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Abstract: Purification of milligram quantities of target proteins is required for structural and biophysical

studies. However, mammalian membrane proteins, many of which are important therapeutic targets,
are too unstable to be expressed in heterologous hosts and to be solubilized by detergents. One of the

most promising ways to overcome these limitations is to stabilize the membrane proteins by generating

variants via introduction of truncated flexible regions, fusion partners, and site-directed mutagenesis.
Therefore, an effective screening strategy is a key to obtaining successful protein stabilization. Herein,

we report the micro-scale and high-throughput screening of stabilized membrane protein variants using

Saccharomyces cerevisiae as a host. All steps of the screening, including cultivation and disruption of
cells, solubilization of the target protein, and the pretreatment for fluorescence-detected size exclusion

chromatography (FSEC), could be performed in a 96-well microplate format. We demonstrated that the

dispersion among wells was small, enabling detection of a small but important improvement in the pro-
tein stability. We also demonstrated that the thermally stable mutants of a human G protein-coupled

receptor could be distinguished based on an increase of the peak height in the FSEC profile, which was

well correlated with increased ligand binding activity of the protein. This strategy represents a signifi-
cant platform for handling numerous mutants, similar to alanine scanning.
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Introduction

Membrane proteins are involved in many important

physiological functions, and abnormalities of these

proteins are related to various diseases. Based on

computational analysis, about 5500 human genes

encode membrane proteins, and these genes account

for approximately 26% of the protein-coding genes.1

Membrane proteins are also important drug targets

and nearly 60% of the currently utilized drugs tar-

get membrane proteins.2 High-resolution structural

analysis of target membrane proteins is a key

approach for successful structure-based drug design

(SBDD). However, the number of atomic-level struc-

tures of mammalian membrane proteins that have

been elucidated is still low. At present, only around

90 unique mammalian membrane protein structures

have been solved by X-ray crystallography (from the

list by the Stephen White Lab at UC Irvine; http://

blanco.biomol.uci.edu/mpstruc/).

Because membrane proteins are embedded in

the cell membrane, their solubilization by a deter-

gent is required for structural and biophysical stud-

ies. However, eukaryotic membrane proteins are

generally unstable in detergents compared with bac-

terial membrane proteins.3 In addition, although

milligram quantities of purified proteins are

required for these studies, the expression level of

many eukaryotic membrane proteins is very low in

heterologous hosts, which may be related to the

instability of these proteins in different lipid condi-

tions. Therefore, membrane proteins must be suffi-

ciently stabilized to achieve high expression,

solubilization and purification. Stabilization of mem-

brane proteins via protein engineering has been

applied mainly to G protein-coupled receptors

(GPCRs). GPCRs are the largest family of integral

membrane proteins4 and are the largest drug target

protein family; more than 30% of currently used

drugs target GPCRs.2 For atomic-resolution struc-

tural analysis, introduction of mutations is required

to achieve stabilization of many GPCRs to overcome

difficulties in expression, purification, and crystalli-

zation.5–19 Furthermore, generating thermally stable

membrane proteins may facilitate fragment-based

drug discovery by biophysical approaches20,21 as well

as production of therapeutic antibodies.22

During screening of membrane protein mutants

for acquisition of stability and higher expression, it is

important to monitor their functional activity. For

this purpose, it is ideal to use a radioisotope (RI)-

labeled ligand for the protein of interest. At present,

the most successful screening strategy involves the

combination of alanine scanning and a thermal sta-

bility assay using RI-labeled ligands.23–26 This tech-

nique has been applied to the determination of the

crystal structures of six GPCRs.5,8,9,12–14,19 However,

RI-labeled high-affinity ligands are always not

available, and in most cases, special facilities are

required to use RIs. Another successful strategy is

directed evolution using a fluorescently labeled

ligand.27,28 This approach has enabled determination

of the crystal structure of the neurotensin receptor

type 1 (NTSR1) by the vapor diffusion method after

purification in nonyl-b-D-glucoside.15 However, intro-

ducing a fluorescent label into small ligands often

causes steric hindrance in binding to the receptor.

Furthermore, the cell sorter essential for this method

is too costly for many researchers. Considering these

facts, a simpler and low-cost strategy is required.

