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Abstract
Objectives/Hypothesis: Motile cilia of airway epithelial cells help to expel harmful inhaled
material. Activation of bitterant-responsive G protein-coupled receptors (GPCRs) is believed to
potentiate cilia beat frequency and mucociliary clearance. In this study, we investigated whether
regulator of G protein signaling-21 (RGS21) has the potential to modulate signaling pathways
connected to airway mucociliary clearance, given that RGS proteins modulate GPCR signaling by
acting as GTPase-accelerating proteins (GAPs) for the Gα subunits of heterotrimeric G proteins.
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Study Design: This is a pilot investigation to determine if RGS21, a potential tastant specific
RGS gene, is expressed in sinonasal mucosa, and to determine its specific Gα substrate using in
vitro biochemical assays with purified proteins.

Methods: Rgs21 expression in sinonasal mucosa was determined using quantitative, real-time
PCR and a transgenic mouse expressing RFP from the Rgs21 promoter. Rgs21 was cloned, over-
expressed, and purified using multistep protein chromatography. Biochemical and biophysical
assays were used to determine if RGS21 could bind and accelerate the hydrolysis of GTP on
heterotrimeric Gα subunits.

Results: Rgs21 was expressed in sinonasal mucosa and lingual epithelium. Purified recombinant
protein directly bound and accelerated GTP hydrolysis on Gα subunits.

Conclusions: Rgs21 is expressed in sinonasal mucosa, is amenable to purification as a
recombinant protein, and can bind to Gαi/o/q subunits. Furthermore, RGS21 can accelerate the
hydrolysis rate of GTP on Gαi subunits. This provides evidence that RGS21 may be a negative
regulator of bitterant responses. Future studies will be needed to determine the physiological role
of this protein in mucociliary clearance.
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INTRODUCTION
Signal transduction through G protein-coupled receptors (GPCRs) and their associated
heterotrimeric guanine nucleotide-binding proteins controls a wide variety of cellular
activities, ranging from transmembrane ion flux to regulation of gene transcription.1,2 In
addition to being the most frequent target of currently prescribed pharmaceuticals,3 GPCRs
allow us to see, smell, and taste the world in which we live.

Mammalian taste can be divided into five components: bitter, sweet, umami (Japanese for
“savory”), salty, and sour.4 Three of these tastes: bitter, sweet, and umami, are directly
mediated through GPCRs.5-7 Upon the binding of a bitterant, sweetener, or umami-flavored
compound to a tastant-responsive GPCR, the receptor acts as a guanine nucleotide exchange
factor (GEF), promoting the release of guanine diphosphate (GDP) by the heterotrimeric Gα
subunit. Upon the binding of an agonist, the GPCR acts as a guanine nucleotide exchange
factor (GEF), promoting release of GDP by the heterotrimeric Gα subunit. This results in
subsequent Gα-GTP binding and activation of downstream signal transduction
pathways.5,8,9 Based on animal models, the Gα subunits that inhibit cAMP production
(Gαi/o), specifically gustducin and transducin, are the primary mediators of taste
signaling.10-12 In GPCR-initiated signaling cascades, the duration of activation is controlled
by the rate of GTP hydrolysis by the Gα subunit.

Regulators of G protein signaling (RGS proteins) serve as GTPase-accelerating proteins
(GAPs) for heterotrimeric G proteins,13,14 and can increase Gα GTP hydrolysis rates as
much as 100-fold, with significant effects on signal kinetics15 or agonist detection
thresholds.16

Taste (or “gustation”) may seem like a relative luxury compared to the other senses.
However, the sense of taste is thought to have evolved to allow organisms to distinguish
between nourishing foods and poisonous toxins as well as sense alimentary sugar
concentrations to modulate glucose uptake.17 Additionally, GPCR-mediated taste signaling,
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specifically bitter signaling, plays a role in modulating mucociliary clearance in respiratory
mucosa.18,19

