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already solved by Zhang et al. (4). On the other hand,
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Leptin receptor mediates the weight regulatory sig-
al carried by the adipocyte-secreted peptide hor-
one, leptin. It is important to understand the atomic

nteractions between leptin and the receptor for the
herapeutic applications. However, the structure of
eptin receptor has not yet been determined. Leptin
hows structural similarity to G-CSF, while leptin re-
eptor is similar in amino acid sequence to G-CSF
eceptor. Because of the similarity between leptin/
eptin receptor complex and G-CSF/G-CSF receptor
omplex, we tried to build a model structure of leptin/
eptin receptor complex with the crystal structure of
he G-CSF/G-CSF receptor complex as the template.
he obtained model for the complex was consistent
ith the results of the amino acid replacement and
eletion experiments. The observation suggests that
he model is useful to lead the experimental study on
he interaction between leptin and the receptor. © 2000

cademic Press

Key Words: homology modeling; leptin; leptin recep-
or; G-CSF; G-CSF receptor.

Leptin is an adipose tissue-derived cytokine, which
uppresses appetite by regulating activities of satiety
enters in the brain and has effects on the control of
ody weight (see Ref. 1 for review). However, recent
tudies have suggested that leptin is involved in more
iverse biological functions than expected previously.
or example, it is reported that leptin is involved in the
ontrol of bone mass through the inhibition of bone
ormation (2). Bennet et al. (3) revealed that leptin
hows proliferative effects of hematopoietic cells. The
ctivity of leptin is mediated by the interaction with
he membrane-bound leptin receptor. It is important to
nderstand the mechanism of the interaction between

eptin and the receptor, not only for the biological sig-
ificance of the system, but also for the therapeutic
pplications. The tertiary structure of leptin has been

1 To whom correspondence should be addressed. Fax: 181-6-872-
219. E-mail: toh@beri.co.jp.
154006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
either the tertiary structure of leptin receptor nor the
omplex structure of leptin and the receptor has been
etermined yet. Instead, the interaction has been in-
estigated only through amino acid replacements and
eletion experiments.
Granulocyte-colony stimulating factor (G-CSF) spe-

ifically stimulates colony formation of neutrophilic
ranulocytes from bone marrow cells (5). G-CSF also
xerts its activity through the corresponding receptor.
igure 1 shows a schematic diagram for the primary
tructure of G-CSF receptor. As shown in the figure,
he extracellular region takes a mosaic structure,
hich consists of an immunoglobulin C2-like (C2) do-
ain, a cytokine receptor (CK) domain, and three fi-

ronectin type3-like (F3) domains. Recently, the crys-
al structure of G-CSF complexed with the CK domain
f G-CSF receptor has been solved (6). G-CSF receptor
s a member of the class I cytokine receptor family, to
hich leptin receptor also belongs. We performed da-

abase searching with FASTA program (7), using the
mino acid sequence of G-CSF receptor as a query.
hen, we found that leptin receptor shows relatively
igh similarity in amino acid sequence to G-CSF re-
eptor among the class I cytokine receptor family, al-
hough the sequence identity was about 24%. Figure 1
lso shows a schematic diagram for the primary struc-
ure of leptin receptor. One of the major differences
etween the receptors is that leptin receptor possesses
dditional CK and F3 domains in the N-terminal re-
ion. However, the deletion and the reconstruction ex-
eriments of the extracellular domains suggest that
he additional domains are not involved in the leptin
inding, but that at least the second CK and F3 do-
ains are sufficient for the leptin binding (8). On the

ther hand, G-CSF belongs to the long chain helical
ytokine family by SCOP (9), as well as leptin. The two
ytokines share a four-helix-bundle structure, al-
hough they do not show significant sequence similar-
ty to each other. G-CSF binds to G-CSF receptor in a
:2 ratio. Likewise, it is stoichiometrically demon-
trated that leptin binds to leptin receptor in a 2:2 ratio
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10). These observations suggest that the binding mode
f leptin to the receptor is similar to that of G-CSF to
he corresponding receptor. Therefore, we tried to build
he model structure of leptin complexed with the CK
omain of leptin receptor, using the tertiary structure
f G-CSF/G-CSF receptor complex as the template.

ATERIALS AND METHODS

Structure and sequence data used for model building. In this
tudy, the model structure of human leptin/leptin receptor complex
as constructed. The structure of G-CSF/G-CSF receptor complex (6)
as used as the template for the model structure. The crystal struc-

ure of human leptin (4) was introduced into the model structure in
manner described below. The amino acid sequence of human leptin

eceptor (11) was subjected to the homology modeling. Figure 2
chematically shows the procedure of model building of the CK
omain of leptin receptor complexed with leptin. According to the
gure, the procedure is explained below.