Fluorescence-detection size-exclusion chromatog-

raphy (FSEC), in which the target protein is fused

to green fluorescent protein (GFP) and analyzed by

size-exclusion chromatography (SEC) via fluores-

cence detection, has become a popular strategy for

evaluating the stability of solubilized membrane pro-

teins.29 In particular, the combination of FSEC and

Saccharomyces cerevisiae as an expression host is

suggested to be an advantageous screening system

for the ensuing reasons:30,31 First, S. cerevisiae is as

easy to handle as Escherichia coli and grows fast.

Second, S. cerevisiae is more advantageous for the

expression of eukaryotic membrane proteins because

it has the eukaryotic folding mechanism and post-

transcriptional modification system. Third, the acyl

chains of yeast membrane lipids are longer than

those of prokaryotes on average, which should create

more suitable lipid conditions for the expression of

mammalian membrane proteins.32–34 Finally, the

rapid cloning and expression are possible without

vector construction as in E. coli, by virtue of the

high homologous recombination activity of S. cerevi-

siae. We previously demonstrated that a stable and

highly expressed variant of the histamine H1 recep-

tor, one of the important GPCR drug-targets the

crystal structure of which has been determined,35

could be selected using this system.36 However, thus

far, the method did not adequately satisfy the

requirements for high-throughput screening from

the large pool of variants. We therefore miniaturized

the screening system using S. cerevisiae in a 96-well

microplate format, and significantly enhanced the

throughput for screening the membrane protein var-

iants with improved expression and/or stability.

Results

Overview of the high-throughput screening of

membrane protein variants in a 96-well

microplate format

The strategy for the miniaturization of screening of

membrane protein variants in S. cerevisiae is shown

in Figure 1. The transformants of S. cerevisiae har-

boring the expression vector of the membrane pro-

tein variant were generated by transformation of

the linearized pDDGFP-2 plasmid along with the
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PCR fragments of the protein of interest.36,37 Due to

the high recombination activity, a multiple variant

could be constructed in S. cerevisiae in one step. The

present strategy enabled the performance of all pro-

cedures in a 96-well microplate format. The colonies

were inoculated into the 2Ura 1 Ade medium with

2% glucose in a 96-deep-well plate and cultured

overnight. The cultures were then diluted into the

2Ura 1 Ade medium with 0.1% glucose and cultured

for 7 h. Expression of the target membrane proteins

was induced by adding 2% galactose and culturing

for a further 22 h. After harvesting, the cells were

resuspended in the resuspension buffer, and the

whole-cell fluorescence was measured, indicating the

total expression of the target membrane protein.

Cells were disrupted using beads on the same deep-

well plate. The membrane proteins were solubilized

by adding the detergent mixture (the final concen-

tration was 0.5% (w/v) n-dodecyl-b-D-maltoside

(DDM) and 0.1% (w/v) cholesteryl hemisuccinate

(CHS)) directly to the disrupted cells. The insoluble

materials were able to separate by ultracentrifuga-

tion or by passing through a 0.22 lm filter plate.

FSEC analysis was performed using a conventional

high-performance liquid chromatography (HPLC)

system equipped with a fluorescence detector and a

UV–Vis detector. Monodispersity and sharpness of

the peak in FSEC chromatogram is the indicator for

stability of the membrane protein. The expression

level of the membrane protein that gives a monodis-

perse peak in a detergent can be estimated by com-

paring the peak height of the monodisperse peak

with that of the purified yeast-enhanced GFP stan-

dard (Supporting Information Fig. S1). For example,

if the target protein with a molecular weight of 50

kDa shows a peak height of 10,000 AU in FSEC, the

yield is estimated to be �0.59 mg per 1 L of culture

as a solubilized and monodisperse form.

Optimization of the screening system to

improve reliability and rapidity

We developed the efficient screening system in the 96-

well microplate format by using the S. cerevisiae

strain harboring the expression vector of human

adenosine A2A receptor (A2AR) [Fig. 2(A)], which is a

therapeutically important GPCR, as a model mamma-

lian membrane protein. Using a filter plate to sepa-

rate insoluble materials, the throughput was largely

enhanced. The void peak that disappeared after ultra-

centrifugation could be observed [Fig. 2(B)]. However,

there was little difference in the main peak heights

between the two methods of separating insoluble

materials. During FSEC analysis, we also checked the

chromatograms derived from the total protein

Figure 1. High-throughput strategy of the construction and evaluation of membrane protein variants in S. cerevisiae in the 96-

well microplate format.
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detected by the UV–Vis detector at 280 nm [Fig. 2(C–

F), inset], to check whether the sample concentrations

are constant. Then, we compared the expression in

the 96-well plate to that of the 50 mL aerated tube.

