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Summary

Dbl proteins are guanine nucleotide exchange factors
for Rho GTPases, containing adjacent Dbl homology
(DH) and pleckstrin homology (PH) domains. This do-
main architecture is virtually invariant and typically
required for full exchange potential. Several structures
of DH/PH fragments bound to GTPases implicate the
PH domain in nucleotide exchange. To more fully un-
derstand the functional linkage between DH and PH
domains, we have determined the crystal structure of
the DH/PH fragment of Dbs without bound GTPase.
This structure is generally similar to previously deter-
mined structures of Dbs bound to GTPases albeit with
greater apparent mobility between the DH and PH do-
mains. These comparisons suggest that the DH and
PH domains of Dbs are spatially primed for binding
GTPases and small alterations in intradomain confor-
mations that may be elicited by subtle biological re-
sponses, such as altered phosphoinositide levels, are
sufficient to enhance exchange by facilitating interac-
tions between the PH domain and GTPases.

Introduction

The 20 members of the Rho family of small GTPases
regulate a variety of diverse cellular processes many of
which affect the structure of the actin-based cytoskele-
ton (Etienne-Manneville and Hall, 2002; Ridley, 2001).
Like other small GTPases and heterotrimeric G proteins,
Rho proteins function as molecular switches: active
when bound to GTP and inactive when bound to GDP.
Activation is catalyzed by guanine nucleotide exchange
factors (GEFs) that directly bind Rho GTPases to pro-
mote the dissociation of GDP and the loading of GTP.
Conversely, GTPase activating proteins (GAPs) antago-
nize downstream signaling by preferentially binding
GTP-bound Rho GTPases to promote enhanced GTP
hydrolysis.

Dbl family members constitute the largest group of
GEFs specific for Rho GTPases (Whitehead et al., 1997).
The first identified member of this family, Dbl, was dis-
covered as a transforming gene during transfection ex-
periments using DNA derived from a diffuse b cell lym-
phoma (Eva et al., 1988). Since the discovery of Dbl,
this family has grown to include over 60 distinct human
proteins characterized by a ~200 residue Dbl homology
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(DH) domain followed almost invariably by a ~100 resi-
due pleckstrin homology (PH) domain. Outside of the
characteristic DH and PH domains, family members are
highly diverse in sequence.

Nucleotide exchange activity primarily resides within
the DH domain and recently determined structures of
the DH/PH fragments from T-lymphoma invasion and
metastasis factor (Tiam1), Dbl’s big sister (Dbs), and
intersectin (ITSN) in complex with their cognate Rho
GTPases (Rossman et al., 2002; Snyder et al., 2002;
Worthylake et al., 2000) indicate a highly conserved ex-
change mechanism. In brief, the conformationally vari-
able switch regions of the Rho GTPases engage two
highly conserved regions (CR1 and CR3) within the DH
domains to fix the switch regions in conformations ener-
getically unfavorable for nucleotide binding. Relative to
GDP concentrations, high levels of GTP drive the loading
of GTP onto bound GTPases, leading to dissociation of
GEF-GTPase complexes and subsequent downstream
signaling by GTP-bound GTPases.

While these structural studies and numerous comple-
mentary functional studies emphasize the importance
of DH domains in engaging GTPases for functional ex-
change, roles for the associated PH domains remain
poorly understood. Many PH domains bind phosphoino-
sitides with low affinity and specificity (Lemmon and
Ferguson, 2000), and most suggestions for functional
roles of DH-associated PH domains have involved lipid
binding either to regulate the intracellular location of Dbl
family proteins (Whitehead et al., 1999) or to allosterically
modulate the DH/PH cassette irrespective of other intra-
cellular components (Crompton et al., 2000; Han et al.,
1998; Russo et al., 2001). However, one intriguing possi-
bility is that DH-associated PH domains actively partici-
pate in the exchange process by directly interacting with
cognate GTPases. This situation is clearly operative for
Dbs where the crystal structures highlight direct interac-
tions between the GTPases and the PH domain that
when destroyed by mutation severely diminish nucleo-
tide exchange in vitro and in vivo while preserving the
overall fold and lipid binding potential of mutated Dbs
(Rossman et al., 2002, 2003). However, in contrast to
Dbs, the crystal structures of the DH/PH fragments of
Tiam1 and ISTN show no direct interactions between
the PH domains and bound GTPases. Furthermore, in
the crystal structure of the DH/PH portion of Sos1 with-
out a bound GTPase, the PH domain actually blocks
the conserved face of the DH domain necessary for
engaging GTPases (Soisson et al., 1998).