Mucociliary clearance (MCC) actively propels debris-laden mucus over a ciliated epithelial
monolayer to the oropharynx where it is either expelled or swallowed. This process is
particularly important in maintaining the paranasal sinuses where clearance is not
augmented with cough or sneeze reflexes.20 The physiological importance of MCC is
highlighted by the patient with cystic fibrosis (CF) or primary ciliary dyskinesia (PCD)
where the airway surface layer (ASL) and ciliated epithelium, respectively, are
compromised by genetic mutations.21 In addition to the pulmonary pathology associated
with CF and PCD, the disruption of the MCC results in nearly universal sinusitis.22,23

Activating purinergic and bitter GPCR pathways on respiratory epithelium has been
demonstrated to potentiate MCC.18,24-26 The discovery of a negative regulator of GPCR
signaling that is selectively expressed in tastant responsive cells and respiratory epithelium
would provide an additional target for pharmacologically augmenting MCC for acute or
chronic infections or genetic diseases such as CF or PCD.

Von Bucholtz et al. proposed that RGS21 may be a potential GAP for taste receptor
signaling based on their observation of taste cell-specific expression of Rgs21 transcripts.27

While the expression pattern of Rgs21 is in dispute,27,28 we hypothesized that Rgs21 would
be expressed in nonlingual areas that are known to contain taste receptors. In this report, we
describe a novel anatomical location that expresses Rgs21 and furthermore characterize the
in vitro biochemical properties of this protein.

MATERIALS AND METHODS
Chemicals and Assay Materials

Unless otherwise noted, all chemicals were the highest grade available from Sigma Aldrich
(St. Louis, MO) or Fisher Scientific (Pittsburgh, PA).

Production of RGS21::RFP BAC Transgenic Mice
A bacterial artificial chromosome (BAC) from mouse chromosome 1 (RP23–126D12:
nucleotides 146,254,848 to 146,486,740) was engineered by the University of North
Carolina Neuroscience Center BAC Engineering Core Facility29,30 so that the RGS21
promoter drove expression of Tag-Red Fluorescent Protein (TagRFP). Pronuclear injections
were performed and C57Bl/6XDBA2 hybrid embryos were implanted into pseudo-pregnant
females by the UNC Animal Models Core. Gene expression was confirmed and
RGS21::RFP BAC-transgenic founder mice were crossed with C57Bl/6J wildtype mice. All
animal protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of North Carolina and all animals were cared for in an
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-
accredited vivarium according to NIH standards.

Cloning
The human RGS21 open-reading frame was cloned using the sense primer 5′-
TACTTCCAATCCAATGCGATGCCAGTGAAATGCTG-3′ and antisense primer 5′-
TTATCCACTTCCAATGCGTTATCACAAAAAAGGGAG-3′ with an annealing
temperature of 56°C and an extension time of 20 seconds with Phusion thermostable DNA
polymerase (New England Biolabs). Following amplification, a 498 bp band was resolved
using agarose electrophoresis and subsequently cloned into a ligation-independent cloning
vector to make a tobacco etch virus protease (TEV)-cleavable His6-fusion protein (His6-

Kimple et al. Page 3

Laryngoscope. Author manuscript; available in PMC 2014 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RGS21) for production in Escherichia coli.31,32 QuickChange site-directed mutagenesis
(Stratagene) was used to mutate Arg-126 of the RGS21 open reading frame to a glutamic
acid residue with the sense primer: 5′-
GTCTCATGGCCAAGGATTCTTTCCCTGAGTTTCTGAAGTCAGAGATTTATAAAAA
−3′ and the antisense primer 5′-
TTTTTATAAATCTCTGACTTCAGAAACTCAGGGAAAGAATCCTTGGCCATGAGA
C-3′.

