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ABSTRACT The Ste5 protein forms a scaffold that associates and regulates the components
of the mitogen-activated protein (MAP) kinase cascade that controls mating-pheromone-me-
diated signaling in the yeast Saccharomyces cerevisiae. Although it is known that the MEK
kinase of the pathway, Ste11, associates with Ste5, details of this interaction have not been
established. We identified a Ras-binding-domain-like (RBL) region in the Ste11 protein that is
required specifically for the kinase to function in the mating pathway. This module is structur-
ally related to domains in other proteins that mediate Ras-MAP kinase kinase kinase associa-
tions; however, this RBL module does not interact with Ras, but instead binds the PH domain
of the Ste5 scaffold. Structural and functional studies suggest that the key role of this PH
domain is to mediate the Ste5-Ste11 interaction. Overall these two evolutionarily conserved
modules interact with each other through a unique interface, and thus in the pheromone
pathway the structural context of the RBL domain contribution to kinase activation has been
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shifted through a change of its interaction partner from Ras to a PH domain.

INTRODUCTION

The yeast Saccharomyces cerevisiae uses mitogen-activated protein
(MAP) kinase pathways to respond to a variety of environmental
cues to control cellular processes such as proliferation, differentia-
tion, morphogenesis, and stress adaptation. The architecture of
these signal transduction pathways is conserved from yeast to mam-
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malian cells. The generic core of these pathways is the so-called
MAP kinase cascade consisting of three protein kinases (designated
MAP kinase kinase kinase [MAPKKK], MAP kinase kinase [MAPKK],
and MAP kinase [MAPK]), which are sequentially activated through
phosphorylation upon receiving an upstream activation signal
(Herskowitz, 1995; Banuett, 1998; O'Rourke et al., 2002). Plasma
membrane targeting of kinases is an important component of many
signaling pathways, and a common strategy to accomplish this in-
volves the association of the kinase with a small GTPase that pro-
vides a membrane-localizing hydrophobic C-terminus. Classic ex-
amples of this approach include the Ras-Raf association involved in
proliferation control in higher eukaryotes and the p21-PAK linkages
that regulate key signaling pathways throughout the eukaryotes
(Leevers et al., 1994; Stokoe et al., 1994; Bartels et al., 1995; Lu and
Mayer, 1999). In the pheromone response pathway involved in the
mating process of fungi such as Schizosaccharomyces pombe, the
fungal Ras homologue serves to link the MAPKKK of the mating
pathway to the plasma membrane (Tu et al., 1997). However, in the
branch of the ascomycetes leading to S. cerevisiae and Candida
albicans, the MAPKKK membrane association function for mating
has been shifted to the Ste5 scaffold protein, although the mole-
cular changes that permitted this shift are unclear. In S. cerevisiae,
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there are multiple means through which Ste5 targets to plasma
membrane (Whiteway et al., 1995; Winters et al., 2005; Garrenton
et al., 2006).

The Ste11 MAPKKK of S. cerevisiae is involved in at least three
MAP kinase pathways: those required for pheromone response, for
regulation of osmotic stress, and for pseudohyphal growth. It thus
serves as a good model for studying the mechanisms of pathway
specificity and coordination/cross-talk among signal transduction
pathways. Plasma membrane (PM) localization of Ste11 occurs
through interactions with specific scaffold/adaptor proteins and, as
in other eukaryotes, is critical for its differential activation/regulation
of these pathways. Forced PM localization of Ste11 leads to simulta-
neous activation of all MAP kinase pathways that share the kinase
(Winters et al., 2005; Wu et al., 2006). In the yeast pheromone re-
sponse the Ste5 scaffold directs Ste11 to the PM and links the acti-
vation of a G protein—coupled receptor to the MAP kinase cascade
(Elion, 1995, 2001; Whiteway et al., 1995; Wang and Dohlman,
2004). Ste5 binds all the components of the kinase cascade—Ste11
MAPKKK, Ste7 MAPKK, and Fus3 MAPK (Choi et al., 1994; Marcus
etal., 1994; Printen and Sprague, 1994). The region of Ste5 required
for Ste11 interaction largely overlaps with a cryptic PH domain that
was found to bind specific phospholipids of plasma membrane, and
the ability to bind the phospholipids has been proposed to be es-
sential for Ste5 localization to the PM (Garrenton et al., 2006). The
molecular basis of the Ste11-Ste5 interaction, essential for the pher-
omone response, remained unresolved. We previously identified a
region of Ste11 that is critical for interaction with Ste5 and for kinase
function in the pheromone response pathway (Wu et al., 1999). In
this work, we use a structure-based bioinformatics approach, based
on the Ste11 homologue in S. pombe, Byr2, to identify a Ras-bind-
ing-domain-like (RBL) structure within the regulatory region of Ste11.
We narrow down the region of Ste5 that is essential for interaction
with Ste11 and show that it is the PH domain that binds the RBLSte!!
domain. This direct binding of the Ste5 scaffold PH domain to the
Ste11 RBL domain is essential for the proper functioning of the
pheromone-response MAP kinase pathway. This establishes the fact
that although the binding partners have switched from the Ras pro-
tein to the scaffold PH domain, the ubiquitin fold-based Ras-bind-
ing module of the MAPKKK is commonly used to connect the kinase
to a plasma membrane-targeting module of the signaling network.

RESULTS

Detection of RBL5t*"" domains in fungal MAPKKKs

by structural bioinformatics

The domain recognition methods based on primary sequence infor-
mation have been only partially successful in detecting the ubiquitin
fold of Ras-binding domains (RBDs) and Ras association (RA)
domains. Although we were able to detect the RA domain in the
S. cerevisiae Ste50 protein by application of simple homology tools
(Ponting and Benjamin, 1996; Ekiel et al., 2009), initial database sur-
veys (Ponting and Benjamin, 1996) suggested an absence of the
RBD or RA motifs within the Ste11 protein, a kinase that serves as
the MAPKKK for a variety of signaling pathways in yeast. To identify
structural motifs that could be responsible for interaction of Ste11
with Ste5 scaffold, we reanalyzed the sequence of Ste11, applying
structural bioinformatics approaches based on the state-of-the-art
fold recognition methods assembled within the 3D-Jury meta-pre-
dictor (Ginalski and Rychlewski, 2003). Our analysis detected with
statistical significance a ubiquitin fold-based RBD encompassing
residues 117-240 within the previously identified Ste5-interacting
region of the yeast Ste11 protein kinase. We termed this an RBD-
like (RBL) motif, which shares all secondary structural elements char-
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acteristic of the archetypal ubiquitin B-grasp fold (Supplemental
Figure S2(a)), with the highest 3D-JURY consensus fold recognition
score to the RBD structure of the Ste11 homologue Byr2 of
S. pombe (Scheffzek et al., 2001). This RBLS"! motif is common to
the Ste1TMAPKKK homologues of a large number of fungi (Supple-
mental Figure S2(b)).