To account for the seemingly disparate and contradic-
tory biochemical and structural data regarding func-
tional roles for DH-associated PH domains, we have
proposed a general model linking the binding of mem-
brane-resident phosphoinositides through the PH do-
main with the regulation of the conformational heteroge-
neity between DH and PH domains to modulate the
exchange reaction (Rossman et al., 2002). Put simply,
binding of phosphoinositides by the PH domain would
restrict the conformational heterogeneity between DH
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and PH domains forced to operate in close proximity to
two-dimensional lipid bilayers. These spatial restrictions
would then favor direct interactions between the PH
domains and cognate GTPases leading to elevated nu-
cleotide exchange. There is increasing evidence to sup-
port such a model. For example, mutations within the
DH-associated PH domains of Tiam1 and Dbs that abro-
gate phosphoinositide binding while preserving nucleo-
tide exchange in vitro as well as proper intracellular
targeting, nonetheless fail to activate their cognate
GTPases in vivo upon overexpression in cell culture
(Baumeister et al., 2003; Rossman et al., 2003). Similarly,
in transgenic worms expressing the Dbl family member
UNC-73 mutated within the PH domain to destroy lipid
binding but not intrinsic nucleotide exchange in vitro,
mutated UNC-73 is properly localized but cannot rescue
neuronal abnormalities associated with a gross deletion
of wild-type UNC-73 (Kubiseski et al., 2003).

In order to better understand the interplay between
DH and PH domains, we have determined the crystal
structure of the DH/PH fragment of Dbs without a bound
GTPase. In general, the DH/PH portion of unbound Dbs
is similar, though not identical, to the equivalent frag-
ment of Dbs bound to either RhoA or Cdc42. Importantly,
unbound Dbs can easily accommodate the binding of
a GTPase without massive interdomain rearrangements
and does not adopt a conformation similar to unbound
Sos1 possessing a PH domain that occludes the GTPase
binding surface of the DH domain. The crystal structure
of unbound Dbs provides four independent representa-
tions of the DH/PH fragment, and comparison of these
molecules reveal a high degree of conformational vari-
ability between DH and PH domains absent from GTPase-
bound forms of Dbs. Presumably for Dbs and other Dbl
family members that readily activate GTPases, the DH
and PH domains are spatially and conformationally
primed for productive interaction with GTPases. This
suggestion is further supported by the recent structure
determination of the N-terminal DH/PH region from Trio
without bound GTPase (coordinates generously pro-
vided by N. Nassar et al., personal communication) high-
lighting a remarkably similar overall conformation to
Dbs. Subsequent restrictions in the intrinsic conforma-
tional heterogeneity between DH and PH domains as
exemplified for Dbs could thus be used to regulate the
exchange process through direct participation of the PH
domain consistent with a conserved functional linkage
between DH and PH domains operating at lipid mem-
branes.

