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inmunocytochemical evidence of an association between
the regulatory subunit RII of the cAMP-dependent
protein kinase (cAMP-PK) and the Golgi apparatus in
several cell types has been reported. In order to identify
endogenous Golgi proteins binding RU, a fraction
enriched in Golgi vesicles was isolated from human
lymphoblasts. Only the RUH3 isoform was detected in the
Golgi-rich fraction, although RiHa has also been found
to be present in these cells. A 85 kDa RU-binding protein
was identified in Golgi vesicles using a [32P]RU overlay
of Western blots. The existence of an endogenous
RIIO- p85 complex in isolated Golgi vesicles was
demonstrated by two independent means: (i) co-immuno-
precipitation of both proteins under non-denaturing
conditions with an antibody against RIIl and (ii) co-
purification ofRJ - p85 complexes on a cAMP-analogue
affinity column. p85 was phosphorylated by both endo-
genous and purified catalytic subunits of cAMP-pKII.
Extraction experiments and protease protection experi-
ments indicated that p85 is an integral membrane protein
although it partitioned atypically during Triton X-114
phase separation. We propose that p85 anchors RUH3 to
the Golgi apparatus of human lymphoblasts and thereby
defmes the Golgi substrate targets most accessible to
phosphorylation by C subunit. This mechanism may be
relevant to the regulation of processes involving the Golgi
apparatus itself, such as membrane traffic and secretion,
but also relevant to nearby nuclear events dependent on
C subunit.
Key words: cAMP-dependent protein kinase/Golgi appara-
tus/RIIf3/RII-binding proteins

Introduction
In higher eukaryotes, most of the physiological responses
to cAMP are mediated by the activation of the cAMP-
dependent protein kinase (cAMP-PK). In the absence of
cAMP, cAMP-PK exists as an inactive tetramer containing
a regulatory (R) subunit dimer with a catalytic (C) subunit
bound to each R subunit. Binding ofcAMP to the R subunits
results in dissociation of the C subunits, which then become
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active (reviewed in Taylor et al., 1990). In most mammalian
tissues or cells two distinct types of cAMP-PK, named type
I and II, have been characterized. The two types of holo-
enzymes were initially distinguished by properties associated
with their R subunits (RI and RII) and cDNA cloning has
revealed that additional isoforms of RI (RIa and RI,B, Lee
et al., 1983; Clegg et al., 1988) and RII (RIla and RHO,
Jahnsen et al., 1986; Scott et al., 1987) exist and that they
are encoded by different genes. There is much less amino
acid conservation among these R isoforms than among the
three C subunit isoforms (ca, ( and -y, Uhler et al., 1986a,b;
Beebe et al., 1990) which are >95% identical (reviewed
in Meinecke et al., 1990). Several studies have shown that
the different R isoforms have distinct tissue distributions.
Whereas the a isoforms of both R subunits appear to be
variably expressed in most tissues, the : isoforms seem to
be restricted to cerebral and reproductive cells (Erlichman
et al., 1980; Jahnsen et al., 1986; Scott et al., 1987; Stein
et al., 1987; Clegg et al., 1988; Cadd and McKnight, 1989).
R subunits also differ in their intracellular distribution and
ability to interact with subcellular structures. Thus, >90%
of R subunits in non-neuronal cells are found in the cytosol
(Rubin et al., 1979) whereas 50 to 75% of the cerebral
cortex RH, predominantly ,B, is tightly associated to the
membrane fraction (Lohmann et al., 1980; Stein et al.,
1987).
Kinase anchoring to defined subcellular structures has been

shown to be mediated by the regulatory subunit, since cAMP
can release C but not RH from the complex (Corbin et al.,
1977). RH has been found associated with centrosomes and
the Golgi apparatus in both primary cultures of brain cells
as well as permanent cell lines such as fibroblast and
endothelial cells (Nigg et al., 1985; De Camilli et al., 1986).
RH also co-localizes with microtubules in neurons (Theurkauf
and Vallee, 1982) and with the flagellum in rat spermatozoa
(Horowitz et al., 1988). In canine pancreas, association of
RII with fractions containing rough endoplasmic reticulum
and the Golgi apparatus has been reported (Nigam and
Blobel, 1989). Recently, early endosomes, prelysosomal
compartment and the trans-Golgi network have been added
to the list of subcellular locations containing cAMP-PKII
(Griffiths et al., 1990). From these data, a regulatory role
for cAMP-PKII in intracellular membrane traffic, secretion,
cell polarity, endocytosis and cell surface receptors recycling
has been suggested.

Direct interactions between RH and structural components
designated RH-binding proteins have been identified. These
include three neuronal proteins, the microtubule-associated
protein MAP2 (Theurkauf and Vallee, 1982), a bovine brain
calmodulin-binding protein P75 (Sarkar et al., 1984) and its
rat homologue P150 (Bregman et al., 1989). MAP2 displays
a higher affinity for RIlcx (Vallee, 1990) whereas P75 and
P150 co-purify with RHO, and appear to be associated with
membranes (Sarkar et al., 1984; Bregman et al., 1989).
Other proteins in rat sperm flagellum (Horowitz et al., 1988)
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and in bovine brain (Lohmann et al., 1984, 1988) also
interact with RII with high affinity.