Replacement of G-CSF with leptin by superimposition G-CSF in
he G-CSF/G-CSF receptor complex was replaced with leptin by
uperimposition. For superimposition, residue-to-residue correspon-
ence or alignment between a pair of structures under consideration
s required. As described above, however, the sequence similarity
etween leptin and G-CSF was too weak to be correctly aligned
ccording to the comparison of the amino acid sequences. Despite the
eak sequence similarity, the tertiary structures are similar to each
ther (4, 6). Therefore, the tertiary structures of leptin and G-CSF
ere subjected to the structural alignment by the double dynamic
rogramming algorithm. The algorithm was originally developed by
aylor and Orengo (12). Toh (13) recently modified the method by

ntroducing two approximations, a distance cutoff and a DN cutoff. In
he first version of the program, however, the structural environ-
ent of a residue was expressed by a set of residue-to-residue dis-

ance and a same value was assigned to the opening and extension
ap penalties. The program was recently improved to adopt the
ector expression of the structural environment and the affine gap
enalty, like the original approach by Taylor and Orengo (12). The
atest version of the program was used for the structural alignment.
n the obtained structural alignment, the residue pairs constituting

helices were used as the reference of superimposition. Insight II
er. 97.2 (Molecular Simulations Inc.) was used for the operation.
hen, a hypothetical complex between leptin and the CK domain of
-CSF receptor was obtained.

Amino acid sequence alignment between leptin receptor and G-CSF
eceptor and homology modeling. The amino acid sequence of the
K domain of leptin receptor was aligned with that of G-CSF recep-

FIG. 1. Schematic diagrams for the primary structures of G-CSF
eceptor and leptin receptor.
155
btained was slightly modified by visual inspection (Fig. 3b). Accord-
ng to the alignment, the CK domain in the hypothetical complex of
eptin and G-CSF receptor was replaced with that of leptin receptor.
t first, the residues of G-CSF receptor were substituted with the
orresponding residues of leptin receptor when aligned residues were
ifferent from each other. Biopolymer module of Insight II Ver. 97.2
Molecular Simulations Inc.) was used for the substitutions. At this
tage, insertions and deletions were not introduced into the model
tructure yet. Then, the side-chains of the receptor were subjected to
nergy minimization, under the condition that the main-chains are
estrained by a harmonic function. A protein simulation tool,
RESTO (16) Ver. 3, was used for the operation. Throughout the
odeling procedure, energy minimization was performed by the

onjugate gradient method with a force field, AMBER C96 (17), and
he calculation was applied to the model in the vacuum. A cell
ultipole method (18) was used for the calculation of the electro-

tatic interaction. Next, the insertions and deletions were introduced
nto the model structure of leptin receptor with Insight II, according
o the sequence alignment. The inserted segments were generated by
he function of the Biopolymer module of Insight II Ver. 97.2. The
egions corresponding to insertions and deletions, together with the
wo residues surrounding each region, were subjected to the energy
inimization with PRESTO. Finally, the energy minimization was

erformed for all of the atoms of the model complex including leptin.
The solvent-accessible surface area was calculated with a program

mplemented the algorithm by Shrake and Rupley (19). The buried
urface area of a protein was obtained as the difference in solvent-
ccessible surface area between the monomer protein and the corre-
ponding constituent of the complex.

ESULTS AND DISCUSSION

We built a model structure of 2:2 leptin/receptor
omplex, which is shown in Fig. 4. Like the 2:2 G-CSF/
eceptor complex (6), the 2:2 leptin/receptor complex
ad the major and minor interfaces. Reflecting the
seudosymmetry of the 2:2 G-CSF/receptor complex
6), the 2:2 leptin/receptor complex also showed
seudosymmetry. Van der Waals contacts (within
.2 Å) at the major interface of one 1:1 complex of
eptin/receptor occurred between 20 residues of leptin
nd 21 residues of the receptor with a buried surface
rea of 961 Å2, while those of the other 1:1 complex
ccurred between 18 residues of leptin and 19 residues
f the receptor with that of 897 Å2. The residues
nvolved in the major interface were shown in Fig. 3.
he number of residues that constituted the major

nterface of leptin/receptor was similar to that of
-CSF/receptor. The residue pairs involved in the in-

eractions between leptin and the receptor were shown
n Table 1. Especially, the common interactions of the

ajor interfaces between two sets of 1:1 leptin/receptor
omplex were K5/D617, D9/R615, D85/R468, T12/N566,
15/N567, R20/G440, Q75/443T, 78N/502P, 82N/F504

polar interaction), and 13L/506L, 86L/506L (hydro-
hobic interaction).
In addition to the major interface, a leptin molecule

ad another interface, which is called the minor inter-
ace. A leptin molecule in 2:2 complex interacted with
wo receptors. The receptor interacting with the leptin
olecule at the major interface was different from that
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t the minor interface. The number of residues in-
olved in the interaction at the minor interface was
maller than that at the major interface. Van der

