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Recombinant By, dimers of signal-transducing guanine nucleotide-binding proteins (G-proteins) carrying 4 muiation known to black isoprenyla-

tion of the % subunit were expressed as a soluble protein in baculovirus-infected inseel cells, The soluble §¥ ditmer was analyzed by sucrose density

gradient centrifugation and purified to near homogeneily in the absence of detergents, The sedimentation velocity studies pave an sy, value of

4.1 + 0.4 5. The 1wo subunits segregaled us 4 dimer upon sucrose density gradient centrifugation and purificalion by sequentizl ion exchange and

hydroxylapatite chromatography. The resulls show that baculovirus-infected inseel cells can be employed for high level production of pure
G-protein fy dimers suitable for functional and structural characlerization,

G-prolein; Signal transduction: Heterologous expression; Baculovirus: Spoduprera frugiperda; frichoplusia ni

1. INTRODUCTION

Signal-transducing guanine nucleotide-binding pro-
teins (G-proteins) couple an enormous variety of recep-
tors to second messenger-generating effectors like
adenylyl cyclase, ion channels or phospholipase C [1].
G-proteins are heterctrimeric proteins consisting of a,
A, and 7 subunits. All three subunits are members of
large gene families [2]. The activated receptor interacts
with the heterotrimeric G-protein and catalyzes the ex-
change of GTP for GDP bound 1o its & subunit. Activa-
tion of the G'TP-bound form of the G-protein appears
to coincide with its dissociation from the receptor as
well as its own dissociation into a free @ subunit and a
tightly associated #y dimer. In certain cases, e.g. stimu-
lation of various types of adenylyi cyclase or a¢tivation
of the retinal ecGMP phosphodiesterase, the @ subunit
alone is capable of effector regulation [3-5]. In other
cases, however, free Sy subunits may also be involved
in controlling effector activity. Thus, fy dimers have
becn reported to stimulate phospholipase A, [6], cpen
atrial muscarinic K~ channels [7], inhibit type I adenylyl
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cyclase [4], facilitate the stimulation of type Il and type
IV adenylyl eyclase by activated o, [4], regulate an un-
identified effector moiety involved in the yeast phero-
mone response [8], and stimulate phospholipase C [9].

In order to study the regulation of effectors by, and
to analyze the structure/fuinction relationships, of By
dimers, it is highly desirable or even necessary to have
access to sufficient quantities of By dimers composed of
defined subunits. In many cases, it is not possible to
produce this material by conventional protein purifica-
tion, because purified Gy subunit preparations are usu-
ally complex mixtures composed of multiple & and/or
¥ subunits [10].

The baculovirus/insect cell expression system allows
the large scale expression of properly folded and cor-
rectly processed mammalian proteins [11]. In addition,
the simultangous expression of multiple proteins or
multisubunit polypeptides is feasible using this system
[11]. These features prompted us to use baculovirus-
infected insect cells to express recombinant Sy dimers
of derined composition. Here, we report the production
and functional characterizaiion of Ay dimers composed
of #, and of ¥, subunits carrying a serine residue in place
of the cysteine present in position =4 from the carboxyl
terminus (3,C68S). This mutation was previously
shown to preserve ¥ ¢xpression but block  subunit
isoprenylation and membrane attachment in cultured
marnmalian cells [12,13]. The recombinant 8,¥,C68S
subunit is soluble in aqueous buffers in the absence of
detergents and is thus excellently suited to study the
interaction of G-protein-regulated effectors with By
subunits.

Published by Elsevier Science Publishers B.V,



Yolume 313, number 3

2. MATERIALS AND METHODS

2.1, Plashnid construction

The cDNA of the ¥, subunit was amplified ftom tolal RNA from
bovine brain by reverse transcription and PCR using two synthelic
oligonucleolides complementary o the 5 and 3" ends of the coding
region and currying a recognition site for Sgill on either end. The
downstreurmn oligontcleotide encoded a serine residue instead of the
cysieine present in position 68 of the wild-type ¥, subunit [14]. The
PCR produet was ligated into pBluescript 1l SK~ (Stratagenc) us
desetibed [15] and sequenced. No difTerence between thie expected and
the aciual DNA sequence was found, The ¢<DNA was Lhen eloned into
the unique Bgddl site of the transplucement plasmid pAcUWs!
{Pharmingen). The correct orientation of the insert to the pl0 pro-
moler was verified by DNA sequencing, The ¢cDNA ol the human §,
subunit [16] was PCR amplified using two synthetic oligonucleotides
complementary to the §' und 3’ ends of the cading region and carrying
a recognition site for JumHli on either end. The PCR product was
ligated into pBluescripl |1 SK— und sequenced. Except lor a silent
mutation in codon 232 (ATA 10 ATT), the DNA sequence of the PCR
product was identical to the sequence published belore [14] (see, how-
ever, [17]}. The PCR product was ligated into the unique BamrH [ site
of the vecter pAcUWSI already carrying the cDNA of y.C08S. The
correct orienlation of the insert 10 the polyhedrin promoler was veri-
fied by DNA sequencing,

