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a b s t r a c t

Regulator of G protein signaling 11 (RGS11) is the least characterized member of the R7 family of Gc-like
GGL domain-containing RGS proteins. All R7-RGS proteins of a variety of cell types are found in Gb5-con-
taining complexes that exhibit a number of unique functional properties. However, presence of Gb5
reduced the affinity of R7-RGS7 for Ga subunits, also only RGS7 bound to Muscarinic M3-Receptor, but
the Gb5-RGS7 dimer did not, making it difficult to study differential interaction of R7-RGS proteins. Here,
we report the successful purification of functionally intact, Gb5-free recombinant RGS11 (rRGS11),
obtained by expressing N- and C-terminally truncated form of RGS11 in Escherichia coli BL 21 (DE3), that
differentially interact with R7BP and Gaoa. rRGS11 was capable of interacting with Gaoa and R7BP (RGS7
family binding protein) with equilibrium dissociation constants (KD) of 904 (±208) nM, and 308 (±97) nM,
respectively. It also induced several-fold increase in the GTPase activity of Gaoa. The binding of rRGS11
was differential with a binding preference for R7BP over Gaoa implying extended roles of R7BP. In addi-
tion, we identified a novel interaction between Gaoa and R7BP with a KD of 592 (±150) nM. The produc-
tion of stable and functional rRGS11 would provide chances to discover more functions of RGS11 yet to be
identified.

� 2009 Published by Elsevier Inc.
Introduction

Regulator of G protein signaling (RGS) proteins enhance intrin-
sic GTPase activity of the Ga subunit and shortening the lifetime of
a given GPCR-mediated signaling event. Thus, RGS proteins in con-
junction with GPCR ligands play key roles in GPCR signal transduc-
tion. More than 35 different RGS domain-containing proteins,
divided into different classes, have been identified to date [1,2].

As with other R7-RGS proteins, including RGS6, RGS7, and RGS9,
RGS11 contains an N-terminal Disheveled/EGL-10/Pleckstrin (DEP)
domain, a Gc protein-like (GGL) domain, and a C-terminal RGS
domain [3]. The GGL domain of R7-RGS proteins is similar to G pro-
tein Gc subunits, but interacts exclusively with Gb5. The interaction
between R7-RGS proteins and Gb5 is critical for maintaining mutual
stability in vivo [4,5]. RGS7 and RGS9 invariably co-purify as tightly
associated dimers with Gb5 and Gb5L, respectively [6]. However, the
RGS7-Gb5 dimer does not co-precipitate or co-purify with Gaoa [7].
The DEP domains of R7-RGS proteins interact with the membrane
translocation proteins, R7BP and R9AP (RGS9 anchoring protein)
[8,9]. R7BP has been reported to shuttle R7-RGS proteins between
the nucleus and the plasma membrane [10], and R9AP is critical
for phototransduction regulation and visual perception [9].
Elsevier Inc.
However, a recent in vivo study revealed that RGS7/Gb5 is delivered
to the dendrites of ON-bipolar cells independently of an association
with R7BP [11]. The DEP domain of RGS7 binds to the i3 loop of Mus-
carinic M3-Receptor (M3R) [12]. The C-terminal RGS domain inter-
acts with Ga subunits and is mainly responsible for GTPase
activating protein (GAP) activity toward Ga [3]. Among R7-RGS pro-
teins, RGS11/Gb5 exhibits the highest GAP activity for Gaoa [13].
However, deletion of the DEP domain in RGS11 yields an
RGS11DD/Gb5 complex with high GAP activity toward Gaoa [3].

RGS11 is expressed mainly in the brain and retina [14,15], and
has been studied for its role in controlling l-opioid receptor (MOR)
signaling responses to morphine [16,17]. RGS11 also co-localized
with metabotropic glutamate receptor 6 (mGluR6) in retinal ON-
bipolar cells [18], suggesting that RGS11 is involved in the mGluR6
signal transduction pathway.

