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Background: The 14-3-3 protein binds to and regulates the function of the regulator of G protein signaling 3 (RGS3).
Results: The 14-3-3 binding affects the structure of the G� interaction portion of RGS3.
Conclusion: The 14-3-3 protein blocks the interaction between the RGS3 and the G�.
Significance: This might explain the inhibitory function of 14-3-3 in the regulation of RGS3.

Regulator of G protein signaling (RGS) proteins function as
GTPase-activating proteins for the �-subunit of heterotrimeric
G proteins. The function of certain RGS proteins is negatively
regulated by 14-3-3 proteins, a family of highly conserved regu-
latory molecules expressed in all eukaryotes. In this study, we
provide a structural mechanism for 14-3-3-dependent inhibi-
tion of RGS3-G� interaction. We have used small angle x-ray
scattering, hydrogen/deuterium exchange kinetics, and Förster
resonance energy transfer measurements to determine the low-
resolution solution structure of the 14-3-3��RGS3 complex. The
structure shows the RGS domain of RGS3 bound to the 14-3-3�
dimer in an as-yet-unrecognized manner interacting with less
conserved regions on the outer surface of the 14-3-3 dimer out-
side its central channel. Our results suggest that the 14-3-3 pro-
tein binding affects the structure of the G� interaction portion
of RGS3 as well as sterically blocks the interaction between the
RGS domain and the G� subunit of heterotrimeric G proteins.

The amplitude and duration of G protein signaling are regu-
lated at the G protein level by two different mechanisms. The
first one involves the inhibition of G�� interactions with
G�-GDP and downstream effectors (1, 2), whereas the second
one is based on the enhancement of the low intrinsic GTPase
activity of the G� subunit (3, 4). The second mechanism is
carried out by a highly conserved regulator of G protein signal-
ing (RGS)2 domain of RGS proteins that specifically recognizes

theGTP-bound formofG� and enhances itsGTPase activity by
stabilizing the transition state (5, 6). Members of RGS protein
family also play additional functions based on either their abil-
ity to interact with proteins other than G� or their nuclear
localization (7, 8). The function of certain RGSproteins, includ-
ing RGS3, is negatively regulated by 14-3-3 proteins by a still
unknown mechanism (9–13).
The 14-3-3 proteins, a eukaryotic family of highly conserved

regulatory proteins, function as scaffold molecules that modu-
late the activity of their binding partners by a number of differ-
ent mechanisms including conformational change and relocal-
ization (reviewed in Refs. 14–17). They fold into cup-shaped
mono- or heterodimers with a large 40 Åwide channel (18, 19).
This central channel contains two amphipathic grooves
through which 14-3-3 proteins bind their protein ligands in
both a phosphorylation-dependent and a phosphorylation-in-
dependent manner (20–23). A few currently available struc-
tures of 14-3-3 complexes with a ligand of a size that exceeds
the phosphorylated bindingmotif suggest that the 14-3-3 dimer
employs the highly conserved and rigid surface of the central
channel as themain interface that permits the ligand binding in
a structurally reproducible manner (24–26). However, it also
appears that many interactions are isoform-specific and, thus,
might involve less conserved surfaces outside the central
channel.
A putative 14-3-3 binding site was first identified within the

RGS domain of RGS3 and RGS7 at a conserved SYP motif (9,
10). Other studies, however, identified Ser-264 within the
N-terminal part of RGS3 (outside the RGS domain) as the
14-3-3 binding site (11, 12). This residue is presumably phos-
phorylated by protein kinase A (PKA), and its sequence
259RRRTHSEG266 is consistent with the type II binding motif
for 14-3-3 (14, 22). Recently, we have used time-resolved tryp-
tophan fluorescence to show that the 14-3-3� protein binding
induces significant structural changes in both the vicinity of the
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phosphorylation site Ser-264 and the C-terminal RGS domain
of RGS3 protein (27). This suggests that both regions of RGS3
physically interact with the 14-3-3� protein and hence, are
involved in the 14-3-3-dependent inhibition of RGS3 function.
In this study, we provide a structural mechanism for 14-3-3-

dependent inhibition of the RGS3-G� interaction. We have
used small angle x-ray scattering, hydrogen/deuterium
exchange kinetics, and Förster resonance energy transfer mea-
surements to determine the low-resolution solution structure
(hybrid structure) of the 14-3-3��RGS3 complex. The structure
shows the RGS domain of RGS3 bound to the 14-3-3� dimer in
an as-yet-unrecognizedmanner interactingwith less conserved
regions on the outer surface of the 14-3-3 dimer outside of its
central channel. Our results suggest that the 14-3-3 protein
binding affects the structure of the G�-interacting region of
RGS3 as well as sterically blocks the interaction between the
RGS domain and the G� subunit of heterotrimeric G proteins.