Although the FSEC peak heights of the cells cultured

in the 96-well plates were slightly higher than those

in the 50 mL tube, their peak patterns were similar

to each other (Supporting Information Fig. S2).

Mechanical disruption is required for isolation

of their cell membrane, since yeast have a rigid cell

wall. We examined the efficiency of cell disruption

on the 96-well microplate with glass beads or zirco-

nia–silica beads using a conventional microplate

mixer. Ninety percent disruption was achieved in 40

min with the glass beads, whereas the same degree

of disruption required only 8 min with the zirconia–

silica beads. The FSEC profile obtained with both

methods was similar, indicating that strong break-

age did not affect the condition of the membrane

protein (data not shown).

We examined the solubilization process to

increase the throughput in a microplate format. In

our previous protocol, cell debris is removed after dis-

ruption and yeast membranes are collected by ultra-

centrifugation before solubilization.36,38 In this study,

the membrane suspensions with cell debris were solu-

bilized, analyzed by FSEC and compared with those

without debris, for class A GPCRs (A2AR and

protease-activated receptor 1; PAR1), class B GPCR

(corticotropin-releasing factor 1 receptor; CRF1R), and

S. cerevisiae transporters (urea transporter; Dur3, glu-

cose transporter; Hxt3 and GDP-mannose transporter;

Figure 2. Validation of the expression of membrane protein in S. cerevisiae in the micro-plate format. (A) Illustration of the

expression vector of the adenosine A2A receptor, pDDGFP2_A2AR. Yeast a-factor secretion signal sequence (a-factor) was

needed for higher expression of A2AR. (B) FSEC chromatogram of A2AR-WT. The insoluble materials were separated by the

0.22 lm filter (solid line) or by ultracentrifugation (dashed line). (C–F) The FSEC chromatogram of A2AR-WT; (C), A2AR-StaR2;

(D), corticotropin-releasing factor 1 receptor (CRF1R); (E), S. cerevisiae urea transporter (Dur3); (F) solubilized with (solid line)

and without (dashed line) cell debris. The chromatograms detected by the UV–Vis detector at 280 nm are shown in the inset.

Asterisks indicate the void peak. Arrows indicate the peak of the monodisperse membrane proteins.
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Vgr4). Although the peak height was larger than that

without cell debris, the shape of chromatogram was

similar to each other [Fig. 2(C–F), Supporting Infor-

mation Fig. S3], indicating that there was no adverse

effect by the cell debris. This permitted omission of

the most laborious step in the screening.

We examined whether the differences in the

amount of inoculated cells from colonies could cause

the dispersion of the expression level of the same

protein among wells. A large dispersion of the OD

was observed among wells up to 13 h after inocula-

tion, which was probably due to the differences in

the amount of the cells used for inoculation [Fig.

3(A)]. However, the dispersion was not observed at

19 h after inoculation. Therefore, the OD before the

second dilution was similar in all wells. We grouped

the eight wells with higher OD (designated “high”)

and the eight wells with lower OD (designated “low”)

for A2AR-WT and A2AR-StaR2 at 9 h after inocula-

tion [Fig. 3(B)]. The cells were cultured for a further

13 h (total 22 h after inoculation), then diluted, sub-

cultured, induced, and analyzed by FSEC. Our

results demonstrated that, at harvest, there were lit-

tle differences in the ODs, whole-cell fluorescence

(data not shown) and the peak height of FSEC

between the high OD group and the low OD group

[Fig. 3(C)]. These results indicated that the amount

of inoculated cells hardly affected the final cell den-

sity and the expression level. The standard deviation

of the peak height in each well was within 65%,

showing the reliability of the screening system.

Selection of stabilized membrane protein

variants in S. cerevisiae in the 96-well

microplate format

Substantial stabilization of unstable membrane pro-

teins could be achieved by combining several single-

point mutations.23–27 Although each mutation was

important, the stabilization effect was not large in

many cases. Therefore, the screening system must

enable secure selection of an effective single mutation.

