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Abstract: p115-RhoGEF (p115) belongs to the family of RGS-containing guanine nucleotide

exchange factors for Rho GTPases (RGS-RhoGEFs) that are activated by G12 class heterotrimeric

G protein a subunits. All RGS-RhoGEFs possess tandemly linked Dbl-homology (DH) and plekstrin-

homology (PH) domains, which bind and catalyze the exchange of GDP for GTP on RhoA. We have

identified that the linker region connecting the N-terminal RGS-homology (RH) domain and the DH

domain inhibits the intrinsic guanine nucleotide exchange (GEF) activity of p115, and determined

the crystal structures of the DH/PH domains in the presence or absence of the inhibitory linker

region. An N-terminal extension of the canonical DH domain (the GEF switch), which is critical to

GEF activity, is well folded in the crystal structure of DH/PH alone, but becomes disordered in the

presence of the linker region. The linker region is completely disordered in the crystal structure

and partially disordered in the molecular envelope calculated from measurements of small angle

x-ray scattering (SAXS). It is possible that Ga subunits activate p115 in part by relieving

autoinhibition imposed by the linker region.

Keywords: GTP-binding protein alpha subunits; G12; G13; Rho GTPase; guanine nucleotide

exchange factors; RGS proteins; DH; PH

Introduction

RGS-containing guanine nucleotide exchange factors for Rho GTPases (RGS-RhoGEFs) are a homologous sub-

family of RhoGEFs (guanine nucleotide exchange factors for Rho proteins) that contain RGS (regulator of G

protein signaling) domains. The three members of this subfamily, p115-RhoGEF (p115), PDZ-RhoGEF (PRG)
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and leukemia-associated RhoGEF (LARG), represent

potential direct regulatory links between G protein-

coupled receptors that activate the G12 class of het-

erotrimeric G proteins and RhoA-mediated pathways

that lead to cytokinesis and transformation.1,2 RGS-

RhoGEFs catalyze the exchange of GDP for GTP on

RhoA, a small GTPase of the Ras superfamily.3 Acti-

vated RhoA bound to GTP can then engage down-

stream effectors and influence cellular functions.

Like all members of the large family of RhoGEFs

(about 70 in the human genome), the GEF activity

of RGS-RhoGEFs resides in their tandemly linked

Dbl homology (DH) and plekstrin-homology (PH)

domains.4,5 The RGS-homology (RH or rgRGS)

domains are situated N-terminal to the DH/PH

domains. RH domains of p115 and LARG function as

GAPs (GTPase activating proteins) for Ga13 and

Ga12 subunits, and binding of Ga subunits to their

respective RhoGEFs stimulates their guanine nucle-

otide exchange activity toward RhoA.6–9 In addition

to the RH domain, PRG and LARG also contain an

N-terminal PDZ domain that has been shown to

mediate interaction of the RGS-RhoGEFs with regu-

latory proteins.10–12

Structures of DH/PH domains from two RGS-

RhoGEFs have been determined, either in isolation

or as complexes with nucleotide-free RhoA.13–15 The

cores of these DH domains are elongated bundles

composed of six major a helices, similar in structure

to those of other DH domains in the greater Rho-

GEF family. DH domains form extensive contacts

with nucleotide-free RhoA and are essential for GEF

activity.4 The PH domains of RGS-RhoGEFs also

form a small interface with RhoA, suggesting a

potential role in catalysis.13 Indeed, both DH and

PH domains are required to achieve full GEF activ-

ity.13,14,16 It appears that the PH domain increases

the exchange activity of the RGS-RhoGEFs, either

through stabilization of the DH domain or direct

impact on the substrate, RhoA.

The exact mechanism by which Ga13 stimu-

lates the exchange activities of LARG and p115

remains elusive.7–9 It has been proposed that the

intrinsic GEF activities of RGS-RhoGEFs, which

reside in the DH/PH domains, are auto-inhibited by

other regions of the multidomain molecule, and

interactions between activated Ga13 and p115 or

LARG relieves this autoinhibition. A recent study

of PRG suggests that part of the linker region

between the RH and DH domains interacts with

DH in the basal state and inhibits the exchange

activity of the DH/PH domains from PRG.17 How-

ever, Ga13 does not stimulate the GEF activity of

PRG, even though Ga13 binds its RH domain with

high affinity.18

Here, using a combination of molecular cloning,

biochemical assays, x-ray crystallography, and small

angle x-ray scattering (SAXS), we examined the role

of the linker region between the RH and the DH

domains of p115, which is a substrate for direct

stimulation by Ga13. We show that the linker region

interferes with the folding of an N-terminal exten-

sion of the DH domain that is crucial for the full

intrinsic GEF activity of DH/PH, and, thus, identi-

fies a potential autoinhibitory mechanism. This

observation provides new insight into the molecular

mechanism by which the exchange activity of RGS-

RhoGEFs is regulated.

