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Pharmacology and direct visualisation of BODIPY-TMR-CGP:

a long-acting fluorescent f,-adrenoceptor agonist

Jillian G. Baker, 'Ian P. Hall & *'Stephen J. Hill

Institute of Cell Signalling, C Floor, Medical School, Queen’s Medical Centre, Nottingham NG7 2UH, U.K

1 Fluorescence techniques offer a way to circumvent several problems associated with many
radioligand binding and functional assays and the need for large numbers of cells. Fluorescent ligands
also offer the advantage of allowing real time direct visualisation of ligand — receptors interactions. A
fluorescent analogue of CGP 12177 (BODIPY-TMR-CGP) has thus been evaluated as a f,-
adrenoceptor ligand in CHO-K1 cells expressing the human f,-adrenoceptor.

2 Studies of *H-cAMP accumulation showed that BODIPY-TMR-CGP stimulated an increase in
cAMP accumulation and cyclic AMP response element (CRE)-mediated gene transcription with an
ECs, of 21-28nM. Both of these responses were antagonised by the selective f,-adrenoceptor
antagonist ICI 118551.

3 Binding studies with *H-CGP 12177, and functional studies of CRE-regulated gene transcription
showed that the BODIPY-TMR-CGP interaction with the human f,-adrenoceptor is of very long
duration.

4 Visualisation of the binding of BODIPY-TMR-CGP to single living mammalian cells was clearly
demonstrated by confocal microscopy and showed that this ligand was able to selectively label cell
surface f,-adrenoceptors in living CHO-K1 cells transfected with the human f,-adrenoceptor with an
apparent Kp of 27nM. Studies with cells expressing a ff,-adrenoceptor —green fluorescent protein
(GFP) fusion protein provided further strong evidence that BODIPY-TMR-CGP was binding to the
pr-adrenoceptor.

5 BODIPY-TMR-CGP is therefore a long-acting fluorescent f3,-adrenoceptor agonist that can be

used to label f,-adrenoceptors in the plasma membrane of living cells.
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Introduction

Fluorescent techniques offer a way to circumvent several of the
problems associated with radioligand binding assays and the
associated need for large numbers of cells with relatively high
levels of receptor expression (McGrath et al, 1996). Fluor-
escent ligands have the advantage of allowing direct visualisa-
tion of the receptors using microscopy and hence the actual
location of receptors within single living cells can be followed
over time. Furthermore, agonists that retain their agonist
efficacy after tagging with a fluorophore offer an opportunity
to study the dynamics of the receptor activation process
(Harikumar et al., 2002). The aim of this study was to
characterise a fluorescent ligand for the study of f,-adreno-
ceptors.

CGP 12177 was initially described as a high-affinity
nonselective antagonist at ;- and f,-adrenoceptors (Lang &
Lemmer, 1985; Thede-Reynolds et al., 1986, Haddad et al.,
1987; Steinkraus et al., 1990). More recently, however, CGP
12177 has been shown to have partial agonist activity at f3,-
(Pak & Fishman, 1996; Konkar et al., 2000; Lowe et al., 2002),
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p»- (Pak & Fishman, 1996; Baker et al, 2002) and
ps-adrenoceptors (Mohell & Dicker, 1989; Muzzin et al.,
1992; D’Allaire et al., 1995). Unlike many f-adrenoceptor
ligands, the high hydrophilicity of CGP 12177 means that it
primarily binds to cell surface fS-adrenoceptors (Stachelin
et al., 1983; Hertel et al., 1983a, b). As a result of this unique
property, *H-CGP 12177 has been frequently used to measure
the levels of cell surface p-adrenoceptors and to study
p-adrenoceptor internalisation (Wilkinson & Wilkinson,
1985; Lacasa et al., 1986; Kallay et al, 1991; Fabbri et al,
2001).

As CGP 12177 almost exclusively labels cell surface
receptors, it is an excellent candidate for the generation of
fluorescent probes to study f-adrenoceptors. Several different
fluorescent bordifluoropyrromethane (BODIPY) derivatives
of CGP 12177 have been synthesized (Heithier et al, 1994).
One variant of BODIPY-CGP 12177 has been evaluated in
(sf9) insect cells expressing the human f,-adrenoceptor at a
high level (Heithier et al., 1994). Another BODIPY analogue
of CGP 12177 has also been used, with limited success, to
visualise ff;-adrenoceptors on the surface of primary rat
cerebral cortical astrocytes (Thorlin et al., 2000).
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Figure 1 Structure of BODIPY-TMR-CGP.

