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Solution Structure and Dynamics of the Small GTPase RalB in Its Active
Conformation: Significance for Effector Protein Binding™*
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ABSTRACT: The small G proteins RalA/B have a crucial function in the regulatory network that couples
extracellular signals with appropriate cellular responses. RalA/B are an important component of the Ras
signaling pathway and, in addition to their role in membrane trafficking, are implicated in the initiation
and maintenance of tumorigenic transformation of human cells. RalA and RalB share 85% sequence
identity and collaborate in supporting cancer cell proliferation but have markedly different effects. RalA
is important in mediating proliferation, while depletion of RalB results in transformed cells undergoing
apoptosis. Crystal structures of RalA in the free form and in complex with its effectors, Sec5 and Exo84,
have been solved. Here we have determined the solution structure of free RalB bound to the GTP analogue
GMPPNP to an RMSD of 0.6 A. We show that, while the overall architecture of RalB is very similar to
the crystal structure of RalA, differences exist in the switch regions, which are sensitive to the bound
nucleotide. Backbone '’N dynamics suggest that there are four regions of disorder in RalB: the P-loop,
switch I, switch II, and the loop comprising residues 116—121, which has a single residue insertion
compared to RalA. 3'P NMR data and the structure of RalB+GMPPNP show that the switch regions
predominantly adopt state 1 (Ras nomenclature) in the unbound form, which in Ras is not competent to
bind effectors. In contrast, *'P NMR analysis of RalB+GTP reveals that conformations corresponding to
states 1 and 2 are both sampled in solution and that addition of an effector protein only partially stabilizes

state 2.

The Ras-like small G proteins, RalA/B, are important
components of Ras signaling pathways, implicated in the
initiation and maintenance of tumorigenic transformation of
human cells, as well as vesicle transport, apoptosis, transcrip-
tion, cell migration, and cell proliferation. RalA/B are bound
to GDP' in the unstimulated state and are activated by
guanine nucleotide exchange factors (GEFs). Ral GEFs are
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downstream of Ras (reviewed in ref /), and the Ral GEF
pathway has been shown to be at least as important as other
Ras effector pathways such as Raf and PI3-kinase in
mediating aberrant growth regulation (2, 3). The two Ral
isoforms, RalA and RalB, are 85% identical but are 100%
identical over the two switch regions, which undergo
conformational change upon GTP/GDP exchange in small
G proteins and are usually involved in effector binding
(reviewed in ref 4). The major differences between RalA
and RalB lie in the C-terminal region (the hypervariable
region), between residue 180 in RalA (residue 181 in RalB)
and the four C-terminal residues, which comprise the site of
posttranslational geranylgeranylation required for membrane
association (5—7). The differences in the hypervariable
regions of RalA and RalB may be responsible for the
different subcellular distribution of RalA and RalB (8, 9).

GTP-bound Ral binds to a number of downstream effec-
tors, including Sec5 and Exo84, components of the octameric
exocyst (or Sec6/8) complex, which mediates exocytosis by
tethering vesicles to the plasma membrane (reviewed in ref
10), RLIP-76 (Ral binding protein 1 (RalBP1) or RIPI),
which is implicated in endocytosis and contains a GTPase
activating domain for the Rho family G proteins, Cdc42 and
Rac (11—15), the Y-box transcription factor ZONAB (ZO-1
associated nucleic acid binding protein), which regulates cell
proliferation (/6), phospholipase C-d1 (/7), phospholipase
D1 (PLDI) (I8), and the actin filament cross-linking protein
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filamin that acts as a scaffold linking membrane and
intracellular proteins to actin (/9).

