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Structure and ligand recognition of the PB1 domain:
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PB1 domains are novel protein modules capable of
binding to target proteins that contain PC motifs. We
report here the NMR structure and ligand-binding
site of the PB1 domain of the cell polarity establish-
ment protein, Beml1p. In addition, we identify the top-
ology of the PC motif-containing region of Cdc24p by
NMR, another cell polarity establishment protein that
interacts with Bem1p. The PC motif-containing region
is a structural domain offering a scaffold to the PC
motif. The chemical shift perturbation experiment
and the mutagenesis study show that the PC motif is a
major structural element that binds to the PB1
domain. A structural database search reveals close
similarity between the Bemlp PB1 domain and the c-
Rafl Ras-binding domain. However, these domains
are functionally distinct from each other.

Keywords: Bem1p/Cdc24p/NADPH oxidase/p677"¥/
p40ph()x

Introduction

Cellular proteins often function correctly and effectively
by forming a multiprotein complex, in which components
are tethered via modular specific interactions (Pawson,
1995; Pawson and Nash, 2000). In the budding yeast
Saccharomyces cerevisiae, a complex containing the
scaffold protein Bemlp, the small GTPase Cdc42p and
its guanine nucleotide exchange factor (GEF) Cdc24p
appears to be required for the establishment of cell polarity
during budding in vegetative growth and mating directed
by cell type-specific pheromones (Madden and Snyder,
1998; Chant, 1999). The molecular nature of interactions
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between the polarity proteins, however, has largely
remained elusive. As is shown in the accompanying
paper (Ito et al., 2001), it has become evident that Bem1p
interacts directly with Cdc24p via novel modules, the PB1
domain of the former and the PC motif of the latter protein,
and this interaction plays a crucial role in polarity
establishment.

The interaction between Cdc24p and Bemlp requires
the C-terminal 75 amino acid residues of Cdc24p (Ito et al.,
2001), which involves the PC motif comprised of 20
amino acid residues with the consensus sequence of
#XYXDEDGDX#X#XSDED/E#X (where # is hydropho-
bic and X is any amino acid) (Sumimoto et al., 1997;
Nakamura et al., 1998). The name PC (phox and Cdc) is
derived from the fact that the motif also occurs in
mammalian p407* (a cytosolic factor of the superoxide-
generating NADPH oxidase in phagocytes) (Mizuki et al.,
1998; Nakamura et al., 1998), which constitutively
associates with the oxidase activator p67P%* (Someya
etal., 1993; Wientjes et al., 1993; Tsunawaki et al., 1994).
The PC motif is also known as the OPR domain (Ponting,
1996).

It is now recognized that the PC motif is present in a
variety of signaling proteins such as fission yeast scdl (a
homolog of Cdc24p) (Chang et al., 1994), MEKS (a MAP
kinase kinase implicated in epidermal growth factor-
induced cell proliferation) (English et al., 1995; Zhou
et al., 1995) and Zip (a protein linking the { isoform of
protein kinase C, PKCC, to RIP and/or potassium chan-
nels) (Puls et al., 1997; Gong et al., 1999; Sanz et al.,
1999). Amino acid substitutions in the PC motif of Cdc24p
and p40rtor abrogate the interaction with their partners,
Bemlp and p67P"~, respectively, indicating direct
involvement of the PC motif in molecular recognition
(Nakamura et al., 1998; Ito et al., 2001).

Analysis of the amino acid sequences of the PC motif-
binding regions of Bemlp and p677%* has led to identi-
fication of a novel protein-binding module, PB1 (phox and
Bem) domain (Ito er al., 2001). The interaction between
the PB1 domain of Bem1p and the PC motif of Cdc24p is
crucial for polarity establishment of yeast during both
budding and mating. The biological role of the association
between p677* and p40rhor via the mutually interacting
modules is still unclear, but is suggested to be physiolo-
gically relevant by the observation that an antibody
capable of disrupting the interaction suppresses the
NADPH oxidase activation in vitro (Tsunawaki et al.,
1996). A database search has revealed that the PB1 domain
also exists in various proteins from plants to mammals (Ito
et al., 2001). Among them, the PB1 domain of PKC{
recognizes and interacts with the PC motif of the adaptor
protein ZIP (Ito et al., 2001), an interaction that might be
involved in recruitment of PKC( to a signaling complex
containing RIP and/or potassium channels.
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Fig. 1. 2D 'H-'N HSQC spectra of (A) Bem PB1 and (B) Cdc24p PCCR. The cross peaks are labeled with one-letter codes of amino acids and
residue numbers (SC denotes side-chain resonances). Position 6 of Bem PB1 and Cdc24p PCCR corresponds to residue 472 of Bem1p and 780 of

Cdc24p, respectively.