Recently, the binding domain for MAP2 and P75 has been
localized within the first 50 amino acids of RHOl3 (Luo et al.,
1990) and the requirement of regulatory subunit dimeriza-
tion for interaction with other proteins has been established
(Scott et al., 1990). Conversely, a 31 amino acid N-terminal
site in MAP 2A, 2B and 2C (Obar et al., 1990; Rubino
et al., 1990), a 15 amino acid C-terminal site in P150
(Bregman et al., 1989) and a 26 amino acid C-terminal
segment in P75 (Bregman et al., 1991) were shown to
determine the binding of these proteins to RII.
The exact manner in which cAMP-PKII is attached to

membranes is not clear. None of the RII amino acid
sequences contain transmembrane or membrane anchor
sequences (Jahnsen et al., 1986; Scott et al., 1987).
Furthermore, the enzyme can be solubilized with Triton
X-100 and exhibits properties identical to those of the
cytoplasmic enzyme (Corbin et al., 1977; Rubin et al.,
1979; Lohmann et al., 1980; Bregman et al., 1989). Both
findings have suggested that association of RII with
membranes might be mediated by high affinity binding to
an integral membrane protein (anchor protein) (Rubin et al.,
1979; Bregman et al., 1989).

In this paper we report the identification of a 85 kDa Golgi
membrane protein that specifically interacts with RIIHO, the
only isoform present in a Golgi-rich fraction prepared from
human lymphoblasts (KE37 cell line). We propose that this
protein, which exhibits properties of an integral membrane
protein, is the anchor which links cAMP-PKII to the Golgi
apparatus of human lymphoblasts.

Results

RII,B but not Rila is associated with isolated Golgi
vesicles in human lymphoblasts
The subcellular localization of RIla and RII,B in human
lymphoblasts (KE37 cell line) was examined by immuno-
fluorescence using specific polyclonal antibodies against each
purified RH isoform. In KE37 cells, the Golgi apparatus is
seen as a ring-like structure around the centrosome; both
RII isoforms appeared to be concentrated in this Golgi-
centrosomal area (shown elsewhere; Keryer,G., Rios,R.M.,
Lohmann,S.M. and Bornens,M., submitted). Co-localization
of both anti-RII3 antibody and CTR314 monoclonal antibody
which specifically recognizes the Golgi apparatus (Bailly
et al., 1988) is shown in Figure 1. In order to ascertain
which of the RII isoforms is associated with the Golgi
apparatus and to identify the RH-binding protein(s) involved
in the association between RH and Golgi membranes, we
prepared a fraction enriched in Golgi vesicles by flotation
on a density sucrose gradient according to Balch et al.
(1984). To test the enrichment of different fractions in Golgi
membranes, proteins from total homogenate (fraction H),
nuclear pellet (fraction N), postnuclear supernatant (fraction
PNS) and those fractions resulting of the discontinuous
sucrose gradient were analysed by SDS-PAGE and
transferred to nitrocellulose filters. Filters were then
processed by immunolabelling with an affinity purified
polyclonal antibody against galactosyl transferase (GT), a
well characterized trans-Golgi marker (Berger et al., 1981).
In agreement with Balch et al. (1984), almost all the
galactosyl transferase protein was detected in the 35 to 27%

Fig. 1. Indirect immunofluorescence microscopy of KE37 cells stained
with anti-RII3 antibody (A) and the monoclonal CTR314 (B) that
specifically recognizes the Golgi apparatus. Bar = 10 Am.

sucrose gradient interface (not shown). The Golgi-rich
fractions were centrifuged as described in Materials and
methods and referred to as fraction G in all subsequent
experiments. Figure 2A shows the Coomassie stained protein
profiles of different subcellular fractions. The protein patterns
of H, N and PNS fractions were similar. In contrast, the
Golgi-rich fraction showed a protein profile clearly different
from the others. In Figure 2B, enrichment ofGT in the Golgi
fraction as compared with the other subcellular fractions is
shown.
The presence ofR and C subunits of cAMP-PKII in Golgi

vesicles was investigated by immunoblotting using specific
polyclonal antibodies against rat heart RIIhe, rat brain RII3
and bovine heart C purified subunits. Both RII,B and C
subunits were highly enriched in the Golgi fraction
(Figure 2C). No signal, however, was detected when blots
of Golgi vesicles were incubated with an anti-rat heart RIIa
antibody (Figure 3). As positive controls, purified bovine
heart RIlcJ and a preparation of bovine brain MAPs that
contained RIIcx (Theurkauf and Vallee, 1982) were treated
in parallel with the same anti-RIIa antibody (Figure 3). A
similar result was obtained using an anti-bovine heart RIIa
antibody (Pariset et al., 1989; not shown). Therefore, our
results indicate that only RIl is present in isolated Golgi
vesicles of human lymphoblasts.
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Fig. 3. Purified bovine heart RIIcx (0.5 Ag), Golgi-rich fraction (50
and 100 Ag) and a crude preparation of bovine brain MAPs were
subjected to SDS-PAGE, transferred to nitrocellulose and assayed
with an anti-rat heart RIlca antibody.
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wwFig. 2. Co-purification of RII,B and C subunits of cAMP-PKII with the
Golgi marker galactosyl transferase (GT) following fractionation of
crude homogenates of KE37 cells on sucrose gradients. (A) Coomassie
blue stained SDS-PAGE (6 to 15% resolving gel) of different KE37
subcellular fractions. Samples are: lane H, total homogenate; lane N,
nuclear pellet fraction; lane PNS, postnuclear supernatant; lane G,
Golgi-rich fraction. Lanes H, N and PNS contain 75 ug of protein
each; lane G contains 50 Ag of Golgi fraction protein. Gels with
identical samples to those in (A) were electrophoretically transferred to
nitrocellulose filters and the presence of either GT (B) or R11l3 and C
subunits (C) in each fraction was determined by immunoblotting with
specific antibodies. Positions of GT, RII,3 and C are indicated on the
right. On the left of each figure, the molecular weights of marker
proteins given in kDa are indicated: myosin (200), ,B-galactosidase
(116), phosphorylase b (97), bovine serum albumin (67), ovalbumin
(44), carbonic anhydrate (31), soybean trypsin inhibitor (21) and
lysozyme (14).

