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Abstract
Production of structure-grade mammalian membrane proteins in substantial quantities has been
hindered by a lack of methods for effectively profiling multiple construct expression in higher
eukaryotic systems such as insect or mammalian cells. To address this problem, a specialized small-
scale eukaryotic expression platform by Thomson Instrument Company (Vertiga-IM) was developed
and coupled with a Guava EasyCyte microcapillary 96-well cytometer to monitor cell density and
health and evaluate membrane protein expression. Two proof of concept experiments were conducted
using the human β2-adrenergic receptor (β2AR) and gap junction protein connexin26 (Cx26) in a
baculovirus expression system. First, cell surface expression was used to assess the expression levels
of fourteen β2AR truncation variants expressed using the Vertiga-IM shaker. Three of these variants
were then compared to wild type β2AR using three metrics: cell surface expression, saturation ligand
binding and protein immunoblot analysis of dodecyl maltoside extracted material. Second, a series
of systematic Cx26 truncation variants were evaluated for expression by protein immunoblot
analysis. The cumulative results for these two systems show that the Vertiga-IM instrument can be
used effectively in the parallel insect cell micro-expression of membrane protein variants, and that
the expression of cell surface molecules as monitored with the Guava EasyCyte instrument can be
used to rapidly assess the production of properly folded proteins in the baculovirus expression system.
This approach expedites the in vitro evaluation of a large number of mammalian membrane protein
variants.
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Introduction
Technologies focused primarily on bacterial expression of prokaryotic proteins developed as
part of pilot structural genomics projects are now being applied to determine the structures of
more challenging eukaryotic and membrane protein targets. Although there are many cases
where eukaryotic proteins can be expressed in bacteria, other protein targets of interest,
particularly human membrane proteins, often require expression in eukaryotic systems such
as Pichia pastoris, yeast, insect cells, and mammalian cells [1,2]. Consequently, it is essential
to develop expression technologies to produce recombinant eukaryotic membrane proteins in
an efficient and stable manner [3]. Perhaps one of the most useful eukaryotic expression
systems for structural biology is the baculovirus-mediated gene delivery to insect cells, where
the heterologous protein is expressed at a particular phase of the viral life cycle [4,5].
Unfortunately, the preparation and evaluation of recombinant protein in eukaryotic cells is time
consuming and does not lend itself to high-throughput applications where multiple protein
constructions must be examined. The ability to assay protein expression using early viral
passages in a small scale format could save significant time and resources, and make the process
more amenable to parallel screening efforts [6].

The goal of our current study was to develop and optimize an efficient small scale expression
platform capable of screening multiple protein constructs using a baculovirus expression
system to produce samples for structure determination studies. We were interested in
developing a protocol to take advantage of the Thomson eukaryotic incubated shaker (Vertiga-
IM; http://www.htslabs.com), a second generation system to that previously described for
parallel bacterial expression [7,8]. We describe a process that utilizes small volumes of
Spodoptera frugiperda (Sf9) insect cell suspension cultures that were incubated in 24-well
blocks, rather than adherent cultures or as suspensions in large vessels [9–11]. With human
β2-adrenergic receptor (β2AR), we were able to take advantage of the substantial effort that
has already been devoted to the expression of G-protein coupled receptors (GPCRs) by
including several previously characterized truncation variants [12,13]. In this report, we
evaluate protein extraction, and plasma membrane ligand binding of truncation variants of
β2AR (Figure 1A) with active detergent extractable material. In conjunction with the Vertiga-
IM, we assayed for cell surface expression using a Guava EasyCyte microcapillary flow
cytometer (http://www.guavatechnologies.com) thus providing a powerful and straightforward
method for assessing expression levels of membrane protein in a small scale format. A second
complimentary study was undertaken using the human gap junction protein connexin26
(Cx26). Gap junction channels allow direct cell-to-cell movement of ions and signalling
molecules such as ATP to control the metabolic and electrical activities within tissues [14].
Connexin subunits (Figure 1B) contain four transmembrane domains (M1–M4), two
extracellular loops (EL1 and EL2), a cytoplasmic loop (IL) between M2 and M3, and amino-
and carboxy-tails. Six subunits assemble as a hemichannel, also called a connexon. The
dodecameric channel is formed by the end-to-end docking of two connexions, and tight packing
of the extracellular loops prevents exchange of molecules with the extracellular environment
[15]. Unlike β2AR which has an extracellular N-terminus and an intracellular C-terminus, Cx26
has both the N- and C-terminus within the cell. Thus, microscale expression in the Vertiga-IM
was assessed by traditional protein immunoblot analysis.

