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PDZRhoGEF (PRG) belongs to a small family of RhoA-spe-
cific nucleotide exchange factors that mediates signaling
through select G-protein-coupled receptors via G�12/13 and
activates RhoA by catalyzing the exchange of GDP to GTP. PRG
is a multidomain protein composed of PDZ, regulators of
G-protein signaling-like (RGSL), Dbl-homology (DH), and
pleckstrin-homology (PH) domains. It is autoinhibited in cyto-
sol and is believed to undergo a conformational rearrangement
and translocation to the membrane for full activation, although
themolecular details of the regulationmechanism are not clear.
It has been shown recently that the main autoregulatory ele-
ments of PDZRhoGEF, the autoinhibitory “activation box” and
the “GEF switch,” which is required for full activation, are
located directly upstream of the catalytic DH domain and its
RhoA binding surface, emphasizing the functional role of the
RGSL-DH linker. Here, using a combination of biophysical and
biochemical methods, we show that themechanism of PRG reg-
ulation is yetmore complex andmay involve an additional auto-
inhibitory element in the formof amolten globule regionwithin
the linker between RGSL andDHdomains.We propose a novel,
two-tier model of autoinhibition where the activation box and
the molten globule region act synergistically to impair the abil-
ity of RhoA to bind to the catalytic DH-PH tandem. Themolten
globule region and the activation box become less ordered in the
PRG-RhoA complex and dissociate from the RhoA-binding site,
which may constitute a critical step leading to PRG activation.

The Rho family of the monomeric GTPases, comprising 22
human proteins classified into 6 subfamilies, function in cell
regulation as molecular switches, cycling between the biologi-
cally inactive GDP-bound state and biologically active GTP-
bound form (1). Of all the Rho proteins, RhoA is one of the few
most ubiquitous and physiologically critical, exerting control
over cytoskeleton, gene expression, cell morphogenesis, and
regulation of enzymatic activities (1–4). The activation of
RhoA and other Rho proteins requires dedicated guanine
nucleotide exchange factors (or GEFs),4 which catalyze the
exchange of GTP for GDP on the GTPase. Most (although not
all) such GEFs belong to the Dbl-homology family in which the
catalytic function is served by a tandem of two domains: the
Dbl-homology (DH) domain and the assisting pleckstrin-ho-
mology (PH) domain (5, 6). The mechanism by which the
DH-PH tandem accomplishes nucleotide exchange is relatively
well understood; in general terms, GEF binds to and transiently
stabilizes nucleotide-free GTPase, which upon release from the
complex preferentially bindsGTP, which is 10-foldmore abun-
dant in the cell than GDP (5, 7).
For the cell to respond to specific stimuli with RhoA activa-

tion, the GEFs are autoinhibited in their native state and
assume an active form only in response to such stimulation.
Because many GEFs are multidomain proteins, the autoinhibi-
tion phenomenon is thought to arise from a supramodular,
“closed” architecture in which other functional domains inter-
act with the DH-PH tandem, occluding the functional surfaces
and consequently interfering with RhoA binding (8). In this
model upstream stimulation of specific receptors initiates cas-
cades of intermolecular interactions that eventually involve
these other functional domains within GEFs, so that they
become engaged in complexes and dislodged from the DH-PH
tandem, thereby relieving autoinhibition and allowing for the
nucleotide exchange reaction.
Althoughmany RhoGTPases appear to be activated through

cascades involving tyrosine kinase receptors, RhoA is also acti-
vated downstream of certain physiologically important G-pro-
tein-coupled receptors (9, 10). In this case stimulation of the
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target G-protein-coupled receptors results in the interaction
with and dissociation of a specific trimeric G-protein, releasing
a free G� subunit in the GTP-bound state. A small subfamily of
the Dbl-like GEFs comprises three proteins that contain the
so-called RGSL (regulator of G-protein signaling like) domain
that interacts with G� and thereby, presumably, activates the
DH-PH tandem, located �200 amino acids downstream of the
RGSL domain. The three GEFs that allow for this type of cou-
pling of G-protein-coupled receptors with Rho GTPases are
p115 (11), PDZRhoGEF (or PRG) (12), and leukemia-associated
Rho-GEF (or LARG) (13).
We are particularly interested in the PDZRhoGEF exchange

factor, which has been demonstrated to function in smooth
muscle and mediate agonist-stimulated Ca2� sensitization,
resulting in enhanced contractility of smooth muscle at con-
stant concentrations of intracellular Ca2� (14, 15). This cascade
is initiated by the stimulation of G-protein-coupled receptors
coupled to G�12/13 (15). Like LARG, but unlike p115, PRG con-
tains an additional PDZ domain at the N terminus, implicated
in interactionswith theC-terminal tails of select receptors (16–
18). The PDZ domains are followed by a �150-residue-long
linker (L1) that appears to be disordered based on in silico
sequence analysis. The portion common to all three GEFs
includes the RGSL domain followed by another linker (L2)
�200 residues in length, also presumed to be disordered, the
DH-PH tandem, and a C-terminal-located unique fragment
containing some coiled-coil elements that may mediate homo-
and/or heterodimerization.
A key question in this field is how exactly the RGSL-contain-

ing GEFs are activated at the level of the molecular structure.
The crystal structures of the RGSL domains of PRG and p115
are known (19, 20) as are those of the DH-PH tandems of all
three GEFs either alone or in complex with nucleotide free
RhoA (21–23). Moreover, the structure of the complex of the
RGSL domainwith the activatedG�13 is also known (24). How-
ever, little is understood about the possible interactions and
communication between the individual domains in the context
of the intact GEFs.
Our recent study showed that in solution a fragment of PRG

encompassing residues 37–1081 (all functional domains with
the two interweaving linkers) shows only 18% of the activity of
the isolated DH-PH tandem (25). This autoinhibition was
relieved only partly (35% of the full activity) by the truncation
removing the RGSL domain but leaving the linker sequence
(L2) in place. Interestingly, removal of most of the linker up to
residue 671 had a marginal effect. Thus, a key autoinhibitory
element is contained between residues 672 and 712. Very sim-
ilar resultswere obtained recently for the p115GEF (23, 26).We
also found that this fragment, although lacking defined second-
ary structure, appears to interact in solution with the DH
domain, and its presence also affects the conformation of resi-
dues 712–724 (25). Interestingly, an earlier structural and bio-
chemical study of the DH-PH tandem of LARG revealed that
this latter N-terminal fragment of the DH domain is critical for
interaction with RhoA, dubbing it the GEF switch (22). The
motif is conserved in PRG and p115, suggesting a common
feature. A recent study of p115 showed that the presence of a
fragment upstream of the GEF switch motif exerts an influence

