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ABSTRACT: Ral-specific guanine nucleotide exchange factors RalGDS, Rgl, and RIf have been suggested
to function as intermediates between Ras and Ral pathways by being able to bind Ras proteins through
their C-terminal Ras-binding domains (RBD). The RBDs of RalGDS and of the Ser/Thr kinase c-Raf-1
have been shown to have the same tertiary structure. In contrast to the RBDs of Raf and RalGDS, which
bind either Ras or Rap with high affinity, RIf-RBD has a similar affinity for both GTP-binding proteins.

To be able to compare these RBDs on a structural level, we have solved the three-dimensional structure
of RIf-RBD by NMR spectroscopy. The overall tertiary structure of RIf-RBD showssipes5a5-fold

of the ubiquitin superfamily and is very similar to that of RalIGDS-RBD. The binding interface of RIf-
RBD to Ras was mapped using chemical shift analysis and indicated a binding mode similar to that in the
case of RafRaf-RBD. However, comparison of the putatively interacting regions revealed structural
differences which are proposed to be responsible for the different substrate affinities of RIf-, RalGDS-,
and Raf-RBD.

Small GTP-binding proteins such as the Ras protein are thought to be and that Ras proteins can interact with many
essential components of signal transduction pathways re-effector molecules to activate parallel pathways (for refer-
sponsible for many different biological functions in the cell. ences see re3). Besides the Ser/Thr kinase c-Raf-1, one
They bind guanine nucleotides and their conformation is of the earlier examples of Ras effector molecules is the Ral-
dependent on the nature of the bound nucleotide, enablingspecific GEF RalGDS. Ral is a small GTPase belonging to
them to function as molecular switches.( In general, only the Ras protein family, being 51% identical to Ra. (
the GTP-bound form can activate the downstream effector Although discovered already more than a decade ago, the
in the signal transduction pathway, whereas the GDP-boundbiological function of Ral has remained elusive for a long
form is inactive. The switching between the two conforma- period. However, Ral-interacting proteins were isolated in
tions is regulated by proteins that stimulate either the slow the last years, shedding more light on the function of Ral.
intrinsic GTP hydrolysis or the slow intrinsic GDP-dissocia- In addition to RalGDSZX), other Ral-specific GEFs (which
tion rate: GTPase activating proteins (GAPs) guanine we propose to generally name RalGEFs) were identified, that
nucleotide exchange factors (GEFs), respectively ( is, Rgl (6) and RIf (7). Recently, also the human homologue

It has become clear in this decade that many of the signalof RIf, named RGL2, was identified(9). The isolation of
transduction pathways are not as linear as they initially were the rabbit oncogenisc, resulting from a fusion between the
rabbit homologue of yeast geRad23encoding a transcrip-
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domain with activity toward Rac and Cdc42, suggesting it (Merck) at 37°C. At an ODy of 0.5, expression was
to be a cross-talking intermediate. In addition, it became induced with 0.5 mM IPTG. After an additional incubation
clear that Ral is involved in the activation of phospholipase for 5 h at 37°C, bacteria were harvested by centrifugation
D1 (16—18). and the pellet was stored-aR0°C. For sample preparation,
Double hybrid studies showed that RalGDS is able to @ cell pellet was resuspended in a 3-fold excess (volume
interact through its C-terminal moiety with H-, K-, and buffer/weight cells) of buffer A (PBS, pH 7.4, 5 mM DTE,
R-Ras, and Rap1A, an interaction that is affected by specific 14 mM -mercaptoethanol, 0.1 mM Pefablock (Sigma)) and
mutations in the effector domain of these Ras-like proteins the cells were lysed by sonication. Unsoluble and high
(19, 20). Thus, RalGDS binds to the effector region of Ras molecular weight particles were separated by centrifugation
and Rap similar to the Ras effector and Ser/Thr kinase c-Raf-(1 h at 40000). The supernatant was used for the purifica-
1, although with different affinities(1, 22). The structure  tion procedure as described previousty. (The suspension
of the Ras-binding domain of c-Raf-1 (Raf-RBD) in complex Wwas loaded on a GSHSepharose column (Pharmacia
with Rap1AGppNHp was solved by crystallography and was Biotech Inc.) pre-equilibrated with buffer A, and then the
shown to have a ubiquitin fol®@). Despite a low similarity ~ honbinding proteins were eluted by washing with the same
in primary sequence, the Ras-binding domain of RalGDS buffer. RIf-RBD was cleaved from the GST fusion part by
(RalGDS-RBD) has an identical topology and a 3D structure incubation with thrombin (10 NIH units/expected mg of
highly similar to the Raf-RBD as shown by NMR spectros- fusion protein) in buffer B (50 mM Tris-HCI, pH 7.6, 50
copy (4) and crystallography26). Mutations in the effector MM NaCl, 5 mM DTE) overnight at 4C. After elution
region of Rap indicate that residue 31 is a major contributor With buffer B and SDS-PAGE analysis of the fractions, the
to the specificity of the interaction between Ras/Rap and Raf- pooled fractions were concentrated to approximately 5 mg/
RBD (26). mL and loaded on a gel filtration chromatography column
Recently, the RalGEF RIf was shown to mediate a Ras- (Super_dex75, 26/60; Pharmacia), pre-equilibrated with 50
dependent pathway parallel to the Raf/Mek/Erk kinase MM Tris-HCI, pH 7.6, 100 mM NaCl, 5 mM DTE. The
pathway 27) similar to RalGDS 28-30) and Rgl @1). fractions containing highly pu_rlfled RIf—RBD. were concen-
Furthermore, Ral activation was shown to be Ras-dependen{rated to 2 mM, dialyzed against 50 mM Tris-HCI, pH 7.6,
in fibroblasts 82) and possibly Rap1A-dependent in platelets @1d 5 MM DTE, s?ap-frozen in aliquots in liquid nitrogen,
(33). Remarkably, different from Raf-RBD and RalGDS- @nd stored at-80 °C. The protein yield was 16 mg/L of