Thus, the PB1 domain and the PC motif are likely to
mediate a variety of functional protein—protein inter-
actions. We report here the first three-dimensional (3D)
structure of the PB1 domain derived from Bemlp, and
identify the residues involved in the PC motif-binding site.
In addition, we identified the secondary structure and the
topology of the PC motif-containing region derived from
Cdc24p. The PC motif-containing region is a structural
domain that offers a scaffold to the PC motif. Based on the
chemical shift perturbation experiment and the mutagen-
esis study, we revealed that the PC motif is a major
structural element that binds to the PB1 domain.

Results and discussion

Structure of the Bem1p PB1 domain

The boundaries of the Bem1p PB1 domain (designated as
Bem PB1) were defined by the analyses using deletion
mutants (Nakamura et al., 1998; Ito et al., 2001). Bem PB1
was expressed in Escherichia coli, and was purified as
described in Materials and methods. As shown in
Figure 1A, the '"H-'>N HSQC spectrum of Bem PBI is
well dispersed, supporting that Bem PB1 is a structural
domain. The structure of Bem PB1 was determined based
on 1269 nuclear Overhauser effect (NOE)-derived inter-
proton distances and 65 dihedral angle restraints obtained
from a suite of triple-resonance multi-dimensional NMR
spectra (Table I). A total of 200 conformers were
calculated, and the 20 lowest energy conformers were
selected. For the purposes of describing the structure,
residues are numbered from 1 to 85, according to the
sequence of the expressed portion of Bemlp. As the
N-terminal extension 1-5 (Gly-Ala-Met-Gly-Ser) is de-
rived from the TEV protease cleavage site (see Materials
and methods), position 6 corresponds to residue 472 of
intact Beml1p. Residues 1-11 and 56-61 are disordered
due to lack of long-range NOEs. For residues 12-55 and
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62-85, the root mean square deviation (r.m.s.d.) from the
mean structure is 0.31 * 0.04 A for the C% C’ and N
atoms, indicating that the backbone of Bem PBI1 is well
defined, as illustrated in Figure 2A.

The Bem PBI1 structure contains two o-helices (o,
residues 34-45; o2, 67-75) and a mixed P-sheet that
consists of four strands (B1, residues 13-19; 2, 25-28,;
B3, 50-54; B4, 80-84) (Figure 2B). The inner two strands,
B1 and P4, are parallel, while B2 and B3 run in an
antiparallel manner to Pl and P4, respectively. The
position of these secondary structural elements on the
Bem PB1 sequence is indicated in Figure 3. Elements of
the secondary structure were defined on the basis of NOE
connectivities, hydrogen exchange data (see Materials and
methods) and torsion angle analysis using the program
PROCHECK-NMR (Laskowski et al., 1996). Then, the
locations and the notations of the loops (loop 1, residues
20-24; loop 2, 29-33; loop 3, 46—49; loop 4, 55-66; loop 3,
76-79) were defined. The B-sheet has a convex surface,
and o1 fits into the cavity formed by the sheet. A splayed
corner of the architecture is sealed by o.2.

Bem PB1 has a well defined hydrophobic core com-
posed of side chains from 21 amino acids with an r.m.s.d.
of 0.71 £ 0.07 A from the average coordinates of all
heavy atoms. In Figure 3, the residues that appear buried in
the hydrophobic core are colored in red and peripheral
residues in pink. Most of these residues are located on the
secondary structural elements. Pro43 is located on ol and
forms a kink that enables Ile45 to contribute to the
hydrophobic core. Ile45 & methyl protons are high-field
shifted to —0.45 p.p.m. due to ring current effects from the
nearby aromatic rings of Tyr19 and Phe50. A hydroxyl
proton of Thr32 is buried within the core and gives rise to a
resolved 'H resonance in slow exchange with solvent
water on the NMR chemical shift time scale. NOEs are
observed between the hydroxyl proton and backbone
amide protons of Lys29 and Thr32. Residues 611 are not
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Table I. Structural statistics

Parameter <SA> (SA),
R.m.s.ds from experimental distance constraints (A) (1269) 0.018 = 0.001 0.018
Number of distance constraint violations >0.3 A 0 (max. 0.22) 0 (max. 0.20)
R.m.s.ds from experimental dihedral constraints (°) (65) 0.36 = 0.14 0.29
Number of dihedral constraint violations >5.0° 0 (max. 3.9) 0 (max. 1.7)
Fnog (kcal/mol)? 213 £ 1.2 19.8
Fgin (kcal/mol)? 0.15 = 0.09 0.08
Freper (kcal/mol)? 14.1 = 1.1 13.6
Fy _y (kcal/mol)? -248.4 = 20.2 -217.2
R.m.s.ds from idealized geometry
bonds (A) (1369) 0.005 = 0.000 0.004
angles (°) (2488) 0.749 = 0.006 0.723
impropers (°) (674)° 1.981 = 0.004 1.967
Ramachandran plot®
most favorable region 74.2 72.7
additionally allowed region 21.6 19.5
generously allowed region 3.6 7.8
disallowed region 0.5 0.0

<SA> refers to the final set of simulated annealing conformers and (SA), is the mean structure. The number of terms is given in parentheses.

aThe value of the square-well NOE potential, Fxog, is calculated with a force constant of 50 kcal/mol per A2 The value of Fegi is calculated with a
force constant of 50 kcal/mol per rad?. The value of Freper 1s calculated with a force constant of 4 kcal/mol per A? with the van der Waals radii scaled
by a factor of 0.8 of the standard values used in the CHARMm empirical function.