Results and Discussion

Overall Structure

There are four independent representations of the DH/
PH fragment of Dbs within the crystal asymmetric unit
(molecules A-D), two of which are shown in Figure 1.
The crystal form used to determine the structure has
high intrinsic disorder as exemplified by a high Wilson
temperature factor (see Experimental Procedures) and
extreme care was taken in building the final model. For
example, the top panel in Figure 1 represents a compos-
ite simulated-annealing 2Fo-Fc omit map surrounding

molecule D. This molecule has the highest average tem-
perature factor (124 AZ) of the four representations within
the asymmetric unit and represents the portion of the
final model with the largest degree of molecular disorder
and associated experimental uncertainty. Nonetheless,
the model for molecule D is a reasonable interpretation
of the electron density and in general resembles the
more ordered portions of the final model (Figure 1 bot-
tom panel; molecule A with mean temperature factor of
65 A?).

The final model for the DH/PH fragment of Dbs is
remarkably similar in overall conformation to previously
determined structures of this fragment bound to either
Cdc42 or RhoA (Rossman et al., 2002; Snyder et al.,
2002) and contrasts dramatically with the equivalent
portion of Sos1 without a bound GTPase (Figure 2).
GTPases primarily engage conserved regions 1 and 3
within DH domains (Figures 2 and 3), and these regions
are freely available to incoming GTPases in the unbound
version of Dbs. In contrast, the PH domain of Sos1
occludes conserved regions 1 and 3. This arrangement
of DH and PH domains is expected to hinder efficient
guanine nucleotide exchange and indeed this portion
of Sos1 is incompetent for exchange when assayed
in vitro (S. Soisson, personal communication). Presum-
ably, unknown intracellular conditions regulate the re-
moval of the PH domain from the conserved surface of
the DH domain within Sos1 to promote exchange activity
on Rac, the pertinent GTPase activated in vivo by Sos1
(Nimnual et al., 1998; Scita et al., 1999, 2001).

The four molecules have associated into two similar,
though not identical, head-to-tail dimers. The GTPase
binding surfaces of all DH domains are freely accessible.
However, within each dimer, the DH domains are roughly
perpendicular suggesting that the prenylated C termini
of two bound GTPases would be unable to insert simul-
taneously into a membrane. Furthermore, while one of
the PH domains within each dimer would be able to
engage a membrane utilizing positively charged resi-
dues in the B1/B2 and B3/B4 loops, these residues in the
other PH domain are buried within the dimer interface.
Therefore, although each dimer buries =1250 A2 of sol-
vent-accessible surface area, the above considerations
make it unlikely that the Dbs dimers seen here are physi-
ologically relevant.

GTPase-free Dbs Displays Interdomain Heterogeneity

There are four independent representations per asym-
metric unit for both unbound Dbs as well as Dbs bound
to RhoA, providing a unique opportunity to assess inter-
nal motions. Upon superposition of the Dbs fragments
in each crystal form, it is readily apparent that RhoA
dramatically restricts the DH and PH domains to essen-
tially one conformation (Figure 4; see Table 1). Con-
versely, lack of a bound GTPase allows for a relatively
large degree of conformational heterogeneity between
DH and PH domains. This heterogeneity initiates within
the a6 helix of the DH domain and propagates C-terminal
into the PH domain where the initial relatively minor
differences in structure are considerably amplified. As
described previously (Rossman et al., 2002; Snyder et
al., 2002), RhoA and Cdc42 interact with both the «6
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helix of the DH domain and the 3/84 loop of the PH
domain. Clearly, these interactions serve not only to
reorient the PH domain relative to the DH domain, but
also serve to restrict the conformational heterogeneity
inherent between these domains. The conformational
heterogeneity of the four DH and PH domains within the
asymmetric unit of Tiam1/Rac1 (data not shown) are
also restricted relative to the unliganded fragment of
Dbs, presumably due to interactions between Rac1 and
o6 of Tiam1.

