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Evectin-2 is a recycling endosomal protein involved in retro-

grade transport. Its primary sequence contains an N-terminal

pleckstrin homology (PH) domain and a C-terminal hydro-

phobic region. The PH domain of evectin-2 can specifically

bind phosphatidylserine, which is enriched in recycling endo-

somes, and plays an essential role in retrograde transport from

recycling endosomes to the trans-Golgi network. The structure

of human evectin-2 PH domain in complex with O-phospho-

l-serine has recently been reported and demonstrates how the

head group of phosphatidylserine is recognized. However, it

was not possible to elucidate from the structure why evectin-2

cannot bind phosphatidic acid or phosphatidylethanolamine,

which share a common moiety with phosphatidylserine. Here,

the crystal structure at 1.75 Å resolution of an apo form of

human evectin-2 PH domain, in which the ligand-binding site

is free from crystal packing and is thus appropriate for

comparison with the structure of the complex, is reported.

Comparison between the structures of the apo form and the

O-phospho-l-serine complex revealed ligand-induced confor-

mational change evoked by interaction between the carboxyl

moiety of the head group of phosphatidylserine and the main-

chain N atom of Thr14. This structural change effectively

explains the strict ligand specificity of the PH domain of

human evectin-2.
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1. Introduction

Retrograde transport from the plasma membrane to the trans-

Golgi network (TGN) is crucial for a diverse range of cellular

functions (Bonifacino & Rojas, 2006; Johannes & Popoff,

2008). A notable example is retrograde transport from early

endosomes to recycling endosomes (REs) and subsequently

to the TGN. The physiological function of this pathway is to

recycle several Golgi proteins from REs to the TGN in order

to maintain their Golgi localization. This pathway is exploited

by protein toxins that are secreted by bacteria (for example,

Shiga toxin and cholera toxin; Sandvig & van Deurs, 2002).

Evectin-2 has been identified as a post-Golgi-localized

protein that is widely expressed in several tissues (Krappa

et al., 1999). Evectin-2 consists of an N-terminal pleckstrin

homology (PH) domain and a C-terminal hydrophobic region,

which is thought to be inserted into membranes (Krappa et al.,

1999). It has been demonstrated that evectin-2 is necessary for

retrograde transport of Golgi proteins TGN46 (Maxfield &

McGraw, 2004) and GP73 (Puri et al., 2002) from REs to the

TGN (Uchida et al., 2011). Furthermore, we have shown
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that the PH domain of evectin-2 can specifically bind

phosphatidylserine (PS) but not phosphatidic acid (PA),

phosphatidylethanolamine (PE), phosphatidylinositol (PI),

sulfatide or any of the phosphatidylinositol phosphates (PIPs)

when these lipids are present on liposomes (Uchida et al.,

2011). The observation that the PH domain of evectin-2 shows

weak affinity for PA and PE, which share the phosphate and

phosphorylethanolamine moieties of PS, respectively (Fig. 1),

reveals the strict ligand specificity of the evectin-2 PH domain.

The PS enrichment in REs has been shown by biochemical

(Gagescu et al., 2000) and cell-biological (Uchida et al., 2011;

Fairn et al., 2011) approaches and the high specificity of the

evectin-2 PH domain for PS is required for the RE localization

of evectin-2 (Uchida et al., 2011).

Recently, we determined the X-ray crystal structure of the

human evectin-2 PH domain in complex with O-phospho-

l-serine, the head group of PS, and elucidated the molecular

basis of the binding mechanism (Uchida et al., 2011). This

complex structure effectively explained the low affinity for

sulfatide, PI and PIPs, but not for PA or PE. In the crystal

of the complex there are two PH-domain molecules in the

asymmetric unit; one is O-phospho-l-serine-bound and the

other is unbound. The O-phospho-l-serine binding site of the

unbound molecule is occupied by the neighbouring unbound

molecule, which is related to the intermolecular packing

interaction by the symmetry operation (1 � x, y + 1/2, 1 � z)

(Fig. 2a). This crystal packing leads to blockage of the binding

site of the unbound molecule by steric repulsion between

amino-acid residues (Pro50, Arg108, Thr109 and Asn110 of

the neighbouring unbound molecule). The carboxyl O atoms

of Asn110 of the neighbouring unbound molecule form

hydrogen bonds to Thr14 N and Ile15 N. The side chain of

Ile15 also forms hydrophobic interactions with the side chain

of Pro50 of the neighbouring unbound molecule (Fig. 2a).