"The improper torsion term is used to maintain the planar geometry and chirality.

“The program PROCHECK-NMR (Laskowski et al., 1996) was used to assess the quality of the conformers.

Fig. 2. The 3D structure of Bem PB1. The overall fold of amino acid residues 12—85 of Bem PB1 is depicted, with the N- and C-termini labeled.

(A) Overlay of the 20 final conformers on the average coordinate position for the backbone (N, C* and C") atoms of residues 12-55 and 62-85.
Residue numbers corresponding to the beginning and the end of each secondary structural element are shown. (B) Ribbon diagrams of the minimized
mean structure of Bem PB1. Both figures were created using the program MOLSCRIPT (Kraulis, 1991). Two of the inner strands (1 and 4) are
parallel and can be seen in orange, with the other two strands (B2 and 3) running in an antiparallel manner shown in yellow. The first o-helix is
shown in dark green and the second one is shown in light green. The notations of these secondary structural elements (a, o-helix; b, B-strand) are
indicated.

well defined in the structure. Therefore, Thr12 and Ile85 Comparison with other PB1 domains
define the boundaries of the structural domain (see Figure 3 provides a comparison of the amino acid
Figure 2). sequence of Bem PB1 with those from fission yeast scd2

3949



H.Terasawa et al.

—————ETE-Lo0p1 1 2 | =Clo0p2 TR

& 10 20 30 40

Bemip (472) STSGL KTTKIIFYYK DDIFALMLKG DTTYKELRSK IAPRI
scd2 (453) PTTAG STCKVIVRLG DETFALRVPS DISFEDFCER LTNKL
hpﬁ?m (345) KLSVP MPYTLFIVHYK -¥YTVVMETQP GLPYSQVRDM VSEEKL
anTm (344) KELSVP MPYML VHYK -¥YTVVMETRL GLPYSQLRNM VSEKL
hPch (9) MEGSG GRVRL 'AHYG GDIFITSVDA ATTFEELCEE VRDMC
;PKCQ (9) MDRS@ GRVERL 'AHYG GDILITSVDF TITFrQDLCEE VRDMC
consensus hrom #ipr # '] i i
—(loop3 = |3 {1loopd » =L I {1oopS ) -ﬂ’—
5.I'. ﬁ.ﬂ '.‘-I'| Ba a5
DT--D NFELQTELFD GS@--EEIK- --TDSQVSNI IQ-AK----- -LEIsvEDI
@---E CEHLSYRDTN A----NEVLPF LNNVDDLREA (8Q--E---=- -SGVLLFAE
ELRLE HT"KLSYRPRD 8----NELVP L-SEDSMKDA WGQVEN---- -¥CLTLWCE
ALSPE HTKLSYRRRD 8----HELLL L-S8EESMKDA WGQVEN---- -YCLTLWCE
RL-HEQ QHPLTLEWVD SEGDPCTVS- --SQMELEEA FRLARQCRDE VLIIHVFPS
GL-HQ QUPLT.LEWVD SEGDPCTVS- --SQMELEEA "RLACQGRDE VLIIHVFES

# ¥ L ﬁ D 0 # F # oRoOm

Fig. 3. Sequence alignment of PB1 domains from selected proteins. The sequences were aligned allowing for the NMR-derived structure of Bem PB1.
Prefix abbreviations are: 4, human; m, mouse; r, rat. Residue numbers for the first amino acids are shown in parentheses on the left. Numbers along
the top of the alignment refer to those used for Bem PB1. Secondary structural elements of Bem PB1 are shown above the sequences, as are the
locations of the loops. Residues that seem to be buried in the hydrophobic core are shown in red and peripheral residues in pink. The absolutely
conserved residues, corresponding to Lys16 in Bem PB1, are colored in light blue. The consensus sequence indicates the presence of identical amino
acids (one-letter code) or conservative replacements (7t: aromatics F, Y, W or H; ¢: aliphatic hydrophobics A, I, L or V; #: C, M, T, & or ¢) at least in
five of the sequences. Residues showing large chemical shift changes upon ligand binding (AN = 0.2 p.p.m.; AN = 1.0 p.p.m.) are indicated with
green squares above the sequence for Bem1p; those showing moderate chemical shift changes (0.2 > AN > 0.1 p.p.m.; 0.1 > A3N > 0.5 p.p.m.) are

labeled with yellow squares.