on the conformation of the switch that becomes disordered,
limiting the ability of the DH domain to engage RhoA in a pro-
ductive fashion (23). Although significantly advancing our
knowledge, these studies still fail to explain how the RGSL
domain may initiate the signal that relieves the autoinhibition.
Here we present a detailed study of the structure of PRG

using a combination of biophysical techniques including circu-
lar dichroism (CD), dynamic light scattering, small-angle x-ray
scattering (SAXS), and x-ray crystallography.We show conclu-
sively that in its native form PRG does not form any supra-
modular assemblies, so that there are no direct interactions
between the PDZ or RGSL domain and the DH-PH tandem.
Moreover, binding of RhoA does not involve any globular
domains other than the DH-PH tandem. However, we present
evidence suggesting that both linkers of PRG form relatively
compact, molten globule-like assemblies. The molten globule
within the L2 linker may sterically interfere with RhoA binding
and, therefore, be a part of the autoinhibitory mechanism.
These features are likely to be found in all three RGSL-domain-
containing GEFs.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Truncated fragments
of human PRG (Fig. 1) were subcloned into pDEST15 vector
(Invitrogen) with a GST tag followed by a tobacco etch virus
cleavage site, target sequence, and a C-terminal noncleavable
His8 tag (25). Cell pellets were resuspended in buffer A (50 mM

Tris, pH 7.5, 500 mM NaCl, 50 mM (NH4)2 SO4, 5 mM 2-mer-
captoethanol) and lysed using EmulsiFlex C3 homogenizer
(Avestin, Ottawa, ON, Canada). The cell lysate was clarified by
centrifugation at 35,000 � g for 30 min at 4 °C and loaded onto
nickel-nitrilotriacetic acid column pre-equilibrated with buffer
A. After binding to the resin for 1 h with gentle rocking of the
column, protein was eluted with 200mM imidazole in Buffer A.
Eluted fractions were applied on a glutathione-Sepharose 4B
column (Amersham Biosciences) pre-equilibrated with buffer
B (50 mM Tris, pH 7.8, 200 mMNaCl, 50 mM (NH4)2 SO4, 1 mM

EDTA, 5 mM DTT). Protein was bound to the resin at 4 °C for
1 h and eluted with 20 mM glutathione in buffer B. Fractions
containing fusion proteins were digested overnight with
recombinant tobacco etch virus protease in buffer B and subse-
quently purified using Superdex-200 size exclusion column
(AmershamBiosciences) pre-equilibratedwith bufferC (20mM

Tris, pH 7.8, 200 mM NaCl, 50 mM (NH4)2 SO4, 1 mM EDTA, 5
mM DTT, 5% glycerol). For experiments involving free PRG
fragments, fractions were pooled, concentrated, and re-applied
on Superdex-200 gel filtration column (Amersham Biosci-
ences) pre-equilibrated with buffer C to remove any aggregated
protein.
The expression and purification of non-prenylated human

RhoA (residues 1–181) were performed as described previously
(27). The PRG-RhoA complex was formed bymixing both pro-
teins in 1:2 molar ratio and dialyzing overnight at 4 °C against
buffer C. To remove the fraction of unbound RhoA, the PRG-
RhoA complex was purified on Superdex-200 size exclusion
chromatography column (Amersham Biosciences) in buffer C.
The formation of a stable complex was verified by SDS-PAGE.
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Far-UV CD Measurements—The far-UV CD spectra were
recorded using an AVIV 410 spectrometer (AVIV Biomedical,
Lakewood, NJ) at 25 °C. The concentration of PRG 37–490 and
PRG 277–1081 in buffer C was 0.4 mg/ml, and a cell with an
optical path length of 1 mm was used. The mean residue ellip-
ticity [�] (deg � cm2 � dmol�1) was calculated using the fol-
lowing equation,

��� � ��obs

10 ���MRW

l � c � (Eq. 1)

where �obs is the observed ellipticity, MRW is themean residue
molecular weight, l is the path length in cm, and c is the protein
concentration in g/ml. The spectra were recorded in a 185–
260-nm range, and data spanning 200–240 nm were used for
deconvolution using a neural network algorithm program
SOMCD (28).
Hydrogen/Deuterium Exchange Mass Spectrometry Mea-

surements—Hydrogen/deuterium exchange mass spectrome-
try measurements were performed by the ExSAR company
(Monmouth Junction, NJ). Hydrogen/deuterium isotopic
exchange in the PRG37–1081 fragmentwas initiated bymixing
10 �l of the protein solution (�1.3 mg/ml) with 10 �l of deu-
terated buffer D (50 mM citrate, pH 6.0) at 23 °C. The mixture
was incubated for 30, 100, 300, or 1000 s at 23 °C to allow for
exchange of backbone amide hydrogens for deuterium atoms.
Quenching was accomplished by adding 30 �l of cold buffer E
(0.8% formic acid, pH 2.3, 1.6 M guanidine HCl). The deuteri-
um-labeled protein was proteolysed by passing through an
immobilized pepsin column at 200 �l/min equilibrated in
buffer F (0.05% trifluoroacetic acid). The resulting peptic frag-
ments were loaded onto a reverse-phase trap column and
desalted with buffer F at 200 �l/min for 3 min followed by
separation by a C18 HPLC (Magic C18; Michrom BioRe-
sources, Inc., Auburn, CA) with a linear gradient of 13–40%
buffer G (95% acetonitrile, 5% H2O, 0.0025% trifluoroacetic
acid) for 23 min and detected by a Finnegan LCQ mass spec-
trometer (Thermo Fisher Scientific, San Jose, CA). Fully deu-
terated PRG samplewas prepared by incubating amixture of 22
�l of PRG with 2 �l of 100 mM Tris(2-carboxyethyl)phosphine
in D2O at 60 °C for 3 h and processed as described above. Non-
deuterated PRGwas used as a negative control. The deuteration
level for each reporter peptide, D%, was calculated by the fol-
lowing equation,

D% �
mon�mn

mf � mn
� 100% (Eq. 2)

where mon is the centroid value of an ion after on-exchange
experiment, mn is the centroid value of an ion after non-deu-
terated experiment, andmf is the centroid value of an ion after
fully deuterated experiment.
Dynamic and Static Light Scattering Measurements—The

hydrodynamic radius (Rh) and dispersity of PRG fragments
were measured using a DynaPro Titan instrument equipped
with a Temperature Controlled MicroSampler operating at a
wavelength of 830.9 nm (Wyatt Technology, Santa Barbara,
CA). Briefly, protein samples in buffer C were concentrated to
0.5, 1.0, 2.0, and 3 mg/ml and spun at 21,000 � g for 30 min at

4 °C to remove dust and particulate material before application
into a 12-�l quartzmicrosampling cell. All measurements were
performed at 10 °C, and a minimum of 100 individual Auto-
corelation Functions were averaged and analyzed using the
DYNAMICS software package (Wyatt Technology). TheRhwas
determined from the translational diffusion constant,Dt, using
the Stokes-Einstein relation,