The RBL domain of Ste11 MAPKKK is essential

for the pheromone response pathway

To directly assess the role of the RBL domain in signal transduction
within the MAP kinase pathway required for pheromone response,
we created a Ste11 mutant (Ste11ARBL) with an internal in-frame
deletion of the region corresponding to the predicted RBL domain
(residues 117-240). The resulting mutant was assayed for its ability
to mate with wild-type cells of opposite mating type. Cells express-
ing Ste11ARBL are severely defective in mating and also in phero-
mone-induced cell cycle arrest, as well as in pheromone-induced
transcriptional expression of a mating-specific reporter gene. There-
fore cells containing Ste11 lacking the RBL have an essentially ster-
ile phenotype (Figure 1). To ensure that Ste11ARBL is a functional
kinase, we used the fact that Ste11 MAPKKK is shared among sev-
eral MAP kinase pathways and essential also for high-osmolarity
glycerol (HOG) synthesis. In the HOG pathway, the Ste11-SAM (for
“sterile alpha mating”) domain, which is N-terminal and precedes
the RBL domain, is necessary for the interaction of Ste11 with Ste50
adaptor for proper localization and activation of the Ste11 kinase.
We therefore analyzed the function of the Ste11ARBL mutant in the
activation of the HOG pathway and found that, in contrast to its
behavior in the pheromone response pathway, it is fully capable of
activating the HOG pathway, indicating that the Ste11ARBL retains
kinase activity and suggesting that the RBL domain is uniquely cru-
cial for Ste11 function in the activation of the MAP kinase pathway
for pheromone response (Figure 1C).

Solution structure of the RBLSt'" domain

To confirm the structural bioinformatics prediction for the RBLSte!!
domain, we determined its structure in solution by nuclear magnetic
resonance (NMR) spectroscopy. The RBLS*"! domain (amino acids
[aa] 116-236) was bacterially expressed in >N- and '3C-enriched
medium and purified. Using NMR experiments, we obtained chemi-
cal shift assignments for the protein backbone, as well as for ali-
phatic and aromatic side chains. Backbone assignments were com-
plete, with exceptions for Cys-138 and Asp-142, for which signals
were missing in "H™N heteronuclear single quantum coherence
(HSQC) spectra. An ensemble of 20 low-energy structures that sat-
isfy NMR constraints was obtained using Cyana 2.1 (Gintert, 2004;
Supplemental Figure S3).

The NMR structure reveals that the predicted RBL domain
indeed adopts a ubiquitin fold, comprising a mixed five-stranded
B-sheet flanked by three o-helices (Figure 2A). The secondary
structure assignments are as follows: strands B1 (aa 120-125) and
B2 (aa 128-134), helix a1 (aa 142-151), strands B3 (aa 172-178)
and B4 (aa 182-186), helix 02 (aa 189-196), and strand B5 (aa
206-211) are elements typical of the ubiquitin fold. The final, long
C-terminal helix a3 (aa 218-233) is rarely present in this class of
domains. In addition, we observed a short, unique insertion be-
tween helix a1 and strand B3 in RBLSt"" domain, which we call a
B-finger, composed of two short strands BF1 (aa 158-160) and BF2
(aa 163-166). The ensemble of NMR structures shows significant
protein backbone flexibility in the N-terminus preceding the ubig-
uitin fold, in the C-terminal end of helix 0.3, and also to a moder-
ate degree in the B-finger insert (Supplemental Figure S3).

Molecular Biology of the Cell
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FIGURE 1: The RBLSt!" domain is essential for pheromone response signaling. (A) Schematic
diagram of Ste11 MAPKKK with functional domains indicated: KD, kinase domain; RBL,
RBD-like; SAM, sterile alpha mating. (B) The RBL>*"" domain is essential for mating. Yeast cells
(ste11A) transformed with STE11 alleles were tested for their ability to mate with tester strain by
diploid selection. (C) The RBL domain is not required for Ste11 signaling in the HOG pathway.
Yeast cells (steT1A ssk2A ssk22A) transformed with STE11 alleles were tested for their ability to
signal in the HOG pathway as indicated by growth on hyperosmotic medium. Halo assay (D) and
B-galactosidase assay (E) of yeast cells (ste11A) transformed with STE11 alleles showing their
ability to induce pheromone-dependent cell cycle arrest and transcriptional activation of

mating-specific reporter gene.

The structure of the RBLS*®"" domain is most similar to the RBD
domain of S. pombe Byr2 (Protein Data Bank [PDB] code 1K8R;
Scheffzek et al., 2001), as indicated by various structural similarity
metrics such as a Z-score of 8.0 and a Q-score of 0.38 (http://pdbe
.org/fold). However, there are two major differences between these
structures. First, the Byr2-RBD does not have the B-finger insertion,
and its C-terminal helix a3 is much shorter than the corresponding
helix in the RBLS*'" domain.

The RBLS*"" domain has no detectable association

with small GTPases but interacts with the PH domain

of Ste5 scaffold

To understand the role of this RBLS*"" domain in pheromone re-
sponse signaling, we first searched for its interaction partner(s).
Because of the similarity of the RBL5*"" domain to the Byr2-RBD of
S. pombe, which has been shown to interact with Ras1 (Gronwald
et al., 2001; Scheffzek et al., 2001), we tested the possibility of the
RBLS*'"" domain interacting with any of the S. cerevisiae small
GTPases. To this end we performed in vitro resin-binding assays
with small GTPases of the Ras and Rho family members (a total of
11, including Ras1, Ras2, Cdc42, Rho1, Rho2, Rho3, Rho4, Rho5,
Rhb1, Rsr1, and Yhr022c) as glutathione S-transferase (GST) fusions
from the yeast open reading frame library (Martzen et al., 1999)
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expressed in yeast and purified as previ-
ously described (Annan et al., 2008) and the
RBLS*"" domain (aa 116-236) expressed as
histidine (His)-tagged fusion protein in bac-
teria. For these assays the small GTPases
were preloaded with the nonhydrolyzable
GTP analogue GTPYS or with GTPBS
(Truckses et al., 2006). No detectable bind-
ing of RBLS*'" to these GTPases was ob-
served (unpublished data).

The presence of PH domains in some
family members of Ste5-like and Far1-like
proteins was predicted (Wiget et al., 2004;
Garrenton et al., 2006; Cote et al., 2011).
This prediction was derived from the appli-
cation of fold-recognition methods (Supple-
mental Figure S1(a)), which detected the
boundaries of the PH domain in a large
number of Ste5 and Farl fungal proteins
(Supplemental Figure S1(b)). Simple appli-
cation of homology tools was unable to de-
tect this cryptic structural relationship due to
the low sequence conservation characteris-
tic of PH domains. Ste11 had been shown to
interact with Ste5, and the Ste11-binding
region on Ste5 was first mapped to residues
336-586 through deletion (Choi et al,
1994). This region was further delineated
through mutagenesis to residues 463-514
(Inouye et al., 1997). It overlaps with the re-
cently proposed lipid-binding PH%*> domain
(Garrenton et al., 2006), which maps to resi-
dues 400-512.

