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Using stabilized forms of B; adrenergic and A4 adenosine G-protein-coupled receptors, we applied Bia-
core to monitor receptor activity and characterize binding constants of small-molecule antagonists span-
ning more than 20,000-fold in affinity. We also illustrate an improved method for tethering His-tagged
receptors on NTA (carboxymethylated dextran preimmobilized with nitrilotriacetic acid) chips to yield

stable, high-capacity, high-activity surfaces as well as a novel approach to regenerate receptor binding
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sites. Based on our success with this approach, we expect that the combination of stabilized receptors
with biosensor technology will become a common method for characterizing members of this receptor

© 2010 Elsevier Inc. All rights reserved.

Since 1990, Biacore biosensors have been used to study protein
interactions in real time without labeling [1], and the past 5 years
has seen a significant surge in the application of the technology for
small-molecule analysis [2,3]. In contrast, the application of bio-
sensors to study membrane-associated systems such as G-pro-
tein-coupled receptors (GPCRs)' is still in its infancy [4-9].

The challenges of studying membrane-associated receptors
with optical biosensors are 2-fold. First, most GPCRs are expressed
at low levels and are unstable when extracted from the cell mem-
brane. This makes it tricky to immobilize these receptors onto the
sensor surface while maintaining high levels of activity. Second,
the ligands for most GPCRs have low molecular weights (e.g., his-
tamine [111 Da], serotonin [176 Da]). This places an added burden
on surface plasmon resonance (SPR) biosensor technology, which is
mass based.

We envisioned that the approach of engineering stabilized
GPCRs [10,11] for structural analysis [12] could provide excellent
reagents for biosensor analysis. To validate this method, we used
two receptors that contain point mutations that improve their
thermostability and conformational homogeneity: a turkey B,
adrenergic receptor (B;AR*, with mutations R68S, M0V, Y227A,
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1 Abbreviations used: GPCR, G-protein-coupled receptor; SPR, surface plasmon
resonance; B;AR, B; adrenergic receptor; AaR, A»a adenosine receptor; NTA,
carboxymethylated dextran preimmobilized with nitrilotriacetic acid; EDTA, ethyl-
enediaminetetraacetic acid; DM, n-dodecyl-B-p-maltopyranoside; DMSO, dimethyl
sulfoxide; sulfo-NHS, sulfo-N-hydroxysuccinimide; EDC, 1-ethyl-3-(3-dimethylamin-
propyl)-carbodiimide hydrochloride; FBS, fetal bovine serum; CHS, cholesteryl
hemisuccinate tris salt; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; RU, resonance units; XAC, xanthine amine congener; DPCPX,
8-cyclopentyl-1,3-dipropylxanthine.
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A282L, F237A, and F338M) [13,14] and a human A, adenosine
receptor (AaR*, with mutations A54L, T88A, K122A, and V239A)
[12,15].

We illustrate how Biacore technology allowed us to establish
the benefits and limitations of different capturing methods and
to confirm the activity and stability of the immobilized receptors.
In addition, we provide examples of the high-quality kinetic and
affinity data available from Biacore analysis of GPCRs. Our success
in combining stabilized receptors with the biosensor technology
demonstrates the potential of this approach and should encourage
the development of additional reagents for these challenging
receptor systems.

Materials and methods
Reagents and instrumentation

Studies were performed at 25 °C using Biacore 2000 and S51
optical biosensors equipped with NTA (carboxymethylated dextran
preimmobilized with nitrilotriacetic acid) sensor chips (precondi-
tioned with three 1-min pulses of 350 mM ethylenediaminetetra-
acetic acid [EDTA] in running buffer and charged for 3 min with
500 uM Ni?* in running buffer) and equilibrated with running buf-
fer (20 mM Tris-HCl [pH 7.8], 350 mM Nacl, and 0.1% n-dodecyl-
B-p-maltopyranoside [DM] supplemented with 1 or 5% dimethyl
sulfoxide [DMSO]). Compounds were purchased from Sigma and
Tocris, detergent was purchased from Anatrace, sulfo-N-hydroxy-
succinimide (sulfo-NHS) was obtained from Bio-Rad, 1-ethyl-3-
(3-dimethylaminpropyl)-carbodiimide hydrochloride (EDC) was
obtained from GE Healthcare, and general laboratory reagents
were purchased from Sigma and Fisher Scientific.
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Receptor expression, solubilization, and purification