Dt �
kT

6��Rh
(Eq. 3)

where k is the Boltzmann’s constant, T is temperature (K), � is
solvent viscosity, and Rh is the hydrodynamic radius. Sample
polydispersity, Pd, was analyzed using a regularization algo-
rithm implemented into a DYNAMICS program that attempts
to fit the distribution of exponentials to ACF to obtain an
approximation of the real distribution of Rh. Percent polydis-
persity,%Pd, was calculated using the Equation 4,

%Pd �
Pd

R� h

� 100% (Eq. 4)

where Pd is sample polydispersity, and R� h is themean hydrody-
namic radius
Static light scattering (SLS) measurements of PRG 37–1081

and its complex with RhoAwere performed on a Viscotek TDA
305 instrument with triple detector array (Malvern Instru-
ments,Westborough,MA). Protein sampleswere concentrated
to �1.5 mg/ml and passed through a Superdex-200 10/30 size
exclusion column (AmershamBiosciences) before SLS analysis.
Analytical Size Exclusion Chromatography—The ASEC of

PRG fragmentswas performedon an ÄKTAFPLCprotein puri-
fication system equipped with a Superdex-200 10/30 GL size
exclusion chromatography column (Amersham Biosciences).
Briefly, the protein in buffer C was concentrated to �1.5
mg/ml, spun at 21,000 � g for 30 min at 4 °C to remove partic-
ulate material and applied on a gel filtration column. The col-
umn was calibrated with a kit for the 12–200-kDa range
(Sigma).
SAXS Data Collection and Reduction—SAXS data were col-

lected in several experimental sessions on the EMBLX33beam-
line of the storage ring DORIS III (DESY, Hamburg) (29) using
a robotic sample changer (30). Different PRG constructs
(including mutants) with and without RhoA were measured at
10 °C in a concentration range from 1 to 10 mg/ml. The data
were recorded using a Pilatus 1 M pixel detector (DECTRIS) at a
sample detector distance of 2.7 m and wavelength of 1.5 Å,
covering the range of momentum transfer 0.012 � s � 0.6 Å�1

(here, s 	 4� sin�/	, where 2� is the scattering angle). A stan-
dard data collection time of 2 min was used for all samples and
divided into eight 15-s frames to assess and correct for radiation
damage. The frames were processed automatically (31), yield-
ing radially averaged curves of normalized intensity versus the
momentum transfer. The scattering from the buffer, recorded
before and after each sample, was averaged for the background
subtraction.
The data analysis was done using PRIMUS (32). The forward

scattering I(0) and the radii of gyration,Rg, were evaluated using
the Guinier approximation (33) assuming that at very small
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angles (s� 1.3/Rg) the intensity is represented as I(s)	 I(0) exp
(�(sRg)2/3). These parameters were also computed from the
entire scattering patterns using the program GNOM (34), that
provides the distance distribution functions, P(r), and themax-
imum particle dimensions, Dmax. The expected molecular
weight (Mr) of the solute was estimated by comparison of the
forward scattering with that from reference solutions of bovine
serum albumin (Mr 	 66 kDa). The excluded volume of the
hydrated particle (the Porod volume, vp) was computed using
the Porod invariant (35).
Shape Reconstruction—The low resolution shapes of various

PRG constructs were reconstructed ab initio from the scatter-
ing data using DAMMIN (36) and DAMMIF (37). These pro-
grams represent the particle by an assembly of densely packed
spheres and employ simulated annealing to construct a com-
pact interconnected model fitting the experimental data to
minimize the discrepancy,


 � � 1


N � 1��
j

� 
Iexp
Sj� � cIcalc
Sj��


�
Sj��
�2

(Eq. 5)

where N is the number of experimental points, c is a scaling
factor, and Iexp(s), Icalc(s), and �(sj) are the experimental inten-
sity, the calculated intensity, and experimental error at the
momentum transfer sj, respectively. Alternative, higher resolu-
tion ab initio models were constructed using GASBOR (38),
whichmodels the particle in solution as a protein-like assembly
of dummy residues and represents the internal structure more
accurately than DAMMIN or DAMMIF. Multiple DAMMIN,
DAMMIF, andGASBOR calculations were performed to assess
the stability of resulting solutions. 10–20 independent recon-
structions were performed, and the models were averaged with
the program DAMAVER (39).
Combined ab Initio and Rigid Body Modeling—High resolu-

tion crystal structures of different domains (PDZ, RGSL,
DH-PH, and RhoA) were used for a combined ab initio/rigid-
body modeling with BUNCH (40). The rigid-body models were
generated for the PRG constructs (including mutants) in the
presence and absence of bound RhoA (Table 1). Starting from a
random domain arrangement, BUNCH uses simulated anneal-
ing to guide the translations and rotations of domains to mini-
mize the discrepancy, 
, between the experimental and calcu-
lated data (Equation 5) while maintaining chain connectivity
without steric clashes. Missing linkers between individual sub-
units are modeled using dummy residues starting from a ran-
dom initial configuration generated by PRE_BUNCH. For dif-
ferent constructs, either a single scattering curve of the
particular construct was fitted or multiple curves containing
deletion mutants were fitted simultaneously. The relative posi-
tions of DH and PH domains were fixed, as it has been previ-
ously shown that they form a rigid unit in solution (41). For
PRG-RhoA complexes, DH, PH, and RhoAwere grouped into a
single rigid body.MultipleBUNCH runswere performed, yield-
ing stable and consistent rigid body models for each sample.
Modeling Ensembles of Structures—To assess the degree of

the dynamics and conformational heterogeneity of the various
constructs, the SAXS data were analyzed using the Ensemble
Optimization Method (EOM) (42) which assumes coexistence

of a range of conformations in solution to fit the experimental
SAXS data. In the first step RANCHwas used to generate a pool
of 10,000 models with random arrangement of high resolution
structures of individual domains connected bymodeled linkers.
For PRG-RhoA complexes, theDH-PH tandem andRhoAwere
used as a single rigid body, similarly to the aforementioned
BUNCH analysis. The theoretical scattering curvewas then cal-
culated for each model by CRYSOL (43). In the second step, a
genetic algorithm (GAJOE) selected subsets of �20 protein
models. The average theoretical scattering was calculated for
each subset and fitted to experimental SAXS data. The subset
best-fitting experimental data are reported as a final solution. A
dozen independent EOM runs were performed, and the
obtained subsets were analyzed to yield the Rg distributions in
the optimal ensembles. To group EOM models into extended
and compact conformations, the average Dmax was calculated
for each ensemble. Models with Dmax values above the average
were classified as extended, andmodels withDmax values below
the average were assigned to the compact class.
Crystallization and X-ray Structure Determination of RhoA

Complex—The complex of the wild-type N-DH-PHwith RhoA
was prepared as described above and screened using the
JCSG� suite crystallization matrix (Qiagen, Valencia, CA)
using either the screen solution or 1.5 M NaCl in the reservoir
(44) and yielded diffraction-quality crystals directly from the
initial setup. The best crystals of N-DH-PH/RhoA were grown
in 0.15 M DL-malic acid, pH 	 7.0, 20% w/v PEG 3350. Crystals
exhibit P21 symmetry and unit cells close to that of theDH-PH/
RhoA structure (21). Data were collected at Southeast Regional
Collaborative Access Team (SER-CAT) 22-BM beamline at the
Advanced Photon Source, Argonne National Laboratory. The
structure was determined using the molecular replacement
pipeline BALBES (45) and refined with PHENIX (46) to final R
and Rfree values of 21.1 and 27.1%, respectively.