RalA and RalB have both been implicated in tumorige-
nicity, but they have markedly different effects. RalA has
been shown to be important in mediating proliferation,
whereas RalB is implicated in mediating signals required
for cell survival in cancer cells (20). RalA promotes
anchorage-independent growth, while ectopic expression of
RalB antagonizes the abilities of RalA (27). Depletion of
RalB in these cells results in apoptosis, while, in contrast,
apoptosis is relieved by depletion of RalA. For this reason
RalB is a potential therapeutic target given that only
cancerous cells use it to protect themselves from apoptosis
(10). As the two Ral isoforms are so similar and indeed are
identical over the switch regions, the mechanisms by which
they maintain unique functions remain elusive. The molecular
interactions of RalA and RalB that must underpin these
functional differences are still being delineated. RalA, and
not RalB, has been shown to enhance the delivery of
E-cadherin to the basolateral membrane in MDCK cells,
consistent with a role in regulation of the exocyst complex
(8). In fact, the same study noted that RalB demonstrated
weaker affinity for the exocyst protein Sec5 than did RalA.
A distinct role for RalB, rather than RalA, in the control of
cell motility has been shown, and a requirement for the
exocyst in this process has also been demonstrated. Specif-
ically, SecS depletion, like RalB depletion, slowed wound
healing, and recruitment of exocyst components to the
leading edge of motile cells was dependent on RalB rather
than RalA (22). Finally, only RalB activates the atypical IkB
kinase family member, TBK1, and this activation/recruitment
is dependent on the RalB/Sec5 complex, defining a RalB
effector interaction that supports the antiapoptotic properties
of RalB and also implicating RalB in host defense signaling
(23).

Small G proteins recognize their effectors through interac-
tion with the switch regions, switch I and switch II. These
are loops on the surface of the protein that couple the bound
nucleotide status to recognition of binding partners. The
sequences of both switches are identical in RalA and RalB.
Switch II is also conserved between Ras and Ral, but the
switch I sequences differ: Ras residues Ile36 and Glu37 are
replaced by Lys47 and Ala48, respectively, in the Ral
proteins (Figure 1). This results in an effective charge swap
and is thought to be the primary reason why Ras and Ral
bind different sets of effector molecules (24). Apart from
this, the sequences of switch I in Ral and Ras are almost
identical, including the conserved Thr (Thr35 in Ras, Thr46
in Ral), which is involved in the octahedral coordination of
the bound Mg?* ion in Ras.

In the GTP-bound or active form of small G proteins,
hydrogen bonds are formed between the backbone amides
of Thr35 and Gly60 (Ras) and the oxygen atoms at the
y-phosphate position, which fixes the conformation of the
switch regions compared to the GDP-bound form (reviewed
in ref 4). However, several studies have revealed that Ras
and other small G proteins sample two different conforma-
tions even when they are bound to GTP orits analogues (25, 26).
These two states interconvert on a millisecond time scale
and can be visualized by their characteristic 3'P NMR
chemical shifts (25). State 2 is thought to be the conformation
that is competent to bind effector proteins, since binding of
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effectors shifts the conformation equilibrium completely to
this state. Furthermore, certain mutations can shift the
equilibrium in favor of one of the states. The molecular basis
for these two states has been postulated to be the proximity
of switch I to the nucleotide phosphate groups. In state 2,
switch I is thought to be closer to the phosphates, which are
then subjected to a ring current shift from Tyr32 (Ras
numbering), whereas in state 1, the side chain of Tyr32 is
oriented away from the nucleotide. This is supported by
X-ray derived structures of Ras with GTP analogues and that
of the closely related GTPase Rapla in complex with the
Ras binding domain of Raf-1. The change in the side chain
position of Tyr32 is part of a concerted change in the
dynamics of three regions of Ras: switches I and II and the
P loop (25, 26).

Several crystal structures of RalA have been published.
The free structure has been solved in complex both with
GDP (24, 27) and with the GTP analogue, GMPPNP (27).
Structures of RalA+GMPPNP in complex with the exocyst
subunits Sec5 (28) and Exo84 (29) have also been elucidated.
Sec5 binds predominantly to switch I of RalA, while Exo84
binds to both switches. The complex of RalA+GDP bound
to the Clostridium botulinum exoenzyme C3 (C3bot) was
also recently solved (30, 31).