Materials and Methods
Construct design of human β2AR

The initial full length β2AR cDNA (a gift from B. Kobilka at Stanford University) contained
the amino terminal hemagglutinin signal sequence and Flag epitope, as well as the 6-histidine
tag [16]. The entire construct was amplified from its original vector using standard polymerase
chain reaction (PCR) protocols with flanking primers designed to introduce 5′ BamHI and 3′
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HindIII restriction sites immediately upstream from hemagglutinin signal sequence and
downstream from the 6-histidine tag, respectively. The constructs were subsequently cloned
into the pFastBacI (pFB) Bac-to-Bac transfer vector (Invitrogen) to generate the wild-type
β2AR (pFB/wtβ2AR) construct under the control of the polyhedrin promotor. Fourteen C-
terminal truncation variants in five amino acid steps starting with the 1–408 variant (Figure
1A) were generated from wtβ2AR using the QuikChange protocol (Stratagene). Receptor
specific primers were designed to insert a 6-histidine tag followed by a stop codon immediately
adjacent to the last amino acid of the receptor variant.

Construct design of Cx26
A similar procedure to the above was used for the Cx26 series (Figure 1B; Supplementary
Figure S1) which were designed to test a larger series of truncations in all of the extra-
membrane regions of a protein. Wild-type human Cx26 (NCBI: AF479776) with a C-terminal
6-histidine tag in pVL1393 was used as a template for production of all the variants. Virus was
then generated by recombination with linearized baculovirus DNA (BaculoGold; BD
Bioscience). A total of 19 N-terminal, 20 C-terminal, 19 intracellular loop (IL), and 38
extracellular loop (EL; 19 each in EL1 and EL2, respectively) truncations were evaluated.

Baculovirus viral DNA was generated by site-specific recombination of the transfer vector into
the viral genome in DH10Bac cells (Invitrogen) according to the manufacturer’s protocol. The
resulting recombinant bacmid DNA was isolated and transfected into Sf9 insect cells using
cellfectin (Invitrogen). A viral titer was determined for each construct after three rounds of
viral amplification, which was normalized to 1 × 109 infectious particles (IP) per milliter
[17].

Vertiga-IM Development and Expression of Constructs
The Vertiga-IM (Thomson) was developed as a second generation small scale protein
expression system [7,8] to enable small scale screening of insect or mammalian (e.g. CHO &
HEK293) cells in suspension. Three parameters were optimized using the Vertiga-I as a starting
point: orbital path, throw distance and temperature control. The throw distance for the circular
orbit was optimized to one-half inch for use with the Thomson 24-well plates. However, the
throw is adjustable to accommodate different vessel formats. Finally, the temperature control
was upgraded from the peltier system used on the Vertiga-I to a compression refrigeration
system which is capable of maintaining a temperature from 5–40°C (+/− 0.1°).

Stocks of insect cell cultures were maintained in shake flasks and passaged every three days
with ESF 921 insect cell media (Expression Systems). For each data point a 5 ml aliquot of
mid-log phase insect cell culture at a density of 2 × 106 cells/ml was infected with a high-titer
(1 × 109 IP/mL) stock of each construct (β2AR or Cx26) at a final multiplicity of infection
(MOI) of 2. During the 72 hour induction the cells were maintained in suspension in a 24-well
sterile block (Thomson) sealed with BreathEasy membranes (USA Scientific) by shaking at
300 rpm at 27 °C in the Vertiga-IM. Medium scale expression was performed in 50 ml shake
flasks (Corning) maintained at 27 °C and 115 rpm in a standard incubator (New Brunswick).

Flow cytometric analysis of β2AR cell surface expression
Twenty micrograms of M2-anti-Flag monoclonal antibody (Sigma) were derivatized with
Zenon Alexa-488 (Invitrogen) according to the manufacturer’s protocol. The reaction was
diluted to 1 ml with Tris-buffered saline (TBS: 20 mM Tris pH 7.5, 130 mM NaCl) containing
4% bovine serum albumin to yield a stock solution of 20 μg/ml Alexa-488 labelled Flag
(Alexa488-Flag) antibody. For the cell surface expression assay, 10 μl of culture were
transferred from the 24-well Thomson block to a 96-well Costar round bottom plate and mixed

Hanson et al. Page 3

Protein Expr Purif. Author manuscript; available in PMC 2008 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with 15 μl of the Alexa488-Flag stock solution. The mixture was incubated at 4 °C for 30 min
and then diluted five-fold with TBS to a final volume of 200 μl.