To further delineate the domain bound-
ary for the region of Ste5 that is specifically
required for the interaction with the RBLSt"!
domain, we used a modified cytoplasmic
yeast, two-hybrid system (Wu, Jansen, and
Yerko, unpublished data) developed based
on our finding that the interaction of Ste50 and Ste11 through their
SAM domains, in the HOG pathway activation, can be replaced with
other protein—protein interacting modules (Wu et al., 2006).

We replaced the Ste50-SAM domain with the Ste11-interacting
region of Ste5, so that the activity of the modified HOG pathway
in cells (ste50A ssk2A ssk22A) depended on the ability of the Ste5
fragment in the Ste50 chimera to interact with Ste11 (Figure 3A).
Deletions from both the N- and C-termini of the Ste5 fragment
delineated a Ste5 fragment composed of residues 373-537 that
was able to activate the HOG pathway when fused to Ste50ASAM
(Figure 3B). Further deletion analysis indicated that a Ste5 frag-
ment of aa 373-523 was still functional, albeit with somewhat re-
duced activity compared with the larger fragment. However, the
fragment consisting of aa 373-515 of Ste5 was unable to activate
HOG pathway (unpublished data). These results show that the
Ste5 region interacting with Ste11 largely overlaps with the PH
domain of Ste5. Because we showed previously that the Ste11
regulatory region encompassing the RBL domain is required for
interactions with Ste5 (Wu et al., 1999), we concluded that the
Ste5-Ste11 association is mediated through PH-RBL domain inter-
actions. This interaction of the PH%> domain with the RBLS!" do-
main is specific, as other versions of PH domains show no interac-
tion with the RBL domain (Figure 3C).
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FIGURE 2: Overall structures of the RBLSt'" and PHSt> domains. (A) Solution NMR structure of
the RBLSt'" domain. Canonical ubiquitin-like fold is in cyan, the inserted B-hairpin in red, and the
helical C-terminal extension in blue. (B) Modeled PHSt> domain. Canonical PH fold is in green
and N- and C-terminal extensions are in light blue and red, respectively. Secondary structure
elements are labeled. Two orthogonal views are presented in each case.

To test whether the RBLS*'" domain and PH%*> domain can inter-
act directly in vitro, we performed pull-down resin-binding assays
with independently expressed and differentially tagged fragments:
a Ste11 fragment consisting of aa 116-236 with two Ste5 constructs
encompassing aa 373-537 and aa 373-523, respectively. When
bacterially expressed GST fusions of the Ste5 fragments were mixed
with a bacterial extract containing the His-tagged RBLS®!, both
Ste5 fragments were able to pull down the RBLS*®!"" domain, al-
though the smaller Ste5 (373-523) fragment showed somewhat
lower efficiency. The GST protein alone was used as a negative con-
trol, and no Ste11 fragment was retained on the column. These re-
sults established a direct interaction between Ste5 and Stel1
through a PH domain and an RBD-like domain. Further analysis indi-
cated that the longer form of the PH%> domain behaved better in
solution, and it was chosen along with the RBL**"" domain for sub-
sequent studies.

The bacterially expressed and purified RBLS*"" domain and
the PHSt> domain appeared to be predominantly monomers and
were able to form a complex at a 1:1 ratio as judged by size exclu-
sion chromatography. The complex appeared to be more stable
in solution than either partner separately. The apparent affinity of
the interaction of the complex was determined to be ~200 nM
using surface plasmon resonance with the immobilized PHt> do-
main on the surface and the RBL>**'" domain in the flowing phase
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(Supplemental Figure S4(a)). The physical
interaction of these two domains was also
demonstrated by NMR analysis using an
>N-labeled RBLS*"" domain titrated with
an unlabeled PH%> domain. A set of amino
acid residues showed specific chemical
shifts upon the addition of PHSt> domain,
indicating their involvement in the interac-
tion (Supplemental Figure S4(b)).

Mutational analysis of the PH5t5
domain and structural mapping

of the Ste11-interacting site

The RBL domain-PH domain interaction rep-
resents a new type of RBD interaction com-
plex, as Ras-binding domain modules typi-
cally associate with small GTPases. To probe
the structural basis of this interaction and the
role of this interaction in signal transduction
in the pheromone response MAP kinase
pathway, we identified functionally impor-
tant residues of the PH> domain by both
random and site-directed mutagenesis. We
first screened for mutations that disrupted
the function of the PH domain in the context
of the PH3*>-Ste50 chimera shown in Figure
3A. Approximately 150 clones that satisfied
this criterion were selected after sequencing
and classification according to the nature of
the substitutions, and 10 representative mu-
tants from random mutagenesis were cho-
sen along with 6 mutants of site-directed
mutagenesis, including 1504T mutant based
on previous work (Inouye et al., 1997), for
further functional analysis (Table 1).

These mutants were transferred into
STE5 under the control of its own promoter
using in vivo recombination in yeast cells
deleted for the endogenous STE5. The resulting yeast strains bear-
ing different single point mutations in the PH>®> domain were as-
sayed for their ability to direct pheromone signaling. All the mutants
showed severe defects in pheromone response, with some exhibit-
ing a totally sterile phenotype (Figure 4 and Table 1).

To confirm that these PH%®>-domain mutants have altered inter-
actions with the RBLS*"", were cloned Ste5 mutants corresponding
to residues 373-537, expressed them in bacteria, and used them for
the in vitro binding assay with a bacterially expressed RBL>**"" do-
main (116-236). PH*>-domain mutants showed severely decreased
or no binding to the RBL>*®"! domain, and the extent of the decrease
in the interaction correlated well with that of the decease in the
pheromone response (Figure 4, A and B). These results indicate that
the interaction of the PH%5 domain with the RBLS*'! domain is es-
sential for the pheromone response signal transduction pathway.
Further analysis indicated that this interaction played a critical role in
Ste11 MAPKKK activation, as an activated allele of STETT largely
bypassed the signaling defects of the Ste5 mutants (Figure 4C).

Modeled structure of the PH5'*> domain

To analyze the spatial relationship between the loss-of-binding
mutants and to gain insight into the residues forming the inter-
face between the RBL domain and the PH domain, we applied
structural bioinformatics and homology modeling to construct a

Molecular Biology of the Cell



A)

oD

°,
o
X
E. HOG g Altered
',q:, pathway HOG pathway
7]
B)
§t§4
inding
Fus3
aa :' :
338-587 = ! 1
387-587 —————— )
438-587 — 3
338-537 - e— 4
Ste50pASAM + 338057  e— 5
387-538 -_ 6
A376.5a6 =ttt — ]
373-537 ] 8
PHD High osmotic Normal
media media
Ste50ASAM P >
with A 03‘? é(_:
D o L L
None ) o Q Q
Ste5-PH a-HIS : " . RBLStet1
scFar1-PH
caSte5-PH
Normal High o-GST:

osmotic

FIGURE 3: Ste11 interacts with the PHSt5 domain. (A) Schematic representation of the
interaction of Ste11 with Ste50 through their respective SAM domains in the natural HOG
pathway (left) and through the RBL and grafted PH'*> domain in the altered HOG pathway.

