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Abstract

RGS6 and RGS7 are regulators of G protein signaling (RGS) proteins that inactivate heterotrimeric (αβγ) G
proteins and mediate diverse biological functions, such as cardiac and neuronal signaling. Uniquely, both
RGS6 and RGS7 can discriminate between Gαo and Gαi1—two similar Gα subunits that belong to the same Gi
sub-family. Here, we show that the isolated RGS domains of RGS6 and RGS7 are sufficient to achieve this
specificity. We identified three specific RGS6/7 “disruptor residues” that can attenuate RGS interactions
toward Gα subunits and demonstrated that their insertion into a representative high-activity RGS causes a
significant, yet non-specific, reduction in activity. We further identified a unique “modulatory” residue that
bypasses this negative effect, specifically toward Gαo. Hence, the exquisite specificity of RGS6 and RGS7
toward closely related Gα subunits is achieved via a two-tier specificity system, whereby a Gα-specific
modulatory motif overrides the inhibitory effect of non-specific disruptor residues. Our findings expand the
understanding of the molecular toolkit used by the RGS family to achieve specific interactions with selected
Gα subunits—emphasizing the functional importance of the RGS domain in determining the activity and
selectivity of RGS R7 sub-family members toward particular Gα subunits.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Heterotrimeric G proteins (αβγ) are molecular
switches that regulate numerous intracellular signal-
ing cascades, following their activation by G-protein
coupled receptors [1,2]. The duration of G protein-
coupled signaling is set by regulator of G protein
signaling (RGS) proteins, which “turn off” activated
Gα subunits [3,4]. This inactivation is mediated by
the ~120-residue “RGS domain” found in all RGS
proteins, where it functions as a GTPase activating
protein (GAP) [5–7]. RGS proteins modulate numer-
ous physiological functions and have been implicat-
ed in many human pathologies, making them
promising drug targets [8–13]. In particular, RGS6
and RGS7, which belong to the R7 sub-family of
RGS proteins, regulate diverse neuronal and cardiac
circuits and signaling. RGS6 is predominantly
expressed in the brain and heart and has been
implicated in a variety of disorders [14], such as
anxiety and depression [15], Parkinson's and Alz-
r Ltd. All rights reserved.
heimer's diseases [16,17], bradycardia [18], and
cancer [19–21]. Likewise, RGS7 is mostly
expressed in the brain and has been linked to
many neurological disorders or functions, including
anxiety [22], drug and reward behavior [23], multiple
sclerosis [24], and synaptic plasticity [25]. However,
how particular R7 sub-family members mediate
individual biological functions and via which Gα
subunits are not well understood.
A unique property of the R7 sub-family members

RGS6 and RGS7 is their ability to discriminate
between closely related Gα subunits, such as Gαo
and Gαi1 [26–28] (reviewed in Ref. [29]). In addition
to the RGS domain, R7 sub-family proteins contain
non-catalytic domains that mediate their sub-cellular
localizations and interactions with additional pro-
teins, such as the Gβ5 subunit [30,31], which is
essential for the stability of R7 sub-family members
in vivo [32]. Two studies tested the activity of the full-
length RGS6 and RGS7 proteins, which included
these non-catalytic domains and observed higher
Journal of Molecular Biology (2019) 431, 3302–3311



Fig. 1. The isolated RGS domains of RGS6 and RGS7 discriminate between Gαo and Gαi1. GTPase rate constants
were calculated using SigmaPlot 10.0 from single-exponential fits to the time course of GTP hydrolyzed by the Gα subunits
(400 nM), with or without added RGS proteins (20 nM). kGAP constants were calculated as in Ref. [43] by substracting the
basal GTPase rate constant (i.e., without RGS protein) from the GTPase rate that was measured in the presence of the
RGS protein. Values are means ± s.e.m. of n ≥ 3 independent biological replicates.
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GAP activity toward Gαo than toward Gαi1 [26,28]. At
the same time, others tested the activity of the
isolated RGS7 domain and suggested that this
domain is sufficient for mediating selectivity for Gαo
over Gαi1 [27]. As such, it remains unclear whether
the RGS domains of RGS6 and RGS7 are sufficient
for discriminating between Gαo and Gαi1 or for
achieving high GAP activity.
The particular structural features that might deter-