In the recently solved structure of the RGS9-Gb5 complex [19],
RGS9 was shown to wrap around Gb5. But even with this structural
information, differential interactions of Gb5 with RGS proteins
could not be explained. Gb5 reduced the affinity of R7-RGS7 for
Ga subunits [6,7], the full-length RGS7 bound to the i3 loop of
M3R, but the Gb5-RGS7 dimer did not [12] and Gb5 association
does not directly influence the functional architecture of the
RGS9-RGS domain [19] rationalizes the possibility of studying
R7-RGS in the absence of Gb5. However, GGL-containing R7-RGS
proteins without Gb5 have been difficult to obtain in large
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quantities, hampering functional studies of these proteins. This
study was therefore designed, first, to evaluate whether RGS11 re-
tains functional properties in the absence of Gb5; second, to pro-
duce recombinant protein usable for in vitro studies of RGS11 for
differential interaction with other binding partners; and third, to
produce higher yields of functional RGS11 for future structural
and biochemical studies.

In this study, we report the successful purification of function-
ally intact, Gb5-free, recombinant RGS11 (rRGS11) in Escherichia
coli BL 21(DE3) and its differential interaction with auxiliary pro-
teins. We also report a novel interaction between Gaoa and R7BP.
Fig. 1. Purification and CD spectroscopic analysis of rRGS11. (A) Purification of
rRGS11 using Ni-affinity resins. M: Molecular-weight marker; 1: whole-cell lysate;
2: pellet; 3: supernatant; 4: final NiNTA eluate refolded and stabilized at pH 7.6.
Samples were separated by SDS–PAGE on 15% gels and visualized by Coomassie
staining. Marker lines were redrawn to aid visualization. (B) Far-UV wavelength
scan (260-195 nm) of rRGS11 at different pHs (theoretical pI 8.75) by CD at 20 �C.
Mean values of six accumulations were plotted. The corresponding buffer blanks
were subtracted from the data before plotting molar residue ellipticity. (C) Thermal
denaturation analysis of rRGS11 at specified pH using CD. Thermal denaturation at
different pH with corresponding simulated data (solid lines) is plotted. Data was fit
to the Vant Hoff’s equation.
Materials and methods

Cloning, expression and purification of rRGS11. Different sized
variants of RGS11 (GenBank accession no. NM_183337) were
cloned into pET-28a and expressed in E. coli as inclusion bodies
(Supplementary data Table S1). rRGS11 DNA was amplified from
RGS11 cDNA (KRIBB, Korea) by PCR using forward (50-CCGGAATTC
ATGCCCGACCAGGGCGTG-30) and reverse (50-CCCAAGCTTTTAGTA
CATGTCAGACTTCAG-30) primers, and cloned into pET-28a using
EcoRI and HindIII restriction sites. The recombinant plasmid, pET-
28a-rRGS11 was expressed in E. coli strain BL21 (DE3) (Novagen,
USA). Inoculum was grown at 37 �C in LB media, to an OD600 of
0.8 and induced by 1 mM IPTG for 4 h at 37 �C. rRGS11 inclusion
bodies were refolded as described by Leal et al. [20] with some
modifications. Briefly, inclusion bodies were solubilized in dena-
turing buffer (50 mM CAPS pH 11.0, 300 mM NaCl, 1% N-lauroyl
sarcosine) and denatured rRGS11 was purified by Ni-chelating se-
pharose (Amersham Bioscience, Sweden) following the manufac-
turer’s instructions. Purified fractions were refolded by gradually
decreasing the N-lauroyl sarcosine and CAPS in dialysis buffer
(50 mM Tris–HCl and 150 mM NaCl, pH 11.0), followed by gradual
lowering of pH to 7.6. Refolded rRGS11 was again purified using
Ni-affinity chromatography and stored in 25 mM HEPES, pH 7.6
with 200 mM NaCl.