(B) The altered HOG pathway format in A was used to delineate the boundary of the PHSt
domain in yeast strain YCW1476 (ste50A ssk2A ssk22A) by monitoring its ability to grow on
hyperosmotic media (with 0.75 M NaCl). (C) The RBLS®"" domain specifically interacts with the
PHSte> domain. Other PH domains replacing the Ste50-SAM domain were unable to activate the
altered HOG pathway, indicating that they do not interact with the RBLS*"" domain. (D) The
RBLS*"" domain interacts with the PH®> domain in vitro. Bacterially expressed, His-tagged
RBLSt"" was incubated with glutathione-Sepharose bead-immobilized Ste5 fragments of either
aa 373-537 (PHSe5Y) or 373-523 (PHSte5S) as GST fusion or GST alone as control. His-tagged
BRLS*"" copurified with the glutathione-Sepharose beads was revealed by Western blotting
analysis with anti-His antibody (top) and the GST fusion with anti-GST antibody (bottom).

three-dimensional (3D) model of the PH%> domain encompass-

ture over the last 5 ns of MD simulation
(Supplemental Figure S5). The average
minimized structured over the last 1 ns of
MD simulation is of good quality as vali-
dated by several methods (Supplemental
Figure S6).

The modeled structure of the PH>® do-
main (Figure 2B) was based on the PH do-
main of the guanine nucleotide exchange
factor collybistin (PDB code 2DFK; Xiang
et al., 2006). It comprises the canonical
PH fold (residues Leu-406-Asp-511) consist-
ing of an antiparallel seven-stranded B-barrel
(B4-B3-B2-B1-p7-p6-B5) capped by a C-termi-
nal o-helix (aC). The axis of aC has a notice-
able curvature. The canonical PH fold is
flanked by N- and C-terminal extensions
(Thr-374-Leu-405 and Phe-512-Gly-537)
that interact with each other via helical re-
gions present within these extensions and
contact the outside of the B-barrel on strands
B1-B2-B3. The N-terminal helix aN (Leu-375-
Asn-389) is well formed and sandwiched be-
tween the B-barrel and the short C-terminal
helix aC1 (residues lle-529-Phe-532). Termi-
nal helical extensions are predicted also in
other PH domains from fungal Ste5 and Far1
homologues, and these are linked to the ca-
nonical PH fold by structurally varying linkers
(Supplemental Figure S1(a)). The longer
linker connecting the alC1 helix appears par-
ticularly flexible (i.e., unstructured) in our 3D
model of the yeast PH®5 domain (Supple-
mental Figure S5).

The mutagenized residues of the PHSt
domain that affected mating and that modi-
fied Ste11 binding ability were projected on
this 3D model (Figure 5A and Table 1). Mu-
tations that significantly affected the mating
activity (<1%) and had undetectable or se-
verely decreased Ste11 binding define a
contiguous surface patch on one face of the
PHSte>-domain structure. They are located in
the B5-B6-B7-aC region: T465A (B5-B6
loop), KA472E (B6), S484P (B6—B7 loop),
N4911 (B7-—-aC loop), and S494P, Q501R,
K502R, and 1504, in the aC helix. The excep-
tions are R379G in the aN helix in the N-
terminal extension and F514L at the begin-
ning of the loop following the aC helix. Two
mutations affecting mating to a lesser extent
(~10%) and having decreased Ste11 binding
relative to wild-type Ste5 are R407K (at the
beginning of the B1 strand) and Y487H (37)
map also to the same surface area. Overall
the Stel1-interacting surface of the PHS®>
domain is centered on the aC helix.

ing residues 374-537. This model was refined by a 20-ns mole-  PHS**>-domain mutants are defective only in the interaction
cular dynamics (MD) simulation, at which point it attained struc-  with Ste11 and show normal cellular localization

tural convergence, with only a solvent-exposed loop region inthe ~ Some known PH domains are capable of binding inositol phos-
C-terminal end showing significant fluctuations at room tempera-  phates and phosphatidylinositides (Pls) and may be functionally
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FIGURE 4: Mutational analysis of the essential role of the PH%*> domain in pheromone
response. (A) B-Galactosidase assay (top) and Halo assay (bottom) of yeast cells (ste5A)
transformed with STES5 alleles carrying mutations in the PH domain for their ability to induce
pheromone-dependent transcriptional activation of mating-specific reporter gene and cell cycle
arrest. (B) Pull-down assay with bacterially expressed GST-RBL"®!'- and His-tagged PHSt>-
domain mutants. Western blot analysis of pull-down and input of PH%¢>-domain mutants was
carried out with anti-His antibody. (C) Activated STE11 allele bypasses the mating defect of the
PHSte5-domain mutant. Yeast cells (ste5A) cotransformed with either STE5 or STE11 allele or
vectors in combination as indicated were assayed for their ability to mate, and the mating

products were revealed on selective medium (right).

involved in plasma membrane targeting and association or sub-
cellular localization (Lemmon, 2004, 2008). The PHS*> domain
has recently been shown to bind phospholipids and to be re-
quired for plasma membrane localization of the protein. This
property has been proposed to be required for the function of
Ste5 in the activation of the pheromone response pathway
(Garrenton et al., 2006). A detailed analysis of the putative PI-
binding sites of the PHS> domain is given in the Supplemental
Figure S7. Briefly, the Stel1-interacting surface of the PHSt®
domain mapped by mutagenesis is distant from the canonical
Pl-binding site but partially overlaps with the general location of
the noncanonical Pl-binding site.

To demonstrate that the defect of our PH%*5-domain mutants
for pheromone response is due only to their inability to interact
with Ste11 and not in membrane association, we constructed
Ste5 mutants with a protein—protein interaction module that re-
stores interaction with Ste11 and tested their ability to mate. To
this end, we made an in-frame fusion of the SAM domain of Ste50
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to the C-terminal region of Ste5. The fu-
sion proteins are expected to restore the
ability to interact with the Ste11 by taking
advantage of the fact that Ste50 and Ste11
interact through their respective SAM do-
mains (Wu et al. 1999, 2006). Two Ste5
mutants chosen to be modified and as-
sayed were Q501R and 1504T, as these
mutants showed a nearly sterile pheno-
type. These sterile Ste5 mutants became
mating competent when they were fused
with the SAM domain of Ste50 (Figure 6, A
and B), demonstrating that reestablishing
the association between Ste5 mutants and
Ste11 is critical for the signal transduction
of the pheromone response pathway and
g £ ~ that the mating incompetence of the Ste5
2 mutants is due to their inability to interact
with Ste11.

