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Crystal Structure of Apo-cellular Retinoic Acid-binding
Protein Type II (R111M) Suggests a Mechanism of
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The crystal structure of unliganded mutant R111M of human cellular reti-
noic acid-binding protein type II (apo-CRABPII (R111M)) has been deter-
mined at 2.3 AÊ and re®ned to a crystallographic R-factor of 0.18.
Although the mutant protein has lower af®nity for all-trans-retinoic acid
(RA) than the wild-type, it is properly folded, and its conformation is
very similar to the wild-type. apo-CRABPII (R111M) crystallizes in space
group P1 with two molecules in the unit cell. The two molecules have
high structural similarity except that their a2 helices differ strikingly.
Analyses of the molecular conformation and crystal packing environment
suggest that one of the two molecules assumes a conformation compati-
ble with RA entry. Three structural elements encompassing the opening
of the binding pocket exhibit large conformational changes, when com-
pared with holo-CRABPII, which include the a2 helix and the bC±bD
and bE±bF hairpin loops. The a2 helix is unwound at its N terminus,
which appears to be essential for the opening of the RA-binding pocket.
Three arginine side-chains (29, 59, and 132) are found with their guani-
dino groups pointing into the RA-binding pocket. A three-step mechan-
ism of RA entry has been proposed, addressing the opening of the RA
entrance, the electrostatic potential that directs entry of RA into the bind-
ing pocket, and the intramolecular interactions that stabilize the
RA �CRABPII complex via locking the three ¯exible structural elements
when RA is bound.
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Introduction

The biological effects of retinoic acid (RA) extend
far beyond those of its precursors, retinol (vitamin
A) and retinal, commonly known to be critical for
vision. RA has been suggested to normalize cell
differentiation and growth (Elias & Williams, 1981;
Gudas et al., 1994; Lotan, 1980), and has been pro-
ven effective in inhibiting numerous skin disorders
and human cancers (Hong & Itri, 1994; Tallman,
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1996). The regulatory effects of RA are believed to
be mediated through nuclear receptors (Giguere
et al., 1987; Mangelsdorf et al., 1990; Petkovich et al.,
1987). The intracellular existence of RA is modu-
lated by two kinds of RA-binding proteins, cellular
RA-binding protein type I (Ong & Chytil, 1975;
Sani & Hill, 1974) and type II (Bailey & Siu, 1988)
(CRABPI and II). The sequences of CRABPs are
highly conserved in vertebrates. For instance,
CRABPIs from rat, mouse, and cow are identical,
and differ by only one residue from the human
sequence. CRABPI and II are closely related, with
76% identity in human. CRABPs play important
roles in mediating the biological functions of RA.
Instead of being solely passive carriers of RA,
CRABPs have been shown to facilitate RA modi®-
cation upon interaction with other proteins (Boylan
& Gudas, 1992; Fiorella & Napoli, 1991, 1994;
# 1998 Academic Press Limited
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Napoli et al., 1995). Recently, the unique function
of CRABPs was proposed as maintaining (instead
of limiting) cellular RA availability when dietary
RA is in short supply, since the pivotal involve-
ment of CRABPs in the RA signal pathway is ruled
out by the fact that mice de®cient in CRABP genes
are essentially normal in their development (Gorry
et al., 1994; Lampron et al., 1995). More recently, it
was suggested that CRABPII may participate in
RA production (Bucco et al., 1997), and that CRAB-
PII is a positive regulator of RA signaling in breast
cancer cells (Jing et al., 1997).

CRABPs belong to a family of proteins named
intracellular lipid-binding proteins (iLBP), includ-
ing fatty acid-binding proteins, lipid-binding pro-
teins, and cellular retinoid-binding proteins. More
than 25 crystal structures of these proteins are
available from the Protein Data Bank (PDB). The
structures have been the subject of several reviews
(Banaszak et al., 1994; Newcomer, 1995; Ong et al.,
1994). These proteins share a common structural
motif, a b-barrel consisting of ten up-and-down
antiparallel b-strands A through J (Figure 1). One
end of the b-barrel is blocked by the N terminus of
the protein, whereas the other end is covered by a
helix-loop-helix motif, a1-loop-a2. The ligand-bind-
ing site is deep inside the b-barrel. The end of the
elongated ligand at the portal surrounded by the
a2 helix and two neighboring b-hairpin loops is
usually solvent-accessible (Figure 1). Irrespective of
the type of the ligand, the ligand-binding modes of
iLBPs share a common feature in that the ligand is
unable to enter or exit the pocket without eliciting
signi®cant conformational changes in the protein.
The ligand-entry problem has been discussed in
numerous papers (Banaszak et al., 1994; Winter
et al., 1993; Xu et al., 1993). The common approach
to this problem is to compare the apo- and holo-
structures. However, it is hindered by two
obstacles. First, so far both apo- and holo-struc-
tures have been determined for only four proteins:
CRABPI (Kleywegt et al., 1994; Thompson et al.,
1995), cellular retinol-binding protein type II
(CRBPII) (Winter et al., 1993), intestinal fatty acid-
binding protein (I-FABP) (Sacchettini et al., 1989a,b;
Scapin et al., 1992), and adipocyte lipid-binding
protein (ALBP) (Xu et al., 1992, 1993). Second,
increased access to the ligand-binding pocket is
either not observed in the apo-structure (I-FABP
(Scapin et al., 1992), CRBPII (Winter et al., 1993),
and ALBP (Xu et al., 1993)), or due to the formation
of an intermolecular b-sheet in the crystal lattice
(CRABPI; Thompson et al., 1995). Therefore the
comparisons between the corresponding apo- and
holo-structures give limited information on the
¯exibility of the portal components or on ligand-
induced conformational changes.

