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Abstract Ras proteins play critical
rolesin regulating cell growth and dif-
ferentiation, and mutated Ras genes are
expressed in avariety of human can-
cers. Consequently, much interest has
centered on the binding partners of
Ras, including the Ras-binding domain
(RBD) of Raf kinase. Here evidenceis
presented that domains homologous to
the Raf RBD are present in tandem in
RGS12, RGS14 and LOCO, and singly
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in molecules similar to mouse Tiam-1.
In addition, RGS12, RGS14 and LO-
CO are shown to contain single “LGN
motifs’ that are guanine nucleotide ex-
change factors specific for the a-sub-
unit of G proteins. These findings indi-
cate “cross-talk” interactions between
signalling pathways involving Ras and
Rap and pathways involving Rho, Rac
and Ga GTPases.

Key words Regulator of G protein
signalling - LGN motifs - Gja GTPase -
Tiam-1 - Signalling pathway

Abbreviations GAP GTPase-
activating protein - GEF Guanine
nucleotide exchange factor -

RBD Ras-binding domain

Ras and heterotrimeric G proteins o
subunits are GTPases that play critical
rolesin the initiation of eukaryotic in-
tracellular signalling pathways. These
enzymes cycle between inactive GDP-
bound forms and active GTP-bound
forms. The latter target numerous ef-
fector molecules, thereby stimulating
the generation of second messenger
molecules. The activities of these GTP-
ases are regulated in part by GTPase-
activating proteins (GAPs) that stimu-
late hydrolysis of GTP, and guanine
nucleotide exchange factors (GEFS)
that stimulate GDP release [1]. Bio-
medical interest in these pathways
stems mainly from the finding of acti-
vated mutant Ras genes in human tu-
mours|[2].

I dentification of numerous GAPs,
GEFs and effector molecules that bind
Rasor Ga GTPases has illuminated
many of the pathways that radiate from
these prolific signalling molecules. Of

Bioinformatics:
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particular interest are signalling mole-
cules that interact with more than one
GTPase since these mediate “ cross-
talk” interactions between different sig-
nalling pathways. In a previous study
[3] we have shown that several GEFs
specific for the GTPase Ral p24 con-
tain a RasCTP-binding “RA domain”.
These domains were predicted to occur
in severa distinct signalling molecules
contexts. In addition, RA domains
were predicted to adopt a ubiquitin-like
fold, similar to that known for the Ras-
binding domain (RBD) of the Ser/Thr-
specific protein kinase Raf1 [4]. Al-
though RA and RBD domains share no
significant similaritiesin sequence, this
prediction was borne out by subsequent
crystallographic structure determina-
tions[5, 6, 7].

Here | present revised domain as-
signments for RGS12 and RGS14 (Fig.
1) that are GAPs specific for G,a sub-
units[8, 9]. Evidence suggests that
these molecules contain tandem do-
mains that are likely to bind, in a GTP-
dependent manner, one or more of Ras-
like molecules such as K-Ras, RaplA,
Rap2A, R-Rasand TC21. RGS12 and
RGS14 contain “regulators of G pro-
tein signaling” (RGS) domains that
have been shown to specifically stimu-
late the GTPase activities of Ga sub-
units, thereby down-regulating G pro-
tein coupled receptor-mediated signal-
ling pathways[10, 11, 12]. RGS12 iso-
forms have been shown to contain an
N-terminal PDZ domain [13] that inter-
acts with transmembrane receptors and
with the C-terminus of an alternatively
spliced RGS12 variant [9].
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Fig. 1 Schematic representation of the do-
main architectures of human RGS12
(RGSC_HUMAN), mouse RGS14
(RGSE_MOUSE), Drosophila Still life 1
(SF1_DROME) and mouse STEF
(STEF/MOUSE), approximately to scale.
LGN motif in Leu-Gly-Asn repeat contain-
ing protein motif [21]; PDZ PSD-95, DIg1,
Z0-1/2 domains [13]; PH pleckstrin ho-
mology domains [27]; PTB phosphotyro-
sine-binding/interaction domains [24]; RGS
“regulator of G protein signalling” domains
[10, 11, 12]; RhoGEF Dbl-like GEFs spe-
cific for Rho/Rac-type small GTPase do-
mains [28]; WH1 WA Sp-homology 1 do-
mains [29]