We also constructed N-terminally green
fluorescent protein (GFP)-tagged PHS do-
main mutants to examine the subcellular lo-
calization of PH%*5-domain mutants using

]
= LO-'
-
n n
[T -

STE5S STE11  fycrescence microscopy. We chose three
mutants with the most severe mating de-

WT vec fects (Q501R, 1504T, and F514L) to make the
GFP-tagged constructs. These constructs,

Q501R WT along with GFP-tagged wild-type Ste5, were
transformed into wild-type yeast cells that

Q501R  STE11-1 2 capable of forming pheromone-induced
shmoos. All the mutants showed a sub-

vec STE11-1 cellular localization similar to the wild-type

Ste5: general cytoplasmic and nuclear distri-
bution both in the absence and presence of
pheromone and a sharp crescent-shaped
localization to the shmoo tip in the presence
of pheromone (Figure 6C). These results
demonstrated that the Ste5 mutants are
competent in plasma membrane recruit-
ment, suggesting that the observed mating
defect is likely due to the defect in the abil-
ity of these PH-domain mutants to interact
with the RBL domain of Ste11.

Mutational analysis of the RBLS**"" domain and structural
mapping of residues essential for pheromone response

We were interested in defining the face of the RBL module that in-
teracts with this PH*> domain. To identify those residues in the
RBLS!" domain critical for the binding of the PH'> region, we car-
ried out a random mutagenesis analysis. We showed previously that
deleting a region encompassing the RBL domain of Ste11 permits a
reduced response to mating pheromone in an otherwise wild-type
background but causes sterility in a ste50A yeast strain (Wu et al.,
1999). We used this observation and performed the mutagenesis
analysis in a ste50A strain so that the interaction of the RBLS*'" and
PHS> domains is the only driver of the pheromone response.
Mutants that were pheromone response negative were selected
and then further analyzed for their ability to activate the HOG path-
way in the presence of Ste50 to eliminate nonfunctional nonsense
mutations, as Ste11 lacking the RBL motif is fully capable of activat-
ing the HOG pathway (Wu et al., 1999). Approximately 100 clones
were selected for sequencing analysis and, after classification, eight
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Mutation Interaction with Ste11 Mating (% of wild type)
R379G - — (<<0.1)
R407K Decreased 9.7
R462E nd 92
T465A Severely decreased 0.8
K472E - — (<<0.1)
S484pP Severely decreased 0.9
Y487H Decreased 10.3
N491I Severely decreased 0.7
S494p Severely decreased 0.7
T498A + 100
T499A nd 91
Q501R - — (<<0.1)
K502R Severely decreased 0.8
1504T - — (<<0.1)
L508S Severely decreased 0.5%
F514L - — (<<0.1)
WT + 100

Protein—protein interaction was assayed using the tailed two-hybrid system as
described in the text. The relative amount of cell growth reflects the extent of
PHSt5-domain interaction with Ste11. nd, not determined.

TABLE 1: PHSt5-domain mutants.

representative clones with either single or double mutation were
chosen for further studies. Two additional mutants generated by
site-directed mutagenesis (D178R and D173R/F175A) were used as
controls to show that RBLS*®'"" can tolerate radical mutations, as
Ste11 with these mutations has a nearly normal signaling function
(Table 2).

These Ste11 mutants were assayed for their function in the pher-
omone response pathway through their ability to allow formation of
diploids, to permit pheromone-dependent cell cycle arrest, and to
facilitate mating-specific gene transcription; all the mutants selected
from the screening showed severe defects up to an essentially ster-
ile phenotype. All these mutants were, however, fully able to acti-
vate the HOG pathway. This indicates that the mutational effects are
specific for the function that requires the RBL®!" domain and not
due to a general loss of function of Ste11. The residues defined by
the defective mutants were mapped onto the RBLS*®' structure
(Figure 5B).

NMR-based mapping of the PH5t*> domain-binding interface
on the RBLSt¢''-domain surface

The residues of the RBLS*!" domain involved in binding to the PHSt>
domain were also interrogated by NMR spectroscopy. To this end,
we used a chemical shift perturbation approach through analysis of
"H'>N HSQC spectra of the RBL>*"" domain upon addition of in-
creasing amounts of an unlabeled PH3*> domain. The majority of
NMR signals experience some line broadening due to the large size
of the complex. This indicates that the RBL domain does not un-
dergo substantial conformational changes upon complex formation.
However, a subset of amide signals undergoes a chemical shift
change or extensive line broadening (Supplemental Figure S3B), al-
lowing identification of the interface. The results are summarized in
Figure 5C, where the affected residues are highlighted in magenta.

Volume 24 February 1, 2013

The regions most affected by the binding of the PH domain include
the N-terminal end of the strand B1, the B1/B2 loop, one residue
from strand B3, the helix a2, and the following loop leading to
strand B5 (Figure 5C). All of these regions are located close to each
other in space, forming a continuous patch on the surface of the RBL
domain and identifying the interface. This interface is in excellent
agreement with the functional results from mutagenesis (Figure 5B);
of eight mutants with drastically reduced mating (Table 2), seven
were also picked up by NMR experiments, either identifying the
same amino acid or its direct neighbor in the sequence, suggesting
that the mutational analysis picked up critical residues involved in
RBLS'- and PHS*>-domain interaction. The number of identified
residues that functionally impair mating is lower than the number of
amino acids identified on the interface by NMR, indicating incom-
plete coverage by mutagenesis. However, the NMR data did not
identify participation of the loop BF1/BF2 in binding the PH domain
(Figures 2A and 5C). Hence, this B-finger insert does not appear to
be involved in the interaction with the Ste5 scaffold, although it may
play a different functional role. The NMR data also help to interpret
the three cases of impaired double mutants identified by random
mutagenesis (Table 2), suggesting that most likely Asp-189 (rather
than Thr-166), Asn-126 (rather than Lys-225), and Tyr-188 (rather
than Ser-241) are responsible for the reduced mating. The only re-
gion located outside of this contiguous interface is the loop B1/B2,
which was picked up by both mutagenesis and NMR (Asn-126 and
Gly-128; Table 2) or only by NMR experiments (the neighboring
amino acid Leu-125). Most likely, some small conformational
changes in this region are responsible for the observed effect.

DISCUSSION

Modular domains of signaling proteins

Eukaryotic cells use a wide range of protein modules to wire to-
gether signaling networks. These modules include catalytic ele-
ments such as kinases, phosphatases, and other enzymatic ele-
ments, as well as interaction modules such as SAM, SH2, and SH3
domains. The RBDs or RA domains and the PH domains are other
very common modules implicated primarily in protein—protein inter-
actions. The RBDs (or RA domains) belong to the ubiquitin super-
fold, and one characteristic feature of ubiquitin is the diversity of its
binding partners and their modes of interaction (Schnell and Hicke,
2003; Hurley et al., 2006; Kiel and Serrano, 2006). However, al-
though the RBD/RA domains are ubiquitous within signaling net-
works, their function has been found to be primarily focused on
transmitting signals by binding specifically to GTPases and thus ac-
tivating effector functions.