In view of our recent observation that CGP 12177 is a
potent stimulant of gene transcription at the human f,-
adrenoceptor (Baker ez al., 2002), we have investigated the
agonist properties of another fluorescent analogue, BODIPY-
TMR-CGP. Here we report that BODIPY-TMR-CGP
(Figure 1) is a long-acting agonist at the human f,-
adrenoceptor expressed in CHO-K1 cells, when measured at
the level of both cAMP accumulation and cAMP response
element (CRE)-mediated reporter gene transcription. We also
show that this compound can be used to visualise its real-time
binding to receptors at the single-cell level in living mammalian
cells. A preliminary account of part of this work has been
presented to the British Pharmacological Society (Baker ez al.,
2001).

Methods
Materials

Cell culture reagents were from Sigma Chemicals (Poole,
Dorset, U.K.) except Fetal calf serum which was from PAA
Laboratories (Teddington, Middlesex, U.K.). *H-adenine, *H-
CGP 12177 and “C-cAMP were obtained from Amersham
International (Buckinghamshire, U.K.); ICI 118551, CGP
12177 from Tocris Cookson (Avonmounth, Bristol, U.K.) and
BODIPY-TMR-CGP (BODIPY-TMR-(+)-CGP 12177) from
Molecular Probes (Eugene, OR, U.S.A.). All other reagents
were supplied by Sigma Chemicals (Poole, Dorset, U.K.).

Cell culture

Chinese hamster ovary cells stably expressing both the human
pr-adrenoceptor (CHO-f,) and a reporter gene, secreted
placental alkaline phosphatase (SPAP), under the transcrip-
tional control of a six CRE promoters (McDonnell et al., 1998)
were grown at 37°C in Dulbecco’s modified Eagle’s medium/
Nutrient mix F12 (DMEM/F12) containing 10% fetal calf
serum (FCS) and 2mM L-glutamine in a humidified 5%
CO,:95% air atmosphere. A CHO-KI cells line expressing a
C-terminal green fluorescent protein (GFP) tagged human f,-
adrenoceptor was also used (Baker et al., 2002). CHO-K1 cells
(not transfected), grown in identical conditions, were used as
controls as appropriate.

Cyclic AMP accumulation and CRE-mediated gene
transcription (SPAP)

*H-cyclic AMP accumulation was measured in *H-adenine-
labelled CHO-f, cells as described previously (Baker et al.,
2002). Briefly, prelabelled cells were incubated at 37°C for
15min with IBMX (isobutylmethylxanthine, 100 uM) and
antagonists before agonists were added for a further 10 min.
The reaction was then terminated by the addition of 50 ul
concentrated HCI and *H-cyclic AMP separated by Dowex-
alumina chromatography.

CRE-mediated reporter gene production (secreted placental
alkaline phosphatase, SPAP) was measured as previously
reported (Baker et al., 2002). Briefly, cells were incubated with
antagonists for 30 min prior to incubation with agonists for a
further 5h at 37°C. Secreted SPAP activity was quantified by
following the colour change caused by the hydrolysis of p-
nitrophenol phosphate (PNPP) (Baker et al., 2002).

H-CGP 12177 whole-cell binding

Cells were grown to confluence in 96-well plates. The media
were removed and replaced with 100l DMEM/F12 or
DMEM/F12 containing competing drugs. *H-CGP 12177 in
100 ul was then added immediately, or when stated, and the
plates incubated at 37°C in 5% CO, for 1-3h as stated.
Nonspecific binding was determined using 100 nM ICI 118551.
The media and drugs were then removed, each well washed
with 2 x 200 ul phosphate-buffered saline and 200 ul Micro-
scint 20 (Packard Bioscience, Pangbourne, Berks, U.K.) added
to each well. Radioactivity was then determined using a
Topcount. Protein was determined by the method of Lowry
et al. (1951).