(a homolog of Bem1p; Chang et al., 1994), human p677x,
mouse p67P"°*, human PKC( and rat PKC{. These amino
acid sequences were aligned allowing for the positions of
conserved and/or type-conserved residues in all the
secondary structural elements. The lysine residue, colored
in light blue in Figure 3, is strictly conserved in all the PB1
domains. Substitutions of Ala for Lysl6 of Bem PBI1
(corresponding to Lys482 of full-length Bemlp) and
Lys355 of human p67P"* completely abolish interaction
with their cognate target molecules (Ito er al., 2001). It
should be noted that insertions or deletions are not located
in the regions corresponding to the secondary structural
elements, but are located on the exposed loops, especially
loops 3, 4 and 5 (Figure 3).

Bem PB1 (residues 12-85) shares sequence identity
ranging from 23% (human PKC{) to 13% (scd?), at which
levels structural homology can not be predicted (Chothia
and Lesk, 1986). However, considering the conserved
hydrophobic core and the function of the PB1 domains as
the PC motif-binding regions, the structure reported here
can define the global fold for this novel domain, and our
structure will be useful for modeling of other PBI
domains.

Electrostatic surface potential of Bem PB1

The electrostatic surface potential of Bem PB1 is shown in
Figure 4A. A cluster of basic residues (Lysl4, Lysl16,
Lys29, Lys40, Arg44, Lys55, Lys77 and Lys79) is present
around Lys16, while an acidic residue-rich region (Asp21,
Asp22, Asp46, Asp48 and Asp84) is located close to
variable loops 1 and 3. These two regions flank a surface
that includes several neutral or hydrophobic residues
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(shown on the left in Figure 4A), while the opposite
surface of the domain (shown on the right in Figure 4A)
has no characteristic features on the electrostatic surface
potential. All eight side chains in the basic cluster
(Figure 4A, left) are solvent exposed and structurally
unconstrained, suggesting that, in complex with the PC
motif, the extremities of those basic residues would
interact with several acidic residues on the PC motif.

Identification of the PC motif-binding surface

The 75 C-terminal amino acid residues of Cdc24p are the
minimum region required for binding to Bem1p (Peterson
et al., 1994; Tto et al., 2001). We referred to this region as
Cdc24p PCCR (PC motif-containing region). Cdc24p
PCCR was expressed in E.coli, and purified as described in
Materials and methods. The 'H-’N HSQC spectrum of
Cdc24p PCCR shows well dispersed resonances, support-
ing that Cdc24p PCCR is also a structural domain
(Figure 1B).

Molecular interaction between Cdc24p PCCR and Bem
PB1 was analyzed by NMR using unlabeled Cdc24p
PCCR and N-labeled Bem PBI1. Upon addition of
aliquots of the Cdc24p PCCR solution, a pair of
resonances in the 'H-’N HSQC spectrum was observed
corresponding to the free and the bound states of Bem
PB1, indicating that the complex formation is in slow
exchange on the NMR chemical shift time scale
(Figure 4D). We assigned the resonances of Bem PB1 in
complex with Cdc24p PCCR independently of the free
form by the analysis of a suite of triple-resonance multi-
dimensional NMR spectra. The chemical shift difference
of each resonance between the Cdc24p PCCR bound and
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Fig. 4. Electrostatic surface potential and putative ligand-binding site of Bem PB1. (A) Electrostatic surface potential of Bem PB1. Charged residues
in proximity to the putative ligand-binding region are indicated with one-letter amino acid codes and residue numbers. (B) Proposed Cdc24p PCCR-
binding site of Bem PB1. Residues showing large (green) and moderate (yellow) chemical shift changes upon ligand binding are mapped on the Bem
PB1 surface. Bem PB1 is presented in the same orientation as in Figure 2 (left) or rotated by 180° (right). The main chains are shown as tubes. These
figures were prepared using the program GRASP (Nicholls et al., 1991). (C) Backbone amide 'H and >N chemical shift changes for the amino acid
residues of the ’N-labeled Bem PB1 upon binding to Cdc24p PCCR as observed in 2D 'H-'*N HSQC spectra. Note A8'H of 11e23 is —1.16 p.p.m.
(D) Representative region of the 2D "H-'SN HSQC spectra of Bem PB1 in the free state (labeled with f) and the complex with unlabeled Cdc24p
PCCR (labeled with ¢). Molar ratio of '’N-labeled Bem PB1 to unlabeled Cdc24p PCCR was 2:1.

unbound forms of Bem PB1 was plotted in Figure 4C.
Each residue was classified according to the degree of
perturbations on the HSQC spectrum, which monitors
amide proton and nitrogen chemical shifts. Strong (ASNH
= 0.2 p.p.m.; ASN = 1.0 p.p.m.) and moderate (0.2 > AGNH
> 0.1 pp.m,; 1.0 > A8N > 0.5 p.p.m.) chemical shift
changes upon ligand binding were observed for 12
residues (Ilel5, Lysl6, Phel7, Tyrl8, Tyrl9, Asp2l,
[le23, Met27, Argd4, Lys77, Leu78 and I1e80) and nine
residues (Thr12, Ala25, Leu28, Lys29, Ile4l, Ala42,
Asp46, Asp48 and Ser81), respectively (Figures 3 and 4C).
In addition, minor chemical shift perturbation was
observed over the whole molecule, indicating the global
conformation change. When the residues with appreciable
chemical shift changes by complex formation (Figure 4C)
were mapped on the structure of Bem PB1, they covered
the basic, acidic and neutral residue clusters on the surface
of the molecule as shown in Figure 4B (left), while such
residues are not present on the opposite surface (Figure 4B,

right). The clearly identified PCCR-binding surface cor-
responds to the putative ligand-binding region around B1,
which includes the conserved Lys16 residue.