Receptors were expressed in Trichoplusia ni cells using the Fast-
Bac expression system (Invitrogen). T. ni cells were grown in sus-
pension in flasks with Ex-Cell 405 medium supplemented with
5% fetal bovine serum (FBS) and 1% chemically defined lipids
(Invitrogen). Cells were infected with recombinant virus when cul-
tures reached a density of 6 x 10° cells/ml; virus was added at a
multiplicity of infection of 1. An equal volume of fresh medium
was added immediately afterward. Cells were harvested by centri-
fugation 72 h postinfection.

All membrane preparation and solubilization steps were carried
out with ice-cold buffers with the inclusion of the protease inhib-
itors 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride
(0.5 mM), leupeptin (2.5 pg/ml), and pepstatin A (3.5 pg/ml). Cells
were pelleted from 1.5 L of culture, homogenized, and resuspended
in 70 ml of buffer B (40 mM Tris-HCI [pH 7.6], 300 mM NacCl, 5%
glycerol, 0.001% cholesteryl hemisuccinate [CHS], and 10 pM ZM
241385 or alprenolol). Membranes were first pelleted by centrifu-
gation at 235,000g for 1 h, and after removal of the supernatant,
membranes were resuspended in 70 ml of buffer B with the addi-
tion of two tablets of Complete EDTA free protease inhibitor tablets
(Roche) and subsequently were solubilized by the addition of 1.5%
DM for 1h on ice, followed by centrifugation at 235,000g for
60 min to remove unsolubilized material.

All protein purification steps were carried out at 4 °C. The solu-
bilized material was applied to a 5-ml Ni-NTA superflow cartridge
(Qiagen) preequilibrated with buffer B with the addition of 0.15%
DM. The column was washed at 1 ml/min with 10 column volumes
of the same buffer and then eluted with a linear gradient (15 col-
umn volumes) from 5 to 400 M imidazole in buffer B supple-
mented with 0.15% DM. Protein was detected with an online
detector to monitor Aygg, and column fractions were collected
and analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel. Fractions containing the approxi-
mately 35-kDa protein were pooled and concentrated using a
YM50 Amicon ultrafiltration membrane to a final volume of
200 pl. The protein sample was applied to a 10/30 S200 size exclu-
sion column preequilibrated with buffer B with the addition of 0.1%
DM (or exchange detergent) and eluted at 0.5 ml/min. Protein was
detected with an online detector to monitor A,gg, and column frac-
tions were collected and analyzed by SDS-PAGE gel. Fractions con-
taining the approximately 35-kDa protein were pooled and
concentrated using a YM50 Amicon ultrafiltration membrane to a
final concentration of 10 mg/ml and were stored at —80 °C.

NTA captures of f;AR* and AysR*

For direct NTA capture, the purified receptor (either p;AR*-
His10 or A,sR*-His10) was diluted 30 to 300x in running buffer
and injected at 5 pl/min to achieve capture levels of more than
10,000 resonance units (RU). For capture-coupling, a flow cell sur-
face was activated for 5 min (at 10 pl/min) with 1:1 0.1 M sulfo-
NHS/0.4 M EDC prior to injection of the receptor. Both the captured
and captured-coupled receptor surfaces were washed with run-
ning buffer for at least 1 h. Activity of the receptor surfaces was
evaluated using propranolol (for f;AR*) and xanthine amine conge-
ner (XAC, for A;aR*) injected across the surfaces at 100 pu/min.