GTPase Binding Reorients the PH Domain of Dbs
While the structures of Dbs either bound to GTPase
or unbound are similar, they are not identical, and the

GTPase-free Dbs
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Figure 1. Stereoview Omit and 2Fo-Fc Elec-
tron Densities

Top, a composite simulated-annealing 2Fo-
Fc omit map was calculated by iteratively
omitting 5% of the final model, then submit-
ting the coordinates to 1000 K torsion-angle
simulated-annealing refinement prior to map
generation. The map shown is contoured at
10 and surrounds a worm representation of
molecule D (mean temperature factor 124 Az).
Bottom, 2Fo-Fc density map calculated using
phases derived from the final model, sur-
rounds molecule A (mean temperature factor
65 A?). Map is contoured at 1.5 o. Figure was
made using SPOCK (Christopher, 1998).

differences between the two forms are important for
understanding the molecular aspects of guanine nucleo-
tide exchange catalyzed by the concerted action of the
DH and PH domains. In particular, binding of either RhoA
or Cdc42 leads to the ordering of the 33/B4 loop of the
PH domain and a concerted rotation of the PH domain
relative to the DH domain about the a6 helix of the
DH domain (Figures 3 and 4). RhoA and Cdc42 directly
interact with both the 3/84 loop and the a6 helix of
Dbs (Rossman et al., 2002; Snyder et al., 2002), and
these interactions are presumably the major immediate
determinants dictating the placement of these structural
features as well as the final relative disposition of the
DH and PH domains. The importance of PH domain

Dbs from complex

Figure 2. Schematic Representations of the DH/PH Domains from Three Structures

Left, the DH (residues 624-818) and PH domains (residues 819-958) of molecule A of isolated Dbs have been colored yellow and blue
respectively. Missing residues in PH domain loops are represented as blue dashed lines. Helix o6 is highlighted with black dashed line. Center,
Dbs from the Dbs*RhoA structure (PDB accession 1LB1) has been aligned with isolated Dbs using DH domain residues. Conserved regions
1 and 3 are highlighted with transparent cylinders. In both the Dbs*RhoA and Dbs*Cdc42 structures, the 33/34 loop of the PH domain is
stabilized by contact with the GTPase (inset, green with switch regions in red). Right, the DH/PH fragment of Sos1 (PDB accession 1DBH)
was aligned relative to unbound Dbs using the conserved regions (rmsd = 1.8 A for 72 Ca atoms). The structural elements equivalent to a6
in Dbs is highlighted with a black dashed line. Disordered residues in Sos1 are represented by a red dashed line. Note that the dramatically
different orientation of the Sos PH domain partially occludes the DH domain and prohibits GTPase binding.
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Figure 3. Conformational Changes Induced within the DH/PH
Domains of Dbs upon Binding a GTPase

The structure of Dbs*RhoA (transparent) was superimposed on the
GTPase-free form of Dbs (molecule B) using DH domain residues.
Significant interactions between RhoA and the 33/34 loop as well
as ab serve to reduce the conformational heterogeneity between
DH and PH domains and result in the ordering of the 33/34 loop
and the tilting of the PH domain toward the GTPase.

contacts is supported by the observation that Tyr889,
within the 33/34 loop of the PH domain, when mutated to
phenylalanine destroys specific interactions with Cdc42
and RhoA and results in a slight reorientation of the PH
domain relative to the DH domain (Rossman et al., 2002).
In the structure of Dbs(Y889F) bound to Cdc42, the rela-
tive position of the DH and PH domains is approximately
intermediate between the unbound form of Dbs and
wild-type Dbs bound to either Cdc42 or RhoA.

Heterogeneity within the DH and PH Domains
Relative to Dbs bound to GTPases, there is a small
amount of disorder within the superimposed DH do-
mains of unbound Dbs (Figure 4). This disorder is local-
ized to the amino terminus and portions of the DH do-
main previously described as the “seatback.” The
seatback protrudes from the body of the DH domain
and provides the majority of structural determinants dic-
tating specificity for the productive engagement of the
various Rho GTPases. Intradomain interactions link the
seatback to a6 of the DH domain, and the binding of
GTPases would also stabilize a6 indirectly through sta-
bilization of the seatback.