2.2, Procluction of recombiant baculovirts

Recombinant baculoviruses were obtained by trunstecting Spodup-
tera frugiperda cells (819 cells, lnvitrogen) with a 10;1 mixture of
transfer vector and # modified baculovirus DNA  (Baculogold,
Phurmingen), which contains a lethal deletion und is rescued by the
DNA of the transplacement plusmid. The recombinant baculovirus
was delected by dot blot hybridization and amplified through 2 rounds
of infection of 6 x 10° 819 cells, which resulted in a virus titer of 2 x
10%ml.

2.3, Expresstan of recoinbingis §y subnirits

Trichoplusia ni 5B1-4 cells (High Five cells, Invitrogen) were main-
tained in Insect-Xpress protein-free medium (Whinaker) supple-
mented with 50 ug/m) of gentamycin (Sigma, G 1522) and 2.5 yg/ml
amphotericin B (Fungizone, Gibeao) al 27°C. For production of re-
combinant proteins, six 55 em® cullure dishes conlaining 6 x 10® cells
each were incubated with recombinant baculovirus at & multiplicity of
infection {MOI) of 5 in 2 m] of medium for t h at 27°C, followed by
an incubation in 15 ml of fresh medium for 1-6 days. For praduciion
of larger quantilies of recombinant proteins, S9 cells were infected
with recombinant baculovirus ata MOI of 5 and maintained for4 days
at 27°C in suspension culture in TNM-FH mediun (Sigmu, T 1032)
comaining 10% [e1al calf serum and the above supplements.

2.4, Honwogenication aud jractionaiion of cells

Cells were washed three times in jce-cold PBS (8 mM Na,HPO,, 1.5
mM KH,PO,, 2.6 mM KCI, 136 mM NaCl, pH 7.2} scraped ar sus-
pended inte lysis bufTer (0.25 M sucrose, 20 mM Tris-HCl, pH 7.5,
L5 mM MgCl,, | mM ATP, 3 mM benzamidine, 1 4M leupeptin, 1
mM phenylmethylsulfonyl Ruoride, and 2 gg/ml soybean irypsin in-
hibitor) and lysed by nitrogen cavitation as described in [18], except
that cells were pressurized with N, at 4 MPa far 30 min at #4°7.
Removal of unbroken cells and nuclei und preparation of & crude
membrane and 4 eytosolic fraction frem the cavitale wes performed
as described [18,19). Whole cell lysates were prepared by scraping the
cells into jce-cold extraction buffer (20 mM Tris-HCI, pH 7.5, § mM
EDTA, 10 mM EGTA, 37 mM sedium cholate, 3 mM benzamidine,
43 mM 2-mercaptoethanol, and 100 ¢M phenylmethylsullony] fluc-
ride), incubated for 1 h with gentle vortexing every 10 min, and then
centrifuged at 15,000 x g for 20 min. The supernatant was snap-froze:s
in liquid N, and stored at ~80°C.

2.5, Sucruse densicy gradient centrifugation
Liaeur gradients (4.8 ml) were prepared from 5 to 20% (w/w) stierose
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in bulfer A (20 mM Tris-HCl, pH 7.5, 1 mM EDTA, i mM dithiothre-
itol, 3 mivl benzamidine, 1 mM phenylmethylsulfonyl Quoride, 10 xM
leupeptin, and 2 gg/ml soybean trypsin inhibitor). 500 @l of the cy-
tosolie fraction {30 mg protein) were combined with 200 i buifer A
containing 4 misture of (he calibrating proteins (catalase 11.3 8; lac-
Lile dehydrogenase 7.3 5; malate dehydrogenase 4.32 §; und cyto-
ehrome ¢ 1,71 §{20)) and applied (o the Lop of the gradient. Cenirifu-
gullon was performed in a Beckman SW 50 rotor a1 48,000 rpm for
16 h at 4°C. After cenirifugation, the botloms of the tubes were
punctured and fractions of 6 drops each were eollested. The calibral-
ing proteins were assuyed as described before [20).