The crystal structure of holo-CRABPII, as a
CRABPII �all-trans-RA complex, was determined at
1.9 AÊ , where the methylene groups of the side-
chain of Arg111 are in the center of CRABPII's
hydrophobic core, and the guanidino group inter-
acts with the carboxylate group of RA via a water
molecule (Kleywegt et al., 1994). The R111M
mutant of CRABPII is more than 40 times lower in
af®nity for all-trans-RA compared with the wild-
type protein; nevertheless, it is properly folded,
and its conformation is very similar to that of wild-
type CRABPII (Wang et al., 1997). Here, we report
the crystal structure of human apo-CRABPII
(R111M) at 2.3 AÊ resolution, where we observed
for the ®rst time a portal conformation that allows
RA to enter the binding pocket. The interesting fea-
tures revealed from this apo-structure, and the
results of crystal structure-based molecular model-
ing studies have led to the postulation of a three-
step mechanism of RA entry.

Results and Discussion

Overall structure and crystal packing

The present mutant structure at 2.3 AÊ resolution
is the ®rst unliganded crystal structure of CRAB-
PII. The structure, containing two independent
molecules, Mol A and Mol B (Figure 1), and 287
water molecules, was re®ned to a crystallographic
R-factor of 0.18 with good geometry (Table 1). As
assessed by the program Procheck (Laskowski,
1993), the stereochemical parameters of the struc-
Figure 1. Stereodiagrams of apo-
CRABPII (R111M). The Ca traces of
Mol A (thick lines) and Mol B (thin
lines) resulting from the structure-
based alignment (see the text). The
b-strands A through J and a-helices
1 and 2 are labeled. The illustration
was prepared with the program
Bobscript (R. Esnouf, robert@
s151h16.rega.kuleuven.ac.be), an
extended version of Molscript
(Kraulis, 1991).
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Table 1. Crystallographic data and re®nement results of
apo-CRABPII (R111M)

Resolution (AÊ ) 2.3
No. reflections collected 32,588
No. unique reflections 10,509
Rsym 0.059
Data completeness (%) 85.4
Last shell (2.3 to 2.4 AÊ ) completeness (%) 58.3
Space group P1
Unit cell parameters

a, b, c (AÊ ) 37.58, 62.27, 35.12
a, b, g (�) 106.40, 90.69, 110.63

No. independent molecules 2
Data cutoff in refinement 2s(F)
R-factor 0.18
Number of water molecules 287
Total number of atoms 2463
rms deviation from ideal geometry

Bond length (AÊ ) 0.01
Bond angle (�) 1.24
Dihedral (�) 27.8
Improper angle (�) 1.06

Average temperature factor (AÊ 2)
Protein atoms 37.7
Water oxygen atoms 50.1
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ture are within one standard deviation of the mean
for structures at comparable resolutions, or better.
A few residues are in generously allowed regions
(Val58A, Asp126B, Glu73A, and Glu73B) or disal-
lowed regions (Asp126A and Met27A). Except for
Glu73A and Glu73B, these residues are located in
sharp turns between antiparallel b-strands or
between antiparallel helices. In all cases, the elec-
tron density is well de®ned. The occurrence of
such conformations in similar positions has been
observed in other retinoid-binding proteins
(Kleywegt et al., 1994; Thompson et al., 1995). Resi-
dues Glu73A and Glu73B are located at the center
of bE. The deviation of their conformations from
commonly observed ones might be a result of the
hydrogen-bonding interactions of their side-chains
with tryptophan side-chains (Trp109A and
Trp109B) in the neighboring bH.
Table 2. Intermolecular interactions of the a2 helix in eight a

iLBP PDB code
Space
group Resolution (AÊ )

CRABPII
(R111M) 1xca P1 2.3 Mol

Mol
CRABPI 1cbi P3121 2.7 Mol

Mol
CRBPII 1opa P1 1.9 Mol

Mol
I-FABP 1ifb P21 form1 1.96
I-FABP 1ifc P21 form2 1.19
M-FABPc 1ftp P21 2.2 Mol

Mol
ALBP 1alb P212121 2.5
ALBP 1lib C2 1.7

Residue range of 25 to 37 was used as the a2 helix region, except
a 4 3.5 AÊ .
b 4 4.0 AÊ .
c Muscle fatty acid-binding protein.
Mol A and Mol B, both bearing global resem-
blance to holo-CRABPII (Kleywegt et al., 1994), are
found in two distinctly different crystal-packing
environments. In particular, the a2 helix of Mol A
is not involved in any intermolecular hydrogen
bond (Table 2) and is exposed to solvent channels
in the crystal lattice, whereas that of Mol B is
tightly packed against the hairpin bI-bJ of Mol A.
Consequently, the a2 helix of Mol B assumes a con-
formation signi®cantly different from that of Mol
A (Figure 1).

Conformation of Mol A is compatible with
ligand entry

As shown in Figure 1, the most striking differ-
ence between Mol A and Mol B occurs at the a2
helix. We noticed at the early stage of the re®ne-
ment that the a2 helix of Mol A had very poor
electron density. We therefore re®ned the structure
without including this helix until it was unambigu-
ously de®ned by difference Fourier maps (see
Materials and Methods). The well-de®ned ®nal
2Fo ÿ Fc electron density map for residues Leu18 to
Ala40 in Mol A and Mol B are shown in Figure 2.
The omit map (Bhat, 1988) has the same appear-
ance as the ®nal 2Fo ÿ Fc map. As expected, the a2
helix of Mol A has a higher than average tempera-
ture factor in the ®nal structure. This observation is
compatible with the notion that this structural
element is intrinsically ¯exible and closely related
to the mechanism of ligand entry.