Protein Expression
The vector encoding the His6-RGS21 or -RGS21(R126E) was transformed into Escherichia
coli BL21(DE3) cells (Novagen) and induced by the addition of 0.75 mM isopropyl-β-D-
thiogalactopyranoside. After overnight incubation at 20°C, cells were pelleted by
centrifugation. Cells were lysed using high-pressure homogenization with an EmulsiFlex
(Avestin) and RGS21 was purified from the soluble fraction using a nickel-nitrilotriacetic
acid (NTA) resin fast protein liquid chromatography (FPLC) column (FF HisTrap; GE
Healthcare). His6-RGS21 protein was cleaved with TEV protease and subsequent resolution
of soluble protein on a calibrated 150-ml size exclusion column (Sephacryl S200, GE
Healthcare) in S200 buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5% (w/v) glycerol). Protein
was concentrated to 1 mM, as determined by A280 nm measurements upon denaturation in
guanidine hydrochloride.

Tissue Expression
Human sinonasal ribonucleic acid (RNA) was a gift from Dr. Adam Zanation and Dr.
Charles Ebert. Human circumvallate papillae tissue was a gift from Dr. Marion Couch. Both
samples were obtained using an Institutional Review Board-approved protocol after
informed consent was obtained by study participants.

Total RNA isolated from human liver was purchased from Clonetech (Mountain View, CA).
Quantitative, real-time reverse transcription-polymerase chain reaction (qRT-PCR)
experiments were performed in triplicate on RNA isolated from the indicated tissues exactly
as described using gene-specific primers and 6-carboxyfluorescein (FAM) and 6-
carboxytetramethylrhodamine (TAMRA) dual-labeled probes.33 Primer sequences: Human
Rgs21: forward, 5′-TGC-TGT-TTC-TAC-AGG-TCA-CC-3′; reverse 5′-GTT-GGC-TAA-
AAG-CGT-GTC-CA-3′; probe, 5′-FAM-CTG-CGG-AAA-CAA-TGA-CAT-GGT-CTG-
TAMRA-3′; human 18S: forward 5′-AGA AAC GGC TAC CAC ATC CA-3′; reverse, 5′-
CTC GAA AGA GTC CTG TAT TGT-3′; Probe 5′-FAM-AG GCA GCA GGC GCG CAA
ATT ACQ-TAMRA-3′. The number of cycles until threshold (Ct) was determined using an
ABI Prism 7700 Sequence Detector System (Applied Biosystems, Carlsbad, CA) using
triplicate (or greater) determinations. To normalize for the efficiency of mRNA extraction,
the Ct value of 18S was subtracted from the Ct of Rgs21 using the ΔΔCt normalization as
previously described.34

Circumvallate Expression
Tongues were removed from RGS21::RFP mice and wild-type littermates after transcardial
perfusion with 0.9% saline followed by 4% paraformaldehyde in PBS (Pierce). After
postfixation in 4% PFA followed by cryopreservation in 30% sucrose, tongues were frozen
and sectioned on a Leica cryostat (−18 degrees C, 12-micron sections). Slices containing the
circumvallate papillae were mounted onto chilled FisherBrand Super-Frost Plus glass slides
and stored at −80 °C until assay. For immunolabeling of Tag-RFP, sample-containing slides
were first permeabilized in 0.1% Triton X-100 in PBS (PBS-T) on ice for 20 minutes, then
incubated in 2% (v/v) goat serum in PBS-T (blocking buffer) for 1 hour to block nonspecific
protein binding sites. Samples were then incubated in blocking buffer containing a 1:500
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dilution of Evrogen rabbit anti-mouse-tRFP antibody (reconstituted exactly as recommended
by the manufacturer) for 1 hour at room temperature, then overnight at 4 degrees with gentle
orbital rotation. The next day, sample-containing slides were washed three times with PBS-
T, then blocked for 30 minutes in blocking buffer and incubated for 1 hour with Alexa 488-
conjugated goat anti-rabbit IgG secondary antibody (Invitrogen) diluted 1:200 in blocking
buffer. Afterward, samples were washed three times with PBS-T, washed once with sterile
distilled water, and coverslipped with Vector (Burlingame, CA) fluorescence mounting
medium containing DAPI. Confocal images were obtained using a Olympus Fluoview
confocal microscope. Images were processed using ImageJ software (NIH, Bethesda, MD).

