 1388-1407 of m2 receptor coding
sequence and thrombin recognition sequence, and that for
the second PCR is 5'-CGCTGCAGACTAGTGATGGTGG-
TGATGGTGGCTGCCACGGGGC-3', corresponding to 17
bases with the same sequence as a part of the first primer,
six histidine residues and a recognition site for Pstl.
Double-stranded ¢cDNAs, pVL m2(N-D), and pVL m2(N-
D)(I3del) were used as a template. These mutated cDNAs
were digested with BglIl and Pstl and inserted into the
BamHI and Pstl sites of pVL1393 [pVL m2(N-D)(6His),
pVL m2(N-D)(6His)(I3del)].

Mutation of Cys-457 residue of m2 receptor to alanine
was introduced to pVL m2(N-D)(6His) using the Trans-
former™ site-directed mutagenesis kit. 5-CACCTTCTC-
ATGGCTCATTATAAGAACA-3 was used as the mutation
primer.

Each transfer vector DNA (10 ug) was cotransfected
with 0.5 xg of linearized baculovirus DNA BacPAK®6 (24)
to Sf9 cells by the calcium phosphate coprecipitation
method as previously described (14). Resultant recombi-
nant viruses were cloned by plaque isolation as described
(14, 15).

Expression of m2 Receptors in Baculovirus-Sf9 Sys-
tem—The recombinant viruses were amplified and used for
the large scale production of m2 receptor mutants as
previously described (25). Expression levels of wild type
m2, m2(N-D), m2(N-D)(6His), and m2(N-D)(6His)(I3del)
receptors were, respectively, 5-7, 5-7, 5-7, and 8-12
nmol/liter of culture suspension containing approximately
2% 10° cells as determined by [*H]QNB binding (26).
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Sf9 cells expressing m2 receptors were homogenized and
centrifuged as previously described (25). Pellets were
resuspended in 20 mM Hepes-KOH buffer (pH 8.0) con-
taining a mixture of protease inhibitors (2.5 zg/ml pep-
statin, 2 zg/ml phenylmethylsulfonyl fluoride, 0.02 mg/ml
leupeptin, and 0.5 mM benzamidine), and stocked in ali-
quots at —80°C until use.

Purification of Hexahistidine-Tagged m2 Receptors
Using Chelating Sepharose—The Chelating Sepharose gel
(Fast Flow, 0.5 ml) was washed with H,O, and a solution
(0.5 ml) of either 0.2 M CuCl,, 0.2 M NiCl;, 0.2 M CoCl,,
0.2 M ZnSO,, 0.4 M MgCl,, or 0.4 M CaCl, was loaded for
immobilization. The Chelating Sepharose gel was equili-
brated with a column-washing buffer containing 20 mM
Hepes-KOH (pH 7.0), 0.5 M NaCl, and 0.1% digitonin. Sf9
membranes containing 90 mg of proteins were suspended
in 6 ml of a buffer solution containing 50 mM Hepes-KOH
(pH 7.0), 50 mM NaCl, and a mixture of protease inhibi-
tors. Digitonin and sodium cholate were added to the
membrane suspension to levels of 1 and 0.5%, respectively,
and the suspension was stirred for 1h for solubilization.
After centrifugation at 200,000 X g for 45 min, the super-
natant was diluted 5-fold with 20 mM Hepes-KOH buffer
(pH 7.0) containing.0.5 M NaCl and loaded onto the metal-
immobilized Chelating Sepharose at a rate of 10-20 ml/h.
After washing the column with 8 ml of the column-washing
buffer, the bound receptor was eluted with 1.5 ml of the
column-washing buffer with 100 mM imidazole-Cl (pH
7.0). In some experiments, the remaining proteins were
further eluted with 1.5ml of a metal-stripping buffer
containing 50 mM Hepes-KOH (pH 7.0), 0.5 M NaCl, 0.1%
digitonin, and 50 mM EDTA.

Reconstitution of m2 Receptors and G-Protein G,—
Recombinant m2 receptors expressed in Sf9 cells were
purified using an affinity chromatography with a muscarinic
ligand, aminobenztropine, and reconstituted with G-pro-
tein Gy, as described previously (7, 17, 25, 27). G,; was
purified from bovine lung as described previously (26).