RESULTS

Expression and Preliminary Characterization of Multido-
main Fragments of PRG—The full-length human PRG is made
up of a single polypeptide chain comprising 1522 amino acids
(12). It contains a short, putatively disordered N-terminal frag-
ment of 36 residues followed by a catalytically functional mod-
ule consisting of PDZ, RGSL, and DH-PH domains. Down-
streamof thismodule there is aC-terminal domain of unknown
structure and function that may mediate in vivo homo- and
heterodimerization of the RGSL-family GEFs (47, 48) but is not
important for the catalytic activity. As previously described
(25), we were able to overexpress in Escherichia coli and purify
to homogeneity several multidomain fragments of human PRG
(Fig. 1). These included: 1) the PDZ-L1-RGSL fragment (resi-
dues 37–490), which comprises the PDZ domain, the �180
residue long linker (L1), followed by the RGSL domain; 2) the
RGSL-L2-DH-PH fragment (residues 277–1081), which
includes the RGSL domain, the L2 linker �220 residues in
length, and the DH-PH tandem; 3) the N-DH-PH fragment
(residues 672–1081), which includes the catalytically active
DH-PH tandem along with the N-terminal extension thought
to exert a regulatory function; 4) the intact functionalmodule of
PDZ-L1-RGSL-L2-DH-PH (residues 37–1081). Furthermore,
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we generated variants of both RGSL-L2-DH-PH and PDZ-L1-
RGSL-L2-DH-PH incorporating the activating charge reversal
mutations D706R, E708R, E710R, and D712R (4R). Finally, we
were able to purify complexes of those variants containing the
DH-PH tandem, both wild-type and with activating mutations,
with the human recombinant RhoA overexpressed in the non-
prenylated form in E. coli (27).
One of the characteristics ofmany recombinant proteins that

hinders the in vitro biochemical and biophysical assays is irre-
versible aggregation induced by improper expression, purifica-
tion, or handling procedures (49). Therefore, to evaluate possi-
ble supramodular architecture, we needed to confirm that all
PRG variants exist in solution inmonodisperse andmonomeric
state. Dynamic light scattering is a method of choice to accu-
rately determine the stability of a target protein, its hydrody-
namic radius (Rh), and consequently the overall conformation
(50, 51). The low polydispersity values of the samples tested
indicate that they are relatively stable and of quality sufficient to
proceed with structural analysis (Table 1). Comparison of
hydrodynamic radii of PRG variants with Rh, calculated for the-
oreticalmodels of globular, branched, and linear polymers, sug-
gests that PRG is a relatively extended molecule (supplemental
Table S1).
The ASEC elution profiles for PDZ-L1-RGSL-L2-DH-PH,

PDZ-L1-RGSL, and RGSL-L2-DH-PH show apparent molecu-
lar masses of � 420, 250, and 145 kDa, respectively (Table 1).
These results are consistentwith extended, rather than globular
conformations, butwecouldnot exclude thepossibilityofoligo-

merization. However, SLS measurements of the PDZ-L1-
RGSL-L2-DH-PH fragment as well as that of its complex with
RhoA were consistent with monomeric species in solution
(Table 1). Given that the PDZ-L1-RGSL-L2-DH-PH fragment
contains all the elements that could potentially be responsible
for oligomerization, the shorter fragments are also expected to
be monomeric.
Secondary Structure Content and Dynamics of Interdomain

Linkers—Our first aim was to determine whether the linker
regions that connect the PDZ and RGSL domains (L1) and
RGSL with the DH domain (L2) contain any detectable secon-
dary structure elements. Although both linkers are predicted to
be intrinsically disordered (52), secondary structure prediction
(53) suggests the presence of �-helical segments amounting to
�26 and �20% of the sequence in L1 and L2, respectively. Cir-
cular dichroism measurements of PDZ-L1-RGSL and RGSL-
L2-DH-PH fragments revealed that the content of the secon-
dary structure within L1 and L2 linkers is actually significantly
higher than expected (Fig. 2). Assuming that the linkers are
completely unstructured, and taking into account the known
structures of PDZ and RGSL domains, the �-helical content of
PDZ-L1-RGSL and RGSL-L2-DH-PH fragments should be
�35 and �45%, respectively (these values would increase by
�5%, if we include the predicted putative �-helical content).
However, the experimentally determined �-helical content for
the PDZ-L1-RGSL fragment is 79% (�7%), and that of the
RGSL-L2-DH-PH fragment is 57% (�5%). The �-structure
content in PDZ-L1-RGSL is �5%, whereas for the RGSL-L2-

FIGURE 1. Schematic representation of multidomain PRG fragments used in this study. FL, full-length, L1, PDZ-RGSL linker; L2, RGSL-DH linker; AB,
activation box; GS, GEF switch.

TABLE 1
Summary of analytical size exclusion, dynamic light scattering, and SLS measurements