The differences between the a2 helices of Mol A
and Mol B stand out clearly from other structural
motifs in the entire molecule. The a2 helix of Mol B
is straight and has three complete helical turns,
whereas that of Mol A partially loses its integrity
(Figure 1). The N terminus of the a2 helix in Mol A
is unwound. According to the secondary-structure
analysis (Kabsch & Sander, 1983), the a2 helix of
Mol B starts at residue 25, whereas that of Mol A
starts at residue 27. Both helices end at residue 36.
po-iLBP crystal structures

H-bonda
vdw

contactb Reference

A 0 8 This work
B 7 43
A 1 22 Thompson et al. (1995)
B 3 20
a 5 33 Winter et al. (1993)
b 8 43

3 26 Sacchettini et al. (1989b)
8 62 Sacchettini et al. (1989a)

A 2 28 Haunerland et al. (1994)
B 2 26

3 29 Xu et al. (1992)
2 21 Xu et al. (1993)

for I-FABPs, where a range of 24 to 34 was used.



Figure 2. The 2Fo ÿ Fc electron density map contoured
at 1s level in the regions around the a2 helices in Mol
A (a) and Mol B (b) of apo-CRABPII (R111 M) with the
®nal model superimposed. The representation was pre-
pared with the program Bobscript (see the legend to
Figure 1 for details).

Figure 3. Ribbon representations of the two apo-CRAB-
PII (R111 M) molecules (in yellow), Mol A (a) and Mol
B (b). The CRABPII �RA complex (protein in green and
RA in red) (Kleywegt et al., 1994) is superimposed with
Mol A and Mol B according to the structure-based align-
ment. The view is along the long axis of RA looking
into the binding cavity. Several structural elements are
labeled in (a). The illustration was prepared with the
program Ribbons (Carson, 1987).
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The deviations between the corresponding Ca pos-
itions become signi®cant from the C terminus of a1
and residues between the a1 and a2 helices. This
trend continues into the a2 helix and culminates at
residues 28 to 31 with deviations of 3.5 to 4.5 AÊ .
The deviations then subside in the loop between
a2 and bB. The overall rms deviation between all
Ca atoms of Mol A and Mol B is 1.22 AÊ . However,
if residues 22 to 38 (the a1-loop-a2 motif) are
excluded from the calculation, the rms deviation
drops sharply to 0.59 AÊ . For residues 22 to 38, the
rms deviation is 3.1 AÊ . The conformational differ-
ence in the a2 helix extends over the loops and sec-
ondary structure elements before and after the
helix. For example, the deviation between the cor-
responding Ca positions of Gly23 (one of the loop
residues between the two helices) is 2.5 AÊ . In
addition, the bG-bH hairpin loop adopts different
conformations in the two molecules (Figure 1).

The conformational differences in the a2 region
and in the bG-bH region between Mol A and Mol
B are the results of the dissimilarities in their crys-
tal-packing environment. The a2 helix of Mol B is
involved in seven intermolecular hydrogen bonds
and 43 intermolecular van der Waals (vdw) con-
tacts in the crystal lattice, whereas that of Mol A is
free from intermolecular hydrogen bonding, with
only eight intermolecular vdw contacts (Table 2).
Among the eight vdw contacts, ®ve involve Val26,
which is part of the loop between the a1 and a2
helices, and three are contacts with atom NZ of
symmetry-related Lys101, whose side-chain is
almost always ¯exible. Therefore, these eight vdw
contacts do not have a signi®cant impact on the
conformation of the a2 helix in Mol A. Figure 3
illustrates the structure-based superposition of Mol
A and Mol B, respectively, with the CRABPII �all-
trans-RA complex (Kleywegt et al., 1994). The a2
helix in Mol A unwinds at the N terminus and
moves outward from the RA-binding pocket
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(Figure 3(a)). On the contrary, the a2 helix of Mol
B is compressed toward the binding pocket
(Figure 3(b)). There are three consequences of this
conformational change in Mol B. First, the RA
entrance of the binding pocket closes up. Second,
there is not enough room for RA in the pocket.
Third, the bG-bH loop moves concurrently with
the a2 helix by approximately 2.6 AÊ (Figure 3(b)),
which is not observed either in Mol A or in holo-
CRABPII (Figure 3(a)). Therefore, the conformation
of Mol B appears to be an artifact of crystal pack-
ing, which appears to be responsible for the fact
that the unique conformation of a2, as seen in Mol
A, was not previously observed in the crystal
structures of other apo-iLBPs.

There are seven previously determined crystal
structures of apo-iLBPs in the PDB. Examination of
the seven structures reveals that, without excep-
tion, the a2 helix is involved in intermolecular
hydrogen bond(s) and extensive intermolecular
vdw contacts (Table 2). Among the seven apo-iLBP
structures, the a2 helix in the 1.19 AÊ apo-I-FABP
structure (Scapin et al., 1992) is involved in eight
intermolecular hydrogen bonds and 62 intermole-
cular vdw contacts (Table 2). These interactions,
especially the electrostatic ones, must have signi®-
cant stabilizing effect on the a2 helix. Among all
apo-iLBP structures, MolA of apo-CRABPII
(R111M) shows its uniqueness in crystal packing
where the a2 helix is not involved in any intermo-
lecular electrostatic interactions. In the following
sections, apo-CRABPII (R111M) refers to Mol A, if
not otherwise speci®ed.