CD spectroscopy of rRGS11. Far-UV circular dichroism spectros-
copy was used to generate a wavelength scan and analyze the ther-
mal unfolding transition of rRGS11 using a JASCO J-715
spectropolarimeter. Wavelength spectra were recorded from
260–195 nm at 20 �C using a 1-nm nominal bandwidth with six
accumulations. A temperature scan from 5–100 �C was performed
at a rate of 1 �C/min at 222 nm.

ELISA-based interaction studies. To verify that rRGS11 retained
its known ability to associate with Gaoa and MBP-R7BP, both pro-
teins were produced in E. coli (Supplementary data Fig. S1) and
tested for binding. After removing the His6 tag, rRGS11 was coated
onto a high-binding ELISA plate (Corning, USA) by incubating an
rRGS11 solution (1 lg/well) overnight at 4 �C. Non-specific binding
was blocked by incubating plates with blocking buffer (5% skim
milk in PBS, pH 7.4). rRGS11 and His6-Gaoa interactions were
determined after first generating a complex of His6-Gaoa-GDP-
AlF4

� [21]. Different concentrations of the complex were then
incubated with pre-immobilized rRGS11 for 1 h at 23 �C. Bound
His6-Gaoa was detected by incubating with His-probe goat mono-
clonal antibodies (Abcam, USA; diluted 1:1000) for 1 h, and then
incubating with HRP-conjugated anti-goat IgG secondary antibod-
ies (Abcam, USA; diluted 1:4000) for 1 h. After every step wells
were washed with PBS-T (0.02% triton X-100 in PBS, pH 7.4). The
reactions were developed using 1% Immunopure-OPD (Pierce,
USA) for 20 min at room temperature and stopped by adding 2 N
HCl. The absorbance of triplicate independent experiments was re-
corded at 490 nm on a Spectramax 340 ELISA plate reader (Molec-
ular Devices, USA). For rRGS11 and MBP-R7BP interaction studies,
plates coated with rRGS11 (1.5 lM) were prepared as described
above and MBP-R7BP was added. The remaining steps are as
described for Gaoa, except bound MBP-R7BP was detected using
MBP-probe rabbit monoclonal antibodies followed by incubation
with HRP-conjugated anti-rabbit IgG secondary antibodies.

SPR-based interaction studies. Biomolecular interactions of
rRGS11, Gaoa and MBP-R7BP were also analyzed by surface plasmon
resonance (SPR) using a Biacore 2000 (Biacore, Sweden), a core facil-
ity at the Korea Basic Science Institute, Seoul. rRGS11 and Gaoa

were immobilized on a CM5 biosensor chip (Biacore, Sweden) as
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described by the manufacturer. Briefly, after chip activation with
0.1 M of NHS and 0.4 M of EDC, rRGS11 or Gaoa (both in 10 mM so-
dium acetate buffer pH 4.0) were passed through the flow cells.
rRGS11 was immobilized to a final 1500 resonance units (RU), while
Gaoa was immobilized to a final of either 800 RU (for kinetic analy-
sis) or 5000 RU (for multianalyte binding experiments), followed by
capping the sensor chip with1 M ethanolamine (pH 8.5). The kinet-
ics of binding were determined as described previously by Soundar-
arajan et al. [22], by injecting a series of samples with different
protein concentrations for a specified time, followed by injection
of an eluent buffer (25 mM HEPES, pH 7.4, 150 mM NaCl) at 25 �C.
The chip surfaces were regenerated by 0.05% SDS in 25 mM HEPES
(pH 8.0). Kinetic parameters were determined using Biaevaluation
3.1 (Biacore, Sweden). Multiple analyte binding experiments were
performed by programmed run of different analytes as described
previously by Homola et al. [23]. All binding curves were corrected
for background and bulk refractive index contribution by subtrac-
tion of the reference flow cells.