Here, we present the first structure of free RalB, bound to
the GTP analogue GMPPNP. We have analyzed the back-
bone amide dynamics of the protein, and this, along with
the structure, suggests that the switch regions of RalB - GMPPNP,
like those of many G proteins, are relatively mobile. 3'P
NMR data show, however, that RalB+GMPPNP preferen-
tially samples state 1, which in Ras is the inactive conforma-
tion, in solution but that addition of the effector Sec5 leads
to a switch to the state 2 conformation. In contrast,
RalB+GTP samples both conformations in solution, and
addition of excess Sec5 does not force a complete switch to
the (presumably) active, state 2 conformation.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Human RalA (resi-
dues 1—192) and RalB (residues 1—185), containing the
activating mutation Q72L (henceforth referred to as RalA
or RalB), were cloned into pET16b (Novagen), using Ndel
and BamHI restriction sites. The Q72L mutation has been
used extensively in structural studies to decrease the GTP
hydrolysis activity of small G proteins and to stabilize the
active form of the proteins (29, 32, 33). T46A and T46S
mutations were introduced into the RalB expression construct
using the QuikChange multi-site-directed mutagenesis kit
(Stratagene). The sequences of the RalB coding regions of
the mutants were verified using an automated DNA se-
quencer (Applied Biosystems Inc.) by the DNA Sequencing
Facility, Department of Biochemistry, University of Cam-
bridge. All Ral proteins were expressed in Escherichia coli
strain BL21(DE3) (Invitrogen). Uniformly >N and '*N,"*C-
labeled RalB was produced as described previously (34). The
protein was concentrated to ~0.6 mM and the bound
nucleotide exchanged for the nonhydrolyzable analogue
GMPPNP or GTP (Sigma) as described previously (35).
Presence of the bound nucleotide was confirmed by HPLC
analysis. His-tagged murine Sec5 (residues 5—97) for 3'P
NMR studies was expressed and purified from a pET16b
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FIGURE 1: Sequence alignment of RalB (top), RalA (middle), and Ha-Ras (bottom) with secondary structure elements for Ha-Ras below and
RalB above. Red bars indicate the P-loop and switch I and switch II regions. The conserved residues are shaded: Gly/Pro (yellow), Ser/
Thr/GIn/Asn (magenta), hydrophobic aliphatic (green), aromatic (orange), acidic (red), and basic (blue). Open boxes indicate conservative
substitutions. Black boxes indicate basic residues in the C-terminal hypervariable domain of RalA and RalB. The conserved Cys residue

in the CAAX box is boxed in red.

construct as previously described (36). Murine Sec5 (residues
5—97) for SPA studies was expressed as a GST fusion from
the vector pGEX-2T, cloned using BamHI and EcoRI
restriction sites (GE Healthcare). GST-Sec5 was expressed
in E. coli BL21 (Novagen). Stationary cultures were diluted
1 in 10, grown at 37 °C to an ODg of 0.8, and induced
with 0.1 mM IPTG for 5 h. Proteins were then affinity
purified using glutathione—agarose beads (Sigma-Aldrich)
and eluted with 10 mM glutathione (Sigma-Aldrich). The
protein was finally purified by gel filtration (S75 16/60; GE
Healthcare).

[PH]GTP Nucleotide Exchange. [8,5-*H]GTP (GE Health-
care; 0.15 mCi) was dried by centrifugal evaporation. To
this was added RalB protein (0.7 mg in a volume of 0.14
mL), followed by 0.5 uL. of 1 M KCI and 15 uL of 3 M
NH4(SOy), making a final volume of 155.5 uL.. The mixture

was incubated at 37 °C for 2 h, and then 1 uL. of 1 M MgCl,
was added. Unbound nucleotide was removed using a 1 mL
Sephadex G25 (superfine; GE Healthcare) centrifuge gel
filtration column in 10 mM Tris-HCI, pH 7.5, 100 mM NaCl,
1 mM MgCl,, and 1 mM dithiothreitol.

