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Structure of Rab GDP-Dissociation
Inhibitor in Complex with
Prenylated YPT1 GTPase

Alexey Rak,! Olena Pylypenko,® Thomas Durek,’ Anja Watzke,?
Susanna Kushnir,? Lucas Brunsveld,? Herbert Waldmann,?#
Roger S. Goody," Kirill Alexandrov'

Rab/Ypt guanosine triphosphatases (GTPases) represent a family of key membrane
traffic regulators in eukaryotic cells whose function is governed by the guanosine
diphosphate (GDP) dissociation inhibitor (RabGDlI). Using a combination of chem-
ical synthesis and protein engineering, we generated and crystallized the mono-
prenylated Ypt1:RabGDI complex. The structure of the complex was solved to 1.5
angstrom resolution and provides a structural basis for the ability of RabGDI
to inhibit the release of nucleotide by Rab proteins. Isoprenoid binding requires
a conformational change that opens a cavity in the hydrophobic core of its
domain II. Analysis of the structure provides a molecular basis for understanding
a RabGDI mutant that causes mental retardation in humans.

Rab/Ypt proteins, the largest subgroup of the
Ras GTPase superfamily, function as molec-
ular switches mediating tethering, docking,
fusion, and motility of intracellular mem-
branes (/). The multitude of Rab-controlled
processes is reflected in the occurrence of a
large number of predominately structurally
unrelated Rab-interacting proteins (2, 3).
However, the Rab escort protein (REP)
and the Rab GDP-dissociation inhibitor
(RabGDI), which form the family of
RabGDI/REP proteins, are shared by all
known Rab proteins. RabGDI is a key regu-
lator of Rab/Ypt GTPases that controls the
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distribution of the active GTP and inactive
GDP-bound forms between membranes and
cytosol (4). RabGDI can deliver to and re-
trieve from the membrane only Rab/Ypt pro-
teins that are both geranylgeranylated and
GDP loaded. A RabGDI deletion is lethal in
yeast, whereas the 192P mutation (5) in the
a-RabGDI gene leads to X-linked nonsyn-
dromic mental retardation in humans (6, 7).

The structure of RabGDI solved previous-
ly revealed a molecule composed of two do-
mains tilted with respect to each other (8).
Mutational analysis defined the region of the
molecule involved in the association with
Rab proteins (Rab-binding platform) and a
putative membrane receptor—interacting re-
gion termed the mobile effector loop (MEL)
(4). However, the structure of a-RabGDI
reveals neither the position of the lipid-bind-
ing site nor the mechanism of GDP-
dissociation inhibition or Rab membrane de-
livery and extraction (4). Recently, a struc-
ture of the mammalian a-RabGDI in complex
with geranylgeranyl cysteine was solved,
which led to the suggestion that the lipid-
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binding site is located on domain I above the
MEL (9).

Attempts to determine the structure of the
Rab:RabGDI complex have been hampered
by technical problems: First, overexpression
of RabGTPases in eukaryotic expression sys-
tems results in only a minor fraction of pre-
nylated RabGTPase bound to membranes,
which precludes production of large amounts

Table 1. Statistics of diffraction data collection
and refinement. The x-ray source was SLS, Vil-
lingen. The detector was a MARCCD (charge-
coupled device). Completeness, R, and I/c(l)
are given for all data and for the highest
resolution shell: 1.6 to 1.5 A. The model was
from the Protein Data Bank, PDB ID 1GND. The
structure was solved by molecular replacement
method using the crystallography and NMR sys-
tem of ref. (26). Abbreviations: mc/sc/lig/wat,
main chain, side chain, ligand (GDP, gera-
nylgeranyl), water molecules.