GTPase assay. Single-turnover GTPase assays were performed as
described previously by Snow et al. [3] and Berman et al. [24].
Briefly, Gaoa was first incubated with [c-32P]GTP (1 lM; Amer-
sham, USA) for 15 min at 20 �C in GTPase buffer (50 mM HEPES
pH 7.4, 1 mM DTT, 5 lg/ml BSA), and the reaction was chilled on
ice to obtain the [c-32P]GTP-Gaoa complex. The binding of
[c-32P]GTP with Gaoa was confirmed using a standard nitrocellu-
lose filter paper binding assay. The reaction was initiated by adding
[c-32P]GTP-Gaoa complex (200 nM) to rRGS11 (2 lM) in assay buf-
fer with 1 mM cold GTP and 3 mM MgCl2 (final volume: 50 ll) at
4 �C, and stopped by 5% charcoal slurry in 50 mM phosphoric acid
(pH 3.0) and measured radiolabeled inorganic phosphate released
into the supernatant using a Packard liquid scintillation analyzer.
The reaction rate was calculated for catalyzed and un-catalyzed
reactions after 5 min. Raw cpm values were converted into a molar
ratio using an online Graphpad Radioactivity Calculator (http://
graphpad.com/quickcalcs/radcalcform.cfm). The experiments were
repeated three times.
Fig. 2. Interaction analysis of rRGS11 with Gaoa and GAP effect of rRGS11. (A)
rRGS11 and Gaoa interaction determined by ELISA. rRGS11 and Gaoa interacted in a
concentration-dependent manner. BSA (1 lg/ml)-coated plates were used as a
negative control. (B) SPR sensorgram of rRGS11 binding to Gaoa. One representative
sensorgram demonstrating concentration-dependent binding of Gaoa to rRGS11 is
shown. The black arrow indicates the start of injection of different concentrations of
Gaoa (association phase), and the white arrow indicates the start of injection of
eluent buffer (dissociation phase). (Gaoa denotes Gaoa-GDP-AlF4

�). (C) [c-32P]GTP-
Gaoa (200 nM) was used as the substrate for rRGS11 (2 lM) in a single-turnover
GAP assay performed at 4 �C. Released 32Pi was monitored after the addition of Mg2+

to initiate the reaction. The intrinsic GTPase activity of Gaoa and the accelerating
effect of rRGS11 on GTPase activity of Gaoa is shown. Data are presented as the
mean ± SD of triplicate determinations.
Results and discussion

Production, refolding and CD spectroscopy of rRGS11

RGS11 is known to exist as a complex with Gb5. Despite the
importance of Gb5 in regulating intracellular expression and stabil-
ity of RGS11, it is not known whether RGS11, if expressed alone,
would be stable and functional. We have addressed this question
in the current study, showing that RGS11 retains in vitro activity
in the absence of Gb5, and further, we investigated rRGS11 interac-
tion with other proteins in quantitative terms. We also studied dif-
ferential interaction of rRGS11 with auxiliary proteins.

To characterize RGS11 in isolation from its potential binding
partners, we designed variable-length RGS11 constructs and tested
expression and refolding potentials of E. coli-expressed proteins.
Most truncated protein variants did not express well or fold prop-
erly. The lone exception was RGS11 [P32–Y414], designated rRGS11,
which was expressed in inclusion bodies and was refolded by dis-
solving rRGS11 inclusion bodies in 1% (w/v) N-lauroyl sarcosine in
50 mM CAPS (pH 11.0) (Supplementary data Figs. S2 and S3; Table
S1). The gradual dilution of denaturing agents and subsequent pH
reduction produced a protein that was completely soluble up to
0.8 mg/mL. Protein yield after refolding was estimated to be
8 mg/L of culture broth, and purity was greater than 95%
(Fig. 1A). Previously 75 lg/L of RGS11/Gb5 could be produced by
Hooks et al. [13].