Results

The linker between RH and DH inhibits the

basal GEF activity of p115-RhoGEF

The DH/PH domains of p115-RhoGEF (residues

395–766) and the fragment containing the additional

linker region between the RH and the DH/PH

domains (L-DH/PH, residues 240–766) were each

expressed in bacteria with N-terminal cleavable

GST- and C-terminal 6His-tags for purification. Both

purified proteins stimulated the exchange of GDP

for GTP on RhoA (Fig. 1). However, the observed

catalytic rate (kobs) of DH/PH toward RhoA was four-

fold greater than that of L-DH/PH [Fig. 1(C)], sug-

gesting that the linker region inhibits the intrinsic

GEF activity of the DH/PH domains. The RH

domain N-terminal to the linker region has little

effect on this autoinhibition, as similar inhibition of

GEF activity by the linker region was also observed

in the presence of the RH domain of p115 (Support-

ing Information Fig. 1). The kobs of RH-DH/PH

toward RhoA was almost identical to that of DH/PH,

with a fourfold increase over the kobs of RH-L-DH/

PH or L-DH/PH (Supporting Information Fig. 1).

The segment within the linker region that is

critical for the autoinhibition of GEF activity was

identified by deletion analysis [Fig. 1(A,B)]. Two

variations of L-DH/PH, DN1L-DH/PH (residues 288–

766) and DN2L-DH/PH (residues 353–766) were

expressed and purified as described in Methods. The

results from GEF assays [Fig. 1(C)] reveal that

removal of the N-terminal part of the linker region

(residues 240–352) does not relieve the autoinhibi-

tion of the GEF activity. Thus, the C-terminal part

of the linker region (residues 353–394), which is

located immediately N-terminal to the DH/PH

domains of p115, is sufficient to inhibit the basal

exchange activity of DH/PH toward RhoA.

A prior study showed that the very N-terminus

of the DH/PH domain in LARG (residues 765–782),

which is an extension to the canonical DH fold, is

critical for maximal exchange of GDP for GTP on

RhoA.13 Deletion of this region or mutations of a

conserved tryptophan residue within this region,

produced 80% declines in GEF activity of the LARG

DH/PH domains toward RhoA. The increased activ-

ity was ascribed to direct contacts between residues

of this N-terminal extension and the switch regions

108 PROTEINSCIENCE.ORG Modulation of a GEF Switch



of RhoA.13 Deletion of the corresponding N-terminal

extension in p115 (residues 395–412, DNDH/PH) also

lowered the GEF activity (Fig. 1). Furthermore, the

observed catalytic rate (kobs) of the N-terminally

truncated DH/PH was almost identical to those of

the L-DH/PH fragments [Fig. 1(C)]. Hereafter, this

N-terminal region of the DH domain (residues 395–

412) is referred to as ‘‘the GEF switch’’. It is possible

that the linker region inhibits the basal GEF activ-

ity of DH/PH by modulating the GEF switch of the

DH domain.

Crystal Structure of the DH/PH domains

of p115-RhoGEF

The structure of the DH/PH domains of p115 was

determined at a resolution of 2.9 Å by molecular

replacement using separate search models for the

LARG-DH domain and the LARG-PH domain

[Fig. 2(A)]. Data collection and refinement statistics

for the structure are summarized in Table I. The

asymmetric unit of the crystal contains two dyad-

related and interacting DH/PH domains [Fig. 2(B)].

