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FGF9 monomer—dimer equilibrium regulates
extracellular matrix affinity and tissue diffusion

Masayo Haradal?, Hirotaka Murakami®!'!, Akihiko Okawa®!!, Noriaki Okimoto®!!, Shuichi Hiraokal!%!1,
Taka Nakahara>!%!!, Ryogo Akasaka®!l, Yo-ichi Shiraishi”!!, Noriyuki Futatsugi®, Yoko Mizutani-Koseki',
Atsushi Kuroiwa’, Mikako Shirouzu®, Shigeyuki Yokoyama®8, Makoto Taiji%, Sachiko Iseki’, David M Ornitz®

& Haruhiko Koseki!

The spontaneous dominant mouse mutant, Elbow knee synostosis (Eks), shows elbow and knee joint synosotsis, and premature
fusion of cranial sutures. Here we identify a missense mutation in the Fgf9 gene that is responsible for the Eks mutation. Through -
investigation of the pathogenic mechanisms of joint and suture synostosis in Eks mice, we identify a key molecular mechanism
that regulates FGF9 signaling in developing tissues. We show that the Eks mutation prevents homodimerization of the FGF9
protein and that monomeric FGF9 binds to heparin with a lower affinity than dimeric FGF9. These biochemical defects result in
increased diffusion of the altered FGF9 protein (FGF9t%) through developing tissues, leading to ectopic FGF9 signaling and
repression of joint and suture development. We propose a mechanism in which the range of FGF9 signaling in developing tissues
is limited by its ability to homodimerize and its affinity for extracellular matrix heparan sulfate proteoglycans.

The fibroblast growth factors (FGFs) are widely expressed in devel-
oping and adult tissues and have diverse functions in organogenesis,
tissue repair, nervous system control, metabolism and physiological
homeostasis!. In humans and mice, the 22 FGF ligands are expressed
in a spatiotemporally regulated manner and mediate signals through
seven different isoforms of FGF receptors (FGFRs)!. The pharmaco-
logic potential of FGF ligands has been highlighted by identification of
gain-of-function mutations in genes encoding FGFRs 1-3 in indivi-
duals with chondrodysplasia and craniosynostosis syndromes®>. These
human diseases identify essential roles of FGF signaling not only in
development but also in homeostasis of bones and joints.

Given these clinical, genetic and biochemical studies in humans and
mice, the coordinated development of bones and joints seems to rely
on precise FGFR signaling. This suggests that spatiotemporal con-
straints on FGF signaling are a prerequisite for appropriate functions
in vivo and are indeed modulated at several distinct levels. First, the
expression of FGF ligands is spatiotemporally restricted. Among the
22 FGF ligands, FGF2, FGF4, FGF7, FGF8, FGF9, FGF10, FGF17 and
FGF18 are expressed in the limb bud and developing skeleton*™, Of

these, loss-of-function mutations have demonstrated that FGF2, EGF9
and FGF18 are involved in chondrogenesis and/or osteogenesis’~'°,
Induction of chondrodysplastic phenotypes by overexpression of
FGF9 in mice also shows its ability to affect chondrogenesis''. Other
elements implicated in FGF signaling are the heparan sulfate proteo-
glycans (HSPGs). Genetic studies in mice and Drosophila melanogaster
suggest that HSPGs regulate the distribution and receptor binding of
FGF ligands'>!. Finally, structural analyses of FGF9 suggest that it
may form homodimers that could affect its ability to signal!>.
Because FGF9 homodimerization occludes several critical receptor
binding sites, an autoinhibitory mechanism may function to modulate
FGF9-dependent signal transduction. However, a functional demon-
stration of this proposed mechanism is lacking.

We have previously reported that a dominant mouse mutant, Elbow
knee synostosis (Eks), shows radiohumeral and tibiofemoral synosto-
sis, craniosynostosis (Supplementary Fig. 1 online) and lung hypo-
plasia’S, In this study, we identify a missense mutation that replaces
Asnl43 with threonine in the Fgf9 gene in Eks mutant mice. We
designate this mutant allele as Fgf9"® and show that this mutation
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prevents homodimerization of FGF9, consequently decreasing the
affinity of FGF9 for heparin. As a result, FGF9E* is more diffusible
in developing tissues, leading to ectopic FGF9 signaling in the
prospective joints and sutures where it functions to repress develop-
ment. Molecular-dynamics calculations suggest that the reduction in
FGF9 affinity for heparin is due to the predominance of the mono-
meric form rather than to changes in its intrinsic affinity for heparin.
We thus propose a mechanism in which the range of FGF9 signaling in
developing tissues is limited through regulation of its affinity for
HSPGs, which is at least in part controlled by the FGF9 monomer—
dimer equilibrium. These observations could have far-reaching impli-
cations for the pharmacologic manipulation of FGF signaling under a
variety of circumstances and in a wide range of tissues.

st RESULTS

Eks is caused by a missense mutation in Fgf9

The Eks mutation was mapped between the polymorphic markers
D14Mit62 and DI14Mit5 on mouse chromosome 14 (ref. 16). Among
169 genes located in this interval, Fgf9 seemed a likely candidate for
the Eks mutation because FGF9 is a ligand for FGFR2c and FGFR3c¢!7
and is expressed in the developing limbs, cranial sutures and

Figure 2 Synostotic phenotypes in Fgroeks/Eks mice. (a—f) Defects in early
specification of prospective elbow joints in Fgf9EkEks embryos. Hematoxylin
and eosin staining (a,d) and in situ detection of Gdf5 (b,e) and Col2al (c.f)
in the forelimb buds of Fgfg*/* and Fgf9¥*/Eks embryos at £10.5 and
E11.5. In Fgf9** embryos, there was Gdr5 expression at the prospective
elbow joint (e, left), which was demarcated as the gap of Col2al expression
(f, arrow), at E11.5. In Fgfotks/Eks embryos, there was not Gdf5 expression
at the prospective elbow joint (e, right). Scale bars, 100 um. (g-n) Ectopic
osteogenesis at the coronal sutures in Fgrofks/Eks fetuses. Hematoxylin

and eosin staining (g,k) and von Kossa staining (h,1) and in situ detection
of Sppl (i,m) and Runx2 (j,n) in the coronal suture of Fgf9*/+ and
Fgf9Eks/Eks fetyses at E15.5 and E16.5. Note the ectopic ossification

in the suture of Fgrots'Eks at E16.5. fb, frontal bone; pb, parietal bone.
Scale bars, 100 pum.

Figure 1 Missense mutation in the Fgr9 gene of Eks mice. (a) Nucleotide
sequence of the Fgf9 cDNA derived from +/+ and Eks/Eks mice. Eks
mutants have an A-to-C substitution at position 428, which results in the
replacement of Asn143 with threonine. The Eks missense mutation is
indicated by the asterisk, and the corresponding amino acid is shown in
purple. (b) Structure-based sequence alignment of human FGFs. The amino
acid sequence surrounding the N143T substitution in FGF9E*® and that of
its corresponding domain in other human FGF family proteins are aligned
on the basis of sequence identity. The Asn143 residue in FGF9 is highly
conserved among most FGF proteins (purple box). The asterisk denotes the
site of Eks mutation.

developing lung®!31°. Sequence analysis of Fgf9 cDNA from homo-
zygous Eks mice revealed an A-to-C substitution at position 428,
which resulted in the replacement of Asn143 with threonine (Fig. 1a).
Notably, the Asn143 residue in FGF9 is highly conserved among most
FGF proteins (Fig. 1b) and is predicted to be a critical amino acid
residue for homodimerization and receptor binding'*'>.

We used a genetic approach to determine whether the N143T
substitution in Fgf9 was responsible for the Eks phenotype. We
observed a mendelian pattern of inheritance of the mutation among
976 offspring of Eks heterozygous (Fgf9¥%/*) matings, with hetero-
zygous mice showing mild skeletal phenotypes and homozygous
FgfoFls/Eks littermates showing severe skeletal phenotypes. The Eks
phenotype and the mutation in Fgf9 cosegregated in all cases. The
absence of recombination between Eks and Fgf9 among nearly 2,000
meiotic events provides strong evidence that the Eks mutation is allelic
with Fgf9.