To evaluate the structural integrity of the refolded protein, we
analyzed rRGS11 conformation by CD spectroscopy. The far-UV
CD spectrum showed that rRGS11 protein retained a well-folded
structure at pH 7.6; but became destabilized at more alkaline or
acidic conditions (Fig. 1B). The pH-dependence of rRGS11 structure
suggested that most charged residues were involved in electro-
static interactions contributing to protein stability. As with RGS9,
which is a helical protein [19], the structure of rRGS11 inferred
from CD spectroscopy had a high helix content. However, based
on the reported structure of the RGS9/Gb5 complex, Gb5 organizes
the domains by wrapping around them [19]. Each domain of RGS11
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Table 1
Kinetic parameters obtained from mutual interaction of rRGS11, Gaoa and R7BP by SPR.

Ligand Analyte Ka (M�1s�1) Kd (s�1) KD (Mean ± SD) nM X2

rRGS11 (1500 RU) Gaoa 3.68 � 103 4.16 � 10�3 1130 (904 ± 208, n = 4) 4.71
rRGS11 (1500 RU) R7BP 6.16 � 103 2.75 � 10�3 446 (308 ± 97, n = 5) 1.86
Gaoa (800 RU) R7BP 7.98 � 103 4.05 � 10�3 507 (592 ± 150, n = 4) 9.57

ka, observed kinetic association rate constant; kd, observed kinetic dissociation rate constant and KD = kd/ka, equilibrium dissociation constant. The Ka, Kd and Kd values are
calculated from sensorgrams according to Biaevaluation 3.1 manual.
The values are from one representative data set, except Mean ± SD obtained from corresponding ‘n’ independent experiments.
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and RGS9 has independent functions and, without Gb5, might
move independently.

Protein structure integrity was also evaluated by thermal
unfolding analysis. These experiments showed that the unfolding
transition temperature (Tm) at pH 7.6 was 68 �C compared to a
Tm of 62 �C at pH 10.0, confirming that rRGS11 was much more
stable at pH 7.6 than at pH 10.0 (Fig. 1C).

Analysis of rRGS11 and Gaoa interaction by ELISA and SPR

Using ELISA to measure the affinity of rRGS11 for Gaoa, we
found that the proteins interacted in a concentration-dependent
manner (Fig. 2A). We confirmed these observations using SPR,
which is a powerful tool for real-time measurement of direct pro-
tein–protein interactions. A representative sensorgram (Fig. 2B)
depicts a resonance response indicative of a concentration-depen-
dent interaction between rRGS11 and Gaoa. A kinetic analysis of
SPR data using Biaevaluation software yielded equilibrium dissoci-
ation constant (KD) = 904 ± 208 nM (n = 4) (Table 1).

GTPase assay

We also verified that RGS11 retained the predicted GAP activity
toward Gaoa. Single turnover GTPase assay [3,24] showed that
rRGS11 enhanced the GTPase activity of Gaoa �8-fold (from 0.18/
min to 1.43/min). The earliest time point we could measure under
our assay conditions was 30 s, at which point GTPase activity in the
presence of added rRGS11 was maximally enhanced (Fig. 2C). This
GAP activity level is consistent with a study by Snow and col-
leagues [3], who reported approximately a 25-fold enhancement
of GTPase activity by an RGS11DD/Gb5 complex. This difference
in activation and inhibition might be because of between-study
Fig. 3. Interaction analysis of rRGS11 with MBP-R7BP. (A) rRGS11 and MBP-R7BP intera
MBP-only control experiment performed in parallel. (B) SPR sensorgram of rRGS11 bindi
shown. The black arrow indicates the start of injection of MBP-R7BP and the white arro
differences in constructs, purification procedures, and/or assay
conditions.

Analysis of rRGS11 and MBP-R7BP interaction by ELISA and SPR

As a further validation of the functional properties of rRGS11,
we tested rRGS11 ability to bind R7BP. The affinity of rRGS11 for
MBP-R7BP was first measured by ELISA (Fig. 3A). We further inves-
tigated the kinetics of rRGS11 and MBP-R7BP binding by SPR, indi-
cating KD = 308 ± 97 nM (n = 5) (Table 1, Fig. 3B).