EXPERIMENTAL PROCEDURES

Expression, Purification, and Phosphorylation of RGS3
Protein—Both wild type and all mutants of RGS3 (human iso-
form 1, sequence 255–513) were expressed, purified, and phos-
phorylated as described previously (27). Mutants of RGS3 pro-
teinwere created using theQuikChange approach (Stratagene).
All mutations were confirmed by sequencing and phosphory-
lation by mass spectrometry.
Labeling of RGS3 Protein Mutants by 1,5-IAEDANS—Cova-

lent modification of RGS3 protein mutants containing a single
cysteine residue (at positions 276, 285, 427, 456, or 480) with
the thiol-reactive probe 1,5-IAEDANS was carried out as
described elsewhere (28, 29). Briefly, the protein (50–70 �M) in
buffer containing 20mMTris-HCl (pH7.5), 250mMNaCl, 1mM

EDTA, 10% (v/w) glycerol, and label was mixed at a molar ratio
of 1:40 and incubated at 30 °C for 2 h and then at 4 °C overnight
in the dark. The free unreacted label was removed by size exclu-
sion chromatography. The incorporation stoichiometry was
determined by comparing the peak protein absorbance at 280
nm with the absorbance of bound AEDANS measured at 336
nm using the extinction coefficient of 5700 M�1�cm�1

(Invitrogen).
Expression and Purification of 14-3-3� Protein—Both wild

type and all mutants of the 14-3-3 protein (human � isoform)
were expressed, purified, and phosphorylated as described pre-
viously (24, 28).
Labeling of 14-3-3�ProteinMutants by 5-Iodoacetamidofluo-

rescein for FRET Measurement—Covalent modification of the
14-3-3� protein mutants containing a single cysteine residue
with the thiol-reactive probe 5-iodoacetamidofluorescein was
carried out as described elsewhere (26, 28). Briefly, we con-
structed two mutants containing a single cysteine residue
(either at position 25 or at position 189) of human monomeric
14-3-3� protein (mutant S58D) (30). The protein (40 �M) in 50
mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, and label
5-iodoacetamidofluorescein (Invitrogen) were mixed at a
molar ratio of 1:40 and incubated at room temperature for 8 h
and then at 4 °C overnight in the dark. The free unreacted label
was removed by size exclusion chromatography. The incorpo-
ration stoichiometry was determined by the absorbance at 492

nm using an extinction coefficient of 78,000 M�1�cm�1. The
stoichiometry of fluorescein incorporation/mol of protein was
found to be 99–100%.
Analytical Ultracentrifugation—Sedimentation equilibrium

and sedimentation velocity experiments were performed using
a ProteomeLab XL-I Beckman Coulter analytical ultracentri-
fuge. Sedimentation equilibrium experiments at loading con-
centrations of 3–15 �M were conducted at 4 °C with rotor
speeds from 10,000 to 16,000 rpm. Sedimentation velocity
experiments were conducted at loading concentrations of 3–18
�M, 20 °C, with rotor speeds of 42,000 or 48,000 rpm. Samples
were dialyzed against the buffer containing 20 mM Tris-HCl
(pH 7.5), 200 mM NaCl, and 2 mM 2-mercaptoethanol prior to
analysis. All data were collected at 280 nm, and data analysis
was performed with the SEDFIT and SEDPHAT packages (31,
32). Sedimentation velocity data were analyzed using a sedi-
mentation coefficient distribution model c(s). Peaks were inte-
grated to determine the weight-averaged sedimentation coeffi-
cients sw.
Small Angle X-ray Scattering (SAXS)—SAXS data were col-

lected on the European Molecular Biology Laboratory (EMBL)
X33 beamline on the storage ring DORIS III (Deutsches Elek-
tronen Synchrotron (DESY), Hamburg, Germany). The 14-3-
3��pRGS3 protein complex3 was measured in a concentration
range of 2–8 mg�ml�1. No measurable radiation damage was
detected by comparison of eight successive time frames with
15-s exposures. The data were averaged after normalization to
the intensity of the transmitted beam, and the scattering of the
buffer was subtracted using PRIMUS (33). The forward scatter-
ing I(0) and the radius of gyration Rg were evaluated using the
Guinier approximation (34). These parameters were also com-
puted from the entire scattering pattern using the program
GNOM (35), which provides the distance distribution func-
tions P(r) and the maximum particle dimensions Dmax. The
solute apparent molecular mass (MMexp) was estimated by
comparison of the forward scattering with that from reference
solutions of bovine serum albumin (molecular mass 66 kDa).
The excluded volume of the hydrated particle (the Porod vol-
ume, Vp) was computed as reported by Porod (36). Ab initio
molecular envelopes were computed by the programDAMMIF
(37), which represents the protein by an assembly of densely
packed beads. Multiple iterations of DAMMIF were averaged
using the program DAMAVER (38).
Hydrogen/Deuterium Exchange Kinetics Coupled to Mass

Spectrometry (HDX-MS)—HDXof the 14-3-3� protein (25�M),
unphosphorylated RGS3 protein (25 �M), phosphorylated
pRGS3 protein (25 �M), RGS3 in the presence of the 14-3-3�
protein, and pRGS3 in the presence of the 14-3-3� protein was
initiated by 10-fold dilution in a deuterated buffer containing
20 mM Tris-HCl (pD 7.1), 1 mM EDTA, 3 mM DTT, 200 mM

NaCl, and 10% (w/v) glycerol. Themolar ratio between 14-3-3�
and RGS3 was 2:2. Aliquots (80 �l) were taken after 20 s, 1 min,
5 min, 10 min, 1 h, 3 h, and 5 h of exchange. The exchange was
quenched by adding 20 �l of 0.1 M HCl and rapid freezing in
liquid nitrogen. Analysis of deuterated samples (HPLC-MS)