2.6. Purification of recombinanr By subuiis

Cylosolic extract {10 mg protein) was fractionaid by anion-gx-
change chromatagraphy using a Mono Q HR 5/5 column which had
been equilibrated with 20 mM Tris-HCl, pH 7.5, 1 mM EDTA, | mM
dithicthreiiol and 100 4M of phenylmethylsulfonyl fluoride (buffer A)
ata flow rute of 0.5 ml/min. Aller application of the sample, the resin
wis washed with 5 nl of bufTer B and eluted with a linear gradient {10
ml) of NaCl (0-300 mM) in buffer B followed by 5 ml of bufler B
conlaining 500 inM NaCl, Fractions ol $00 ul were collected and
analyzed for Jy subunits by SDS-PAGE and immunoblotiing. A sin-
gle peak containing recombinant 2 subupits ¢luted at =135 mM
NaCl. The peuk fraction was applied to a column (0.5 x 4 cm) of
hydroxylapatite (Calbiochem, HPLC grade) which had been equili-
brated with bufler C (20 mM Tris-HCI, pH 7.5, 100uM EDTA, 1| mM
dithiothreilol and 130 4M of phenylinethylsulfony] fluoride) at a flow
rate of 0.2 ml/min. The resin was washed with 5 ml of buffer C and
eluted with a linear gradient (10 ml) of K-HPO/H,PQ,, pl 7.5 (0-500
mM) in buffer C, Fractions of 250 ul were collected. A single peak
containing recombinant By subunits eluted at =15 mM K,HPQO,/
H,PO,.

2.7, Miscellancous

SDS-PAGE and immunobloiting were perlormed as described [ 18],
except thal immunoreaciive proteins were visualizd using the Amers-
ham ECL Western blotting deteclion sysiem. In some ¢ases, bipartite
resolving gels were used containing 17% (wiv) and 2% {(w/v)
zerylamide in the lower and upper half, respectively, to improve the
focussing of the y, subunit [13]. A polyclonal antiserum reactive
apainst the carboxyl terminus of 8, (8W) [21] was obiained from Drs.
Willium F. Simonds and Allen Spiegel. Antibody AS 292 was afTinity
purified from a serum raised in rabbits against 2 carboxyl terminal
peptide of ¥, (NH,-SENPFREKKFFC-CQOH) coupled 1o keyhole
limpet hemocyanin, Protein was determined aecording to Bradford
23], using bovine 12G as standard.

3. RESULTS AND DISCUSSION

The strategy used in this study to express recombi-
nant By subunits was based cn three considerations.
First, we wanted to be sure that the two subunits are
produced in the samme cell at the same time. Second, we
wished 10 produce recombinant 8y subunits ree of en-
Jdogeneous Sy subunits, which are reportedly present in
non-infected insect cells [23]. Third, we wanted to gener-
ate Sy subunits which are soluble in aqueous bufTers to
avoid potential artifacts which frequently arise when Sy
subunit regulation of eflfectors is analyzed using deter-
gent-solubilized By dimers purified from membraneous
sources [24].

To achieve these obiectives, we have replaced the cys-
teine present in position —4 from the carboxyl terminus
of the ¥, subunit with a serine by site-directed mut-
agenesis of the y, cDNA, and have cloned both the
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Fig. 1. Expression of recombinant §, and ¥,C63S in baculovirus- infected insect cells. (A) Time-course. High Five cells were infected with §,.C68S
baculovirus and cell lysates were prepared after 1 (lane 3), 2 (lanc 4), 3 (lane 5), 4 (Jane 6), 5 (lane 7), and 6 days (lane 8) as described in section
2, Lysates of non-infected cells (lane 1) or cells infected with wild-type baculovirus for 4 days (lane 2) were analyzed for comparison. The lysates
were subjected to SDS-PAGE (100 ug protein/lane) and imimunoblotting was performed using ap antiserum reactive against 8, (upper panel) or
affinity-purified antibodies reactive against ¥, (lower panel). (B) Subcellular distribution. High Five cells were infected for 4 days with f,4,C68S
baculovirus, homogenized and fractionated into soluble (lane 1) and particulate (lane 2) fraclions as described in seclion 2, Analysis of the samples
by SD&-PAGE and immunablotting wus performed asdescribed above. Only the =35 kDa and =6 kDa regions o the autoluminographs are shown,