Identification of RHl-binding proteins in the Golgi-rich
fraction
Potential RII-binding proteins in the different subcellular
fractions were detected using an RIl overlay procedure. This
procedure involves labelling of Western blots with in vitro
phosphorylated RH subunit. Filters containing proteins from
total homogenate, nuclear pellet, postnuclear supernatant and
Golgi fraction were incubated with [32P]RII from bovine
heart, washed and autoradiographed (Figure 4). A similar
result was obtained with RII from bovine or rat brain (not
shown). A crude preparation of bovine brain MAPs was

included as a positive control. In the Golgi fraction, two
major bands of Mr 160 000 and 85 000 (designated p160
and p85) showed the ability to bind RII. The p160 protein
was also detected in other subcellular fractions, mainly in
the nuclear pellet fraction; in contrast, p85 could only be
detected in the Golgi fraction. When all the individual
fractions from a sucrose gradient were analysed by [32P]RII
overlay, p85 was exclusively detected in the galactosyl
transferase-rich fraction (not shown). RII,3 present in the
Golgi fraction was not revealed by the overlay technique.

In vitro phosphorylation of Golgi vesicles
Most RII-binding proteins have been shown to serve as in
vitro substrates of the C subunit. We therefore tested for
the in vitro phosphorylation of p85 by C subunit of
cAMP-PKII. Golgi vesicles were incubated for 1 min in the
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Fig. 4. Autoradiogram showing RuI-binding proteins present in
different subcellular fractions of KE37 cells as detected by a [32P]RII
overlay technique. Proteins of total homogenate (lane H), nuclear
pellet (lane N), postnuclear supernatant (lane PNS), Golgi-rich fraction
(lane G) and a bovine brain MAPs preparation (as a positive control)
were resolved by SDS-PAGE, transferred to nitrocellulose filters and
overlaid with 32P-labelled RHI. RII was purified and labelled with
[_y-32P]ATP as described under Materials and methods. The position of
p85 is indicated at right.

presence of [(y-32P]ATP and different additions to the
phosphorylation medium. Autophosphorylation of Golgi
vesicles is shown in Figure SA (lane 1). Addition of 10 yM
cAMP to the incubation mixture stimulated the phosphory-
lation of several high and low molecular weight proteins
including an 85 kDa polypeptide (Figure 5A, lane 2). The
latter was strongly labelled when the phosphorylation assay

contained purified bovine heart C subunit (Figure SA,
lane 3). When Golgi vesicles were incubated with C subunit
and PKI, a specific inhibitor of C subunit (Cheng et al.,
1986), almost no phosphorylation was observed (Figure 5A,
lane 4). It must be noted that the phosphorylation patterns
presented in Figure SA, lanes 1 and 2, correspond to gels
autoradiographed for 2 h, while gels were exposed for 5 min
to obtain the phosphorylation pattern are shown in lanes 3
and 4. In parallel experiments phosphorylation was main-
tained for 15 min. In the presence of cAMP or cAMP with
purified C subunit, many other proteins became
phosphorylated and labelling of p85 comparatively decreased
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Fig. 5. Phosphorylation of isolated Golgi vesicles. (A) Golgi vesicles
(50 ieg protein) were incubated in the presence of [y-32P]ATP for
1 min at 250C and different additions were made to the
phosphorylation assay as follows: lane 1, no addition; lane 2, 10 IsM
cAMP, lane 3, 1 ug of purified bovine heart C subunit; lane 4, 1 ,Ag
of C subunit and 0.1 M PKI. The reaction was stopped by adding
SDS sample buffer and the samples were processed for
autoradiography. Lanes 1-2, 2 h exposure; lanes 3-4, 5 min
exposure. (B) Golgi vesicles were phosphorylated as described in (A)
but in the presence of unlabelled ATP. Samples were resolved by
SDS-PAGE, transferred to nitrocellulose and assayed by [32P]RII
overlay. An autoradiogram is shown. Lanes designations are as in (A).
The position of p85 is indicated on the right.
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Fig. 7. Effects of increasing concentrations of proteinase K on p85 in
isolated Golgi vesicles. Golgi vesicles (50 ,sg protein) were treated
with 0, 1, 5 or 100 Agg/ml proteinase K for 30 min at 37°C in the
presence (+) or in the absence (-) of 0.4% Triton X-100. After
digestion, the samples were resolved by SDS-PAGE, electroblotted
on nitrocellulose filters and processed by [32P]RII overlay to identify
p85 (top) or by immunolabelling using anti-galactosyl transferase
antibody (bottom) as a control.