mine the specificities of R7 RGS sub-family mem-
bers toward different Gα subunits have not been
elucidated across the sub-family. Still, studies
addressing this point have been conducted, but
mostly focusing on the divergent RGS9. For
instance, efforts have focused on the unique
determinants that couple RGS9 and its specific
affinity adaptor, the γ subunit of cGMP phosphodi-
esterase (PDEγ), to the visual G protein transducin
(Gαt) [33–37]. Skiba et al. [34] suggested that the Gα
helical domain plays a role in mediating RGS9–
PDEγ interaction specificity, while Sowa et al. [35]
identified unique residues in the RGS9 domain
responsible for specific interactions in the ternary
complex that includes transducin and PDEγ. In this
latter study, specific RGS7 residues, identified using
the Evolutionary Trace method [38,39], were re-
placed with the corresponding RGS9 residues,
resulting in an RGS7 domain that depended on
PDEγ for high and specific GAP activity toward
transducin. Here too, however, the structural deter-
minants that modulated the specificity of RGS6 and
RGS7 toward distinct Gα subunits were not
elucidated.
Previously, we classified RGS residues into three

groups, based on their mechanistic role in interac-
tions with Gα subunits. The first group, termed
“Significant & Conserved” residues, includes RGS
residues that make similar and substantial contribu-
tions to interactions with Gα subunits across all high-
activity RGS proteins [40]. The second group,
“modulatory” residues, is composed of residues
that contribute to interactions with Gα subunits only
in some RGS proteins and were proposed to fine-
tune specific G protein recognition [40,41]. The third
group, “disruptor” residues, was recently identified
and attenuates RGS activity for particular Gα
subunits [41]. Three such disruptor residues in the
R12 RGS sub-family were shown to reduce GAP
activity toward Gαo via interactions with the Gα
helical domain [41]. A partially overlapping set of
disruptor residues were also identified in the RZ
RGS sub-family [42]. Such classification has yet to
be applied to the R7 sub-family. Moreover, neither
modulatory nor disruptor residues have been iden-
tified in RGS6 and RGS7.
Here, we show that the isolated RGS domains of

R7 sub-family members RGS6 and RGS7 are
sufficient for discriminating between the highly
similar Gαo and Gαi1 proteins. Using sequence
comparisons and structure-based modeling, we
identified three putative R7 disruptor residues that
can attenuate RGS6 and RGS7 GAP activity toward
Gα subunits. Indeed, insertion of these residues into
the high-activity RGS16 domain substantially re-
duced its GAP activity. Surprisingly, we found a
unique structural motif that can bypass and override
this disruption only toward Gαo, namely, K428 in
RGS7 and the homologous K431 in RGS6. We
suggest that this lysine residue acts as a positive
design element specifically toward Gαo. We thus



Fig. 2. Three RGS7 residues are comparable to R12 disruptor residues and are predicted to perturb favorable
interactions with Gαo and Gαi1. (a) Previously characterized R4 sub-family residues that contribute to favorable
electrostatic interactions with the Gα helical domain, shown as sticks. Favorable salt bridges or hydrogen bonds are
marked with dashed lines. RGS16–Gαi1 and RGS16–Gαo complexes were superimposed and are shown as ribbon
diagrams colored yellow/brown (RGS16 domains) and magenta/green (Gαi1 and Gαo). (b) The corresponding R12
disruptor residues shown to perturb interactions with Gαo. RGS10 (purple) and RGS14 (blue) were superimposed onto the
RGS16–Gαo and RGS16–Gαi1 complexes, with Gα subunits colored as in a. (c) The corresponding RGS7 residues (K431
and S432, upper panel; K402, lower panel), modeled as in panel b.
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propose a new two-tiered mechanism by which RGS
proteins can discriminate between closely related
Gα subunits.
Results

The RGS6 and RGS7 RGS domain discriminates
between the highly similar Gαo and Gαi1