Topology of Cdc24p PCCR

In order to elucidate the details of the interaction between
Bem PB1 and Cdc24p PCCR, we first investigated the
solution structure of Cdc24p PCCR in an unbound state.
Residues are numbered from 1 to 80, according to the
sequence of the expressed portion of Cdc24p, where
position 6 corresponds to residue 780 of full-length
protein. By 3D NMR analysis, we assigned the main
chain resonances of Cdc24p PCCR. On the basis of both
NOE connectivities observed among the main chain C*H
and NH resonances, and CSI analysis (Wishart and Sykes,
1994), we determined the secondary structure and the
topology of Cdc24p PCCR (Figure SA and B). Cdc24p
PCCR was identified as a structural domain comprising
two o-helices (a1, 18-28; a2, 58-71) and an antiparallel
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[B-sheet formed by four B-strands (81, 6-10; 32, 42-45; 33,
51-54; B4, 74-78). The PC motif (residues 39-66) is
assigned to the region spanning from 2 to the midpoint of
a2. It should be noted that the PC motif forms a core in the
structural domain of Cdc24p PCCR. The consensus acidic
residues (Asp46, Glu47, Asp48, Gly49 and Asp50) in the
PC motif are located on the B-hairpin loop between B2 and
33, designated as the EDG-loop. Another loop also rich in
acidic residues (Gly55, Ser56, Asp57 and Glu58), named
the SD-loop, is located between 33 and 0.2 (Figure 5B and
F). Next, we identified the residues on Cdc24p PCCR that
are responsible for binding to Bem PBIl. In a manner
similar to the previous section, we added aliquots of
unlabeled Bem PB1 to ’N-labeled Cdc24p PCCR in order
to observe the chemical shift difference of individual
residues between the free and the bound states of Cdc24p
PCCR. Since the exchange process between the free and
the bound states was slow compared with the NMR

-.:B_i"__

5 10
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chemical shift time scale, the resonance assignments of
the bound form were made independently of the free
form. Interestingly, the residues with large chemical
shift difference are mainly located on the PC motif
(Figure 5C). We mapped the residues with chemical shift
difference of ASNH = 0.1 p.p.m. and AN = 0.5 p.p.m. on
the topology of Cdc24 PCCR (the residues enclosed by an
oval in Figure 5B), which are localized on the region
containing the PC motif and its succeeding region. Thus,
these regions can be identified as the binding surface to
Bem PBI.

Specificity determinants for complex formation
between the PB1 domain and the PC motif

We have made an extensive alanine-scanning mutagenesis
for those residues that showed appreciable chemical shift
changes upon PB1-PCCR complex formation and appear
to project their side chains to the protein surface (residues

20 Jﬂ
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Fig. 5. NMR and mutational analysis of Cdc24p PCCR and sequence alignment of PC motifs. (A) Interstrand backbone NOE connectivities of Cdc24p
PCCR. Interstrand NOEs observed in 3D '“N-edited and '*C-edited NOESY spectra are marked by arrows. The residues with their side chains above
the sheet are colored in green, while the residues with their side chains below the sheet are colored in brown. The residues in the loop are in black.
(B) Topology of Cdc24p PCCR. Strands and helices are represented by arrows and cylinders. Residues showing large chemical shift changes upon
Bem PB1 binding (AN > 0.1 p.p.m.; A8N > 0.5 p.p.m.) are enclosed by an oval. Residues into which mutations were introduced are labeled with
stars. (C) Plots showing backbone amide 'H and >N chemical shift changes of '’N-labeled Cdc24p PCCR upon binding to the unlabeled Bem PB1.
A8'H of Glu47 is 1.47 p.p.m., and A8'SN of Val52 is 3.28 p.p.m. 2D 'H-""'N HSQC signals of Ala2, Glul2, Asn16, His32, Asn33, Asn34 and Asn35
are not assigned either due to broadening or overlapping in the free and/or the Bem PB1-bound form. Therefore, the chemical shift changes of