After phosphorylation, Golgi vesicles were separated by
SDS -PAGE, transferred to nitrocellulose and analysed by
[32P]RII overlay. As seen in Figure 5B, lanes 1-4, no
change in the RH-binding capacity of p85 was observed.
Since the RU-binding protein p85 and the 85 kDa polypeptide
phosphorylated by C subunit are indeed the same protein
(see below), results obtained in this experiment indicate that
phosphorylation of p85 by either endogenous or exogenous
C subunit did not specifically affect its RH-binding capacity.
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Fig. 6. Different extractions for investigating the topology of p85 in
Golgi vesicles. Golgi vesicles (50-75 eg protein) were treated with
2% Triton X-114 (T-X114) as described by Bordier (1981) and both
the aqueous (S) and detergent (P) phases were separated by
SDS-PAGE and transferred to nitrocellulose filters. Other Golgi
vesicles were treated with 1 M NaCl, 200 mM sodium carbonate or
6 M urea and after centrifugation, the resulting supematants (S) and
pellets (P) were processed as described above. Filters were then
analysed by [32P]RII overlay to detect p85 (top part) or by
immunolabelling with an anti-RII,B antibody (middle part). Galactosyl
transferase, a positive control for a Golgi integral membrane protein,
was immunolabelled on duplicate filters (bottom part).

(not shown). To demonstrate that the RII-binding protein
p85 and the 85 kDa polypeptide phosphorylated by the C
subunit were indeed the same protein, immunoprecipitation
experiments were performed (see below).
We further attempted also to determine whether C-

dependent phosphorylation of Golgi vesicles could affect the
interaction between RII and RII-binding proteins. Golgi
vesicles were phosphorylated under the same conditions as

described above except that non-labelled ATP was used.

Is p85 an integral membrane protein?
We have also analysed the topology of p85 in Golgi vesicles
using different extraction procedures and protease protection
experiments. First, Golgi vesicles were extracted with Triton
X-1 14, the most commonly employed method for separating
hydrophilic and hydrophobic proteins (Bordier, 1981).
Samples of the detergent and TCA-precipitated aqueous
phases were analysed by [32P]RH overlay (Figure 6). The
p85 protein partitioned entirely in the aqueous phase (S).
Golgi vesicles were also treated with either (i) 1 M NaCl
to remove peripheral membrane proteins; (ii) 0.2 M sodium
carbonate pH 11.0 that converts closed vesicles into open
sheets releasing vesicles content and peripheral membrane
proteins in a soluble form or (iii) 6 M urea in order to
dissociate protein complexes. After each incubation, Golgi
vesicles were centrifuged and both supernatants (S) and
pellets (P) were analysed by [32P]RII overlay (Figure 6,
top). In those three conditions tested the protein p85 was
found in the pellets.
The nature of the RHII,-membrane interaction was also

examined (Figure 6, middle). RII,3 behaved as p85 after
Triton X-1 14 extraction, 1 M NaCl or 0.2 M sodium
carbonate pH 11.0 treatments. However, it was released
from membranes by urea treatment. These results indicate
that the interaction between RHO3 and the membrane is
sensitive to denaturing agents such as urea but resists high
salt and high pH treatments.
To control the different extraction procedures, duplicate

samples from each treatment were processed for immuno-
labelling of Western blots with anti-galactosyl transferase
antibody (Figure 6, bottom). Galactosyl transferase has been

1726

R.M.Rios et al.



An Rll,3-binding protein in isolated Golgi vesicles

200 -

1 16 -

97 -

67--M

45- -

31 -

21 - -

14-

i - p8

2 w

Fig. 8. Immunoprecipitation of the RlI,B-p85 complex. Golgi vesicles
were extracted with Triton X- 114 and the aqueous phase was subjected
to immunoprecipitation with anti-RII, antibody or preimmune serum
under non-denaturing conditions (see Materials and methods). Both
immunoprecipitates were subsequently phosphorylated with purified C
subunit in the presence of [y-32P]ATP as described in Figure 5A,
lane 3. After boiling in SDS sample buffer, Sepharose beads were
pelleted and the supematant analysed by SDS-PAGE. lane 1,
coomassie blue stained gel of initial Triton X-1 14 aqueous phase;
lane 2, autoradiogram showing the immunoprecipitate phosphorylated
by C subunit; lane 3, C subunit phosphorylation of the
immunoprecipitate obtained using preimmune serum. Positions of p85,
RII( and added C are indicated on the right.

described as a membrane-bound protein with most of its
catalytic sites in the lumen of Golgi cisternae (Fleischer,
1981; Strous et al., 1983). It partitioned in the detergent
phase when Golgi vesicles were extracted with Triton X-1 14
and remained associated to membranes after all the other
treatments.

Golgi vesicles were also exposed to proteinase K digestion
(0, 1, 5 or 100 pg/ml) in the presence or absence of 0.4%
Triton X-100 (Figure 7). To monitor the integrity of the
Golgi vesicles and the effect of proteinase K treatment,
galactosyl transferase digestion was assayed in parallel
experiments. As can be seen in Figure 7 (bottom), galactosyl
transferase was resistant to proteinase K digestion in the
absence of detergent indicating that the membranes formed
closed vesicles of the same topographical orientation as in
vivo. p85 (measured by [32P]RII overlay) was similarly
inaccessible to proteinase K in the absence of Triton X-100
(Figure 7, top). However, p85 could not be detected any
longer after treatment of the Golgi vesicles with proteinase
K in the presence of Triton X-100, indicating that at least
the RII-binding site of the protein had been degraded
(Figure 7, top). RIIl itself was degraded by proteinase K
in both the presence or absence of detergent (not shown)
confirming that it is a peripheral external protein.