Mr Mr ASEC Mr SLS Rh (MAD) % Pd (MAD)a

kDa kDa kDa nm
PDZ-L1-RGSL 49 145 5.1 (0.23) 11.5 (3.30)
N-DH-PH 48.7 4.1 (0.18) 10.5 (3.50)
N-DH-PH /RhoA 69.3 4.3 (0.07) 13.5 (2.35)
N-DH-PH 4R 49.3 4.4 (0.31) 13.8 (5.99)
N-DH-PH 4R/RhoA 69.9 4.4 (0.18) 12.6 (2.66)
RGSL-L2-DH-PH 93.2 250 6.3 (0.20) 14.9 (3.84)
RGSL-L2-DH-PH /RhoA 114.6 260 6.0 (0.05) 13.1 (7.55)
RGSL-L2-DH-PH 4R 92.8 7.0 (0.35) 23.8 (4.95)
RGSL-L2-DH-PH 4R/RhoA 115.2 6.2 (0.20) 12.6 (5.05)
PDZ-L1-RGSL-L2-DH-PH 118.2 420 115 7.7 (0.22) 19.9 (2.78)
PDZ-L1-RGSL-L2-DH-PH /RhoA 139.6 450 137 7.2 (0.32) 18.1 (4.35)
PDZ-L1-RGSL-L2-DH-PH 4R 118.8 390 7.8 (1.16) 19.0 (6.05)
PDZ-L1-RGSL-L2-DH-PH 4R/RhoA 140.2 420 7.0 (0.45) 9.74 (1.28)

a Mr,Mr ASEC, andMr SLS are molecular weight, molecular weight determined with analytical size exclusion, and molecular weight determined by static light scattering, re-
spectively. Rh and % Pd are the hydrodynamic radius and percent polydispersity, respectively, determined in each case from 5–10 independent measurements. MAD is
mean absolute deviation.
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DH-PH it is roughly 13% (�3%) or �8% higher than if the L2
linker was completely unstructured. Thus, we conclude that at
any point in time the ensemble of PRG molecules in solution
contains a portion with L1 and L2 linkers with significant con-
tent of secondary structure elements, most probably transient
�-helices.

Next we used hydrogen-deuterium exchange mass spec-
trometry in an effort to analyze the dynamics of the PDZ-L1-
RGSL-L2-DH-PH fragment. This method allows for the moni-
toring of the D/H exchange rate, which is significantly
suppressed within stably folded domains as a consequence of
reduced solvent accessibility (54). The data revealed that both

linkers are highly solvent-accessible, with low levels of protec-
tion from hydrogen/deuterium exchange (supplemental Fig.
S1A). These results are not inconsistent with the CD data
because high solvent accessibility does not necessarily imply a
lack of transiently structured elements. For example, the PDZ
domain (residues 37–123), a fully structured, small globular
module, undergoes nearly full D/H exchange after even the
shortest quenching times (supplemental Fig. S1B). The hydro-
gen/deuterium exchange mass spectrometry data are consis-
tent with the notion that PRG is highly dynamic in solution
and that the L1 and L2 linkers are accessible for D/H exchange
and, thus, not sequestered between the globular domains.

FIGURE 2. Results of far-UV CD measurements. A, shown are spectra of PDZ-L1-RGSL (solid triangles) and RGSL-L2-DH-PH (solid circles) in normalized molar
ellipticity units. B, shown is percent content of secondary structure elements of PDZ-L1-RGSL and RGSL-L2-DH-PH. Percent values assuming completely
unfolded linker, including secondary structure predictions and experimental data are shown as striped, white, and black bars, respectively. MRE, mean residue
ellipticity.

FIGURE 3. Scattering profiles for truncated (A) and four-domain PRG fragments (B). Experimental data, fit to ab initio, rigid body, and EOM models are
shown as open circles, yellow-dotted lines, blue solid lines, and red dashed lines, respectively. Experimental SAXS profiles were appropriately displaced along the
logarithmic axis for better visualization and overlaid with corresponding fits.

Mechanism of PDZRhoGEF Regulation

35168 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 40 • OCTOBER 7, 2011

http://www.jbc.org/cgi/content/full/M111.270918/DC1
http://www.jbc.org/cgi/content/full/M111.270918/DC1
http://www.jbc.org/cgi/content/full/M111.270918/DC1


The Conformation of PRG in Solution—Our next objective
was to determine whether the four globular domains within the
functional fragment of PRG form a supramodular entity in
solution. Because the three- and four-domain PRG constructs
proved recalcitrant to characterization by crystallographic
methods, we turned to SAXS, which can probe the structure in
a broad range of macromolecular sizes under near native con-
ditions (55) and different levels of flexibility, from relatively
rigid molecules with flexible hinge regions (56) to natively
unfolded proteins, like Tau protein (57, 58).
The experimental SAXS data are presented in Fig. 3 and sup-

plemental Fig. S2A. Except the four-domain construct at the
highest concentration, the samples did not show any concen-
tration-dependent aggregation. Therefore, the scattering data
extrapolated to infinite dilution were used for analysis and
modeling. First, we calculated the overall parameters from
SAXS data, i.e. the radius of gyration (Rg), maximum size
(Dmax), and the excluded volume (vp) (Table 2). TheRg values of
most constructswere significantly higher than those of globular
proteins of similarMr but smaller than theRg values of unfolded
proteins. For example, PDZ-L1-RGSL construct (49 kDa) has
the Rg of 5.8� 0.2, whereas folded bovine serum albumin (BSA,
66 kDa) andnatively unfoldedTauprotein (45 kDa) (58) haveRg
values of �3.1 � 0.2 and 6.6 � 0.3 nm, respectively (Table 2).
TheRg/Rh ratio provides information about the flexibility of the
macromolecule. For rigid structures, Rg is close to Rh (Rg/Rh
ranging from �1.1 for anisometric polymers to �0.8 for a solid
sphere). For flexible systems Rg may significantly exceed Rh,
such that Rg/Rh reaches 1.5 for a random coil (59). For most of
the PRGconstructs,Rh is slightly higher thanRg, confirming the
limited flexibility of the samples.On the other hand, for thewell
folded N-DH-PH constructs, the Rg/Rh ratio was �0.7, which
clearly points to their rigidity and compactness (see Tables 1
and 2).
Further evidence for the limited flexibility of the studied con-

structs is provided by the distance distribution functions, P(r)
(see Figs. 5 and supplemental Fig. S2B). For PDZ-L1-RGSL as
well as for the wild type and the 4R mutant of RGSL-L2-DH-
PH, the function yielded large Dmax values and shoulders at
higher distances, representing weak interdomain correlation
peaks. These features are typical for flexible multidomain pro-
teins with extended conformations (see Fig. 5) (60). The same is

true for the P(r) functions of the wild type and the 4Rmutant of
PDZ-L1-RGSL-L2-DH-PH, both free and in complex with
RhoA. It is noteworthy that the interdomain correlation peaks
are even more reduced in the wild-type and the 4R mutant of
PDZ-L1-RGSL-L2-DH-PH, as compared with RGSL-L2-
DH-PH constructs, suggesting yet higher flexibility in the con-
structswith two linkers.The shapes ofP(r) functions ofN-DH-PH
and its 4R variant agree well with the model of a two-domain
DH-PH tandem and reflect the transition toward amore globular
assembly in the RhoA complexes (supplemental Fig. S2B).