Comparison of apo-CRABPII (R111M) with
holo-CRABPII

Unique portal conformation

The differences between the apo-CRABPII
(R111M) (this work) and holo-CRABPII (Kleywegt
et al., 1994) occur mostly at the end of the b-barrel
where RA appears to enter. When viewed along
the long axis of bound RA, differences are clearly
seen in the region of the a2 helix and the two near-
by hairpin loops, bC-bD and bE-bF (Figure 3(a)).
Quantitative illustrations of the distribution of Ca

deviations are shown in Figure 4(a), where the
differences in the a2 helix region are the largest.
Compared with that of holo-CRABPII, the a2 helix
of apo-CRABPII (R111M) is partially unwound
and displaced (Figure 3(a)). The conformational
changes of the bC-bD and bE-bF hairpin loops in
the apo-molecule are concerted with that of the a2
helix. Both loops move outward, so that the open-
ing of the ligand-binding pocket is wide enough
for RA to enter (Figure 3(a)). The largest deviation
of the Ca atoms is at Val58, the tip of the bC-bD
loop, and reaches 3.3 AÊ (Figure 4(a)). The large
scope of the movement of this hairpin is made
possible by the lack of hydrogen bonding between
b-strands D and E.
Both the apo- and holo-structures have been
determined for two more retinoid-binding proteins,
CRABPI (Kleywegt et al., 1994; Thompson et al.,
1995) and CRBPII (Winter et al., 1993). All four
structures have more than one independent mol-
ecules in the asymmetric unit. Therefore, an apo-
structure may be compared with different holo-
structures, and vice versa. Although the rms devi-
ation varies, some pairs exhibit almost identical
conformations within experimental error (Winter
et al., 1993). Illustrated in Figure 4(b) and (c) are
deviations of Ca atoms between corresponding
apo- and holo-forms of CRABPI and CRBPII.
CRBPII has two copies of the molecule in the apo-
structure and four copies in the holo-structure,
whereas CRABPI has two copies in both apo- and
holo-structures. Results are plotted for the pairs of
molecules with the largest rms deviations
(Figure 4(b) and (c)). apo- and holo-CRABPIs dis-
play the largest deviations in the bC-bD hairpin
region, which is the consequence of the formation
of an intermolecular b-sheet in the crystalline state
(Thompson et al., 1995). Although some confor-
mational difference is evident in the loop between
a2 and bB, no signi®cant conformational change
can be seen in the a2 helix region (Figure 4(b)).
apo- and holo-CRBPIIs show obvious confor-
mational variations in the C-terminal half of the a2
helix, but the bC-bD hairpin region does not show
any signi®cant deviation (Figure 4(c)). Only
between apo-CRABPII (R111M) and holo-CRABPII
are substantial differences found in all three
regions: the a2 helix, and the bC-bD and bE-bF
loops. The difference in the a2 helix extends over
the entire region of loop-a2-loop even into the a1
helix and the bB strand (Figure 4(a)).

The binding of RA to CRABPs and that of lipid-
like ligands to iLBPs are characterized by the deep
localization of the ligand inside the b-barrel cavity.
Although the binding speci®city is in¯uenced by
several deeply buried amino acid residues that
interact with the carboxylate of the ligand, the
majority of the ligand±protein contacts are pro-
vided by side-chains that are not localized deep in
the barrel. Figure 4(d) illustrates the solvent acces-
sibility changes of amino acid residues upon
removal of the ligand in the CRABPII �RA complex
(Kleywegt et al., 1994). The values may also rep-
resent the contact surface that each amino acid pro-
vides to bound RA. Since hydrophobic interactions
that contribute signi®cantly to the binding of
hydrophobic ligands to their cellular host proteins,
the contact area should be closely related to the
binding af®nity. Three structural motifs, the a2
helix and the bC-bD and bE-bF loops, account for
�80% of the total contact area. It is, therefore, not
a coincidence that the conformation of these struc-
tural motifs undergoes the most signi®cant
changes before and after ligand binding, as
observed in apo-CRABPII (R111M) (Figures 3(a)
and 4(a)).



Figure 4. Ca atom deviations (a) between Mol A of apo-CRABPII (R111 M) (this work) and holo-CRABPII (Kleywegt
et al., 1994), (b) between apo- (Thompson et al., 1995) and holo-CRABPI (Kleywegt et al., 1994) (copy A of both apo-
and holo-structures is used), and (c) between apo- and holo-CRBPII (Winter et al., 1993) (copy a of apo- and copy C
of holo-CRBPII are used). The broken lines indicate the standard deviation. The change in solvent accessibility of
amino acid residues upon removal of RA in the CRABPII �RA complex (Kleywegt et al., 1994) is illustrated in (d).
A secondary-structure assignment is shown at the bottom.
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Side-chains and solvent

Twenty-one amino acid residues have been
shown to be in contact with the bound RA in holo-
CRABPII, among which 18 residues change their
accessible surface area by >1 AÊ 2 upon removal of
RA (Figure 4(d)) (Kleywegt et al., 1994). A compari-
son of these 21 residues in the two structures
reveals that most of these side-chains in apo-
CRABPII (R111M) retain similar positions and/or
conformations as in holo-CRABPII, except for resi-
dues Ile28, Ile31, Ala32, Val58, Arg59, and Arg132.
The ®rst three residues are located in the a2 helix,
and Val58 and Arg59 are in the bC-bD hairpin.
Both a2 and bC-bD have signi®cantly different
conformations with and without bound RA. The
changes in these side-chains are as expected. The
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side-chain of Arg132 forms a hydrogen bond with
the carboxylate of RA in holo-CRABPII (Kleywegt
et al., 1994) and, therefore, is expected to undergo a
conformational change when RA is not present. In
addition to these RA-contacting side-chains, the
side-chain of Arg29 on the a2 helix shows signi®-
cant conformational differences between apo-
CRABPII (R111M) and holo-CRABPII. Illustration
of the binding pocket are shown in Figure 5.
Unlike smaller side-chains of Ile28, Ile31, Ala32
and Val58, those of Arg29, Arg59, and Arg132
show dramatic differences between the apo- and
holo-structures.

In apo-CRABPII (R111M), the guanidino group
of Arg29 points into the binding pocket and forms
a hydrogen bond with the carbonyl group of
Asn25; and the side-chain of Arg59 extends
directly into the cavity and participates in the for-
mation of a hydrogen bond network with Arg132,
Tyr134, and ®ve water molecules. The shortest dis-
tance between the guanidino group of Arg59 and
that of Arg132 is 6.20 AÊ . Two water molecules
bridge the interaction between the two guanidino
groups (Figure 5(a)). With the bridging water mol-
ecules, the repulsive positive charges of the two
arginine side-chains may be stabilized. The guani-
dino group of Arg29 is approximately 11 AÊ away
from those of Arg59 and Arg132. The three argi-
nine side-chains provide positive charges extend-
ing from the entrance to the middle of the RA-
binding pocket (Figure 5(a)).