RBD which bind preferentially Ras or Rap1A, respectively, medium. *N-labeled protein was purified according to the
RI-RBD binds to Ras and Rap with similar affinity){ To same procedure mentioned above but by using Vogel-Bauer

get a clearer view on the structural basis of the specificity Minimal medium and bacterial strain BL21(DE3) for the
of the interaction between the different RBDs with Ras and Protein production. - Isotopically enriched agents were ob-
Rap, we have solved the structure of RI-RBD by NMR tained from Aldrich (Germany), all others from Merck or
spectroscopy. We could identify chemical shifts of specific Sigma (Germany). _
residues when comparing the spectrum of RIf-RBD with that _ FOr the PCR cloning of the RBD of the mouse protein
of the complex H-R&s!"-GppNHpRIf-RBD, suggesting Rgl (amino acids 635735) into pGEX-4T3, we usc_ad as
their involvement in the interaction between the two proteins. €mplate the yeast shuttle vector pPC86-Rgl, which was
The structure of RI-RBD was compared with that of Raf- iSolated in a two-hybrid screen using the mouse PC86-CDNA
and RalGDS-RBD in order to gain insight in structural liPrary and human RaplA as baif)(  The oligonucleotides

differences that might be responsible for the biochemical in the PCR reaction were the following: upstream primer
differences of the three RBDs. 5-CCATTGGATCCACAGTACTGCCTCCTGRBanHI re-

striction site underlined; please note that the codon for
Ser635 lies within theBanHI restriction site) and the
downstream primer 'SCCGAATTCGCAACTTCACCTG-
CTACTACTACGAG (EcaRI restriction site underlined
nal construct of RIf-RBD 7) produced the GST-fused RIf-  and stopcodons indicated by the double underline). Sequenc-
RBD (residues Gly646Arg736) followed by a C-terminal  ing showed that the codon for residue 662 (AAC, encoding
extension of 17 amino acids originating from the pGEX- Asn) differed from the published codon (CAC, encoding His;
4T3 vector sequence. To eliminate this extension, the DNA ref 6). Similarly, the homologous position in RalGDS is
fragment encoding R#®46-A9735 was recloned irBanHI/ Asn. The overproduction and purification procedure of the
EcoRI-cleaved pGEX-4T3 (Pharmacia Biotech Inc.) by stan- Rgl-RBD was performed as described above for RIf-RBD.
dard PCR methods using the upstream primiee6GCCA K-Ras, N-Ras, and H-R&s7! were kindly donated by
GGATCCTCTGATTGCCGA-3(BanHlIrestriction site un-  Dorothee Vogt. The (m)GppNHp-bound form of the Ras
derlined) and the downstream primerGTGGGAATTC- proteins was prepared by incubation of the purified Ras-
GGGGTGGCAGOTAGGGTCATCTGCG-3 (EcRI re- (-like) protein with alkaline phosphatase and a 2-fold excess
striction site underlined and stop codons indicated by the of (m)GppNHp, followed by separation of nonbound nucle-
double underline). It should be noted that the Gly646 and otide from the Ras protein by gel filtration as described
Ser647 were used as part of the thrombin recognition site pefore 85). The mGppNHp-bound forms of mutants Ras-

and that consequently after thrombin cleavage the peptide(T35A), Ras(E37G), and Ras(Y40C) were a kind gift of Petra
contains no RIf alien amino acids. Throughout this paper, Grinewald.

MATERIALS AND METHODS

Cloning Procedures and Protein PurificatiornThe origi-

the numbering £90 was used for residues Gly648rg735.