Sinus Epithelial Cultures
Mouse sinonasal epithelia (MSE) were obtained from RGS21::RFP transgenic mice and
aged-matched, wildtype C57Bl/6J mice by blunt dissection and then digested with protease
XIV (1%) and DNase (1%) overnight at 4° C under a protocol approved by the UNC
IACUC.35 The enzymatic reaction was stopped by washing cells in fetal bovine serum-
containing medium three times. The cells were then plated on Primaria tissue culture plates
(BD Biosciences, San Jose, CA) for 3 hours to adhere the fibroblasts. Nonadherent cells
were drawn off and plated on T-clear inserts (Corning-Costar, Tewksbury, MA) at 250,000
cells/well. Subsequent MSE were maintained in modified bronchial epithelial growth
medium with 5% CO2 at 37°C to create an air-liquid interface. The airway liquid surface
was labeled with 10-kDa FITC/dextran (0.2 mg/ml; Sigma) prior to imaging with XZ
confocal and bright field microscopy, as previously described.36

Coprecipitation
COS7 cells were plated in 6-well dishes and transfected with 1.5 ng of KT3-Gα DNA at
70% confluency with Fugene 6 (Roche, Indianapolis, IN). After 48 hours, cells were lysed
in buffer containing 20 mM Tris (pH 7.5), 100 mM NaCl, 1 mM EGTA, 1% Triton-100, and
either 100 μM GDP or 100 μM GDP, 20 mM NaF and 30 μM AlCl3 to mimic the GTP
hydrolysis transition state. Following lysis, insoluble components were separated by
centrifugation at 14,000 × g at 4°C for 10 minutes. His6-RGS21 protein (10 μg) was then
added to the clarified cell lysate and rocked at 4°C for 1 hour before the addition of NTA-
agarose and continued incubation overnight at 4°C. NTA-agarose was then washed four
times with lysis buffer, and bound proteins were eluted with loading buffer and subjected to
SDS-PAGE electrophoresis, followed by transfer to nitrocellulose and detection by KT3-
antibody and chemiluminescence.

Surface Plasmon Resonance (SPR)
Wildtype His6-Gαi1 protein was immobilized onto NTA sensor chip (GE Healthcare,
Sweden) exactly as previously described.37 Affinities of RGS21 proteins to immobilized
Gαi1 were calculated using equilibrium saturation binding analyses using Prism v. 5.0b
(GraphPad Software, La Jolla, CA).

Transcreener GDP Assay
The Gαi1(R178M/A326S) was purified as previously described.38 Transcreener GDP assays
were conducted at 30°C on a Safire2 (Tecan) multi-well reader in 384-well black round-
bottom plates (Corning, Tewksbury, MA). Fluorescence polarization was read using an
excitation and emission of 635-nm excitation and 670-nm respectively. Photomultiplier
tubes were adjusted so that a free tracer reference was 20 mP. All experiments were
conducted in 20 mM Tris (pH 7.5), 1 mM EDTA, 10 mM MgCl2, 10 μM GTP, 8 μg/mL
GDP antibody, and 2 nM tracer. RGS GAP activity was determined by measuring by the
change in polarization (ΔmP) caused by the addition of RGS protein to Gαi1 relative to Gαi1
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alone. The steady state “GAP factor” was defined as the ratio between the GTPase rate in
the presence and absence of RGS protein.