Scintillation Proximity Assays. Affinities of RalA, RalB,
RalB T46A, and RalB T46S for GST-Sec5 were measured
using scintillation proximity assays (SPAs), in which GST
fusion protein was attached to a fluoromicrosphere via an
anti-GST antibody in the presence of Q72L RalA *[*H]GTP,
Q72L RalB - [*H]GTP, Q72L T46A RalB-[*H]GTP, or Q72L
T46S RalB+[*H]GTP in assays used analogous to those used
with other effectors and GAPs (37—41). Binding of the G
protein to the GST-Sec5 brings the labeled nucleotide close
enough to the scintillant to obtain a signal. Apparent K s
were measured as described previously (35) by varying the
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concentration of RalA/B +[’H]GTP at a constant concentration
of GST-Sec5. These assays were performed with 20 nM
GST-Sec5. Using this method, the upper and lower limits
of the K;s that can accurately measured are 1000 and 1 nM,
respectively. For each affinity determination, data points were
obtained for at least ten different RalA/B concentrations.
Binding curves were fitted using the appropriate binding
isotherms to obtain Ky values and their standard errors (35, 42).
NMR Spectroscopy. NMR samples used for structure
determination and dynamics comprised ~0.6 mM protein
in 50 mM sodium phosphate, pH 7.6, 100 mM NaCl, 1 mM
MgCl,, and 0.05% NaN; (NMR buffer) to which was added
10% D,0O. The unlabeled samples used for 3P NMR
comprised ~0.4 mM RalB -GMPPNP or ~0.6 mM RalB-GTP
in 10 mM Tris-HCI, pH 7.4, 200 mM NaCl, 1 mM MgCl,,
0.05% NaNj; or 0.6 mM RalB, and 1.2 mM GTPase binding
domain (GBD) of Sec5 in the same buffer. The concentra-
tions of RalB and Sec5 were determined by amino acid
analysis (Protein and Nucleic Acid Chemistry Facility,
Department of Biochemistry, University of Cambridge).
Experiments were recorded on a Bruker DRX500 except for
the *C HSQC and '3C-separated NOESY, which were
recorded on a Bruker DRX800. All experiments were
recorded at 25 °C unless stated otherwise. The following
experiments were recorded on °N,'3C-labeled RalB: HNCA,
HN(CO)CA, HNCACB, CBCA(CO)NH, HBHA(CBCA-
CO)NH, HNCO, (H)C(CCO)NH, HCCH-TOCSY, and 3D
B3C-separated NOESY. A 3D N-separated TOSCY and >N-
separated NOESY were recorded on a "N-labeled sample.
A 2D homonuclear '"H NOESY was recorded on unlabeled
RalB. All NOESY mixing times were 100 ms. NMR data
were processed using AZARA (W. Boucher, Department of
Biochemistry, University of Cambridge, unpublished) and
analyzed using CCPN Analysis (43). The resonances were
assigned as previously described (34). Distance restraints
were generated by analyzing '’N-separated and '3C-separated
NOESY spectra. The 2D homonuclear NOESY was used to
identify proton chemical shifts for the bound GMPPNP. For
3P NMR, spectra were recorded at 25 and —6 °C, at 202
MHz (corresponding to a 500 MHz proton frequency).
Backbone Dynamics. 2D "H—""N correlation spectra (44)
were recorded on *N-labeled RalB *GMPPNP to determine
N relaxation times and the "TH—""N NOE. The "N 7, and
T, series of spectra were recorded as pseudo-3D experiments.
T, experiments were recorded with time delays of 0.01, 0.05,
0.10, 0.15, 0.25, 0.40, 0.50, 0.60, 0.70, and 0.80 s, and the
T, series were recorded with delays of 0.0144, 0.0288,
0.0432, 0.0576, 0.0720, 0.0864, 0.1008, and 0.1152 s. The
relaxation data were analyzed using CCPN Analysis (43),
fitting a relaxation time and associated error for each residue
(45). Ty and T, decays were fitted to an exponential: I(f) =
Iy exp(—t/T),). Steady-state NOE data comprised a single
pair of reference and saturated experiments. The peak heights
were measured, and the intensity ratios ([g/l.r) were
calculated. The error in the NOE, d(NOE), was estimated

as
6lsal 2 6Iref 2
O(NOE) = NOE, /|—| +[—
I sat 1 ref
where 01, and Ol are the noise levels in the saturated and
reference experiments, respectively.

Biochemistry, Vol. 48, No. 10, 2009 2195

The relaxation data were analyzed using the program
Tensor2 (46), based on the residue-specific R; and R,
relaxation rates, the heteronuclear NOE values, and the
coordinates of RalB + GMPPNP structure closest to the mean.
The average R,/R; was calculated using relaxation data for
those residues in secondary structure that were deemed not
to have significant internal motion, i.e., those with hetero-
nuclear NOE values more than 0.65. The expression