RIf-RBD was expressed in the protease-pBecherichia
coli strain AD202 (ompT::Tn5; re84) on Standard | medium

Determination of Substrate Affinity The interaction
between the RBDs of RIf and Rgl and the mGppNHp-bound
forms of Ras and Rap1A were determined by fluorescence
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Table L Comparison of the Dissocia_tion Constants of the Table 2: List of NMR Experiments
Interaction of Several RBDs and Their Substrates experiment M (ms) purpose literature
RIf-RBD Rgl-RBD RalGDS-RBEF Raf-RBD? a1 .
H-'H-DQF—COSY coupling constants, 61
substrate (uM) (uM) (uM) (uM) assignment of
H—Ras 0.09 35 1.0 0.02 spin systems
K—Ras 0.06 3.6 id 0.04 IH-'H-NOESY 100 distance 62
N—Ras 0.21 15 rid 0.04 information
RaplA 0.27 nél 0.01 1.2 1H-I1H-NOESY 200 distance information, 62
H—Ras(T35A) >5 nc ncP ncP assignment of spin
H—Ras(E37G) 0.26 rid ncP 3.4 systems
H—Ras(Y40C) >5 nd® nd ncP NOESY (£H,0) 200  distance information, 62
a bnd- ; hydrogen bonds
Refs24 and26 °nd: not determined. Clean-TOCSY 100  assignment of spin 63
systems
spectroscopy as described before Z1) in 50 mM Tris- "N-HSQC ascségrE)Trle;E:g];lgt:ﬁts 64
0 upli
HCO'* pH 7.6, 5 mM MgC}, 5 mM DTE, and 5% glycerolat 15\ nNopsy-HMOC 100 assignmentof spin 65
37°C using the Perkin-Elmer fluorometer LS50B (excitation systems, distance
wavelength 366 nm, emission wavelength 450 nm). Active information
site titration using 1.5«M of RasmGppNHp showed that ~ **N-TOCSY-HMQC 100  assignment of spin 66
64% of the RIf-RBD was active. The calculated dissociation systems
constants as given in Table 1 were corrected for this ®The mixing times {1), purposes, and literatures of all experiments
percentage. performed with unlabeled or labeled (989N) samples of RIf-RBD

are given. All measurements were done at a pH of 6.5 and at a

Sample Preparation for NMR Spectrometrfyifty micro- temperature of 300 K.

liters of 2H,O (99.9%) was added to 450 of a 2 mM

solution of RIf-RBD (50 mM sodium phosphate, pH 6.5, ) .

0—100 mM NaCl) and filled i a 5 mmsample tube for package 3.139). For calculation only slightly changed
NMR analysis. Spectra of the RIf-RBRas 17“GppNHp standard protocols have been used (soft potential during SA
complex (components RIf-RBD and Ra¥™GppNHp mixed and square-well potential during refinement). Distances from
with molar ratio 1:1.2, respectively) were recorded with a NOES, coupling constants, and hydrogen bridges were
sample containig a 1 mM protein solution. introduced to the simulated annealing approach in a step-

Sample Quality The monomeric state of the protein and PY-Step procedure. Initially only sequential and medium-
homogeneity of the sample were routinely tested before and"@nge NOES as well as long-range NOEs definingtsaeet
after recording of NMR spectra by gel filtration, SDBAGE areas apd coupling constants have been used for structure
analysis, and electrospray mass spectroscopy (Finnigan). Esic@lculation. Al other long-range NOEs and hydrogen

MS measurements were also applied to determine thebridges were introduced in consecutive steps. Finally the
isotopical enrichment of the protein. intraresidual NOEs were accepted. Back-calculation was

NMR Measurements NMR measurements were per- applied during several rounds of the refinement procedure.
formed on a Bruker DRX-500 spectrometer equipped with All structures were caIcuIa’Fed on the basi_s o_f a repgl function.
shielded z gradients. The temperature was set to 300 K_Add.monal refinements using electrostatic m'Feractlofns:(

All experiments are listed in Table 2. For picking hydrogen 3) did not change the overall structure (salt bridges, hydrogen
bonds within the protein, 2D NOESY spectra were recorded POnds, secondary structure, etc.) and were therefore ne-
6 h after dissolving a lyophylized sample@,0. DSSwas  dlected.

used as an internal standard for calibration of the proton Distances and Dihedral Angle Restraintall NOEs were
resonances. FAdPN calibration we followed the procedure extracted from the 2D NOESY spectra as well as from the
of Wishart et al. 86). 3D NOESY-HMQC. Anr~8dependence was assumed for