(®H] Palmitic Acid Labeling of m2 Receptors Expressed
in Sf9 Cells—Palmitoylation of m2 receptors expressed in
Sf9 cells was detected by metabolic labeling with [(*H]-
palmitic acid. Sf9 cells from 20 ml of culture (5 x 107 cells)
were infected with recombinant virus for expression of
m2(N-D)(His6). After 48 h, 185 Mbq of [*H]palmitic acid
was added, as previously described for palmitoylation of
S -adrenergic receptor (28, 29). The cells were collected
and purified using Co?*-immobilized gel as described in the
previous section. The purified receptor was concentrated
from 1.5 ml to 100 «l with Centricon-10 and subjected to
SDS-PAGE. The receptor labeled with [*H]palmitic acid
was detected by fluorographic methods using 2,5-diphenyl-
oxazole dissolved in DMSO as previously described (30).

Miscellaneous Procedures—Sodium dodecyl sulfate poly-
acrylamide gel electrophoresis was performed using 12%
(w/v) acrylamide. The reducing reagent S-mercaptoeth-
anol was not included in the sample buffer to avoid reduc-
tion and precipitation of metal ions stripped from gels.
Protein concentration was determined using Folin phenol
agent as described (31).

RESULTS AND DISCUSSION
Hexahistidine-Tagged m2 Receptor Mutants—Three
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mutations were introduced into human m2 receptors (Fig.
1). First, in “6His,” six histidine residues and a thrombin
cleavage site were added to the carboxyl terminus of m2
receptors for purification using metal-immobilized gels.
Second, in “N-D,” putative N-glycosylation sites near the
amino terminus were eliminated by converting asparagine
residues (Asn2, 3, 6, and 9) in the consensus sequence
Asn-X-Ser to aspartic acid residues. Glycosylation is
undesirable because structural variability is expected to
occur due to heterogenous glycosylation, Third, in “I3del,”
the central part of the third intracellular loop (235-380) of
m2 receptors was deleted. This region is susceptible to
proteolysis, and its elimination prevents m2 receptors from
being degraded during the preparation from Sf9 cells. This
domain is involved in phosphorylation by G-protein-cou-
pled receptor kinase and the subsequent sequestration of
receptors (23, 32, 33). It is not necessary, however, for
activation of G-proteins (26).

Purification of Hexahistidine-Tagged m2 Receptors with
Metal-Immobilized Gels—Hexahistidine-tagged m2 recep-
tors were purified by Chelating Sepharose chromatog-
raphy. First, we compared various metal ions for their
ability to bind hexahistidine-tagged m2 receptors [m2(N-
D)(6His)(I3del)] (Fig. 2A). Cu**, Ni**, Co**, Zn**, Mg**,
and Ca®* were immobilized on Chelating Sepharose gels,
and hexahistidine-tagged m2 receptors solubilized with
digitonin from Sf9 membrane were loaded. Bound recep-
tors were eluted with a solution containing 100 mM im-
idazole-Cl buffer (pH 7.0), because m2 receptors were
found to be more stable in this buffer compared with other
eluting solutions containing sodium phosphate (pH 5.0) or
50 mM EDTA.

Cu?*, Ni**, Co**, or Zn?*-immobilized Chelating Sepha-
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Fig. 1. Schematic diagram of histidine-tagged m2 receptor
mutants expressed in baculovirus-Sf9 system. The expressed m2
receptor mutants lack N -glycosylation sites near the amino terminus
and have a thrombin recognition site and six histidine residues fused
to the carboxyl terminus. A mutant which lacks the sequence 233-380
was also constructed. The mutants are named as follows: m2(N-D),
mutants lacking N-glycosylation sites; m2(I3del), mutants with a
deletion of the sequence 233-380; m2(6His), mutants with six
histidine residues.
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rose bound hexahistidine-tagged m2 receptors but Mg?*- or
Ca®*-immobilized gel did not. Approximately 50% of
m2(N-D)(6His)(I3del) receptors, as assessed by the [*H]-
QNB-binding activity, were eluted from Co?*- or Zn**-im-
mobilized Chelating Sepharose with the 100 mM imidazole
solution. In contrast, only 7 and 15% of receptors were
eluted from Cu** and Ni**-immobilized gels, respectively.
Loss of the ["H]QNB-binding activity during the purifica-
tion procedure amounted to 30-50% using Ni**, Co®*, or
Zn**.immobilized Chelating Sepharose, and approximately
90% using Cu?®*-immobilized gel.