Regeneration of captured—coupled f;AR* and A,4R* surfaces

At the end of each binding cycle, the GPCR surfaces were regen-
erated with a weak-affinity antagonist (2 x 2-min injection of
200 uM L-748,337 for B1AR* and 2 x 1-min injection of 100 uM
PSB 1115 for AzaR*), followed by an EXTRACLEAN step and an
injection of running buffer.

Kinetic characterization of B;AR* and A;4R* antagonists

High-affinity, small-molecule antagonists (249-504 Da,
Kp <1 puM) were each tested in triplicate in 3-fold dilution series
for binding to B;AR* or A;aR* in running buffer containing 1%
DMSO. All samples were injected at a flow rate of 100 pl/min,
and when necessary the surfaces were regenerated with PSB
1115 or L-748,337.

Equilibrium analyses of lower affinity p;AR* antagonists

Lower affinity B;AR* analytes (Kp > 1 uM) were tested in dupli-
cate in a 2-fold dilution series starting at 100 pM in running buffer
containing 5% DMSO. All samples were injected at a flow rate of
90 pl/min, and a DMSO calibration series was used to correct for
the excluded volume effect.

Data processing and analysis

All biosensor data processing and analysis was performed using
Scrubber2 (BioLogic Software). All responses were double refer-
enced [16]. For kinetic analyses, data were globally fit to a 1:1
interaction model that included a term for mass transport to obtain
binding parameters. For equilibrium analyses, the responses at
equilibrium were plotted against the analyte concentration and
fit to a simple 1:1 binding isotherm.

Results
Capturing approaches for ;AR* and Az4R*

Using B;AR* as an example, Fig. 1 shows two approaches for
tethering His-tagged GPCRs to NTA sensor surfaces. Simply inject-
ing B;AR*~His10 over the Ni?*-charged NTA surface produced the
green response shown in Fig. 1A. Although the receptor was cap-
tured to a high density (>10,000 RU), it gradually dissociated from
the NTA surface. This dissociation can complicate the analyte bind-
ing responses and lead to a loss of surface activity. Unfortunately,
this level of dissociation from NTA surfaces is fairly typical for
His-tagged proteins.

To produce stable receptor surfaces, we employed an alterna-
tive approach that we call capture-coupling. This method is a
hybrid of capture and amine coupling chemistry. In capture-cou-
pling, the nickel-charged NTA surface is activated with an EDC/sul-
fo-NHS mixture (from -375 to -75 s in Fig. 1A) prior to injection of
the receptor, as illustrated by the blue response in Fig. 1A. The His
tag serves to preconcentrate the receptor onto the surface for sub-
sequent covalent crosslinking via the activated carboxyl groups.
This method is milder than the standard preconcentration step
for amine coupling, which involves dropping the pH below the iso-
electric point of the protein and placing the ligand in a low-salt
buffer. Using capture-coupling, the B;AR* receptor surface dis-
played significantly less postimmobilization drift (Fig. 1A, blue
sensorgram).

To establish that capture-coupling did not compromise the
receptor’s activity, propranolol (259 Da) was injected across the di-
rectly NTA-captured and capture-coupled ;AR* surfaces (Fig. 1B).
The antagonist bound to both surfaces, demonstrating in each case
that the receptor was active. The responses fit well to a 1:1 inter-
action model that yielded similar binding constants (k,=9.40
(6) x 10° M~ 's71, kq=7.80 (4) x 10357, and Kp = 8.3 (7) nM for
the captured surface and k,=1.57 (4) x 10°M~'s™!, kq=8.50
(2)x103s7! and Kp,=5.4 (2)nM for the captured—-coupled
surface, where numbers in parentheses are standard errors),
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Fig.1. NTA capture methods of His-tagged GPCRs. (A) Sensorgrams for direct
capture (green) and capture-couple (blue) of His-tagged B;AR*. (B) Blue and green
traces represent duplicate responses for 500 nM propranolol binding to directly
captured and captured-coupled B;AR*. The first propranolol injection over both
surfaces is shown in blue, and the second is shown in green. The orange lines depict
the fit of a 1:1 interaction model to each data set. (C) Replicate responses for
500 nM propranolol tested over 28 h (sample order was blue, red, green, and then
pink) for binding to the captured-coupled and captured B;AR* surfaces. (For
interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.).

indicating that capture-coupling did not alter the receptor’s bind-
ing activity.