To qualitatively assess the compactness and flexibility of
PRG fragments, we used the Kratky plot (I(s) � s2 as a function
of s) (Fig. 4 and supplemental Fig. S2C). With the exception of
the compact, well folded N-DH-PH (supplemental S2C), all
PRG variants show the Kratky plot shapes between those for a
globular BSA and for a natively unfolded Tau (58), further con-
firming limited intramolecular flexibility of the PRG con-
structs. Qualitatively, the RGSL-L2-DH-PH fragment appears
to be more compact than PDZ-L1-RGSL, although the PDZ-

FIGURE 4. Comparison of Kratky plots of PDZ-L1-RGSL (solid triangle),
RGSL-L2-DH-PH (green solid square), and PDZ-L1-RGSL-L2-DH-PH (solid
circle), with bovine serum albumin (open circle), and protein tau (open
triangle).

TABLE 2
Overall structural parameters of PRG variants and their complexes with RhoA obtained by SAXS

Rg Dmax vp �s �g �rb �f
a

nm nm nm3

PDZ-L1-RGSL 5.8 21.5 118 0.932 1.1 1.36 0.80
N-DH-PH 2.95 9.8 84 1.00 1.08 1.02 0.84
N-DH-PH /RhoA 2.8 9.1 120 1.14 1.28 1.00 0.71
N-DH-PH 4R 2.87 9.2 84 0.92 1.26 1.10 0.79
N-DH-PH 4R/RhoA 2.8 9.2 124 0.92 1.13 0.95 0.80
RGSL-L2-DH-PH 6.5 22 215 0.8 0.85 0.8 0.72
RGSL-L2-DH-PH /RhoA 5.85 20 240 0.87 1.17 1.0 0.95
RGSL-L2-DH-PH 4R 7.3 27.5 233 0.90 0.97 1.1 0.78
RGSL-L2-DH-PH 4R/RhoA 6.44 25 270 0.77 0.8 0.83 0.74
PDZ-L1-RGSL-L2-DH-PH 7.7 28 295 0.89 1.09 1.00 0.97
PDZ-L1-RGSL-L2-DH-PH /RhoA 6.6 24.5 240 0.76 0.88 0.72 0.69
PDZ-L1-RGSL-L2-DH-PH 4R 8.1 30 325 0.79 0.79 0.82 0.72
PDZ-L1-RGSL-L2-DH-PH 4R/RhoA 7.6 27 330 0.79 0.80 0.71 0.684

a Rg, Dmax, and vp are radius of gyration, maximum size, and excluded volume, respectively. 
s, 
g, 
rb, and 
f are discrepancies between the experimental data and computed
scattering curves from DAMMIN, GASBOR, BUNCH, and EOMmodels, respectively.
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L1-RGSL-L2-DH-PH fragment, which includes both L1 and L2
linkers, seems to be most flexible. This conclusion agrees well
with the analysis of P(r) functions for different constructs as
well as with the light scattering and ASEC results (Table 1 and
supplemental S1).
The shapes obtained ab initio from the SAXS data using

DAMMIN (36), particularly for the four-domain constructs,
showed extendedness and excluded volumes somewhat larger
than expected for the proteins of the correspondingMr (Table

2). The excluded volume increase can be attributed to the flex-
ibility of the constructs, making the protein cover effectively
larger spatial volumes.
The program GASBOR (38) was then used to generate alter-

native ab initio models with predefined numbers of dummy
residues for each construct and, therefore, consistent with the
expected volumes. The envelopes generated by GASBOR (gray
surface in Fig. 5) are in general compatible with the DAMMIN
models being highly extended and not showing clear domain

FIGURE 5. Rigid body and ab initio models of PRG variants. A, RGSL-L2-DH-PH. B, PDZ-L1-RGSL-L2-DH-PH. C, PDZ-L1-RGSL. The left panels in A and B show
models of the wild-type PRG �/� RhoA, and the center panels show models of the 4R mutant of PRG �/� RhoA. The right panel shows distance distribution
function, P(r), of the wild-type and 4R mutant of PRG variants in isolation (solid and dashed black line, respectively) and RhoA complexes (solid and dashed red
line, respectively). Ab initio models and folded domains of PRG and RhoA are depicted in surface representation (gray, ab initio; orange, PDZ; green, RGSL; blue,
DH; purple, PH; red, RhoA), and linker regions are represented as yellow spheres.
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boundaries. These envelopes are also consistent with the flexi-
bility of the constructs, supposedly representing an average
over the sets of existing conformations.
To obtain a more detailed structural picture of PRG, we per-

formed combinedab initio/rigid bodymodeling using the avail-
able high resolution structures of individual domains and
experimental SAXS data using the program BUNCH (40). The
SAXS-based modeling is most informative when one simulta-
neously uses the scattering patterns from several deletion
mutants (40). Therefore, we used either single or multiple scat-
tering curves for combined ab initio/rigid body modeling
(Table 2, Figs. 3 and 5). Inspection of the rigid body models
generated by BUNCH reveals that both linker regions seem to
contain partially folded, compact elements, and therefore, can-
not be completely unstructured (Fig. 5). It is conceivable that
these relatively compact pseudo-domains have the characteris-
tics of molten globules, a state in which there are stable secon-
dary structure elements but only a few tertiary contacts (61).
The 
 values of the rigid bodymodels, however, are not perfect,
especially in the case of PDZ-L1-RGSL (Fig. 3, Table 2), which
can be explained by conformational heterogeneity of the stud-
ied samples.
We then compared the ab initio models generated by

GASBOR with the corresponding rigid body models (Fig. 5).
The rigid bodymodels of all multidomain PRG fragments agree
relatively well with the ab initio molecular envelopes at low
resolution. There are, however, discrepancieswhereby the indi-
vidual domains (e.g. the PH domain) stick out of the envelope.
This can be rationalized taking into account the fact that the ab
initio calculated envelopes represent the averaged structural
heterogeneity of the protein rather than single conformers, and
these results further suggest that the protein adopts multiple
conformations.
Overall, these observations are consistent with the fact that

the SAXS curves are a result of a dynamic equilibrium of co-ex-
isting conformations in solution. To obtain an insight into the
range of conformations sampled by the various PRG variants
and to quantitatively describe flexibility, we used the EOM
technique (42). This approach allows for identification of an

ensemble of conformers, for which the collective simulated
scattering curve provides the best fit to the experimental data
(see “Experimental Procedures”). The EOM provided good fits
to the experimental data for all constructs (Table 2, Fig. 3). The
analysis of the Rg distributions and the models generated by
EOM strongly suggests that the linker conformations within
the ensemble of themolecules may range from highly extended
to compact, in which case the flanking globular domains are
located in close proximity to each other (Fig. 6). It is very impor-
tant to note that the experimental data cannot be satisfactorily
fitted by single models with either compact or extended con-
formations, as evidenced by the poor
 values of such fits.When
an ensemble of conformers is used instead, the fit is signifi-
cantly improved (Table 2, Fig. 6). Moreover, the experimental
data can be rather well fitted even if only few representative
EOMmodels, containing one compact and one extended con-
formation, are used for simulation. This strongly suggests that
the conformation of PRG in solution is a heterogeneous mix-
ture of compact and extended states.
It is noteworthy that the molten globules are also present in