Parameter Value
Data collection

Wavelength (A) 0.9803
Resolution (A) 19.5-1.5
Ry,m¥ (last shell) 7 (40.5)
Observations total/unique 392839/106322
Completeness (last shell) 98.4 (96.3)
<I>/o (/) (last shell) 11.6 (3.1)

Molecular replacement Bovine a-RabGDI

model
Refinement
Resolution (A) 19.49-1.5
Rovord Riseet 19.2/21.6
Protein/GDP/Mg/ 5100/28/1/20/911
geranylgeranyl/

water atoms
Included amino acids,

RabGDI 5-446
YPT1 3-198, 206
RMSD bonds/angles
(A/degree) 0.011/1.6
B (A?) (mc/sc/lig/wat) 13.3/16.2/7.4,
34.4/26.4

*Ryym = 2 = <[>I/% I, where <I> is the average
intensity of reflection j for its symmetry equivalents;
values in parentheses are for the highest resolution
shell.  TRyon = ZlFopd = KIFuidl/ZIF ol Five percent
of randomly chosen reflections were used for the calcu-

lation of Ry ..
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of modified proteins (/0). Second, in vitro
prenylation with recombinant Rab gera-
nylgeranyltransferase results in prenylated
Rab proteins that cannot be easily separated
from their molecular chaperone REP (/7). To
circumvent these problems, we developed an
approach that combines recombinant-protein
production, chemical synthesis of lipidated
peptides with precisely designed and readily
alterable structures, and a technique for
peptide-to-protein ligation. As shown here, a
truncated version of the Yptl protein lacking
two amino acids was expressed in Escherich-
ia coli in fusion with an intein domain, which
then was cleaved off during purification to
yield a thioester-tagged GTPase (fig. S1). A
synthetic dipeptide, Cys-Cys(geranylgera-
nyl), mimicking the missing C-terminal resi-
dues of Yptl, was produced by using both
solid- and solution-phase techniques (72, 13).
The expressed protein ligation (EPL) method
was used to join the fragments with a native
peptide bond (/4). The protein was com-
plexed to recombinant yeast RabGDI and
purified by gel filtration. Crystals were ob-
tained under the conditions described in the
supporting online materials, and the diffrac-
tion data were collected to 1.5 A resolution
(Table 1). Initial x-ray phases were obtained
by molecular replacement using the coordi-
nates of a-RabGDI [Protein Databank (PDB)

break in
Ypt1
helix o5
(S

Ypt1
C terminus

Isoprenoid

dicated, this and other figures were prepared using ICM (Molsoft LLC) (B) A view of the final 2(F,

' M Switch |
\. —
29 T

v

code 1IGND] as a search model. Cyclic
rounds of model building and refinement re-
sulted in a 1.5 A resolution model of the
Yptl:RabGDI complex that has good values
for stereochemistry and crystallographic val-
idation parameters (Table 1 and table S1).
The Yptl:RabGDI complex has a roughly
cylindrical shape, with an extensive interface
of ~1880 A? area (Fig. 1A). The structure of
yeast RabGDI has a root mean square devi-
ation (RMSD) on Ca of 1.9 A compared with
the structure of mammalian «-RabGDI, with
the major changes involving a rigid body
shift of helices I, C, and B of domain I and
helix D of domain II (fig. S3A). The structure
of uncomplexed Yptl:GDP is not yet known,
but Ypt1:GDP from the complex superimpos-
es with the uncomplexed of Ypt7:GDP with a
Ca RMSD of 1.8 A (15) (fig. S3B). The most
significant change is a break in the C-terminal
« helix 5, where a 120° turn directs the rest of
the C-terminus toward the effector loop of
RabGDI (Fig. 2A). Contact between the mole-
cules is established through a combination of
polar and hydrophobic interactions and in-
volves the switch I and II regions and the
C-terminus of Yptl, including the gera-
nylgeranyl moiety on yC206 (y, on Yptl)
(Fig. 2A and fig. S2). The RabGDI molecule
contacts Yptl primarily via the Rab-binding
platform and (3 strands el and e3 and helix C,