Processing, analysis, and visual representation of the 2Dcalibrating distances from NOE data. NOE intensities were
and 3D spectra were done using the NDEE program packagecalculated by the amplitude of the cross-peak maxim@h (
(37) on Indy workstations (Silicon Graphics Inc.). Spectra and subdivided in three different classes: strong«<2.8
were recorded in the phase-sensitive absorption mode withA), medium (1.8-4.0 A), and weak (1.85.5 A). The
the TPPI method. The time domain data fét and >N intensity of the Hd/He NOE of Tyr21l was used as a
frequencies were zero-filled once or twice prior to Fourier calibration standard (2.5 A). Pseudo-atom correctidii3 (
transformation. 2D spectra were acquired with 268896 were performed prior to structure calculation using a simple
data points in the f2 dimension and 512024 data points FORTRAN program. To avoid overestimation of NOE
in the f1 dimension. The water resonance was suppressedntensities due to a contribution of zero-quantum coherence,
by applying the WATERGATE sequenc8&8§) or by pre- all intraresidual NOEs between vicinal protons were allowed
saturation. HSQC spectra were processed using a Blackmario cover a distance range of 8.0 A. Coupling constants
filter (NDEE program package) with a frequency cutoff at were fitted from double-quantum-filtered COSY aHiN-
the water resonance and a down-sampling rate of 2. Prior*H-HSQC spectra using a crude or simplex algorithm (NDEE
to Fourier transformation all spectra were multiplied with a program package). The standard error due to resolution and
sine bell square window function shifted by p/3 or p/4. fitting was about 1.61.5 Hz. ¢ dihedral angles were

Structure Calculation A family of 50 structures was  calibrated fron?Jyy—na coupling constants using the Karplus
calculated by a simulated annealing (SA) approach followed relationship 42). The constraints were set t6120 + 40°
by a refinement procedure using the X-PLOR program (>7.5 Hz) and—60° + 20° (<6 Hz).
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Ficure 1: Secondary structure determination. (A) NOE pattern: Sequential and medium-range NOEs typical for secondary structure as
well as®J,n coupling constants are indicated as black bars. Filled circles indicate NH protons not exchanggd afté,0. (B) Chemical

shift index plot: Chemical shifts of & protons differing more thag-1 from their random coil shifts are denoted as black bars. A local
“density” of 4 or more “-1" bars not interrupted by a “1” indicates arhelix; any “dense” grouping of three or more-1" bars not
interrupted by a “-1" is a 3-sheet.

Hydrogen Bonds and Salt Bridgeslydrogen bonds were  RESULTS
defined by standard paramete#3) setting two NOEs for ) ] ] o
each backbone hydrogen bond. After structure calculation ~Biochemical Analysis of the Substrate Specificiti/e
we ran X-PLOR programs to search for atom distances anghave reported beforer) that the dissociation constants of
angles favorable for hydrogen bonds and salt bridgd ( RIf-RBD for H—Rgs and RaplA were similar, respectively
The selection parameters for hydrogen bonds were distanced-6 @nd 0.4(M. Since the construct were used for that study
below 2.6 A and N-NH-O=C angles smaller than 80 comprised a C-terminal extension of the RBD by 17 amino

Forsalt bridges we chose a distance of smaller than 4 A acids originating ffo”? t_he PGEX vector sequence, we
between O and N determined the dissociation constants of the newly isolated

RIf-RBD described in this work. The dissociation constants
Definition of Secondary StructureWishart Plot For for Ras and Rap are still very similar, 0.09 and 0\,
calculation of the chemical shift index we followed the respectively (Table 1), but differ from the values reported

procedure of Wishart et al4§), using their revised dat§). for the older construct, especially the dissociation constant
Corrections due to amino acids followed by a proline were for Ras binding. There could be two reasons for these
done. differences: the presence of the C-terminal extension in the

earlier construct of RIf-RBD protein and/or differences in

Constraints For the characterization of the secondary the assay buffer; in this work we added 5% glycerol to the
structure due to distance and angle constraints we preferenpuffer in order to stabilize the proteins. However, the
tially used NH-Hb i3, NH-Hau 44, and Hxi-Hpi+s (a-helices)  presence of 5% glycerol is not responsible for the increased
and long-range NOEs of consecutive amino acids in stretchedaffinity for Ras, since the dissociation constant of the former,
regions [-sheet). Additionally¢ dihedral angles and C-terminally extended RIf-RBD construct for H-Ras
nonexchangeable NH protons were included to analyze themGppNHp was determined to be 0V in glycerol-
structural elementsDSSP The program DSSPA{) was containing buffer (cp. to 0.6M in buffer without glycerol).
used to finda-helices,3-sheets, and turn and coil conforma- Consequently, the C-terminal extension apparently affects
tions. the substrate affinity, most likely in an indirect way.
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FiGure 2: Secondary structural elementg:sheet pattern in RIf-RBD showing five b-strands being antiparallel with the exception of
B1—p5. NOEs between backbone protons are indicated by black arrows.
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The affinities of RIf-RBD for the three Ras isoformisq could preferably be assigned by t¥8l-'H spectra. The low
= 0.06-0.21 «uM) and for Rap1A (k = 0.27 uM) are in field shifted fingerprint resonances of amino acids V10, T27,
the same order of magnitude. In contrast, Rgl-RBD shows L55, E64, and F84 were used as starting points for the
a preferential binding to Rapl1A, similar to RalGDS-RBD f-sheet characterization. Proline assignments were favorably
and inversed to the preference of Raf-RBD (Table 1). done by using the connectivities of theibesonances and