Confocal microscopy

Confocal microscopy was performed using a Zeiss LSM510
laser scanning microscope with a Zeiss 40 x 1.3NA oil
immersion lens. Cells were grown in eight-well borosilicate
chambered-coverglass plates (Nalgene Nunc International,
Fisher Scientific, Loughborough, U.K.) in 400 ul DMEM-
F12 media containing 10% FCS and 2 mM glutamine. Prior to
experimentation, the media were replaced with 400 ul Hepes-
buffered saline (HBS). BODIPY-TMR-CGP (in HBS) was
added for 10 min (unless otherwise stated) at room tempera-
ture and the cells washed with HBS before imaging
(1024 x 1024 pixels; averaging at 16 frames). Competing
ligands were added for 30 min (unless otherwise stated) prior
to addition of BODIPY-TMR-CGP for a further 10 min in
either the continued presence of the competing ligand or
following wash out of the ligands. The binding of BODIPY-
TMR-CGP to cells was monitored using single-line excitation
at 543 nm (emission 560 nm long pass filter). Where CHO-f},-
GFP expressing cells were imaged with BODIPY-TMR-CGP,
543 nm and argon 488 nm lasers were used with multi-
tracking. This allowed the sample to be illuminated with one
laser at a time in order to avoid any bleed through of the
488 nm laser causing excitation of the BODIPY-TMR-CGP.
For images taken at 37°C, the cells were grown on a glass
coverslips that were placed in a specially designed holder. The
stage and microscope objective were then maintained at 37°C
throughout the experiment.
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Approximately 140 cells were viewed in each image. On each
experimental day, a control well (50 nM BODIPY-TMR-CGP)
was imaged. The maximal image brightness was then set to a
value greater than that achieved with the control well, and the
confocal settings (laser intensity, digital values for image
brightness, background and contrast) were then kept constant
for the rest of that experimental day. Quantitative analysis of
the effects of different drugs on the binding of BODIPY-
TMR-CGP in a given experiment was performed by measuring
the average pixel intensities of each image captured. The Zeiss
software provides the frequency of pixels recorded at each of
256 grey-scale intensities for each image taken. The total image
intensity (arbitrary units; calculated as the sum of the product
of frequency x grey-scale intensity for each grey-scale intensity
value between 0 and 255) was then calculated from this
frequency distribution. The average pixel intensity was then
calculated from this value. For any given experimental
condition a minimum of three different cell preparations and
drug dilutions were used. In the text, ‘n’ refers to the number of
different complete experiments performed.

Data analysis

Agonist and antagonist concentration — response curves were
fitted to a four-parameter logistic equation through computer-
assisted nonlinear regression using the programme Prism 2 as
previously described (Hopkinson et al., 2000). Antagonist
dissociation constants were assessed at fixed antagonist
concentrations (assuming competitive antagonism) by obser-
ving the shift in the agonist concentration — response curve
using the equation:
DR = 1 + [4]/Kp

where DR (dose-ratio) is the ratio of the concentrations of
agonist required to produce an identical response in the
presence and absence of antagonist, [A] is the concentration of
antagonist and Kp is the antagonist dissociation constant
(Arunlakshana & Schild, 1959). Where appropriate partial
agonist dissociation constants were estimated according to the
method of Stephenson (1956). Relative agonist efficacy was
estimated in terms of the maximal response (cyclic AMP or
SPAP) compared with the maximal response to isoprenaline
measured in the same experiment.

Buax and Kp, values for the specific binding of *H-CGP
12177 were determined from a fit of the saturation data
according to the equation: specific binding= Byax X 4/
(A+ Kp). K; values of competing drugs were determined from
the concentration required to inhibit specific binding by 50%
(ICs) using the expression K; =1Cs/(1 + A/Kp) where A is the
concentration of *H-CGP 12177 and Kp, is its dissociation
constant.

In the case of the measurement of binding of BODIPY-
TMR-CGP to intact cells using confocal microscopy, the
image intensity values obtained at each concentration of
fluorescent ligand were fitted to the following equation:

Fluorescent intensity = ByaxB/(B+ Kp) + MB+ C

where Byax is the maximal fluorescent intensity, B is the
concentration of BODIPY-TMR-CGP, M is the slope of
the nonspecific binding component and C is the intercept
with the Y-axis (reflecting the background image intensity).
For competition experiments, K; values of competing drugs
were determined from the concentration required to inhibit the

specific fluorescent binding of BODIPY-TMR-CGP by 50%
(ICsp) using the expression K; =1Csy/(1 + 4/Kp), where A4 is the
concentration of BODIPY-TMR-CGP and K, is its dissocia-
tion constant.

All data are presented as mean+s.e.m. The ‘#’ in the text
refers to the number of separate experiments.

