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Proteins from the PEBP (phosphatidylethanolamine-binding

protein) family have been identi®ed in a wide variety of species

and are thought to regulate a range of intracellular signalling

cascades. The rat homologue (known as RKIP; Raf-1 kinase inhibitor

protein) has been shown to negatively regulate the MAP kinase

pathway through formation of inhibitory complexes with Raf-1 and

MEK. The crystal structure of a new, murine member of the PEBP

family, termed mPEBP-2, has been determined. On the basis of

amino-acid homology, mPEBP-2 belongs to a distinct subset of the

mammalian PEBP proteins. Nonetheless, mPEBP-2 is seen to be very

similar in structure to other PEBP proteins from human, bovine and

plant sources. Regions of distinctive sequence associated with the

PEBP-2 subset are discussed with reference to this structure.
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1. Introduction

The phosphatidylethanolamine-binding pro-

tein (PEBP) family is a highly conserved group

of proteins that has homologues in a wide

variety of organisms. Previously, a number of

functions have been suggested for the

mammalian proteins that include lipid binding

(Schoentgen & Jolles, 1995), inhibition of

serine proteases (Hengst et al., 2001) and that

the protein is a precursor for a bioactive

peptide (HCNP) important in development of

the hippocampus (Tohdoh et al., 1995). The

plant PEBP homologues are involved in the

control of a morphogenic switch between shoot

growth and ¯ower structures (in¯oresecence;

Bradley et al., 1996). Recently, it was demon-

strated that rat PEBP was able to speci®cally

interfere with MEK phosphorylation and

activation by Raf-1 kinase (Yeung et al., 1999),

a crucial step in intracellular signalling path-

ways controlling mitogenesis and cell differ-

entiation (in this study, the protein was termed

RKIP; Raf-1 kinase inhibitor protein). These

experiments suggested that inhibition results

from a conformational change in Raf-1 asso-

ciated with binding of PEBP/RKIP or through

direct steric hindrance of the Raf-1±MEK

interaction (Yeung et al., 2000). RKIP also

appears to speci®cally bind to MEK (Yeung et

al., 2000). As the plant homologues also regu-

late cell development, it has been suggested

that they also act via interactions with cellular

kinases. A serine-threonine kinase has been

identi®ed as a molecular ligand for the tomato

PEBP homologue (E. Lifschitz & L. Pneuli,

personal communication).

As the number of genomes being sequenced

increases and further studies on this protein

family are undertaken, it has become apparent

that many organisms contain several forms of

PEBP. For instance, protein sequence data-

bases for the plants Arabidopsis thaliana and

Oryza sativa (rice) each show six sequences

belonging to the PEBP family. This trend also

extends into higher organisms, where the fruit

¯y (Drosophila melogaster) genome is now

know to contain at least ®ve PEBP paralogues.

Recently, new forms of mammalian PEBPs

have also been isolated from cDNA libraries

from both mice and rats during the process of

screening for novel cDNAs involved in sper-

miogenesis (O'Bryan, 2002). These proteins,

which share a sequence identity of 91%, have

been named rat and mouse PEBP-2 (rPEBP-2

and mPEBP-2, respectively). These proteins

form a distinct sequence subset of the

mammalian PEBP family, with mPEBP-2, for

example, sharing 84% sequence identity with

human PEBP-1 and 79% identity with the ®rst

murine PEBP identi®ed (mPEBP-3). No

PEBP-2-like homologue has yet been identi-

®ed in humans.

Forms of mPEBP and hPEBP mRNA are

expressed in many adult tissues (Seddiqi et al.,

1994). In contrast to this, mPEBP-2 RNA is

exclusively expressed in testis (O'Bryan, 2002),

supporting the notion that mPEBP-2 plays a

speci®c role in spermiogenesis. Recently,

evidence has emerged that activation of the

MAP-kinase pathway occurs during spermio-

genesis and post-testis sperm maturation (e.g.

Berruti, 2000). mPEBP-2 has been shown to

bind both B-Raf and MEK1 and displays an
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overlapping expression pattern with

components of the MAP kinase signalling

pathway during sperm maturation

(O'Bryan, 2002). It is therefore possible that

mPEBP-2 may exert control over sperm

development by speci®cally regulating the

MAP-kinase pathway. mPEBP-3 mRNA is

also expressed in the testis, suggesting there

may be a role for both forms of the PEBP

family, possibly controlling MAP-kinase

signalling in a synergistic fashion.

To further probe the role of these

different forms of PEBP from a single

organism, in this study we have analysed the

known sequences for mammalian PEBPs.

We have also expressed, crystallized and

determined the crystal structure of

mPEBP-2 and compare its structure with

those previously determined for the PEBP

family.