3 Throughout this manuscript, pRGS3 denotes RGS3 phosphorylated at
Ser-264.
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was done using a HPLC (1200 Agilent Technologies, Wald-
bronn, Germany) connected to an ESI Fourier transform ion
cyclotron MS (9.4T APEX-Ultra, Bruker Daltonics, Billerica,
MA). The analysis was started by quick thawing of the sample
followed by a digestion on a pepsin column (66-�l bed volume,
flow rate 100 �l�min�1). Generated peptides were desalted
online using a Peptide MicroTrap (Michrom Bioresources,
Auburn, CA) and separated on a C18 reversed phase column
(1 � 100 mm, Jupiter, Phenomenex) using a linear gradient of
10–45% solvent B in solvent A in 20 min, where solvent A was
2% acetonitrile, 0.4% formic acid in water, and solvent B was
95% acetonitrile, 5% water, 0.4% formic acid. The injection and
switching valve, pepsin column, peptide trap, and the analytical
column were placed in an ice box to minimize the back
exchange. Peptide identification (mapping, HPLC-MS/MS)
was done using the same system as described above, and the
MS/MS spectra were searched byMASCOT against a database
containing sequences of 14-3-3� and RGS3 (the only allowed
partial modification was Ser/Thr phosphorylation). Spectra of
partially deuterated peptides were exported to txt files using
DataAnalysis version 4.0 (Bruker Daltonics), and the centroids
of the isotopic envelopes were read out using MMass version
3.11.0 (39).
Circular Dichroism Measurements—Circular dichroism

(CD) measurements were carried out using a J-810 spectropo-
larimeter (JASCO, Tokyo, Japan) as described previously (40).
The spectra were recorded at room temperature (23 °C) in a
buffer containing 20mMTris-HCl (pH7.5), 250mMNaCl, 1mM

EDTA, 2 mM 2-mercaptoethanol, and 10% (w/v) glycerol. The
RGS3 concentration was 3.2 �M; the 14-3-3� protein concen-
tration was 6.4 �M.
Time-resolved Fluorescence Measurements—Fluorescence

intensity and anisotropy decays were measured on a time-cor-
related single photon counting apparatus, as described previ-
ously (28, 41). The fluorescence decays have been acquired
under the “magic angle” conditions when the measured inten-
sity decay, I(t), is independent of the rotational diffusion of the
chromophore. Samples were placed in a thermostatic holder,
and all experiments were performed at 22 °C in a buffer con-
taining 20mMTris-HCl (pH 7.5), 250mMNaCl, 1 mM EDTA, 3
mM 2-mercaptoethanol, and 10% (w/v) glycerol. The RGS3
concentration was 10 �M; the 14-3-3� protein concentration
was 20 �M. Dansyl fluorescence was excited at 315 nm by a
picosecond dye laser (Spectra Physics). Fluorescence was mea-
sured at 480 nm using amonochromator with a 400-nm cut-off
filter placed in front of its input slit. Fluorescence was assumed
to decay multiexponentially according to the formula,

I�t� � �� i � exp(�t/�i) (Eq. 1)

where �i and �i are the fluorescence lifetimes and the corre-
sponding amplitudes, respectively. I(t) was analyzed by the sin-
gular value decomposition maximum entropy method (42).
The program yields amplitudes, �i, that represent the lifetime
distribution in the decay. We have chosen 100 lifetimes equi-
distantly spaced in the logarithmic scale and covering the range
from20ps to 20ns. Themean lifetimewas calculated as follows,

�mean��fi�i � ���i�i
2�/���i�i� (Eq. 2)

where fi is the fractional intensity of the ith lifetime component.
The fluorescence anisotropy decays r(t) were obtained from the
parallel I�(t) and perpendicular I�(t) decay components. Data
were analyzed by a model independent singular value decom-
position maximum entropy method approach that does not set
prior limits on the shape of the distribution (42). The anisotro-
pies r(t) were analyzed for a series of exponentials,

r�t� � �� i � exp(�t/	i) (Eq. 3)

where the amplitudes �i represent the distribution of the cor-
relation times 	i and are related to the initial anisotropy r0 by
the formula,

�� i � r0 (Eq. 4)

we used 100 correlation times 	i equidistantly spaced in the
logarithmic scale and ranging from 100 ps to 500 ns.
Fluorescence Resonance Energy Transfer Analysis—The fluo-

rescence resonance energy transfer data were measured and
analyzed as described previously (26, 28). The Förster critical
distance, R0, was calculated as follows,

R0 � �8.8 � 1023
2n�4QDJ����1/6 Å (Eq. 5)

where n is the refractive index of the medium, QD is the emis-
sion quantum yield of the donor in the absence of the acceptor,

2 is the orientation factor, and J(�) is the spectral overlap inte-
gral of donor fluorescence and acceptor absorption. The quan-
tum yield of the donor, which is the AEDANS moiety attached
at Cys-456 within the flexible region of the C-terminal RGS
domain of the RGS3 molecule, was calculated relative to the
quantum yield of quinine sulfate in 0.1 MH2SO4 (43). The spec-
tral overlap J(�) between AEDANS and fluorescein was
obtained by numerical integration of a product of an area-nor-
malized emission spectrum of AEDANS-labeled pRGS3 and
the absorption spectrum of fluorescein-labeled 14-3-3�.