these residues are not plotted. (D) Complex formation between Cdc24p PCCR and Bem PB1 as examined by in vitro pull-down assays. MBP-Bem
PB1 (140 pmol) was incubated with 450 pmol of GST alone (lane 1), MBP-Bem PB1 with GST-Cdc24p PCCR (lane 2) and MBP alone with
GST-Cdc24p PCCR (lane 3). Proteins pulled down with glutathione—Sepharose-4B beads were subjected to SDS-PAGE and stained with Coomassie
Blue. (E) Effects of amino acid substitutions of Cdc24p PCCR on the binding to Bem PB1 examined by in vitro pull-down assays. MBP-Bem PB1
was incubated with GST-Cdc24p PCCR mutant proteins carrying the indicated amino acid substitution. Proteins were pulled down with
glutathione—Sepharose-4B beads and analyzed in a similar manner to that in (D). The amounts of bound Bem PB1 were estimated and plotted as
described in Materials and methods. The values represent the mean * SD of three independent experiments. The amount of wild-type Cdc24p PCCR
is set as 100%. Statistical significance is reported as ** or *, corresponding to p < 0.001 or 0.01, respectively, between mutant and wild type.

(F) Amino acid sequence of Cdc24p PCCR and multiple sequence alignment of the PC motifs from selected proteins. Prefix abbreviations are: &,
human; r, rat. Residue numbers for the first amino acid residues are shown in parentheses on the left. Numbers along the top of the alignment refer to
those for Cdc24p PCCR. The consensus sequence indicates the presence of identical amino acids (one-letter code) or conservative replacements (#:
hydrophobics). Secondary structural elememts of Cdc24p PCCR are shown above the sequences together with the locations and the notations of the
loops. Effects of mutations on the individual residues are summarized with the following symbols above the sequences: circle, single-point mutation
(from E); triangle, single-point mutation (Nakamura et al., 1998); red, strong; pink, moderate; yellow, weak; black, no effect.
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Fig. 6. Comparison of the structures of Bem PB1 and Raf RBD.
Superposition of the backbone structures of Bem PB1 (blue) and Raf
RBD (yellow). Residues 12-85 of Bem PB1 are overlaid with residues
56-131 of the Raf RBD (Nassar et al., 1996) on the basis of the
structurally equivalent residues determined by the DALI database
search (Holm and Sander, 1996) using Bem PB1 mean coordinates.
The N- and C-termini, the 3'0 helices (A2 and A3) of Raf RBD and the
a-helix (02) of Bem PB1 are indicated. This figure was generated
using GRASP (Nicholls et al., 1991). The coordinates of Raf RBD
were obtained from the Brookhaven Protein Data Bank (entry 1GUA).

for which alanine-scanning mutagenesis were applied are
labeled with stars in Figure 5B). The binding affinity of
the Cdc24p PCCR and its mutants toward Bem PBI1
was measured by in vitro binding assay as described in
Materials and methods (Figure 5D). The results of the
mutagenesis study are summarized in Figure 5E. The
D46A and D50A mutants showed a significant decrease in
binding affinity, and a moderate decrease was observed for
E47A and F51A, and a slight decrease for K43A and
V53A mutants, while other mutants showed essentially
similar affinity toward the PB1 binding compared with the
wild type. Asp46 and Asp50 are located on the EDG-loop
and are primarily important for binding to Bem PB1, while
the residues on the SD-loop did not show any decrease in
binding affinity. Lys43, Phe51 and Val53 are located on 32
and 3. Taking NMR and mutagenesis studies together,
Asp46 and Asp50, highly conserved on the EDG-loop, are
generally responsible for binding between the PB1 domain
and the PC motif, while the residues on 2 and 33 are not
conserved in the PC motif and appear to play a role in
determining the specificity of the PC motif-containing
regions toward the cognate pair of the PB1 domains.

The sequences of the PC motif identified in several
proteins are aligned in Figure 5F with the sequence of
Cdc24p PCCR. The acidic residues on the EDG- and the
SD-loops are highly conserved in almost all the PC motifs.
The intensive site-directed mutagenesis applied to the PC
motif in p40P~ revealed that the SD-loop as well as the
EDG-loop plays a critical role in binding to the PBI
domain of p67Px (Nakamura et al., 1998; Figure 5F),
which is in contrast to the case of Cdc24p PCCR. The
EDG-loop is generally important for PCCR-PB1 complex
formation through binding to the basic cluster that
involves the conserved lysine residue.
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Comparison of the PB1 domain with other
structures

An automated search of the DALI database (Holm and
Sander, 1996) revealed an unexpected structural similarity
between Bem PB1 and the Ras-binding domain (RBD) of
the Ser/Thr-specific protein kinase c-Rafl (referred to as
Raf; Nassar ef al., 1996). An overlay of these structures
is shown in Figure 5. These domains have identical
topologies and a very similar organization of secondary
structures with an r.m.s.d. of 2.2 A for backbone atoms
of 69 structurally equivalent residues, even though the
overall sequence similarity is below the level of signifi-
cance (Chothia and Lesk, 1986). The 3D folds of these
domains are similar to that of ubiquitin (Vijay-Kumar
et al., 1987), and the ubiquitin fold has been classified as a
protein superfold, the ubiquitin o/f roll (Orengo et al.,
1994). The major structural differences between Bem PB1
and Raf RBD are found in the following regions shown in
Figure 6; the small 3'%-helix A2 (residues 93-95) in Raf
RBD is absent in Bem PB1, and another 3!0-helix A3
(residues 118-121) in Raf RBD is replaced with the long
02 helix in Bem PB1 (Nassar et al., 1995). However, these
regions are isolated from the ligand-binding surface.