Collectively the above data indicate that p85 is an integral
membrane protein, except for those results obtained with
the Triton X-1 14 phase separation experiment. A possibility
to reconcile these conflicting results would be that p85 is
extracted from the membrane as a RII1l2-p85 complex in

Fig. 9. Purification of RIIO3-p85 complexes by affinity
chromatography. A Triton X-1 14 aqueous phase was prepared from
isolated Golgi vesicles and loaded on an agarose-AHA-cAMP
affinity column. The column was washed with 2 M NaCI, 10 mM
5'-AMP and 10 mM cGMP as described under Materials and
methods. RII-RuI-binding protein complexes were eluted by
successive washes with 10 mM cAMP. The eluates were collected,
concentrated, analysed by SDS-PAGE and transferred to
nitrocellulose. Presence of RII(3 in the eluates was confirmed by
immunolabelling (lane 1). RII-binding proteins were visualized by
[32P]RII overlay (lane 2).

which the hydrophilic properties of the RIIj32 moeity
dominates over the hydrophobicity of p85. If this is the case,
it should be possible to isolate a native complex RII, -p85
from the aqueous phase after Triton X-1 14 treatment of Golgi
vesicles. To test this hypothesis, we attempted to immuno-
precipitate the RII3 -p85 putative complex by an anti-RIIHO
antibody, or to co-purify the RH -p85 complex on a cAMP-
analogue affinity column, from the Triton X-1 14 aqueous
phase.

/mmunoprecipitation of Rll,B-p85 complex
Immunoprecipitation was performed using a rat brain anti-
RII,l antibody under conditions that preserve the integrity
of protein complexes but eliminate non-specific interactions,
i.e. high detergent and salt concentrations. Protein
A -Sepharose beads were coupled to anti-R13 antibody IgGs
in buffer containing 0.5% NP40, 0.5% DOC and 1.25 M
NaCl (2D-NaCl buffer). Golgi vesicles were extracted with
Triton X-1 14 and the aqueous phase adjusted to 2D-NaCl
buffer composition from a stock solution. Sepharose beads
with bound RHO3-IgGs were added to this solution,
incubated overnight, washed and pelleted. Pellets were then
phosphorylated in the presence of [,y-32P]ATP and
exogenous C subunit, analysed by SDS-PAGE and auto-
radiographed. Results of this experiment are shown in
Figure 8. Anti-RII3 antibody immunoprecipitated the
RII,B-p85 complex from the Triton X-114 aqueous phase
revealing that both proteins are associated in the Golgi
membranes (Figure 8, lane 2). This complex resisted
detergents and the high salt concentration, indicating a
specific interaction of both proteins. Moreover, this
experiment demonstrates that p85 is an in vitro substrate of
C subunit. Note that here, in the absence of many other

1727



R.M.Rios et al.

substrates, autophosphorylation of C subunit is prominent
as mentioned by Taylor et al. (1990).

Purification of Rll,B-p85 complexes by affinity
chromatography
After extraction of Golgi vesicles with Triton X-1 14, the
aqueous phase was loaded on an AHA-cAMP agarose
affinity column. The column was sequentially washed with
2 M NaCl to release non-specifically bound proteins, with
10 mM 5'-AMP to remove non-cyclic AMP-binding proteins
and with cGMP to remove any cGMP-dependent protein
kinase. Then RII- RII-binding protein complexes were
eluted by successive washes with 10 mM cAMP. Eluates
were concentrated and resolved by SDS -PAGE. Gels were
silver stained or transferred to nitrocellulose filters. Silver
stained gels revealed only a polypeptide of M, 52 000
which was confirmed to be RII,B by immunoblotting
(Figure 9, lane 1). To detect RII-binding proteins, eluates
were processed by [32P]RII overlay (a more sensitive
method). Presence of p85 in the eluates was demonstrated
as shown in Figure 9, lane 2.

Discussion
This paper reports the presence of both RII and C subunits
of cAMP-pKII in a Golgi-rich fraction from KE37 lympho-
blastic cells. More precisely, we have demonstrated that only
RII,B is associated with isolated Golgi vesicles from KE37
cells. In discontinuous sucrose density gradients RII,B
migrated as galactosyl transferase, a well known marker of
the trans-Golgi compartment. Both proteins were found con-
centrated in the 35 to 27% interface of the gradients. An
association of RII with other gradient fractions was not
observed. However, contamination of the Golgi fractions
by lighter vesicles such as endosomes or prelysosomes cannot
be ruled out. Griffiths et al. (1990) have reported an associa-
tion of RII with such vesicles of the endocytic pathway in
MDCK cells, and we have initiated ultrastructural immuno-
cytochemical studies at electron microscopy to determine if
RIIfl is also associated with these vesicles in KE37 cells.
Only RIMf, and not Riha, was shown to be associated with

isolated Golgi vesicles. However, additional experiments
including Western blotting with specific antibodies, have
demonstrated that both isoforms are present in centrosomes
isolated from KE37 cells (Keryer,G., Rios,R.M.,
Lohmann,S.M. and Bornens,M., submitted). It has been
shown previously that RII isoforms are differentially
expressed in tissues or cells and in tissues containing both
isoforms, their expression could be independently regulated
by differentiation factors or treatment with hormones or
cAMP analogues (Lohmann and Walter, 1984; Jahnsen
et al., 1985; Schwartz and Rubin, 1985). Individual
differences in expression and in localization of the RII
isoforms suggest that they may participate in the regulation
of different subcellular processes. RII,B association with the
Golgi membranes suggests that it may mediate cAMP effects
on membrane traffic, secretion or subcellular distribution
of the Golgi apparatus.
Using different methods, we have identified a novel RII-