The interface between the domains buries about

1,600 Å2 of solvent-accessible surface area, and is

stabilized by interactions between a layer of three b-

strands near the C-terminus of one PH domain (b5,

b6 and b7) and the a4 helix of the dyad related DH

domain. However, there is no evidence from size

exclusion chromatography that the DH/PH domains

are dimeric in solution (data not shown). Members

of the RGS-RhoGEF family have been reported

to oligomerize, but this interaction involves domains

C-terminal to DH/PH.19,20 It is also worth noting

that the surface of the PH domain that forms lattice

contacts in the structure reported here also mediates

protein–protein interactions in crystal structures of

LARG-DH/PH13 and PRG-DH/PH.14 We recently

found that this surface in PRG interacts with acti-

vated, GTP-bound RhoA.21

As in previously determined DH/PH structures

of RGS-RhoGEFs, the DH domain of p115 is com-

prised of six major a helices, whereas the PH

domain is a six-stranded antiparallel b-barrel, with

a C-terminal a-helix packed against the base of the

domain. Continuous electron density corresponding

to the GEF switch (residues 395–412), composed of

an extended segment followed by a short helix, is

well defined [Fig. 2(C)]. The interface between the

GEF switch and the a1 helix centers on a conserved

tryptophan residue (Trp-398) from the GEF switch

[Fig. 2(D)]. As observed in the structure of the

LARG DH/PH domains, the side chain of this highly

conserved tryptophan residue is buried in a hydro-

phobic pocket formed by residues from both the a1

helix and the GEF switch. A putative hydrogen bond

between side chains of Arg-399 from the GEF switch

and Glu-419 from the a1 helix further stabilizes this

interface. Mutations of the conserved Trp-398 to ala-

nine or Arg-399 to glutamic acid severely decreased

the GEF activity of the DH/PH domains (Supporting

Information Fig. 2). In the complex of LARG DH/PH

Figure 1. The linker region between the RH and DH

domains inhibits GEF activity of DH/PH. (a) Schematic

representation of truncated forms of p115 used; included

amino acids are listed in parentheses. (b) SDS-PAGE gel

showing purified p115 fragments as detailed in panel (a).

Numbers underneath represent the first amino acid of the

protein. The last lane on the right contains protein standard

markers with molecular weight labeled. (c) Nucleotide

exchange assays with p115 and RhoA. For each time

course, 0.5 lM RhoA loaded with mant-GDP was mixed

with 100 lM GTP and the exchange reaction started at

room temperature by addition of buffer (Basal, open

squares), or 30 nM of p115: L-DH/PH (solid squares),
DN1L-DH/PH (open triangles), DN2L-DH/PH (solid triangles),

DH/PH (solid circles), or DNDH/PH (open circles). The

subsequent decrease in fluorescence (kex ¼ 356 nm,

kem ¼ 445 nm) was measured for 10 minutes.
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with RhoA, part of the GEF switch forms direct con-

tact with switch regions of RhoA. The overall struc-

tures of the DH domains of p115 and LARG are very

similar [Fig. 3(A)]. Residues involved in the interac-

tion with RhoA are highly conserved [Fig. 3(C)].

Therefore, it is expected that the GEF switch in

p115 would form similar contacts with RhoA, and

this interaction would be critical for the exchange

activity of p115. Indeed, removal of the GEF switch

caused a significant decrease in GEF activity of p115

DH/PH domains [Fig. 1(C)].

The DH/PH domains from p115 and LARG

share 50% identity in amino acid sequences [Fig.

3(C)]. Comparison of the structures of p115-DH/PH

with LARG-DH/PH reveals only minor differences in

the structures of the two domains. The RMS devia-

tion of corresponding Ca atoms is 1.2 Å for the DH

domain (residues 407–610 in p115, and 770–982 in

LARG), and 0.9 Å for the PH domain (residues 611–

759 in p115, and 983–1134 in LARG). However, com-

pared with the LARG-DH/PH structure when bound

to RhoA, the DH and PH domains rotate apart in

p115 [Fig. 3(A)]. The RMS deviation for all Ca atoms

from the DH and the PH domains increases to 4.2 Å.

In the case of LARG-DH/PH, several residues in the

PH domain make direct contacts with RhoA, includ-

ing Arg-986 and Ser-1118 [Fig. 3(B)], and these

interactions are required for efficient GEF function

of the protein.13 As described earlier, interactions

between the PH domain and RhoA have been shown

to be important for the exchange activity for other

RGS-RhoGEFs, including p115. Therefore, in order

for its PH domain to make proper contacts with

RhoA, significant domain rotation within the DH/PH

domains of p115 would be required upon binding to

its substrate.

Figure 2. Crystal structure of the p115 DH/PH domains. (a) Ribbon diagrams depicting the tertiary structure of p115 DH/PH.