Results
Functional responses of BODIPY-TMR-CGP

BODIPY-TMR-CGP appeared as a partial agonist in this
system stimulating an increase in CRE-mediated SPAP
production from CHO-f, cells in a concentration-dependent
manner (ECso=20.6nM, maximal response 45% of that
obtained with isoprenaline; Figure 2a; Table 1). This is similar
to the data obtained previously with the parent compound
CGP 12177 (Baker et al., 2002; Table 1). This BODIPY-TMR-
CGP-induced response was antagonised by ICI 118551
(apparent Kp=1.5nM; Table 1; Figure 2b). This value was
similar to that obtained when isoprenaline was used as agonist
in the same series of experiments (ICI 118551 Kp=1.32+
0.29nM; n=06) and that reported previously (0.9 nM; Baker
et al., 2002). Preincubation with a fixed concentration of
BODIPY-TMR-CGP antagonised the isoprenaline concentra-
tion — response curve in a manner consistent with its partial
agonist actions and gave an apparent Kp value of 3.9 nMm
(Figure 2c; Table 1). Unexpectedly, this was an order of
magnitude lower than the ECs, obtained for BODIPY-TMR-
CGP-stimulated SPAP production (P<0.05; unpaired z-test).
However, when increasing concentrations of BODIPY-TMR-
CGP were added simultaneously with a fixed concentration of
isoprenaline (100 nM), the response to isoprenaline was
gradually reduced down to a maximum similar to that
obtainable with BODIPY-TMR-CGP alone (Figure 3).
The ICs, value for this inhibitory effect was 30.3+5.1nM
(n=4), which was similar to the ECs, value for BODIPY-
TMR-CGP (Table 1) suggesting that both drugs are competing
at the same site.

At the level of cAMP, BODIPY-TMR-CGP caused a much
smaller ff,-adrenoceptor-mediated increase in *H-cAMP accu-
mulation (ECs,=28.1nM, Table 1), a similar finding to its
parent compound. Preincubation with BODIPY-TMR-CGP
was also able to antagonise the isoprenaline-induced cAMP
accumulation, causing a parallel shift of the isoprenaline
concentration — response curve to yield an apparent K, value
for BODIPY-TMR-CGP of 2.5nM (Table 1). Thus again,
there was a 10-fold difference between the ECs, and Kp, values
for BODIPY-TMR-CGP.

SH-CGP 12177 whole-cell binding

The specific binding of *H-CGP 12177 to intact CHO-p, cells
was best described by a single site with a Kp value of 0.20 +
0.02nM (n=4) and a B, of 696.1+75.7 fmolmgprotein™!
(n=4, Figure 4a). This binding was inhibited by ICI 118551
with a K; of 0.54+0.02nM (n=4), consistent with the values
obtained in both functional studies above. BODIPY-TMR-
CGP was also able to inhibit specific binding of *H-CGP 12177
yielding an apparent K; of 15.84+2.97nM (n=4; Figure 4b).
This was consistent with the ECs, values obtained for
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Figure 2 (a) CRE-mediated SPAP production in response to
isoprenaline and BODIPY-TMR-CGP obtained from CHO-f3, cells.
Data points are mean+s.e.m. (triplicate determinations) from a
single experiment and are representative of 15 separate experiments.
Bar represents the SPAP production from unstimulated cells. (b)
SPAP production induced by BODIPY-TMR-CGP in the presence
and absence of 30 nM ICI 118551. Points represent mean +s.e.m. of
triplicate determinations. The bars show basal SPAP production
and that in response to 30 nM ICI 118551 and this single experiment
is representative of nine separate determinations. (c) SPAP produc-
tion induced by isoprenaline in the presence and absence of 100 nM
BODIPY-TMR-CGP. Bars represent basal response and SPAP
production in the presence of 100nM BODIPY-TMR-CGP. Data
points are mean +s.e.m. (triplicate determinations) and this single
experiment is representative of six separate determinations.

with this observation, a similar apparent K, for BODIPY-
TMR-CGP was obtained from the displacement of *H-CGP
12177 even when the BODIPY-TMR-CGP was extensively
washed out over the period of an hour before the addition of
the radioligand (K;=9.09 +1.66 nM, n=4; Figure 4b).

Demonstration of long duration of action in functional
studies — CRE-mediated gene transcription

In order to confirm that this long duration of action was also
seen in functional studies, the agonist (isoprenaline or
BODIPY-TMR-CGP) was added to the CHO-f, cells and
incubated for 10min at 37°C. The agonist and media were
removed from the wells, the cells washed with 1 ml fresh
serum-free media, and a further fresh 1 ml serum-free media
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Table 1 Concentration-response parameters for BODIPY-TMR-CGP and CGP 12177-stimulated cAMP accumulation and gene

transcription and interactions with isoprenaline and ICI 118551

*CGP 12177
cAMP accumulation
ECs 1.26 nM
Envax (% max isoprenaline) 6.50%
Kp (antagonism of isoprenaline) 0.17nM
Kp ICI 118551 1.45nM
CRE-mediated gene transcription (SPAP)
ECso 0.22nM
Eyviax (% max isoprenaline) 59.8%
Ky, (antagonism of isoprenaline) 1.35nM
Kp ICI 118551 0.31nM

*Data taken from Baker ez al. (2002).