Figure 2B shows silver-stained bands after SDS-PAGE
of fractions eluted with the imidazole buffer from various
metal-immobilized gels. In control experiments, m2(N-D)-
(6His)(13del) receptors were purified by affinity chroma-
tography with ABT-agarose (lane 1, Fig. 2B). Two bands
with apparent molecular mass of 30 and 27 kDa were
observed for preparations purified with ABT-agarose. Two
major bands with essentially the same mobilities were
observed for preparations purified with Co?**- or Zn**-im-
mobilized gels (lanes 4 and 5 in Fig. 2B). It is reasonable to
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Fig. 2. Purification of m2(N-D)(6His)(I3del) receptors using
metal ion-immobilized Chelating Sepharose. (A) The recovery of
hexahistidine-tagged m2 receptors at each step of purification with
each metal ion-immobilized Chelating Sepharose. The [*H}QNB-
binding activity of solubilized preparations was taken as 100%. The
activity of flow-through fractions is shown by open bars, and that of
imidazole eluates by closed bars. (B) Purified receptors were subject-
ed to SDS-PAGE followed by silver staining. Lane 1, receptors
purified with ABT-agarose. Lanes 2-7, aliquots (5 1) of imidazole
eluates from each metal ion-immobilized Chelating Sepharose: lane
2, Cu*'-immobilized gel; lane 3, Ni?*-immobilized gel; lane 4, Co?*-
immobilized gel; lane 5, Zn?*-immobilized gel; lane 6, Mg?*-immo-
bilized gel; lane 7, Ca?*-immobilized gel. Open arrowheads, molecu-
lar weight markers; closed arrowheads, receptors.
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agssume that the two bands represent m2(N-D)(6His)-
(I3del), because these bands were specifically bound to and
eluted from ABT-agarose and metal-immobilized gels. The
lower band with an apparent molecular size of 27 kDa is
thought to represent a degradation product lacking an
amino-terminal portion. Similarly, two bands with slightly
smaller molecular mass, 29 and 26 kDa, were observed for
hexahistidine-free m2(N-D)(I3del) receptors purified with
ABT-agarose (data not shown). A difference in the apparent
molecular mass of 1 kDa may be due to the fusion of 12
amino acid residues.

The preparation eluted from Co®*-immobilized gels had
much less contaminating protein than those from other
metal ion-immobilized gels. These results indicate that the
Co?*-immobilized Chelating Sepharose is the most effec-
tive among those examined for purification of hexahisti-
dine-tagged m2 receptors. Hexahistidine-tagged m2 recep-
tors of full length, m2(N-D)(6His), were also purified most
efficiently with Co?*-immobilized Chelating Sepharose.
However, the purity of the final preparation was not as
apparent as that of m2(N-D)(I3del) because of the presence
of degradation products (data not shown).