Because of this crystal packing, the unbound molecule is not a

suitable model for an ideal apo-form structure, in which the

ligand-binding site would be free from crystal packing. In

order to elucidate the molecular mechanism of ligand binding,

it is necessary to compare the structures of the complex and

such an ideal apo form.

In this study, we used X-ray crystallography to obtain a new

apo-form structure of the human evectin-2 PH domain in

which the ligand-binding site is free from crystal packing

(Fig. 2b). By comparing the new apo-form structure with the

ligand-bound structure, we found obvious ligand-induced

conformational changes that offer structural insight into the

selectivity of the PH domain against PA and PE.

2. Materials and methods

The PH domain of human evectin-2 was purified as described

previously (Uchida et al., 2011). Apo-form crystals were

obtained after 3 d incubation at 289 K using the sitting-drop

vapour-diffusion method with a mixture of 0.5 ml protein

(8.16 mg ml�1) in buffer consisting of 20 mM Tris–HCl pH 7.5

and 0.5 ml mother liquor consisting of 20%(w/v) polyethylene

glycol monomethyl ether 5000, 0.1 M bis-tris–HCl pH 6.5.

Prior to data collection, crystals were soaked in cryogenic

solution [24%(w/v) polyethylene glycol monoethyl ether 5000,

0.1 M bis-tris–HCl pH 6.5, 13%(v/v) ethylene glycol] for a few

seconds. X-ray diffraction data were collected on beamline

BL-5A at the Photon Factory, KEK (Tsukuba, Japan). Data

processing and reduction were carried out using the HKL

program suite (Otwinowski & Minor, 1997). The data were

subsequently processed using the CCP4 program suite (Winn

et al., 2011). Initial phases were determined by the molecular-

replacement method using MOLREP (Vagin & Teplyakov,

2010) with a search model obtained from the PH domain in

complex with O-phospho-l-serine (PDB entry 3aj4; Uchida

et al., 2011). An initial round of rigid-body refinement was

performed with REFMAC v.5.5 (Murshudov et al., 2011) in

order to position the molecule more accurately in the cell.

Subsequently, cycles of REFMAC v.5.5 maximum-likelihood

positional and B-factor refinement were alternated with

manual remodelling using Coot (Emsley & Cowtan, 2004)

until the R and Rfree factors converged. Water molecules were

added based on visual inspection of the electron-density map

using Coot. Two molecules were present in the asymmetric

unit. Data-collection and refinement statistics are summarized
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Figure 1
The chemical structures of PS, PA and PE are shown. Phosphate groups
are indicated in red. For simplicity, only the dipalmitoyl (C16/C16) species
are shown.

Table 1
Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Data collection
Space group P212121

Unit-cell parameters (Å) a = 34.2, b = 54.3, c = 111.6
Wavelength (Å) 1.0000
Resolution (Å) 100–1.75 (1.78–1.75)
Rmerge (%) 0.062 (0.346)
hI/�(I)i 48.0 (8.5)
Completeness (%) 99.9 (100.0)
Multiplicity 7.0 (7.2)

Refinement
Resolution (Å) 32.8–1.75
No. of reflections 20575
Rwork/Rfree 0.220/0.259
No. of atoms

Protein 1901
Waters 139

Average B factors (Å2)
Protein 21.7
Waters 30.3

R.m.s. deviations
Bond lengths (Å) 0.007
Bond angles (�) 1.073



in Table 1. All figures were produced using CCP4mg

(Potterton et al., 2004). The intermolecular contact surface

area was calculated using AREAIMOL implemented in the

CCP4 program suite.

3. Results and discussion

3.1. New apo-form structure of the human
evectin-2 PH domain

The apo-form structure obtained in this

study contains two molecules (A and B) in

the asymmetric unit. Superposition of the

two molecules gives a root-mean-square

(r.m.s.) deviation of 0.82 Å for 111 (99%)

structurally equivalent C� atoms. Thus, the

two molecules exhibit overall similarity.