BODIPY-TMR-CGP n
28.1543.98nM 3
3.50+0.08% 3
2.4640.70 nM 4
2.204+0.99 nM 3
20.604+2.14nM 44
452+1.8% 44
3.86+0.84nM 12
1.504+0.38nM 9

CGP 12177 = parent compound. Values (ECs, and Eyax) are mean+s.e.m. for cAAMP accumulation or CRE-mediated gene transcription
from n separate experiments. Eyax values are expressed as a percentage of the maximal (10 uM) isoprenaline response measured in the
same experiment. Kp, values were estimated from the rightward shift of the concentration — response curve for isoprenaline obtained in the
presence of a fixed concentration of BODIPY-TMR-CGP or CGP 12177 (Figure 2c). The K}, values for ICI 118551 were obtained from
parallel shifts of concentration—response curves (Figure 2b) as described under Methods.

o

e control
o + 100nM BOD-CGP
4 washed out BOD-CGP

1000+

750+

5004

250

specific *H-CGP 12177
binding (fmol/mg protein)

0 T T T T T T T |
0 1 2 3 4 5 6 7 8

[*H-CGP 12177] (nM)

o

100- ¢ BOD-CGP
- o BOD-CGP washed out
c
5 804
£
2 4
o 60
=
S 40-

o
7]
2 204
0 T

-9 -|8 —|7 -6
log[BODIPY-CGP] (M)

Figure 4 (a) Specific binding of *H-CGP 12177 to CHO-$, cells in
control conditions (absence of BODIPY-TMR-CGP; 2 h incubation,
filled circles), in the presence of 100nM BODIPY-TMR-CGP
(BOD-CGP, open circles) added 1h before *H-CGP 12177 (2h
subsequent incubation in the presence of both ligands), and
following wash out of the BODIPY-TMR-CGP before addition of
*H-CGP 12177 (triangles). In this latter case, BODIPY-TMR-CGP

added to each well. This process should have reduced the free
ligand concentration by 10,000 fold. The plates were then
incubated for 4h 50min at 37°C and the CRE-SPAP gene
transcription as described previously (Baker et al., 2002).
Under these conditions, by removing isoprenaline after the
first 10min of the 5h incubation, reporter gene transcription
was not seen at original concentrations below 1uM (n=4).
However, the response to BODIPY-TMR-CGP was little
altered after wash out of the ligand and the response indices
(ECso 29.82+4.25nM, Eyax=386.6+6.1% of that achieved
when BODIPY-TMR-CGP response was not washed out at
10min, n=4) were similar to when BODIPY-TMR-CGP
remained present for the full Sh. This confirms that whereas
isoprenaline can be washed out of the system and thus limit the
gene transcription response, BODIPY-TMR-CGP remained
bound to the receptor.

Lack of B-agonist-mediated *H-cAMP accumulation and
gene transcription responses in native CHO-KI cells

There was no increase in either the *H-cAMP accumulation or
CRE-mediated gene transcription in response to isoprenaline

<

Figure 4 (caption continued) was incubated for 1h, then each well
washed twice with 200 ul phosphate-buffered saline. The cells were
then incubated in media for a further hour in order to give time for
any BODIPY-TMR-CGP to dissociate from the receptor. The cells
were then washed twice again before the *H-CGP 12177 was added
for a 2h incubation. Nonspecific binding was determined in the
presence of 100nM ICI 118551. Data points represent mean+
s.e.m. for triplicate values and this single experiment is representa-
tive of four separate experiments. Curves were fitted by nonlinear
regression as described under Methods. Fitted parameters in this
experiment for Byax and Kp were: (filled circles) 784.7 fmolmg
protein~', 0.23nM; (open circles) 315.9 fmol mgprotein~', 4.8 nM;
(triangles) 313.1 fmolmgprotein~', 0.36nM. (b) Inhibition of the
specific binding of 0.3nM *H-CGP 12177 by BODIPY-TMR-CGP
(BOD-CGP). Closed symbols show BODIPY-TMR-CGP and *H-
CGP 12177 after 2h incubation. Open symbols are where the
BODIPY-TMR-CGP was washed out as described in (a) before
incubation with radioligand. Data points represent mean +s.e.m. for
triplicate determinations in a single experiment and is representative
of four experiments.
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Figure 5 Confocal images and quantification of the binding of increasing concentrations (3 — 300 nM) of BODIPY-TMR-CGP
(10 min exposure) to CHO-f, cells. Data are from a single experiment and are representative of four separate experiments. The final
panel shows the quantification of these data. Average pixel intensities were calculated from the grey-scale images as described under
Methods. Values represent the mean of up to four separate images obtained in a single experiment. Similar data were obtained in
three other experiments. Cells were imaged following washout of all ligands.