Upon superposition, it is also evident that the four PH
domains within the crystal structure of the fragment of
unbound Dbs are also highly similar, excluding of course
the highly mobile loops connecting some secondary
structure elements (Figure 4).

Conclusions

There are now several structures of individual DH do-
mains (Aghazadeh et al., 1998, 2000; Liu et al., 1998),
as well as structures of the DH/PH fragment of Sos1
(Soisson et al., 1998) and several equivalent regions of
other Dbl family GEFs bound to their cognate GTPases
(Rossman et al., 2002; Snyder et al., 2002; Worthylake

et al.,, 2000). However, until now we have lacked a
matched pair of structures, that is, an isolated fragment
and a GTPase bound version from the same Dbl family
protein that would allow direct comparison of alterations
directly related to the engagement of a GTPase by a
Dbl family protein. We have rectified this problem here
with the presentation of the 3 A crystal structure of the
isolated DH/PH fragment of Dbs that we have compared
with the preexisting structures of this identical DH/PH
fragment bound to either RhoA or Cdc42. In general, the
isolated DH/PH portion of Dbs is remarkably similar in
overall conformation to the equivalent region of Dbs bound
to either Cdc42 or RhoA (Rossman et al., 2002; Snyder et
al., 2002). This observation is somewhat surprising given
the dramatically different arrangement of the DH and
PH domains in the equivalent fragment of Sos1 also not
bound to a GTPase (Soisson et al., 1998). Within the
structure of Sos1, the PH domain occludes the surface
within the DH domain necessary for productive engage-
ment of GTPases and, consistent with biochemical data,
this fragment of Sos1 cannot productively engage Rac1
in vitro (S. Soisson, personal communication) nor in vivo
without coexpression of Ras (Nimnual et al., 1998). Since
Rac1 is activated in vivo by full-length Sos1, presumably
other cellular factors such as Eps8 and E3b1 (Innocenti
et al.,, 2002; Nimnual and Bar-Sagi, 2002; Scita et al.,
1999) are required to alter the relative orientation of the
DH and PH domains to allow free access to the GTPase
binding surface within Sos1. In comparison, the struc-
ture of the unbound form of Dbs highlights a DH domain
easily accessible to GTPases, and no large rearrange-
ments of the PH domain with respect to the DH domain
are required for productive engagement of GTPases. On
the contrary, the isolated DH/PH fragment of Dbs is
remarkably similar in overall interdomain arrangement
to its GTPases-bound equivalents, suggesting that the
DH and PH domains of Dbs are spatially primed to en-
gage GTPases. Moreover, in results shared before publi-
cation, N. Nassar et al. have determined the crystal
structure of a DH/PH fragment from Trio. Because there
is only one copy of the Trio DH/PH fragment in the
crystal asymmetric unit, conformational heterogeneity
is not observed in that structure. Nevertheless, the single
Trio DH/PH fragment features an arrangement of do-
mains remarkably similar to the unbound form of Dbs.
These results suggest that inhibition of nucleotide ex-
change by occlusion of the DH domain by the PH domain
as exemplified by Sos1 may not be a general regulatory
mechanism.

While the GTPase-bound and unbound versions of
the DH/PH fragment of Dbs are similar, they are not
identical, and the fortunate occurrence of multiple inde-
pendent representations per asymmetric unit in the vari-
ous crystals forms of Dbs provides a high degree of
confidence in conclusions derived from these differ-
ences. In particular, the unbound version of Dbs demon-
strates a high degree of intrinsic mobility between and
within domains not observed in the GTPase-bound ver-
sions. This increased mobility manifests as conforma-
tional heterogeneity in regions necessary for the produc-
tive engagement of GTPases. More specifically, for the
four independent representations of unbound Dbs, the
DH and PH domains occupy a variety of subtly different
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GTPase-free RhoA bound Superimposed
(GTPas;-free and RhoA bound)
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Figure 4. Superimposed DH/PH Fragments from Isolated Dbs, the Dbs*RhoA Complex, and Isolated Dbs with Dbs*RhoA