fro

/

RGSC_HUMAN <>
PDZ

RGS RBDs

RGSE_MOUSE I—“—I
LGN

SIF1_DROME WH

STEF/MOUSE

KRAF_HUMAN NTIRVFLPNKQRTVVNVRNGMSLHDCLMKALKVR-GLQPECCAVFRLLHE-HKGKKARLDWNTDAASLIG-EELQVDFL 4506401 56- 131
KRAA_PIG GTVRKVYLPNKQRTVVTVRDGMSVYDSLDKALKVR-GLNQDCCVVYRLIK----GRKTVTAWDTAIAPLDG-EELIVEVL 3024070 19- 91
RMIL_COTJA PIVRVFLPNKQRTVVPARCGVTVRDSLKKALMMR-GLIPECCAVYRIQD- --~-GEKKPIGWDTDISWLTG-EELHVEVL 464647 155- 227
KRAF_DROME ILLRAHLPNQQRTSVEVISGVRLCDALMKALKLR-QLTPDMCEVSTTHS----— GRHIIPWHTDIGTLHV-EEIFVRLL 266434 183- 254
KRAF_CAEEL KMIMVHLPFDQHSRVEVRPGETARDAISKLLKKR-NITPQLCHVNASSDPKQESIELSLTMEETASRLPG-NELWVHSE 585373 85- 161
RGSE_HUMAN 1 KYCCVYLPDGTASLALARPGLTIRDMLAGICEKR-GSLYLTSSLPGGN------ EQKALVLDQDCTVLAD-QEVRLENR 3914626 149- 219
RGSC_HUMAN 1 KHCCIHLPDGTSCVVAVKAGFSIKDILSGLCERH-GINGAAADLFLVG-~--~-~ GDKPLVLHQDSSILES-RDLRLEKR 3914623 962-1032
LOCO-C1/DROME 1 SLCRVILTDGATTIVQTRPGETVGELVERLLEKRNLVYPYYDIVFQG------- STKSIDVQQPSQILAG-KEVVIERR 4581018 360- 430
RGSE_HUMAN 2 TFELELTALERVVRISAKPTKRLQEALQPILEKH-GLSPLEVVLHRPG-----~ ERQPLDLGKLVSSVAA-QRLVLDTL 3914626 221- 291
RGSC_HUMAN 2 LFRLDLVPINRSVGLKAKPTKPVTEVLRPVVARY-GLDLSGLLVRLSG------ EREPLDLGAPISSLDG-QRVVLEEK 3914623 1034-1104
LOCO-C1/DROME 2 VAFRLDLPDPKVISVKSKPKKQLHEVIRPILSKY-NYKMEQVQVIMRD-----— TQVPIDLNQPVTMADG-QRLRIVMV 4581018 431- 501
TIAM_MOUSE TPSWFCLPNNQPALTVVRPGDTARDTLELICKTH-QLDHSAHYLR-———-————— LKFLMENRVQFYIPQPEEDIYELL 2494864 765- 832
STL_DROME KTFKVAMPDNAYSTVYLRDAMSVEEFLASACARR~-NLNPMEHFVR~ - -~ -~ —~~ VKKRRDMEDHNYFVPH-RNDLIENY 1813378 1121-1188
STEF_MOUSE VOTYVHFQDNEGVTVTIKPEHRVEDILALACKMR-QLEPTHYGLQLRKV-——-- VDKSVEWCVPALYEYM-QEQVYDEI 5264503 831- 902
consensus/80% .h.bhhbs..p.s.l.s+ss.plp-hl..hh..+..1....h.1........... p..lsbpp....1l...pc..1lc.b
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Fig. 2 Multiple alignment of representative
Raf1 kinase RBD sequences with homolo-
gous domain sequences in RGS12
(RGSC_HUMAN), RGS14 (RGSE_HU-
MAN), LOCO, Tiam-1, Still life (STL) and
STEF. Beneath the alignment the known
secondary structure of human Raf1 kinase
RBD [4]. The alignment is annotated ac-
cording to an 80% consensus (cal cul ated
using http://www.bork.embl-heidel-
berg.de/Alignment/consensus.html; N.
Brown and J. Lai, unpublished). Gray hy-
drophobic (h) residues (A, C,F, 1,L, M, V,
W, Y), big (b) residues (E, F, I, K, L, M, Q,
R, W, Y) and aliphatic (1) residues (I, L, V);
boldface charged (c) residues (D, E, H,K,
R), positively charged (+) residues (H, K,
R), negatively charged (-) residues (D, E),
polar (p) residues (D, E,H, K, N, Q, R, S,
T) and small (s) residues (A, C, S, T, D, N,
V, G, P). GenBank identifier (gi) accession
codes and residue limits are shown follow-
ing the alignment