EOMmodels, but their exact location within the linker and the
level of compactness vary. Although single PDB models gener-
ated by EOM do not represent the biologically relevant species,
they adhere to the geometrical and chemical restrains such as
bond lengths and dihedral angles. Therefore, visual inspection
of the individual models selected by EOM provides a way to
assess the peculiarities of the local structure. The fact that the
EOMmodels fit well the experimental data when molten glob-
ule-like moieties are present within the linker regions suggests
that a single BUNCH model representing the “intermediate”
conformation may be a reasonable approximation of the PRG
structure.
Structural Consequences of Activating Mutations and RhoA

Binding—Given the activating character of the four charge
reversal mutations within the activation box upstream of the
DH domain (residues 672–711), we used SAXS to explore the
impact of these mutations on the conformation of RGSL-L2-
DH-PH and PDZ-L1-RGSL-L2-DH-PH. Rigid body models do
not indicate any significant changes to the overall architecture

FIGURE 6. The radius of gyration distribution for the EOM models of PDZ-L1-RGSL (A), RGSL-L2-DH-PH (B), and PDZ-L1-RGSL-L2-DH-PH (C). The
distribution for the pools of models is shown by black and red solid lines for the isolated PRG and the RhoA complex, respectively, whereas the distribution for
the selected ensemble of models is represented by black and red dashed lines for the isolated PRG and the RhoA complex, respectively. The representative
conformations of the respective EOM models are shown in the insets. Folded domains of PRG are depicted in surface representation (orange, PDZ; green, RGSL;
blue, DH; purple, PH; red, RhoA), and linker regions are represented as yellow spheres. 
e, 
c, and 
E are discrepancies to the representative extended, compact,
and ensemble of models, respectively.
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(Fig. 5). However, the putative molten globule within the L2
linker appears to be less compact in the mutated variants,
perhaps providing less of a steric hindrance when RhoA is
bound (Fig. 7). Moreover, the variants carrying the muta-
tions seem to be more dynamic than the wild-type variants,
as evidenced by the increase of the radius of gyration (Table
2). Interestingly, the analysis of Dmax values of the EOM
models for the wild-type proteins showed that �60% were
classified as compact, whereas for the 4R mutant only 40%
were in that group, suggesting higher dynamics in the latter
(data not shown).
We also investigated the solution structures of complexes of

various fragments of PRG with RhoA. In general terms, the
binding of RhoA does not alter the scattering curves in any
critical way (Fig. 3). However, the wild-type and the constitu-
tively active mutants of RGSL-L2-DH-PH and PDZ-L1-RGSL-
L2-DH-PH becomemore compact upon binding RhoA (Tables
1 and 2). We previously reported that the binding of RhoA to
the DH-PH tandem induces virtually no structural changes in

the latter (41), and thus, any difference in the present SAXSdata
must stem from the rearrangements of domains and linkers
upstream of the DH-PH tandem. In all models generated for
RhoA complexes, the L2 linker is displaced from the RhoA-
binding site on the DH domain, and the molten globule region
upstream of the DH domain becomes less ordered than in an
isolated protein. Consistent with the data for the isolated 4R
mutants, the Rg values for RhoA complexes are larger than for
the wild-type PRG-RhoA (Table 2), suggesting increased disor-
der within the L2 linker.

FIGURE 7. Conformational changes within the molten globule region of wild-type and 4R mutant of N-DH-PH (A), RGSL-L2-DH-PH (B), and PDZ-L1-
RGSL-L2-DH-PH (C). Structures of wild-type and 4R mutant of PRG were superimposed using residues 714 –932 of the DH domain. DH domain is shown as a
blue schematic; wild-type and 4R mutant linkers are represented by orange and light blue spheres, respectively. A putative position of RhoA is shown in
semi-transparent surface representation. The PH domain was omitted for clarity.

FIGURE 8. The GEF switch region of PRG. A, a fragment of PRG encompass-
ing the GEF switch (residues 714 –730) is shown as blue sticks, whereas the
part of an �1 helix of the DH domain is represented as a blue ribbon. The RhoA
switch 1 is depicted as a green stick/ribbon diagram. An omit electron density
map calculated with the GEF switch removed from the model using FFT pro-
gram within the CCP4 suite (72) is contoured at 1.9 � and shown as green
mesh. The inset shows superposition of the GEF switch region of PRG, LARG
(PDB code 1X86), and p115 (PDB code 3ODO) shown as blue, green, and
orange ribbons, respectively. �1 and �2 are the short �-helical extensions
of the DH domain, and N and C are the N and C termini. B, the sequence
alignment of three RGSL-GEFs shows the location and sequence homology of
the activation box and the GEF switch. The negatively charged residues of the
activation box are shown in red, and the residues from two short a-helical
extensions of the DH domain are colored green.

TABLE 3
Crystallographic statistics

N-DH-PH/RhoA

Data collectiona
Resolution range (Å) 50.0–2.85 (2.90–2.85)
Space group P1211
Unit-cell parameters (Å, °) a 	 84.4, b 	 92.4, c 	 113.6, � 	 118.6
Observations
Unique 38,049
Total 137,404

Completeness (%) 91.6 (58.8)
Redundancy 3.6
Rmerge

b 0.087 (0.33)
�I/�(I)� 12.55 (1.98)

Refinementa
Resolution range (Å) 48.3-2.85
No. of reflectionsc 38,028
R factord 0.211
Rfree

c 0.271
No. of atoms
Protein, non-H 8,658
Nonprotein 39
Root mean square deviations
Lengths (Å) 0.009
Angles (°) 1.278

Overall B factor (Å2) 52.8
a Values in parentheses correspond to the last resolution shell.
b Rmerge 	 �hkl�i�Ii(hkl) � �I(hkl)�/�hkl�iIi(hkl)�.
c % of the reflections were reserved for calculation of Rfree.
d R factor 	 �hkl�Fobs� � �Fcalc�/�hkl�Fobs�.
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Given the importance of the activation box in the regulation
of catalytic activity, we wondered if the 672–711 segment
becomes ordered upon binding of RhoAand if the charge rever-
salmutations cause visible structural consequences. To this end
we crystallized the autoinhibited 672–1081 variant (N-DH-PH)
in complex with RhoA (data statistics are provided in Table 3).
As was the case with the crystal structure of the complex of
isolated DH-PH domain with RhoA (21), there is interpretable
electron density starting with residue Gln-714, indicating that
the 672–713 fragment is completely disordered. In both cases
the GEF switch, i.e. residues 714–730, is ordered and engages
RhoA (Fig. 8). Its conformation is virtually identical to that
observed in the known crystal structures of RGSL-containing
GEFs regardless of the RhoApresence (Fig. 8A, inset). The same
result was obtained with the 672–711 segment harboring the
4R mutations (not shown).