Left, the four GTPases-free Dbs fragments within the crystal asymmetric unit were superimposed using DH domain residues and shown in
two orientations. The seatback described in the text has been circled with a dashed line. For simplicity, only common residues are shown
(residues 624-842, 857-876, and 889-950). Residues 932-950 of aC of the PH domains are represented as cylinders. Inset, the four molecules
were superimposed using common PH domain residues (Ca atoms 828-842, 857-876, and 889-950) and oriented similar to the bottom
orientation. Note that while the intradomain conformations are highly similar, there is a large degree of interdomain variability with molecule
C (green) representing an extreme. Center, the Dbs*RhoA structure was submitted to 5000° simulated-annealing refinement using torsion
angle dynamics without restraints on noncrystallographic symmetry. The four DH/PH fragments from this crystal asymmetric unit were then
superimposed and oriented similar to the previous example. Note that in contrast to the isolated fragments of Dbs, binding of RhoA induces
essentially one conformation. Right, the four GTPase-free Dbs molecules (gray) were aligned with the DH/PH fragment of the Dbs*RhoA
(complex A; red). Note that none of the GTPase-free Dbs molecules exactly duplicates the interdomain conformation seen in the Dbs*RhoA
complex.

relative orientations. These differences arise within the
C-terminal region of the DH domain («6) that forms part
of the conserved interface with GTPases, and the differ-
ences become exaggerated as they propagate into the
PH domain. Within the PH domain, the 33/34 loop that
directly contacts GTPases for productive exchange is
disordered. Similarly, the seat-back within the DH do-
main that directly contacts GTPases and partially dic-
tates the specificity for pairing of GTPases and Dbl fam-
ily proteins occupies several alternate conformations. It
seems clear that the binding of either RhoA or Cdc42
to Dbs restricts the conformational heterogeneity of the

DH and PH domains, and we have used this information
to support and extend our previous interpretations de-
signed to integrate the functions of paired DH and PH
domains operating at membrane surfaces for the effi-
cient activation of Rho GTPases (Figure 5).

In this model, the paired DH and PH domains of Dbs
possess high intrinsic mobility that limit but do not hin-
der the efficient activation of Rho GTPases. The DH
domain is free to engage a membrane-bound GTPase
through its conserved binding interface, but critical in-
teractions with the PH domain are not sufficiently stable
to provide physiologically meaningful guanine nucleo-

Table 1. Root-Mean-Square Differences of Superimposed Structures

DH Domains? (A)

PH Domains (A) All Common (A)

Mean® High Low Mean High Low Mean High Low
GTPase-free 1.09 1.39 0.51 1.36 1.94 0.73 2.95 4.71 1.09
RhoA bound 0.27 0.39 0.15 0.32 0.42 0.23 0.34 0.48 0.21
GTPase-free versus RhoA bound 0.99 1.35 0.60 1.06 1.90 0.65 2.16 3.75 1.18

2Rmsd is calculated for sets of superimposed Ca atoms: (DH domain, 624-817; PH domain, 818-842, 857-876, and 889-950; all common,
624-842, 857-876, and 889-950).

For individual crystal forms, mean values are calculated using the six unique superpositions for the four molecules per asymmetric unit.
Between crystal forms, mean values are calculated from the four superpositions of each GTPase-free molecule onto the DH/PH portion of
complex A of the RhoA-bound form.
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Figure 5. Activity States of Dbl GEFs