RESULTS

Biophysical Characterization of the 14-3-3��pRGS3 Protein
Complex—The analytical ultracentrifugation was used for the
basic biophysical characterization of the 14-3-3��pRGS3 com-
plex. Fig. 1 shows the continuous sedimentation coefficient dis-
tribution c(s) obtained from the sedimentation velocity exper-
iments. Analysis of this distribution reveals that the
phosphorylated RGS3 and the 14-3-3� protein form a stable
complex with a weight-averaged sedimentation coefficient (sw)
of 5.0 s, although the unphosphorylated RGS3 shows no inter-
action with 14-3-3�. The 14-3-3� protein and RGS3 alone show
single peaks with sw values of 3.8 and 2.2 s, respectively. The
value of sw for the complex corresponds to a molecular mass of
�84 kDa, hence suggesting a 2:1 stoichiometry (a dimer of
14-3-3� binds one molecule of pRGS3).
The sedimentation equilibrium measurements confirmed

that at a 2:1 mixingmolar ratio of 14-3-3� to pRGS3, a complex
with 2:1 stoichiometry is exclusively formed. The apparent
equilibrium dissociation constant (KD) of this complex was
determined to be�20 nM. At a 2:2mixing ratio, a complex with
2:2 stoichiometry is formed (a dimer of 14-3-3� binds twomol-
ecules of pRGS3). However, this complex is unstable and disso-
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ciates to the 2:1 complex with the apparent dissociation con-
stant of �20 �M. Furthermore, the sedimentation equilibrium
experiments revealed, in agreement with the sedimentation
velocity measurements, that unphosphorylated RGS3 does not
interact with the 14-3-3� protein.
Low-resolution Structure of the 14-3-3��pRGS3 Protein

Complex—To obtain the low-resolution structure of the 14-3-
3��pRGS3 complex directly in solution, we carried out SAXS
experiments. The experimental SAXS curve from the 14-3-
3��pRGS3 complex is shown in Fig. 2A. The apparentmolecular
mass of the 14-3-3��pRGS3 complex was estimated by compar-
ison of the forward scattering intensity I(0) with that from ref-
erence solutions of bovine serum albumin. The estimatedmass
of�78 kDa corresponds well to 2:1 stoichiometry in agreement
with the results from analytical ultracentrifugation. The
excluded volume of the hydrated particle (the Porod volume,
Vp) was found to be 156� 103 Å3, further corroborating the 2:1
stoichiometry of the complex (for globular proteins, the
hydrated volume in Å3 should numerically be about twice the
molecular mass in daltons). Other parameters that can be
obtained directly from the scattering data in a model-indepen-
dent manner are the radius of gyration (Rg) and the maximum
particle distance (Dmax). The values of Rg andDmax were deter-
mined to be 34 and 118 Å, respectively. The shape of the calcu-
lated distance distribution function (P(r) function) suggests
that the complex is significantly asymmetric (Fig. 2B).
The program DAMMIF was used to produce multiple low-

resolution ab initio envelopes for the 14-3-3��pRGS3 complex
that were further averaged using the programDAMAVER (Fig.
2C) (38). The envelope reproduces correctly the cup-like shape
of the 14-3-3 dimer and suggests that a significant part of the
RGS3molecule is located outside the central channel of 14-3-3.
We assume it is the C-terminal RGS domain (residues 384–
513) because it possesseswell ordered three-dimensional struc-

ture (27), whereas the N-terminal portion of RGS3 (residues
255–380) is, according to the theoretical prediction, likely dis-
ordered (supplemental Fig. S1). Furthermore, the N-terminal
part of RGS3 contains a phosphorylated 14-3-3 binding motif
(sequence RRRTHpS264EGS), which is presumably docked in
the ligand binding groove of 14-3-3, as has been observed in
other structures of 14-3-3 protein complexes (21, 22, 24, 25, 44).
Therefore, the rigid bodymodeling of the 14-3-3��pRGS3 com-
plex was performed using the crystal structures of 14-3-3� (21)
and RGS domain of RGS3 (27) (Protein Data Bank (PDB) codes
1qjb and 2oj4, respectively). The rigid body model displayed
good agreement with the low-resolution ab initio shape (Fig.
2D). In addition, the radius of gyration (Rg) and the maximum
particle dimension (Dmax) calculated for the suggested struc-
tural model (34.9 and 125 Å, respectively) are in excellent
agreementwith those determined by the programGNOMfrom
the scattering data. Themodel of the complex suggests that the
RGS domain interacts with less conserved regions on the outer
surface of the 14-3-3� dimer outside its central channel involv-
ing helices H6 andH8. However, it is necessary to keep inmind
that the structural model shown in Fig. 2D contains only
approximately one-half of the RGS3 construct (the C-terminal
RGS domain, residues 384–513) used for the SAXS experi-
ments as no experimental structural data are available for the
unstructured N-terminal part of RGS3.
Mapping of the Interactions between 14-3-3� and pRGS3