E10.5
Fgfg+

E11.5
FgfoEksiEks

Fgfgessitks

Fgfo++

E15.5 E16.5

Fgngks/Eks
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Figure 3 The Eks mutation affects dimerization of FGF9. (a,b) Sedimentation equilibrium analysis of
FGFOWT and FGFOEKS, Ln Asgonm versus radius? during sedimentation equilibrium at 16,000 rpm at 20 °C 02
is indicated using 0.4 mg/ml of FGFOWT (a) and FGF9EKs (b). The residuals are shown in the upper panels. &
(c,d) Sedimentation velocity analysis of FGFO%T and FGF9E*s, The sedimentation coefficient distribution for
FGFO"T (c) and FGF9E*s (d) at the concentrations of 0.2, 0.3 and 0.4 mg/ml are shown. (e) Analytical gel 0.1+
filtration chromatography of FGFOWT and FGF9Eks, FGFOWT or FGFOEXS applied separately to Superdex 75
107300 GL columns. Eluted FGFOWT and FGF9E*s were identified by absarbance at 280 nm. Arrows indicate [\ A
the position of the size standards: 67 kDa, albumin; 43 kDa, ovalbumin; 25 kDa, chymotrypsinogen; 8.0 100 120 14.0

13.7 kDa, RNase A.

Elution volume (mi)

Fgf9ts/Bs mice phenocopy Fgfr gain-of-function mutants

Eks is a dominant mutation and joint synostosis and premature fusion
of sutures have also been reported in mice expressing gain-of-function
alleles of Fgfrl (ref. 20) and Fgfr2c (Fgfr2®342Y)21, Furthermore,
homozygous Fgf9 null mutants (Fgf9~/~) show rhizomelia but not
joint or suture synostosis®. Thus, we hypothesized that Fgfo¥* encodes
a gain-of-function mutation. To test this possibility, we first investi-
gated whether there were phenotypic similarities between Eks mutants
and gain-of-function mutants for Fgfr] and Fgfr2C34?Y, As initiation of
elbow joint development was primarily impaired in Fgfrl gain-of-
function transgenic mice?®, we examined radiochumeral joint develop-
ment in Fgfo™ /5 mice (Fig. 2a—f). Gdf5 (ref. 22) and Col2al
(ref. 23) demarcate the prospective elbow joint and cartilaginous
condensation, respectively. Gdf5 expression in the prospective joint
space was observed as early as embryonic day E11.5 in Fgf9*/* control
mice, but was completely absent in FgfoP*/E% mice (Fig, 2e). Analysis
of the prospective cartilage revealed a gap of Col2al expression at the
prospective elbow joint in E11.5 wild-type embryos (Fig. 2f, left). The
gap of Col2al expression was absent in FgfoP*s/Eks mice (Fig. 2f, right).
In summary, ectopic chondrocyte differentiation in the prospective
elbow joint of Fgf9™ /Fks mice seems very similar to that seen in
transgenic mice that ectopically express an activated Fgfrl kinase
domain in the presumptive joint field®°,

Premature fusion of coronal sutures in Fgfr2¢3*2Y mice results from
excess osteogenic differentiation within the coronal suture mesen-
chyme?!. To determine whether Fgf9tk/Eks mice had similar histolo-
gical features, we examined mineralization and the expression of
the early osteoblast differentiation markers SppI (ref. 24) and Runx2
(ref. 25) in the coronal suture (Fig. 2g-n). At E15.5, both wild-
type and FgfoP*/E mice showed similar coronal suture histology
(Fig. 2g-j). However, at E16.5 von Kossa staining revealed consider-
ably more overlap of the frontal and parietal bones in Fgf9®%/Eks mice
compared to Fgfo*/* mice (Fig. 21). SppI expression domains, which
demarcate preosteoblasts and osteoblasts, showed wide separation of
the frontal and parietal bones in Fgfo™/* mice; however, there was
overlap in the FgfoP*/EX mice (Fig. 2m). Runx2 is highly expressed in
immature osteoblasts at the leading edge of the frontal and parietal
bones in Fgfo*'* mice (Fig. 2n, left). In E16.5 FgfoPk/Eks mice, the
intensity of Runx2 expression in the coronal suture was lower than in

Fgfot'* mice (Fig. 2n, right), suggesting premature differentiation of
the osteoblasts at the presumptive suture. These phenotypes reflect
abnormal osteogenic differentiation within the coronal suture
mesenchyme and indicate that the defect in suture development
occurs before E16.5. Taken together, these observations suggest
that the FGF9™ altered protein mediates excess FGFR signals within
the prospective joints and sutures, preventing joint formation and
promoting the fusion of cranial sutures.

The Eks mutation impairs homodimerization of FGF9

The predicted involvement of the Asnl143 residue in homodimeriza-
tion and receptor activation!®!® suggests that changes in these
processes may account for the apparent gain-of-function activity of
the FGF9FX altered protein. Homodimerization of FGF9 has been
proposed to occlude receptor binding sites and consequently mediate
an autoinhibitory mechanism for FGF9 signaling. We thus hypothe-
sized that the Eks mutation might impair the autoinhibition. To test
this possibility, we compared the degree of homodimerization of wild-
type (FGFOWT) and FGF9ES proteins by analytical ultracentrifugation.
FGF9“T and FGF9™ were expressed in Escherichia coli and purified by
column chromatography (Supplementary Methods and Supplemen-
tary Fig. 2 online).

The molecular mass and association constant of FGFOWT and
FGF95ks were determined by sedimentation equilibrium centrifugation
using the purified recombinant proteins (Fig. 3a,b). The estimated
average molecular masses of FGFOWT and FGF9Ek were 39,264 and
32,929 Da, respectively, whereas the calculated monomeric molecular
masses were 20,090 and 20,077 Da, respectively. These data suggest
that FGFOWT primarily exists as a dimer, whereas FGF9ES exists in a
monomer—dimer equilibrium. The calculated association constants
of FGFOWT and FGF9%% were 10.4 M~ and 0.119 uM™!, respectively.
We further measured the sedimentation coefficient of FGF9Eks
by sedimentation velocity centrifugation. The overlay plots of
c(s)-sedimentation coefficient distributions show that FGFOWT has a
unimodal peak at 3.0 S for a single ideal species, whereas FGF9EKS
has bimodal peaks (2.2 S and 3.1 S) for two ideal species (Fig. 3c,d).
This observation suggests that FGFOWT is present primarily as a
dimer, whereas FGF9EXS exists primarily as a monomer. These inter-
pretations are consistent with the retarded elution of FGF9EKs

NATURE GENETICS VOLUME 41 [ NUMBER 3 | MARCH 2009



© 2009 Nature America, Inc. All rights reserved.

ARTICLES

1His

d 251FGFR1b b 25) rerric C 25| FGFR2b d 251 Ferrec €257 FGFR3b f 251 ForRrac g 257 FeFR4
20 {Heparin 1 pg/mi 20 20 20 20 20 20
15 15 15 15 15 15
& 10 10 10 A}/ 10 10 10
X o : D SR N B =2 g /,_M// : : —J/
3 0 1 10'10210° 0 1101102108 0 1 10'102103 0 1 10102103 1101102103 0 1 101102103 0 110%10210%
g FGF (pM) FGF9 (pM) FGF9 (pM) FGF8 (pM) FGFQ (pM) FGF9 (pM) FGF9 (pM)
aQ
8 h2oy rorrip 1 20y FGFR1c ] 207 ForR2b K 20} rorrac |2° FGFR3b m20 FGFR3c ;. [ 207 FGFR4
= 15{ FGF30.2nM 15 15 15 f 15
a
S 1o 10 10 10 f 10
5 5 5
0 ¢ e ,xA 0t Y
010" 103 108 010" 103 105 010" 10% 108 010" 103 105 0101 108 108 0101 103 108 010" 103 108

Heparin (ng/mi) Heparin (ng/ml) Heparin (ng/ml)

Heparin (ng/iml)

Heparin (ng/ml) Heparin (ng/ml) Heparin (ng/mt)

Figure 4 The Eks mutation affects the mitogenic activity of FGF9. (a~-g) Dose-dependent changes in mitogenic activity of FGFOWT and FGF9Eks, BaF3 cells
expressing exogenous FGFR1b, 1c, 2b, 2c, 3b, 3¢ or 4 were treated with increasing concentrations of FGFO"T or FGF9Es in the presence of 1 pg/ml
heparin. Cell proliferation was determined by [3H]thymidine incorporation after 36 h in culture. (h-n) Heparin-dependent changes in mitogenic activity of
FGF9WT and FGFOEks. BaF3 cells expressing the respective FGFR were treated with increasing concentrations of heparin in the presence of 0.2 nM FGFOWT
or FGF9Eks, Cell proliferation was determined as above. Data are represented as mean = s.e.m. of triplicate assays. These results are representative of at

least two independent experiments.

relative to FGFOWT on a gel filtration column (Fig. 3e). Therefore,
BGF9EK is defective in homodimer formation.