Full binding and
exchange

The DH and PH domains of Dbs exhibit a large degree of intrinsic conformational heterogeneity between the domains (left, double arrowheads)
and within the PH domain as indicated by the lack of ordered 31/82 and 33/B34 loops (dotted lines). Binding of membrane resident RhoA or
Cdc42 (center) severely restricts conformational heterogeneity and slightly reorients the PH domain toward the DH domain (single arrowheads).
However, full exchange potential of Dbs in vivo is not realized without the binding of inositol phospholipids within membranes (Rossman et
al., 2003), suggesting that further conformational restrictions are imposed by membrane surfaces (right panel). General location and orientation
of PI(4,5)P, docked to the PH domain and based upon previous analyses (Ferguson et al., 2000; Rossman et al., 2002) is shown schematically.
Substantial biochemical data for other Dbl-family proteins (i.e., Tiam1 [Baumeister et al., 2003] and UNC-73 [Kubiseski et al., 2003]) support
similar regulatory mechanisms in these family members, suggesting that such regulation may be generally operable in Dbl family GEFs.
Alternatively, positive or negative regulation can occur through binding of a cellular factor (gray sphere) that affects the relative orientations
of the DH and PH domains. Figures 2-5 were made using Molscript and Raster3d (Kraulis, 1991; Merritt and Murphy, 1994).

tide exchange. However, high intrinsic conformational
heterogeneity between DH and PH domains as well as
within the loops of the PH domain can be restricted
through the binding of membrane-resident phosphati-
dylinositide 4,5-bisphosphate (PI(4,5)P,) to the PH do-
main. This restricted conformational heterogeneity is
sufficient to stabilize a limited number of specific inter-
actions between the PH domain and GTPases necessary
for efficient exchange. In particular, interactions be-
tween the B3/B4 loop of the PH domain and Rho
GTPases previously shown to be critical for efficient
exchange would be stabilized (Rossman et al., 2002).
Similarly, it also seems likely that the conformational
heterogeneity of the a6 helix within the C terminus of
the DH domain would also be dependent on the relative
freedom of the linked PH domain and restricting the
conformational space accessible to the DH/PH cassette
through lipid binding to the PH domain may favor re-

stricted forms of a6 that enhance exchange. In this man-
ner, the DH and PH domains of Dbs function together
to provide highly regulated activation of GTPases de-
pendent upon the presence of both membrane-resident
GTPases and PI(4,5)P.. It seems likely that such a model
is also operative for other Dbl family proteins such as
Tiam1 (Baumeister et al., 2003) and UNC-73 (Kubiseski
et al., 2003) where lipid binding to the PH domain has
been shown to be necessary for biological activities
associated with the efficient activation of cognate
GTPases but not required for proper intracellular tar-
geting of the exchange factors.

In a variant of this model, it seems reasonable to
suggest that other intracellular conditions capable of
altering the conformational heterogeneity between
paired DH and PH domains could also regulate guanine
nucleotide exchange. For instance, Ga13 directly inter-
acts with both the DH/PH portion and the RGS domain

Table 2. Data, Structure, and Refinement Statistics

Data Statistics

Observations

Wavelength (A) Resolution (shell) (A) (Total/Unique) Completeness (%) <l/ol>2 Ryym® (%)
1.5418 30-3.0 (3.11-3.0) 173,316/40,298 96.9 (88.7) 13.3 (1.5) 11.5 (82.1)
Refinement Statistics

Rmsd from ideal values
Resolution (A) Reflections (working/test) Total atoms Reyst/Riree’ Bonds (A) Angles (°)
30-3.0 38,092/2,007 10,382 0.239/0.296 0.008 1.27

Numbers in parentheses pertain to the highest resolution shell.

2<l/s1>, mean signal-to-noise, where | is the integrated intensity of a measured reflection and ol is the estimated error in the measurement.
°Rgym = 100 X 3|l — <I>|/Zl, where | is the integrated intensity of a measured reflection.
°Raoyst = 2|Fy — Fpgagl/2F,, where F, and Fp, are the observed and calculated structure factor amplitudes. Ry.. is calculated similarly using

test set reflections never used during refinement.
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of P115-RhoGEF to enhance the activation of Rho (Wells
et al., 2002). It is compelling to speculate that Ga13
stabilizes specific conformations of the DH/PH region
of P115-RhoGEF to enhance binding of Rho and subse-
quent nucleotide exchange.