32P-GTP Hydrolysis Assays
The intrinsic and RGS-stimulated GTP hydrolysis rate32 of Gαi1 subunits was assessed by
monitoring the production of radioactive phosphate from [γ-32P]-GTP during a single round
of GTP hydrolysis exactly as previously described.39

RESULTS
RGS21 contains a single isolated RGS domain composed of the canonical 9 α helices.40 A
sequence alignment of various human RGS domains, produced by ClustalX,41 demonstrates
RGS21 is most similar to RGS2. The amino acid sequence of the RGS domain of RGS21
and RGS2 are 64% identical and 79% similar (Fig. 1). Based on comparison to RGS12,42

mutation of Arg-126 in RGS21 was predicted to produce an RGS21 protein mutant that
would be properly folded but inactive with respect to Gα subunit binding and GAP activity
(Fig. 1; star).

To detect if Rgs21 is transcribed in sinonasal mucosa, qRT-PCR of RNA isolated from the
circumvallate (C.V.) papillae, liver and sinus mucosa was conducted (Fig. 2A). Expression
was normalized to C.V. expression and the 18S housekeeping transcript using the ΔΔCt
method.34 Sinonasal mucosa demonstrated a high expression level of Rgs21, 428% of the
level detected in the CV papillae. In contrast, RNA isolated from the liver demonstrated
≈5% of the expression of the CV papillae. At 40 cycles of amplification, Rgs21 was
undetectable in two of the three liver RNA samples and at only a trace level in the third. To
provide additional evidence that RGS21 is expressed in sinonasal mucosa, a BAC transgenic
mouse strain was generated that expressed RFP from the RGS21 promoter. In circumvallate
papillae (Fig. 2B, C) and ex vivo sinonasal cultures (Fig. 2D, E, and F), RFP expression was
observed in the RGS21::RFP transgenic mice but not in wildtype mice.

A hexahistidine fused RGS21 open reading frame (His6-RGS21) was cloned into an
eukaryotic expression vector, over-expressed in Escherichia coli, and purified using affinity
chromatography. His6-RGS21, with an expected molecular weight of 20,278 Da, was eluted
with 30% imidazole (Fig. 3. “NTA”). TEV protease was used to cleave the affinity tag,
resulting in a protein with a molecular weight of 17,856 Da (Fig. 3. “Cleaved”) prior to
resolution on a calibrated 150 ml size exclusion column (Fig. 3. “Gel Filtration Fraction”).
Fractions 23–28 were pooled and concentrated for subsequent assays.

We determined the Gα-selectivity of RGS21 using pulldown assays with various, epitope-
tag labeled Gα subunits (KT3-Gα) expressed in mammalian cells (Fig. 4). His6-RGS21
protein was observed to bind KT3−Gαi1, −Gαi2, −Gαi3, −Gαo, −Gαq in their transition state
form (e.g., ligated with GDP, AlF4

−, and Mg2+ [AMF]). No significant binding was
observed to any Gα in the GDP state, and Gαs was not found to interact with His6-RGS21 in
any state.

His6-Gαi1 was covalently linked to a sensor surface for quantification of RGS21 binding
affinity using SPR. Purified RGS21/Gαi1 (AMF) bound in a dose dependent manner (Fig.
5A); however, no significant binding was observed to Gαi1(GDP) (Fig. 5B, open triangle).
Equilibrium binding analysis demonstrated an affinity between RGS21 and Gαi1 of 57.0 nM
(95% CI 28.3 – 85.7 nM). No binding was observed to the RGS21(R126E) point mutant
(Fig. 3B, diamond).
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To determine if RGS21 can accelerate hydrolysis of GTP on Gαi1, the production of GDP
from GTP was monitored using the Transcreener GDP assay. The addition of RGS21 to
Gαi1 resulted in an increased change in polarization compared to buffer alone or
RGS21(R126E) (Fig. 6A). Conversion of fluorescence polarization to GDP production
demonstrated that RGS21 hydrolyzed GTP with a kcat of 0.13 min−1 (95% C.I 0.12 – 0.14
min−1) compared to RGS21(R126E) or buffer alone which hydrolyzed GTP at a rate of
0.011 min−1 (95% C.I 0.010 – 0.012 min−1) and 0.015 (95% C.I. 0.014 – 0.016 min−1),
respectively (Fig. 6B). Based on these steady-state GTPase rates, RGS21 has a GAP factor
of 8.79 with Gαi1, while RGS21(R126E) and buffer had GAP factors of 0.75 and 1.00
respectively.