binding protein, p85, that links RIIH3 to the Golgi apparatus.
This protein was detected exclusively in a Golgi-rich fraction
on Western blots processed by RII overlay, co-immuno-
precipitated in a complex with RII3 from Triton X-114

aqueous extracts of Golgi vesicles treated with an anti-RII3
antibody, and co-purified with RII,B on a cAMP analogue
affinity column. These results are indicative of a high affinity
interaction between RII and p85. In addition to p85, a
protein of Mr 160 000 also showed RII binding properties
in overlay experiments. p160 was present not only in the
Golgi fraction, but also in the nuclear pellet. We have shown
recently (Keryer,G., Rios,R.M., Lohmann,S.M. and
Bornens,M., submitted) that p160 is present in KE37 centro-
somes. Since centrosomes remain associated to the nucleus
during subcellular fractionation (Maro and Bornens, 1980)
the presence of p160 in the nuclear pellets should not be
surprising. p160 also co-sediments with taxol-stabilized
microtubules (Keryer,G., Rios,R.M., Lohmann,S.M. and
Bornens,M., submitted), suggesting that it could be a
microtubule-binding protein that might be able to interact
with both membranes and centrosomes.
The physiological role of p85, like for the other RII-

binding proteins is unclear. RII-binding proteins are good
substrates of the cAMP-dependent protein kinase and may
function to maintain a high concentration of the kinase at
particular subcellular places near themselves and other
important substrates. They may also locate the kinase to
microenvironments at which cAMP levels are well regulated
by the presence nearby of adenylate cyclase and/or
phosphodiesterases. After a 1 min incubation of Golgi
vesicles with cAMP and ATP, p85 and about three other
polypeptides appeared phosphorylated (see Figure 5A,
lane 2). After 15 min phosphorylation many other proteins
became phosphorylated but p85 labelling appeared far less
prominent. These results strongly suggest, but do not prove,
that p85 phosphorylation may be one of the early events
following kinase stimulation by cAMP in the Golgi area.
Phosphorylation by endogenous C or hyperphosphorylation
by exogenous C did not affect the RII-binding capacity of
p85. Cyclic AMP-dependent phosphorylation of integral
Golgi membrane proteins has been described (Yuan et al.,
1987), further indicating a role of cAMP-PK in Golgi
activities.

Analysis of p85 topology in Golgi vesicles with standard
criteria provided results compatible with p85 being an
integral membrane protein although these criteria cannot
absolutely demonstrate it. However, partition of p85 into
Triton X-1 14 aqueous phase was anomalous for an integral
membrane protein. Other evidence, such as those derived
from immunoprecipitation or affinity purification experi-
ments, indicate that p85 exists as a complex with RII,B and
probably C subunits, and therefore we suggest that the
hydrophilic properties of this complex may mask p85
hydrophobic nature. The protection of the RII-binding site
of p85 from proteolytic action in the absence of detergent
suggests that it is not projecting much from the membrane
but is rather embedded in lipids. The recent computer aided
analysis of secondary structure of four RII-anchoring
sequences does not contradict this view (Carr et al., 1991).

It is interesting to consider the possible relationship of p85
with other RII-binding proteins. RII,B is associated with a
75 kDa bovine brain calmodulin-binding protein (Sarkar
et al., 1984) and a 150 kDa related protein in rat brain
(Bregman et al., 1989). Both proteins have been shown to
be at least partially associated with membranes. In fact, it
has been suggested that P150 or P75 -RII complexes could
be entirely associated to membranes in situ (Bregman et al.,
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1991). The Golgi apparatus was proposed as a potential
targeting site for cAMP-PKII type ,B via P150 in neurons.
However, no transmembrane or membrane anchor sequences
have been found so far in the partially sequenced P150.
Moreover, a polypeptide synthetized from a partial clone
of P75 behaves like a soluble protein (Bregman et al., 1989,
1991). Unlike P75, p85 does not bind calmodulin although
it has Ca2' binding activity (Rios,R.M., Keryer,G. and
Bornens,M., in preparation). Specific antibodies against p85
will be helpful in order to compare p85 with these other RH-
binding proteins, including an 80 kDa bovine brain protein
described in both soluble and membrane fractions (Lohmann
etal., 1984).

Identification and subcellular localization of RII-binding
proteins can help to understand cAMP-mediated regulation
of cell functions. The diversity of specific kinase effects and
the multiple physiological responses to cAMP may in part
be generated by the existence of high affinity interactions
between RH isoforms and other proteins. So far RH isoforms
have been found associated with structures involved in the
regulation of cell organization, such as microtubules,
centrosomes and the Golgi apparatus. In interphase cells,
Golgi apparatus-associated RII appears to be an important
anchor for the C subunit which can dissociate under cAMP
stimulation and enter the nucleus, while RII remains
stationary (Nigg and Hilz, 1985). C subunit phosphorylation
of nuclear transcription factors regulates gene expression
(Mellon et al., 1989; Buchler et al., 1990; Struthers et al.,
1991). Recently, inhibition of C by injection of the protein
kinase inhibitor, PKI and co-injection of the cell cycle
p34cdc2 kinase resulted in nuclear envelope breakdown, an
event which marks entry into mitosis (Lamb et al., 1991).
In addition, the cAMP-dependent protein kinase has been
shown to exist in a complex with the p34cdc2 kinase in
fibroblasts (Tournier et al., 1991). Both data suggest that
the two kinases may be localized near the same substrates,
although the timing of their phosphorylation activity may
be apposed to one another. Therefore, RII-binding proteins
may be of potential significance not only for the regulation
of Golgi functions per se, but also for the regulation of
nuclear and mitotic events. Further investigations concerning
how p85 and other RII binding proteins affect kinase
anchoring and mobility and their coordination with cellular
processes is required.