Experimental Procedures

Preparation and Crystallization

Murine Dbs (residues 623-967), which includes both the DH and PH
domains, was expressed and purified as described (Rossman et al.,
2002). Protein was concentrated to ~25 mg/ml in crystallization
buffer (10 mM Tris, pH 8.0, 20 mM NaCl, 2 mM DTT, 0.25 mM
EDTA) using a Vivaspin 20 ml concentrator (Vivasciences; Hanover,
Germany) with a molecular weight cut-off of 30 kDa. Dbs DH/PH
was crystallized in sitting drops using vapor diffusion by combining
4 pl of protein with 2 pl of well solution (100 mM HEPES, pH 7.5,
4% [v/v] ethylene glycol, 0.5% [w/v] PEG 20K). Crystals appeared
within 2 days and continued to grow for several weeks. For data
collection at 100 K, crystals were transferred sequentially to well
solution plus 25% (v/v) ethylene glycol, then well solution plus 50%
(v/v) ethylene glycol. The cryo-protected crystal was then sus-
pended in a rayon loop (Hampton Research; Aliso Viejo, CA) and
plunged into liquid nitrogen.

Data Collection and Structure Determination

Diffraction data were collected at the UNC X-ray facility from a single
crystal using an R-AXIS IV++ area detector and a Rigaku RU-H3R
rotating anode X-ray source equipped with focusing optics. Data
were integrated and scaled using DENZO and Scalepack (Otwinow-
ski, 1993) (see Table 2). Crystals belong to space group P2, with
unit cell parameters a = 97.98 A, b = 82.82 A, ¢ = 127.26 A, p =
90.8°. Because the monoclinic 8 angle was ~90°, we attempted to
scale the data as primitive orthorhombic. However, processing and
scaling the data in the primitive orthorhombic space groups resulted
in rejection of >50% of the data. Molecular replacement was accom-
plished using BEAST from the CCP4 suite (CCP4, 1994). A portion
of the DH domain from the Dbs*Cdc42 structure (residues 630-814)
was used as the initial search model. The rotation function indicated
three clear solutions, and these were sequentially positioned using
the translation function. Subsequently, two PH domains (residues
819-945) were positioned using BEAST. Rigid body refinement using
CNS (Briinger et al., 1998) was employed at this point and initial
2|Fo| — |Fc| and |Fo| — |Fc| electron density maps were used to
position the third PH domain using the program O (Jones et al.,
1991). This model was then subjected to another round of rigid
body refinement followed by torsion-angle simulated-annealing and
positional and group temperature factor refinement. The resulting
electron density maps showed clear helical density for a forth DH
domain. Electron density maps calculated using the model including
the fourth DH domain allowed for the positioning of the fourth PH
domain. The final model includes 10,368 protein atoms and 14 sol-
vent atoms with Ry = 23.9% (Rree = 29.6%) using all |F|s > 0.
The mean temperature factor for all atoms is 89.4A2, The Wilson
temperature factor for data in the range 3.17 A>d>302Ais
92.1 A2 The model has good geometry with 78.7% of the residues
in the core region of the Ramachandran plot with an additional
20.8% in allowed regions. Six residues (0.5%), most of which are
located in poorly ordered loops of the PH domains, occupy disal-
lowed regions of the Ramachandran plot (see Table 2). Because of
crystal disorder, the four molecules have been modeled to different
extents. Molecule A includes residues 624-844, 854-877, and 887-
958; molecule B, residues 624-845, 852-878, and 885-966; molecule
C, residues 624-842, 857-878, and 883-950; and molecule D, resi-
dues 624-877 and 889-952. In addition, several residues in poorly
defined regions of the structure have been modeled as alanines.
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