or BODIPY-TMR-CGP in untransfected CHO-K1 cells or
those transfected with the CRE-SPAP reporter and not the
receptor (n=23). There was also no specific binding of *H-CGP
12177 to untransfected CHO-K1 cells again confirming the
absence of any other fS-adrenergic receptors in these cells
(n=4; data not shown). This confirms that the cAMP and
SPAP responses to f5,-agonists described above are dependent
in this cell line upon the presence of the human f,-
adrenoceptor.

Confocal microscopy

Following 10min exposure, BODIPY-TMR-CGP (50nMm)
was able to label the plasma membrane of CHO-f,
cells (Figure 5; n=283 wells). Concentrations of 30nM
and above were necessary to give clear membrane labelling
with BODIPY-TMR-CGP (Figure 5; n=35 complete experi-
ments). This membrane labelling was clearly seen irrespective
of whether the cells were imaged in the presence, or following
wash out, of the ligands (cf. Figures 5—8). Quantification of
the image fluorescence by average pixel intensity gave
Ky values for BODIPY-TMR-CGP from the saturation
curves very similar to those obtained from the other
measurements above (Kp=27.6+6.4nM, n=4, Figure 5).
Other experiments (data not shown) indicated that an
incubation period of 7.5min was necessary for clear binding
to occur at 20°C, and that binding remained unchanged
without evidence of internalisation at this temperature for at
least 60 min (n = 3).

Preincubation with increasing concentrations of either ICI
118551 or CGP 12177 was able to inhibit the binding of 50 nM
BODIPY-TMR-CGP in CHO-f, cells (Figure 6a; n=5 and
Figure 6b; n=23). The K; values obtained from average pixel
intensities for the inhibition of BODIPY-TMR-CGP (50 n™m)

binding by ICI 118551 (2.38+0.48 nM, n=4, Figure 6a) and
CGP 12177 (0.42+0.22 nM, n= 3, Figure 6b) were also similar
to those obtained for these compounds from both functional
studies and *H-CGP 12177 binding. Preincubation with
isoprenaline (ICso~0.1 uM, n=3, data not shown) was also
able to inhibit the binding of BODIPY-TMR-CGP to CHO-f,
cells although the substantial isoprenaline-induced receptor
internalisation that occurs with concentrations of 1uM and
above complicates interpretation of these data (Baker et al.,
2002).

The nonspecific binding properties of BODIPY-TMR-CGP
were also examined. BODIPY-TMR-CGP (50nM) did not
cause membrane labelling in control untransfected CHO-K1
cells (Figure 7; n=13); however, once exposed to 300nM
BODIPY-TMR-CGP a diffuse intracellular fluorescence was
seen (Figure 7, n=4). CHO-f, cells exposed to higher
concentrations of BODIPY-TMR-CGP showed two distinct
patterns of fluorescent labelling; membrane labelling and a
diffuse cytoplasmic fluorescence (Figure 7, n=26). ICI 118551
(100nM) was able to inhibit the binding of 50-300nM
BODIPY-TMR-CGP to the plasma membrane of cells, but
did not affect its uptake into the cytoplasm (Figure 7, n=4).
The parent fluorophore alone, BODIPY-TMR (50 — 300 nM),
caused a similar cytoplasmic fluorescence to that of the high
concentration BODIPY-TMR-CGP in both CHO-K1 cells
and CHO-p, cells (n=4, data not shown). This suggests that
the diffuse intracellular fluorescence seen at higher concentra-
tions of BODIPY-TMR-CGP is probably a consequence of a
nonspecific, non-f,-adrenoceptor-mediated process due to
fluorophore moiety.