We validated the availability of this 96-well plate for-

mat screening system by using an A2A mutant desig-

nated StaR2 as a model case.21,39 StaR2 is the A2AR

octa-mutant containing the following mutations: A54L,

T88A, R107A, K122A, L202A, L235A, V239A, and

S277A, and offers improved thermal stability in the

detergent n-decyl-b-D-maltoside (DM) by more than

278C compared with the wild type. Although the

experimental data for each single mutant is not avail-

able, that is, for R107A, L202A, and S277A,39 each

single mutation (A54L, T88A, K122A, L235A, or

V239A) contributed to the improvement of the thermal

stability of A2AR.24

We evaluated each individual mutant in S. cere-

visiae by whole-cell fluorescence, FSEC, and a ligand

binding assay using our microplate format screening

system. There were no large differences in the OD

at harvest between the WT and the mutants (data

not shown). The whole-cell fluorescence and the

peak height in the FSEC profile of mutants except

for K122A were larger than those of the wild type

[Fig. 4(A,C)]. The functional expression was also

measured by a ligand binding assay using 3H-

ZM241385. The correlation between the FSEC peak

height and functional expression (R2 5 0.95) was

stronger than that between FSEC and the whole-cell

fluorescence (R2 5 0.76) [Fig. 4(B,D)]. Especially, a

much better correlation was observed in the case

without StaR2 (R2 5 0.88). It is likely that the FSEC

peak height is a better indicator for selection of

mutants with improved stability. In E. coli expres-

sion of A2AR, the improvement in stability was not

linked to an improvement of the expression level.24

Figure 3. Cell growth of the preculture and expression level. (A) Cell growth of FGY217 yeast harboring the A2A-WT plasmid in

2Ura 1 Ade medium with 2% glucose. The means and errors for the optical densities (ODs) at 600 nm from eight randomly

selected wells were plotted at the indicated time after inoculation. (B) The cell density (optical density) of 24 colonies of A2A-WT

and A2A-StaR2 after 9 h of first inoculation. The culture wells were divided into two groups: a high-cell density group

(OD600 5 4.0–6.4, average 5.2) and a low-cell density group (OD600 5 0.6–2.9, average 2.2). (C) The peak heights of FSEC chro-

matograms of A2A-WT and A2A-StaR2 for the group of high cell density (white bar) and low cell density (black bar). Mean

values 6 the standard deviations (SD) are calculated from the eight wells of each group. The ODs of the culture in all wells were

similar to each other at harvest.
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In contrast, in S. cerevisiae, the increase in stabiliza-

tion was linked to an increase in the functional

expression for most of the mutations, which could be

judged by the increase in FSEC peak height. For the

K122A mutant, decreases in the whole-cell fluores-

cence, FSEC peak height, and ligand binding activi-

ty were observed. However, this mutant has been

reported to improve the stability of the antagonist-

binding form.24 The present data suggest that the

K122A mutant might be unstable in the apo state

and exhibit improved stability only in the presence

of an antagonist.

A secondary screening should be needed to elim-

inate the mutants that lost ligand binding activities.

We previously demonstrated that a higher amount

of histamine H1 receptor was obtained when the

cells were cultured in the presence of a ligand.40 We

examined whether inactivated mutants could be dis-

tinguished from those that retained the ligand bind-

ing activity by FSEC using a non-labeled ligand. As

an example, we evaluated the L48A mutant of A2AR,

which stabilizes the agonist-binding form but largely

decreases the affinity to the antagonist ZM241385.25

An increase in the FSEC peak height was observed

for L48A and A54L mutants (that retain the binding

activity) compared with wild type [Fig. 5(A,C)]. The

cells were cultured in the presence of the antagonist

ZM241385, and analyzed by FSEC. No clear differ-

ences were observed for L48A, whereas a clear incre-

ment in the peak height was observed for the A54L

mutant in the presence of the ligand [Fig. 5(B,D)].

These results indicate that the inactivated receptor

(L48A) could be distinguished in this high-

throughput screening manner without the use of RI-

or fluorescence-labeled ligands.

Discussion
In this study, we developed a 96-well microplate for-

mat screening method for S. cerevisiae expression

and sample preparation, which enabled the high-

throughput construction and evaluation of mem-

brane protein mutants at a low cost with simple

equipment. Using the adenosine A2A receptor as a

model membrane protein, we demonstrated that the

increases in the thermal stability induced by single

mutations could be detected as increases in the peak

heights in the FSEC chromatogram. Furthermore,

the peak height correlated well to the functional

Figure 4. Whole-cell fluorescence, FSEC peak height, and ligand binding activity. (A) Whole-cell fluorescence of A2A-WT, the

single mutants, and StaR2. (B) Correlation between the whole-cell fluorescence and ligand binding activity. Inset is the same

plot without StaR2. Correlation coefficients (R2) are shown. (C) Peak height of FSEC chromatograms of A2A-WT, the single

mutants, and StaR2. The chromatograms are shown in Supporting Information Figure S4. (D) Correlation between the peak

height and ligand binding activity. Inset is the same plot without StaR2. Correlation coefficients (R2) are shown. Mean values 6

the standard deviations (SD) of four wells are shown.
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expression level based on the ligand binding activity.