When comparing the response levels achieved for propranolol
from the two coupling methods, it is clear that the captured-cou-
pled surface produced a significantly higher binding response than
the directly captured surface (in this example, the response is more
than three times larger for the captured-coupled surface) (Fig. 1B).
The lower response for the captured receptor surface likely stems
from the decay of the receptor from the NTA ligand. Importantly,
the Ry determined for the captured-coupled B;AR* surface sug-
gests that the immobilized receptor was approximately 75% active.

The differences in stability and activity of the two B;AR* sur-
faces are even more apparent in Fig. 1C. Four replicate injections
of propranolol (tested at 7-h intervals) across the captured-
coupled receptor surface overlay, confirming that this surface
was stable over more than 24 h. In contrast, over the same time
period, the NTA-captured-only receptor surface lost all activity.
Together, the data in Fig. 1 demonstrate that capture-coupling pro-
duces high-density, active, and stable surfaces for this His-tagged
receptor. Similar results were obtained for His-tagged A;aR* (data
not shown). Based on the success of this method, capture-coupling
was used to generate the data reported throughout the rest of the
study.

Regeneration of GPCR surfaces

One of the limitations introduced by capture-coupling is that
the receptor is now covalently immobilized to the surface. This
eliminates the possibility of stripping the receptor from the surface
and recapturing it as a means of regenerating tightly bound com-
pounds. Therefore, we are left with two options for regeneration:

(i) washing the receptor surfaces with buffer until the bound ana-
lyte dissociates (often requiring >1-h wash phases) or (ii) using a
regeneration method that removes bound analyte without affect-
ing receptor activity. Unfortunately, we find that regeneration con-
ditions commonly used for protein/protein interactions (e.g., dilute
phosphoric acid, base, high salt) are often ineffective at regenerat-
ing small-molecule binding sites [17], and harsher conditions
would likely be detrimental to the GPCR surfaces. Therefore, to
regenerate the B;AR* and A,,R* systems, we developed an alterna-
tive approach that we refer to as displacement regeneration.

In displacement regeneration, bound analytes are displaced by a
weak-affinity compound injected at high concentrations. This
regeneration method works by saturating the available receptor
binding sites, thereby blocking rebinding of the high-affinity ana-
lyte. Because this method involves passive displacement, it is most
appropriate for analytes that are limited by mass transport, which
we found is the case for many of the B;AR and A,4R antagonists.

Fig. 2 shows an example of the regeneration tests of A;sR*. In
this work, the analyte of interest, ZM-241,385, was injected for
1 min and its dissociation from the surface was monitored for
2 min. (Note that ZM-241,385 shows an apparent slow dissociation
rate). To displace the bound ZM-241,385, a weak A;4R antagonist,
PSB 1115 (Kp ~ 1 uM), was injected twice at a concentration of
100 uM during the dissociation phase. No binding response is vis-
ible for PSB 1115 in the main figure because these data were dou-
ble referenced. In double referencing, buffer was injected instead of
ZM-241,385, but PSB 1115 was still injected during regeneration.
Once the data are fully processed, this double referencing step
essentially removes the binding response for PSB 1115 because it
occurs in every cycle. To demonstrate that in fact PSB 1115 is bind-
ing during the regeneration steps, the inset in Fig. 2 shows the raw
data for one of the binding cycles; here the responses for PSB 1115
up to approximately 50 RU are apparent.

By the end of the second PSB 1115 injection, all ZM-241,385 ap-
pears to be displaced from the receptor surface (Fig. 2, main panel).
The ZM-241,385 binding and PBS 1115 regeneration cycles were
repeated three times to demonstrate that this regeneration condi-
tion is sufficient to remove bound ZM-241,385 from A,5R* without
reducing receptor activity (note the excellent overlay of the black,
green, and blue sensorgrams in the main panel of Fig. 2). A similar
regeneration approach was successfully developed for g;AR* using
200 uM L-748,337 as the displacement analyte (data not shown).