Using HDX-MS—HDX-MS was used to validate the low-reso-
lution structural model obtained from SAXS and to further
map the interactions between 14-3-3� and pRGS3. Therefore,
the HDX kinetics of the 14-3-3��RGS3 and 14-3-3��pRGS3
complexes as well as free 14-3-3�, RGS3, and pRGS3 proteins
were measured. The exchange kinetics of 14-3-3� regions were
followed on 20 peptides from the pepsin digest, together cover-
ing 98% of the sequence (supplemental Fig. S2). Upon the deu-
terium incorporation, the isotopic distributions of 14-3-3� pep-
tides are shifted to the higher masses, and for several peptides,
sequences 13–24, 45–59, 126–131, 153–174, 179–190, 191–
203, and 217–227 (Fig. 3A), the incorporation is slower in the
presence of phosphorylated pRGS3 when compared with
unphosphorylated RGS3 or 14-3-3� alone. This slower deute-
rium incorporation can be directly interpreted as decreased
accessibility to the solvent following the complex formation,
thus suggesting that protected regions of 14-3-3� (or their
parts) form the binding interface. These regions map not only
to the surface of the ligand binding groove formed by helices
H3, H5, H7, and H9 but also to the surface outside the central
channel formed by helices H6 and H8 (Fig. 3, A and B). This
suggests that the 14-3-3 dimer interacts with pRGS3 not only
through the ligand binding groove but also through additional
less conserved surfaces outside the central cavity in very good
agreement with our SAXS-based structuralmodel (Fig. 3,B and
C). In addition, the 14-3-3� protein alone shows very similar
deuteration kinetics, as in the presence of unphosphorylated
RGS3, in agreement with the fact that phosphorylation is
required for RGS3 binding to 14-3-3�.

The HDXwas also measured for both pRGS3 and RGS3 in the
presenceandabsenceof14-3-3� (amapwith thecoverageofRGS3
upon pepsin digestion is shown in supplemental Fig. S3). How-

FIGURE 1. Sedimentation velocity analysis. The continuous distribution of
sedimentation coefficients c(s) for 14-3-3� alone (green), RGS3 alone (red),
14-3-3�, and pRGS3 mixed in the molar ratio 2:1 (black), 14-3-3� and pRGS3
mixed in the molar ratio 2:2 (orange), and 14-3-3� and unphosphorylated
RGS3 mixed in the molar ratio 2:2 (blue) is shown. The weight-averaged sed-
imentation coefficient (sw) of 5.0 s for the 14-3-3��pRGS3 complex corre-
sponds to the molecular mass of �84 kDa, indicating a 2:1 stoichiometry
(dimer of 14-3-3� binds one molecule of pRGS3). Values of sw were obtained
by integration of c(s) curve.
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ever, we were unable to identify any pRGS3 peptides with a
significant change in the deuteration kinetics upon the 14-3-3�
protein binding. Such insensitivity of the backbone amide
hydrogens in the pRGS3 binding interface to the formation of a
complex with 14-3-3� might be a result of the predominantly
electrostatic and side chain-mediated interactions between
these two proteins. A similar effectwas also observed, for exam-
ple, for the heteromeric complex containing UBC9 and
SUMO-1 (45) or in the study involving p47phox (46). In addition,
the observed fast deuteration kinetics (Fig. 4) as well as the
theoretical prediction of the RGS3 disorder (supplemental Fig.
S1) suggest that the N-terminal part of RGS3 is unstructured
and, therefore, highly flexible. This might be yet another factor
contributing to the absence of HDX difference in the pRGS3 as

the very fast deuteration kinetics would be less sensitive to the
formation of a complex.
Validation of the Structural Model by FRET—The distances

from time-resolved FRET fluorescence experiments were used
to further cross-validate the low-resolution structural model of
the 14-3-3��pRGS3 complex obtained from SAXS. To prepare
well defined pRGS3 and 14-3-3� complexes containing only
one donor-acceptor pair of fluorophores, we used previously
prepared versions of themonomeric form of 14-3-3� (mutation
S58D) containing a single cysteine residue either at position 25
or at position 189, respectively (26, 28, 30). A mutant of pRGS3
containing a single cysteine residue within the RGS domain at
position 456 was used to specifically label the RGS domain (Fig.
5A). The CD spectroscopy was used to check whether the

FIGURE 2. SAXS scattering data and the low-resolution structure of the 14-3-3��pRGS3 complex. A, solution scattering pattern for the 14-3-3��pRGS3
complex. X-ray scattering was measured at three different protein concentrations (2, 4, and 8 mg�ml�1), and no concentration dependence was observed.
Scattering intensity I(s) is plotted in relation to the scattering vector s (s � 4�sin(
)/�, where 2
 is the scattering angle and � is the wavelength). B, plot of the
distance distribution functions P(r) with the maximum particle distance (Dmax) of 11.8 nm. C, average low-resolution ab initio shape envelope (spheres
around the dummy residues) of the 14-3-3��pRGS3 complex as determined from solution scattering experiments using the program DAMMIF (37).
D, overlay of the rigid body model of the 14-3-3��pRGS3 complex with the ab initio shape envelope. The envelope is shown in gray, the 14-3-3� protein
is shown in light brown, and the RGS domain of RGS3 is shown in blue. The rigid body model was prepared using the crystal structure of 14-3-3� (21) and
the RGS domain of RGS3 (27).
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AEDANS-labeled mutant of pRGS3 keeps its native structure,
and no significant changes when compared with unlabeled
pRGS3WTwere observed (supplemental Fig. S4A). The quan-
tum yield of AEDANS-labeled pRGS3(C456) fluorescence at
22 °C in the presence of unlabeled 14-3-3� was determined to
be 0.096. The calculated values of the spectral overlap J(�)
between AEDANS and fluorescein, the mean excited state
lifetimes (�mean) of AEDANS in the absence and presence of

the acceptor (fluorescein), the efficiency of the energy trans-
fer, and the calculated average distances are presented in
Table 1. If we consider the size of AEDANS and fluorescein
moieties, measured FRET-based distances correspond very
well with the structural model of the 14-3-3��pRGS3 com-
plex, thus further corroborating the location of the RGS
domain outside the central channel of the 14-3-3� dimer
(Fig. 5B).