2. Materials and methods

2.1. Protein production

A plasmid containing the DNA encoding

mPEBP-2 was provided by Dr Moira

O'Bryan (Monash Institute of Reproduction

and Development, Australia). Although this

clone lacks the four N-terminal residues of

the protein, these amino acids are consis-

tently disordered in all crystal structures that

have been determined for the PEBP family

and the absence of these residues is not

expected to affect the structure of the

protein. The mPEBP-2 DNA was cloned

into the pET28a vector (Novagen) for high-

level expression in Escherichia coli, using

standard techniques.

The protein was expressed and puri®ed as

described for hPEBP-1 (Ban®eld et al.,

1998), with the ®nal protein solution

comprising 7.5 mg mlÿ1 mPEBP-2 in 20 mM

bis±Tris, 100 mM NaCl pH 6.

2.2. Crystallization and data collection

Diffraction-quality crystals of mPEBP-2

were obtained from a 1:1 mixture of protein

solution with 30% PEG 4000, 200 mM

sodium acetate trihydrate buffered with

100 mM Tris±HCl pH 8.5. Prior to data

collection, crystals were cryopreserved by

soaking in a solution comprising the preci-

pitant as above supplemented with 5%

glycerol. Crystals were then frozen at 100 K

in a liquid-nitrogen cold stream. X-ray data

were collected on station PX14.1 at the

Daresbury SRS to 1.8 AÊ resolution. The

crystals grew as very thin plates, resulting in

signi®cant differences in overall diffraction

intensity and changes in mosaicity at

different crystal orientations. To account for

this, the data set was divided into batches of

20 frames for processing. The data were

processed and scaled with the HKL suite

(Otwinowski & Minor, 1996) and a summary

of both data-collection parameters and

crystal properties is shown in Table 1.

2.3. Structure solution and refinement

The structure of mPEBP-2 was solved by

molecular replacement using AMoRe

(Navaza, 1994) as implemented in the CCP4

suite (Collaborative Computational Project,

Number 4, 1994). A monomer of hPEBP-1

(Ban®eld et al., 1998; PDB code 1bd9) was

used as a search model. A single solution

was returned from the rotation and trans-

lation functions, as expected from the

volume of the unit cell. The structure of

mPEBP-2 was re®ned with REFMAC5

(Murshudov et al., 1997) and all model

building was performed with O (Jones et al.,

1991). Repeated cycles of re®nement/

rebuilding lowered Rcryst and Rfree (BruÈ nger,

1992) to ®nal values of 21.0 and 26.7%, with

root-mean-square deviations (r.m.s.d.s) of

0.012 AÊ for bond lengths and 1.49� for bond

Table 1
Data-collection and re®nement parameters for
mPEBP2.

Values in parentheses are for the highest resolution shell.

Unit-cell parameters (AÊ ) a = 40.82, b = 51.40,
c = 79.77

Space group P212121

Wavelength (AÊ ) 1.488
Resolution range (AÊ ) 30±1.8
No. of unique re¯ections 15638
Redundancy 4.7 (3.3)
Completeness (%) 96.4 (92.4)
Rmerge (%) 8.4 (11.6)
I/�(I) 12.9 (8.5)
Re®nement

Resolution range (AÊ ) 20±1.8 (1.88±1.8)
Rcryst (%) 21.0 (22.0)
Rfree (%) 26.7 (24.0)

R.m.s.d., bond lengths (AÊ ) 0.012
R.m.s.d., bond angles (�) 1.49

No. of non-H protein atoms 11744
No. of water molecules 124
Average B value (AÊ 2)

Main chain 11.4
Side chain 12.0
Solvent molecules 29.2

Figure 1
Sequence alignment of all available mammalian PEBP proteins, prepared with MULTALIN (Corpet, 1988). The proteins are divided into four families according to
sequence homology. The ®rst 33 and 40 N-terminal residues for hPEBP-4 and mPEBP-4, respectively, are not shown in the ®gure.
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angles. The Ramachandran plot (Rama-

chandran & Sasisekharan, 1968) for the ®nal

model shows 100% of residues lie in `core'

regions as described in Kleywegt & Jones

(1996).

3. Results and discussion

3.1. Sequence analysis

At present, there are 13 identi®ed

mammalian PEBP sequences. An alignment

of these protein sequences is shown in Fig. 1

and suggests that these proteins can be

grouped into four subfamilies (here termed

PEBP-1, PEBP-2, PEBP-3 and PEBP-4).

Three of these subfamilies have previously

been noted (O'Bryan, 2002). The majority of

differences in protein sequence between the

subfamilies are observed in the N-terminal

40 residues, with most variation displayed

within the ®rst ten amino acids. Members of

the ®rst three subfamilies share similar

overall features, each being approximately

190 residues in length, with no insertions or

deletions. The main features that distinguish

the fourth family (excluding the extension at

the N-terminus) are the presence of two

insertions and one deletion in the protein

sequence. These two insertions (between

residues 55 and 56, and 102 and 103 in

hPEBP-1 numbering) and single deletion

(comprising residues 131±134 in hPEBP-1)

are all located in loop regions as identi®ed

from PEBP crystal structures. These inser-

tions and deletions are not expected to

affect the overall fold of the protein.