mutated ¥, ¢DNA and the §, cDNA into the bacu-
lovirus transfer vector pAc¢UWSI1, This vector is an
AcNPY polyhedrin locus-based vector that contains a
copy of the AcNPY pl10 promoter and SYA4Q transcrip-
tion termination signals inserted in tandem, upstream
of the polyhedrin gene promoter, but in opposite orien-
tation. The B, and ¥,C68S ¢DNAs were inserted into
regions controlled by the polyhedrin and the pl10 pro-
moter, respectively. Both promoters are active during
the very late phase of infection {11], Thus, cells infected
with recombinant baculoviruses carrying pAcUWS1-
borne foreign genes are expected to produce the corre-
sponding polypeptides at the same time.

A time~course of the expression of he 8, and the ¥,
subunit is shown in Fig. 1A. Neither the # nor the ¥
subunits were detected in detergent extracts of non-
infected cells, in extracts of cells infected with wild-type
baculovirus, or in extracts of cells infected with
B172C688 baculovirus on day 1 of the infection proto-
col. Synthesis of the 8, and the ¥,C688 subunits was
evident on day 2 and day 3, respectively, reached a
plateau between day 3 and day 5, and decreased on day
6. Next, we determined the subcellular localization of
the recombinant #, and 7,C688 subunits in cells infected
with £,7,C688 baculovirus, The immunochemical anal-
vsis shown in Fig. 1B revealed that the particulate frac-
tion contained only the 4, subunit, whereas the soluble
fraction contained both the 3, and the 3,C688 subunit.
Neither of these subunits was detected by the antibodies
used in this study in soluble or particulate fractions of
non-infected cells or of cells infected with wild-type
baculovirus (results not shown).

To investigate whether the co-gxpression of §, and
¥-COBS5 subunits ied 10 an association of the iwo sub-
units, the soluble fraction of #,¥.C683 baculovirus-in-
fected cells was subjected to sucrose density gradient
centrifugation followed by immunochemical analysis of
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the fractions using antibodies reactive against §, and ..
Fig. 2A shows that #, and y,C68S were found in the
same fractions of the gradient, The sedimentation coef-
ficient 5., of the two subunits was 4.1 £ 0.4 S (r = 3).
Note that this value is considerably higher than the
value obtained for p,C68S expressed in the absence af
B, (=0.7 §; Fig. 2B). Thus, the ¢o-sedimentation of 3,
and y,C68S observed in Fig. 2A very likely reflects their
dimerization and sedimentation as a tightly associated
f1¥,C688 complex.

Te examine the association of the #, and y,C68S
subunits by more rigorous criteria, the recombinant
subunits were purified from ¢ytosolic fractions to near
homogeneity by sequential ion exchange and hydrox-
vlapatite chromatography. The immunochemical analy-
sis of the column fractions obtained by ihe two chro-
matographic procedures showed that the 3, and y,C688
subunits segregated as a dimer during purification (re-
sults not shown). Examination of the purified protein
by SDS-PAGE revealed two major polypeptides with
apparent molecular masses of approximately 35 and 6
kDa, which co-migrated with the native £, and ¥, sub-
units, respectively, of retinal transducin (Fig. 3). Note
that the two recombinant subunits stained with the
same relative intensities as their native retinal counter-
parts, indicating that the subunit stoichiometry was the
same (i.e. 1:1 [25]) for both By dimers,

Qur results demonstrate that a recombinant 8y dimer
carrying a mutation known to block isoprenylation of
the ¥ subunit [12,13] can be expressed as a soluble pro-
tein in baculovirus-infected insect cells. The soluble 8y
dimer was analyzed by sucrose density gradient centrif-
ugation and purified to near homogeneity in the absence
of detergents. The scdimentation velocity studies gave
an sy, value which is similar to the values previously
observed for 8y, in detergent-free gradients (3.9-4.15)
[26], Nen-retinal native Sy dimers are substantially
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Fig. 2. Sucrose density gradient centrifugation of 8, and ¥.C68S ex-
pressed in baculovirus-infected insect cells. Cylosolic preparations
from High Five cells infected for 4 days with §,7.C688 baculovirus (A)
or 3#.C688 baculavirus (B) were subjecled to sucrose dansity gradient
centrifugation. Fractions were analyzed by SD5-*AGE and im-
munoblotling was performed uaing antibodies reactive aguinst g, (A,
upper panel) or ¥, (A, lower punel, and B). The marker protein,
cytochrome ¢, is visualized by non-specitic staining in (B). The fraction
numbers and the positions of the marker proteins catalase (CAT),
lactute dehydrogenase (LDH), malate dehydrogenase (MDH), and
cytochrome ¢ (CYT) in the gradients are indigated.