FIG. 2. The procedure of model building of the CK domain of
eptin receptor complexed with leptin.

FIG. 3. The alignments used to build the leptin/receptor model.
he left of the alignments. The capital letters, H, E and G, under the
nsertion/deletion. “:” between the aligned sequences indicates an ali
f human G-CSF and human leptin. The numbers at the bottom of the
oordinates have not been determined yet. The coordinates of a segm
he segment are indicated by the residue numbers written under the
tom constituting the four a-helices of leptin was superimposed onto
r 1.39 Å. (b) Sequence alignment of the CK domains of mouse G-CSF
f a leptin and that of a leptin receptor is less than 4.3 Å, the residu
inor interface; green, major and minor interface).
156
ne 1:1 complex of leptin/receptor occurred between 7
esidues of leptin and 7 residues of the receptor with a
uried surface area of 249 Å2, while those of the other
:1 complex occurred between 5 residues of leptin and
residues of the receptor with that of 158 Å2. The

esidues involved in the minor interface were shown in
ig. 3. The number of residues that constituted the
inor interface of leptin/receptor was similar to that of
-CSF/receptor. However, the interaction mechanism
t the minor interface of leptin/receptor complex may
e different from that of G-CSF/receptor complex. The
-terminal region of G-CSF (residues 5–12, Fig. 3a) is
major constituent of the minor interface (6), while

eptin lacked the corresponding region. The dimeriza-
ion of G-CSF receptor is induced by G-CSF, and the
inor interface is considered to be important for the

imerization (6). On the other hand, the dimer forma-
ion of leptin receptor occurs through receptor-receptor
nteraction, and leptin may not be required for the
imerization of receptors (8, 20). Therefore, the func-
ional role of minor interface in the leptin/receptor
omplex may be different from that of G-CSF/receptor
omplex. Stabilization of the complex is one of the

residue numbers of the leftmost residues in the line are shown at
gnment indicate a helix, b strand and 310 helix. “-” indicates gap for

ent site occupied by an identical residue. (a) Structural alignment
ignment indicate the residues of leptin neighboring a segment whose
t of leptin have not been determined yet. The residues neighboring
gnment. On the basis of the structural alignment, every main chain
t of each G-CSF in 2:2 G-CSF/receptor complex with a rms fit of 1.41
ceptor and human leptin receptor. If the distance between a residue
ir is regarded as forming interface (red, major interface; light blue,
The
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gnm
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ossible roles of minor interface in leptin/receptor
ystem.
As described above, the binding of leptin to the re-

eptor has been investigated through amino acid re-
lacements and deletion experiments. We found sev-
ral reports on mutation and deletion experiments of
eptin to investigate the binding activity of leptin to the
eceptor. To evaluate the accuracy of the model, we
xamined the results of the experiments so far with the
odel structure.
For the X-ray crystallographic study, W100 of hu-
an leptin is substituted with Glu to improve the

olubility and propensity for crystallization (4). The
utant protein, leptin-E100, has comparable biological

ctivity to the native leptin. As shown in Fig. 4, E100

Residue Interactions Observed in the Major and Minor
Interfaces of Leptin/Receptor Complex

Leptin 1 Receptor 1 Leptin 2 Receptor 2

ajor Charge K5 D617 K5 D617
D8 R615 D9 R615
D9 R615 D85 R468
K15 E565 E81 R468
D85 R468

H-bond D8 N567 T12 N566
T12 N566 T12 R615
T12 N567 K15 N566
K15 N567 K15 N567
R20 T443 T16 N566
R20 G440 R20 Y441
Q75 T443 R20 G440
N78 P502 Q75 T443
N82 F504 N78 P502

N82 F504
N82 R468
N82 L505

Hydrophobic 13 L471 13 L506
L13 L506 L86 L506
L86 L505 L89 L471
L86 L506 F92 L471
V89 L505

inor H-bond I3 E587 S95 Q582
Q4 E587 S95 W583
S93 M585 S95 M585
S95 W583
S143 Y586