DISCUSSION
Our results show conclusively that the functional frag-

ment of PRG encompassing the four globular domains (PDZ,
RGSL, DH, and PH) does not have a simple supramodular
architecture in which the domains would interact directly to
form a globular moiety. We also show evidence that both
interdomain linkers, L1 and L2, are partly ordered and may

contain modules similar to molten globules. It is, therefore,
clear that PRG and probably the other two members of the
RGSL subfamily of GEFs are not autoinhibited by the
expected canonical mechanism (8) in which PDZ and RGSL
domains might inhibit the catalytic activity of the DH-PH
tandem by steric hindrance.
In view of the results reported here and in two previous papers

fromour group (25, 41) aswell as data fromother laboratories (23,
26), it is necessary to revise a model of PRG autoinhibition and
activation. First, as has been demonstrated by our recent study,
most of the autoinhibition is traced to the short fragment
upstream of the DH domain, encompassing residues 672–711
(25). This negatively charged region seems to interact with posi-
tively charged patches on DH domain surface (i.e. Arg-867 and
Arg-868), which are involved in interactions with RhoA, and
affects the conformation of the GEF switch, which is immediately
downstream. The fact that the autoinhibited N-DH-PH fragment
assumes in the complex with RhoA a structure that is identical to
that described for the isolated DH-PH tandem shows that the
autoinhibition is not caused by permanent steric impairment but
by a shift of the equilibrium between the catalytically competent
and impaired species. The recent crystallographic study of the
p115-isolated DH-PH tandem containing disordered N-terminal

FIGURE 9. Model of regulation of PDZRhoGEF. In a resting state, in cytosol, activity of PRG is inhibited by steric and electrostatic interference with RhoA
binding caused by the activation box and the molten globule region within the linker. Anchoring at the membrane and interaction with G� subunit might be
one of the primary forces activating PRG and results in conformational changes within the linker, which consequently displaces inhibitory elements from
RhoA-binding site. The inset shows three main regulatory structural elements of PDZRhoGEF include the GEF switch (green schematic representation), the
activation box (red line), and the molten globule (red semi-circle). The DH, PH, and RhoA are shown in a surface representation and are colored blue, purple and
gray, respectively. The surface patch on the DH domain, which is involved in RhoA binding, and is affected by the presence of the L2 linker is colored yellow. Two
arginine residues within this patch (Arg-867 and -868), most probably involved in electrostatic interactions with negatively charged activation box, are shown
in red. The switch 1 region of RhoA is shown in orange. MG, molten globule; AB, activation box; GS, GEF switch.
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extension that includes the activation box (23) is consistent with
thenotion that in thenativeGEFtheGEFswitch is intrinsically less
ordered due to the presence of the adjacent L2 linker. This is likely
to be the main source of autoinhibition in this GEF family (Fig. 9,
inset).
The activation mechanism of PRG appears to be much more

subtle and complex than originally believed. It seems that the
regulatory function of the PDZdomains, as suggested by several
studies (16–18), is at best indirect. The removal of the PDZ
domain from PRG has essentially no effect on the catalytic
activity (25), and so any activating effects of PDZ-mediated
interactions is likely to stem from the recruitment of PRG to the
membrane. Likewise, the RGSL domain clearly has no direct
interactionwithDH-PH, andwhen its covalent link to the latter
is severed, its presence has no effect on the catalytic process
(25). Identical observations are reported for p115 (23, 26). Nev-
ertheless, the removal of RGSL domain causes partial relief of
autoinhibition. Our present data suggest that although the
RGSL domain is not in direct contact with the DH-PH tandem,
it may still be physically in its proximity due to the relatively
compact structure of the L2 linker. Thus, interactions with
G�12/13 may lead to structural perturbations transmitted
through the L2 linker.
Interestingly, a recent SAXS structure determination of the

L2-DH-PH fragment of p115 also suggests that the linker con-
tains at least some ordered elements (23). This investigation did
not explore that structure of a RGSL-L2-DH-PH, and it is pos-
sible that such a variant would show an even higher degree of
compactness in the L2 region.
As pointed out earlier, amino acid composition and bioinfor-

matics analysis suggest that the L2 linker is intrinsically disor-
dered. It has been shown that such intrinsically disordered pro-
teins may regulate many enzymatic, transcriptional, and signal
transduction processes (62, 63). The presence and functional
role of molten globules is well documented in intrinsically dis-
ordered proteins (63). For example, the yeast P2� ribosomal
stalk protein exists in a partially disordered state (molten glob-
ule) under native conditions and adopts a tighter conformation
after dimerization or binding to ribosome (64). Importantly,
disordered segments linking structured modules in multido-
main proteins have also been shown to be important for the
regulation of activity. The human transcriptional coactivator
p300, for example, contains a disordered, 60-residue loop
within its histone acetyltransferase (HAT) domain (65), which
has an autocatalytic activity and regulates p300 via autoacety-
lation of several lysine residues contained within this region. In
addition, another regulatory domain, the cell-cycle regulatory
domain-1 (CRD1), has been identified within the presumably
disordered linker between cysteine/histidine-rich domain and
bromodomain (66). The CRD1 domain utilizes two SUMO
modification sites to repress the transcription process (67).
In conclusion, our structural investigation of the PRG in

solution suggests that the autoinhibition/activation cycle of
PRG is complex and does not conform to a simple mechanistic
paradigm of closed-open supramodular equilibrium. Clearly,
the autoinhibitory activity resides in the 672–712 fragment in
such a way that it disturbs the catalytically competent confor-
mation of the GEF switch. The system is dynamic so that in

solution assays utilizing non-prenylated RhoA, it is leaky and
shows 20-fold enhancement of nucleotide exchange on the
GTPase. However, in vivo, PRG is unlikely to encounter suffi-
cient concentration of free RhoA in the cytosol because GDP-
bound, prenylated RhoA is sequestered in the complex with
RhoGDI (68). Translocation of PRG to the membrane, medi-
ated either by the PDZ domain or the RGSL domain, can by
itself enhance the apparent rate of nucleotide exchange due to
increased local concentrations of both PRG- and membrane-
bound RhoA. Moreover, the RGSL domain, but not the PDZ
domain, may exert a regulatory function on the GEF switch
through the L2 linker fragment (Fig. 9).
Thismodel is significantlymore complex than themechanis-

tic schemes proposed for some other Dbl-family GEFs (e.g.
Asef, Vav1, or p63RhoGEF) (69–71). Nevertheless, one should
bear in mind that distinct, conformational changes are only a
part of any in vivo process that involves a plethora of molecules
as well as dynamic partitioning between the membrane bound
and cytosolic fractions.
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