We also tested the effects of some mutations in the effectorthe Ho. peaks of the previous amino acid. The assignment
region of Ras on the interaction with RIf-RBD. Mutation could be solved unequivocally; no unassigned resonances
E37G, which was shown to practically abrogate binding of have been left. Cross-peaks for Glyl to Ser3 could not be
Ras to Raf, whereas not to RalGD29( 48, 49), affected found within the recorded TOCSY and COSY spectra.
the interaction between RIf-RBD and Ras only 3-fold (Table Additionally the NH cross-peak of lle67 was not visible but
1). Thus, in this aspect the interaction of RIf with Ras is could be traced via the NOESY spectrum.
more similar to that of RalGDS than to that of Raf. Mutants  Secondary Structure of RIf-RBDFigure 1A shows the
H-Ras(T35A) and H-Ras(Y40C) did not show any binding NOE pattern of short- and medium-range NOEs defining the
up to 5uM RIf-RBD (Table 1). In comparison, in two-  secondary structure. The regions of Ala32 to Asn43 and
hybrid analysis these mutations were shown to abrogate theAsn72 to Met77 show typical NOEs (NtMH;+2; Hoy-NHi;

interaction with Raf, adenylate cyclase, and b8, 50), Hoi-NHi3; Hai-NHiy4) arising in ano-helical conformation.

and mutation Y40C was shown to affect the interaction with Three in QO slowly exchanging NH protons (Val39, Lys42,

RalGDS and Rgl48). Asp78) could also be found within these regions pointing
NMR Spectrometry: Resonance Assignmerifibe se- out that protectiorrprobably due to hydrogen bonding in

guence-specific resonance assignment of the 90 amino acidx-helices-occurs. The existence of helicesl anda-2 was
RIf-RBD was achieved according to the standard method confirmed by calculation of the coupling constan®duy—na
developed by Wihrich (51). Spin systems were obtained couplings defining thep angles of the protein are signifi-
from 2D DQF-COSY and 2D Clean-TOCSY spectra. 3D cantly smaller than 6 Hz in these regions, as expected for
I5N-TOCSY—HMQC spectra were recorded to avoid am- an o-helical structure.

biguous assignment of overlapping resonances, although this Coupling constants higher than 7.5 Hz and long-range
was not a general problem as the resolution in the fingerprint NOEs were used to define tlfiestrands running from amino
region was very high. Sequential connectivities were acids Cys5-Glul341), Serl9-Thr2742), Phe53-GIn5743),
obtained from 2D NOESY spectra with a mixing time of Arg63-Leu65 (34), and His82-GIn8845). These secondary
200 ms and from a 3EPN-NOESY—HMQC with a mixing structural elements were additionally traced by 20 slowly
time of 100 ms. We chose the strong Arg90 NHa signal exchanging NH protons listed in Figure 1A. The RBD
as a reliable starting point for the assignment of the therefore consists of a five-stranded mixgsgheet, where
C-terminus. Thereafter, Ala32 and Pro33 could be assignedall strands are antiparallel with the exception of strafitls
and were taken to trace helix1 (Ala32—Asn43) which and 5 (Figure 2). The strand character p4 is poorly
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Table 3: Structural Statistics and Coordinate Precision of Ten A C
Favorable Structures

structural statistics and coordinate

precision [BA0
average total energy (kcal/mol) 5a334
average VdW energykcal/mol) 72+ 12
rms deviation from idealized covalent geometry
angles (deg) 0.83 0.002
bonds (A) 0.005+ 0.0003
impropers (deg) 0.73 0.03
rms deviation of experimental 0.024+ 0.002
distance restraints (A) 3
rms deviation of experimantal 0.22+ 0.05 o
dihedral restraints (deg)
coordinate rms deviation (A) N
[BAto [BACbackbone atoms 490y 0.20+£ 0.034
[BAto [BACall nonhydrogen atoms {490) 0.6+0.1
2VdW energies were calculated on the basis of a repel function with C Cc

hard VdW spheres of atoms using the CHARMM force figl@istance
violations of the structures were smaller than 0.72 A (maximum of 5
>0.5 A) and dihedral angle violations lower than. 68Ais an
ensemble of 10 structures obtained by a simulated annealing (SA)
procedure and a consecutive refineméfBALis the mean structure
calculated of the individual SA structures using a least-squares Fit
Program of X-PLOR. N, @, and C of the backbone or all nonhydrogen
atoms of residues 4 to 90 were used for the calculation.

defined by only a few NOEs and coupling constants.