Switch Il

Domain I

REPORTS

which form a separate binding site. We term
the latter the C-terminus—binding region
(CBR), which appears to be an essential
structural element, forming a number of in-
teractions with the C-terminus and switch I of
Yptl. The lipid-binding site is formed by
helices D, E, H, and F of domain II (Fig. 1
and Fig. 2, B and C). Additional minor con-
tacts involve the N- and C-termini, as well as
the MEL. The majority of Rab-binding plat-
form residues involved in hydrogen bond for-
mation with Yptl are invariable throughout
the RabGDI/REP family (fig. S2). Three ad-
ditional invariable residues are located on the
CBR and form hydrogen bonds with the
switch I region and the C-terminus of Yptl
(fig. S2). Of note, the residues involved in
hydrophobic and polar interactions show
quite a different distribution on the RabGDI:
Ypt interface. Only two of the hydrophobic
contacts are located on the Rab-binding plat-
form and interact with the switch I and II
regions of Yptl. Most of the residues forming
hydrophobic interactions are clustered on the
CBR and the effector loop and are involved
in interaction with the C-terminus of Yptl
(Fig. 2A and fig. S2). The asymmetric distri-
bution of polar and hydrophobic residues on
the RabGDI:Yptl interface is probably en-
forced by the distribution of conserved resi-
dues through Rab/Ypt molecules. The central

Fig. 1. Structure of the Ypt1GG:RabGDI complex. (A) Ribbon representa-
tion of RabGDI (blue) bound to Ypt1 (yellow). The domain I (dark blue),
domain Il (light blue), Rab-binding platform (red) of RabGDI, the C-
terminus—binding region (CBR) (gold) and MEL (violet) are highlighted.
The switch | and Il regions of Ypt1 are highlighted in pink and gray,
respectively. The C-terminal residues 199 to 205 are disordered and were
modeled and displayed as a brown worm. The isoprenoid moiety (green)
is displayed in ball-and-stick representation. The GDP (gray) and Mg®*
(magenta) ion are shown in the nucleotide-binding pocket in ball-and-

stick and space-filling representations, respectively. Unless otherwise in-

- F_,.) map, contoured at 1.0 ¢ covering

obs

geranylgeranyl lipid. An arrow denotes the protein-conjugated end of the lipid. The picture was generated with BobScript and PovRay.
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part of the molecule harboring the nucleotide-
binding site is highly conserved throughout
the entire subfamily of RabGTPases, whereas
the C-terminal portions are hypervariable and
are believed to determine the organelle spec-
ificity of Rab molecules (/6). However, it is
expected that the C-terminus of Rab mole-
cules must be located in the vicinity of the
MEL that is necessary for interaction with
target membranes. In order to accommodate
the highly divergent C-terminal sequences,
RabGDI:Rab complexes appear to rely on

either hydrophobic interactions that require a
much lower degree of side-chain conserva-
tion or on polar interactions involving main
chain atoms of the Ypt/Rab C-terminus.
Yptl contacts RabGDI primarily via a
dense network of hydrogen bonds formed
by the switch II and switch I regions. Sev-
eral invariable residues of the Rab family,
such as these on Yptl, yR69, yR79, yQ67,
yD63, and yD44, make up the core of these
interactions. The last two mentioned appear
to be key elements of the RabGDI-mediated

inhibition of nucleotide release by RabGTPase.

One of the challenges in the membrane
transport field has been to understand the
molecular basis of RabGDI/REP family
members’ selectivity for the GDP-bound
form of Rab GTPase, as well as to determine
how they sequester Rab-conjugated gera-
nylgeranyl groups. One of the most obvious
consequences of Yptl interaction with

RabGDl is the increased rigidity of the switch
I and Il regions as determined by the presence
of interpretable electron density for these re-

Fig. 2. Interaction of the C-terminus of Ypt1 with the CBR, the effector loop and
the lipid-binding site of RabGDI. (A) The RabGDI molecule is displayed as a gray
molecular surface and the hydrophobic residues involved in binding of the
C-terminus are colored in yellow. The C-terminus of Ypt1 molecule is displayed
as a green worm and the residues and geranylgeranyl group (red) involved in
interaction with RabGDI are displayed in ball-and-stick representation. The
disordered C-terminal residues are displayed as purple worm. Atoms involved in
hydrogen bond formation are displayed in atomic colors. Hydrogen bonds are
displayed as strings of magenta dots. The residues of MEL are displayed in gold
and contoured with a red line. The 1100 that is mutated to proline (on GDI) in
nonsyndromic mental retardation is marked with a green arrow. The potential
binding groove for the second isoprenoid is marked by black arrows. The site that
was previously identified to harbor geranylgeranyl-cysteine is colored in orange.
(B) Superimposition of domain Il of apo-aRabGDI (red) with domain Il of RabGDI
in complex with Ypt1 (green). The residues Met'°, Lys'4>, Ala'%¢, critical for the
integrity of the lipid-binding cavity, are displayed in ball-and-stick representation

and marked by arrows. (C) Surface representation of domain Il of apo-aRabGDI.
The surface is colored according to charge, and position of lipid-binding cavity is denoted by a red arrow.