The crystal-packing environments around

the ligand-binding sites of molecules A and

B are also similar. Contacts of neighbouring

molecules are only observed at the outside

of the ligand-binding site in the �1–�2 loop

(Ser13–Arg18) of each molecule. The �1–�2

loop of molecule A makes contact with a

neighbouring molecule A which is related by

an intermolecular packing interaction with

the symmetry operation (x � 1, y + 1, z);

the intermolecular contact surface area is

approximately 250 Å2. The �1–�2 loop of

molecule B makes contact with a neigh-

bouring molecule B which is related by an

intermolecular packing interaction with the

symmetry operation (x + 1, y + 1, 0) (Fig. 2b);

the contact surface area is approximately

202 Å2. Details of these interactions are

summarized in Table 2. In the following, we

describe molecule B as the new apo-form

structure because as described above the

crystal-packing effects in molecule B are

weaker than those in molecule A.

3.2. Comparison between apo-form and
ligand-bound structures

We compared the new apo-form structure

with previously determined apo and ligand-

bound structures (Uchida et al., 2011). The

overall structures are similar to each other;

however, the conformations of the ligand-

binding sites located in the �1–�2 loop

region are slightly different (Fig. 3). In the

structure of the complex, Ser13 O� forms

hydrogen bonds to Lys17 N and Arg18 N,

and Ser13 O is located near Lys17 N (at

a distance of 3.2 Å), forming a possible

hydrogen bond. Ser13 O�, Ile15 N and

Leu16 N form a phosphate-binding pocket

and form hydrogen bonds to phosphate

O3 of O-phospho-l-serine (Fig. 4a). This binding pocket does

not exist in the unbound molecule of the complex. The

carboxyl O atoms of Asn110 of the neighbouring unbound

molecule make hydrogen bonds to Ser13 O� and Ile15 N, and
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Figure 2
Crystal-packing effects on the �1–�2 loops of the human evectin-2 PH domain. O-Phospho-
l-serine (stick model) is drawn with green C atoms, red O atoms and blue N atoms. (a)
Stereoview of the superposition of the ligand-binding site of bound and unbound molecules of
the O-phospho-l-serine complex (Uchida et al., 2011; PDB entry 3aj4). The bound molecule
is drawn with light green C atoms, red O atoms and blue N atoms. The neighbouring bound
molecule is drawn with grey C atoms. Hydrogen bonds and salt bridges are shown as broken
red lines. The unbound molecule is drawn with cyan C atoms, pink O atoms and light-blue N
atoms. The neighbouring unbound molecule is drawn with purple C atoms. Hydrogen bonds
and salt bridges in these structures are shown as broken pink lines. (b) Stereoview of the
superposition of the ligand-binding site of the bound molecule of the O-phospho-l-serine
complex (Uchida et al., 2011; PDB entry 3aj4) and molecule B of the apo-form structure (this
study). The bound molecule, neighbouring bound molecule, hydrogen bonds and salt bridges
are drawn as described in (a). Molecule B is drawn with orange C atoms, pink O atoms and
light blue N atoms. The neighbouring molecule B is drawn with brown C atoms. Hydrogen
bonds and salt bridges in these structures are shown as broken pink lines.



part of the ligand-binding site is occupied (Fig. 4b). In

contrast, in the ligand-binding sites of the new apo-form

structure a hydrogen bond between Ser13 O� and Ile15 N can

be observed (Fig. 4c). This new apo-form structure reveals that

a phosphate oxygen O3 binding pocket disappears and is

replaced by a hydrogen bond between Ser13 O� and Ile15 N.