PH domains are also among the most common domains in sig-
naling proteins; however, up to now there has been no example
of their interaction with RBD or RBD-like domains. Although ubig-
uitin has shown interactions with PH domains, these associations
have been reported to function in protein ubiquitination and deg-
radation but not signaling (Alam et al., 2006; Hirano et al., 2006;
Schreiner et al., 2008). In this work, our structure—function data
demonstrate that RBL-PH domain interactions can occur in signal-
ing networks and that this interaction is critical for the proper
functioning of a MAPK signaling pathway. In fact, this complex has
a unique interface, different from all known ubiquitin—-receptor
complexes, and has higher affinity than that found for any of these
ubiquitin-based complexes. It is intriguing that this interaction be-
tween the RBL domain and the scaffold PH domain in S. cerevisiae
serves the same molecular function as the Byr2-Ras1 interaction
in S. pombe—to connect a MAPKKK to a potential membrane-
tethering molecule.
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FIGURE 5: Structural mapping of functional data. (A) Mutagenesis data (Table 1) mapped on the
modeled PHS¢> domain. Mutated residues are shown as CPK models color coded by activity
change upon mutation relative to wild-type Ste5: red, <<0.1% mating activity and no Ste11
binding; orange, <1% mating activity and severely decreased Ste11 interaction; yellow,

~10% mating activity and decreased Ste11 interactions. (B) Mutagenesis data (Table 2) mapped on
the solution NMR structure of the RBLS*®"" domain. Mutated residues are shown as CPK models
color coded by activity change upon mutation relative to wild-type Ste11: red, <<0.1% mating
activity; orange, <1% mating activity. Dashed lines indicate double mutants. (C) NMR interaction
data mapped on the solution NMR structure of the RBLS*®"" domain. CPK models indicate residues
affected (in magenta, labeled) and not affected (in green, not labeled) upon binding to PHSte>
domain. Two orthogonal views are presented in each case corresponding to those in Figure 2.

that interacts with the PH%> domain is cen-
tered on loop B2-al, helix 02, and loop
02-fB5, a surface adjacent to, but distinct
from, the canonical Ras-binding face (Figures
2A and 5, B and C).

In addition, the surface of the PH%*> do-
main that interacts with the RBLS*"", centered
on the oC helix, appears to be marginally
overlapping with, yet clearly distinct from,
the ubiquitin-contacting surfaces in other PH
domains (Figure 7). For example, in the case
of the GLUE-ubiquitin complex (Alam et al.,
2006; Hirano et al., 2006), the interaction sur-
face on the PH domain (GLUE) is centered on
the B5 strand, with less contribution from the
oC helix, greater contribution from the
B6-B7, and no contribution from the (absent)
N- and C-terminal elements. In the Rpn13-
ubiquitin complex (Schreiner et al., 2008),
the interaction is located at the B-barrel side
corresponding to the C-terminal end of the
oC helix. The two complexes with ubiquitin
use the “lle44 face” of ubiquitin (Figure 7),
whereas in RBLY®'" the “lle44 face” of the
ubiquitin fold is blocked by the C-terminal
helical extension (a.3) and cannot be used for
interactions with the PHS®> domain. These
comparisons underscore the structural vari-
ability and versatility for interactions not only
of the participating folds, but also for the pair
of interacting folds, which expands their abil-
ity to introduce specificity of interactions.

Phosphoinositide-binding sites

on the PH%*5 domain

Approximately one-third of the known PH
domains are capable of binding inositol
phosphates/Pls, and those may be function-
ally involved in plasma membrane targeting
and association or subcellular localization
(Lemmon, 2004, 2008). Only a small fraction
of PH domains bind reasonably strongly and
with some specificity to phosphoinositides
in vitro, whereas the majority of PH domains
appear to bind very weakly to phospho-
inositides according to lipid overlay assays
(Lemmon, 2007). Perhaps one of the biggest
challenges for understanding the general
properties of this large class of domains is to
determine whether the frequently observed
low-affinity and promiscuous phosphoinosit-
ide binding has functional importance. A
version of the yeast Ste5 PH domain (131

The interaction of RBL and PH domains

The interaction between the PH domain and the RBL module ex-
ploits a new surface of the ubiquitin-fold structure that is different
from the canonical surface involved in binding Ras-like proteins. The
latter surface is centered on the B2 strand (for antiparallel interactions
with the B-sheet of the small GTPase) and the C-terminal end of the
subsequent o-helix (positively charged for complementarity with the
negatively charged switch | region of the small GTPase; Nassar et al.,
1995; Scheffzek et al., 2001). In contrast, the RBLS*""-domain surface
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residues, 388-518) shorter than the one studied here (165 residues,
373-537) was shown to bind in vitro to phosphatidylinositol 4,5-bis-
phosphate directly and reasonably specifically but with relatively
modest affinity (Garrenton et al., 2006).

PH domains can bind PI ligands at two distinct sites: a canonical
site located between the B1-$2 and B3—-B4 loops and a noncanoni-
cal site located on the other side of the B1-B2 loop, in a pocket
between the B1-B2 and B6-B7 loops (Alam et al., 2006). Positioning
of these Pl-binding sites onto the modeled structure of the yeast

Molecular Biology of the Cell
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FIGURE 6: PHS**5-domain mutants defective primarily in the binding of Ste11 MAPKKK.

(A) Yeast cells (ste5A) carrying PHSt5-domain mutants that are defective in binding to RBLSt!!
are defective in mating. (B) Reestablishing the interaction of Ste5 mutants in A with Ste11
through another protein—protein interaction alleviates the mating defect. Yeast cells in A were

transformed with Ste5 alleles as indicated and carrying the SAM domain of Ste50 (SAMsq), which

interacts with the SAM domain of Ste11, were assayed for the ability to mate. (C) The PHSte5-
domain mutants have normal cellular localization. Yeast strain YCW338 (MATa sst1) carrying
GFP-tagged Ste5 alleles as indicated were induced in galactose media, treated with o-factor
mating pheromone (aF) (1 uM) for 1 h, and photographed using a Leitz photomicroscope
equipped with a 100x objective and a MicroMax camera (bottom); GFP fluorescence
photographs were acquired and processed as described in Materials and Methods.

PHSte5 domain, based on overlays onto PH-PI complexes binding Pl
at either site, is indicated in Supplemental Figure S7. It is clear that
despite the presence of the basic Lys-416 and Arg-420 residues in
the B1-B2 loop, the canonical Pl-binding site is quite acidic (Asp-417,
Glu-437, Glu-453, Asp-482) and hydrophobic (lle-414, lle-422,
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Cys-424, lle-435, Val-454, Leu-486, Leu-
483). Binding at the canonical site of Pls with
negative formal charges of at least —6e re-
quires the presence of side chains that are
both positively charged and H-bond-donor
capable at most of these positions (e.g.,
PH-PI interactions in the structures with PDB
code TW1D or 1FAQ). It is hence unlikely
that Pl binding occurs at the canonical site
on the PH%® structure. This agrees with the
in vitro data for the double mutation of the
two positively charged residues in the ca-
nonical Pl-binding site of PH> (K416S,
R420S), which does not change the appar-
ent weak Pl-binding capacity of this domain
(Garrenton et al., 2006). At the noncanonical
site on the PHS>-domain model, there is
only one H-bond donor group (Tyr-421). The
modeled conformation of the B1-2 hairpin
loop will also require a change in order to
alleviate a steric collision in accommodating
the Pl at this site (Supplemental Figure
S7(b)). Such electrostatic and steric proper-
ties do not support Pl binding at the nonca-
nonical site of PHS either. For example, at
least four positively charged side chains and
two H-bond-donating groups are present
for Pl binding at the noncanonical site of -
spectrin PH domain (PDB code 1BTN).