In order to further confirm that BODIPY-TMR-CGP was
labelling the f3,-adrenoceptor, we have investigated the extent
to which it binds to a GFP-tagged f5,-adrenoceptor (Figure 8).
The GFP-tagged f,-adrenoceptor (green) was localised to the
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Figure 6 Confocal images showing the effect of increasing concentrations of 30 min preincubation with (a) ICI 118551 or (b) CGP
12177 on the binding of 50 nM BODIPY-TMR-CGP to CHO-$, cells (10 min) in the continued presence of ICI 118551 or CGP
12177. Images shown are from a single experiment. The final panel shows the quantification of these data. Average pixel intensities
were calculated from the grey-scale images as described under Methods. Values represent the mean of up to four separate images
obtained in a single experiment. Similar data were obtained in (a) three and (b) two other experiments. Cells were imaged following

washout of all ligands.

plasma membrane in CHO-f,-GFP cells (Figure 8b) and was
able to bind the red BODIPY-TMR-CGP (Figure 8a). When
the two images are superimposed (yellow), the binding of
BODIPY-TMR-CGP (red) can be seen to localise well with the
P>-GFP fluorescence (Figure 8d, n =155 cells in 10 wells). It is
clear that the cells with greater ,-GFP expression were able to
bind more of the red BODIPY-TMR-CGP. Furthermore,
these data show that there has been no receptor internalisation
induced by BODIPY-TMR-CGP. Experiments performed at
37°C also showed no internalisation of the f,-GFP-tagged

receptor following 60min incubation with BODIPY-TMR-
CGP (data not shown).

Discussion

Although CGP 12177 has traditionally been considered to be a
high-affinity f,- and f,-adrenoceptor antagonist (Lang &
Lemmer, 1985; Thede-Reynolds ez al., 1986; Haddad et al.,
1987; Steinkraus et al., 1990), it has also been shown to be a
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Figure 7 Confocal images showing the effects of 50 — 300 nM concentrations of BODIPY-TMR-CGP (10 min exposure) in CHO-f,
cells and control CHO-K1 cells. In CHO-, cells experiments were performed with and without 30 min pre-incubation with 100 nM
ICI 118551. Inset images show a close up of a group of cells (from the centre of each image) at four times the magnification of the
rest of the image. Images are from a single experiment that was representative of 155 cells in 10 different experiments. Cells were

imaged following washout of all ligands.

partial agonist in CHO-K1 cells transfected with the human
pr-adrenoceptor (Pak & Fishman, 1996; Baker et al., 2002). In
this study, we have shown that the fluorescent analogue
BODIPY-TMR-CGP is also a partial agonist of both cAMP
accumulation and CRE-mediated gene transcription.
Although, the ECs (circa 30 nM) of this fluorescent compound
is 100-fold less than the ECs, for the parent compound (0.3 nM;
Baker et al., 2002), the agonist efficacy is very similar. For
example, BODIPY-TMR-CGP was able to produce a maximal
stimulation of gene transcription which represented 45.2% of
that obtained with the full agonist isoprenaline (cf. 59.8% with
CGP 12177, Baker et al., 2002, see Table 1). Thus, although
the addition of the relatively large fluorophore to the smaller
CGP 12177 moiety has reduced the binding affinity of
BODIPY-TMR-CGP, the functional ability of the molecule
to stimulate agonist responses is largely maintained. Maximal
cyclic AMP responses to BODIPY-TMR-CGP were lower
(relative to isoprenaline) than those for CRE-mediated gene
transcription, but this probably reflects the amplification of
the signalling cascades leading from cAMP to the final
reporter gene response (Rees et al, 1999; Hill et al., 2001).
This amplification is also of similar magnitude to that seen
with the parent compound (Baker et al., 2002).

The agonist effect of BODIPY-TMR-CGP was potently
antagonised by the selective f,-adrenoeptor antagonist
ICI 118551. No responses were seen to BODIPY-TMR-CGP
in cells transfected with the CRE-SPAP reporter, but not
the receptor. This confirms that the BODIPY-TMR-CGP
effects were occurring entirely via the transfected f,-adreno-
ceptor.

Functional studies show that the ECs, value for BODIPY-
TMR-CGP for both cAMP accumulation and CRE-SPAP
reporter gene production is similar to the Kp value obtained

from inhibition of *H-CGP-12177 binding (circa 15-25nM) as
would be predicted from classical receptor theory (Kenakin &
Beek, 1984). The ability of increasing concentrations of
BODIPY-TMR-CGP to antagonise the SPAP responses
elicited by a fixed concentration of isoprenaline were also
consistent with a Kp value of 30 nM. However, the K, values
determined for both cAMP and SPAP responses from the
ability of a fixed concentration of BODIPY-CGP-TMR to
shift the concentration —responses curves of isoprenaline to
higher agonist concentrations suggested a much higher
affinity. In these calculations, the methods of Aranlakshana
& Schild (1959) and Stephenson (1956) assume that the
antagonist is fully competitive and that a full equilibrium has
been reached. The above discrepancy may therefore be because
of the kinetic properties of the fluorescent ligand.