FGF9®s mediates less potent signaling via several FGFRs

To examine whether the Eks mutaion altered the binding of FGF9 to
FGFRs by impairing the autoinhibitory mechanisms, we compared the
ability of FGFOW! and FGF9F to activate FGFRs by assaying the
mitogenic activity of both proteins on BaF3 cells expressing individual
FGF receptors!”. FGFR-expressing BaF3 cell lines were treated with
increasing concentrations of purified recombinant FGF9 in the pre-
sence of 1 pg/ml heparin. Compared to FGFOWT, FGF9F showed less
activity on cells expressing any of the FGFRs except FGFR3c¢, where
FGF9ER showed equivalent activity (Fig. 4a—g). To test the ability of
heparin to enhance FGF9 activity, we treated the BaF3 cell lines with
increasing concentrations of heparin in the presence of 0.2 nM
FGROWT or FGF9EKS, FGF9ES also showed a decreased heparin-
dependent mitotic response on all FGFRs except FGFR3c, where
FGF9™ showed higher activity in the presence of high concentrations
of heparin (Fig. 4h-n). Because FGF9FX does not mediate excess
signaling via FGFRs, other properties of the altered protein must be
responsible for the phenotype of the Eks mice.

Figure 5 The Eks mutation reduces FGF9 affinity for heparin by impairing
its dimerization. (a) Chromatographic analysis of the affinities of FGFOWT
and FGFOEKs for heparin. FGFOWT or FGF9EXS were loaded onto a heparin-
conjugated agarose column and eluted with a linear gradient of NaCl from
120 mM to 2.0 M (black line). Elution profiles of FGF9YWT and FGFOEks were
determined by monitoring absorbance at 280 nm. (b,c) Surface plasmon
resonance analysis of the affinities of FGF9¥T and FGF9Eks for heparin.
Sensorgrams indicating the interaction of FGF9WT (b) and FGFOEK (c) with
immobilized heparin were determined at different concentrations. The
biosensor chip response is indicated on the y axis (RU) as a function of time
(x axis) at room temperature. (d-g) The most probable solution structures of
dimeric FGF9"¥T-heparin (d), dimeric FGF9Ek-heparin (e), monomeric
FGF9¥T_heparin (f) and monomeric FGFOE*s_heparin (g) complexes deduced
by molecular-dynamics simulations. Heparin and protein residues that form
important hydrogen bonds are drawn in bali and stick and space-filling
modes. The single-letter amino acid code, residue number and chain code
are indicated for each of these residues. Computed binding free energy of
each complex is shown under the respective illustrated structure. Data are
represented as mean = s.d. of energies obtained from 200 molecular-
dynamics snapshots in respective molecular-dynamics trajectory.

The Eks mutation lowers FGF9 affinity for heparin

The decreased heparin-dependent mitogenic activity of FGF9EK
suggested that its affinity for heparin may be reduced. Heparin is
functionally very similar to heparan sulfate, which is present in most
tissues in the form of HSPGs. HSPGs function to modulate FGFR
activation directly, by mediating FGF-FGFR interactions, and indir-
ectly, by binding FGF ligands and regulating their diffusion through
the extracellular matrix and thus their access to distant FGFRsb12:13.26,
As the gain-of-function property of FGF9E® may not involve direct
interaction with the FGFRs, we hypothesized that its decreased affinity
for heparin might allow increased diffusion and thus bioavailability in

a b
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~— FGFOT 20 g = 15,6 nh FGFOWT
e EGFQEKS £ 150 < 7.8 M FGRWT
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tissues. To address this possibility, we first measured FGF9-heparin
affinity by heparin affinity chromatography (Fig. 5a). FGFOWT was
eluted from heparin-conjugated agarose with 1.50 M NaCl as a single
peak. In contrast, most FGE9EXS was eluted at 1.38 M NaCl and a small
fraction eluted at 1.10 M NaCl.

We next measured the kinetic constants for the FGF9E_heparin
interaction using surface plasmon resonance analysis (Fig. 5b,c and
Supplementary Table 1 online). The resulting sensorgrams were used
for kinetic parameter determination by globally fitting the experi-
mental data to a 1:1 interaction model. The association rate constant
(k) of FGF9FKs was slightly greater than that of FGFOWY, whereas the
dissociation rate constant (kg) of FGF9E% was 18-fold greater than
that of FGFOW™, The dissociation constants (Kp) for FGFOWT and
FGF9ES were 0.71 + 0.02 nM and 5.24 + 0.03 nM, respectively,
representing an 86% decrease in affinity of the FGF9ES protein
for heparin.

Dimerization of FGF9 confers heparin affinity

The above studies indicate the Fgf9" mutation concurrently affects
monomer—dimer equilibrium and affinity for heparin. We thus went
on to address whether the N143T substitution directly affects the
affinity of FGF9 for heparin or whether it directly affects Homodimer-

~ ization and secondarily affects heparin affinity. However, direct

biochemical measurements of the affinity of the two species for
heparin are not possible because monomeric and dimeric forms of
FGF9 are in equilibrium. We therefore analyzed the configuration of
heparin-binding domains in monomeric and dimeric FGF9 using
molecular-dynamics simulations and calculated the binding free
energy between FGF9 and heparin using the molecular mechanics
Poisson-Boltzmann/surface area (MM-PBSA) method. It is well
known that the binding free energies calculated by this method
show good qualitative but not quantitative agreement with experi-
mental observations?’.

To model the heparin binding affinity of FGF9, we carried out
molecular-dynamics simulations of 2:2 FGFOWT-heparin and 2:2
FGF9EK_heparin complexes based on a 2:2:2 FGF2-FGFR1-heparin
crystal structure (Protein Data Bank (PDB) ID: 1FQ9)?%. The con-
formations of two heparin oligosaccharides in each complex were
influenced by strong electrostatic repulsions, resulting in the exclusion
of one heparin oligosaccharide from the complex (data not shown).
This analysis suggested that 2:2 FGF9-heparin complexes would be
unstable. In contrast, molecular-dynamics simulations of 2:1
FGF9WT_heparin, 2:1 FGF9®_heparin, 1:1 FGF9WT-heparin and

ARTICLES

Figure 6 FGFOEXS can inhibit joint and suture development as well as
FGF9"T. (a-e) Inhibition of knee joint development induced by ectopic
expression of Fgf9"T and Fgf9e*s, Hindlimb buds of Hamburger-Hamilton
stage 17 chickens were infected with RCAS-Fgf9%T, RCAS-Fgf9Eks or empty
RCAS virus. (a,b) Fgf9 expression was examined by in situ hybridization

2 d after infection. (c-e) Respective knee joints (arrows) were examined by
Alcian blue staining and hematoxylin and eosin staining of sections through
the knee joint (insets in d and e) 5 d after infection. f, femur; t, tibia.

(f~i) Inhibition of coronal suture development by the ectopic presence of
FGF9%T and FGFOEks, FGFOWT or FGF9EXS beads were implanted onto the
coronal suture in E15 mice, and the Sppl expression was examined by

in situ hybridization 24 h after implantation. On the operated sides with
FGFOWT (f) and FGF9E*s (h) bead implants, there was overlap of Sppl
expression in the frontal and parietal bones, which was not seen on the
unoperated sides (g,i). fb, frontal bone; pb, parietal bone.