Figure 3 shows silver-stained patterns after SDS-PAGE
of samples at each step of purification. When m2(N-D)-
(6His)(I3del) receptors were purified from 150 ml of
culture medium of Sf9 cells, 1.63 nmol of receptors was
solubilized and 0.66 nmol of purified receptors was ob-
tained. The yield and specific activity of purified receptors
were 38.2% and 1.6 nmol/mg protein, respectively. Thus,
an approximately 20-fold purification was attained in a
single step. The specific activity of receptors purified with
Chelating Sepharose was lower by a factor of 3 compared
with receptors purified with ABT-agarose. On the other
hand, the purification takes only 6 h with the Chelating
Sepharose, much less than 48 h required with ABT-aga-
rose.
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Fig. 3. Purification of m2(N-D)(6His)(I3del) receptors using
Co**-immobilized Chelating Sepharose. Aliquots (5 xl) at each
step of the purification using Co**-immobilized Chelating Sepharocse
were subjected to SDS-PAGE followed by silver staining. Open
arrowheads, molecular weight markers; closed arrowheads, recep-
tors.
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Ni**-immobilized nitrilotriacetic acid (Ni**-NTA) aga-
rose is the first gel proven to be useful and is currently the
most frequently used gel for purification of hexahistidine-
tagged proteins. Commercially available Ni**-NTA agarose
is an agarose gel crosslinked with Ni?*-immobilized nitrilo-
triacetic acid (NTA). The present results indicate that Ni**
was not the best ion for purification of m2 receptors, and
that Co**-immobilized gel was much better than Ni**-im-
mobilized gel. Whatever the reason for this or the mecha-
nism involved may be, our results suggest that metal ions
other than Ni** should be tested for their efficiency for
purification of proteins. Among G-protein coupled recep-
tors, rhodopsin (12) and £;-adrenergic receptors (13) were
reported to be hexahistidine-tagged at the carboxyl ter-
mini, expressed in baculovirus-Sf9 system, and purified
with Ni?**-NTA agarose gel and Ni**-immobilized Chelating
Sepharose, respectively. Significant purification was attain-
ed in a single step in both cases. Whether the Co**-immo-
bilized gel would also be more efficient than the Ni**-immo-
bilized gel for purification of rhodopsin and 8;-adrenergic
receptors remains to be seen. Our results, together with
those on rhodopsin and £,-adrenergic receptors, showed
that the hexahistidine-tagging at the carboxyl terminusis a
useful method for purification of G-protein-coupled recep-
tors.

Palmitoylation of Hexahistidine-Tagged m2 Receptor—
Many G-protein-coupled receptors have cysteine residues
in their carboxy-terminal region, which is assumed to
contain palmitoylation sites. Each subtype of muscarinic
receptor has a putative palmitoylation site, but no evidence
for palmitoylation is available. We examined whether
palmitoylation occurs in m2 receptors produced by Sf9 cells
and is affected by hexahistidine-tag fusion at the carboxyl
terminus.

Sf9 cells expressing hexahistidine-tagged m2 receptors
were incubated with [*H]palmitic acid, then the receptors
were purified and analyzed by SDS-PAGE and fluorog-
raphy. As shown in Fig. 4, the receptor was radiolabeled.
When cysteine residue 457, which is a putative palmitoyla-

Fig. 4. Palmitoylation of hexahistidine-tagged m2 receptor.
Fluorography of m2 receptors purified from Sf9 cells which had been
incubated with (*H]palmitic acid. Lane 1, m2(N-D)(6His) receptors;
lane 2, m2(N-D)(C-A)(6His) receptors with a substitution from
Cys457 to alanine.
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tion site, was replaced by alanine, no palmitoylation was
detected. These results indicate that m2 receptors pro-
duced in Sf9 cells are palmitoylated at Cys-457, and that
hexahistidine-tag fusion at the carboxyl terminus does not
interfere with the palmitoylation.

Reconstitution of Hexahistidine-Tagged m2 Receptors
with G-Protein G,,—We examined whether the addition of
six histidine residues to the carboxyl terminus affects the
ability of muscarinic receptors to activate G-proteins. The
m2 receptor mutants, m2(N-D) and m2(N-D)(6His), were
purified using ABT-agarose, then reconstituted with Gi,
purified from bovine lung into phospholipid vesicles. The
reconstituted vesicles were incubated with 100 nM [3*S]-
GTPyS in the presence of 5 xM GDP and a muscarinic
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Fig. 5. Interaction between G protein G,; and m2 receptors
with or without a hexahistidine tag. (A) The m2(N-D) and
m2(N-D)(6His) receptors were purified using ABT-agarose, then
reconstituted with G protein Gy; in lipid vesicles. Reconstituted
vesicles were incubated with [**S]GTPyS for the indicated times, and
bound [**S]GTPyS was measured. Reaction mixture contained 1.4
pmol of Gy, 36 fmol of m2(N-D) (O and @) or 50 fmol of m2(N-D)-
(6His) (A and a), 1 mM carbamylcholine (O and A) or 10 uM
atropine (@ and a), 100 nM [*S]GTPyS and 5 M GDP in 200 ul.
Data shown are representative ones from three experiments that
yielded similar results. (B) Displacement by carbamylcholine of
[*H)QNB binding to m2(N-D) (36 fmol/tube, O and @) or m2(N-D)-
(6His) (50 fmol/tube, A and A) receptors reconstituted with G,; (1.3
pmol/tube) in the presence (@ and a) or absence (Oand A) of 0.1 mM
GTP. Data shown are a representative ones from three experiments
that yielded similar results.
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agonist, carbamylcholine, or an antagonist, atropine. The
time courses of [**S]GTPyS binding to G, are shown in
Fig. 5A. Carbamylcholine stimulated [**S]GTPyS binding
to G, to the same extent for both m2(N-D) and m2(N-D)-
(6His) receptors. Figure 5B shows the displacement curves
by carbamylcholine of the [(*H]QNB binding to m2(N-D)
and m2(N-D)(6His) receptors in the presence or absence of
0.1 mM GTP. The curves were essentially the same for
m2(N-D) and m2(N-D)(6His) receptors. At lower concen-
trations of carbamylcholine, [*H]JQNB binding to both
receptors was displaced more readily in the absence of GTP
than in its presence. This reflects a higher affinity of
carbamylcholine for the m2-G,, complex formed in the
absence of guanine nucleotides than for the free receptor
(34).