In holo-CRABPII (Kleywegt et al., 1994), all three
arginine side-chains have signi®cantly different
conformations (Figure 5(b) and (c)). Arg29 on the
a2 helix swings its guanidino group out of RA-
binding pocket and forms a salt bridge with Glu16
that is on the a1 helix. Arg59 on bC-bD forms a
hydrogen bond with Gln74, which is located on
the bE-bF loop. With this conformation, Arg59 is
able to provide hydrophobic surface contact with
bound RA by extending the aliphatic chain across
the hydrophobic isoprene and ionone ring system.
Arg132 forms hydrogen bonds with the carboxy-
late of RA and also with the carbonyl group of
Ala36 that is located at the C terminus of the a2
helix. It is noticeable that the electrostatic inter-
actions involving the three arginine side-chains
may help to stabilize the complex by locking up all
three ¯exible structural elements at the portal, the
a2 helix and the bC-bD and bE-bF hairpin loops
(Figure 5(b)).

The side-chain conformational changes of Arg29,
Arg59, and Arg132 are associated with the confor-
mational ¯exibility of the a2-helix and the bC-bD
and bE-bF hairpin loops. In particular, the confor-
mations of Arg29 and Arg132 observed in apo-
CRABPII (R111M) are related to the unwinding
and displacement of the a2 helix. As expected,
they are not seen in either Mol B (apo-CRABPII
(R111M)) or holo-CRABPII. The side-chain confor-
mation of Arg59 is closely related to the confor-
mational changes of the bC-bD and bE-bF loops.
When both hairpin loops move outwards to a cer-
tain extent, the hydrogen bond between the sides
chains of Arg59 (on bC-bD) and Gln74 (on bE-bF)
will be broken. The Arg59 side-chain is able to
assume the conformation as seen in apo-CRABPII
(R111M) (Figure 5(a)). This conformation is
observed in both Mol A and Mol B (apo-CRABPII
(R111M)) because the two hairpin loops assume
identical conformations in the two molecules
(Figure 1). In contrast, the structure-based align-
ment of the two independent molecules of apo-
CRABPI with holo-CRABPI reveals that the bE-bF
hairpin loop has identical conformations in all
three molecules, whereas the bC-bD loop assumes
three different conformations (Figure 2 of
Thompson et al., 1995). In the two apo-CRABPI
molecules, the bC-bD loop moves outwards to
different extents probably due to the formation of
the intermolecular b-sheet between the two bD
strands. In molecule B, the conformational change
is minor, and the salt bridge (3.26 AÊ ) between
Arg59 and Glu74 (Gln74 in CRABPII) prohibits the
side-chain of Arg59 from pointing into the RA-
binding pocket. In molecule A, although the con-
formational change in the bC-bD loop breaks the
salt bridge between Arg59 and Glu74, the guanidi-
no group of Arg59 is involved in four intermolecu-
lar electrostatic interactions (2.85 to 3.38 AÊ ) with
molecule B residues, and it is consequently imposs-
ible for it to point into the RA-binding pocket,
either.

Twelve water molecules are found in the RA-
binding pocket of apo-CRABPII (R111M) (this
work), as shown in Figure 5(a). Fourteen are found
in holo-CRABPII (Kleywegt et al., 1994), as shown
in Figure 5(b). The R111M mutation appears to
have eliminated two water molecules associated
with the guanidino group of Arg111 (Figure 5(c)).
The a2 helix faces the RA-binding pocket with
short hydrophobic aliphatic amino acid side-
chains, and the entrance of the pocket is sur-
rounded by hydrophobic residues. The pocket is,
therefore, not likely to house more water molecules
in apo-CRABPII (R111M). With a larger volume of
the binding pocket the water molecules in apo-
CRABPII (R111M) appear to be less organized and
to be loosely packed. Figure 5(c) indicates that
the binding of RA displaces six water molecules.
However, they are not expelled from the binding
pocket. Instead, they are squeezed into the inner
portion of the pocket, ®lling the space between
RA and the protein with the formation of a
much more compact hydrogen bond network
(Figure 5(b)). The water structure in the RA-bind-
ing pocket appears to be a ``cushion'' that ®lls
the pocket in the absence of ligand and occupies
a smaller space when RA is bound. Upon ligand
entry, RA seems to be guided into the pocket,
with its smaller and negatively charged carboxy-
late end ®rst. Consequently, the larger isoprene
and ionone ring system of RA may block the
entrance, leaving no path for the pocket water
molecules to escape.



Figure 5. Stereodiagrams of the RA-binding pocket region of (a) apo-CRABPII (R111M) (Mol A, this work), (b) holo-
CRABPII (Kleywegt et al., 1994), (c) superposition of apo-CRABPII (R111M) (in blue) and the holo-protein with all-
trans-RA molecule (in yellow), and (d) a model of wild-type apo-CRABPII. The protein residues are illustrated as
rods, and water molecules as balls, with carbon in white, nitrogen in blue, oxygen in red, and sulfur in yellow. Labels
are provided in (a), (b), and (d). Hydrogen bonds are shown as dotted lines and are omitted in (c) for clarity. The
illustration was prepared with the program TkRaster3D (Hillary Gilson, National Institute of Standards and Technol-
ogy, http://indigo15.carb.nist.gov/TkRaster3D), a version of Raster3D (Bacon & Anderson, 1988) with enhanced
features.