FIGURE 3. HDX-MS reveals binding interactions between 14-3-3� and pRGS3. A, HDX kinetics for 14-3-3� regions that show slower deuterium exchange
kinetics upon the pRGS3 binding (shown in red) mapped on the structural model of the 14-3-3��pRGS3 complex derived from SAXS. Light brown ribbons
represent regions that show no significant protection against deuteration in the presence of pRGS3. Deuterium exchange is expressed as percentages relative
to the maximum theoretical deuteration level for 14-3-3� alone (black squares), 14-3-3� in the presence of unphosphorylated RGS3 (red circles), and 14-3-3� in
the presence of phosphorylated pRGS3 (blue triangles). The time units are in seconds. Only one monomer of the 14-3-3� dimer is shown for clarity. B, regions
that show slower deuterium exchange upon the pRGS3 binding (shown in red) mapped on a surface representation of the human 14-3-3� isoform structure
(21). C, surface representation of human 14-3-3� shaded according the sequence conservation. Residues that are totally conserved among all human isoforms
are colored in yellow. The black ellipses in panels B and C indicate the specificity region believed to be involved in protein-protein interactions and responsible
for isoform-selective contacts (44, 55, 56).
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Time-resolved Fluorescence Intensity and Anisotropy Decay
Measurements—The time-resolved fluorescence intensity and
anisotropy decay measurements of AEDANS-labeled pRGS3
were used to investigate the conformational behavior of pRGS3
and its changes upon the 14-3-3� binding. The extrinsic fluoro-

phore AEDANS was covalently attached to a single cysteine
residue of five different RGS3 mutants to sample various sur-
faces of the RGS3 molecule (Cys-276, Cys-285, Cys-427, Cys-
456, and Cys-480). Residues Cys-276 and Cys-285 are located
within theN-terminal half of RGS3 construct, whereas residues
Cys-427, Cys-456, and Cys-480 are located in the C-terminal
RGS domain (Fig. 5A). BecauseAEDANS is an environmentally
sensitive fluorophore, a variation of its mean excited state life-
time, �mean, sensitively reflects changes in polarity of its
microenvironment induced by 14-3-3� binding.We have found
that all AEDANS-labeled pRGS3 mutants exhibited complex
emission decays with multimodal lifetime distributions. The
results of the emission decay analysis for all mutants are sum-
marized in Table 2. The 14-3-3� protein binding significantly
affects themicroenvironment around the AEDANSmoieties of
all pRGS3 mutants with the exception of pRGS3(C480). The
largest increase in the mean excited state lifetime was observed
for mutant pRGS3(C456), from 9.8 to 12.7 ns, indicating a sig-
nificant 14-3-3� binding-induced decrease in polarity and/or
quenching interactions around the AEDANS moiety.
Because polarized time-resolved emission measurements

enable the study of fluorophoremovements (47), we used them
to examine the effect of 14-3-3� binding on segmental dynam-

FIGURE 5. FRET measurements support the SAXS-based structural model
of the 14-3-3��pRGS3 complex. A, schematic representation of the primary
structure of RGS3 (sequence 255–513). Black vertical bars denote locations of
single Cys residues used as sites for AEDANS attachment. B, the SAXS-based
structural model of the 14-3-3��pRGS3 complex with the average distances
calculated from FRET measurements. Cysteine residues used as sites of
AEDANS (Cys-456 of RGS3) and fluorescein (Cys-25 and Cys-189 of 14-3-3�)
modification are shown as sticks. The missing N-terminal part of RGS3 is sche-
matically shown as a black dashed line. The position of the phosphorylation
site Ser-264 is depicted as a circled P. Only one monomer of 14-3-3� is shown
for clarity.

FIGURE 4. Protection plot showing the deuteration levels of RGS3 and
pRGS3 in both the absence and the presence of the 14-3-3� protein. A,
after 60 s of deuteration. B, after 30 min of deuteration. C, after 5 h of deutera-
tion. Secondary structure elements are indicated at the top.
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ics of the AEDANS-labeled pRGS3 mutants. It is likely that the
proximity of AEDANS and 14-3-3� should restrict AEDANS
mobility upon the binding of 14-3-3� to pRGS3. The decrease in
the fast mobility should depend on both the level of the steric
hindrance and the initial rotational freedom of the AEDANS
moiety.We found that the phosphorylation of Ser-264 itself has
no significant effect on AEDANS fluorescence anisotropy
decays. The AEDANS moieties of labeled pRGS3 mutants can
be sorted into three groups based on their mobility: (i) very
mobile with fast components dominating the anisotropy
decays (pRGS3(C456)); (ii) semi-mobile (pRGS3(C276),
pRGS3(C285), and pRGS3(C427)); and (iii) rigid with the low-
est amplitude of fast decay components (pRGS3(C480)). Fig. 6A
shows the differences in the raw AEDANS fluorescence anisot-
ropy decays of all five pRGS3 mutants. As can be seen, the
pRGS3(C456) mutant shows the highest mobility, whereas
the pRGS3(C480) mutant shows the lowest mobility of the
AEDANS moiety.
The mobility of AEDANS moiety of all labeled pRGS3