9 = <T2> — Ty, _ <T1n> - <T1>

Ty Ty
was evaluated to determine which 7T/7T) ratios were affected
by motional anisotropy (47, 48, J. Kirkpatrick, personal
communication), where (T,) is the average T\/T, and T, is
the T,/T, of that residue. Residues whose value for 6 were
significantly larger than O (i.e., more than 1.5 times the
standard deviation of all values of 0) were assumed to be
experiencing exchange broadening and were not included
in the average R,/R;. The average R,/R, was calculated for
residues 15—20, 28, 30—33, 36, 51—57, 60—67, 78, 80—82,
88, 91—93, 103—104, 106—107, 109—115, 125—128,
130—135, 140, 142—149, 155, 164—173, and 175—181 and
was used to obtain an estimate for the overall correlation
time, 7... Order parameters (S?) were calculated for all residues
for which data were available, using the calculated 7. value
obtained above and an N—H bond length of 1.02 A. Data
were analyzed using the Lipari—Szabo model-free forma-
lism (49, 50) or the extended model (57), assuming aniso-
tropic tumbling of the protein. The data were fitted to one
of five models: model 1, §? only; model 2, 52, 7; (correlation
time for internal motion); model 3, S, R.. (chemical
exchange contribution); model 4, S%, 7;, R.; model 5,
extended model, including a very fast and a slower internal
motion characterized by two order parameters (Si and S,?)
and two internal correlation times, one of which, 7, is
assumed to be close to 0 and 7, (Where 7; < 7, < 7.). In each
case, the F-statistic was used to justify the inclusion of extra
parameters (52).

Structure Calculation. CCPN Analysis (43) was used to
generate unambiguous and ambiguous restraints from the '*C-
separated NOESY, 15N-separated NOESY, and 2D homo-
nuclear NOESY spectra. Tolerances for chemical shift
matching were set to 40.05 ppm in the direct 'H dimension,
+0.07 ppm in the indirect 'H dimension, +0.30 ppm for
13C, and £0.40 ppm for 'N. The backbone dihedral angles,
¢ and 1, were estimated from the C, CP, C’, HN, N, and H*
chemical shifts using the program TALOS (53). For those
residues whose ¢ and 1 could be predicted by TALOS,
backbone dihedral restraints were used, with errors set to
twice the standard deviation of the TALOS prediction. The
GMPPNP nucleotide was modeled in by adding restraints
to coordinate the Mg?" ion to two water molecules, the O%
and O%, and the side chain oxygen atom of Ser28 in RalB,
as we have used previously in other G protein structures (32).
Also included were conserved H-bonds between the back-
bone nitrogen atom of Gly71 and GMPPNP” O,

Structures were calculated using ARIA 1.2 (54) and CNS
1.1 (55), where the ambiguity of the restraints was decreased
by calculating 20 structures in eight iterations (54). In the
final iteration, 100 structures were calculated, and the 40 with
the lowest energy were refined in explicit water and selected
for further analysis.
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FIGURE 2: Family of 40 lowest energy RalB+GMPPNP NMR structures (left) and the closest to the mean structure (right). This figure was

made using Molscript (70) and Raster3D (77). PDB code 2KES.

RESULTS

Resonance Assignment. The backbone resonances were
assigned using standard 3D triple resonance NMR ap-
proaches (reviewed in ref 56). Backbone amide resonances
were not observed for some residues in the switch regions:
44,47, 48, 69, 70, and 74 (Figure 1). A similar phenomenon
has been observed in NMR studies of other small GTPases,
such as Ras (26) and Cdc42 (57), where it was found that
while a full or near-complete backbone assignment could
be made for the GDP-bound protein, resonances in the
switches in the active form were attenuated. No backbone
amide resonances were visible for residues 1—11, and
subsequent N-terminal sequencing showed that the N-
terminus in the NMR sample had been proteolytically
cleaved. This region is outside the G domain and unlikely
to be structured.

Side chains were assigned for all residues in RalB - GMPPNP
for which backbone resonances could be observed, except
Glu73. Side chains were also assigned for several residues
in the switch regions whose amides were not observed:
residues 44, 48, 69, 70, and 74. Chemical shift assignments
have been deposited in the BMRB database with accession
number 15230 (34).

The H1, H2, and H8 shifts for the purine ring and H1” in
the ribose ring in GMPPNP were assigned from the 2D 'H
NOESY spectrum, using the random coil nucleotide shifts
(58), and had 'H chemical shifts of 13.06, 6.36, 7.94, and
6.02 ppm, respectively.