648 Structure of apo-CRABPII (R111M)

http://indigo15.carb.nist.gov/TkRaster3D


Structure of apo-CRABPII (R111M) 649
Possible impact of R111M mutation on apo-
CRABPII structure

Arg111 is in the hydrophobic core of CRABPII.
The impact of R111M mutation on apo-CRABPII
structure can be assessed in three aspects. First, the
mutation should not weaken the hydrophobic core
of the molecule and therefore should not cause a
dramatic change in the overall fold. This has been
demonstrated from solution NMR studies (Wang
et al., 1997). Second, such alteration is not expected
to have much impact on the distal conformation of
the portal that is more than 15 AÊ away. This is
demonstrated by the distinct conformation of the
two a2 helices in the two crystallographically inde-
pendent molecules bearing the same mutation in
the present structure. Third, the elimination of the
guanidino group, however, removes one positive
charge from the binding pocket, and alters the sol-
vent structure and the hydrogen bond network in
the pocket (Figure 5(a) and (b)). To evaluate the
consequences of the structural perturbation, an
apo-CRABPII molecule was built by using a mol-
ecular modeling strategy applicable to slightly
modi®ed crystal structures (see Materials and
Methods). The energy-minimized model of apo-
CRABPII is shown in Figure 5(d). Four guanidino
groups coexist in the RA-binding pocket with that
of Arg29 at the portal, those of Arg59 and Arg132
in the middle, and that of Arg111 at the bottom.
Since NH2 is the closest atom in between the four
arginine side-chains, the distances mentioned
below are those between the corresponding NH2
atoms. In the crystal structure of apo-CRABPII
(R111M), the distances from Arg132 to Arg59 and
Arg29 are 6.20 and 11.44 AÊ , respectively
(Figure 5(a)). In the model of apo-CRABPII
(Figure 5(d)), the distances from Arg132 to Arg59,
Arg29 and Arg111 are 6.37, 11.68, and 7.96 AÊ , and
the distances from Arg-111 to Arg-59 and Arg-29
are 9.10 and 18.65 AÊ , respectively. It is therefore
suggested that the repulsion between two guanidi-
no groups 6 to 8 AÊ apart could be attenuated by
two bridging water molecules, and that the
repulsion might not be signi®cant when the dis-
tance in between reaches 9 AÊ . The most signi®cant
difference between apo-CRABPII (R111M) and
apo-CRABPII (model) is the hydrogen bond net-
work in the RA-binding pocket (Figure 5(a) and
(d)). Although the difference in terms of the num-
ber of water molecules is only two, the difference
in terms of the number of hydrogen bonds is about
50%. In particular, in apo-CRABPII (R111M), the
side-chain of Arg59 is involved in a hydrogen
bond network with Arg132, Tyr134, and ®ve water
molecules (Figure 5(a)). The network is extended,
in apo-CRABPII (model), to Arg111 and six more
water molecules (Figure 5(d)). Since R111 interacts
with bound RA via the hydrogen bond network
(Figure 5(b)), we suggest that the reduction in the
hydrogen bond network due to R111M mutation is
responsible for the low RA af®nity of the mutant
protein.
A three-step mechanism of ligand entry

Ligand entry through the crevice formed by the
a2 helix and the bC-bD and bE-bF loops has been
suspected from previous studies (Banaszak et al.,
1994; Winter et al., 1993), because this region is the
only site where the end of the bound ligand (RA,
retinol, lipid, or fatty acid) extends to the surface
of the protein. Before this study, however, there
was no unliganded crystal structure compatible
with this view of ligand entry (for references, see
Table 2). Recently, backbone disorder and
increased mobility of the a2 helix and the bC-bD
loop were suggested by solution NMR studies of
CRABPII (Rizo et al., 1994), where it was shown
that a region around the C terminus of the a2 helix
was much more ¯exible in the apo-protein.
Although the ¯exibility of the bC-bD loop was also
shown, that of the bE-bF loop was not suggested
(Rizo et al., 1994). More recently, the solution struc-
ture of apo-I-FABP was determined by three-
dimensional NMR methods (Hodsdon & Cistola,
1997a), and the backbone dynamics of both apo-
and holo-I-FABPs were characterized and com-
pared by using amide 15N relaxation and 1H
exchange NMR measurements (Hodsdon &
Cistola, 1997b). In addition to the residues in the
vicinity of the a2 helix and the bC-bD loop, the
residues of the bE-bF loop were also found more
mobile than other parts of the molecule. Although
both studies suggest that increased mobility and
discrete disorder in the a2 helix (C-terminal half)
and the bC-bD hairpin loop permit ligand entry
into the binding cavity, the conformational change
is hard to envision and the proposed mechanism
of portal opening appears contradictory. Rizo and
coworkers (1994) suggested that the region around
the C terminus of helix a2 may act as a ¯exible
hinge to facilitate opening of the portal, in support
of the view of a hinged rotation of the entire
a1-loop-a2 motif relative to the rest of the protein
as suggested by limited proteolysis experiments
(Jamison et al., 1994). On the contrary, Hodsdon &
Cistola (1997a) proposed an order±disorder tran-
sition with a fraying of the distal half of the a2
helix and a decoupling of long-range interactions
with the bC-bD loop. The two views were comple-
tely different and the conformational change in the
bE-bF loop was either not observed (Rizo et al.,
1994) or not obviously related to the proposed
mechanism (Hodsdon & Cistola, 1997b). In the
crystal structure of apo-CRABPII (R111M), we
have observed a concerted conformational change
in the a2-helix and the bC-bD and bE-bF hairpin
loops, which is compatible with RA entry
(Figure 3(a)).