Namely, the increase in stability was related to the

functional expression in S. cerevisiae. Tate and co-

workers recently reported that only correctly folded

mammalian membrane proteins could be solubilized

by mild detergents like DDM.41 They also pointed

out that a considerable proportion of mammalian

membrane proteins were misfolded even in insect

cells. The present results showed that, in contrast to

the 1.4-fold increase in the whole-cell GFP fluores-

cence intensity, the ligand binding activity was

increased by 3.2-fold compared with A2A-WT and

StaR2. This result indicated that the proportion of

unfolded protein in A2A-WT was much larger than

that in StaR2. Conversely, this suggests that the

proportion of properly folded protein can increase if

the protein is thermally stable.

The most reliable way to screen the stabilized

membrane protein while monitoring its activity is by

combining the solubilization of the expressed mem-

brane protein by detergent and use of an RI-labeled

or fluorescently labeled high-affinity ligand. However,

for many membrane proteins, it is not easy to obtain

suitable labeled ligands. Screening of stabilized

GPCR mutants using the size-exclusion chromatogra-

phy/liquid chromatography mass spectroscopy (SEC/

LC-MS)-based ligand binding assay was recently

reported; this protocol enabled a label-free ligand

binding assay.42 Since LC-MS requires relatively cost-

ly instrumentation, it might be difficult for most

researchers to utilize this technique for routine

screening. In contrast, in the screening system devel-

oped herein, the stability of the membrane protein

could be evaluated by FSEC, and the inactivated

receptor could be distinguished also by FSEC; there-

fore, this method can be implemented by using con-

ventional HPLC. The stability and ligand binding

activity can be evaluated more precisely by the

FSEC-based thermostability assay (FSEC-TS).43

The composition of lipids in S. cerevisiae is differ-

ent from that in mammalian cells,44 which might

result in instability and lower expression of many

mammalian membrane proteins. In this study, an

increase in the ligand binding activity was observed

for the stabilized, single substitution A2AR mutants

expressed in S. cerevisiae. These mutations might

confer the stability to the protein to persist in differ-

ent lipid environments, resulting in a decrease in the

denaturation and degradation during expression. The

same concept has been demonstrated in the stabiliza-

tion of neurotensin receptor type 1 (NTSR1) by

directed evolution in E. coli.27 S. cerevisiae would be

an appropriate screening host for stabilizing mamma-

lian membrane proteins given that it might provide

harsher lipid conditions for the target proteins of sta-

bilization, requiring them to become further stable.

Figure 5. Assessment of the ligand binding activity of the receptor by FSEC. (A) (left panel) FSEC chromatogram of A2A-WT

and the L48A mutant. (right panel) FSEC chromatogram of the L48A mutant with or without 10 lM ZM241385 during induction.

(B) (left panel) FSEC chromatogram of A2A-WT and the A54L mutant. (right panel) FSEC chromatogram of the A54L mutant with

or without 10 lM ZM241385 during induction. Arrows indicate the peak of A2AR-GFP. The mean values of the peak values

derived from four colonies are indicated by horizontal lines. Each sample was centrifuged at 50,000 rpm for 30 min to eliminate

insoluble materials before FSEC analysis.
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This strategy represents a significant platform for

handling numerous mutants, similar to alanine scan-

ning. The developed screening strategy is also

expected to provide an avenue for confirmation of the

stabilization derived from a predicted mutations via

computational design, as recently proposed.45

Materials and Methods

Transformation of S. cerevisiae

The expression vector pDDGFP-230 and the S. cere-

visiae FGY217 strain (MATa, ura3-52, lysD201, and

pep4D)46 were used herein. The cDNA of adenosine

A2A receptor (A2AR) with the N154Q mutation on

the putative glycosylation site was provided by Prof.

S. Iwata at Kyoto University, Japan. The A2AR

mutants were generated with the SmaI cut

pDDGFP-2 and the PCR products of A2AR with over-

lapping 30 bp sequence at both ends of the fragment

for homologous recombination.36 Transformation of

S. cerevisiae was performed by the lithium acetate

method.38 Cells were plated on the yeast synthetic

complete medium without uracil plate (2Ura plate),

and incubated at 308C for 2–3 days. The DNA

sequences of the A2AR mutants were confirmed with

the plasmids isolated from S. cerevisiae.