Structure Calculation. ¢ and 1 restraints (110 pairs) were
predicted from the chemical shifts using TALOS (53). A
total of 5021 NOEs were translated by ARIA into 4709
unique restraints, of which 2619 were unambiguous and 2090
were ambiguous. At the end of the final iteration, there were
4552 unique NOEs, comprising 3456 unambiguous and 1096
ambiguous restraints. The final structure had no NOE
violations more than 0.5 A and no dihedral angle violations
more than 5°.

Solution Structure of RalB*GMPPNP. The structure of
RalB+GMPPNP is well defined by the data and of good
quality, with an overall backbone RMSD of 0.60 + 0.09 A
(Figure 2, Table 1, PDB code 2KES5). The structure is a
classical small GTPase domain (reviewed in ref 4), compris-
ing a six-stranded [-sheet (31—6) surrounded by five

o-helices (ou1—5) (Figures 1 and 2). The six [S-strands
encompass residues 13—21, 51—57, 60—68, 88—94, 123—128,
and 154—156 and the five canonical o-helices encompass
residues 27—36, 78—84, 98—114, 140—150, and 164—180.
Switch I extends over the first residue of strand (52, while
switch II incorporates the first four residues of helix a2. The
backbone RMSD across the family for switch I (residues
41—51) was 0.63 + 0.20 A, while for switch IT (69—81) it
was 0.85 £ 0.21 A.

Backbone Amide Dynamics. Experimental relaxation data
consisting of '*N longitudinal relaxation times (7}), transverse
relaxation times (75), and the steady-state 'H—'"N NOE were
obtained for all residues whose backbone amide resonances
were assigned, unless they were overlapped in the >N HSQC
spectra. Relaxation parameters were thus available for a total
of 139 residues. Plots of T}, 7>, and the NOE are shown in
Figure 3. The average and standard deviations for T}, 75,
and the NOE are 729.96 + 58.32 ms, 71.73 &+ 6.77 ms, and
0.78 + 0.10, respectively. Residues that were not affected
by internal motion were used to estimate an overall correla-
tion time for isotropic tumbling of 11.75 ns using Tensor2
(46). The relaxation data for RalB, however, are consistent
with its approximate behavior in solution as a prolate
ellipsoid, with principal components of the rotational diffu-
sion tensor of 1.319 x 107 s7!, 1.379 x 107 s™', and 1.616
x 107 s™1. Experimental data for all 139 residues for which
measurements were available were utilized to calculate order
parameters (S?) assuming anisotropic rotational diffusion as
well as corrections for chemical exchange (R.x) and effective
correlation times for fast internal motions (7.), where
applicable (Figure 4). Corrections for chemical exchange
were necessary for residues at the N- and C-termini (Alal3
and Thr178), Phe83 at the C-terminus of switch II, and
Lys129 and Val138, which are at either end of a long loop
between strand 35 and helix a4.

The relaxation data show that there are four major regions
of mobility in RalB outside of the extreme termini. Residues
in the P-loop, 21—28, which forms part of the nucleotide
binding site are experiencing motion on a range of time
scales. Gly21 has a short 7 and low heteronuclear NOE
value and was modeled with an internal correlation time of
~1.5 ns, whereas Ser22 and Ser28 have short T»s and high
heteronuclear NOE values, suggesting that they are moving
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Table 1: Structural Statistics for RalB+GMPPNP

(SA) (SA)”

Experimental Restraints Used in Structure Calculation

unambiguous NOEs
ambiguous NOEs
dihedral angle restraints (¢ + )

Structural Statistics

Coordinate Precision (A)

RMSD of backbone atoms (13—183)
RMSD of heavy atoms (13—183)
RMSD of backbone atoms (13—40, 52—68, 83—183)
RMSD of backbone atoms (41—51)
RMSD of backbone atoms (69—82)
RMSD from Experimental Restraints
NOE:s distances (A)

dihedral angles (deg)

RMSD from Idealized Geometry
bonds (A)

angles (deg)

impropers (deg)

Final Energy (kJ/mol)

Ep

Ramachandran Analysis®

most favored regions (%)

allowed regions (%)

generously allowed regions (%)
disallowed regions (%)