(b) Ribbon diagrams depicting the noncrystallographic dimer of p115 DH/PH (labeled 1 and 2). The dimer interface (marked

by a box) involves a layer of b-strands near the C-terminus of one PH domain and the a4 helix from the dyad related DH

domain. (c) The GEF switch in the DH domain. Electron density (cages) for the GEF switch from a 2.9 Å rA-weighted 2Fo-Fc

total omit map calculated in SFCHECK (CCP4i) is contoured at 1.5 standard deviations above the mean.22 Side chains of

residues 395–400 are depicted as stick models. The rest of the DH/PH domain is depicted as ribbon diagrams. (d) Trp-398

from the GEF switch is buried in a hydrophobic pocket between the GEF switch and the canonical DH domain. Side chains of

residues involved are depicted as stick models. The putative hydrogen bond between side chains of Arg-399 and Glu-419 is

drawn as a dotted line.
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Crystal and solution structures of L-DH/PH

Crystals of L-DH/PH and DN2L-DH/PH are noniso-

morphous to those of DH/PH, but isomorphous with

each other. Structures of both proteins [Fig. 4(A)]

were determined at 3.2 Å resolution by molecular

replacement (Table I) and are almost identical with

an RMS deviation of 0.3 Å for all Ca atoms (residues

411–765). The GEF switch, which is well ordered in

the structure of DH/PH (Fig. 2), is disordered in the

domains that include the linker segments that pre-

cede the GEF switch. Furthermore, there is no elec-

tron density for the linker regions themselves, even

though the crystal lattice has enough space to

accommodate both the DH/PH and the linker region.

SDS-PAGE analysis of dissolved crystals showed

little degradation of L-DH/PH or DN2L-DH/PH. The

asymmetric unit of the crystal contains a pair of

approximately dyad-related L-DH/PH molecules

[Fig. 4(B)], as observed in crystals of DH/PH, but

this dimer interface involves a different DH interac-

tion surface [Figs. 2(B) and 4(B)]. The dimer inter-

face buries about 1,900 Å2 of solvent-accessible

surface area, and is stabilized by interactions

between the layer of three b-strands near the C-ter-

minus of the PH domain (b5, b6, and b7) and the a1

and a2 helices from the dyad-related DH domain,

rather than the a4 helix as in the DH/PH dimer. As

in the case of the DH/PH domains, there is no

evidence from size exclusion chromatography that

the L-DH/PH proteins are dimeric in solution (data

not shown).

The inter-dimer contact of the PH domain with

the a1 helix of DH would preclude part of the GEF

switch (residues 395–397) from contacts with the

canonical DH domain similar to those observed in

the DH/PH structure [Fig. 4(B)]. However, there is

room for the rest of the GEF switch, including the

important tryptophan residue (Trp-398), to fit in

between the two L-DH/PH molecules. Removal of

the three amino acids preceding Trp-398 led to a

twofold decrease of the GEF activity of the DH/PH

domains (Supporting Information Fig. 2). However,

the decrease in GEF activity caused by the deletion

of residues 395–397 is far less severe than the effect

of the W398A or R399E mutation, in which the

intradomain interactions between the GEF switch

and the canonical DH domain are disrupted. The

corresponding residues in LARG DH/PH domains

[residues 766–768, Fig. 3(C)] interact with RhoA

directly.13 The decrease in GEF activity observed

here is likely due to the loss of potential contacts

between residues 395–397 and the substrate RhoA,

rather than from a complete disruption of the GEF

switch.

Table I. Data Collection and Refinement Statistics

DH/PH DN2L-DH/PH L-DH/PH R399EDH/PH

Data Collection

Source APS SBC 19ID APS SBC 19BM APS SBC 19ID Rigaku FR-E

Wavelength (Å) 0.9792 0.9792 0.9792 1.5418

Space group P41 P32 P32 P32
Unit cell (Å, �) a ¼ b ¼ 106.0,

c ¼ 126.0

a ¼ b ¼ 111.5,

c ¼ 97.8

a ¼ b ¼ 111.6,

c ¼ 97.9

a ¼ b ¼ 110.8,

c ¼ 98.6

a ¼ b ¼ c ¼ 90 a ¼ b ¼ 90,

c ¼ 120

a ¼ b ¼ 90,

c ¼ 120

a ¼ b ¼ 90,

c ¼ 120

Dmin (Å) 2.9 3.2 3.2 2.5

Highest res. Shell (Å) 2.95–2.90 3.26–3.20 3.26–3.20 2.54–2.50

Unique reflections 30,747 22,503 22,476 46,979

Redundancy 4.5 4.1 2.6 3.6

Rsyma 0.06 (0.75) 0.06 (0.58) 0.08 (0.46) 0.09 (0.58)

Completeness (%)a 99.3 (99.9) 99.9 (100.0) 99.5 (99.8) 99.9 (99.4)