A few years ago, based on the calculation of
electrostatic potential of a CRABP model structure,
Zhang et al. (1992) proposed that the entry of RA
into the binding pocket might be guided by a posi-
tive potential, extending from the cavity to the
entry site. Although the homology modeling at
the time failed to describe accurately the details of
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the structure (Kleywegt et al., 1994), this RA-guid-
ing potential appears to have found experimental
support from the current structure of apo-CRABPII
(R111M), where Arg29, Arg59 and Arg132 provide
positive charges from the portal to the middle of
the pocket. Considering also Arg111, as suggested
by our molecular modeling studies, the positive
potential seems indeed to guide the RA molecule
all the way into the binding pocket (Figures 5(d)
and 6(a)), although it is not conclusive, until an
apo-CRABPII structure compatible with RA entry
is available.

The partial unwinding of the a2 helix, as
observed in our crystal structure, assists the ligand
entry in two ways. First, the in-and-out movement
of the a2 helix would ef®ciently open the binding
pocket, because the bound ligand lies ``under-
neath'' and along the a2 helix (Kleywegt et al.,
1994). Second, the unwinding at the N terminus of
the a2 helix appears to be crucial for the helix to
move outwards to the extent that allows RA to
enter. In contrast to the tight ®t of RA bound in
the CRABPII �RA complex (Figure 6(b)), the pos-
ition of RA in the cavity of Mol A could almost
allow its free movement in and out (Figure 6(a)).

In summary, we propose a three-step mechan-
ism of RA entry, i.e. opening, directing, and lock-
ing. First, the opening of the RA-binding pocket is
made possible by a concerted conformational
change in three structural elements: the a2 helix
and the bC-bD and bE-bF hairpin loops, where the
unwinding of the a2 helix at its N terminus is
essential (Figure 3(a)). Second, closely associated
with the conformational changes in the three struc-
tural elements, three arginine (Arg29, Arg59, and
Arg132) side-chains, point into the RA-binding
pocket; and the resulting electrostatic potential
appears to be responsible for directing entry of RA
into the binding pocket (Figures 5(d) and 6(a)).
Third, upon RA entry, the guanidino groups of
Arg29, Arg59, and Arg132 move away from RA
and form hydrogen bonds and/or salt bridges,
which seem to lock all three ¯exible structural
elements, and therefore to stabilize the protein �RA
complex (Figures 5(b) and 6(b)).
Materials and Methods

Protein expression and purification

Protein expression and puri®cation procedures
reported by Wang et al. (1997) were followed and are
described brie¯y here. Recombinant human CRABPII
was expressed from bacterial strain BL21(DE3)pLysS
transformed with expression vector pET-17b containing
CRABPII cDNA. Site-directed mutagenesis of the R111M
mutant was performed according to the method of
Kunkel (1985). Four liters of LB medium containing
ampicillin (100 mg/ml) and chloramphenicol (25 mg/ml)
was inoculated with BL21(DE3)pLysS/pET-17b/CRAB-
PII (R111M), followed by incubation at 37�C until the
A600 reached 0.6 to 0.8. Isopropyl-1-thio-b-D-galactopyra-
noside was then added to a ®nal concentration of
0.4 mM. After a further three to ®ve hour of growth at
30�C, the bacterial cells were harvested by centrifugation
and suspended in 100 ml of 10 mM Tris-HCl (pH 8.2)
with 1 mM dithiothreitol. After sonication and centrifu-
gation, the supernatant was applied to a DEAE-cellulose
column and washed with the same buffer. Eluate frac-
tions from the linear NaCl gradient (0 to 200 mM) were
monitored at A280 and collected, followed by analysis by
15% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Fractions containing CRABPII were concentrated
using an Amicon ultra®ltration cell with a YM 10 mem-
brane, and further separated with a Sephadex G-50 col-
umn. The fraction containing CRABPII was assessed by
15% SDS- PAGE to be more than 99% pure. The average
yield of the expression was about 35 mg/l.

Crystallization and data collection

Although many attempts to crystallize apo-CRABPII
had been unsuccessful, crystals of apo-CRABPII (R111M)
were obtained by using the hanging-drop crystallization
method. Crystals grew in droplets of 15 mg/ml protein
in 100 mM Tris-HCl (pH 8.0) with 100 mM sodium acet-
ate in 15% polyethylene glycol (PEG) 8000 precipitant,
equilibrated against 100 mM Tris-HCl (pH 8.0) with
200 mM sodium acetate and 30% PEG 8000. A crystal of
1.0 mm � 0.3 mm � 0.2 mm was used for the entire data
collection at room temperature. A Siemens multiwire
area detector mounted on a Rigaku rotating anode X-ray
generator operated at 40 kV and 100 mA was used
with graphite-monochromatized Cu Ka radiation
(l � 1.5418 AÊ ). The crystal-to-detector distance was
Figure 6. The vdw surface rep-
resentations of CRABPII. (a) The
accessibility of the binding pocket
in apo-CRABPII (model, see the
text) to the ligand. RA (in red)
is shown as a reference, based on
the superposition of apo-CRABPII
with the CRABPII �RA complex
(Kleywegt et al., 1994). The tight
binding of RA in holo-CRABPII is
illustrated in (b) for comparison. By
electrostatic potential, the vdw sur-
face is color coded as blue for posi-
tive and red for negative. Arginine
residues 29, 59, 111, and 132 are
labeled in (a). The illustration was
prepared with the program Grasp
(Nicholls et al., 1991).
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10 cm. The data set was collected by using an o-scan in
0.25� steps with an X-ray exposure time of 240 seconds
per frame. The crystal did not show any sign of signi®-
cant radiation damage. The data set was processed using
XENGEN (Howard et al., 1987) v1.3 to 2.3 AÊ with an
Rsym of 0.059. The overall I/s(I) was 10.4 and that for
the last shell (2.30 to 2.31 AÊ ) was 1.29. Crystallographic
data are summarized in Table 1. The crystal is triclinic,
in space group P1, with unique cell dimensions not seen
before for iLBPs. The unit cell volume includes two inde-
pendent molecules.