Wemeasured the GAP activity of representative R7
RGS domains toward the highly similar Gαo and Gαi1
proteins, relative to the activity of RGS16. The latter is
a representative of the R4 sub-family that was shown
to have high activity toward Gαo and to similarly
interact with Gαi1 [40,41]. It should be noted that Gαo
and Gαi1 are 67% identical in sequence, and that their
interfaces with RGS proteins are also quite similar, in
that 27 of 32Gα residues that are found ≤5 Å from the
RGS domains in the Gαo-RGS16 and Gαi1-RGS16
structures are identical. We used single turnover
GTPase assays with catalytic concentrations of RGS
proteins to quantify the GAP activity of various RGS
domains toward Gαo and Gαi1 (Figs. 1 and S1). In
contrast toRGS16,which, as expected, exhibited high
GAP activity toward both Gαo and Gαi1 (kGAP = 1.5
and 1.4 min−1, respectively), the RGS7 domain
showed high GAP activity only toward Gαo (kGAP =
1.6 min−1), with only negligible activity toward Gαi1
(kGAP = 0.05 min−1). RGS6, which is 81% identical in
sequence to RGS7, also exhibited similar specificity,
with kGAP values of 1.4 min−1 toward Gαo and
0.15 min−1 toward Gαi1 (Table S1).
Putative disruptor residues in RGS7 are pre-
dicted to interfere with its interactions with Gi
sub-family members

We hypothesized that the basis for the discrim-
ination between Gαo and Gαi1 by RGS6 and RGS7
stems from residues that are unique to these RGS
domains. To identify residues that might be
responsible for the low GAP activity of RGS6
and RGS7 toward Gαi1, we compared the se-
quences of the RGS domains from the R7 sub-
family to the sequences of high-activity R4 sub-
family members, and to the sequences of the
previously investigated R12 sub-family [41]. Strik-
ingly, the same three positions that were identified
previously as disruptor residues in the R12 sub-
family, which reduce RGS GAP activity, corre-
spond to residues that are unique to RGS6 and
RGS7 (Fig. S2).



Fig. 3. Replacement of RGS16 modulatory residues that interact with the Gα helical domain with the corresponding
RGS7 putative disruptor residues impairs GAP activity toward Gαo and Gαi1. kGAP constants for wild-type RGS16, and the
E164K–K165S (EK N KS), and E135K–E164K–K165S (EEK N KKS) RGS16 mutants toward Gαo and Gαi1. kGAP
constants were calculated as in Fig. 1. Values correspond to means ± s.e.m. from n ≥ 3 independent biological replicates.
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Two of these positions correspond to RGS16 E164
and K165 (termed the “EK motif”), comprising a motif
in high-activity RGS domains that interacts with
residues on both sides of the RGS–Gα interface [41].
In particular, the EK motif forms an electrostatic/
hydrogen bond network that includes both intramo-
lecular and intermolecular interactions (Fig. 2a,
upper panel). The third residue, RGS16 E135,
forms a salt bridge with Gαo R86 or with Gαi1 R86
and R90 (Fig. 2a, lower panel).
In contrast, the corresponding disruptor residues

that were previously identified in the R12 sub-family
[41] are predicted to attenuate inter-molecular
interactions with Gα subunits (Fig. 2b). The R12
residues that correspond to the RGS16 EK motif,
namely, K131–Y132 in RGS10 and K114–F115 in
RGS14, cannot form the favorable electrostatic and
hydrogen bond networks observed in high-activity
RGS domains (Fig. 2b, upper panel). The third R12
residue, that is, Q103 in RGS10 and Q86 in RGS14,
is also unable to form favorable interactions with Gα
subunits (Fig. 2b, lower panel). Notably, a disruptor
motif with a smaller effect was also described in the
RZ RGS sub-family [42].
In modeling the interactions of RGS7 with Gαo and

Gαi1 (see Materials and Methods), we saw that
RGS7 K431 and S432, which correspond to the
RGS16 EK motif, are also predicted to perturb
interactions with Gαo and Gαi1 (Fig. 2c, upper
panel), similarly to their R12 sub-family counterparts.
Likewise, RGS7 K402, which corresponds to RGS16
E135, is also predicted to attenuate interactions with
both Gα subunits (Fig. 2c, lower panel). The
corresponding residues in RGS6 (H405, K434, and
S435) are predicted to have a similar effect as their
RGS7 counterparts (Fig. S3). This analysis thus
pinpoints these three RGS7 residues as putative
disruptor residues that can impair RGS GAP activity,
similarly to their R12 counterparts.