<I>/r<I>a 31.5 (2.3) 24.5 (2.1) 14.8 (2.2) 22.7 (2.1)

Refinement

Resolution (Å) 36.0–2.9 48.9–3.2 43.7–3.2 48.3–2.5

Total reflection used 29,151 21,259 21,298 44,566

N. nonhydrogen atoms 6,068 5,516 5,416 5,653

Protein atoms 6,068 5,516 5,416 5,653

Rwork (%) 22.1 22.5 23.1 22.6

Rfree (%)b 27.2 27.4 28.9 26.6

RMS deviations

Bond lengths(Å) 0.018 0.020 0.017 0.023

Bond angles (�) 1.833 1.736 1.706 2.012

Ramachandran (%)

(favored/disallowed)

90.2/0.4 88.5/0.3 88.7/0.2 91.9/0.0

PDB access code 3ODO 3ODX 3ODW 3P6A

a Numbers in parentheses correspond to the highest resolution shell.
b Rfree is the R-factor obtained for a test set of reflections consisting of a randomly selected 5% of the data.No I/r cutoff

was used in the final calculations of R-factors.
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Our hypothesis is that the disruption of the

GEF switch – a1 helix interface leads to the forma-

tion of the lattice contact observed in the Linker-

DH/PH crystal structures. We have crystallized

several DH/PH mutants bearing single mutations in

the GEF switch that disrupt its interaction with the

a1 helix of DH. These included the aforementioned

W398A and R399E mutants (Supporting Information

Fig. 2). Crystals of the mutant DH/PH (W398A or

R399E), grown under the exactly same condition as

the wild-type DH/PH, are nonisomorphous to those

of DH/PH but isomorphous to those of L-DH/PH and
DN2L-DH/PH [Supporting Information Fig. 3(A),

Table I]. The structure of the R399E mutant of DH/

PH [R399EDH/PH, Supporting Information Fig. 3(B)]

was determined at 2.5-Å resolution by molecular

replacement (Table I). The lattice contact in the

R399EDH/PH structure [Supporting Information

Fig. 3(C)] is identical to those observed in structures

of L-DH/PH and DN2L-DH/PH (Fig. 4). The GEF

switch is completely disordered in R399EDH/PH, and

a dyad-related PH domain packs against the a1 and

a2 helices of DH (Supporting Information Fig. 3).

Both the wild-type and the R399E mutant of DH/PH

crystallize under the same condition; however, this

lattice contact between the PH and the a1 and a2

helices of the dyad-related DH can only form in the

mutant DH/PH, where the intradomain interface

between the GEF switch and the a1 helix has

been disrupted. Thus, formation of the lattice con-

tact observed in the L-DH/PH and DN2L-DH/PH

structures requires disruption of the interface

between the GEF switch and the a1 helix of the DH

domain.

Figure 3. (a) Structural comparison of the DH/PH domains from p115 (black lines) and LARG (gray lines, PDB access code

1X86, with the bound nucleotide-free RhoA depicted as transparent solvent accessible surface). The structural alignment was

based on coordinates from the DH domains only. The PH domain in LARG moves closer toward its DH domain upon binding

to RhoA. (b) The interface between the PH domain and RhoA. In the crystal structure of the LARG-DH/PH:RhoA complex

(left), residues from PH (depicted as sticks) make direct contacts with RhoA (depicted as transparent solvent accessible

surface with black ribbons underneath). In the modeled p115-DH/PH:RhoA complex (right), where the two DH domains from

p115 and LARG are superimposed, the same set of residues in p115 PH domain can not form direct contacts with RhoA. (c)

Sequence alignment of DH/PH domains from p115 and LARG. Residues in LARG that are involved in contacts with the

nucleotide-free RhoA are marked with dots on top. Block arrows mark the domain boundary between DH and PH. The

sequence alignment is carried out by the program Clustal W.23
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We also determined the solution structure of L-

DH/PH at low (�20 Å) resolution using SAXS. The

molecular envelope of L-DH/PH was obtained by ab

initio shape reconstruction from experimental SAXS

data. The experimental scattering profile is shown

in Figure 4(C). Low-angle scattering intensity cali-

bration with cytochrome c indicated that L-DH/PH

exists as a monomer in solution. The distance distri-

bution function, P(r), is characteristic of an elon-

gated molecule [Fig. 4(C), insert]. The crystal struc-

ture of p115 DH/PH fits well into the calculated

molecular envelope [Fig. 4(D)]. The linker region,

which is completely disordered in the crystal struc-

ture of L-DH/PH, appears to be at least partially or-

dered in the solution structure, where it putatively

occupies a volume of the molecular envelope below

the DH domain. However, this volume is not suffi-

cient to accommodate the additional 156 residues of

the linker. Thus, the linker region is likely to be at

least partially disordered in solution. Although the

crystal structure of p115 DH/PH domains is gener-

ally well accommodated in the molecular envelope,

the N-terminal GEF switch does not fit well inside

the envelope; this strongly suggests that the GEF

switch adopts a different conformation in the pres-

ence of the linker region preceding it.