1:1 FGF9E_heparin complexes suggested that these complexes are
stable (Fig. 5d~g). Molecular-dynamics simulations of dimeric FGF9—
heparin complexes did not show a big difference in heparin-binding
free energies for 2:1 FGF9“T-heparin (dimeric FGF9W'-heparin)
and 2:1 FGF9ES_heparin (dimeric FGF9®_heparin) complexes
(Fig. 5d,e). This is due to the strong interaction between the negatively
charged heparin oligosaccharide chain and the array of basic amino
acid residues located in the heparin binding site near the groove of the
dimer interface in both dimeric complexes. In addition, flexibility of
the heparin oligosaccharide chain would help to maintain electrostatic
interactions. Similarly, there was little difference in the heparin-
binding free energies in 1:1 FGF9"T-heparin (monomeric FGFOWT-
heparin) and 1:1 FGF9®K“_heparin (monomeric FGF9EX heparin)
complexes (Fig. 5f,g). This is also due to heparin oligosaccharide
chain flexibility, the strong negative charge of the heparin oligosac-
charide and the presence of several basic amino acid residues in the
heparin binding site. Therefore, the Eks mutation does not seem to
influence the heparin binding affinity of either the dimeric or the
monomeric FGF9-heparin complex. Because the heparin-binding free
energies for dimeric FGF9 (Fig. 5d,e) were smaller than those for
monomeric FGF9-heparin for both FGFOWT and FGF9Eks (Fig. 5f,g),
the reduced binding affinity to heparin of the FGF9®* protein is most
likely due to the shift in the monomer—dimer equilibrium toward the
monomer. In summary, the Eks mutation primarily affects homo-
dimerization of FGF9 and only secondarily affects heparin affinity.

FGF9%s is potentially hyperdiffusible in tissues

Heparin-FGF2 interactions have previously been shown to regulate
the diffusibility of FGF2 (refs. 26,29). We hypothesized that the
diffusibility of FGF9® in tissues would be increased because of its
lower affinity for heparin, leading to ectopic localization outside of the
normal signaling domain and, consequently, ectopic activation of
FGFRs. However, this model can only be considered if the following
two prerequisites are met: first, Fgf9 and Fgfrs are expressed in the
proximity of the prospective elbow and knee joints and coronal
sutures and, second, the increased diffusibility of FGF9Eks is dominant
over its decreased ability to activate FGFRs.

We first examined the expression of Fgf9 and Fgfrl, Fgfr2 and Fgfr3
in the forelimb buds in E10.5 and E11.5 mice. Fgf9 was expressed in
migrating myoblasts, both in Fgfo** and Fgfo¥E& mice (Supple-
mentary Fig. 3a,b,ij online). At E10.5, Fgfrl, Fgfr2 and Fgfr3 were
expressed diffusely in the limb bud mesenchyme, overlapping the
expression domain of Col2al in both Fgfo*/* and FgfoFk/Eks tissues
(Supplementary Fig. 3c-h). At E11.5, Fgfr] expression was excluded
from the cartilaginous condensation, whereas Fgfr2 and Fgfr3
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expression was observed mainly in this location (Supplementary
Fig. 3k-p). Therefore, mesenchymal cells in the prospective elbow
joint express FGFRs.

Previous reports showed that Fgf9 is expressed in the developing
frontal and parietal bones, particularly strongly at the rims of the
bones'®. Fgfrl, Fgfr2 and Fgfr3 are expressed within and around the
developing frontal and parietal bone domains®®. Thus, the first
prerequisite was validated.

FGF9EK s able to inhibit joint and suture development

To address the second prerequisite for our model, we examined the
inhibitory effects of FGF9WT and FGF9E** on joint development by
ectopically expressing them in the chicken limb bud using a
replication component retroviral vector (RCAS) transduction.
RCAS-FgfoWT, RCAS-Fgf9t%s or empty RCAS virus was used to
infect the prospective hindlimb bud region in the lateral plate
mesoderm. FGFOWT and FGF9FKS were expressed throughout the
hindlimb buds (Fig. 6a,b). Ectopic expression of both FgfoW! and
Fgf9%%s caused knee joint fusion (Fig. 6c,d), whereas no abnorm-
alities were induced by the empty vector (Fig. 6e). Therefore,
FGE9EKS retains inhibitory effects on joint development as well as
FGE9WY, It is notable that skeletal defects induced by the expression
of FGFOW" were widespread, whereas those mediated by FGF9™ks
were limited to the prospective joint regions. This is consistent with
our finding that EGF9* preferentially activates FGFR3c (Fig. 4),

P =0.0035

which is expressed in the bone anlagen (Supplementary Fig. 3),
whereas FGFOWT is expected to activate all of the mesodermally
expressed FGFRs.

To examine the inhibitory effects of FGF9WT and FGF9¥* on suture
development, we implanted FGF9-soaked AffiGel-Blue beads in the
coronal suture of normal mouse fetal skulls around the initiation stage
of the suture defect, at E15, by ex utero surgery. We first confirmed
that approximately equal amounts of FGFOWT and FGF9E® were
loaded in each AffiGel-Blue bead and that the diffusion rates of
FGFOWT and FGF9EX from the beads were almost identical (Supple-
mentary Fig. 4 online). The expression of Sppl, an early osteoblast
differentiation marker upregulated by FGF9, was examined 24 h after
in utero bead placement. Grafts of FGFOW! and FGF9E% beads also
promoted ectopic Sppl expression at the leading edges of the frontal
and parietal bones (Fig. 6f-1). This FGF9-induced ectopic expression
of Sppl resembled that observed in the FgfoP'E% coronal suture
(Fig. 2m, right). Therefore, ectopic expression of either FGF9EKS or
FGFOWT within the suture inhibits suture development.

FGF9Ek is more diffusible than FGF9WT in developing tissues

To examine whether the diffusibility of FGF9 in mesenchymal tissue
is increased in comparison with FGF9W?, we measured the diffusibility
of FGFOWT and FGF9EX in the skull following bead implantation
(Fig. 7a—e). Because FGF9 upregulates Sppl expression, we could
measure the area of high Sppl expression as an indication of

E10.5 E11.5

I 1
82.9%7.3%

Diffusion area / frontal (D
and parietal bone
anlagen area (%)

P Y
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Relative diffusion
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Figure 7 Ectopic FGFOEKS signaling due to its hyperdiffusibility. (a—e) Increased diffusibility of FGFOEXS in the skull bone anlagen. FGFOWT or FGFOEKS beads
were implanted onto the coronal suture at E15 mice and Sppl expression was examined by whole-mount in situ hybridization 24 h after implantation. On
the operated sides with FGFO"T (a) and FGF9E*s (c) bead implants, we observed well-defined intense signals in the frontal and parietal bone anlagen around
the implants, which were not seen on the unoperated side (b,d). This domain with intense Sppl signals reflects diffusibility of exogenous FGF9 proteins, We
therefore compared diffusibility of FGFO¥T and FGF9E¥s based on the induced expression domain of Sppl (e). The diffusion areas (%) in the frontal and
parietal bone anlagen area were estimated from the area ratio of the intense Sppl expression against the frontal and parietal bone anlagen. Data are
represented as mean + s.e.m. of six operations. FGF9EKs is more diffusible than FGFO"T, Significance was determined by two-tailed Student's t-test.