The residues GIn66, Lys84 and Arg89 in Raf, which
primarily determine the binding affinity to Ras (Block
et al., 1996), are structurally equivalent to Asp22, Lys40
and Arg44 in Bem PB1, respectively. Moreover, Park et al.
(1997) have reported direct binding of Bem1p to the GDP-
bound form of Budlp, a Ras-like GTPase. Furthermore,
Bokoch er al. (1991) suggest that a Ras-related protein
RaplA may participate in regulation of the NADPH
oxidase system and that this function of RaplA may be
altered by phosphorylation. Accordingly, using the yeast
two-hybrid system and an in vitro binding assay using
purified proteins (Ago et al., 1999), we have examined the
interactions between the PB1 domains of Bemlp, p677ho
and PKCC, and Ras-related proteins, Budlp, RaplA and
Ras in both GDP- and GTP-bound forms. However, we
could detect no positive signal in any of the possible
combinations (data not shown). Similarly, the PC motif-
containing regions of Cdc24p, p40Pox and ZIP did not bind
to the RBD of Raf and RalGDS (a guanine nucleotide
dissociation stimulator specific for the Ral GTPase) (data
not shown), which also have similar folds to that of Bem
PB1 (Huang er al., 1998). These data suggest that the PB1
domain is not a subfamily of the RBD set, but a
functionally distinct domain.

Conclusions

The present report describes the first structure determin-
ation of a novel protein-binding motif, the PB1 domain
from Bemlp and the identification of the topology of
the PC motif-containing region from Cdc24p. The Bem
PB1 structure will be helpful for modeling of other
PB1 domains and the PC motif-containing region.
Identification of the ligand-binding sites located on Bem
PB1 and Cdc24p PCCR from the chemical shift perturb-
ation studies enables us to elucidate the binding interface
between the PB1-PC motif complex. The PC motif forms
a core of PCCR and is mainly responsible for the binding
to the PB1 domain. This study provides the insights into
the structural basis for the molecular recognition between
the PB1 domain and the PC motif-containing region. The



3D fold of Bem PB1 is remarkably similar to that of Raf
RBD. However, the PB1 domains do not bind to the Ras-
related proteins, nor do the PC motif-containing regions
interact with the Ras-binding domains. Therefore, the PB1
domains are structurally and functionally distinct protein
modules.

Materials and methods

Preparation of Bem PB1 and Cdc24p PCCR
Bem PB1 gene (residues 472-551) and Cdc24p PCCR gene (residues
780-854) were amplified by PCR from yeast genomic DNA and then
cloned into the BamHI-EcoRI sites of pProEX-HTa vector (Gibco-BRL).
Bem PB1 and Cdc24p PCCR were expressed in E.coli BL21 DE3 with
Hise fused at the N-terminus. For unlabeled protein, the transformed cells
were grown in Luria—Bertani media. We also prepared uniformly '3C/
I5N- and !’N-labeled proteins by growing cells in M9 media containing
I5NH4CI (1 g/1) and CELTONE-CN or -N powder (1 g/l; Martek) with
[U-13C]glucose (2 g/l) or unlabeled glucose. After cell lysis, the Hisg
fusion protein was first purified by affinity chromatography on a Ni-NTA
Superflow resin (Qiagen), followed by the removal of the Hise tag by
TEV protease cleavage (Gibco-BRL). Resource S cation affinity and
Resource RPC reverse-phase columns (Biotech Pharmacia) were used for
further purification of Bem PB1, while a Mono Q anion exchange column
(Biotech Pharmacia) was used for further purification of Cdc24p PCCR.
The identity and integrity of the protein were confirmed by N-terminal
sequencing, MALDI/TOF MS spectra and SDS-PAGE.

The purified protein was dialyzed and concentrated to 2 mM in H,O/
D,0 (9/1) or D,0 buffers containing 50 mM potassium phosphate pH 6.3,
150 mM NaCl and 1 mM NaNj.