Discussion

This study indicates that the linker region in RGS-

RhoGEFs, which is located between the RH and the

DH domains, inhibits the intrinsic GEF activity of

these proteins. This behavior was also observed with

the linker region in PRG.17 The disappearance of

the GEF switch in the crystal structures of the two

L-DH/PH proteins suggests a mechanism for the

autoinhibition of the intrinsic GEF activity of these

RGS-containing RhoGEFs.

Figure 4. Crystal and solution structures of the p115 L-DH/PH domains. (a) Ribbon diagrams depicting tertiary structures of
DN2L-DH/PH (left) and L-DH/PH (right). (b) Ribbon diagrams depicting the noncrystallographic dimer of p115 L-DH/PH (labeled

1 and 2). The dimer interface (marked by a box) involves a layer of b-strands near the C-terminus of one PH domain and the

a1-a2 helices from the dyad related DH domain. (c) Solution x-ray scattering profile for p115 L-DH/PH. The distance

distribution function, P(r), of L-DH/PH was computed from the x-ray scattering using the program GNOM.36 (d) Solution

structure of L-DH/PH of p115. The solution structure (molecular envelope) is depicted as a mesh and overlapped onto the

crystal structure of p115 DH/PH domains (ribbon). The crystal structure is relatively well accommodated in the molecular

envelope. The large unoccupied region in the molecular envelope beneath the DH domain is likely to be the location for the

linker region with limited ordered structure.
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The GEF switch is a critical component for the

function of RGS-RhoGEFs. Disruption of its inter-

action with the canonical DH domain by point

mutations or deletion leads to significant reduction

of GEF activity (Fig. 1, Supporting Information

Fig. 2).13 In the crystal structure of the LARG-DH/

PH:RhoA complex, the GEF switch interacts directly

with the switch regions of RhoA.13 Given its

influence on GEF activity and its conformational

flexibility, it was proposed that the GEF switch

could be perturbed and/or reorganized by contacts

with other domains of RGS-RhoGEFs.13 Our data

suggests that the linker region, particularly the

segment containing residues 353–394, disrupts the

interaction between the GEF switch and the a1 helix

of the DH domain that is critical to the intrinsic

GEF activity of the protein. If this were the case,

either the presence of the autoinhibitory linker

or removal of the GEF switch should result in simi-

lar exchange activities for the respective DH/PH

domains. Indeed, the basal exchange activities of the

L-DH/PH proteins are almost identical to that of the
DNDH/PH where the GEF switch has been deleted

(Fig. 1). A similar regulatory mechanism, in which

GEF activity can be modulated by modification of a

region immediately N-terminal to the DH domain,

has been observed in other Dbl family proteins, such

as Vav24 and Tim.25 In this case, a tyrosine residue

is phosphorylated by Src family kinases to relieve

autoinhibition. It is also worth noting that the linker

regions between RH and DH domains are not well

conserved among RGS-RhoGEFs. Aside from the

fact that a seven residue fragment immediately N-

terminal to the GEF switch is rich in acidic amino

acids, the linkers differ greatly both in length and in

amino acid composition. Hence, the autoinhibitory

mechanism proposed here for p115 might not be

adopted by other members of the RGS-RhoGEF

family. An earlier study shows that the linker region

from PRG also inhibits the intrinsic GEF activity of

the protein; however, inhibition is proposed to be

achieved by direct interactions with the canonical

DH domain.17

The solution structure of L-DH/PH shows that

the linker region is partially ordered, but this is not

sufficient to stabilize ordered packing interactions;

thus, the linker region appears to be completely

disordered in the crystal structures. Secondary

structure predication indicates that the linker region

contains no regular secondary structure, revealing

the flexible nature of this region. We hypothesize

that the flexible linker region provides a pivot point

that allows the two connected domains (RH and DH/

PH) to move relative to each other. The flexibility of

the linker region might facilitate proper function

of RGS-RhoGEFs by allowing more dynamic ranges

of movement to accommodate various regulators and

effectors.