Inserting the putative disruptor residues from
RGS7 into RGS16 impairs GAP activity toward
both Gαo and Gαi1

To test the functional effect of these R7 putative
disruptor residues, we inserted them into the high-
activity RGS16 domain. We replaced the relevant
RGS16 residues (E135, E164, K165) with their
RGS7 counterparts and measured the GAP activi-
ties of the mutants using single turnover GTPase
assays (Fig. 3). Substituting the RGS16 EK motif
with the corresponding RGS7 residues (E164K and
K165S, generating the RGS16 EK N KS mutant)
substantially reduced GAP activity toward Gαo
(kGAP = 0.5 min−1) and Gαi1 (kGAP = 0.7 min−1).
Additional substitution of the RGS16 E135 with its
RGS7 lysine counterpart, generating the RGS16
EEK N KKS mutant, led to an additional small
decrease in GAP activity toward both Gαo (kGAP =
0.3 min−1) and Gαi1 (kGAP = 0.5 min−1). In contrast,
mutating these motifs to alanines had no effect on
GAP activity (Fig. S4a). Mutating residues adjacent
to the EK motif (RGS16 Y168 and P169) to alanines
also had no effect on GAP activity (Fig. S4b), as was
also shown previously [41]. Lastly, substituting E135
and K165 with the corresponding serine and arginine
residues from a divergent R4 RGS domain (RGS13)
also had no effect on GAP activity (Fig. S4c). We
therefore conclude that mutations in this region are
not generally disruptive, as was also shown previ-
ously for the corresponding R12 positions [41], but
rather that the presence of the specific R7 residues
in these positions disrupts interactions with the Gα
subunit and reduces GAP activity.



Fig. 4. RGS7 K428 can bypass the negative effect of
the disruptor residues when interacting with Gαo. RGS7
K428 is adjacent to Gαo D116 and can potentially form a
salt bridge (marked with a dashed line) with this residue.
The corresponding Gαi1 E116 is too far to interact similarly
with RGS7 K428. RGS7 complexes with Gαo and Gαi1
were modeled as in Fig. 2, with RGS7 K431 and S432
shown for reference, rotated 90° about the X-axis relative
to Fig. 2c.
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A unique RGS6/7 lysine bypasses the negative
effect of the R7 disruptor residues specifically
toward Gαo

Since the activity impairment caused by inserting
the RGS7 putative disruptor residues into RGS16
was evident toward both Gαo and Gαi1, this
suggested that RGS7 contains a structural motif
that can bypass the disruptor effect specifically
toward Gαo. We therefore examined the models of
RGS7 complexed with Gαo and Gαi1 to search for
such a motif. We identified a particular lysine residue
(RGS7 K428) that is unique to RGS6 and RGS7.
Fig. 5. A unique RGS6/7 modulatory lysine residue (K⁎)
disruptor residues. (a) kGAP constants for RGS16 and RGS7 w
mutant K⁎428T and RGS16 mutants E164K–K165S (EK N KS
T131K⁎ (EK + T N KS + K⁎), and E135K–E164K–K165S–T13
unique modulatory RGS7 K428 residue (shown in Fig. 4) or a
RGS16. (b) kGAP constants for RGS7 wild-type (taken from Fi
(KS N EK), K431E–S432K–K⁎428T (KS + K⁎ N EK + T), K402
Gαi1. kGAP constants were calculated as in Fig. 1. Values corre
replicates.
This lysine residue is located close to the αB–αC
loop of Gαo, but is nevertheless too far to interact
favorably with the αB–αC loop of Gαi1 (Fig. 4). We
therefore hypothesized that this putative interaction
may underlie the high GAP activity of RGS7 seen
specifically toward Gαo. This interaction could
involve formation of a favorable salt bridge only
with Gαo D116 that could function as an alternative
to the EK motif, but would not interact with the more
distant Gαi1 E116.
To test whether RGS7 K428 is indeed responsible