Of interest, a double mutant of two posi-
tively charged residues (R407S, K411S) ap-
peared to abolish the apparent moderate Pl
binding of the PH5%> construct of aa 388-511
in vitro and to impair membrane targeting of
Ste5 in vivo, suggesting that they might con-
stitute a Pl-binding site (Garrenton et al.,
2006). However, our model, as well as the
secondary structure prediction of that previ-
ous report, indicate that these two basic resi-
dues are located not in the B1-B2 loop, but
instead upstream in the B1 strand, which po-
sitions them far from each other and also far
from both the canonical and noncanonical
Pl-binding sites of a PH domain, particularly
in the case of Arg-407 (Supplemental Figure
S7(a)). Whether one or both these sites in-
deed represent Pl-interacting residues re-
mains to be clarified by experimental struc-
tural analysis. Residues R407 and K411 are
partially solvent exposed in our model of
PHS®> and have relatively minor structural
roles. We note that in our hands, even the
conservative single mutation R407K, which
preserves the positive charge at this posi-
tion, exhibited only ~10% of mating activity
relative to wild-type Ste5 and also showed
reduced Ste11 binding, in contrast with the

earlier report that the (R407S, K411S) double mutant retains Ste1
binding as judged by coimmunoprecipitation from cell extracts
(Garrenton et al., 2006). The discrepancy of the mutational effect on
residue R407 between our study and the previous report cannot
be easily explained, because the mutation in our study is more

Unique interaction of RBD and PH domains | 417



Ubiquitin
Ubiquitin

GLUE-PH Rpn13-PH

FIGURE 7: Comparison of the inferred interface between the RBLS*!" and PH**5 domains with
other known ubiquitin-PH domain complexes. Here PH domains are structurally aligned
between these complexes (dashed line through the axis of the oC helix). RBLS¢"-domain and
PHSt*5-domain interacting surfaces mapped in this study are indicated by CPK models.
Functional residue color coding is as in Figure 5 for the PHS*5 domain, whereas in the case of
the RBLSt!" domain all residues mapped by mutagenesis are in red, those mapped by NMR-
based interaction are in magenta, and those mapped by both mutagenesis and NMR are in
purple. The orientation of the RBLSt!" domain relative to the PH%*> domain was generated
manually and is only suggestive of a putative docking approach between these domains based
on functional data. The PH domains (shown in green) of both GLUE and Rpn13 appear to
interact with the ubiquitin fold (shown in magenta) at partially overlapping but distinct surfaces
relative to the PHS**5-domain interaction with the RBLS*"" domain. The red arrow indicates the

binding appears to be incompatible with the
nature of these sites as predicted by the
modeled structure of the PH*> domain. Ad-
ditional detailed structure studies will be re-
quired to solve the issue.

Role of the RBL-PH domain interaction
in yeast mating

The RBL-PH domain interaction that con-
nects Ste5 and Ste11 has a critical function
in yeast mating. The Ste11 MAPKKK plays
essential roles in multiple MAPK signaling
pathways in yeast. It interacts through its N-
terminal regulatory region with different
scaffold/adaptor proteins, which in turn di-
rect plasma membrane targeting of Ste11,
and this adaptor-specific targeting serves to
ensure that signaling is properly linked to
different environmental cues. The SAM do-
main of the kinase is essential for Ste11 func-
tion in the HOG pathway, whereas the RBL
domain that lies C-terminal to the SAM do-
main is required for pheromone response
through interaction with the Ste5 scaffold
(Choi etal., 1994; Marcus et al., 1994; Printen
and Sprague, 1994; Wu et al., 1999; Wang

“lle44 face” of the fold, which is engaged in interactions of ubiquitin with GLUE-PH and
Rpn13-PH domains but is blocked by a C-terminal helix (&3) in the RBLS®"" domain.

conserved (R to K) than those in the previous study (R to S). It might
be due to the fact that our analyses used an isolated Ste5 PH domain
expressed in yeast as a fusion in a heterologous context, which could
minimize the apparent association due to bridging effects that can
occur in coimmunoprecipitation assays. Another possibility, although
unlikely, could be that the second mutation K411S in the previous
study has compensatory effects to mutations at residue R407 that
render the double mutant apparently normal for Ste11 binding.

The mapped Ste11-interacting surface as defined by mutagenesis
is distant from the canonical Pl-binding site but partially overlaps with
the general location of the noncanonical Pl-binding site. However, as
discussed earlier, our analysis indicates that stable and specific Pl

Mutation Mating (% of wild type) HOG pathway
G128D — (<<0.1) +
V176R 0.4 +
D178R 91 +
V193A — (<<0.1) +
N199S — (<<0.1) +
E203G — (<<0.1) +
N126T, K225l — (<<0.1) +
T166A, — (<<0.1) +
D189G

D173R, F175A 97 +
Y188C, S241R 0.7 +
WT 100 +

Semiquantitative mating assay was performed with yeast cells (ste11A) carrying
the Ste11 alleles indicated. Mating efficiency is expressed as the percentage of
the wild type. The HOG pathway activity was assayed on hyperosmotic medium
as described (Wu et al. 1999) for growth of yeast cells (ste11A ssk2A ssk22A)
carrying the Ste11 alleles.

TABLE 2: RBLSt'"-domain mutants.
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and Elion, 2003). This RBD-like domain is
conserved in Ste11 MAPKKK homologues
among fungal species.

The RBL domain is structurally similar to the RBD domain of
S. pombe, yet the two domains have very different modes of inter-
action. We showed that the RBL domain of Ste11 interacts with the
PH domain of Ste5, whereas in S. pombe the Byr2-RBD forms a
complex with the small GTPase Ras1 (Tu et al., 1997; Scheffzek et al.,
2001). We were unable to demonstrate detectable interaction of the
RBLS*" domain with any known small GTPase of Ras and Rho family
in S. cerevisiae using a resin-binding assay. We tested the possibility
that the B-finger “insert” sequence, which is present in the RBLSt"!
domain and lacking in the RBD® (Supplemental Figure S2(a)), may
contribute to interaction partner selection. However, deleting the
sequence (aa 158-173) encompassing the “insert” did not affect
Ste11 function in either the pheromone response or the HOG path-
ways (unpublished data).