B Ypt7:GppNHp Cc
Switch IT
Ypt1:GDP

e
>

Ypt1:GDP
Switch I

Ypt7:GppNHp
Switch II

Fig. 3. Structural basis of the GDI effect. (A) Stabilization of the structure of switch
I and Il regions of Ypt1 protein by complex formation with RabGDI. RabGDlI is
displayed as a gray molecular surface; Ypt1 is displayed as blue worm. The switch
| region is colored in green, switch II, in yellow. The Ypt1-bound nucleotide is
displayed in ball-and-stick representation in atomic colors; the Mg?" ion is displayed as magenta ball. (B) Superimposition of the nonhydrolyzable
analog of GTP Ypt7GppNHP (red ribbon) with Ypt1:GDP (green ribbon) in complex with RabGDI (yellow ribbon). (C) Interaction of the residues of the
RabGDI Rab-binding platform with residue yAsp®3 (th1D63) involves water-mediated interaction with the Mg?* ion. Elements of the Rab-binding
platform of RabGDI are displayed in worm representation (gold); the interacting residues are displayed in ball-and-stick representation. Ypt1 is
displayed as a gray worm with the interacting residues in ball-and-stick representation (white and atomic colors), the switch regions are colored as
in (A). Water molecules are displayed as blue balls and the Mg?* ion is shown as a magenta ball. The GDP is displayed as ball-and-stick in atomic colors.
The potential hydrogen bonds are displayed as strings of blue balls.

- A
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gions and their low B factors (fig. S3B).
Ras-like GTPases and, in particular, Rab pro-
teins display high flexibility in these regions,
and the switch regions of uncomplexed Ypt7
and Rab7 are largely disordered (15, 17).
Thus, stabilization of the switch regions is
expected to provide an additional obstacle for
nucleotide release by GTPases (Fig. 2A).
Regulatory factors that stimulate nucleotide
exchange interact with the switch regions
and, in the case of the SOS:H-Ras interaction,
were demonstrated to fix switch I region in an
open conformation, which promotes nucleo-
tide release (/8). From this perspective, ex-
change factors and RabGDI use similar
mechanisms to exert the control over the
GTPase nucleotide-bound state by stabilizing
the switch regions in open or closed confor-
mations, respectively.

More localized interactions may also
contribute to the affinity increase for GDP.
As can be seen in fig. S2 and Fig. 2C,
several residues of RabGDI establish con-
tacts with residues of the switch I and II
regions in the vicinity of the phosphate
groups of GDP. In particular, gR248 (g, on
GDI) forms a hydrogen bond with the main
chain oxygen of yD63. This residue is con-
served throughout the Ras superfamily and
coordinates one of four water molecules
arranged around the Mg?* ion in the GDP
state. The Mg?™" ion is important for both
nucleotide binding and hydrolysis. It ap-
pears that hydrogen bond formation be-
tween gR248 and yD63 stabilizes the coor-
dination of Mg?* via water molecule 473
and thus reduces the rate of GDP release.

In order to understand the selectivity of
RabGDI for the GDP-bound form of GTPases,
we superimposed the structure of the Ypt7:
GppNHp (75) with the Yptl(GDP):RabGDI
complex. This yielded an RMSD of all Ca

