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FIG. 9. Colocalization of hsc73 (green) and A;Rs, A;5Rs, A,pRs or mGIluR2/3 (red). (A) Immunostaining of hsc73 and A,,Rs in CHO-A,, cells. (B)
Immunostaining of hsc73 and A,gRs in Jurkat 32 cells. (C) Immunolocalization of hsc73 and AR in horizontal sections from rat cerebellum. ML, molecular layer; GL,
granular layer. (D) Immunostaining of hsc73 and A;Rs in primary cultures of rat cortical neurons. (E) Immunostaining of hsc73 and mGluR4 in primary cultures of
rat cortical neurons. Scale bar, 10 wm. See Materials and Methods for details about immunocytochemical procedures.

nonpermeabilized cells showed very low levels of hsc73 (Fig.
8A) and confirmed the presence of A|R on the cell surface
(Fig. 8B). Consistent with the cytosolic localization of hsc73,
the label corresponding to this protein was very low in non-
permeabilized cells (Fig. 8A) and high in permeabilized cells
(Fig. 8C). In permeabilized cells double immunofluorescence
staining showed that the patterns of distribution of A;R (Fig.
8D) and hsc73 (Fig. 8C) were similar, with a relatively high
degree of colocalization (Fig. 8E and F). There were no spe-
cific zones of colocalization, thus suggesting that the A R-
hsc73 interaction is not restricted to a specific region within the
cell. Similar results were obtained in CHO cells transfected
with the cDNA for A;R (not shown). Colocalization between
hsc73 and other adenosine receptors, such as A,,R, overex-
pressed in CHO cells (Fig. 9A), or A,gR, which are naturally
expressed in Jurkat T lymphocytes (18) (Fig. 9B) was very low.
A R-hsc73 colocalization was also investigated in slices of rat
cerebellum, where A,Rs are distributed among different layers
of the tissue in a widespread manner. There, the colocalization
between AR and hsc73 was restricted to some cells in the
molecular layer and a few cells in the granulosa layer (Fig. 9C).
On the other hand, A;R-hsc73 colocalization was markedly
high in the body of primary cultures of cortical neurons from
rat embryos (Fig. 9D). In these cortical neurons it was shown
that A;R also appear in dendrites and synapses, whereas hsc73
did not. This was also proved by the poor colocalization be-
tween hsc73 and metabotropic glutamate 4 receptor, which is a
marker of synaptic terminals (Fig. 9D). These results strongly

suggest that A;R-hsc73 coupling occurs in vivo and is specific
for A;R and not for other members of the G protein-coupled
receptor superfamily.

R-PIA-induced internalization of A;Rs results in sequestra-
tion of the receptor in intracellular vesicles, an effect that is
potentiated in the presence of ADA (3, 28). Internalization of
AR was monitored by confocal microscopy after culturing the
cells in the presence of a fluorochrome-conjugated anti-A;R
antibody (PC21), ADA, and the ligand R-PIA (see reference
3). Colocalization studies performed in chronically treated
cells further permeabilized and immunolabeled using the anti-
hsc73 antibody showed that hsc73 is present in some of the
A, R-containing vesicles but it is absent from others (Fig. 10).
In the vesicles where both proteins are present, the colocaliza-
tion approaches 100% (Fig. 10C). In contrast, colocalization is
negligible in the vesicles where only the rhodamine-conjugated
anti-A R antibody is detected (Fig. 10C).

DISCUSSION

Members of the hsp70 family interact with a number of
cellular proteins. Due to the molecular chaperone function of
hsp70 proteins, they appear capable of recognizing nonnative
forms of proteins (3). Therefore, interaction between partially
unfolded proteins may occur in members of the molecular
chaperone family. The results presented here indicate that
hsc73 interacts with functional A;Rs. The first indication of
this is the coimmunoprecipitation of hsc73 and 43-kDa A Rs.
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FIG. 10. Immunostaining of hsc73 and AR in internalization vesicles.
DDT MF-2 cells were cultured in the presence of rhodamine-conjugated PC21
anti-A;R antibody, and of 2 U of ADA per ml and 50 nM R-PIA to induce
internalization of the receptor (28). After 24 h of culture, cells were washed,
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Cytosolic hsp70 proteins acting as chaperones can be coimmu-
noprecipitated with nascent chains but not with completely
synthesized and folded proteins (1, 2, 29). On the other hand,
adenosine receptors are heptaspanning membrane proteins
whose ligand binding capacity is very sensitive to changes in
structure. As a matter of fact, a precise combination of deter-
gent and salts is required to achieve a high recovery of binding
sites in solubilized preparations of A;Rs. Thus, the strong
effect of nanomolar concentrations of hsc73 upon ligand bind-
ing to purified ARs is evidence for a specific interaction be-
tween hsc73 and functional A;Rs. The fact that colocalization
between AR and hsc73 is not restricted to a specific zone of
the cell (Fig. 8) is evidence that the interaction occurs with with
completely folded, functional receptors.