Confirmation of the detected secondary structure comes
from the chemical shift index (CSI) method developed by
Wishart et al. 45). A CSI plot for the resonances of RIf- N N
RBD is shown in Figure 1B. Consecutive areas of indices

Ficure 3: The NMR structure of RIf-RBD compared to those of

of +1 mdmate a@-shget structure,_ and. indices-61 indicate the Raf- and RalGDS-RBD. (A) Superimposition of 10 backbone
an a-helix. The regions found in this approach generally gtryctures of RI-RBD: Ten backbone structures were superimposed
overlap very well with those found by NOEs afkH-+a using the group fit algorithm of the sybyl program package (Sybyl,
couplings. However, the CSI method and;HNg;i+3 NOEs Vers. 6.1, Tripos Inc., Bethesda, MO) for visualization. (B)
suggested that the N-terminus of helik started with Ala32. Molscript representation of the RIf-RBD structure. (C) Molscript

~ . : representation of the Raf-RBD structur&7)(. (D) Molscript
Moreover, the C-terminus gf4 is located at lle67 when representation of the RalGDS-RBD structugd)(
applying the CSI method.

As a second method, we used the program D3SPfér aliphatic region have been excluded due to spectral overlap.
an independent search for secondary structural elementsTaple 3 shows a statistical overview of the structural
a-Helices running from Val35Asn43 and Phe74Met77 characteristics of 10 favorable models of RIf-RBD. The very
as well as b-strands from CysBletl2, Lys23-Thr27, low msdvalue (0.20 and 0.60 A) calculated over theback-
Phe53-Val56 and His82-GIn88 were found. Strar}ﬁ‘l was bone (N, @, C’) and over all C, N, O, and S atoms from

not detected by this program. amino acids 4 to 90 proves the tertiary fold of the protein to
Taking into account these results, we defined the secondarybe very well defined.

elements as followsg1 (Cys5-Met12),52 (Tyr21-Thr27), Description of the Tertiary Fold The dipole moment of

al (Ala32-Asn43),53 (Phe53-GIn57),54 (Arg63-Thr66),  the amphiphatic helixxl (Ala32—Asn44) is rotated ap-

a2 (Asn72-Asp78), and35 (His82-GIn88). proximately 43 relative to the first3-sheet $1—/2).

Quality of the 3D Structure The 3D structure was Relevant contacts in this region occur between the hydro-
calculated as described in Material and Methods. For the phobic side chains of lle8, Vall0, Met12, Lys22, and lle24
simulated annealing approach we used 2287 NOE constraint{3-strand) and Ala32, Val35, 11e36, Val39, and Leu4f (
including 718 long-range, 296 medium-range, 469 sequential,helix). Long-range NOEs were observed from the N-
and 804 intraresidual NOEs. Thus, as an average everyterminal Lys31 of helixal to the N-terminus of helixx2
amino acid is characterized by 16.5 contacts to its neighbors.(Asn72, Val73), pushing both helices into a conformation
Seventy-four coupling constants and 20 hydrogen bonds wereperpendicular to each other. Helix2 consists of ap-
introduced during the structure calculation. With a few proximately 7 amino acids. The five-strandegheet of RIf-
exceptions of some glycine residues, thandy values of RBD forms a structure resembling a cupped hand, similar
RIf-RBD were within the allowed regions of the Ramachan- to Raf-RBD. Only strang4 is twisted against the plane of
dran plot (not shown). In all structures no distance deviations this sheet. Numerous backbone interactions in addition to
of greater than 0.32 A and dihedral angle deviations higher salt bridges (Arg6-Ser28; Arg6-Asp78; Arg9-Ser23)
than 6.2 from idealized geometry occurred. Approximately stabilize the tertiary fold of RIf-RBD. A superposition of
80% of all NOEs could be used for distance calculations. 10 backbone structures is given in Figure 3A. Only amino
Only some NOEs arising from side-chain resonances in theacids Gly1, Ser2, Ser3, and Asp4 are fading out. This could
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FIGURE 4: Proton and™N shifts in RIf-RBD upon binding of Ras7’-GppNHp. Proton shifts (A, B: 0.030.05 ppm, pink; 0.060.08

ppm, red; 0.09-1.0 ppm, magenta) aridN shifts (C, D: 0.15-0.5 ppm, cyan; 0.61.0 ppm, blue; 1.21.5 ppm, violet) are marked with

colors in a Grasp representation of RIf-RBD. Residues that cannot show shift are marked in green (see text), and residues that did not shift
are marked in white (proton shift0.02 ppm;!*N shift < 0.14 ppm). RIf-RBD is presented in the same orientation as in Figure 4B (A, C)

or turned over 180(B, D).