mutants is significantly reduced upon the 14-3-3� protein bind-
ing, suggesting either the direct physical contact between the
AEDANS moiety and 14-3-3� and/or a conformational change
of pRGS3 induced by the 14-3-3� protein binding. The suppres-
sion of the fast components and the related increase in the
amplitudes of the slow components are predominantly respon-
sible for the observed changes in the anisotropy decays. The
most distinctive change in the mobility was observed for the
pRGS3(C456) mutant, which also shows the largest increase in
the mean excited state lifetime (Table 2). Fig. 6B demonstrates
changes in the raw AEDANS fluorescence anisotropy decays of
the pRGS3(C456) mutant resulting from the interaction with
14-3-3�. Visual inspection of Fig. 6B reveals that although bind-
ing of 14-3-3� to the phosphorylated pRGS3(C456) results in a
highly significant change in the decay data, the phosphorylation
of Ser-264 itself has no effect on AEDANS anisotropy decay.

Residue Cys-456 is located in the loop between helices �5
and �6 (Fig. 5B), which is an important part of the G� interac-
tion surface of the RGS domain (6). According to our model,
this loop is not in direct contact with 14-3-3�.We can speculate
that observed changes might reflect structural changes in the
RGS domain and/or the rearrangement of the segment located
between the 14-3-3 binding motif and the RGS domain upon
the complex formation.

FIGURE 6. Fluorescence anisotropy decays of AEDANS-labeled pRGS3
mutants. A, differences in the raw AEDANS fluorescence anisotropy decays of
all five pRGS3 mutants. B, changes in the raw AEDANS fluorescence anisot-
ropy decays of the pRGS3(C456) mutant resulting from the interaction with
14-3-3�. In both panels, the solid lines represent the best fit.

TABLE 1
Summary of energy transfer measurements

14-3-3� acceptor site Label �meana,b Ec J(�)d R0
e R

ns % cm3�M�1 Å Å
Cys-25 Donor only 13.7 13.1 1.580 � 10�13 38.0 52

Donor � acceptor 11.9
Cys-189 Donor only 13.7 19.7 1.580 � 10�13 38.0 48

Donor � acceptor 11.0
a Mean lifetimes were calculated as �mean � �ifi�i, where fi is an intensity fraction of the ith lifetime component �i.
b S.D. value is � 0.1 ns.
c Energy transfer efficiency.
d Spectral overlap integral of the donor fluorescence and acceptor absorption.
e Förster critical distance represents the distance between energy donor and energy acceptor where the FRET efficiency is 50%.

TABLE 2
Mean excited state lifetimes of AEDANS-labeled single-Cys mutants of
pRGS3

Single-Cys RGS3 mutant

Mean excited state
lifetime �mean

a

pRGS3 pRGS3 � 14-3-3�

ns
AEDANS Cys-276 13.7 12.7
AEDANS Cys-285 14.2 13.6
AEDANS Cys-427 14.3 13.8
AEDANS Cys-456 9.8 12.7
AEDANS Cys-480 12.4 12.2

a The S.D. value is �0.1 ns.
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Circular Dichroism Measurements—CD spectroscopy was
used to investigate the possible 14-3-3� protein binding-in-
duced changes in the overall structure of pRGS3. However, the
far-UV CD spectrum of the 14-3-3��pRGS3 complex shows no
significant difference when compared with the sum of the indi-
vidual CD spectra of pRGS3 and 14-3-3� (supplemental Fig.
S4B). This suggests that the 14-3-3� protein-induced confor-
mational change in the RGS domain of pRGS3, which we
observed by fluorescence spectroscopy, affects only a small part
of the RGS3 molecule and does not significantly change its
overall secondary structure.
The Structure of the 14-3-3��pRGS3 Complex Explains the

14-3-3-dependent Inhibition of RGS3 Function—The structural
model of the 14-3-3��pRGS3 complex provides a possible expla-
nation for the 14-3-3-dependent inhibition of RGS3 binding to
the G� subunit of G protein. Fig. 7 shows a superimposition of
the 14-3-3��pRGS3 complex solution structure with the crystal
structure of RGS4 bound to Gi�1 (6) using their RGS domains.
As can be seen, the 14-3-3 protein binding would sterically
occlude the G��RGS3 complex formation due to its binding in
close proximity to the G� binding interface of the RGS domain
(as demonstrated by steric clashes between the 14-3-3 protein
and G� in Fig. 7). Another factor that can contribute to the
inhibition of RGS3 binding toG� is the 14-3-3 protein-induced
conformational change of the RGS domain. Both the time-re-
solved tryptophan (27) and the time-resolved AEDANS fluo-
rescence measurements (Fig. 6 and Table 2) indicate that the
14-3-3� protein binding changes the structure of the RGS
domain within its G�-interacting portion. Residue Cys-456, for
which we observed the most significant change in AEDANS
fluorescence upon the 14-3-3� binding (Fig. 6 and Table 2), is
located directly within the G� interaction surface of the RGS
domain (Fig. 7) (6).