(f-h) Increased diffusibility of FGFIEs in the forelimb bud. FGFOWT or FGF9EKs beads were implanted into forelimb buds of Fgf9~/~ embryos of E10.5 mice.
Diffusion of exogenous FGFOWT (f) and FGFOE* (g) after 2 h was immunodetected using a FGF9 antibody. (h) The diffusion area of FGF95s and FGFO¥T was
measured at the level of the equator of the beads. Data are represented as mean (FGFOWT = 100%) + s.e.m. of four (FGFOWT) or five (FGF9EXS) operations.
FGFOEKs is also more diffusible than FGFOWT in limb buds. Significance was determined by one-tailed Student's t-test. (i-x) The downstream target genes of
FGF signaling, Etvd and Etv5, are expressed ectopically in the prospective elbow joint in Fgf9Ek/Eks mice. Counterstaining with Giemsa (i,j,q,r) and in situ
detection of Col2al (k,1,s,1), Etv4 (m,n,u,v) and Etv5 (0,p,w,x) in the forelimb buds of Fgf9** and FgfSFks/Eks embryos at E10.5 and E11.5. There was
ectopic expression of £tv4 (n,v) and Etv5 (p,x), in the cartilaginous condensation including the prospective elbow joint position, which was demarcated as
the gap of Col2al expression (s, arrow), in Fgf9tks/Eks which were not seen in Fgf9** mice (m,o,u,w). Scale bars, 100 pm. (y) A model for the pathogenic
mechanism underlying elbow joint synosotsis in FgfSEKsEks mice. In FgfoEkS/Eks mice, ectopic FGF9 signaling due to hyperdiffusion of FGFOEKS at the
prospective elbow joint may inhibit the initiation of joint development. (z) A model for the pathogenic mechanism underlying premature fusion of the coronal
suture in FEFIERs/Eks mice, In FgroEks/Eks mice, ectopic FGF9 signaling due to hyperdiffusion of FGFOE*S at the coronal suture may promote ectopic
osteogenesis and subsequently induce premature fusion of the suture.
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Figure 8 FGFO¥T modulates FGF9E*s action by forming FGFOWT-
FGF9Eks heterodimers. (a—c) Proposed solution structures for FGFOWT
homodimer (a), FGF9WTEXS heterodimer (b) and FGF9E#S homodimer
(c). Amino acid residues contributing to hydrogen bond formation
involved in dimerization are drawn in ball-and-stick and space-filling
modes. The single-letter amino acid code, residue number and chain

~69.47 £ 10.21 kcal/mol

Fg{g-&/— Fgngksh Fgngksf— o

code are indicated for each of these residues. Computed binding free energy of each dimer is shown under the respective illustrated structure. Data are
represented as mean + s.d. of energies obtained from 200 molecular-dynamics snapshots in respective molecular-dynamics trajectory. (d) FGFOWT is
capable of forming dimers with FGF9EXS. The expression of FGF9%T homodimers, FGFSWTEKs heterodimers and FGFIEkS homodimers was analyzed using
immunoprecipitation and protein blots. The expression vectors for FLAG- or Myc-tagged FGF9WT and FGF9EKs were transfected into COS7 cells and culture
supernatants were subjected to immunoprecipitation and protein blot analysis. (e~h) Less severe elbow joint synostosis in Fgf95%¥+ than Fgf9%s"~. Forelimbs
from Fgfo*=, FgfoFks*, FgfFks~ and Fgf9e*s/Eks embryos at E17.5 were stained with Alcian blue and Alizarin red. Synostotic change is restricted to

the cartilaginous component in Fgf9¥%** embryos, whereas it is extended to the bony component in Fgf9€ks~ and Fgf9Eks’Eks embryos. h, humerus;

r, radius; u, ulna.

the distance over which FGF9 exerts its effects. Implantation of
FGF9EK beads resulted in a larger area of Sppl expression (high
Sppl expression area / Frontal and parietal bone anlagen area = 82.9 +
7.3%) (+ s.e.m.) compared with beads loaded with FGFOWT (50.7 +
4.4%; P = 0.0035), suggesting that the altered protein diffused more
effectively through the developing tissue.

Next, we investigated the diffusibility of FGF9EXs in forelimb buds.
FGFOWT- or FGF9EX-soaked AffiGel-Blue beads were grafted into the
dorsal and central forelimb bud region of Fgf9~/~ embryos around the
initiation stage of the joint defect, at E10.5. FGF9 protein released
from the beads into mesenchymal tissue 2 h after implantation
was detected by immunohistochemistry using FGF9 antibodies on
sections (Fig. 7f-h). This analysis showed that FGF9E® permeated
through the limb bud mesenchyme to a greater extent (relative
disffusion area = 138 * 12%) (+ s.e.m.) than FGFOWT (100 + 14%;
P = 0.043), supporting the hypothesis that FGF9E is more diffusible
than FGF9WT.

Ectopic FGF signaling in the prospective joint of Eks mice

To examine whether diffusion of endogenous FGF9EX is increased in
comparison to FGFOWT, we determined the degree of activation of
FGFRs in the prospective elbow joint of FgfoPk/Eks mijce. As a readout
for FGFR signaling, we examined the expression of Etv4 and En5,
both of which are known to be transcriptionally activated by EGF
signaling, in the forelimb buds®! (Fig. 7i—x). In wild-type E10.5 limbs,
we did not observe the intensive expression of Etv4 or Etv5 within the
region undergoing cartilaginous condensation demarcated by Col2al
expression (Fig. 7m,0). However, in E10.5 Fgfo™/Eks [imbs, we found
ectopic expression of both Etv4 and Etv5 in the cartilaginous con-
densation (Fig. 7n,p). At E11.5, Etv4 and Etv5 were expressed in the
myoblasts and cells surrounding the cartilaginous condensation in
wild-type mice (Fig. 7u,w), whereas in EgfoF*/E mice, we observed
clear expression of Etv4 and Etv5 in the cartilaginous condensation
including the prospective elbow joint position (Fig. 7vx). These
results demonstrate ectopic FGF signaling in the prospective elbow
joint in FgfoP Bk mice. Because the ectopic expression domain of
Etvd and Etv5 in FgfoPk/Eks mice was not consistent with the Fgf9

expression domain (Supplementary Fig. 3a,b,ij), this outcome is
likely due to increased diffusion of FGF9EXS protein over a larger area
than FGFOWT,

From these results, we propose a mechanism of elbow joint
synostosis in FgfoP*/Eks mice in which FGF9EXS produced by myoblasts
diffuses beyond its normal range and ectopically activates FGFRs in
the prospective elbow joint, preventing joint formation (Fig. 7y).
Similarly, FGF9% produced at the rims of the frontal and parietal
bones diffuses beyond its normal area and ectopically activates FGFRs
in the coronal suture mesenchyme, promoting the fusion of coronal
sutures (Fig. 7z).

Genetic validation of the hyperdiffusible model

A prediction of our model is that the severity of synostotic pheno-
types will correlate with a shift in the equilibrium of FGF9 from
dimer toward monomer. By molecular-dynamics simulations, we
estimated that FGF9WT homodimer, FGFOWT/Eks heterodimer and
FGF9E homodimer have ten, eight, six intermonomer hydrogen
bonds, respectively (Fig. 8a—c and Supplementary Table 2 online).
From these results, we calculated the binding free energy of
the FGFOWT/EKS heterodimer to be between those of the FGFOWT
and FGF9®% homodimers (Fig. 8a—c), suggesting that FGFoW1/Eks
heterodimers are more stable than FGF9™ homodimers. If our
model is correct, EGFOWT should interfere with FGF9EX action
by forming FGFOWT/EKs heterodimers. In other words, skeletal phe-
notypes due to the Eks mutation should be alleviated by the expression
of FGFOW™.

We first sought experimental evidence that the FGF9WI/EKS hetero-
dimer was substantially more stable than the FGF9E% homodimer.
We addressed this issue by immunoprecipitation and protein blot
analysis after tagging FGFOW' and FGF9"™ with Flag or Myc
peptides. Flag-FGFOWT or Flag-FGF9FY was overexpressed together
with Myc-FGFOWT or Myc-FGF9® in COS7 cells and the
culture supernatants were subjected to the immunoprecipitation
and protein blot analysis (Fig. 8d). We readily detected Flag-
FGFOWT-Myc-FGFOWT dimers. Flag-FGF9®—Myc-FGFOW' dimers
were detected at lower level; however, Flag-FGF9EK Myc-FGF9Eks
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dimers did not form under these conditions. These data suggest that
FGF9WTand FGF9E® can form heterodimers that are more stable than
FGF9" homodimers.