Kinetic analyses of p;AR* and A;4R* antagonists

Having optimized immobilization and regeneration conditions
for B;AR* and A,5sR*, we next applied the Biacore assay to
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Fig.2. Regeneration of captured-coupled GPCR surfaces. The main panel shows an
overlay of three binding cycles for AaR*: injection of 300 nM ZM-241,385
(highlighted by the orange bar), followed by buffer wash for 2 min and two
1-min injections of 100 pM PSB 1115 (highlighted by the red bars). The inset shows
raw responses for these binding cycles. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.).
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Fig.3. Kinetic analyses of A;4R* and B;AR* antagonists. Each compound was tested in triplicate in a 3-fold dilution series, and the responses were fit to a 1:1 interaction
model. Antagonist structures are shown in the insets; compound identities and binding parameters determined from the fits are listed in Table 1.

characterize the binding kinetics of eight antagonists (which ran-
ged in size from 249 to 504 Da) to each receptor. Fig. 3 presents
the response data for a concentration series of each compound.
Triplicate injections of each concentration overlay very well,

demonstrating that the observed binding responses were repro-
ducible. In addition, each data set could be globally fit to a 1:1
interaction model. A summary of the binding constants is pro-
vided in Table 1.
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Table 1
Binding constants for GPCR/compound interactions determined at 25 °C
Panel® AsaR* analyte MW (Da) ko (M~ 1s™1) ka(s™Y) Kp (nM)
3A ZM-241,385 337 1.33 (6) x 107 3.80 (2) x 1072 2.8(2)
3B PSB 36 386 5.10 (6) x 10° 3.60 (4) x 102 7(1)
3C XAC 428 1.39 (2) x 10° 1.12 (1) x 102 8.1(1)
3D SCH 442416 389 2.60 (8) x 108 5.30 (2) x 1072 20.2 (9)
3E DPCPX 304 1.20 (5) x 107 6.00 (3) x 107" 50 (30)
3F SCH 58261 345 1.00 (3) x 10° 6.60 (2) x 102 66 (1)
3G MRS 1706 504 3.36 (7) x 10° 3.47 (8) x 1072 103 (3)
3H PSB 1115 388 3.90 (1) x 10° 3.18(9) x 107! 810 (30)
B1AR* analyte
3 Timolol 316 9.40 (1) x 10° 6.94 (8) x 1073 7.4 (1)
3] Propranolol 259 4.50 (1) x 10° 3.28 (4) x 1073 7.2(2)
3K Alprenolol 249 1.31 (4) x 10° 249 (7) x 1072 19.0 (1)
3L Nebivolol 405 2.76 (5) x 10° 1.50 (3) x 1072 31.8 (1)
3M Labetalol 328 2.64 (6) x 10° 2.51(5)x 1072 95 (3)
3N ICI 118,551 277 2.40 (7) x 10° 8.50 (3) x 1072 350 (10)
30 Clenbuterol 277 2.47 (9) x 10° 133 (5)x 107! 540 (30)
3P L-748,337 498 2.37 (6) x 10° 1.41 (4) x 107! 600 (20)
4A Butoxamine 267 - - 5150 (20)
4B Serotonin 176 - - 14,170 (50)
4C Atenolol 266 - - 49,200 (200)
4D Methylergonovine 339 - - 49,600 (300)
4E Ergonovine 325 - - 84,100 (800)

Note. Numbers in parentheses are standard errors. -, not determined (Kp obtained from equilibrium analysis).

¢ Key to data sets shown in Figs. 3 and 4.

Equilibrium analyses of lower affinity interactions

A powerful feature of Biacore technology is the ability to detect
and quantitate relatively weak interactions (Kp > 1 tM). To explore
this possibility with the GPCR systems, we characterized the bind-
ing of five lower- affinity compounds against $;AR*. As shown in
Fig. 4, each of these compounds bound in a concentration-depen-
dent manner, and the responses were reproducible. Because they
all have very fast dissociation rates, they reached equilibrium rap-
idly during the association phase. The responses at equilibrium all
fit well to a simple 1:1 binding model, as shown in Fig. 4F. The
affinities for these compounds ranged from approximately 5 to
85 uM (Table 1).