Analysis of Gaoa and MBP-R7BP interaction by SPR

We observed novel interaction between Gaoa and R7BP. The
affinity of Gaoa for MBP-R7BP was first analyzed by ELISA, GPC
and CD (data not shown). After we got clear evidence that both
proteins have binding affinity with each other, we further investi-
gated the binding kinetics of Gaoa and MBP-R7BP by SPR and ob-
tained KD = 592 (±150) nM (n = 4) (Table 1, Fig. 4A). These results
are consistent with the observation of Cao and colleagues; they
also reported co-localization of R7BP and Gao in retina [11].

Differential binding of rRGS11 and MBP-R7BP with Gaoa ligand

Further, we characterized differential binding of rRGS11, MBP-
R7BP and Gaoa by multiple analyte binding experiments, using
Gaoa as ligand and injecting rRGS11 and MBP-R7BP. It was ob-
served that rRGS11 (3 lM), in the absence GDP-AlF4

�, has low
binding affinity with Gaoa while MBP-R7BP (3 lM) under same
conditions bind to Gaoa ligand very strongly. Interestingly rRGS11
and MBP-R7BP (1:1 complex, 3 lM each) also has low binding
affinity with Gaoa (Fig. 4B). Binding affinity doesn’t change by
ction determined by ELISA. Plot of rRGS11 and MBP-R7BP binding curve is shown,
ng to MBP-R7BP. One representative sensorgram of rRGS11 binding to MBP-R7BP is
w indicates the start of injection of buffer.



Fig. 4. Interaction analysis of Gaoa with MBP-R7BP and differential interaction of rRGS11, MBP-R7BP and Gaoa (A) Representative kinetic binding senorgram of Gaoa to R7BP
is shown here, the concentration dependence of R7BP on binding affinities with Gaoa is evident. The black arrow indicates the start of injection of different concentrations of
MBP-R7BP and white arrow indicates the start of injection of buffer alone. (B) Representative of three independent multiple analyte binding senorgrams of immobilized Gaoa

to rRGS11 (3 lM, first analyte sample), rRGS11: MBP-R7BP (1:1, 3 lM each, second analyte sample) and MBP-R7BP (3 lM, third analyte sample) is shown here. The black
arrows indicate the start of injection of analytes and white arrows indicate the start of injection of buffer alone. Only MBP-R7BP individually binds with Gaoa, the complex
containing same amount of MBP-R7BP has very low binding affinity with Gaoa.
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different order of injecting the analytes (Supplementary data
Fig. S4). This signifies that although same amount of R7BP is pres-
ent in complex but it remains in complex with rRGS11 and doesn’t
make a complex with Gaoa ligand. Only free R7BP, which is not in
complex with RGS11, binds to ligand. This fact was confirmed by
injecting complexes of rRGS11 and MBP-R7BP with varying con-
centrations of both components (Supplementary data Fig. S5). In
these experiments, binding was performed in the absence
GDP-AlF4

� to highlight the point that R7BP binds to Gaoa in a
non-GTPase manner. Lower affinity of rRGS11 with Gaoa, in this
experiment, compared to that of Fig. 2, is due to the absence of
transition state like complex of Gaoa (with GDP-AlF4

�) which is
used to analyze binding with RGS proteins (Fig. 2 and Ref. [21]).

To the nest of our knowledge, this is the first reported charac-
terization of RGS11 without Gb5, and includes an analysis of the
binding kinetics of rRGS11 with Gaoa and R7BP. Here we are
reporting novel Gaoa and R7BP interaction also differential binding
of rRGS11 with Gaoa and R7BP. In summary, we cloned and puri-
fied rRGS11 from E. coli inclusion bodies. The refolded rRGS11
was stable and retained all known biochemical functions of
RGS11/Gb5 complexes. Gaoa directly interacts with R7BP while,
rRGS11 differentially interacts with Gaoa and R7BP, the reasons
for this difference are not yet known.
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