Materials and methods
Cells, antibodies and purified proteins
The KE37 cell line of T lymphoblastic origin was grown in RPMI 1640
containing 7% fetal calf serum.
The C subunit of cAMP-PK was purified from bovine heart as described

by Lohmann et al. (1980) and an antibody was produced against it. RII
was purified from bovine heart by the method of Corbin et al. (1978).
Antisera raised against rat heart RIIa and rat brain Rll1 were obtained as
described by Lohmann et al. (1980), Jahnsen et al. (1985, 1986) and
Meinecke et al. (1990). Each antiserum cross-reacts specifically only with
the a or f isoform of human RII (Keryer,G., Rios,R.M., Lohmann,S.M.
and Bornens,M., submitted). For immunoblotting experiments, the antibody
dilutions routinely used were anti-C 1:400, anti-Rllc 1:200 and anti-RII3
1:100. The preimmune serum against RII3 gave no signal in immunoblot
or immunoprecipitation experiments of Golgi proteins. The polyclonal
antibody anti-galactosyl transferase (GT) was a kind gift of Dr Berger (Berger
et al., 1981) and was used at 1:200 dilution for immunolabelling experiments.
The monoclonal antibody CTR3 14, previously characterized as specific for
the Golgi apparatus (Bailly et al., 1988), was used as purified immuno-
globulins diluted at 1:1000.

Bovine brain microtubule associated proteins (MAPs) were purified
according to Williams and Lee (1982).

Immunofluorescence microscopy
The processing of KE37 cells for immunofluorescence microscopy has been
described elsewhere (Bornens et al., 1989; Keryer,G., Rios,R.M.,
Lohmann,S.M. and Bornens,M., submitted).

Subcellular fractionation
Fractions enriched in Golgi vesicles were isolated by flotation in a sucrose
gradient according to Balch et al. (1984) with some modifications. Cells
were pelleted (300 g for 6 min at 20°C) and rinsed in ice-cold phosphate-
buffered saline (PBS) 10 mM phosphate buffer, 150 mM NaCl pH 7.2)
and then in homogenate buffer (HB) 0.25 M sucrose, 10 mM Tris-HCI
pH 7.4). Cell pellets were resuspended in HB containing a mixture of
protease inhibitors to achieve a final volume equal to five times the volume
of the pellet. The cells were homogenized with 30 pulses in a 15 ml Dounce
homogenizer (25 -76 ltm clearance) and the crude homogenate (fraction
H) was centrifuged (9000 g for 10 min at 4°C) to produce a nuclear pellet
(fraction N) and a postnuclear supernatant (fraction PNS). 6 ml PNS were
adjusted to 37% sucrose by addition of a 62% sucrose (w/w) solution
containing 10 mM Tris-HCI pH 7.4 and 2 mM Na2EDTA, loaded into
a SW27 tube and overlaid with 15 ml of 35% sucrose (w/w) in 10 mM
Tris-HCI pH 7.4 and 10 ml of 27% sucrose (w/w) in the same buffer.
Gradients were centrifuged for 2.5 h at 25 000 r.p.m. (85 000 g) in a
Beckman L855 ultracentrifuge and bands at the 35 to 27% interface were
collected in a minimum volume and kept at -80°C. Prior to further
processing, Golgi fractions were diluted by addition of several volumes of
sucrose-free HB buffer and protease inhibitors were added. The suspensions
were centrifuged at 200 000 g for 2 h at 4°C and pellets (fraction G) were
used for subsequent experiments. Protein concentrations of all samples were
determined by Bradford's method (1976) using bovine serum albumin (BSA)
as standard.

Electrophoresis and immunoblot analyses
Proteins were separated by SDS-PAGE on 6 to 15% linear acrylamide
gradients or 10% acrylamide gels (Laemmli, 1970). Gels were stained with
Coomassie blue or electrophoretically transferred to nitrocellulose filters
according to Towbin et al. (1979). Nitrocellulose filters were blocked for
1 h at 37°C in TBST (10 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.1%
Tween 20) containing 5% non-fat dry milk. Then filters were incubated
overnight at 4°C in the primary antibody diluted in TBST, washed in the
same buffer and incubated for 45 min at 37°C with secondary anti-rabbit
IgG antibody conjugated to either alkaline phosphatase (Promega, Biotech,
Madison, WI) or peroxidase (Catalg, San Francisco, CA). After three
washes, alkaline phosphatase activity was revealed by colour development
with 0.1 M Tris-HCI pH 9.5, 100 mM NaCI, 5 mM MgCI2 containing
both nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate.
Peroxidase activity was revealed using the E.C.L. system (Amersham).

Alternatively, nitrocellulose filters were processed for [32P]R1I overlay.