These results show that the ability of m2 receptors to
interact with and activate G-protein G, was not affected by
the fusion of hexahistidine tag at the carboxyl terminus.
The domains in muscarinic receptors that are involved in
interaction with G-proteins include the second intracellular
loop and the amino and carboxyl terminus of the third
intracellular loop (35-39). It is not known if the carboxy-
terminal tail of muscarinic receptors is involved in the
interaction with G-proteins. The involvement of the car-
boxy-terminal tail in the interaction with G-proteins has
been shown for rhodopsin (40), EP3 receptors (41), and
somatostatin receptor 2 subtypes (42). The present result
is consistent with, although does not prove, the assumption
that the carboxy-terminal tail of m2 receptors is not
involved in the interaction with G-proteins.

Results shown in Fig. 5 provide direct evidence that the
sugar moiety in the m2 receptor is not necessary for
interaction of the receptor with G-proteins. This is consist-
ent with the results that the N-glycosylation-deleted m2
receptors expressed in Chinese hamster ovary cells retain
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Fig. 6. Activation of G protein G;, by m2(N-D)(6His) receptors
purified with Co?*-immobilized Chelating Sepharose. The
m2(N-D) and m2(N-D)(6His) receptors were purified using Co**-im-
mobilized Chelating Sepharose, then reconstituted with G protein Gy,
in lipid vesicles. Reconstituted vesicles were incubated with [**S]-
GTPyS binding for the indicated times, and bound [**S)GTPyS was
measured. Reaction mixture contained 2.4 pmol of G,,, 12 fmol
m2(N-D)(6His) or 17 fmol of m2(N-D)(6His)(I3del), 1 mM carbam-
ylcholine or 10 4 M atropine, 100 nM [*S])GTPyS and 5 «M GDP in
200 x). Data shown are a representative ones from two experiments
that yielded similar results.
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the ability to inhibit adenylate cyclase (43). The interaction
of brain muscarinic receptors with G-proteins is also known
not to be affected by elimination of sugars by treatment
with endoglycosidase F (44). The m2 receptor mutant
lacking N-glycosylation sites does not have structural
variability due to heterogenic glycosylation and will be
useful for three-dimensional structural analysis.

Hexahistidine-tagged muscarinic receptors purified by
use of Co?*-immobilized gels were reconstituted with G, to
confirm that purified receptors are intact in activating
G-proteins. As shown in Fig. 6, carbamylcholine stimulated
(**S]GTPyS binding to G, reconstituted with either
m2(N-D)(6His) or m2(N-D)(6His)(I3del) receptors puri-
fied with the Co?*-immobilized gels. These results provide
direct evidence that Co?*-immobilized gels can be used for
purification of functionally intact muscarinic receptors.
Histidine-tagged rhodopsin and B,-adrenergic receptors
have been purified, but it has not been shown whether
histidine-tagging affects their interaction with G-proteins
G. and Gq, respectively. Thus, this is the first demonstra-
tion that the hexahistidine-tagged receptors purified with
metal-immobilized gels can interact with and activate
G-proteins, and it suggests that other G-protein-coupled
receptors could be purified with Chelating Sepharose in
functionally intact forms.