The substrate binding specificity of hsc73 is still a matter of
controversy (31). Despite the fact that some of the interactions
established with hsc73 seem to be nonspecific, some requires a
precise structure. Thus, Terlecky et al. (31) found that hsc73
binds to a variety of proteins at peptide regions structurally
similar to KFERQ. These motifs target proteins interacting
with hsc73 for degradation in lysosomes (8, 31). BiP, a member
of the hsp70 family localized in the endoplasmic reticulum,
recognizes motifs containing heptapeptides in which hydro-
phobic amino acids alternate with any other amino acid (3).
Inoue et al. (14) suggested that a similar motif in the retino-
blastoma gene product, pRb, is involved in the interaction with
hsc73. The third intracellular loop region in which hsc73 binds
to AR does not contain any of these motifs. Moreover, there
is no similarity between P1 and the N-terminal region of p53
with which hsc73 seems to interact (17). The A ;R binding
domain in hsc73 is thus probably different from the carboxyl-
terminal region of the protein, which is involved in the recog-
nition of KFERQ-like sequences (26). On the other hand, due
to the poor sequence homology between AR and calmod-
ulin, the A;R-binding domain might be different from the
calmodulin-binding domain, which seems to reside in an
amphipathic helical region near the center of hsp70 protein
molecules (30). On the basis of this and the high affinity of
the binding it is probable that A ;R interacts with a specific
region in hsc73.

Regulation of ligand binding and G protein activation, mea-
sured by the binding of radioligands or [**S]JGTP~S, by the
coupling between hsc73 and A,R is a relevant finding. Overall,
the effect of hsc73 is negative upon ligand binding and upon
ligand-induced activation of G proteins. As mentioned above
(Results), the effect of hsc73 upon purified A;Rs was even
stronger than that exerted by Gpp(NH)p, which uncouples
receptors from G proteins. The blocking of this hsc73-induced
structural change by ADA is also a very interesting finding
since it is not due to competition for the binding to AR.
Although the region of A R involved in the binding to ADA
has not been mapped it is known that the interaction occurs via
AR extracellular domains (11). On the other hand, the ADA-
induced modification of equilibrium parameters of ligand
binding to A;Rs (27) indicates that the interaction between
ADA and AR leads to conformational changes in the receptor
molecule. The surface plasmon resonance technique has been
helpful in demonstrating that ADA, which does not bind to
hsc73 (Fig. 8A), prevents binding of A;R to hsc73. Taken

permeabilized, and immunolabeled using the FITC-conjugated anti-hsc73 anti-
body (see Materials and Methods and the legend to Fig. 8). (A) Immunostaining
of hsc73 appears in green; (B) immunostaining of AR appears in red; (C)
colocalization is indicated in yellow.
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together these data suggest that conformational changes in-
duced by ADA interacting with the extracellular motifs of A;R
affect the structure of the third intracellular loop and inhibit
the binding of hsc73 to A;R. This would explain, at least in
part, the ADA-induced increase in the affinity of agonist bind-
ing (11). The increase in ligand binding affinity due to the
presence of ADA may be a consequence of an ADA-induced
partial disruption of the binding of hsc73 to A R.

The high colocalization obtained in some specific areas of
rat cerebellum and in the neuronal body but not in dendrites or
terminals suggest that A;R-hsc73 interaction occurs in vivo
and illustrates its specificity. In fact, we have failed to obtain in
neuronal primary cultures evidence for a similar type of inter-
action with other members of the G protein-coupled receptor
superfamily. Thus, hsc73 does not colocalize with either A,,R
(Fig. 9A), A,zR (Fig. 9B), or metabotropic glutamate 4 (Fig.
9E) receptors.

The experiments of agonist-induced receptor internalization
demonstrate that internalized cell surface receptors, which are
found in intracellular vesicles as previously described (3), can
be found associated or not with hsc73. In fact, part of the
intracellular label due to sequestration of the anti-A;R anti-
body is found in yellow vesicles, which indicate the presence
and colocalization of the receptor and the hsc73 in these ves-
icles. In contrast, part of the internalized anti-A;R antibody is
found in red vesicles where hsc73 is not present (Fig. 10C).
This finding would fit with a mechanism of receptor internal-
ization in which hsc73 participates in the formation of early
endosomes but is released from early formed vesicles and,
therefore, will be absent from vesicles formed at later steps. As
discussed above, ADA could be a physiological modulator of
the hsc73-cell surface AR recognition. On the other hand,
ecto-ADA can, to some extent, be internalized together with
the A;R (28). Taken together, these data open the possibility
that cell surface A;R-ADA complexes and A,;Rs not bound to
ADA follow distinct internalization pathways; A;R-ADA com-
plexes would not likely traffic in association with hsc73,
whereas A;R not bound to ADA would be internalized in
hsc73-containing vesicles. In fact the number of vesicles lack-
ing hsc73 is smaller when assays are performed in the absence
of exogenous ADA (not shown), thus supporting the view that
cell surface A;Rs are internalized in two qualitative different
types of vesicles, one containing hsc73 and another lacking the
heat shock cognate protein.

The novel findings presented here suggest a specific role for
hsp70 proteins in regulating the activation and operation of
A Rs. Although a relevant role for chaperones in signaling by
steroid hormone receptors has already been demonstrated (4,
5), our results are the first evidence suggesting the control by
hsc73 of signaling via plasma membrane G protein-coupled
receptors.
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