Discussion

We showed previously how Biacore could be used to study na-
tive GPCRs from both purified and crude preparations [4-9]. We
developed assays to identify solubilization and purification condi-
tions [4-6], and we applied the technology to characterize the
binding kinetics of antibodies, natural ligands, and small molecules
ranging in affinity from picomolar (pM) to millimolar (mM) [7-9].

In this article, we illustrated the advantages of using stabilized
forms of GPCRs as ligands in Biacore experiments. Because a key
requirement for the biosensor technology is that the ligand be ac-
tive, a major advantage of the stabilized receptors is that they can
be prepared with high overall activity and conformational homo-
geneity. (The B;AR* and A,aR* that we used in this study were engi-
neered to be in an antagonist conformation [10,12-15].) This high
binding activity allows us to achieve relatively large binding re-
sponses even for small analytes. The conformational homogeneity
likely contributes to the fact that the binding response data for all
of the compounds studied were reproducible and could be fit to a
simple model.

However, even with active and stable starting material, we
needed to optimize the receptor immobilization conditions by
employing a capture—coupling approach. This method worked well
with both the His-tagged B;AR* and A,,R* receptor systems, pro-
viding high-capacity surfaces that were stable over time. However,
we should stress that with any new receptor system, it is impor-
tant to run control experiments to ensure that the capture-
coupling approach does not significantly affect receptor binding
activity.

We developed a novel regeneration method that uses high con-
centrations of a weak binding analyte to passively dissociate a
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Fig.4. Equilibrium analyses of five lower- affinity p;AR analytes. Each compound was tested in duplicate in a 2-fold dilution series starting at 100 uM. Responses at
equilibrium (t = 10-20 s) were plotted against compound concentration and fit to a simple binding isotherm. Analyte structures are shown in the insets; compound identities

and affinities from the isotherms are listed in Table 1.
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bound compound. This method will be most effective at regenerat-
ing analytes with fast association rates. These systems tend to be
mass transport limited and can be easily displaced from the sensor
surface by blocking rebinding as compared with a compound that
has an inherently slow dissociation rate. Given the simplicity of
this approach, we would encourage biosensor users to try displace-
ment regeneration when they encounter slowly dissociating ana-
lytes with their own systems.

Using optimized immobilization and regeneration methods, we
were able to characterize the binding of a range of small-molecule
analytes to both B;AR* and A,,R*. This series of compounds dis-
played a wide range of association and dissociation rate constants
that produced a nearly 300-fold span in affinity. Having established
the conditions for analysis of the stabilized receptors, we are in the
process of transferring the methodology to study native forms of
these same receptors. Biacore should provide an excellent method
of assessing in detail whether and how the stabilizing mutations
change the recognition properties of the receptors.

Finally, we demonstrated that it is possible to characterize the
affinity of relatively weak compounds (Kp ~ 10-100 uM) binding
to these receptors. These results hint at the potential of using
Biacore to screen fragment libraries against GPCRs. One of our con-
cerns, however, is that high concentrations of compounds used in
fragment screening (100-500 uM) may show high levels of non-
specific binding to the receptor surfaces. We are currently investi-
gating whether this will be the case. But an additional advantage of
using stabilized receptors is that they can be crystallized [12] to
confirm hits from a fragment library and identify binding modes
for these compounds, which would be a useful in elaborating the
hits.

Of course, engineering stabilized receptors requires a substan-
tial amount of effort. But it is encouraging to see that these types
of reagents are excellent tools for biosensor analysis. We are cer-
tain that the combination of stabilized receptors and biosensor
technology will provide new insights into receptor structure/func-
tion and that the high quality of direct binding data will have a po-
sitive impact on drug discovery.
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