We finally examined whether the elbow synostosis caused by
FGF9EE could be alleviated by the expression of FGFOWT We thus
compared the severity of elbow synostosis in Fgfo®™+ and compound
heterozygous mutants (Fgfo™ ) relative to that of Fgf9*/~ and
Fgfotks/Eks mice (Fig. 8e-h). Elbow joint formation was not affected
in Fgf9*/~ mice (Fig. 8e), whereas elbow synostosis in FgfoP*s/Ek mice
involved both cartilaginous and bony components (Fig. 8h). In
contrast, the synostosis in Fgf9™/* mice was limited to the cartilagi-
nous component (Fig. 8f), whereas the involvement of the bony
component in Fgfo¥/~ mice was similar to that of FgfoP%/Eks mijce
(Fig. 8g). Therefore, elbow synostosis in Fgfo%%'~ is more severe than
in Fgfo™/*. These findings strongly support our model that the
monomer—dimer status of FGF9 influences its affinity for HSPGs
and, consequently, its distribution in developing tissues.

DISCUSSION
In the present study, we identified a missense mutation in the
Fgf9 gene that is responsible for the Eks mutant phenotype, which
includes elbow and knee joint synostosis and craniosynostosis. We
further demonstrate that the N143T substitution in FGF9 favors
formation of the monomeric form of FGF9, which binds to heparin
with a lower affinity than dimeric FGF9. The decreased affinity
for heparin leads to increased diffusion of the altered protein in
developing tissues, resulting in ectopic FGF9 signaling. We propose
that regulation of the monomer—dimer equilibrivm of FGF9,
and potentially of other FGFs, and its affinity for HSPGs is a
mechanism that functions to shape FGF9 concentration gradients
in developing tissues. We further propose that these biochemical
properties of FGF9 restrict its signaling activity to limited skeletal
domains. Data presented here and in previous studies indicate that
low FGF signaling in the presumptive joint space is necessary for the
formation of the joint space and maintenance of an open suture?®?!,
Common usage of receptor binding and homodimerization sites of
FGF9 could be at least in part instrumental for local modulation of
FGF9 signaling activity.

Homodimerization is suggested to be a common feature of the

‘5, FGF9/16/20 subfamily®? and of FGF2 (refs. 33,34). It is not known to

~ what extent homodimerization affects the activity of other FGFs. The

discovery that a mutation in Fgf9 can affect homodimerization,
affinity for heparin and biological activity suggests that pharmacolo-
gical agents that affect FGF homodimerization could be useful tools to
modulate its activity.

METHODS

Detection of a mutation in the Fgf9 gene. To identify the mutation responsible
for the Eks mutant phenotype, we surveyed the cDNA sequence of Fgf9
from normal (+/+), heterozygous (Eks/+) and homozygous (Eks/Eks) mice
through reverse transcription-PCR (RT-PCR) and direct sequencing of
RT-PCR products.

For genotyping of the Eks allele, genomic DNA spanning the Eks mutation
was amplified by PCR using specific primers (Supplementary Table 3 online).
PCR products were digested with the diagnostic BsrI restriction enzyme. Wild-
type mice show two bands of 147 bp and 42 bp, whereas the Eks allele shows
one band of 189 bp (Supplementary Fig. 5 online).

Skeletal and histological preparations. Bones and cartilage of E17.5 fetuses
were stained with Alizarin red and Alcian blue as previously described®. For
histological preparations, tissues were fixed in 4% paraformaldehyde,
embedded in paraffin, sectioned at 5 pm, and stained with hematoxylin and
eosin and von Kossa.

In situ hybridization. In situ hybridization of paraffin sections was done as
previously described, using radiolabeled antisense RNA for Gdf5 (MGI:
95688), Col2al (MGI: 88452), Sppl (MGI: 98389), Runx2 (MGI: 99829),
Fgfo (MGL: 104723), Fgfrl (MGIL: 95522), Fgfr2 (MGL: 95523), Fgfr3 (MGL:
95524), Etvd (MGI: 99423) and Etv5 (MGL: 1096867). In situ hybridization after
bead implantation in fetal skulls was done as previously described®*,

FGFOWT and FGF9¥% expression and purification. FGF9WT and FGF9Fks
expression and purification were done as described in Supplementary Methods.

Analytical ultracentrifugation. All analytical ultracentrifuge experiments were
done on a Beckman Coulter XL-I analytical ultracentrifuge. We diluted the
samples in 25 mM ammonium acetate buffer (pH 5.5) containing 120 mM
NaCl. The partial specific volumes were estimated as 0.7317 ml/g (FGF9WT) or
0.7322 ml/g (FGF9EX) by SEDNTERP software, All experiments were done at
20 °C and the absorbance wavelength was 280 nm. We carried out sedimenta-
tion equilibrium experiments with six channel centerpieces, with loading
concentrations of 0.8, 0.4 and 0.2 mg/ml. Data were obtained at 12, 14 and
16 k rpm for FGFOVT or at 14, 16 and 18 k rpm for FGRO®S, A total
equilibration time of 16 h was used for each speed with scans taken at 12, 14
and 16 h. We analyzed the sedimentation equilibrium data using the Beckman
XL-A/XL-I Data Analysis software. All nine datasets (three speeds, three
concentrations) were fitted together by ‘self association model’ calculation.
Sedimentation velocity experiments were carried out with double sector
centerpieces. Protein concentrations were 0.4, 0.3 or 0.2 mg/ml. We scanned
the absorbance data 100 times every 5 min at 40 k rpm. The measurements data
were analyzed by SEDFIT software.

Analytical gel filtration chromatography. Purified FGFSWT and FGF9Eks
(100 pl of 2 mg/ml) were loaded onto a Superdex75 10/300 GL column
(GE Healthcare) equilibrated with a 25 mM ammonium acetate buffer (pH 5.5)
containing 120 mM NaCl. The samples were eluted with the same buffer.

Mitogenic assays. The ability of FGFOWT and FGF9E to transduce signals via
FGFRs was analyzed by a mitogenic assay using BaF3 cells expressing specific
FGFRs as described previously!”. We plated 5,000 cells per well in a 96-well
assay plate in media containing varying concentrations of FGF9 and heparin
(Wako). FGFOWT or FGF9EXS were added to each well for a total volume of
200 pl per well. The cells were then incubated at 37 °C for 36 h. We added 1 uCi
of [*H]thymidine to each well in 20 pl of media. The cells were harvested after
4 h by filtration through glass fiber paper and the incorporated [*H]thymidine
was counted on a Wallac MicroBeta TriLux scintillation counter (PerkinElmer).

Analytical heparin affinity chromatography. We loaded 3 mg of purified
FGFOWT and FGF9E® onto a 1 ml HiTrap heparin HP column (GE Healthcare)
equilibrated with 25 mM ammonium acetate buffer (pH 5.5) containing
120 mM NaCl. The bound FGFOWT or FGF9E were eluted with a linear
gradient of NaCl (120 mM to 2.0 M) in the same buffer.