The cultures were then assayed for fluorescence using a Guava Easycyte microcapillary flow
cytometer, utilizing laser excitation and emission wavelengths of 488 and 532 nm, respectively.
The gain was adjusted so that negative expression and antibody isotype control cell populations
fluoresced with mean fluorescence intensity (MFI) between 0 and 10. Cell populations
expressing above 10 MFI were thus expressing above the noise level of the assay. For each
assay point, 2000 cellular events were collected and the resulting histograms inspected
manually to delineate the populations used to compute the MFI reported (Figure 2A).

B2AR plasma membrane ligand binding assays
Cell pellets were suspended in ice-cold binding buffer (TME: 50 mM Tris-HCl, 10 mM
MgCl2, 0.5 mM EDTA, pH 7.4), containing protease inhibitors (Complete protease inhibitor
cocktail tablet, Roche Applied Science) and homogenized for 30 strokes with a Dounce
homogenizer. Cellular debris and DNA were removed by centrifugation at 400 × g for 10 min
at 4 °C, and the supernatants were collected. Crude plasma membranes were isolated by
centrifugation of the supernatants at 150,000 × g for 60 min at 4 °C. The membrane pellets
were resuspended in TME buffer. The wtβ2AR and truncation variants were tested for binding
with Levo-[Ring, Propyl-3H(N)]-Dihydroalprenolol Hydrochloride [3H]DHA, (81 Ci/mmol,
Perkin Elmer Life Sciences). Crude plasma membranes (5 μg of total protein per reaction) were
incubated for 30 min at room temperature with serial dilutions of the radioligand (0.15–30
nM). Incubations were rapidly terminated by filtration using a Tomtec Mach III cell harvester
(Tomtec) through a 96-well GF/B filter plate (MultiScreen Harvest plate, Millipore Corp.),
and rinsed five times with 500 μl of ice-cold buffer (50 mM Tris-HCl, pH 7.4). The harvest
plates were dried, and 30 μl of OptiPhase “HiSafe” III scintillation liquid (Perkin Elmer Life
Science) were added. The bound radioactivity was measured using a Packard’s TopCounter
NTX. Non-specific binding was determined in parallel reactions in the presence of an excess
of Alprenolol (100 μM, Sigma-Aldrich), and specific binding was defined as the difference
between total and non-specific binding. Protein concentrations were determined with the BCA
protein assay (Pierce), using bovine serum albumin as a reference. All incubations were
performed in triplicates, and independent experiments were repeated five times. Equilibrium
dissociation constants (Kd) and maximal receptor levels (Bmax) were calculated from the results
of saturation experiments using GraphPad Prism Software.

Western immunoblot analysis of total extractable material
For β2AR or Cx26 samples, cells from 1 ml aliquots of culture were isolated by centrifugation
at 500 × g for 10 min. The supernatant was discarded, and the pellet was resuspended in TBS
to a final concentration of 2 × 107 expressing cells/ml. Each aliquot was solubilized with 1%
dodecyl maltoside (DDM, Anatrace) in the presence of benzonase for 1 h at 4 °C. The samples
were then incubated with SDS-loading buffer, applied to a 4–10% Bis-Tris SDS-PAGE gel
(Invitrogen), and separated by electrophoresis at 150 V. Samples were then transferred onto
nitrocellulose and probed with an alkaline phosphatase conjugated anti-Flag monoclonal
antibody (Sigma) for β2AR, or an alkaline phosphatase conjugated anti-histidine tag
monoclonal antibody (Sigma) for Cx26. The resulting bands were exposed colorimetrically
and analyzed by pixel density relative to wild type using ImageJ software (β2AR) or scored
visually by relative band intensity (Cx26).
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Results
Protein expression

The well-to-well variability of β2AR protein expression was assessed by measuring cell surface
expression of twelve aliquots of a single Sf9 culture infected at the same recombinant
baculoviral stock and MOI. The variability in cell surface expression was determined to be
acceptable for an accurate comparison to the total protein yields quantified by Western
immunoblotting (data not shown).