Expression, measurement of whole-cell

fluorescence, and cell disruption in the 96-well

plate
Colonies of transformants were transferred into

0.5 mL of 2Ura medium with 0.2 mg/mL adenine

sulfate (designated as 2Ura 1 Ade medium) with 2%

(w/v) glucose in the 2 mL, 96-well, round-bottom,

deep-well plate (Ritter, Germany). The plate was

sealed with AeraSealTM sealing film (Excel Scientif-

ic, CA) and shaken overnight (20–22 h) at 308C at

1400 rpm on a Maximizer MBR-022UP (TAITEC,

Tokyo, Japan) plate shaker. The cells were diluted

65-fold by introduction into 1 mL of 2Ura 1 Ade

medium with 0.1% (w/v) glucose and sub-cultured

for 7 h at 308C with agitation at 1400 rpm. For

induction, 2% (w/v) galactose was added and the

cells were cultured for a further 22 h.

Cells were harvested by using a swing-bucket

rotor with microplate buckets at 3000g over the course

of 30 min. The supernatant was removed by suction.

The cell pellet was resuspended in 160 lL of the sus-

pension buffer (50 mM Tris-HCl, pH 7.5, 5 mM EDTA,

10% (v/v) glycerol, 0.12 M sorbitol, and complete prote-

ase inhibitor cocktail). The cell suspension (20 lL) was

transferred into a low-volume, 384-well black plate

(Greiner Bio-One, Germany), and the whole-cell GFP

fluorescence was measured using the SpectraMaxVR

Gemini plate reader (Molecular Devices, CA) at an

emission wavelength of 525 nm using a 515 nm cutoff

filter; the sample was excited at 490 nm.

The cells were disrupted on the same deep-well

plate by adding 100 lL of 0.5 mm glass beads or

0.5 mm zirconia–silica beads and shaking at

2500 rpm on a MicroMixer E-36 (TAITEC, Tokyo,

Japan) microplate mixer at 48C. The suspensions

with cell debris were transferred to 8-strip PCR

tubes or a 96-well PCR plate and stored at 2808C

until further use.

Solubilization and fluorescence size exclusion

chromatography (FSEC) analysis
The suspensions of disrupted cells were thawed, and

an equal volume of the solution containing 1% (w/v)

DDM/0.2% (w/v) CHS was added (the final concentra-

tion was 0.5% DDM/0.1% CHS), mixed gently by

pipetting on ice for solubilization, and allowed to

stand on ice for 1 h. The samples were transferred

into 0.5 mL polycarbonate tubes (Hitachi-Koki, Tokyo,

Japan) and ultracentrifuged at 100,000g for 30 min.

Alternatively, the samples were transferred into a

MultiScreenVR HTS filtration plate (Merck-Millipore,

MA), and filtered by centrifugation at 2500g for 10

min. For FSEC analysis, an SRT SEC-300 column

(Sepax Technologies, DE,) was equilibrated with SEC

buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.03%

DDM/0.006% CHS). FSEC analysis was performed

using a high-performance liquid chromatography

(HPLC) system equipped with a fluorescence detector,

RF-20A (Shimadzu, Kyoto, Japan), a UV–Vis detector,

SPD-20A (Shimadzu, Kyoto, Japan), and an autosam-

pler, SIL-20AC (Shimadzu, Kyoto, Japan). The sample

(5 lL) was injected and the GFP fluorescence was

detected at an emission wavelength of 525 nm after

excitation at 490 nm.

Ligand binding assay

A 40 lL suspension of the cells disrupted on the

deep-well plate (containing approximately 4 3 107

cells, as estimated from the OD at 600 nm) was

incubated with 15 nM 3H-ZM241385 in 150 lL of

the assay buffer (50 mM HEPES pH 7.5, 150 mM

NaCl) at 208C for 1 h. Nonspecific binding was

determined in the presence of a 1000-fold excess of

the unlabeled ligand. Membranes and cell debris

were harvested on a UniFilterVR -96 GF/B microplate

(PerkinElmer, MA) presoaked in 0.3% polyethyleni-

mine using a FilterMateTM cell harvester (Perki-

nElmer, MA). The free ligands were separated by

washing five times with 200 lL of the assay buffer.

The radioactivity was measured on a MicroBeta2
VR

(PerkinElmer, MA) instrument by adding 70 lL of

MicroScintTM220 (PerkinElmer, MA) to each well.
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