To confirm the results of the Transcreener GDP assay, a single round of GTP hydrolysis was
measured for Gαi1 preloaded with [γ−32P]-GTP (Fig. 6D). The intrinsic hydrolysis rate of
Gαi1 was 0.0070 min−1 (95% CI 0.0057 – 0.0083 min−1) while the addition of RGS21
increased the rate to 0.13 min−1 ((95% CI 0.08 – 0.17 min−1).

DISCUSSION
RGS proteins have been identified in plants, yeast, fungi, protozoa and animals.14,43-46 As
signaling complexity in organisms increases, additional RGS proteins are typically
identified, with humans having 37 RGS proteins and unicellular organism typically having
one or two RGS proteins. In general, orthologs of RGS21 can be identified in mammals
(Supplemental Data). Based on sequence similarity, RGS proteins are broken down into 10
different families.14 Based on homology to other RGS domains as well as the absence of
additional protein-protein interaction\domains, RGS21 is a member of the R4 family, most
closely related by sequence to RGS2 (Fig. 1). Unlike R9 or R12 family members, R4 RGS
domains, including RGS21, contain an isolated RGS domain consisting of a 9-helical bundle
(Fig. 1). While other RGS proteins utilize additional domains or membrane targeting
sequences to provide receptor specificity and localization, these features appear absent in
RGS21. It is possible that the receptor specificity for RGS21 is engendered by the selective
expression observed by Bucholtz et al.27 and supported by our results.

Because of recent evidence implicating bitter receptors in modulating mucociliary
clearance18,19 and the described expression of RGS21 in tastant responsive cells,27 we used
qRT-PCR to evaluate Rgs21 transcription in RNA isolated from RNA isolated from human
sinus mucosa. Rgs21 was expressed in the C.V. papillae and not in the liver, consistent with
previous work.27 Additionally, Rgs21 was transcribed to a high level in human sinonasal
mucosa (Fig. 2A). Because antibodies do not presently exist for RGS21, we sought an
alternative method to validate that Rgs21 is expressed in sinonasal mucosa. To this end, RFP
driven by the RGS21 promoter was observed in ex vivo cultures of mouse sinonasal
epithelium. These results are consistent with the hypothesis that RGS21 is a negative
regulator of gustation and is expressed in sinonasal mucosa.

While RGS proteins interact with a variety of Gα subunits, R4 family members classically
interact with Gαi/o and Gαq in a nucleotide-dependent manner; however, RGS2, which is
most similar to RGS21, binds exclusively to Gαq.40 To assess the Gα binding partners of
RGS21, we produced recombinant RGS21 in Escherichia coli and then used
chromatography to purify monodispersed proteins (Fig. 3). Using this highly purified
recombinant protein and mammalian cell lysates over-expressing epitope tagged Gαi1, Gαi2,
Gαi3, Gαo, Gαq, and Gαs coprecipitation experiments were performed (Fig. 4). These
studies indicate that RGS21 interacts with Gαi1, Gαi2, Gαi3, Gαo, and Gαq in a nucleotide-
dependent manner, specifically in their transition state mimetic form (AMF). However
RGS21 did not bind any GDP-bound Gαi proteins or Gαs in either state. While RGS21 is
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most similar to RGS2 based on sequence similarity, this binding pattern is more consistent
with other members of the R4 family which typically bind to both Gαi/o and Gαq.40

While the pull-down assays provide data regarding binding, they do not allow for the precise
determination of binding affinities or exclude the possibility that other proteins present in
the cellular lystates are involved in the interaction. Typically RGS/Gα interactions have
affinity constants of ≈10 nM to 100 nM; however, some atypical RGS/Gα pairs have
affinities as low as ≈1 μM.47 Using SPR, the KD was determined to be 57.0 nM (95% CI
28.3–85.7 nM) (Fig. 5), consistent with other RGS/Gα affinities, and no significant binding
was seen between RGS21 and Gαi1(GDP) or between RGS21(R126E) and Gαi1 (AMF) at
concentrations 100-fold above the KD.