Cell surface expression of β2AR
All β2AR constructs were probed with Alexa488-Flag and assayed using a 96-well Guava
EasyCyte microcapillary flow cytometer. The raw data from a typical assay (Figure 2A) are
represented as a MFI of the expressing population of cells. Markers under which the MFI and
%CV were calculated were set by inspection of the histograms for each sample. In cases where
the expressing population is not clearly delineated based on the histogram (Figure 2A panel
1), the markers are set to include no less than 70% of the total cell population. In the case where
the expressing population is clear based on the histogram (Figure 2A panel 2), the marker is
set to include the entire expressing population. Interestingly, the MFI values showed that the
shortest truncations (5 to 25 residues) displayed an increase in cell surface expression, whereas
the larger truncations (30 to 65 residues) showed a marked decrease (Figure 2B).

Radioligand saturation binding assay for β2AR
The most reliable method for assessing β2AR expression is a saturation binding assay using a
radio-labeled agonist or antagonist [18]. This quantitative method yields the absolute number
of receptors per cell or sample, traditionally expressed as picomoles of receptor per milligram
of total protein (Figure 3A). There is a general decrease in functional β2AR binding sites as
the C-terminus is progressively truncated (Figure 3B; Table 1). However, the binding affinities
for the receptor series remained relatively constant, indicating a simple decrease in the amount
of functional receptor that was produced. At this time, it is unclear how the C-terminus
influences the natural expression of β2AR although receptor signalled recycling is a likely
explanation.

Semi-quantitative Western immunoblot analysis of β2AR
β2AR was solubilized by treatment of crude membrane fractions with 1% DDM. The
solubilized protein was then analyzed by SDS-PAGE. For this purpose, non-specific
aggregation was minimized by not heating the sample prior to loading. There is a clear decrease
in the total intensity of the bands relative to WT with all of the truncations (Figure 3). This
trend becomes more clear upon pixel quantitation analysis with ImageJ (Figure 4). Due to the
ability of protein immunoblot analysis to detect both surface and internal receptor, and the
Guava EasyCyte analysis detecting cell surface receptor only, one should get a better
approximation of total expression. However, this is often not the case as the protein immunoblot
technique suffers from a number of technical limitations, including differential transfer rates
to nitrocellulose and non-quantitative staining. In fact, these shortcomings are evident by
examining the correlation coefficient (CC; Table 2) relative to saturation ligand binding of the
normalized data (Figure 4) for both cell surface expression as measured by flow cytometry
(CC: 0.93) and total extractable material as measured by protein immunoblot (CC: 0.74).

Connexin truncation series
Our studies examined the expression of the 26 kDa connexin, Cx26, which has one of the
shortest C-termini in the family. Since the N- and C-termini reside within the cytoplasm, the
Guava EasyCyte could not be used to assess cell surface expression with immunoaffinity tags.
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Instead the total protein expression level was qualitatively assessed relative to wild type by
Western immunoblot analysis with antibodies directed against the 6-histidine C-terminal tag
(Figure 6). Overall 96 truncation or deletion variants were attempted, consisting of single amino
acid serial truncations on both the N- and C- termini, as well as a series of deletion variants in
each extracellular and cytoplasmic loop (Figure 1B; Supplementary Figure 1). These were each
expressed in the baculovirus expression system. Wild type yields are approximately 1.5 mg
per liter of culture by traditional shake flask growth methods. The highest expressing of the
mutants in the Vertiga-IM system yielded similar levels to wild-type, Of particular importance,
several trends emerged with deletions at the N- or C-termini, and to a lesser extent the EL1
loop which resulted in no recombinant virus or a reduction of expression in comparison.
Truncation of the cytoplasmic M2–M3 loop IL and EL2 loops were surprisingly well tolerated
(Figure 5).

Discussion
Until recently, small scale expression trials in the baculovirus system were commonly carried
out in small volume shake flasks or adherent cell cultures [6,9]. While these formats have the
advantage of simplicity and familiarity, it can be prohibitively cumbersome to process multiple
samples in parallel, scale-up to larger production volumes can be inconsistent, and this
approach is wasteful as most of the cell culture is not needed for downstream analysis [6,9].
To obviate these problems, we developed the Vertiga-IM for growing small volumes of cell
cultures in suspension. The key to the success of this instrument was careful optimization of
the shaker’s orbital radius. If the throw-arm length was too small, cells were damaged by shear
forces, whereas a throw-arm that was too large resulted in settling of the cells and suboptimal
aeration (data not shown). In this particular instance, we utilized Sf9 insect cells for expression,
which were maintained in suspension in 24-well blocks with a 1/2” throw arm at 300 rpm. The
length of the throw arm and the rotation speed can be optimized for other cell types or culture
vessels.