One such regulator is Ga13. It interacts directly

with the RH domain in RGS-RhoGEFs18,26 and stim-

ulates the intrinsic GEF activity of p115 and LARG.

There is evidence that Ga13 also interacts, albeit

weakly, with segments of RGS-RhoGEFs outside of

the RH domain.9,27 It is plausible that coordinated

interaction of Ga13 with the RH domain and the

linker, or interaction of a Ga13-RH complex with the

linker relieves the autoinhibitory impact of this

region. The subsequent alignment of the GEF switch

for maximal activity would then account for the

increased activity caused by the activated Ga sub-

units. Activation by perturbation of the linker region

might further provide a means for other regulatory

inputs to stimulate the exchange activity of RGS-

RhoGEFs. Investigation using full-length RGS-Rho-

GEFs and Ga13 will be required to test and further

elucidate this regulatory mechanism.

Materials and Methods

Protein expression and purification

Coding regions of human p115-RhoGEF (p115) were

subcloned into a pGEX-KG vector containing the

protease recognition site for the Tobacco Etch Virus

(pGEX-KG-TEV) for proteolytic cleavage of the

expressed domains from Glutathione-S-transferase

as described previously.21 A 6His-tag was also

inserted at the C-termini of the p115 coding sequen-

ces. p115 proteins were expressed in LB medium at

22�C overnight in E. coli strain BL21(DE3) cells

with 100 lM isopropyl-b-D-thiogalactopyranoside

(IPTG). Frozen cells from 1 L were thawed and sus-

pended with 50 mL of lysis buffer (50 mM

NaHEPES, pH 8.0, 200 mM NaCl, 5 mM b-mercap-

toethanol and protease inhibitors). Cells were lysed

with addition of lysozyme, DNase I and MgCl2 to

final concentrations of 2 mg mL�1, 50 ug mL�1, and

5 mM, respectively. GST-tagged fusion proteins were

extracted from the soluble fraction of lysates by af-

finity chromatography with Glutathione Sepharose

4B (Amersham Pharmacia Biotech). Resins with

GST-fusion proteins bound were suspended with

lysis buffer, then incubated overnight at 4�C in the

presence of 1 mg TEV protease to remove the GST-

tag. Fragments of p115 released from the resin were

further purified by IMAC-Ni2þ affinity chromatogra-

phy (Bio-Rad). Affinity enriched proteins were sub-

jected to further purification with a Mono Q anion

exchange column (Amersham Pharmacia Biotech)

that had been pre-equilibrated with Buffer A (25

mM Tris, pH 8.5, 1 mM DTT and 1 mM EDTA).

Elution was accomplished with a linear gradient of 0

to 0.5 M NaCl in Buffer A. Mono Q purified p115

fragments were further purified by size-exclusion

chromatography using Superdex 200/75 columns

(Amersham Pharmacia Biotech) that had been pre-

equilibrated with Buffer A and 100-mM NaCl.
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Fractions that contained the p115 fragments (molec-

ular weight of approximately 40–60 kDa as judged

by elution volume) were pooled and concentrated

using Amicon-Ultra 4 (10 kDa) concentrators (Milli-

pore) to a final concentration of 15–20 mg mL�1. Ali-

quots (50 lL) of the concentrated proteins were flash

frozen with liquid nitrogen and stored at �80�C. The

expression and purification of a C-terminally trun-

cated human RhoA (residues 1–181) was carried out

as described previously.21

Nucleotide exchange assay

Fluorescence assays measuring the release of N-

methylanthraniloyl-GDP (mant-GDP, Invitrogen)

were performed on a Fluorolog-3 spectrofluorometer

at room temperature (kex ¼ 356 nm, kem ¼ 445 nm,

slits ¼ 1/1 nm), as described previously.21 In each

assay, 0.5 lM mant-GDP-loaded RhoA was incubated

with 100 lM GTP in reaction buffer (25 mM

NaHEPES, pH 8.0, 50 mM NaCl, 1 mM DTT, and 5

mM MgCl2) in a 200 lL cuvette. The exchange reac-

tion was started by the addition of 30 nM p115.

Each measurement was repeated at least twice.