While binding is often used as a surrogate for acceleration of GTP hydrolysis by RGS
proteins,48 the hallmark of the RGS/Gα interaction is the ability to accelerate GTP
hydrolysis. To see if RGS21 is capable of accelerating the hydrolysis of GTP on Gα
subunits, the production of GDP was measured using the Transcreener GDP assay (Figs. 6A,
6B, and 6C). RGS21 was found to robustly increase the rate of steady state GTP hydrolysis
on Gαi1(R178M/A326S). In this steady state assay, RGS21 had a GAP factor of 8.79
compared to RGS21(R126E) or buffer alone, which did not affect the steady state hydrolysis
rate (Fig. 6C).

Increased GDP production was detected upon addition of RGS21 using the Transcreener
GDP assay; however, this assay depends on two-point mutations that alter the kinetics of
Gαi1. To assess if RGS21 could accelerate GTP hydrolysis on wildtype Gαi1, single
turnover assays were performed with [γ−32P]-GTP. Consistent with the results obtained
using the Transcreener GDP assay, GTP hydrolysis was dramatically enhanced upon the
addition of RGS21.

CONCLUSION
RGS proteins can dramatically alter the kinetics of GPCR signaling and activation of bitter-
responsive GPCRs has been shown to modulate mucocilary clearance in the sinonasal
tract.18,19 We have demonstrated that RGS21, a putative tastant-specific RGS protein, is
expressed in the sinonasal mucosa and can bind Gαi/o/q heterotrimeric G proteins.
Specifically, RGS21 acts as a GAP for Gαi subunits which mediate gustatory signaling. We
have also identified a loss of function point mutation that will help facilitate future studies.
While additional work is needed to understand the role of RGS21 in modulating gustatory
signaling and mucociliary clearance, our work provides supporting evidence that RGS21 is
expressed selectively in tastant responsive tissue, and specifically the sinonasal epithelium
and may be a negative regulator of gustation.
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Fig. 1.
Multiple sequence alignment of the regulators of G protein signaling (RGS) domain of
RGS21 and other RGS family members. Multiple sequence alignment (MSA) of the human
RGS domains from RGS21, RGS2, RGS4, RGS20, RGS19, RGS12, RGS14, RGS7, and
RGS9. RGS domains are frequently subdivided into nine subfamilies; highlighted in the
MSA are members of the R4, R7, R12, and RZ families. The “consensus” amino acids are
identified by ClustalX41 as either similar “*” or identical “.”. The secondary structure is
annotated above the MSA based on the crystal structure of RGS2 (PDB ID: 2V4Z).39

Mutation to arginine 129 of RGS21, highlighted by a star, is predicted to abolish binding to
Gα subunits.
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Fig. 2.
Regulator of G protein signaling-21 (RGS21) is expressed in sinus mucosa and
circumvallate papillae. (A) Real-time, quantitative polymerase chain reaction (PCR) using
fluorogenic probe detection was performed on total ribonucleic acid (RNA) from indicated
human tissues. Variable quantities of RNA were normalized by comparison to 18S
ribosomal RNA and expression of RGS21 was set to 100% in the circumvallate (cv) papillae
using established methods.34 Expression on RFP was detected in circumvallate papillae
from (B) wildtype and (C) RGS21::RFP mice using anti-mouse-tRFP antibody and an Alexa
488-conjugated goat-anti-rabbit IgG secondary antibody. Nuclei are highlighted using 4′,6-
diamidino-2-phenylindole (DAPI) staining. Sinonasal epithelium from wildtype (D) and
RGS21::RFP transgenic (E) mice was cultured in an air-liquid interface and imaged for
TagRFP protein expression (autofluorescence) by confocal microscopy. Air-liquid interface
was highlighted by the addition of FITC-dextran to the airway surface liquid. (F) Bright
field microscopy of wildtype (upper) and RGS21::RFP transgenic mice (lower) cultured
epithelial cells.
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Fig. 3.
Recombinant regulator of G protein signaling-21 (RGS21) can be produced and purified
from Escherichia coli. Aliquots after the initial affinity chromatography (NTA), after
cleavage of the hexahistidine affinity tag with tobacco etch virus (TEV) protease (cleaved)
and at indicted fractions during size exclusion chromatography (gel filtration fraction) were
resolved using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
highlighted using Coomassie blue staining.
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Fig. 4.
Recombinant regulator of G protein signaling-21 (RGS21) interacts with Gα in a nucleotide
dependent manner. COS7 cells were separately transfected with DNA encoding one of the
indicated Gα subunits fused to the KT3 epitope. Cells were lysed in buffer containing GDP,
Mg2+, and AlF4