Development of protocols for baculovirus microexpression that use the Vertiga-IM was carried
out using fourteen C-terminal truncation variants created from the full length β2AR gene. A
parallel expression process was designed with this device in conjunction with the Guava
EasyCyte microcapillary flow cytometer. The latter being used to assess cell surface targeting
of heterologously expressed FLAG epitope tagged receptor (Figure 2B). Three truncations
mutants were then chosen for scale up to medium scale shake flasks along with wtβ2AR for
the purpose of comparing cell surface expression data to two other commonly used metrics:
saturation ligand binding and protein immunoblot.

Results from medium scale expression studies showed high correlation between cell surface
expression and the two more traditional metrics (Table 2), providing sufficient confidence so
that cell surface expression data may be used as a means to screen out low expressing constructs
in small scale expression trials prior to further characterization and scale up. We have further
been able to use MFI of cell surface expression as a metric for predictive scale up in Wave
bioreactors (data not shown). Although the correlation in positive expression data helps to
select a construct for scale up and biophysical analysis, there are inconsistencies in the data
(e.g. expression levels and Bmax values) that may be due to a higher limit of detection for the
FACS analysis or a difference between the amount of functional protein being produced and
the amount of total protein trafficked successfully to the cell surface. Indeed, we have observed
an apparent early saturation of cell surface expression levels for other constructs in this system,
while total functional protein levels continue to increase. This problem is much more
pronounced when the target is expressed under the polyhedrin late stage promoter, rather than
the GP64ie1 fusion promoter (Novagen) presumably due to the adverse effect of viral infection
on the endogenous secretory machinery of the cell. Nevertheless, the ability to screen constructs
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in a high-throughput manner not only conserves reagents, but may also eliminate the need to
generate high-titer stocks of each construct being screened, as the P2 viral passages may contain
enough virus under favourable conditions to infect small scale expression cultures for screening
purposes.

In our second case study of human Cx26, the cytoplasmic orientation of the N- and C-tails
precluded the use of the cell surface expression assay, and there is no straightforward method
to quantitatively measure channel activity. Therefore, we used the Vertiga-IM for parallel
expression in a Thomson 24-well plate format, monitoring the expression level using semi-
quantitative protein immunoblot analysis. The expression level varied greatly with the location
and extent of truncation (Figure 5). In general, truncations of the termini and the E1
extracellular loop are not viable or result in much lower protein expression. However,
truncations of the IL and E2 loops were surprisingly well tolerated and therefore reasonable to
pursue further. This study has provided a large number of potentially useful constructs, as well
as important guidance to where and to what extent truncations can be made to the molecule in
the future.

Conclusions
Over the last few years considerable effort has been devoted to the systematic, simultaneous
analysis of a large number of genes and gene products. While there has been impressive
progress in the analysis of soluble protein targets from bacterial sources, there is a lag in the
analysis of eukaryotic membrane protein targets where expression levels are typically low and
micro-purification procedures are complicated by the need to solubilize folded protein from
the cell membrane with detergents. Seemingly minor changes in amino acids or the location
and number of affinity tags (e.g. His, Flag, etc.) can have a striking effect on the expression
level. For instance, the smaller C-terminal truncations of β2AR showed an increase in cell
surface fluorescence compared with wild type, whereas the larger truncations showed a
decrease in fluorescence (Figure 2B). Likewise, the expression level of Cx26 was markedly
reduced with truncation of the EL1 extracellular loop but less so for the EL2 loop (Figure 5).

The main benefit of the cell surface assay is its ability to monitor expression of a tagged
membrane protein on an individual cell level rather than in bulk solution. Because of this feature
comparisons between many viral stocks and constructs are simplified, as one may skip the step
of normalizing viral load between cultures and compare cellular expression levels directly.
Both protein immunoblots and ligand binding analysis use bulk expression levels of the culture
and are limited in accuracy by the viral titer and normalization procedures. By analyzing the
change in MFI in real time over the course of an expression experiment, one can optimize
conditions relative to a known standard, such as ligand binding, and maintain those conditions
despite fluctuating cell culture conditions. Translating expression from small shaker flasks to
5 ml cultures enables a more systematic analysis of multiple constructs and expression
conditions. The fact that the trends are maintained in both formats and by different metrics
portends that this approach will be of general utility.