To investigate this anomaly further, binding experiments
were conducted in CHO-f, cells that were pretreated with
BODIPY-TMR-CGP and this fluorescent compound washed
out before the radioligand was added. The ability of BODIPY-
TMR- CGP to inhibit *H-CGP 12177 was virtually unchanged
in this situation and the maximal saturation possible by the
radioligand was markedly reduced. This suggests that the
binding of BODIPY-TMR-CGP has an extremely slow
dissociation from the receptor. This is further suggested by
the gene transcription assay where the ligands have been
washed out after an initial 10 min incubation. Where isoprena-
line was present for only the first 10 min of the 5h incubation
period, gene transcription response was severely limited
suggesting that a 10min isoprenaline incubation is not
sufficient to initiate gene transcription. However, the response
to BODIPY-TMR-CGP was essentially unchanged suggesting
that the drug remained bound to the receptor despite attempts
to washout the drug.
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Figure 8 Binding of BODIPY-TMR-CGP to CHO-f,-GFP cells. In (b) the fluorescence monitored in the green GFP channel
(488 nm) is shown. (a) Shows the binding of 50 nM BODIPY-TMR-CGP to the same cells as in (b) in the red channel (543 nm). (d)
Shows an overlay of the two images (a and b) with colocalisation shown by the yellow pixels. (c) Shows the phase contrast image of
these cells. In this case, the BODIPY-TMR-CGP has not been washed out before imaging.

An explanation for the apparent higher affinity of BODIPY -
TMR-CGP in both functional studies is therefore that within
the time course of both assays, BODIPY-TMR-CGP is
effectively ‘irreversible’ and thus acts to ‘remove’ receptors
from the system. The isoprenaline concentration response in
the presence of BODIPY-TMR-CGP is therefore shifted
further to the right than if true equilibrium was achieved, that
is, BODIPY-TMR-CGP has effectively reduced the spare
receptor reserve for the full agonist isoprenaline. This mode of
long duration of action is very different from that of other
long-acting f,-agonists, for example, salmeterol. The long-
acting property of salmeterol is because of its irreversible
anchoring to transmembrane region 4 of the receptor, the
active head group is short acting and is thus dislodged by
competing ligands in a usual competitive manner (Coleman
et al., 1996; Green et al., 1996). BODIPY-TMR-CGP, on the
other hand, appears to have a long duration of action within
the active site itself and consequently is not readily removed by
other competing ligands.

In order to investigate the potential use of BODIPY-TMR-
CGP to image fp,-adrenoceptors in living cells, we used
confocal microscopy approaches with the CHO-f, cells.
Localised plasma membrane labelling was clearly seen with

BODIPY-TMR-CGP at concentrations of 30nM and above.
Similar images were obtained whether taken in the continued
presence of the fluorescent ligand or following wash out of this
long-acting molecule. The concentration required to label cell
surface ff,-adrenoceptors was consistent with the ECs, values
and binding studies above. The fluorescent binding of
BODIPY-TMR-CGP (50 nM) was selective for the ff,-adreno-
ceptor as it did not occur in untransfected cells, and was
inhibited by concentrations of ICI 118551 close to the Kp
obtained in the functional assays described above. In this
respect, BODIPY-TMR-CGP appears to have retained the
useful hydrophilic cell surface binding properties of CGP
12177 and will be a potentially useful fluorescent probe for cell
surface f§,-adrenoceptors. BODIPY-TMR-CGP binding was
also inhibited by both CGP 12177 and isoprenaline giving Kp,
values similar to those achieved in previous radioligand
binding studies (Baker et al., 2002) suggesting that BODIPY-
TMR-CGP is acting at the same site on the receptor as the
other ligands.

However, when higher concentrations of BODIPY-TMR-
CGP (300nM) were used, a widespread cytoplasmic fluores-
cence was seen in addition to the membrane fluorescence and
this was not inhibited by ICI 118551. This intracellular
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fluorescence occurred in both the CHO-f, cells and untrans-
fected CHO-K1 cells. When used alone, the native BODIPY-
TMR fluorophore (50 —300nM) also caused a similar diffuse
cytoplasmic labelling in both CHO-f3, and CHO-K1 cells. This
suggests that this cytoplasmic uptake of high concentration
(300nM) BODIPY-TMR-CGP and the native BODIPY-TMR
alone is not a fr-adrenoceptor-mediated process and is
occurring by another route. It is clear, however, from the
present studies that concentrations of BODIPY-TMR-CGP up
to 100nM allow selective receptor labelling while minimising
the nonreceptor-mediated cytoplasmic uptake.

In summary, we conclude BODIPY-TMR-CGP is a long-
acting fluorescent f,-adrenoceptor ligand that can be clearly
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