− (AMF) or guanine diphosphate (GDP) alone. Cell lysates, His6-RGS21,
and NTA-agarose were incubated overnight prior to washing. Precipitated proteins were
heat denatured prior to resolution by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to a nitrocellulose membrane, and detected using
anti-KT3 antibody and chemiluminescence.
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Fig. 5.
Recombinant regulator of G protein signaling-21 (RGS21) interacts with high affinity to
Gαi1. (A) His6-Gαi1 was covalently immobilized on sensor surfaces for RGS21 binding
analyses. Wildtype RGS21 or RGS21 (R126E) were separately injected at the indicated
concentration at a flow rate of 20 μl/min for 600 s (start time t = 0 s) over surfaces of Gαi1
in the transition state (AMF) for GTP hydrolysis (i.e., GDP, Mg2+, and AlF4

−) or the
inactive state (GDP-bound). (B) Resultant sensorgrams were used in equilibrium saturation
binding analyses to derive dissociation constants. Error bars represent standard error of the
mean (SEM). Wildtype RGS21 bound to wildtype Gαi1 (AMF) with an affinity of 57.0 nM
(95% CI 28.3–85.7 nM). No appreciable binding was observed upon injection of wildtype
RGS21 over immobilized Gαi1(GDP) or RGS21(R126E) over immobilized Gαi1 (AMF).
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Fig. 6.
Recombinant regulator of G protein signaling-21 (RGS21) accelerates guanine diphosphate
(GTP) hydrolysis of Gαi1. (A) Gαi1(R178M/A326S, 50 nM) was added to Transcreener
GDP Assay Buffer with wildtype RGS21 (250 nM), RGS21(R126E; 250 nM), or buffer at t
= 0. The addition of RGS21 increased the change in fluorescence polarization (ΔmP) over
time compared to RGS21(R126E) or buffer alone. (B) ΔmP was converted to GDP
production using a standard curve for GDP detection in the presence of GTP.38 The steady-
state rate of GDP production with RGS21, RGS21(R126E) or buffer was 0.13 min−1 (95%
C.I 0.12–0.14 min−1), 0.011 min−1 (95% C.I 0.010–0.012 min−1), and 0.0.15 (95% C.I.
0.014–0.016 min−1), respectively. (C) GAP factors, defined as the ratio between steady-state
GTPase rate in the presence of RGS protein and steady-state GTPase rate in the absence of
RGS protein were computed. RGS21 has a GAP factor of 8.79 while RGS21(R126E) and
buffer have GAP factors of 0.75 and 0.00 respectively. (D) A single round of GTP
hydrolysis was measured wildtype Gαi1 (100 nM) using 32P-GTP. The intrinsic rate of GTP
hydrolysis of Gαi1 was 0.0070 min−1 (95% CI 0.0057–0.0083 min−1). The addition of 50
nM of RGS21 increased the rate to 0.13 min−1 (95% CI 0.08−0.17 min−1).
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