for the selectivity of RGS7 toward Gαo, we mutated
this residue (marked as K⁎) to threonine, its RGS16
counterpart. Indeed, the GAP activity of the resulting
RGS7 K⁎428T mutant toward Gαo was substantially
reduced (kGAP = 0.3 min−1, Fig. 5a). In a reciprocal
experiment, we substituted the corresponding thre-
onine in RGS16 to a lysine, adding it to the
background of the RGS16 EK N KS and RGS16
EEK N KKS mutants, yielding the RGS16 EK + T N
KS + K⁎ and RGS16 EEK + T- N KKS + K⁎ mu-
tants. This lysine substitution rescued the GAP
activity of these mutants toward Gαo, attaining
similar GAP activity as wild-type RGS16 (kGAP =
1.4 min−1 and kGAP = 1.6 min−1, correspondingly).
This effect was specific for Gαo, as this threonine-to-
lysine substitution had no effect on the GAP activity
of the RGS16 EK N KSmutant toward Gαi1 (Fig. S5).
To test whether the reciprocal mutants in RGS7 will
relieve the disruption, we substituted the KS motif in
RGS7 with the corresponding EK motif from RGS16,
yielding the RGS7 KS N EK mutant. This substitu-
tion increased GAP activity to measurable levels
(kGAP = 0.3 min−1, Fig. 5b), with the effect being
can selectively bypass the negative effect of the RGS7
ild-type domains (taken from Fig. 1 for reference), RGS7
), E135K–E164K–K165S (EEK N KKS), E164K–K165S–
1K⁎ (EEK + T N KKS + K⁎) toward Gαo. K⁎ denotes the
lysine residue inserted into the corresponding position in
g. 1 for reference) and the RGS7 mutants K431E–S432K
E–K431E–S432K–K⁎428T (KKS + K⁎ N EEK + T) toward
spond to means ± s.e.m. from n ≥ 3 independent biological



Fig. 6. Suggested molecular mechanism underlying the
specificity of RGS6 and RGS7 toward Gαo and Gαi1. (a)
High-activity RGS domains such as RGS16 contain
modulatory residues (green circles) that enable high
GAP activity and do not discriminate between Gαo and
Gαi1. (b) RGS6 and RGS7 contain specific disruptor
residues (red circles) that attenuate activity toward both
Gαo and Gαi1. RGS6/7 also contain a unique modulatory
lysine residue (green square) that bypasses the inhibition
of the disruptor residues selectively, only toward Gαo, in a
two-tiered specificity strategy.
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specific for Gαi1. Interestingly, substituting the
unique RGS7 modulatory lysine with the corre-
sponding threonine from RGS16 increased GAP
activity further in the RGS7 KS + K⁎ N EK + T
mutant (kGAP = 0.8 min−1). The complete substitu-
tion of all four of the RGS7-specific residues with
their RGS16 counterparts, yielding the RGS7 KKS +
K⁎ N EEK + T mutant, led to a full gain-of-function
and maximal GAP activity toward Gαi1 (kGAP =
1.6 min−1, Fig. 5b).
Discussion

Our results show that theRGSdomains ofRGS6and
RGS7are sufficient for discriminatingbetweenGαo and
Gαi—exhibiting high GAP activity toward Gαo and low
GAP activity toward Gαi1. Previous studies showed
such selectivity with full-length RGS6 and RGS7 when
co-expressed with Gβ5, and suggested that the
additional domains in these RGS proteins and/or Gβ5
are the source of specificity [26,28]. On the other hand,
an earlier study by Lan et al. [27] showed RGS7
specificity toward Gαo and Gαi1 using the isolated
RGS7 domain, measuring GTPase rates using a
stopped-flow spectroscopic approach. Our results not
only show that the isolatedRGSdomains of bothRGS6
and RGS7 are sufficient for achieving Gαo/Gαi1
selectivity, but also demonstrate that the GAP activity
of these isolated domains is highly similar to that of
high-activity RGS domains from the R4 sub-family,
such as RGS16.
We found that the RGS domains of both RGS6 and

RGS7 contain three specific disruptor residues, which
attenuate GAP activity toward Gαo and Gαi1. Insertion
of these residues into RGS16 revealed that the major
inhibitory effect of these disruptor residues derives from
the “KSmotif” (residues 431–432 in RGS7), with only a
minor additional effect that comes from RGS7 K402.
TheKSmotif is identical in bothRGS7andRGS6,while
RGS7 K402 corresponds to a histidine in RGS6 (Fig.
S3). Previously, we showed that a histidine in the
corresponding RGS18 position also contributed a
minor inhibitory effect when inserted into RGS16 [41],
leading to the prediction that the RGS6 disruptor
residues should have the same effect as the RGS7
residues tested here. The direct effect of these RGS7
residues on RGS–Gα interactions differs from the
mechanism that specifically couples RGS9 to Gαt,
which hinges on the specific recognition between
RGS9 and PDEγ, with the latter functioning as an
affinity adaptor [34–37].
Our results highlight a unique molecular mechanism