NMR spectroscopy

All NMR measurements were carried out at 25°C on Varian Unity-plus
600 or Unity-Inova 500 spectrometers equipped with three rf channels
and a triple-resonance pulsed-field gradient probe with an actively
shielded z gradient coil. The sequential assignments of 'H, '3C and "N
chemical shifts were achieved mainly by through-bond heteronuclear
correlations along the backbones and the side chains with the following
3D pulse sequences: HN(CO)CA, HNCA, CBCA(CO)NH, CBCANH,
HBHA(CO)NH, C(CO)NH and HC(C)H-TOCSY (Clore and
Gronenborn, 1994). Inter-proton NOEs were derived from 3D N-
edited and '3C-edited NOESY spectra (Clore and Gronenborn, 1994)
recorded with a mixing time of 75 ms. The pulse sequences of
HN(CO)CA, HNCA, CBCANH, HBHA(CO)NH, C(CO)NH and '>N-
edited NOESY were modified incorporating pulsed-field gradient and
sensitivity enhancement methods (Kay et al., 1992; Muhandiram and
Kay, 1994). We determined ¢-angle restraints based on the 3Jyn mo
coupling constants measured in a 3D HNHA spectrum (Kuboniwa et al.,
1994). Stereospecific assignments of HB methylene protons and '-angle
restraints were determined based on the 3JN,HB and 3JCO,HB coupling
constants measured in 3D HNHB and HN(CO)HB spectra (Archer et al.,
1991; Grzesiek et al., 1992). Slowly exchanging amide protons were
identified from a series of 2D 'H-!N HSQC spectra recorded after buffer
exchange from H,O to D,O.

Structure calculations

The program NMRPipe (Delaglio et al., 1995) was used to process the
NMR data, and the transformed spectra were converted to FELIX 95.0
(Molecular Simulations Inc., San Diego, CA) format using in-house
software. The resonances were peak-picked using the in-house program
described in Hatanaka et al. (1994). Semiautomatic assignment of the
NOESY spectra was performed with the program XPLOR-UP (Hatanaka
et al., 1994) to generate an unbiased set of distance restraints. Ambiguous
NOE crosspeaks were assigned in an iterative manner, with reference to
the calculated conformers (Terasawa et al., 1994; Hatanaka et al., 1996;
Kohda et al., 1996). Upper limits of distance restraints were calculated as
kI"'/6, where I is the peak intensity and k is a constant adjusted in each
NOESY spectrum, and relaxed by 0.5 A allowing for mobility. The lower
limits of distance restraints were all set to 1.8 A. After 10 cycles of
iterative NOESY peak assignment and structure calculation, a total of 500
intraresidue (i —jl = 0), 253 sequential (li —jl = 1), 193 medium-range (2 <
li —jl =< 5) and 323 long-range (li — jl = 6) distance restraints were used in
the final structure calculations. This included 42 restraints from hydrogen

Structure and ligand recognition of the PB1 domain

bonds implied by hydrogen—deuterium exchange experiments and local
secondary structure.

A total of 200 conformers were calculated on the basis of 1269
distance, 39 ¢ and 26 y' dihedral angle constraints using program
X-PLOR version 3.1 (Briinger, 1993). The mean structure was obtained
by averaging the coordinates of the 20 selected conformers that had been
superimposed in advance to the best converged conformers, and then
minimized under the restraints. The coordinates of the mean structure
have been deposited in the Brookhaven Protein Data Bank (1IPG code).

Ligand titration

The initial sample for the Cdc24p PCCR titration experiment consisted of
2 mM 'N-labeled Bem PB1, 50 mM potassium phosphate pH 6.3,
150 mM NaCl and 1 mM NaNj; in H,O/D,0O (9/1) buffer. A stock solution
of unlabeled Cdc24p PCCR was concentrated to 1.5 mM in the same
aqueous buffer. Aliquots of the Cdc24p PCCR stock solution were added
in a stepwise manner to the 'N-labeled Bem PB1 sample. Similarly,
aliquots of Bem PB1 stock solution were added to the '’N-labeled Cdc24p
PCCR sample to observe the titration behavior of the Cdc24p PCCR
resonances.

An in vitro pull-down binding assay using purified proteins
The cDNAs for Bem PB1 were ligated to pMAL (New England Biolabs).
The cDNAs encoding point mutants of the C-terminal region of Cdc24p
were obtained by PCR-mediated site-directed mutagenesis. The PCR
products were ligated to pGEX-6P (Amersham Pharmacia Biotech). All
the constructs were sequenced to confirm their identities. Glutathione
S-transferase (GST)- and maltose-binding protein (MBP)-tagged proteins
were expressed in E.coli strain BL21 and purified by glutathione—
Sepharose-4B (Amersham Pharmacia Biotech) or Amylose resin (New
England Biolabs), respectively, as previously described (Noda et al.,
2001). Pull-down binding assays were performed as previously described
(Noda et al., 2001). Briefly, a pair of a GST fusion and an MBP-tagged
protein was incubated in 500 pl of phosphate-buffered saline (PBS;
137 mM NaCl, 2.7 mM KCl, 8.1 mM Na,HPO, and 1.5 mM KH,PO,
pH 7.4) containing 0.5% Triton X-100, and precipitated by
glutathione—Sepharose-4B. After washing six times with the same buffer
containing 0.5% Triton X-100, bound proteins were eluted with 10 mM
glutathione. The eluates were subjected to 10% SDS-PAGE and
visualized with Coomassie Blue. To estimate the amounts of protein on
the gel, densitometric analysis was carried out using the software NIH
Image. Student’s #-test was used for estimation of statistical significance.
A p value <0.01 was considered statistically significant.
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