probably be due to lacking assignments or structural flex- RBD, like the RBDs from c-Raf-1, RalGDS, and Rg|, is able
ibility. A molscript representation of the backbone structure to bind to Ras and Rap proteins. The RBDs of the three
is given in Figure 3B. RalGEFs were suggested to be important in Ral-mediated
Complex of RIf-RBD with R&s"~GppNHp To obtain signal transduction pathways, which were demonstrated to
information on the binding of Ras to RIf-RBD, HSQC spectra be Ras-dependent and parallel to the Raf/MEK/Erk pathway
of freeN-labeled RIf-RBD and bound to Rad’~GppNHp (16, 27, 30, 31, 52, 53). RIf seems to differ from the other
were superimposed in the multiplot modus of NDEE to RalGEFs and from Raf-RBD in its affinity for Ras and Rap
analyze chemical shift differences of the resonances due toproteins: whereas RalGDS-RBD and Rgl-RBD have a high
complex formation. As expected, all resonance shifts were affinity for RaplA and an approximately 100-fold lower
broadened in the complex. Figure 4 shows a quantitative affinity for H-Ras (Table 1; ref@2, 54), and Raf-RBD shows
interpretation of the results. Small shifts were observed for a high affinity for Ras and a 100-fold lower affinity for
16 residues, but were considered to be too small to beRaplA @1), RIf-RBD has a similar, intermediate affinity
significant. Stronger shiftsx0.1 ppm in'>N and/or=0.05 for both proteins (Table 1). Remarkably, mutation E37G in
ppm inH) were observed for 44 resonances, representing Ras, which abrogates the interaction with c-Raf-1 but not
53% of the total (shifts can theoretically be measured for 83 with RalGDS @9), hardly affects the interaction of RIf-RBD,
residues: 90 minus the 3 N-terminal residues and lle67, indicating the Ras-binding mode of RIf-RBD to be more
which could not be observed in the TOCSY spectra, and similar to that of RalGDS-RBD than of Raf-RBD. These
minus the 3 prolines which lack the NH). The shifting aspects make the elucidation of the structure of the RIf-RBD
resonances are clustered in the stretches Lys31 to Ala50 ofand the comparison with the structures of Raf-RBD and
helix o1 and the ensuing loop 3; Asp4 to GIn29®6trands RalGDS-RBD highly interesting.
f1 andp2, and their connecting loop 1; and Asp83t0 Arg87  gimjlar to Raf- and RalGDS-RBD, the structure of RIf-
in strand/3S. RBD shows a ubiquitin superfold, characterized iSa34-
DISCUSSION type 'gertiary s_tructure. This common motif is found in many
proteins of different origin with various cellular functions,
In this work, we present the NMR structure of the Ras- for example, the algae kFeS; ferredoxin and the strepto-
binding domain of the Ral-specific exchange factor RIf. RIf- coccal protein G44, 55, 56). The RBDs of RalGDS, Rdgl|,
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Ficure 5: Multiple sequence alignment and surface eletrostatic potential. (A) Comparison of sequences of different RIf-RBD homologuous
proteins using the program PileUp (Wisconsin Package Version 8.1, Genetic Computer Group (GCG), Madison, WI) using the parameters:
GapWeight= 1.0 and GapLengthWeight 0.1. The structural elements as found in the NMR structures of the 3 RBDs (see also Figure

3) are indicated with arrowg3{strands) and barsithelices). Some residues are indicated with their number (see text). (B) Electrostatic
representation of the surface potentials of the RBDs of c-Raf-1, RIf, and RalGDS (left to right) as calculated with the prograg@i7jzrasp (
Charged residues in proximity to the substrate-binding region are numbered (see text).

and RIf are characterized by a high sequence homology, butwere observed in strang4. However, since thg-strands

in comparison, Raf-RBD exhibits only a very low degree of form a large sheet (Figure 2), it would not be surprising when
similarity. However, when taking the secondary elements shifts ing1 andf2 would cause indirect effects in other parts
into account, the similarity between these RBDs becomesof the sheet. A similar pattern of chemical shifts was
evident (Figure 5A). In Figure 3, we show a molscript observed upon binding of Ras to RalGDS-RBE)

representation of the NMR structures of R&7), RalGDS- Even though the different RBDs thus seem to bind their
(24), and RIf-RBD in a similar orientation, clearly demon- substrates by the same mode of interaction, deviations in
strating their similarity. the structural arrangements and/or in the primary structures