HHHHHHHHHH

HHHEEEEEE

Granderath et al. [14] recently de-
scribed Drosophila melanogaster
LOCO-cl1 and LOCO-c2. These are
RGS domain containing proteins that
arerequired for glia cell differentia-
tion. LOCO proteins have been shown
to be similar to RGS12 and RGS14
throughout their sequences, including
their RGS domains and C-terminal
conserved regions B, C and D [14].
Database searches were undertaken to
investigate whether regions B, C and D
are significantly similar to other pro-
teinsin the non-redundant protein se-
guence database held at the NCBI
(ftp://nchi.nim.nih.gov/blast/db). These
searches employed the position-specif-
ic and iterative version of BLAST
(PSI-BLAST) [15] and an E-value in-
clusion threshold of 10-2.

A PSI-BLAST search with
LOCO-cl region B (amino acid resi-
dues 335-495) revealed, as expected,
significant sequence similarity to mam-

EEEE

HHHH EEEEEE

malian RGS12 and RGS14

(1013 >E>107) in the first round of
searching. By round 2, this search also
identified a second sub-optimal align-
ment of the C-terminal half of mouse
RGS14 region B (amino acid residues
390-444) with the N-terminal half of
fly LOCO region B (amino acid resi-
dues 374-428). Thisimplies the pres-
ence of tandem repeats within LOCO
region B. Although the E-value esti-
mate for this second aignment (E=7.6)
would be insufficient as evidence for a
single repest, it is strongly suggestive
of tandem repeats within the same se-
quence.

Round 2 of this PSI-BLAST search
also suggested that the putative tandem
repeatsin LOCO, and by extension in
RGS12 and RGS14, are homologues of
the Ras- and Rap-binding domains
(RBDs) in Raf1 kinases (Fig. 1). Part
of LOCO-c1 region B was aligned with
Caenorhabditis elegans lin-45 Raf ki-
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Fig. 3 Multiple alignment of representative
LGN sequences, including those in RGS12
(RGSC_HUMAN), RGS14 (RGSE_HU-
MAN) and LOCO. The alignment has been
annotated in a similar manner to Fig. 1.
Predicted [26] secondary structures are
shown beneath the alignment. RGP2_HU-
MAN has been extended at its N-terminus
using a human EST sequence (e.g. Gen-
Bank identifier 4393914)

nase (amino acid residues 59-191)
with an E-value of 7x10-3. Support for
the prediction of RBD homol ogous do-
mainsin RGS12, RGS14 and LOCO is
provided by the finding that mouse
RGS14 has aready been described as a
Rapl/Rap2-interacting protein
(Janoueix-Lerosey et al. 1997, unpub-
lished; GenBank identifier 1814396).

A similar search using of mouse
RGS14 region B (amino acid residues
264-440) reveadled significant similari-
ty, by round 4, to Drosophila Still life
(type 1; amino acid residues 1100-1158;
E=2x10-3) [16] in aregion between its
PH and PDZ domains. Molecules with
similar domain architectures to Still
life, namely mouse Tiam-1[17] and
STEF [18], are aso likely to contain
single RBD homologues (Fig. 2). A
PSI-BLAST search with the region in-
tervening between the N-terminal PH
and PDZ domains of STEF showed
significant similarity (E=6x10-) to rat
RGS12 by round 2.

A multiple alignment (Fig. 2) shows
that human Raf1 Arg89 is conserved,
or else substituted with positively
charged Lys or Hisresidues, in Still
life, Tiam1 and N-terminal RGS12-like
RBDs. Arg-89 lies at the centre of the
RaplA-Raf1 RBD binding interface
[4] and is substituted for leucinein
Drosophila Raf, resulting in arough
eye phenotype [19]. Many of the other
Raf1 RBD residues that interact with
Ras-like GTPases [4] are not conserved
in the newly identified RBD homo-

C10A/MOUSE-1
C10A/MOUSE-2
6p210RF1/HUMAN
Y50F7A.1/CAEEL
F32A6.4/CAEEL-1
F32A6.4/CAEEL-2
F32A6.4/CAEEL-3
F32A6.4/CAEEL-4
PCP2_MOUSE
LGN/HUMAN-1
LGN/HUMAN-2
LGN/HUMAN-3
RGP2_HUMAN
YLW5_CAEEL
6p210RF2/HUMAN-1
6p210RF2/HUMAN-2
RGSC_HUMAN
RGSE_MOUSE
LOCO-c2/DROME
Consensus/80%