Crystallization and data collection

p115 L-DH/PH (residues 240–766) was crystallized

by vapor diffusion at 20�C against a solution of 22–

26% PEG 3,350, 0.2M ammonium sulfate, and 0.1M

NaHEPES, pH 7.2–7.6. Native data with an oscilla-

tion range of 165� were measured at 100 K at the

Structural Biology Center (Beamline 19ID) at

Argonne National Laboratory. p115 DN2L-DH/PH

(residues 353–766) was crystallized by vapor diffu-

sion at 20�C against a solution of 15–18% PEG

3,350, 0.2 M sodium chloride, and 0.1 M NaHEPES,

pH 6.2–6.5. Native data with an oscillation range of

130� were measured at 100 K at the Structural Biol-

ogy Center (Beamline 19BM) at Argonne National

Laboratory. p115 DH/PH (residues 395–766) was

crystallized by vapor diffusion at 20�C against a

solution of 2.6–2.8M sodium formate. Native data with

an oscillation range of 110� were measured at 100 K

at the Structural Biology Center (Beamline 19ID) at

Argonne National Laboratory. The R399E mutant of

p115 DH/PH (R399EDH/PH) was crystallized by vapor

diffusion at 20�C against a solution of 2.7–2.9M

sodium formate. Native data with an oscillation range

of 120� were measured using a Rigaku FR-E copper

rotating-anode generator and an R-AXIS IVþþ imag-

ing-plate area detector (Rigaku Americas, Houston,

Texas, USA). All crystals were cryoprotected with an

additional 15% (v/v) ethylene glycol. Diffraction data

were reduced using the HKL software package.28

Structure determination and model refinement

Initial phases were generated by molecular replace-

ment using the coordinates of the DH and the PH

domains of LARG (PDB access code 1X86) as sepa-

rate search models, using the program PHASER.29

Model building was performed using the program

Coot.30 The model was refined using Refmac5 from

the CCP4 software package.31 PROCHECK32 indi-

cates that over 88% of the residues fall in the most

favorable regions of /, w conformational space.33

Coordinates and structure factors have been depos-

ited in the Protein Data Bank34 with accession codes

3ODW (L-DH/PH), 3ODX (DN2L-DH/PH), 3ODO

(DH/PH), and 3P6A (R399EDH/PH). Atomic represen-

tations were created using Pymol.35

SAXS data collection

The purified L-DH/PH fragment of p115 was dia-

lyzed overnight in 25 mM NaHEPES, pH 8.0, 200

mM NaCl, 5 mM b-mercaptoethanol, 1 mM EDTA,

10 mM DTT and 5% glycerol to ensure a precise

buffer match for background subtraction of the

scattering arising from the buffer from that of the

protein sample. Triton X-100 (0.5%) was added to

the sample before the measurement. The samples

for SAXS were at a concentration between 1 and

4 mg mL�1. Measurements were taken at 10�C

using the SAXS instrument at the BioCAT beamline

of the Advanced Photon Source, Argonne National

Laboratory. Data were collected using the Mar 165

CCD area detector at a sample-to-detector distance

of 230 cm. Samples were centrifuged at 15,000g for

30 min, and the top 50% of the solution was used for

data measurement to eliminate all possible aggre-

gates. Samples were measured in a thermostated

quartz capillary flow cell with a diameter of 1.5 mm

under a constant flow rate of 10 lL s�1 to prevent

potential radiation damage. Ten successive frames

with an exposure of 1 s were recorded for each sam-

ple and the data averaged for better signal/noise sta-

tistics. Each sample measurement was preceded by

the measurement of its matching buffer solution.

Samples were checked before and after the SAXS

measurements for concentration and oligomerization

state (by UV absorbance and size-exclusion chroma-

tography). Scattering profiles (intensity I vs. scatter-

ing vector Q) were reduced, and the data was

merged from measurements at different concentra-

tions using IGOR Pro software (WaveMetrics) with

macros written by the BioCAT staff. Structural pa-

rameters and the distance distribution function,

P(r), were calculated with GNOM36 using data up to

a Q of 0.35 Å�1.

Ab Initio modeling

Low-resolution molecular shape reconstructions

from the experimental scattering data were per-

formed with DAMMIN.37 The scattering profiles

were used up to a Q of 0.35 Å�1 for the reconstruc-

tion. Twenty DAMMIN calculations were performed,

and the resulted models were averaged by DAMA-

VER38 to generate the final model, which represents
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the most probable conformation reconstruction for

the protein. The molecular envelope of L-DH/PH

was calculated using the program Situs,39 and the

crystal structure of DH/PH was then fit into the

envelope using the program Chimera.40
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