Given the capricious nature of membrane protein expression, identifying a stable truncation or
variant that expresses to a high level and is stable is largely empirical. Thus, it is important to
develop high throughput approaches for rapidly and economically screening the expression
and folding of many isoforms and variants of a eukaryotic membrane protein. To this end, we
have successfully implemented and have described here an efficient method for analyzing the
expression of the human membrane proteins (e.g. β2AR and Cx26) in the insect cell-based
baculovirus system. We described techniques for maintaining cultured insect cells in a compact
24-well SBS plate format during expression and have demonstrated the utility of cell surface
expression measurements as a gauge of the relative expression efficiency of membrane proteins
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in insect cell cultures. This approach has recently been successfully tested in our laboratory
with a number of GPCR proteins, producing samples for crystallization studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
β2AR  

β2 adrenergic receptor

Cx26  
connexin 26

PCR  
polymerase chain reaction

Sf9  
Spodoptera frugiperda

EL  
extracellular loop

IL  
intracellular (cytoplasmic) loop

IP  
infectious particles

TBS  
Tris-buffered saline

MOI  
multiplicity of infection

MFI  
mean fluorescence intensity

DDM  
dodecyl maltoside
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Fig. 1.
Membrane topology of receptor truncations and variants. (A) Membrane topology of the
β2AR protein sequence with numbers and pins indicating the location of truncations for the 14
constructs used in this experimental series. Numbers and pins in red indicate the mutations
focused on for further study as highlighted in Figures 3 and 4. (B) Membrane topology of a
Cx26 subunit. The 4 transmembrane domains (M1 to M4) are denoted with gray boxes. Areas
that were mutated are the N-terminus (red), extracellular loop 1 (yellow), the cytoplasmic M2–
M3 loop (green), extracellular loop 2 (blue) and the C-terminus (magenta).
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Fig. 2.
Example of β2AR cell surface expression. (A) Histogram of cell count (events) vs. mean
fluorescence intensity (MFI). For cases where the expressing cells are not clearly delineated
close to the limit of detection of 10 MFI the final reported MFI is derived from the mean
fluorescence of the highest 70% of the total cell population (top panel, expressing cell
population framed by solid line). For cases where a clearly expressing population of cells is
detectable (bottom panel, expressing cell population framed by solid line) the reported MFI is
derived from all cells in the expressing population which is frequently much greater than 70%.
(B) Cell surface expression of β2AR arranged from the longest construct (1–408) to the shortest
(1–343). Both MFI and %CV are calculated from two protocols described in A the latter
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protocol was preferred and utilized when possible. In general as the MFI decreases the %CV
increases indicating a progressive loss of a clearly expressing cell population.
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Fig. 3.
Saturation ligand binding data for β2AR. (A) [3H]DHA isothermal binding curves to a selected
set of C-terminal β2AR truncation variants compared to wild-type. The data represent five
repetitions of three assay replicates. (B) Protein immunoblot of isolated SF9 cell membranes.
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Fig. 4.
Expression comparison of β2AR truncations relative to wild type. (A) Relative expression
levels of three selected truncation variants of β2AR relative to wild-type as represented by the
maximal receptor expression levels (Bmax) of the crude membrane fraction (striped), cell
surface fluorescence (gray) and by protein immunoblot analysis (dotted).
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Fig. 5.
Cx26 parallel expression in SF9 cells using the Vertiga-IM. Estimated relative expression
levels of expressed variants on a relative scale of 1 to 10, as determined by western blot analysis.
The associated regions of the protein as described in Figure 1B are indicated. Full definition
of the constructs are described in supplementary figure 1.
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Table 1
Bmax and Kd for β2AR wild type and truncations

Truncation Kd (nM) Bmax (pmol/mg)

SEM SEM

WT 0.61 ± 0.06 19.75 ± 1.17
1–393 0.71 ± 0.10 16.81 ± 0.76
1–363 0.50 ± 0.07 9.57 ± 0.72
1–358 0.50 ± 0.04 12.44 ± 0.47
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Table 2
Correlation table for relative expression levels

Ligand binding Cell surface expression Protein immunoblot

Ligand binding 1.00 0.93 0.74
Cell surface expression 1.00 0.54
Protein immunoblot 1.00
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