[32P]RII overlay technique for detection of Rll-binding proteins
[32P]RII overlay was performed as described by Lohmann et al. (1988).
Nitrocellulose sheets were incubated overnight at 4°C in PBS containing
5% BSA, 5% hemoglobin and 0.25% gelatin (blocking buffer). Purified
bovine heart RII (10 yg) was phosphorylated for 1 h in ice in the presence
of 50 mM Tris-HCI pH 7.4, 10 mM MgCl2, 20 AM cAMP, 10 mM 5-
mercaptoethanol, 2.5 yg of purified bovine heart C subunit, 50 lsCi of
[Ly-32P]ATP and 2.5 AM of unlabelled ATP in a final volume of 100 1t1.
The reaction was terminated by adding 1 mM ATP, 30 mM EDTA and
20 itM cAMP. After saturation, filters were incubated in 15 ml of blocking
buffer containing 100 Al of [32P]RII, 0.1% Tween 20 and 0.3% Triton
X-100 for 4 h at room temperature. Filters were washed with eight to 10
changes of PBS containing 0.3% Tween 20 and 0.3% Triton X-100 and
exposed to Kodak X-OMAT films at -70°C using intensifying screens.

Phosphorylation of Golgi vesicles
Phosphorylation of isolated Golgi vesicles was carried out in vitro according
to Capasso et al. (1985). Golgi vesicles (50 Ag protein) were resuspended
in 40 AtI of STM buffer (0.25 M sucrose, 10 mM Tris-HCI pH 7.4, 1 mM
MgCI2). [7y_32P]ATP (5 -10 ACi) and non-radioactive ATP were added to
give a final concentration of 5 /iM ATP in a total volume of 50 Asl. Incubation
in the phosphorylation medium was for 1 min at 25°C and the reaction
was stopped by adding SDS sample buffer. The following additions were
made to phosphorylation assays: 10 AM cAMP, 1 Ag of purified bovine
heart C subunit of cAMP-PK and 0.1 M of the PKI peptide, an inhibitor
of the C subunit (Cheng et al., 1986). Alternatively, Golgi membranes were
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phosphorylated under the same conditions with unlabelled ATP, resolved
by SDS-PAGE, transferred to nitrocellulose and analysed by [32P]RII
overlay.

Membrane extraction and washing procedures
Golgi vesicles (50 ug protein) were extracted with Triton X-1 14 as described
by Bordier (1981). The detergent phase was taken up directly in SDS sample
buffer; the aqueous phase was first concentrated by precipitation with 10%
(w/v) TCA. Golgi vesicles were also washed with 1 M NaCl, 0.2 M sodium
carbonate pH 11.0 (Fujiki et al., 1982) or 6 M urea. After incubation on
ice for 30 min, the samples were centrifuged for 1 h at 200 000 g. The
supernatants (precipitated with 10% TCA) and pellets were resuspended
in the same volume of SDS sample buffer and run on 10% acrylamide gels.
All samples were analysed by immunoblotting or [32P]RII overlay.

Protease protection experiments
Golgi vesicles were treated with proteinase K using a modification of the
method described by Fleischer (1981). Duplicate samples (50 /11) of Golgi
vesicles (1 mg protein/ml in 0.25 M sucrose, 10 mM Tris-HCI pH 7.4)
were treated for 30 min at 37°C with 0, 1, 5 or 100 itg/ml proteinase K
in the presence or absence of 0.4% (v/v) Triton X-100. After addition of
4 mM PMSF, samples were processed for SDS-PAGE followed by either
immunoblotting with anti-galactosyl transferase antibody or [32P]RII
overlay.

/mmunoprecipitation
Golgi vesicles were extracted with Triton X-1 14 as described above and
the aqueous phase was adjusted to 100mM Tris-HCI pH 8.3, 2 mM EDTA,
0.5% Nonidet P-40, 0.5% deoxycholate and 1.25 M NaCl (2D-NaCl buffer)
from a stock solution. 1 til of either anti-RHO3 antibody or preimmune serum
was incubated for 1 h at 4°C with 50 tll of a 50% suspension of Protein
A-Sepharose (Pharmacia) in 2D-NaCl buffer. Beads were washed three
times with 2D-NaCl buffer before adding 50 yl of the Triton X-1 14 aqueous
supernatant. The mixture was rotated overnight at 4°C and washed five
times with 2D-NaCl buffer. After two final washes with 10 mM Tris-HCl
pH 7.4, the immunoprecipitates were phosphorylated with purified bovine
heart C subunit under the same conditions described above. Phosphorylation
was stopped by adding SDS sample buffer. Beads were boiled and
centrifuged, and the supernatants analysed by SDS -PAGE and
autoradiography.

Purification of Rll - RHl-binding protein complexes by affinity
chromatography
A Triton X-1 14 aqueous phase was prepared from Golgi vesicles (200 yg
protein) and loaded onto a 2.5 ml AHA-cAMP-agarose affinity column
(Sigma) previously equilibrated with PEMT buffer (10 mM phosphate buffer
pH 6.8, 1 mM EDTA, 15 mM 13-mercaptoethanol and 20 U of Trasylol/ml)
containing 0.1 M NaCl. After loading, the column was sequentially washed
with 2 M NaCl, 10 mM 5'-AMP and 10 mM cGMP in the same buffer
before elution with 10 ml of PEMT buffer containing 10 mM cAMP. After
concentration, the eluate was analysed by SDS-PAGE. Gels were
electrophoretically transferred to nitrocellulose and the blots processed for
either [32P]RII overlay or immunoblotting.
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