by which the RGS6 and RGS7 domains achieve
specificity toward Gαo over the closely related Gαi (Fig.
6). The R7-specific disruptor residues we identified
here function via a similar mechanism as the disruptor
residues that we identified in theR12 andRZRGSsub-
families [41,42]—inhibiting GAP activity via intermolec-
ular interactions with the Gα subunit. In the protein
design field, such structural motifs have been termed
“negative design elements,” corresponding to structural
elements that attenuate specific interactions between
protein partners [44–46]. On the other hand, structural
elements that enhance interactions between proteins
partners were termed “positive design elements.”
Accordingly, the three R7 disruptor residues we
identified here function as negative design elements.
These R7 residues correspond to the three R12 sub-
family disruptor residues identified previously [41],
which are located at similar positions in the RGS
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domain and were shown to underlie the lower GAP
activity of the R12 sub-family. Both the R12 disruptor
residuesand theR7 residueswe identifiedhere interact
similarly with the Gα helical domain. Moreover, the
location of the R7 KS motif also corresponds to that of
some of the disruptor residues identified in the RZ sub-
family [42]. Comparable negative design elements
were also shown to determine the discrimination of
RGS2 between Gαi1 and Gαq, which also involves
interactions with the Gα helical domain [47]. As such,
the unfavorable inter-molecular interactions of negative
design elements in RGS domains with the Gα helical
domain emerges as a general mechanism that
determines interaction specificity in all four RGS sub-
families—theRZ,R4,R12, andR7sub-families.On the
other hand, our results pinpoint, for the first time, a
unique positive design element in RGS6 and RGS7
that overrides the negative effect of the R7 disruptor
residues in a specific fashion, only toward Gαo (Fig. 6).
This selective positive design element combines with
the non-selective disruptor residues in a two-tiered
strategy to enable the exquisite specificity of these
RGS proteins toward the highly similar Gαο and Gαi
subunits.
In summary, our findings expand the understand-

ing of the molecular toolkit used by the RGS family to
achieve specific interactions with selected Gα
subunits, involving a combination of specific nega-
tive design elements with a unique positive design
element that bypasses the impact of the former in a
selective manner. This emphasizes the functional
importance of the RGS domain in determining the
activity and selectivity of RGS R7 sub-family
members toward particular Gα subunits. Neverthe-
less, the recently solved structure of the full-length
RGS7 with Gβ5 [48] showed that the additional
domains of RGS7 and in particular the GGL domain,
as well as Gβ5, are adjacent to the RGS7 RGS
domain and might therefore also contribute to
interaction specificity allosterically (Fig. S6). Further
studies using complementary methods such as
molecular dynamic simulations will likely expand
our understanding of such mechanisms. More
generally, the design elements identified here
enable R7 sub-family members to regulate diverse
signaling pathways and suggest more specific
avenues for studying their roles in such pathways.
These, moreover, can serve to guide future drug
design efforts targeting these interactions.
Materials and Methods

Protein structures and sequences

We used the following 3D structures in our
visualization and analysis of RGS–Gα complexes,
with Protein Data Bank (PDB) codes for each
structure provided: human RGS16–Gαi1 (PDB ID:
2IK8), mouse RGS16–Gαo (PDB ID: 3C7K), human
RGS10–Gαi3 (PDB ID: 2IHB), the monomeric NMR
structure of human RGS14 (PDB ID: 2JNU), the x-
ray crystal structure of the RGS domains of human
RGS7 (PDB ID: 2A72) and RGS6 (PDB ID: 2ES0),
and the structure of full-length RGS7 with Gβ5 (PDB
ID:6N9G). Because the RGS6 and RGS7 structures
are atypical domain-swapped dimers in the x-ray
structures, despite these proteins being monomers
in solution [49], we modeled the monomeric forms of
RGS6 and RGS7 bound to Gαo and Gαi1 by
superimposing each of the domain-swapped mono-
mers onto RGS16 from the structure of RGS16–Gαo
and splicing them together, with no additional
perturbations to the structures. Missing atoms (in
particular, RGS7 K402) were predicted using Scap
[50]. Comparison to the recently solved structure of
monomeric full-length RGS7 with Gβ5 [48] showed
that the positions of RGS7 side chains in the
monomeric structure we used in our modeling were
very similar to the conformations of the correspond-
ing side chains in the full-length RGS7 structure. 3D
structural visualizations and comparisons were
carried out with the PyMOL molecular graphics
program (http://pymol.org).

Protein expression, purification, and mutagenesi.