3.3. The conformation of the b1–b2 loop differs between the
structures of the new apo form and the complex

In addition to the striking conformational difference in the

�1–�2 loop, we observed a change in the electrostatic surface

potential at the ligand-binding site (Fig. 5). Residues Ser13–

Arg18 undergo a conformational change, with movements of

C� atoms ranging from 0.9 Å at Arg18 to 5.5 Å at Thr14 (the

movements for the other residues are 3.3 Å at Ser13, 4.6 Å at

Ile15, 2.4 Å at Leu16 and 1.7 Å at Lys17). In

the O-phospho-l-serine complex, the elec-

tron density of this loop is well ordered. The

average B factor of residues Ser13–Arg18 is

7.4 Å2, which is almost the same as that of all

residues (7.6 Å2). In contrast, the electron

density of this loop in the apo-form struc-

ture is poorly ordered and the average B

factor in the same region is 33.5 Å2. This

value is 1.4-fold higher than that of all

residues in the apo form (24.0 Å2). These

observations suggest inherent flexibility of

the �1–�2 loop in solution and also suggest

that ligand binding promotes loop move-

ment and stabilizes its conformation. This

conformational change in the �1–�2 loop

after ligand binding is generally similar to

that observed in the PH domains of Bruton’s

tyrosine kinase (Baraldi et al., 1999) and

Grp1 (Lietzke et al., 2000), the �1–�2 loops

of which are stabilized by ligand binding.

The side chains of Arg18 and Lys20

interact with phosphate O2 and carboxyl

O atom OT1 in the l-serine moiety of

O-phospho-l-serine, respectively. The elec-

tron densities of these residues are more

visible in the complex than in the apo form

because of these interactions. Thus, ligand

binding stabilizes this region. A similar

observation was reported for residue Lys343

of the Grp1 PH domain, which recognizes

P4 and P5 of the ligand (Lietzke et al., 2000).

3.4. Ligand-induced conformational change
and strict ligand specificity of the human
evectin-2 PH domain

The p47phox PX domain contains a second

anion-binding pocket that may bind PA

(Karathanassis et al., 2002). The wall of this

pocket is formed by the side chains of His51,

Lys55 and Arg70, giving it a basic character.
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Table 2
Interactions of the neighbouring molecule in the �1–�2 loop region.

The letters in parentheses represent the molecules.

Residue
Residue in the
neighbouring molecule

Distance
(Å) Interaction

Lys17 N� (A) Ser28 O (A) 3.1 Hydrogen bond
Arg18 N�2 (A) Val4 O (A) 2.7 Hydrogen bond
Ile15 C�2 (A) Ala2 C� (A) 3.7 Hydrophobic interaction

Ser28 C� (A) 3.8 Hydrophobic interaction
Ile15 C�1 (A) Ser0 C� (A) 4.1 Hydrophobic interaction
Leu16 C�2 (A) Ala2 C� (A) 3.7 Hydrophobic interaction
Lys17 C� (A) Val4 C�2 (A) 3.7 Hydrophobic interaction
Arg18 N�2 (B) Phe3 O (B) 2.8 Hydrogen bond
Arg18 N�1 (B) Val4 O (B) 2.9 Hydrogen bond
Ile15 C�2 (B) Ser28 C� (B) 4.0 Hydrophobic interaction
Leu16 C�1 (B) Ala2 C� (B) 3.9 Hydrophobic interaction

Val4 C�2 (B) 4.1 Hydrophobic interaction

Figure 3
Superposition of the structures of the O-phospho-l-serine complex (light green) and the apo
form (orange) of the human evectin-2 PH domain. O-Phospho-l-serine (stick model) is drawn
with green C atoms and red O atoms. Representations are the same as in Fig. 2(b). (a) Overall
structure represented as ribbon models. (b) Stereoview of the ligand-binding site.



The NMR structure of the p47phox PX domain also shows that

the surface is basic, mainly owing to the side chains of His51

and Lys55 (Hiroaki et al., 2001). This observation implies that

the pre-existence of a positively charged surface prior to

ligand-induced conformational change may be necessary for

high-affinity binding of PA. However, in our new apo-form

structure of human evectin-2 PH domain no positively

charged surface is present at the phosphate-binding site (Fig.

5a). This may explain why the human evectin-2 PH domain

does not bind strongly to PA.

The positively charged side chain of Arg11, which recog-

nizes the carboxyl group of O-phospho-l-serine in the struc-

ture of the complex, is exposed to the ligand-binding site in the

apo-form structure (Fig. 5a). In both structures the side chain

of Arg11 is fixed by a hydrogen bond to O�2 of Asn22, which is

conserved among evectin-2 PH domains from various species

(Uchida et al., 2011). These observations suggest that the side
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Table 3
Distances between the C� atom of Ser13 and the C� atoms of Ile15, Lys17
and Arg18.