TEEFFDLIASSQ-SRRLDDQRASV
GDEFFNMLIKYQ-SSRIDDQRCPP
TELLLDLVAEAQ- SRRLEEQRATF
SEDFLNMIERMQ-SNRLDDQRCEM
KEEFFDMLAKLQ-SKRMNDQRVDA
SEVLIDLLLNAQ-GRRMDDQRAPF
DEHLVEWLMRVQ-GERLDEQRSEL
EEDVTAIVMRMQ-AGCRLEDQRAHL
MDNLMDMLVNTQ-GRRMDDQRVTV
DEGFFDLLSRFQ-SNRMDDQRCCL
DEDFFDILVKCQ-GSRLDDQRCAP
DEDFFSLILRSQ-GKRMDEQRVLL
NTDLFEMIEKMQ-GSRMDEQRCSF
PVDMMDLIFSM--SSRMDDQRTEL
REQLYSTILSHQ-CQRMEAQRSEP
GQELLELLLRVQGGGRMEEQRSRP
AEEFFELISKAQ-SNRADDQRGLL
IEGLVELLNRVQ-SSGAHDQRGLL
ODELLEGLKRAQ-LARLEDQRGTE
.—.bbpbl.phQ.upRb--QORs. .

398583 128~ 150
398583 176- 198
1841548 15- 37
4226118 79- 101
1065449 416- 438
1065449 464- 486
1065449 511- 533
1065449 5495- 571
129703 26~ 48
1408182 482- 504
1408182 587- 609
1408182 621- 643
4506415 1- 17
465872 424- 445
1841542 57- 179
1841542 85- 108
3914623 1187-1209
3914636 500- 522
4581016 9588-1010

2-structure/PHD hHHHHHHHH

logues. This suggests that some RBD
homologues may not bind Ras-like
GTPases, in asimilar manner to RA
domain homologues that appear to lack
this function [20]. The finding that
mouse RGS14 binds Rapl and Rap2
(Janoueix-Lerosey et a. 1997, unpub-
lished; GenBank identifier 1814396),
however, argues that at |east one of the
two RGS14 RBD homologues doesin-
deed bind Ras-like GTPases.

Region D of RGS12, RGS14 and
LOCO (Region D) was shown to be
significantly similar to LGN motifs
[21]. These are known to be GEFs that
are specific for Ga; subunits [22].

A 22 amino acid alignment block of
known LGN motifs was used to query
current sequences using MoST [23]. It-
eration 1 revealed a significantly simi-
lar sequence (amino acid residues
1188-1209) in rat RGS12 (E=4.2x10-5)
and similar sequences in RGS14 and
LOCO (Fig. 3). RGS12 also contains a
phosphotyrosine-binding/interaction
domain [24] that appears not to have
been noted previously, athoughitis
annotated as such by SMART ([25]
and unpublished results) and by the
SwissProt database (accession code:
RGSC_HUMAN).

These newly identified RBD-con-
taining proteins are complex multido-
main molecules (Fig. 1). RGS12 and
LOCO interact with Ga; subunits [9,
14] and RGS12 acts as a Ga;-specific
GAP[9]. Thefinding of LGN motifsin
RGS12, RGS14 and LOCO isa sur-

hHh

prise since this presumed Ga GEF mo-
tif [22] might be thought to antagonise
the function of their RGS Ga GAP do-
mains. However, it is suggested that
these LGN motifs target Ga subunits
other than Ga;, such as Ga, Ga, and
Gaq,.

Thefinding of Raf1-like RBDsin
proteins thought to be Rho/Rac GEFs
(Still life, Tiam1 and STEF) and other
proteins harbouring Ga GAP and GEF
sequences (RGS12, RGS14 and
L OCO) suggests hitherto unforeseen
“cross-talk” interactions between Ras
and Rap signalling pathways and path-
waysinvolving Rho, Rac and Ga
GTPases. Further investigations are re-
quired to determine whether these
RBD homologues bind Ras-like GTP-
asesin a GTP-dependent manner and,
if so, their relative specificities for Ras
and similar molecules.

Addendum from author LGN motifs
have recently been documented as
“Goloco” moatifs (Siderovski DP, Div-
ersé-Pierluissi MA, de VriesL (1999)
The Goloco motif: a Ga;,, binding mo-
tif and potential guanine-nucleodide
exchange factor. Trends Biochem Sci
24:340-341
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