Fig. 4. Model for RabGDI-mediated Ypt1 interaction with the membrane.
(A) Model for the initial recognition of the membrane associated Rab/Ypt
GTPase by RabGDI. (B) Interaction of RabGDI with the nucleotide-binding
domain and C-terminus of membrane-bound Rab/Ypt GTPase and its posi-

atoms of 1.9 A. The only significant differences
are located in switch I and II (Fig. 3B). The
switch I and II region of the GTP-bound con-
formation would clash with residues of the
Rab-binding platform and thus would reduce
the affinity of the interaction with RabGDL
This provides a mechanism for the nucleotide-
dependent recognition of Rab/Ypt proteins by
members of the RabGDI/REP family that can
be compared with the mechanism of Cdc42:
RhoGDI interaction (/9). In the latter case, the
GDI effect also depends on the enhanced coor-
dination of the Mg?* ion. However, this does
not involve the Mg?*-clustered water mole-
cules but the Thr?> residue on Cdc42 of the
switch I region that directly mediates the
contact between the regulatory arm of
RhoGDI and the nucleotide-associated Mg?*
ion. Moreover, the structure of the switch 11
region of Cdc42 is not influenced by complex
formation, and the complex can accommo-
date both nucleotide-bound forms of
RhoGTPase. Thus, it appears that, in general,
GDI molecules use the switch regions of
small GTPases to inhibit nucleotide dissocia-
tion, but the specific mechanisms can differ
considerably.

The location of the lipid-binding site on the
RabGDI molecule has been a long-standing
question. The determination of the structures of
a-RabGDI and REP-1 did not reveal a hydro-
phobic patch on the surface sufficiently large to
harbor two geranylgeranyl moieties (8, 9, 20).
Unexpectedly, in the complex reported here,
the geranylgeranyl lipid is not associated with
the previously suggested binding site but in-
stead is buried in a deep cavity in domain II
(Figs. 1 and 2A; Movie S1). The walls of the
cavity are formed by o helices D, E, and H; the
back is blocked by helix F and 8 strand b2 of
domain II. The inner surface of the cavity is
lined by nonpolar residues that provide a hy-

Domain I

REPORTS

drophobic environment for the conjugated iso-
prenoid. Superimposition of the structure of
apo-aRabGDI with the structure of the com-
plex demonstrates that the cavity emerges as a
consequence of the outward movement of helix
D, whereas the rest of domain II adopts a very
similar conformation in both mammalian and
yeast RabGDI (fig. S3A). Therefore, it appears
that a conformational change provides access
for the lipid to the hydrophobic core of domain
II. At least three independent lines of evidence
support this observation. First, replacement of
the invariant residue Ala'®” by Val (on GDI)
leads to developmental defects in Drosophila
(21). This residue is located at the bottom of the
identified lipid-binding site, and its substitution
would make the binding cavity shallower. Sec-
ond, mutation M140I reduces the ability of
yeast RabGDI to extract Ypt proteins from
intracellular membranes (22). On the basis of
the structure, this mutation is also expected to
change the geometry of the binding site (Fig.
2A). Third, analysis of the structure of the
lipid-binding cavity suggests that gK145 may
play an important role in formation of the lipid-
binding cavity by functioning as a spreader that
keeps helices D and E apart (Fig. 3B). Consis-
tent with this proposal, the K145A mutation
almost completely inhibited the ability of Rab-
GDI to extract Yptl from yeast membranes
(fig. S4). Together, these data suggest that the
identified cavity is indeed involved in extrac-
tion of Rab/Ypt proteins from the membrane.
The identified lipid-binding site is too small
to accommodate two conjugated isoprenoids,
which raises the question of the possible posi-
tion of the second lipid. Two conjugated iso-
prenoids buried in the hydrophobic core might
be too difficult to extract for the transfer into the
lipid bilayer. Thus, we suggest that the lipid is
likely to be accommodated outside the cavity,
possibly in the adjacent groove (Fig. 2A). The

Domain I

tioning in the vicinity of the membrane-buried isoprenoids and initiation of
the conformational change in the domain Il. (C) Formation of an isoprenoid-
binding cavity on the domain Il of RabGDI and solubilization of Rab/Ypt
GTPase. (D) Formation of soluble RabGDI:Rab complex.
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fact that monoprenylated Rab:REP complexes
appear to be more stable than the diprenylated
species indirectly supports this assumption (23).