The human RGS6, RGS7, and RGS16 domains
were expressed as N-terminally His6-tagged fusion
proteins using the pNIC-SGC1 (RGS6 and RGS7)
and pLIC-SGC1 (RGS16) vectors (Addgene). Gαi1
was expressed in the pProEXHTb vector (Invitro-
gen), while Gαo in the pT7–5 vector was a gift from
Vadim Arshvashky (Duke University). RGS mutants
were produced using the QuikChange Lightening
site-directed mutagenesis kit (Invitrogen), with
primers designed using the Primer Design Program
(www.genomics.agilent.com). Proteins were
expressed in Escherichia coli BL21 (DE3) cells and
grown in 0.5 or 1 l of LB broth at 37 °C for RGS or Gα
protein, respectively, until an OD600 (optical density
at 600 nm) ≥ 1.4 was reached. The temperature
was then reduced to 15 °C, and protein expression
was induced by addition of 500 or 100 μM IPTG for
RGS or Gα proteins, respectively. After 16–18 h,
cells were harvested by centrifugation at 6000g for
30 min at 4 °C, followed by freezing the pellets at
−80 °C. Pellets were re-suspended in lysis buffer
[50 mM Tris–HCl (pH 8.0), 50 mM NaCl, 5 mM
MgCl2, 5 mM β-mercaptoethanol, protease inhibitor
cocktail (Roche), and 0.5 mM phenylmethylsulfonyl
fluoride (for G proteins only)], and the cells were
lysed using a Sonics Vibra-Cell sonicator, followed
by centrifugation at 24,000g for 30 min at 4 °C. The
supernatants were equilibrated to 500 mM NaCl and
20 mM imidazole and loaded onto 1 ml HisTrap FF



3309RGS6/7 two-tiered specificity strategy
columns (GE Healthcare Life Sciences). The col-
umns were washed with N20 volumes of wash buffer
[20 mM Tris–HCl (pH 8.0), 500 mM NaCl, 20 mM
imidazole] at 4 °C and the tagged proteins were
eluted with elution buffer [20 mM Tris–HCl (pH 8.0),
500 mM NaCl, 100 mM imidazole]. The eluate was
loaded onto a HiLoad 16/600 Superdex 75 PG gel
filtration column (GE Healthcare Life Sciences) at
4 °C with ≥1.5 volumes of GF elution buffer [50 mM
Tris–HCl (pH 8.0), 50 mM NaCl, 5 mM β-
mercaptoethanol, with 1 mM MgCl2 added for Gα
subunits only]. The eluate was dialyzed against
dialysis buffer [GF elution buffer containing 40% (v/v)
glycerol]. All purified proteins were estimated to be
N95% pure, as assessed by SDS-polyacrylamide
gel electrophoresis and Coomassie staining. Protein
concentrations were determined by measuring
absorption at 280 nm using predicted extinction
coefficients (ProtParam, Swiss Institute for Bioinfor-
matics) based on the sequence of each expressed
protein.
Single-turnover GTPase assays

Single-turnover GTPase assays using Gαo or Gαi1
and various RGS proteins (wild-type and mutants)
were performed as described [40,41,43,51,52].
Briefly, Gα subunits in reaction buffer [50 mM
Hepes (pH 7.5), 0.05% polyoxyethylene (v/v),
5 mM EDTA, 5 μg/ml bovine serum albumin, and
1 mM dithiothreitol] were incubated at 20 °C (Gαo) or
30 °C (Gαi1) for 15 min with 1 μM [γ-32P]-GTP and
cooled on ice for 5 min. GTP hydrolysis at 4 °C was
initiated by increasing the magnesium concentration
to 5 mM (with MgCl2), together with 100 μM cold
GTP (final concentration), with or without RGS
proteins. Aliquots were removed at different time
points and quenched on ice with 5% charcoal in
50 mM Na2H2PO4 (pH 3), followed by centrifugation
at 12,000g for 5 min at room temperature. Aliquots of
the supernatants (200 μl) were added to 3 ml of
scintillation liquid (PerkinElmer) and analyzed using
a Tri-Carb 2810 TR scintillation counter (PerkinEl-
mer). GTPase rates were determined from single-
exponential fits to the GTPase time courses using
SigmaPlot 10.0. kGAP rate constants were deter-
mined by subtracting the basal GTPase rate (i.e.,
without RGS protein) from the GTPase rate that was
measured in the presence of the RGS protein, as
described [41,43].
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