The RBL-PH domain interaction is highly specific, as RBLS®"!
does not bind the PH domains of Ste5 homologues from other spe-
cies (i.e., Ste5 of C. albicans) or the PH domains of the scaffold Far1
proteins of S. cerevisiae (Figure 3C). Similar specificity has also been
observed in C. albicans, in which caSte11 interacts with the PHe5t5
domain but not the PH " domain (Cote et al., 2011). There ap-
pears to be limited residue conservation of the mapped Ste11-inter-
acting site of the yeast PH>*> domain across all Ste5 species homo-
logues that possess PH domains (Supplemental Figure S1(b)),
possibly relating to correlated substitutions in the corresponding
RBLS*" domains (Supplemental Figure S2(b)). Residue variations at
these positions are also evident relative to the PH domains across
the Far1-like proteins. The specificity of the interaction of two struc-
turally conserved protein domains suggests that these functional
partners have coevolved and that it is the determinant residues, not
the general fold, that select the interaction partner.

Our structural and functional analyses clearly demonstrate
that the RBLS®''-PHSt> domain interaction is essential for Ste11
activation during pheromone response. The PH%®5-domain mutants
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are defective only in Ste11 binding and do not seem to be affected
in their subcellular localization. Of interest, the function of these
Ste5 mutants could be restored when the Ste11-Ste5 interaction
was reestablished through another protein—protein interaction mod-
ule (Figure 6), suggesting that the interaction between RBLS*'" and
PHS> domains does not involve a conformational change that is
required for Ste11 activation. Consistent with this, a constitutively
active Ste11 bypasses the pheromone-signaling defect of the PHSte5-
domain mutants that are impaired for Ste11 binding.

It is interesting to note that Ste11 has a more general presence
among fungal species than Ste5. Some species contain both Ste5
and Far1 scaffold proteins, each with a PH domain, such as S. cer-
evisiae and C. albicans; some have only the Far1 scaffold, and yet
other species, such as S. pombe and Schizosaccharomyces japoni-
cus, have neither (Cote et al., 2011). Whereas all Ste11 MAPKKK
homologues contain an RBL domain, only the RBD of Byr2 in
S. pombe has been shown to bind the Ras1 small GTPase, and this
binding contributes to mating signaling (Tu et al., 1997, Scheffzek
et al., 2001). In contrast, the RBLS*!"" domains in S. cerevisiae and
C. albicans bind to their respective PH>*> domains (Figure 3C; Cote
et al., 2011). In agreement with this protein interaction profile, no
significant role for Ras in mating pheromone response has been
uncovered in S. cerevisiae (Mosch et al., 1996). It follows that the
RBL domains are capable of binding to either small GTPases or
PH domains. Understanding how the Ste11 MAPKKK RBL domain
evolved from Ras-binding and differentiated toward PH%*>-domain-
binding requires further detailed structural information of the com-
plex of these two conserved but functionally versatile domains.

MATERIALS AND METHODS

Yeast strains and assays

Yeast media, culture conditions, and manipulations of yeast strains
were as described (Rose et al., 1990). Yeast transformations were car-
ried out with the lithium acetate method (Rose et al., 1990; Gietz
et al., 1992). The yeast strains used in this study are listed in the
Supplemental Experimental Procedures. Halo assays, quantitative -
galactosidase reporter assays for the pheromone response and HOG
pathways, and mating assays were performed as described (Wu
et al., 1999; Tatebayashi et al., 2006). GFP fluorescence photomi-
croscopy was performed as previously described (Wu et al., 1999).

Plasmid construction and mutagenesis

The protein-interaction boundary of the Ste5-PH domain with Ste11
was defined using the yeast two-hybrid system developed recently in
our lab for the detection of protein—protein interactions in cytoplasm
(Cote et al., 2011; see the Supplemental Experimental Procedures
for details). Random mutageneses of the RBLS®!" and PH5t> domains
were performed using error-prone PCR. Site-directed mutagenesis
of STE5 and STE11 were performed with either mutagenic sewing
PCR (Ho et al., 1989) or a QuikChange Mutagenesis Kit (Agilent
Technology, Santa Clara, CA) according to manufacturer’s protocol.
All desired mutations were confirmed by sequencing. Plasmids and
oligos used in this study are listed in the Supplemental Experimental
Procedures.

Protein expression and purification

All His-tagged fusion proteins were expressed and purified by
affinity chromatography using nickel-nitriloacetic acid resin
(GE Healthcare Bio-Sciences, Piscataway, NJ) using standard pro-
tocols. The GST fusion proteins were purified by affinity chroma-
tography on glutathione-Sepharose according to a modification
of the manufacturer’s recommendation.
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Surface plasmon resonance analysis of protein—protein
interaction

Surface plasmon resonance analysis of the RBLS*®"'-PH5*> domain
interaction was performed using a Biacore 3000 (GE Healthcare Bio-
sciences). Sensograms were aligned and double referenced to the
control surface using buffer injections and analyzed by both global
fitting to a 1:1 interaction and steady-state analysis with BiaEvalua-
tion (version 3.2) software.

Structural bioinformatics and PH%*5 model building
Homologous protein sequences were retrieved by either BLASTP or
TBLASTN search (Altschul and Lipman, 1990) in the Fungal Genome
Database (www.yeastgenome.org/) and by protein domain architec-
ture search in the SMART database (http://smart.embl.de/; Letunic
et al., 2006). Structural fold detection for regions of representative
Ste5, Far1, and Ste11 fungal proteins was carried out at the Structure
Prediction Meta Server (http://meta.bioinfo.pl/ ), which provides a
consensus sequence—to-structure fold recognition score using the
3D-Jury meta-predictor (Ginalski and Rychlewski, 2003). Homology
modeling of the PH domain of S. cerevisiae Ste5 was done in MOD-
ELLER 9.1 (Fiser and Sali, 2003a,b; Marti-Renom et al., 2000) starting
from a multiple-queries/multiple-templates  sequence alignment
(Supplemental Figure S1). The resulting structure was further refined
in AMBER 9 (Case et al., 2005) by 20 ns of classical molecular dynam-
ics simulation in explicit solvent using the FFO3 force field parameters
(Duan et al., 2003; Lee and Duan, 2004). Model validation was carried
out with PROCHECK (Laskowski et al., 1993), ProSA (Wiederstein and
Sippl, 2007), and Verify3D (Luthy et al., 1992).

NMR spectroscopy and structure calculation

The RBLS*'" domain was produced in minimal medium (M9) en-
riched with ">N-ammonium chloride or ">N-ammonium chloride/
13C-glucose and purified using Ni?*-nitriloacetic acid resin (Qiagen,
Valencia, CA). Samples for NMR measurements were prepared in
50 mM sodium phosphate buffer, pH 6.8, 200 mM NaCl, 5 mM dithio-
threitol, and 0.02% (wt/vol) NaN3 at protein concentrations of 1.2—
1.5 mM. All NMR data were collected at 300 K on a Bruker Avance
500 spectrometer equipped with a triple-resonance cryoprobe and
with z-gradient pulse field gradient accessories. The 3D "H'>N nuclear
Overhauser effect spectroscopy (NOESY)-HSQC, 3D "H'*C NOESY-
HSQC (in 2H,0) and 2D homonuclear NOESY experiments were used
to collect NOE-restraints for structure calculation using CYANA 2.1
(Glntert, 2004). A summary of the results is given in Table S1. See the
Supplemental Experimental Procedures for details.
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