The structure provides a basis for analysis of
disease-causing mutations in RabGDI, such as
[100P (I92P in mammalian nomenclature),
which leads to familial mental retardation in
humans. This mutation is characterized by re-
duced Rab extraction from the membranes (7).
¢l100 is located in the CBR and is part of a
group of nonpolar residues on the surface of the
RabGDI molecule that form an extended hy-
drophobic patch with a central cavity on the
lower part of domain II (Fig. 2A). This assem-
bly is involved in binding of the C-terminus of
Yptl via interaction with Val'! and Leu'* and
induces a 90° turn in the C-terminus, which
directs it over the effector loop toward the
lipid-binding site. Mutations in this hydropho-
bic patch are expected to have a twofold effect.
First, they will impair C-terminus binding and
will reduce the affinity of the RabGDI molecule
for Ypt. Second, and possibly more important,
they will perturb the orientation of the Ypt
C-terminus in the vicinity of the effector loop
and the lipid-binding domain. This is likely to
interfere with GTPase interaction with mole-
cules assisting delivery and removal of Rab
proteins to and from the membrane. Consistent
with this model, mutations in residues Thr!?>
and Tyr?*7, which are part of the same hydro-
phobic patch, were also shown to interfere with
membrane extraction of Ypt/Rab proteins (22,
24). Therefore, the a-RabGDI mutation 192P
associated with mental retardation compromis-
es the interaction with the peptide part of the
C-terminus, and not the integrity of the isopre-
noid-binding site, as initially proposed (9).

The structure also provides additional in-
sights into the mechanism of RabGDI-
mediated delivery of Rab proteins to the
membranes. At least three structural elements
of the complex were proposed to regulate
loading of Rab proteins onto membranes: the
hypervariable region of the Rab C-terminus,
the conjugated isoprenoids, and the effector
loop of RabGDI (4, 16, 25). All these ele-
ments are closely associated and well ex-
posed in the Yptl:RabGDI complex, making
them clearly accessible to the putative mem-
brane receptor (Figs. 1A and 2A).

In summary, we suggest a model in
which RabGDI initially recognizes the
globular core domain of the Rab/Ypt mol-
ecule by the Rab-binding platform interac-
tion with switch I and II regions. This
relatively low affinity binding is followed
by interaction of the initially disordered
C-terminus with the hydrophobic patch of
the CBR. This stabilizes the interaction of
domain II of RabGDI with the membrane
over the buried geranylgeranyl moieties. A
conformational change leads to opening of
the hydrophobic cavity between helixes D
and E in domain II and facilitates extraction

of the first geranylgeranyl lipid from the
bilayer (Fig. 4). The second lipid follows
and is accommodated in the vicinity of the
first lipid-binding site. This mechanism
helps to explain the detrimental effect of
mutations leading to weaker binding of the
Rab C-terminus.
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A New Class of Bacterial RNA
Polymerase Inhibitor Affects
Nucleotide Addition

Irina Artsimovitch,’* Clement Chu,? A. Simon Lynch,?}
Robert Landick™f

RNA polymerase (RNAP) is the central enzyme of gene expression. Despite avail-
ability of crystal structures, details of its nucleotide addition cycle remain obscure.
We describe bacterial RNAP inhibitors (the CBR703 series) whose properties illu-
minate this mechanism. These compounds inhibit known catalytic activities of
RNAP (nucleotide addition, pyrophosphorolysis, and Gre-stimulated transcript
cleavage) but not translocation of RNA or DNA when translocation is uncoupled
from catalysis. CBR703-resistance substitutions occur on an outside surface of
RNAP opposite its internal active site. We propose that CBR703 compounds inhibit
nucleotide addition allosterically by hindering movements of active site structures
that are linked to the CBR703 binding site through a bridge helix.

Bacterial RNAPs typically consist of five
polypeptides: B, B, o, and w. B’ and B form
a main channel that holds the RNA 3’ OH in
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the active site, an 8 to 9 base pair RNA:DNA
hybrid, duplex DNA in front of the hybrid,
and single-stranded RNA upstream from the
hybrid. A secondary channel connects the
active site to the surrounding solution and
may serve as a passageway for entering nu-
cleoside triphosphates (NTPs), exiting pyro-
phosphate, or both. Within the main channel,
bacterial and eukaryotic RNAPs are nearly
identical in structure; thus, the mechanism of
transcription by the multisubunit RNAPs of
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