Residues
Apo-form
structure (Å)

O-Phospho-l-serine
complex (Å)

Ser13–Ile15 5.4 5.9
Ser13–Lys17 5.4 4.4
Ser13–Arg18 6.8 5.2

Figure 4
Ligand-binding sites of the human evectin-2 PH domain. Representations are as in Fig. 2. (a) Bound molecule of the O-phospho-l-serine complex. (b)
Unbound molecule of the O-phospho-l-serine complex. The black broken line only indicates a distance, not a hydrogen bond. (c) New apo form (this
study). A �A-weighted Fo � Fc OMIT map (2.0� level; in grey mesh) is superposed on residues Ser13, Thr14, Ile15 and Leu16.

Figure 5
Charge-distribution surface models at the ligand-binding site. O-Phospho-l-serine is shown as a stick model (green C atoms, red O atoms and blue N
atoms). The surface is coloured according to the electrostatic potential of the residues as calculated by CCP4mg (Potterton et al., 2004; blue, +0.5 V; red,
�0.5 V). (a) Charge-distribution surface model of the apo-form structure. O-Phospho-l-serine from the structure of the complex is superimposed. (b)
Charge-distribution surface model of the O-phospho-l-serine complex.



chain of Arg11 first recognizes the

carboxyl group of PS and anchors it to

the surface of the protein. This might

induce a conformational change of the

�1–�2 loop via interactions between the

main-chain N atom of Thr14 and the

carboxyl group of PS. This mode of

phospholipid interaction effectively

explains why the evectin-2 PH domain

does not strongly bind to PA and PE, as

these lipids lack the carboxyl group of

PS. In addition, conformational entropy

may also be an important factor. Since

the polar interaction cannot be formed

in the case of PA and PE, the enthalpic

contribution is less than in the case of

PS. This low enthalpy may not be suffi-

cient to overcome the conformational

entropy associated with the change in

the �1–�2 loop.

Furthermore, the ligand-induced

conformational change of the �1–�2

loop is suitable for the formation of part

of the phosphate-binding pocket. In

the structure of the complex, Ser13 O�

forms hydrogen bonds to Lys17 N and

Arg18 N; Ser13 O�, Ile15 N and

Leu16 N form part of the phosphate-

binding pocket and form hydrogen bonds to phosphate O3 of

O-phospho-l-serine (Fig. 4a). Because Ser13 O� forms

hydrogen bonds to Ile15 N and Leu16 N in the apo-form

structure (Fig. 4c), disruption of these hydrogen bonds is

required in order to form the phosphate-binding region. These

disruptions are achieved by the ligand-induced conforma-

tional change of the �1–�2 loop, as suggested by the distances

between the C� atoms of Ser13 and Ile15, Lys17 or Arg18

(Table 3).

3.5. Proposed membrane-binding model of human evectin-2
PH domain

Based on both the apo-form and complex structures and on

reports of PS-binding domains (Stace & Ktistakis, 2006), we

propose a model of membrane binding by the human evectin-2

PH domain mediated via PS (Fig. 6). Firstly, positively charged

residues (Arg11, Arg18 and Lys20) are attracted by negatively

charged carboxyl and phosphate groups of PS. Secondly, the O

atoms of the carboxyl group of PS form salt bridges with the

side chain of Arg11. Thirdly, ligand-induced conformational

change occurs via the interaction between the carboxyl group

of PS and Thr14 N. Ultimately, the hydrophobic side chains of

Ile15 and Leu16 move to interact with the hydrophobic region

of membrane lipids.

4. Conclusion

In this study, we determined a new apo-form structure of

human evectin-2 PH domain in which the ligand-binding site is

free from crystal packing. Based on this structure, we propose

a plausible model for ligand-induced conformational change.

The carboxyl moiety of the head group of PS is important

for the ligand-induced conformational change, explaining the

strict binding selectivity for PS and against PA and PE. Based

on the structure, we have also proposed an overall model

describing how human evectin-2 PH domain binds to specific

lipid molecules on REs.
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