The 3D structure of the complex between Raf-RBD and have to be responsible for the differences in substrate
RaplA was determined by X-ray crystallograpt®a,(26) affinities. A striking difference between the RalGDS-, Rgl-,
and demonstrated the involvement of a number of amino and RIf-RBD on one hand (RalGEF-RBDs), and the Raf-
acids in this interaction. The interacting regions in Raf-RBD RBD on the other hand is the longer loop 1 connecting the
lie in the first two 8-strands and their connecting loop 1, Strands31 andf2 observed for the RalGEF-RBDs: RIf has
and in the C-terminal moiety of helix1. Direct side chain  the longest and Raf the shortest interconnecting loop. Since
interactions are provided by Raf-RBD residues R59, N64, the primary sequences of these loop regions differ for all
Q66, T68, and R8%3), whereas K84 was found to interact RBDs (Figure 5A), and since in Raf-RBD this loop com-
with E31 and D33 in the complex of Raf-RBD with the prises N64 and Q66 that provide polar groups for hydrogen
RaplA(E30D,K31E) mutant2f). Sequence alignment bonds with RapZ3), local differences may be critical for
indicates that to a certain extent similar residues are foundthe substrate affinity.
in RIf and RalGDS (Figure 5A), suggesting that the mode  Residue E37 in Ras appears to interact with R59 and R67
of binding of RalGDS- and RIf-RBD to Ras/Rap resembles of Raf (49, 58). Sequence alignment indicates residues R16
the mode found in the Raf-RBRap complex. This in RalGDS-RBD and R9 in RIf-RBD to be homologous to
hypothesis is strengthened by the observation of resonancér59 in Raf (Figure 5A), which is also underlined by the
shifts in HSQC spectra of RIf-RBD resulting from the similar positions of these residues in the three RBD structures
binding to RasGppNHp (Figure 4). Shifts were indeed (Figure 5B). In contrast, although the alignment indicates
observed in helixx1 and the ensuing loop 3, and in the first that residues K28 in RalGDS-RBD and K22 in RIf-RBD are
two f-strands and the connecting loop 1. Additionally, shifts homologous to R67 in Raf, the three-dimensional position
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of these residues relative to the plane of theheet
composed by strang®l and/52 is opposite to that of R67
(Figure 5B). This deviation may explain the fact that
mutation E37G in Ras strongly affects the interaction with
Raf, but not with RalGDS or RIf.

Another important region implied in substrate binding is
the C-terminal moiety of helbol. Sequence alignment
indicates that K84 in Raf is homologous to K44 in RalGDS-
RBD and R38 in RIf-RBD (Figure 5A). K84 in Raf was
shown to be important for the interaction with residues E31
and D33 of Rap1A(D30E/K31EPRE). Whereas residue D33
is conserved in Ras and Rap, these proteins differ in position
31, being a glutamate in Ras and a lysine in RaplA. Itwas
shown that the position 31 is a key residue for the substrate
specificity of the Raf- and RalGDS-RBI2§, 59). It is
therefore surprising that the sequence and structural similari-
ties of these RBDs indicate that the homologue of Raf K84
in RalGDS-RBD is also a lysine: K44 (Figure 5A).
Furthermore, mutation D30E/E31K does not seem to affect
the binding of Ras to RIf-RBDGQ), indicating that E31 is
less important for binding of Ras to RIf as compared to Raf.
These aspects will have to be dealt with by solving the three-
dimensional structures of the complexes of the RalGEF-
RBDs with the substrates Ras and Rap.

Another helical residue of Raf-RBD that plays an impor-
tant role in the binding to Rap1A is R89 which forms a salt
bridge with the conserved residue D3B3( 26, 58). Raf
R89 aligns to H49 in RalGDS-RBD and N43 in RIf-RBD
(Figure 5A), neither of which can be involved in salt bridge
formation. However, in the three RalGEF-RBDs, the
preceding lysine may function similarly after structural
rearrangements upon substrate binding.

The electrostatic surface representation of the NMR
structures of the 3 RBDs (Figure 5B) shows that the RalGEF-
RBDs have a strongly negatively charged region, comprising
residues from the loops 1 and 3, whereas this region is hardly
charged in Raf-RBD. The chemical shifts that result from
the binding of Ras to RIf-RBD indicate that this region is
indeed involved in binding (Figure 4). Remarkably, RIf-
RBD has a positively charged residue in this region: R45.
Neither RalGDS- nor Rgl-RBD has a basic residue in this
region. It is therefore tempting to speculate that R45 may
play a role in binding Ras and might be (partially) responsible
for the differences in substrate affinities found between RIf
and the other two RalGEFs.
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