In conclusion, we have shown that the expression in the
baculovirus-Sf9 system and the purification with the Co**-
bound gels of histidine-tagged muscarinic m2 receptors
provide a simple means to prepare a large amount of
purified receptors with intact function to activate G-pro-
teins. The method described here should be useful for the
purification of other G-protein-coupled receptors.

We would like to thank Dr. W. Sadée for cDNA of human m2
receptor, Dr. M.D. Summers for baculovirus vectors, Dr. K. Kame-
yama for many helpful suggestions, Dr. D.W. Saffen for comments
and help in preparing this manuscript.

REFERENCES

1. Strader, C.D., Fong, T.M., Tota, M.R., Underwood, D., and
Dixon, R.A. (1994) Structure and function of G protein-coupled
receptors. Annu. Rev. Biochem. 63, 101-132

2. Haga, T., Haga, K., and Hulme, E.C. (1990) Solubilization,
purification and molecular characterization of receptors: princi-
ples and strategy in Receptor Biochemistry: A Practical Approach
(Hulme, E.C., ed.) pp. 1-50, IRL Press, Oxford

3. Strange, P.G. and Williamson, R.A. (1990) Dopamine receptors:
isolation and molecular characterization in Receptor Biochemis-
try: A Practical Approach (Hulme, E.C., ed.) pp. 79-97, IRL
press, Oxford

4. Demoliou-Mason, C.D. and Barnard, E.A. (1990) Opioid recep-
tors in Receptor Biochemistry: A Pruactical Approach (Hulme,
E.C., ed.) pp. 99-124, IRL press, Oxford

5. Benovie, J.L. (1990) Photoaffinity labelling and purification of
the #-adrenergic receptor in Receptor Biochemistry: A Practical
Approach (Hulme, E.C., ed.) pp. 125-140, IRL press, Oxford

6. Regan, J.W. and Matsui, H. (1990) a2-Adrenergic receptor
purification in Receptor Biochemistry: A Practical Approach
(Hulme, E.C., ed.) pp. 141-161, IRL press, Oxford

7. Haga, K. and Haga, T. (1985) Purification of the muscarinic
acetylcholine receptor from porcine brain. J. Biol Chem. 260,
7927-7935

8. Haga, T., Haga, K., and Hulme, E.C. (1990) Purification and
molecular characterization of muscarinic acetylcholine receptors
in Receptor Biochemistry: A Practical Approach (Hulme, E.C.,
ed.) pp. 51-78, IRL Press, Oxford

Vol. 120, No. 6, 1986

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

26.

217.

1237

. Hochuli, E., Bannwarth, W., Ddbeli, H., Gentz, R., and Stiber,

D. (1988) Genetic approach to facilitate purification of recom-
binant proteins with a novel metal chelate adsorbent. Bio/
Technology 6, 1321-1325

Schmitt, J., Hess, H., and Stunnenberg, H.G. (1993) Affinity
purification of histidine-tagged proteins. Mol. Biol. Rep. 18, 223-
230

Crowe, J., Dobeli, H., Gentz, R., Hochuli, E., Stuber, D., and
Henco, K. (1994) 6 X His-Ni-NTA chromatography as a superior
technique in recombinant protein expression/purification. Meth-
ods Mol. Biol. 31, 371-387

Janssen, J.J., Bovee-Geurts, P.H.M., Merkx, M., and DeGrip,
W.J. (1995) Histidine tagging both allows convenient single-step
purification of bovine rhodopsin and exerts ionic strength-depen-
dent effects on its photochemistry. J. Biol. Chem. 270, 11222~
11229

Kobilka, B.K. (1995) Amino and carboxy! terminal modifications
to facilitate the production and purification of a G protein-coupled
receptor. Anal. Biochem. 231, 269-271

Summers, M.D. and Smith, G.E. (1987) A Manual of Methods
for Baculovirus Vectors and Insect Cell Culture Procedures,
Texas Agricultural Experiment Station, Texas