Surface plasmon resonance analysis of FGF9-heparin interactions. Surface
plasmon resonance analysis for measurements of FGF9WT-heparin and
FGF9Pk“heparin interactions were done using a BlAcore 3000 instrument
(Biacore AB). In order to immobilize heparin (Wako) on the streptavidin-
conjugated sensor chip SA, 100 pg/ml biotinylated heparin in HBS-EP buffer
was injected at a flow rate of 10 pl/min and was immobilized to 63 response
units (RU). All measurements were carried out at room temperature, and
refractive index errors due to bulk solvent effects were corrected by subtracting
responses on the noncoated sensor chip for the FGFOWT and FGF9Eks
concentrations used. To obtain kinetic data, we injected different concentra-
tions of analytes (FGFOWT and FGF9EX) in HBS-EP over the heparin sensor
chip at a flow rate of 20 pl/min. At the end of each sample injection (120 s),
HBS-EP buffer was passed over the sensor surface to monitor the dissociation
phase. Following 120 s of dissociation, the sensor surface was regenerated by
injection of 5 pl of 1 M NaCl in HBS-EP. We used five different analyte
concentrations to determine the kinetic parameters for each interaction. Kinetic
parameters were obtained by global fitting of the sensorgrams to a 1:1 model
using BIAevaluation software.
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Molecular-dynamics  simulation.  Starting structures of monomeric
FGFOWT, dimeric FGFOWVT, monomeric FGF9WT-heparin, dimeric FGF9WT-
heparin and FGF9® for molecular-dynamics simulations were taken from
the PDB (PDB ID: IIHK)!. The structures of monomeric FGF9EK,
dimeric FGF9™ and heterodimeric FGFOWT/ES were constructed based on
FGF9WT using molecular modeling software MOE (Chemical Computing
Group). A hexasasaccharide (UAP-SGN-IDU-SGN-IDU-SGN) is used as a
heparin oligosaccharide. UAP is 1,4-dideoxy-5-dehydro-O2-sulfo-glucuronic
acid, SGN is O6-disulfo-glucosamin and IDU is 1,4-dideoxy-O2-sulfo-
glucuronic acid. For monomeric FGF9WT-heparin and dimeric FGFOWT-
heparin simulations, heparin oligosaccharide was bound to FGF9WT structures
obtained from molecular-dynamics simulations using the molecular docking
program GOLD (version 3.0)*”. In the docking protocol, the standard
default setting of GA parameters was used and GoldScore was used as the
scoring function. The structures of monomeric FGF9¥-heparin and dimeric
FGF95_heparin were built in the same manner as FGF9WT-heparin com-
plexes. All the starting structures for molecular-dynamics simulations were
surrounded by TIP3P water molecules® spherically. After energy minimiza-
tions, all molecular-dynamics simulations were carried out for 10 ns at 300 K
using modified Amber 8.0 (ref. 39) for MDGRAPES3 system??. The Amber ff03
force field*! was adopted, and the simulation time step was set at 1 5. We
calculated the binding free energies by the molecular mechanics Poisson-
Boltzmann/surface area (MM-PBSA) method*? using the last 2 ns molecular-
dynamics trajectories.

Retroviral misexpression. Mouse Fgf9"T and Fgf9™ cDNAs were cloned into
the RCASBP(A) vector®. The virus solutions were injected into the hind limb
bud of chicken embryos at Hamburger-Hamilton stage 17. We examined the
expression of mouse Fgf9 transcripts and skeletal changes 2 and 5 d after
injection, respectively.

Subcutaneous insertion of FGF9®X beads in mouse fetal skulls. AfiGel-Blue
beads (BioRad) soaked in 100 pg/ml FGFOWT or EGF9EX were implanted onto
E15 mouse skulls by ex utero surgery as previously described?! Operated heads
were collected 24 h later and SppI transcripts were detected by whole-mount
in situ hybridization. The area of Sppl expression was measured using NIH
image software.

Implantation of FGF9™ beads in mouse forelimb buds. AffiGel-Blue
beads that had been soaked in 500 pg/ml EGFOWT or FGF9FY were implanted
into the dorsal and central region of E10.5 Fgf9™/~ forelimb buds. Limb
buds were subsequently cultured for 2 h on Transwell filters (Costar,
Coaning) in serum-free medium (BGJb, 2 mg/ml BSA, penicillin (50 units/
ml), streptomycin (50 pg/ml)), in a humid, 37 °C and 5% CO, environment.
Explants were fixed in 4% paraformaldehyde and embedded in paraffin.
Sections through the equator of the bead were analyzed for exogenous
FGF9 using goat antibody to FGF9 (R&D Systems) and a cell and tissue
staining kit HRP-AEC system (R&D Systems). We analyzed the signal area and
intensity using NIH image software.

Immunoprecipitation and protein blot analysis. cDNA fragments encoding
the full length mouse FGF9WT and FGF9E proteins were cloned into the
p3xFlag-CMV-14 vector (Sigma-Aldrich) and into the pCMV-Tag3B vector
(Stratagene) to allow expression of FGF9 proteins with either C-terminal
Myc or 3xFlag tags. These vectors were transfected into COS7 cells, and 48 h
later, culture supernatants were incubated with anti-Flag M2 affinity beads
(Sigma-Aldrich) for 1 h at RT and washed three times with PBS and then
subjected to protein blots with antibody to Flag M2 (Sigma-Aldrich) or
antibody to Myc (Upstate).

Note: Supplementary information is available on the Nature Genetics website.
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Introduction Coupled with a rapidly rising number of structures for target
proteins, structure-based screening has become prominent in drug

In early-phase drug development research, new lead com- discovery. Among the various structure-based computational
pounds are detected by the computational screening of large methodologies adopted for compound screening, the principal
compound libraries. Since the goal of computational screening is one is molecular docking. When the three-dimensional structure of
basically the same as that of experimental screening, i.e., high- a target protein is available or can be modeled, molecular docking
throughput screening (HTS), it is expected that the integration and is often used for the screening of compound libraries. Molecular
improvement of computational and experimental approaches will docking predicts the conformation of a protein-ligand complex
increase the productivity of drug discovery. HTS is currently and calculates the binding affinity. Most docking programs [9-15]
widely adopted and is crucial to the generation of lead compounds. involve two operations: “docking” and “scoring.” The first
Despite the many successes achieved with HTS [1-5], there involves the generation of multiple protein-ligand conformations,
remain some problems regarding the cost, complexity of the assay called “poses,” or the sampling of the ligand’s probable
procedure, and screening quality [5-8]. Thus, HTS alone may not conformations in the binding pocket of the target protein. Most
improve lead productivity. Hence, computational screening of these programs perform flexible ligand-rigid receptor docking,
methods, such as ligand- and structure-based screening, have and some of them are highly capable of predicting poses that
become important. With the advancement of computer perfor- resemble the experimental structure for many target proteins [16].
mance and calculation techniques, computational screening has Since such docking programs enable a fast conformational search
become faster and less expensive than HTS. However, the ability of ligands in a short time, they are very attractive tools for
of computational screening to enrich hit compounds remains compound screening. In the second operation, the affinity between
unsatisfactory and less reliable. the target protein and the ligand for each pose is calculated by
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using a scoring function. Then, multiple ligands are ranked
according to these calculated binding affinities or docking scores.
Many studies using docking programs have shown that these
screenings have a higher enrichment of hits than random
screening [17,18], but these screenings suffer from false positives
and false negatives and are not sufficiently accurate to grade
compounds according to the binding affinities [19]. This implies
that the compounds with a higher rank include false positives and
false negatives; thus, there is a practical difficulty with using
docking. The problems of molecular docking as a screening tool
have been widely discussed: the scoring functions are inaccurate
and neglect the solvent-related terms, and protein flexibility is
ignored. Furthermore, the docking score corresponding to binding
free energy is less reliable because it is calculated using a single
conformation even though the binding free energy is an ensemble
property.

Molecular dynamics (MD) simulations can treat both proteins
and ligands in a flexible manner, allowing the relaxation of the
binding site around the ligand. In addition, they can directly
estimate the effect of explicit water molecules. Further, more
accurate MD-based computational techniques are available for
estimating the binding free energy. These techniques include
thermodynamic integration (TI) [20], free energy perturbation
(FEP) [20], linear interaction energy (LIE) [21], and molecular
mechanics/Poisson-Boltzmann and surface area (MM/PB-SA)
[22] methods. The most rigorous computational techniques are
the TI and FEP methods, but these are too expensive to be
employed in computational screening. The computational cost of
LIE is moderate, but it requires information regarding the binding
affinities of experimentally known compounds. Hence, we focused
on the MM/PB-SA method because many recent investigations
have revealed that this method is highly capable of predicting the
binding free energy [23]; further, its computational cost is lower
than the computational costs of the FEP and TI methods by at
least 10-fold, and its broad applicability is suitable for compound
screening. In the MM/PB-SA method, the free energy is

@ PLoS Computational Biology | www.ploscompbiol.org
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calculated using the snapshots of solute molecules obtained from
explicit-solvent MD simulation. At this time, the explicit-solvent is
replaced with implicit models (see Materials and Methods). These
MD-based techniques can provide more accurate binding free
energy, but their computational costs are considerably high, as
compared to molecular docking. Further, the prediction of the
optimal structures for protein-ligand complexes adds to the
computational cost, even with extended-ensemble MD methods.