DISCUSSION

The goal of this work was to understand in structural terms
how the 14-3-3 protein inhibits the interaction between RGS3
andG� subunit of heterotrimericGproteins. BecauseRGSpro-
teins interact with G� through their RGS domains (5, 6), it is
reasonable to speculate that the 14-3-3 protein either sterically
occludes the G� interaction interface of RGS domain and/or
changes its structure. The low-resolution solution structure of
the 14-3-3��RGS3 complex (Fig. 2D) provides an explanation
for the 14-3-3-depedent inhibition of RGS3 function. It shows
that the 14-3-3� protein, besides binding to the phosphorylated
N-terminal 14-3-3 bindingmotif, interacts with the C-terminal
RGSdomain in close proximity to theG� binding interface, and
hence, can sterically occlude it. The 14-3-3 protein-induced
conformational change in the RGS domain, as suggested by
AEDANS fluorescence spectroscopy experiments (Fig. 6 and
Table 2), may be an additional factor contributing to the inhi-
bition of RGS3 binding toG�. A similarmode of 14-3-3-depen-
dent regulation has been suggested for several other proteins:
for example, the cell cycle dual specificity phosphatase Cdc25
(48, 49), the class II histone deacetylases (50, 51), ormembers of
the Forkhead boxO-class (FOXO) class of transcription factors
(52–54). These proteins contain a nuclear localization se-
quencewhose interactionwith the nuclear importmachinery is
inhibited upon the 14-3-3 protein binding. Recently, we have
also shown that the forkhead transcription factor FOXO4 is
inhibited by a similar mechanism involving the physical occlu-
sion of its DNA binding interface (26).
Despite the large number of 14-3-3 binding partners, only

two crystal structures of 14-3-3 complexes with the protein
ligand of a size that exceeds the consensus recognition motifs
have been solved: the 14-3-3��serotonin N-acetyltransferase
(AANAT) complex (24) and the 14-3-3�C-terminal region of
the plant plasma membrane H�-ATPase complex (25). These
structures revealed that the primary interactions between
14-3-3 and its protein ligand take place within the ligand bind-
ing groove where the segment containing the recognitionmotif
binds, similarly as seen in complexes of 14-3-3 isoforms with
short phosphopeptides (21, 22, 44). The interactions between
14-3-3 and its ligand can extend beyond those involving the
binding groove. For example, the structure of the 14-3-
3��AANAT complex revealed that faces of �-helices H1, H3,
H5, H7, and H9 pointing into the central channel, but outside
the binding groove, contribute to about 60% of the total binding
interface (24). Therefore, the available structural data indi-
cate that the 14-3-3 protein dimer employs the highly conserved
surfaceof the central channel as themain interface allowing ligand
binding in a structurally reproducible manner. However, how do
we explain that many interactions are quite specific for a certain
14-3-3 isoform or isoforms? Comparative structural analyses of
14-3-3 isoforms suggested regions, including the surface formed
by helices H8 and H9 (Fig. 3C), which presumably dictate ligand
and dimerization preferences (44, 55, 56). Our results show that
theRGSdomain ofRGS3 interactswith the less conserved regions
of helices H6 and H8 outside the central channel of the 14-3-3�
dimer (Figs. 2D and 3A). The 14-3-3 peptides fromhelicesH6 and
H8 show decreased accessibility to the solvent upon the complex

FIGURE 7. The 14-3-3 protein binding sterically occludes the G� binding
interface of the RGS domain of RGS3. The RGS domain of the 14-3-
3��pRGS3 complex (shown in blue) is superimposed with the RGS domain of
the Gi�1�RGS4 complex crystal structure (shown in magenta) (6). The missing
N-terminal part of RGS3 is schematically shown as a black dashed line. The
approximate position of the phosphorylation site Ser-264 is depicted as a
circled P. The G� subunit is shown in green. As can be seen, the 14-3-3 protein
would sterically occlude the G��RGS3 complex formation due to its binding in
close proximity to the G� binding interface of the RGS domain (indicated by
steric clashes between the 14-3-3� protein and G�). The position of Cys-456 is
indicated with an arrow.
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formation (Fig. 3A), confirming that they, or their parts, form the
binding interface. We believe that this is the first experimental
evidence showing that the14-3-3proteindirectly interactswith its
binding partner using regions other than that of the central chan-
nel. The involvement of such less conserved regions may explain
the observed isoform-specific interactions between 14-3-3 and
their ligands (reviewed in Ref. 57).
A bioinformatics analysis revealed that 	90% of 14-3-3

protein binding partners contain disordered regions and
that almost all 14-3-3 binding motifs are inside these
unstructured segments (58). The RGS3 protein is not an
exception as the theoretical prediction suggests that the
N-terminal part of RGS3 containing the 14-3-3 binding
motif is disordered (supplemental Fig. S1) and that peptides
from this region show fast deuteration kinetics (Fig. 4). It is there-
fore possible that the 14-3-3� binding interface of RGS3 is very
plastic andvariablewhencomparedwith the rigidandwelldefined
binding interface of the 14-3-3 protein dimer. Hence, the solution
structure of the 14-3-3��RGS3 complex likely represents the aver-
age ofmany possible configurations simultaneously present in the
solution. This could be a relatively common feature of complexes
formed by 14-3-3 proteins if we consider the high disorder pro-
pensity of 14-3-3 ligands.
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