0.60 £ 0.08 0.46

1.07 £ 0.11 0.98

0.47 £ 0.07 0.40

0.63 £ 0.20 0.59

0.84 £ 0.20 0.69

9.54 x 1073 £ 6.84 x 107* 1.09 x 1072
(0.45 + 3.86) x 1072 0.44

1.38 x 107 £ 441 x 1073 1.40 x 1073
(0.32 +4.04) x 1073 0.31

(0.22 £ 6.70) x 1073 0.22
—1693.7 + 12.39 —1699.61
86.0 86.2

11.9 132

1.5 0.6

0.6 0.0

“(SA) represents the average RMS deviations for the ensemble. ”(SA). represents values for the structure that is closest to the mean. ¢ The
Lennard-Jones potential was not used at any stage in the refinement. “ PROCHECK (69).

on a millisecond time scale. Val25, also in the P-loop, was
modeled using two order parameters and an internal cor-
relation time >10 ns.

As described above, several backbone resonances for
residues in switch I (41—51) were absent from the "N HSQC
spectra, presumably due to chemical exchange. Many of the
remaining resonances in this region were weak or overlapped,
preventing accurate measurement of their intensities. Al-
though this precludes a quantitative analysis of the dynamics
of this region, it suggests that most of the residues in switch
I are undergoing slow motion on the °N time scale. Residues
Glu41 and Asp42 at the N-terminus of switch I have low
heteronuclear NOE and 7, values and so are involved in
motion on the picosecond to nanosecond time scale, and
indeed Glu41 was modeled with an internal correlation time
of ~1.2 ns. At the other end of the switch, Tyr51 is relatively
rigid, since it has an order parameter of 0.98 and no evidence
of motion from the T}, T,, or NOE values.

Similarly, two residues in switch IT (69—81) were missing
resonances in the "N HSQC, and several other resonances
in this region were too overlapped for quantitative analysis.
For those residues that could be analyzed, Ala77 has a low
heteronuclear NOE and Asp80 a low 7 value, suggesting
that these residues are both involved in dynamics on a
picosecond time scale. These residues are on the exterior
surface of the switch II o-helix. Other residues in the helix
have slightly lower order parameters, and there is more
evidence for dynamics at the C-terminus of the helix, where
Phe83 has a low T, indicating millisecond time scale motion
while Ser85 has a low heteronuclear NOE and was modeled
with an internal correlation time of ~1.2 ns.

Interestingly, the only loop of RalB that displays concerted
motion is the region between 116—121. Within this loop
every residue has a lower order parameter than average
(Figure 4); all residues were modeled using an internal

correlation time, and all but one had to be modeled using
the extended Lipari—Szabo model (51), i.e., with internal
motion on fast and slow time scales. Comparison of the
sequences of RalA and RalB (Figure 1) reveals that this
region is the site of a single amino acid insertion in RalB,
Alallé.

3P NMR. To investigate further the dynamics of the switch
regions, particularly switch I, we recorded *'P NMR experi-
ments to investigate the chemical environment of the
nucleotide. The 3'P NMR spectrum of RalB+-GMPPNP at
25 °C contained, as expected, three resonances, correspond-
ing to the three phosphate groups in the GMPPNP (Figure
5a) as well as a resonance from residual phosphate in
the sample. The chemical shifts of the three resonances were
1.04, —2.33, and —10.11 ppm and could be assigned to the
p-, v-, and a-phosphates, respectively, based on the published
chemical shifts of GMPPNP in complex with Ha-Ras (59).
In several other G proteins, such as Ha-Ras (25), two species
are observed at lower temperatures (around 5 °C) for one or
two of the 3'P resonances. State 1, which is shifted downfield,
is thought to be in a conformation that is not competent to
bind effector proteins, whereas the upfield-shifted component,
state 2, is thought to be the active conformation. To
determine whether RalB - GMPPNP also samples these two
states, the 3'P NMR spectra were recorded at lower temper-
atures. Even at —6 °C, although the resonances were
significantly broadened, no splitting of the peaks was
observed (Table 2, Figure 5b).

It is not possible to determine whether the single resonance
observed for RalB corresponds to a bias in the population
toward state 1 or state 2 or is due to fast exchange between
the two states. To allow us to distinguish between these
possibilities, we reasoned that adding an effector should
stabilize the active, state 2, conformation of the G protein.
This would therefore allow the chemical shifts of the
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FIGURE 3: PN T, T, and heteronuclear NOE values for the backbone amides of RalB -GMPPNP. Data were excluded for overlapped peaks.
Mean values are indicated by the red lines.
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