3.2. Overall structure

The ®nal model of mPEBP-2 spans resi-

dues Ser6±Ser185 of the native protein; 124

solvent sites have been modelled as water

molecules. The overall fold of mPEBP-2 is

very similar to previously determined

mammalian PEBP structures (Ban®eld et al.,

1998; Serre et al., 1998), comprising a central

�-sheet ¯anked by a second, smaller, �-sheet

on one side and an �-helix on the other. The

protein also shares the overall PEBP fold

with plant (Ban®eld & Brady, 2000) and

bacterial forms (Serre et al., 2001). mPEBP-2

overlays on hPEBP-1 with an r.m.s.d. of

0.27 AÊ (178 equivalent C� atoms), re¯ecting

the extensive level of fold conservation

evident throughout the structure (see

Fig. 2a). Small deviations are apparent at the

N-terminus and in some loop regions.

3.3. Functional sites on mPEBP-2

From sequence analysis and existing

PEBP structures, a number of regions have

been identi®ed that are thought to be func-

tionally important. Many of these are close

to the identi®ed ligand-binding site or are

believed to be essential for maintaining the

architecture of this region. These include a

DPDxPxnH motif (residues 69±86, where n

is 11 in all mammalian proteins and the

second proline adopts a cis-peptide confor-

mation), a GxHR motif (residues 116±119)

and a non-prolyl cis-peptide bond confor-

mation adopted by residue 83. Unusually,

neither of the cis-peptide conformations is

observed in the bacterial PEBP structures.

The crystal structure of mPEBP-2 supports

the expectation that the anionic ligand-

binding site is central to the function of

PEBP proteins. The DPDxPxnH and GxHR

motifs are conserved in mPEBP-2 at both

the sequence and structural levels, as are

both of the cis-peptide conformations. The

ligand-binding site of mPEBP-2 can be

overlaid with a very high degree of conser-

vation on any of the mammalian or plant

structures determined to date (Fig. 2b). In

the mPEBP-2 structure, this site is occupied

by a network of water molecules, as was

observed in the structure of the plant PEBP

homologue (Ban®eld & Brady, 2000). The

observed electron density is not consistent

with any other type of ligand. The bound

solvent at this site suggests it may be feasible

to introduce other ligands into the crystal

lattice in future studies.

Another region of interest is the

N-terminus, part of which appears to be

cleaved from mammalian forms of these

protein to release the bioactive peptide

HCNP (hippocampal neurostimulatory

peptide). Relative to its PEBP-3 subfamily

homologue, mPEBP-2 has four substitutions

in the ®rst ten amino-terminal residues.

Sequence variation between subgroups of

PEBP proteins is most evident within the

®rst N-terminal 40 residues and much of this

sequence maps to a single region of the

protein surface. This region is some distance

Figure 2
Stereoviews showing overlays of the mPEBP-2 and hPEBP-1 structures. (a) C� trace showing an overlay of the
mPEBP-2 and hPEBP-1 structures. The ®rst 41 residues are coloured orange (mPEBP-2) and green (hPEBP-1),
highlighting the surface region where the greatest sequence differences in the mammalian PEBP family are
clustered. The rest of the C� trace is coloured cyan (mPEBP-2) and purple (hPEBP-1). The ligand-binding site is
identi®ed by the bound cacodylate ion shown in CPK (from the hPEBP-1 structure). (b) Amino acids in the
ligand-binding site [mPEBP-2 bonds in cyan, hPEBP-1 bonds in purple; bound cacodylate (from the hPEBP-1
structure) is also shown].
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from the ligand-binding site (Fig. 2a). It is

not clear whether this variation represents

an adaptation to confer speci®city between

the various PEBPs and different interacting

proteins and/or regulate af®nity or if varia-

tion in this region is permitted as it is remote

from the functional protein±protein inter-

face. The picture of regulation by PEBP

subgroups is complex. For instance, in

Arabidopsis two paralogues have been

shown to have the same function but differ

in their tissue distribution (TFL1 and ATC;

Mimida et al., 2001), implying that a

conserved functional surface might be

expected across PEBP subgroups from a

single species. However, also in Arabidopsis,

another paralogue (FT) acts as an antagonist

to TFL1 (Kobayashi et al., 1999). Whether

this implies interaction with the same target

protein but promoting an opposite effect

(potentially involving a conserved functional

surface) or interaction with a different

protein (suggesting a different functional

surface) is yet to be determined. Further

studies of these proteins, in particular of

their complexes with interacting proteins,

are essential in order to elucidate the

signi®cance of the variations observed

between PEBP subtypes.
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