Structural solution and refinement

The structure was solved by molecular replacement
techniques with the program AmoRe (Navaza, 1994)
using the structure of the CRABPII �RA complex
(Kleywegt et al., 1994) with RA and water molecules
removed as the search model. X-ray diffraction data in
the range of 10 to 4 AÊ were used. The correlation coef®-
cients for the top ®ve peaks from the rotation search
were 0.385, 0.324, 0.198, 0.152 and 0.146. The ®rst sol-
ution was found from the subsequent translational
search. The top two outstanding peaks from the
rotational search were the correct solutions as con®rmed
by the second translational search with the position of
the ®rst solution ®xed. Two molecules were found for
which the correlation coef®cient was 0.60 and the crystal-
lographic R-factor was 0.39. Rigid-body re®nement
within AmoRe improved the two values to 0.62 and
0.37, respectively (for 10 to 4 AÊ data). Global energy
crystallographic re®nement implemented in the program
X-PLOR (BruÈ nger, 1992) was used for the initial re®ne-
ment of the structure. Randomly chosen 10% re¯ections
were assigned for Rfree calculations (BruÈ nger, 1993) to
monitor the re®nement progress. The starting model
with a uniformly assigned temperature factor of 25.0 AÊ 2

gave both R-factor and Rfree values of 0.44 for I/s(I) 5 1
re¯ections in the range of 8 to 2.3 AÊ . First, rigid-body
re®nement was employed, with the two independent
molecules treated as separate entities. Simulated anneal-
ing and positional re®nement were then carried out with
incrementally higher resolution limits starting at 3.0 AÊ .
Grouped B-factor re®nement was used until the resol-
ution was extended to 2.3 AÊ . Several rounds of simu-
lated annealing, positional re®nement, and temperature-
factor re®nement lowered the R-factor and Rfree to 0.25
and 0.34, respectively. At this stage, an omit map (Bhat,
1988) was calculated for every 15 residues. The entire
model was checked and adjusted when necessary using
the graphics programs Chain 5.0 (Sack, 1988) and O 5.10
(Jones et al., 1991). We found that amino acid residues 24
to 37 in one of the two independent molecules (Mol A)
had almost no 2Fo ÿ Fc electron density at the 1s level.
The 14 residues of this segment were therefore excluded
in the subsequent re®nement to minimize the model bias
and phase error. Non-crystallographic restraints between
the two molecules were imposed except for the segment
of residues 24 to 37. Weights of 300 and 100 were used
for the restraints of the backbone and side-chain atoms,
respectively. Further re®nement lowered the Rfree and
R-factor to 0.31 and 0.24, respectively. The weights of the
restraints were gradually reduced to zero within several
rounds of re®nement. Solvent molecules (water) were
identi®ed from positive peaks in the Fo ÿ Fc (53s) maps
and were required to be within the vicinity of at least
one protein non-carbon atom or the oxygen atom of
another water molecule (43.5 AÊ ). The last recorded Rfree

was 0.282 for 10,509 re¯ections within 8 to 2.3 AÊ . How-
ever, the electron density for residues 24 to 37 of Mol A
was still of insuf®cient quality to ®t the missing segment.
At this stage, the restrained least-squares re®nement pro-
cedure (Hendrickson, 1985; Konnert, 1976) was
employed with the program GPRLSA (Furey et al., 1982).
All data with I 5 1s(I) and within 8.0 to 2.3 AÊ were
included and geometry was tightly restrained. Several
rounds of such re®nement signi®cantly improved the
electron density of the missing segment of Mol A. Resi-
dues 24 to 32 were unambiguously built into the differ-
ence map. Further least-squares re®nement allowed the
addition of residues 33 to 37 to the model and improved
the geometry of residues 24 to 32. The ®nal model, with
an R-factor of 0.18 for 10,509 re¯ections with I 5 1s(I)
and within 8.0 to 2.3 AÊ , contains 2,176 protein atoms of
the two independent molecules and 287 oxygen atoms of
water molecules. The coordinates have been deposited
with the PDB under the accession code 1xca.

Molecular modeling of apo-CRABPII

Molecular modeling studies were carried out with
X-PLOR 3.1 (BruÈ nger, 1992) and O 5.10 (Jones et al.,
1991) on an SGI Indigo2 workstation with Solid Impact
graphics. The initial model of apo-CRABPII was built
based on the crystal structure of Mol A (apo-CRABPII
(R111M)) where Met111 was replaced by Arg111
together with the two associated water molecules (nos 13
and 14 in Figure 5(b) and (d)) from holo-CRABPII
(Kleywegt et al., 1994). The initial model was subject to
energy minimization and geometry optimization using
the conjugate gradient method described by Powell
(1977). All associated solvent molecules from the crystal
structure were included in energy minimization and geo-
metry optimization. The Engh & Huber (1991) geometric
parameters were used as the basis of the force ®eld. The
total energy of the initial model was 488 kcal/mol and
the energy minimization converged with a total energy
of ÿ937 kcal/mol, of which the electrostatic contribution
was ÿ589 kcal/mol. For comparison, the total energy
and its electrostatic term of minimized Mol A structure
were ÿ936 and ÿ582 kcal/mol, although its initial total
energy was ÿ8 kcal/mol. The rms deviation for all Ca

atoms between the initial and optimized models was
0.24 AÊ . The shifts of ordered water molecules in the RA-
binding pocket were as expected, so that the bad con-
tacts between water molecules no. 11 and 12 with the
guanidino group of Arg111 were removed (Figure 5(a)
and (d)). The crystal structure-based energy minimiz-
ation technique employed in this study was, therefore,
suitable for geometry optimization of apo-CRABPII
model structure. Similar procedures were employed for
energy minimization and geometry optimization of
slightly modi®ed crystal structures of human glutathione
S-transferase and the results were supported by enzymo-
logical studies (Hu et al., 1997a,b).
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