O’Reilly, D.R., Miller, L.K., and Luckow, V.A. (1992) Baculovi-
rus Expression Vectors, W.H. Freeman and Company, New York
Janssen, J.J.M., Mulder, W.R., De Caluwé, G.L.J., Viak, J M.,
and DeGrip, W.J. (1991) In vitro expression of bovine opsin
using recombinant baculovirus: The role of glutamic acid (134) in
opsin biosynthesis and glycosylation. Biochim. Biophys. Acta
1089, 68-76

Parker, E.M., Kameyama, K., Higasijima, T., and Ross, E.M.
(1991) Reconstitutively active G-protein coupled receptors
purified from baculovirus infected insect cells. J. Biol. Chem.
266, 519-527

Boundy, V.A., Luedtke, R.R., Gallitano, A.L., Smith, J.E., Filtz,
T.M., Kallen, R.G., and Molinoff, P.B. (1993) Expression and
characterization of the rat D3 dopamine receptor: Pharmacologic
properties and development of antibodies. J. Pharmacol. Exp.
Ther. 264, 1002-1011

Woodcock, C., Strange, P.G., and Rooney, B.C. (1993) Overex-
pression of the D2 dopamine receptor in insect cells using the
baculovirus system. Biochem. Soc. Trans. 21, 1145

Ng, G.Y., George, S.R., Zastawny, R.L., Caron, M., Bouvier, M.,
Dennis, M., and O’Dowd, B.F. (1993) Human serotonin 1B
receptor expression in Sf9 cells: Phosphorylation, palmitoyla-
tion, and adenylyl cyclase inhibition. Biochemistry 32, 11727~
11733

Mills, A., Allet, B., Bernard, A., Chabert, C., Brandt, E., Cavegn,
C., Chollet, A., and Kawashima, E. (1993) Expression and
characterization of human D4 dopamine receptors in baculovirus-
infected insect cells. FEBS Lett. 320, 130-134

Kwatra, M.M., Schwinn, D.A., Schreurs, J., Blank, J.L., Kim,
C.M., Benovic, J.L., Krause, J.E., Caron, M.G., and Lefkowitz,
R.J. (1993) The substance P receptor, which couples to Gq/11, is
a substrate of beta-adrenergic receptor kinase 1 and 2. J. Biol.
Chem. 268, 9161-9164

Moro, O., Lameh, J., and Sadée, W. (1993) Serine- and threo-
nine-rich domain regulates internalization of muscarinic choli-
nergic receptors. J. Biol. Chem. 268, 6862-6865

Kitts, P.A. and Possee, R.D. (1993) A method for producing
recombinant baculovirus expression vectors at high frequency.

Biotechniques 14, 810-817

. Nakamurs, F., Kato, M., Kameyama, K., Nukada, T., Haga, T.,

Kato, H., Takenawa, T., and Kikkawa, U. (1995) Characteriza-
tion of Gq family G proteins G.,a(Gia), GL2a(G,a), and Gqa
expressed in the baculovirus-insect cell system. J. Biol Chem.
270, 6246-6253

Kameyama, K., Haga, K., Haga, T., Moro, O., and Sadée, W.
(1994) Activation of a GTP-binding protein and a GTP-binding-
protein-coupled receptor kinase (f-adrenergic-receptor kinase-
1) by a muscarinic receptor m2 mutant lacking phosphorylation
sites. Eur. J. Biochem. 228, 267-276

Shiozaki, K. and Haga, T. (1992) Effects of magnesium ion on the

ZT0Z ‘2 18003100 Uo [elidsoH UensLIyD enybuey) e /Bio'sfeudnolploixoqly/:dny woly papeojumoq


http://jb.oxfordjournals.org/

1238

28.

29.

30.

31.

32.

33.