more hydrophebic than By, and can be analyzed by
sucrose density centrifugation only in the presence of
detergents [27). Some of these dimers bind large quanti-
ties of detergent [28)]. It is thus not too surprising that
their sedimentation behaviour is markedly dependent
on the type of detergent used [29). It is expected that
production of soluble recombinant 8y dimers will allow
the precise determination of the hydredynamie proper-
ties of this and other 8y dimers without the influence of
bound detergents.

The activity of several f§y regulated effector moieties
is highly sensitive to detergents [23,30,31]. In certain
cases, the detergents present in non-retinal fy subunit
preparations have been shown to severely compromise
the functional analysis of the Gy-effector interaction
(unpublished results and [23]). It is likely that the meth-
odology outlined here will allow the production of suffi-
cient quantities of purified. detergent-free Fy subunits
composed of various § and ¥ subunits to examine the
specificity and efficacy of the Sy-effector interaction in
considerable detail.
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The availability of 8y subunits lacking isoprenylation
and, by inference, modification by carboxyl-terminal
proteolysis and methylation, will also allow the exami-
nation of the role of these modifications in regulating
the interaction of By subunits with other transmem-
brane signaling components, Of interest, a retinal fy
subunit lacking the carboxyl terminal isoprenylated cys-
teine residue has previously been shown to support the
pertussis  toxin-mediated ADP-ribosylation of the
transducin & subunit only very poorly, indicating that
the carboxyl terminal ¥ subunit modification is essential
for the formation of the afy heterotrimer [32]. On the
other hand, very recent results obtained by analyzing
the interaction of rhodopsin kinase and S-adrenergic
receptor kinase with the corresponding receptors are
consistent with the notion that these receptors contain
a docking site for carboxyl-terminally isoprenylated
proteins [33,34]. This wouid indicate that ¥ subunit iso-
prenylation may be important for the receptor—8y sub-
unit interaction.

While this work was in progress, Graber et al. [35)
reported the expression of functional wild-type G-pro-
tein B,¥, and %, subunits in baculovirus-infected in-
sect cells. Detergent lysates of cells infected with the

20 —
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65 —

Fig. 3. Pusification of f,)4,C685. Sf9 eells were infeeted for 4 days with
5,7,CG8S baculovirus. §,7,C688 vas purified from cytosolic fractions
by sequential ion exchange and hydroxylapatite chromatography as
described In section 2. Aliguets of the cytosolic fraction (lane 1), and
the peak fractions obiained by chromatography on Mono Q (lune 2)
and hyydroxylapalite (Jane 3) were subjected 10 SDS-PAGE. Purified
7, wus upplied (o the saime gel for comparison {fune 4}, Proteins wers
visualized by staining with Coomassie blue (lanes 1 and 2) or silver
{lanes 3 and 4). The identities of 8, and 3,C688 in lane 3 were con-
firmed by immuneblotiing (results not shown).
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recombinant baculoviruses were capable of supporting
the pertussis toxin-mediated ADP-ribosylation of ex-
ogeneous @,,. However, no direct assessment of the Sy
dimer formaticn was provided and the §y subunits were
not purified. Potential drawbacks of the approach used
by these authors are the relatively high contamination
(10-16%) of the recombinant S dimears with endogene-
ous 87 subunit activity and the fact that detergents were
apparently required to solubilize functional #¥ subunits
from the homogenate. Qur observation that fractiona-
tion of soluble fractions from non- or mock-infected
cells by Mono Q and hydroxylapatite chromatography
did not yield Sy subunits detectable by immunochemi-
cal means or by protein staining (not shown) strongly
suggests that the purified preparation of 4,y,C68S char-
acterized here is devoid of endogeneous 8y dimers. Fi-
nally, using a single baculovirus encoding both the §,
and 9, subunit (this study) rather than two separate
viruses [30] is highly advantageous or even essential lor
large scale production of the §y dimer in cultured insect
cells or reared insect larvae {11].
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