Hydrophobic 13 Y586 13 V588
13 M585 Q4 V588

Note. Hydrogen bond were selected so that the distance between
n oxygen atom of a residue and a nitrogen atom of another residue
s less than 3.5 Å. When the main chain atoms of a residue were
nvoled in hydrogen bond, the residue was underlined. When the
istance between the carboxyl group of a residue and the amino
roup of another residue was less than 5.0 Å, the interaction between
he residue pair was regard as electrostatic interaction. On the other
and, hydrophobic interaction was selected so that the distance
etween the atoms of hydrophobic side-chains of leptin and the
eceptor was less than 4.2 Å.
157
he residue was apart from the interface region. That is
o say, E100 could not interact with the CK domain of
eptin receptor in the model complex. Thus, the loca-
ion of E100 in the model was consistent with the
esult of the amino acid substitution.
Imagawa et al. (22) make three human leptin ana-

ogs in order to study the structure and function rela-
ionship of leptin. First analog lacks a disulfide bridge
etween C96 and C146 by replacing the Cys residues
ith Ser residues. Second analog lacks C-terminal re-
ion after S95. Third analog lacks N-terminal region
efore C96. The in vitro binding activities of the native
eptin and the analogs to the soluble form of lep-
in receptor are evaluated by autoradiography. The
reakage does not change the binding activity. The
-terminal deletion decreases the binding activity, but

he analog shows about 40% binding activity. In con-
rast, the N-terminal deletion causes no binding activ-
ty. Then, Imanaga et al. (22) concluded that the
-terminal region is essential for the receptor binding
ctivity. The N-terminal and the C-terminal regions of
leptin are colored in orange and yellow in Fig. 4. As

hown in the figure, the N-terminal region of human
eptin faced the receptor to constitute the interface,
hile the C-terminal region turned away from the re-

eptor. Thus, our model structure was also consistent
ith the experimental results.
Verploegen et al. (23) makes four human leptin mu-

ants, each of which includes single amino acid substi-
ution, in order to identify the critical residues for
eceptor binding. The mutants are called R20Q, D40N,
127D, and R128Q, according to the original residue,
he position in the sequence, and the substituted

FIG. 4. Two molecules of the receptors are colored in light blue
nd purple, respectively. The N- and the C-terminal regions of lep-
ins are colored in orange and yellow (see text). R20, D40, E100,
127, and R128 are expressed in the CPK model with different
olors.
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reases, while the remaining three mutants have bind-
ng activities comparable to the native human leptin.
he locations of R20, D40, S127 and R128 of leptin are
hown in Fig. 4. S127, R128 and D40 did not contact
he CK domain of the receptor. In contrast, R20 was a
onstituent of major interface of leptin/receptor com-
lex. The guanidyl group of R20 formed a hydrogen
ond with the carbonyl group of the main-chain of
440, and the hydroxyl group of T443 or the carbonyl
roup of the main-chain of Y441 of the receptor. Bogan
t al. (21) reported that there are hot spots of binding
nergy made up of a small subset of residues in a
rotein-protein interface and the hot spots are en-
iched in Trp, Tyr, Arg. There were Y441, R468 and
615 (leptin receptor) and R20 (leptin) in the major

nterface of leptin/receptor, while W583 and Y586 (lep-
in receptor) were found in the minor interface (Fig. 3).
20 (leptin) may be one of the constituent residues of

he hot spots in the major interface.
Thus, all of the results of experimental studies by

hree independent groups were consistent with our
odel structure. Here, we discussed the receptor bind-

ng activity of leptin. However, the biological activities
r signaling capabilities have also been investigated
ith mutant leptins. Verploegen et al. (23) observed

hat three mutants, D40N, S127D, and R128Q show
educed biological activity, although they bind nor-
ally to leptin receptor. Especially, R128Q cannot trig-

er intracellular signaling. As shown in Fig. 4, the sites
f the single amino acid substitutions form a cluster at
ne edge of four helix bundle of a leptin molecule,
hich did not interact with either CK domains. Fur-

her experimental and theoretical studies are required
o understand the mechanism of signaling by leptin/
eceptor system. As discussed above, however, our
odel structure is considered to represent an aspect of

he binding of leptin to the receptor. Therefore, we
elieve that the model is able not only to lead experi-
ental studies for the binding mechanism of leptin/

eceptor system, but also to provide a theoretical basis
or rational drug design.
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