36.

interaction of atrial muscarinic acetylcholine receptors and GTP-
binding regulatory proteins. Biochemistry 31, 10634-10642
Mouillac, B., Caron, M., Binin, H., Dennis, M., and Bouvier, M.
(1992) Agonist-modulated palmitoylation of A2-adrenergic re-
ceptor in Sf9 cells. J. Biol. Chem. 267, 21733-21737

Bouvier, M., Chediac, P., Hebert, T.E., Loisel, T.P., Moffett, S.,
and Mouillac, B. (1995) Dynamic palmitoylation of G-protein-
coupled receptors in eukaryotic cells. Methods Enzymol 250,
300-314

Magee, A.L., Wootton, J., and de Bony, J. (1995) Detecting
radiolabeled lipid-modified proteins in polyacrylamide gels.
Methods Enzymol. 250, 330-336

Peterson, G.L. (1983) Determination of total protein. Methods
Enzymol. 91, 95-119

Nakata, H., Kameyama, K., Haga, K., and Haga, T. (1994)
Location of agonist-dependent-phosphorylation sites in the third
intracellular loop of muscarinic acetylcholine receptors (m2
subtype). Eur. J. Biochem. 220, 29-36

Tsuga, H., Kameyama, K., Haga, T., Kurose, H., and Nagao, T.
(1994) Sequestration of muscarinic acetylcholine receptor m2
subtypes. J. Biol. Chem. 289, 326522-32527

. Haga, K., Haga, T., and Ichiyama, A. (1986) Reconstitution of

the muscarinic acetylcholine receptor. Guanine nucleotide-
sensitive high affinity binding of agonists to purified muscarinic
receptors reconstituted with GTP-binding proteins (G, and G,).
J. Biol. Chem. 261, 10133-10140

. Lechleiter, J., Hellmiss, R., Duerson, K., Ennulat, D., David, N,

Clapham, D., and Peralta, E. (1990) Distinct sequence elements
control the specificity of G protein activation by muscarinic
acetylcholine receptor subtypes. EMBO J. 9, 4381-4390

Moro, O., Shockley, M.S., Lameh, J., and Sadée, W. (1994)
Overlapping multi-site domains of the muscarinic cholinergic

37.

39.

41.

42.

43.

44.

M.K. Hayashi and T. Haga

Hm1 receptor involved in signal transduction and sequestration.
J. Biol. Chem. 269, 6651-6655

Blin, N., Yun, J., and Wess, J. (1995) Mapping of single amino
acid residues required for selective activation of Gg/11 by the m3
muscarinic acetylcholine receptor. J. Biol. Chem. 270, 17741-
17748

. Bluml], K., Mutschler, E., and Wess, J. (1994) Insertion muta-

genesis as a tool to predict the secondary structure of a muscarinic
receptor domain determining specificity of G-protein coupling.
Proc. Nadl. Acad. Sci. USA 91, 7980-7984

Hogger, P., Shockley, M.S., Lameh, J., and Sadée, W. (1995)
Activating and inactivating mutations in N- and C-terminal i3
loop junctions of muscarinic acetylcholine Hm1 receptors. J. Biol.
Chem. 270, 7405-7410

. Phillips, W.J. and Cerione, R.A. (1994) A C-terminal peptide of

bovine rhodopsin binds to the transducin «-subunit and facili-
tates its activation. Biochem. J. 289, 351-357

Namba, T., Sugimoto, Y., Negishi, M., Irie, A., Ushikubi, F.,
Kakizuka, A., Ito, S., Ichikawa, A., and Narumiya, S. (1993)
Alternative splicing of C-terminal tail of prostaglandin E receptor
subtype EP3 determines G-protein specificity. Nature 385, 166-
170

Reisine, T., Kong, H., Raynor, K., Yano, H., Takeda, J., Yasuda,
K., and Bell, G.I. (1993) Splice variant of the somatostatin
receptor 2 subtype, somatostatin receptor 2B, couples to adenylyl
cyclase. Mol. Pharmacol. 44, 1016-1020

van Koppen, C.J. and Nathanson, N.M. (1990) Site-directed
mutagenesis of the m2 muscarinic acetylcholine receptor. J. Biol.
Chem. 285, 20887-20892

Oharg, K., Uchiyama, H., Ohara, K., Haga, T., and Ichiyama, A.
(1990) Interaction of deglycosylated muscarinic receptors with
ligands and G proteins. Eur. J. Pharm. 189, 341-346

J. Biochem.

2T0Z ‘2 Jo0o1d0 uo [eyidsoH uensuyd enybueyd Je /610'sfeulno[pioxo q j/:dny wo.y pspeojumoq


http://jb.oxfordjournals.org/