To solve the problem of molecular docking and MD
simulations, a combination of molecular docking and MD
simulations is effective because it can neutralize each other’s
defects. However, since the application of the MD technique to
screening requires the execution of many MD simulations, the
problem of the high computational cost of MD simulations
remains unresolved. Because of this problem, most of the studies
that have used MD-based computational techniques have reported
only their ability to rank several ligands according to their
experimental binding affinities [23,24]. Further, since the most
important parameter for screening is the ability to distinguish true
active compounds from a large number of inactive compounds,
only a few researches have assessed the ability to enrich active
compounds by virtual screening using MD-based computational
techniques [25,26].

In order to reduce the significant computational cost of MD
simulations, we used a special-purpose computer for MD
simulations, “MDGRAPE-3,” which functions with a high speed
and accuracy [27,28]. In this study, we performed MD simulations
of multiple protein-ligand conformations (multiple poses) rather
than a single protein-ligand conformation (single pose). The
multiple protein-ligand conformations were obtained from the
result of molecular docking. Multiple poses were used so that the
multiple local energy minima in the ligand’s conformational space
within the binding pocket could be sampled in the initial structures
for MD simulations. Then, we performed massive MD simulations
using multiple poses in a practically appropriate time for drug
discovery.

In our screening approach, we adopted molecular docking and
the MM/PB-SA method as the first and second filters for
compound screening; this idea was inspired by the approach
adopted by Kuhn and coworkers [25]. They made some
important discoveries with respect to MD-based screening for
lead generation. Their results showed that the application of the
MM/PB-SA method to an energy-minimized complex structure is
an adequate and more accurate approach than the calculation of
the binding free energy using MD simulation. This is because the
use of MD simulations introduces additional structural uncertain-
ties and the free energy from the MD simulations leads to
inaccuracy. Further, they reported that the strategy of using
multiple poses cannot be recommended in general, and is useful
only if the correct binding mode is contained within the higher-
scored docking conformations but is not captured with a single
pose. Their MD simulations were applied to the protein-ligand
complexes for the top 200 compounds obtained by molecular
docking, and the MD run for each complex was performed for
200 ps (with a time step of 1.5 fs). They concluded that a more
sophisticated MD procedure involving an extended simulation
time improved the results, although this time-consuming approach
would not be of considerable interest as a tool for lead discovery.

In our study, we attempted to investigate whether a combina-
tion of molecular docking and massive-scale MD simulations
would be effective in screening compound libraries. Furthermore,
we evaluated which protocols for the MM/PB-SA method were
effective for compound screening. In the basic MD strategy for our
compound screening, a 700-ps MD simulation (with a time step of
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0.5 fs) for each complex was performed for the top 1,000
compounds obtained by docking. With regard to the time
resolution, simulation time, and number of protein-ligand complex
structures, our MD runs were more massive and elaborate than
those of previous MD-based screenings [25].

Overview of Our Approach

In our screening approach, we adopted molecular docking and
the MM/PB-SA method based on MD simulations as the first and
second filters, respectively. First, we performed molecular docking
by using the conformations of a target protein and the compounds
contained in the compound library. Additionally, the results of
molecular docking were applied to the post-processing for the
selection of successfully docked compounds and the classification
of multiple binding poses (see Materials and Methods). Next, all of
the conformations obtained from the molecular docking were
energy-minimized using molecular mechanics (MM) force-field
(hereafter we call this MM calculations). MD simulations were
then applied to multiple conformations of the protein-ligand
complexes. The binding free energies were calculated by the MM/
PB-SA method using the coordinate sets obtained from the MM
calculations and MD simulations. Finally, we assessed the
enrichment of active compounds by using ranked lists of
compounds graded on the basis of their binding free energies.

Results

To evaluate the ability of the MM/PB-SA method to act as a
filter after molecular docking, we performed MD-based compound
screening for four target proteins (trypsin, HIV-1 protease (HIV
PR), acetylcholine esterase (AChE), and cyclin-dependent kinase 2
(CDK2)). These targets have been widely evaluated in structure-
based computer-aided drug design [26,29-34]. For each target
protein, we first assessed the enrichment of 12 types of binding free
energies (Table 1). These 12 types of binding free energies were
classified into four categories. GO1-GO03 in category 1 were the
energies calculated from the MM calculations. The other

Table 1. Computational strategies of 12 binding free energies.

MD-Based Screening in Drug Design

categories 2—4, which contained the energies calculated from the
MD simulations, were classified according to the combination of
coordinate sets used for the enthalpy calculations; G04-G06,
G07-G09, and G10-G12 belonged to categories 2, 3, and 4,
respectively (a detailed explanation is given in the Materials and
Methods section.). Analyses of the Receiver Operating Charac-
teristic (ROC) curves [35] are given in Table 2. An ROC curve is
closely related to an enrichment curve but is not exactly equivalent
to it. This curve describes the tradeoff between sensitivity and
specificity. Sensitivity is defined as the ability of the classifier to
detect true positives, while specificity is the ability to avoid false
positives. The area under an ROC curve, ie., the ROC value,
indicates the quality of enrichment. The ROC value of a random
classifier is 0.5, while that of an excellent classifier is greater than
0.9.

Table 2 shows the ROC values for all of the target proteins.
From these values, we can observe three common features for
three of the target proteins (trypsin, HIV PR, and AChE),
excluding CDK2. It is obvious that the ROC values for all of the
binding free energies (G01-G12) of multiple poses are higher than
those of a single pose, suggesting that docking and its post-
processing can sample potentially correct docking poses of active
compounds. This implies that the potentially correct binding mode
is contained within the top 10 highest-scored docking poses but is
not always the highest-scored docking pose. In our study, after
docking and post-processing, MD simulations were applied to an
average of 5-6 docking poses for each compound in order to
increase the efficiency of the sampling of a ligand’s conformations.
Although MD simulations of multiple poses are expensive, they are
necessary for improving enrichment.

The second common feature is that the highest ROC value for
each target protein was obtained for the energies calculated from
the MD simulations, rather than for those calculated from the MM
calculations. This implies that the introduction of protein flexibility
and the effect of water molecules facilitated the refinement of the
protein-ligand interactions and that the MD-based MM/PB-SA
method provided a more reliable binding free energy. These two

Category AGying Hcomprex Heroten Hueano TScompLex TSproTeIn TSuicano
T G0  MMeoupiex e "MM’C’OMPLE"X:,:;"' . MMCO;’!\PLEX”, ' - - =
GQZ ’ MMCOWLEX M'MCOMPLEX MMLI§AND - ’ - ’ -
S e - S
2 Gosa MDcompiex MDcomeLex MDcompLex TScompLex TScompex TSusano
. GOS MDCOMPLEX e MDCOMPLEX , M OMPLEX - :TsﬁRbyTElN' TSueans
GO6 MDcomprex MDcomprex MDcomptex - - -
S e e T e S S R
G08 MDcomprex MDcompLex MDL!GAND TScompLex TSerotemn TSueano
S GO9 ; MDCOMPLE MDCOMPLE DLIGA I  ;1 o s S
4 G10 MDcomprex MDerotem MDyicanp TScompLex TS;OMPLEX TSugano
' :GT,T : : MD\CG?;‘IPLE‘X’J : MDPROTE!N - MDUGAND . :"TSéON;PLEX": L o TSPR’O;I"EIVVVQ‘VI : TSucans
G12 MDcomprex MDeroremn MDyjcano - - -

doi:10.1371/journal.pcbi.1000528.t001
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We performed MM calculations (MM energy minimization) or MD simulations of a complex, a protein, and a ligand, and evaluated 12 types of binding free energies by
combining the respective coordinate sets. The enthalpy contributions of Gprotein and Giigana in equation 2 were calculated in the following two ways: (1) by using the
coordinate sets of a protein (or ligand) obtained from the MD simulations (or MM calculations) of the protein (or ligand) and (2) by using the coordinate sets extracted
from the MD simulation of a complex. Similar to the enthalpy contribution, the entropy contribution was also calculated by combining the respective MD coordinate
sets. H indicates the sum of <Epm>, <Gpg>>, and <Gsa> in equation 3, and TS indicates the entropy term in equation 3. MD compiex (TScompiex)s MDprotemn (TSproTemn),
and MDyjganp (TSuicanp) denote the use of MD coordinate sets for a complex, protein, and ligand, respectively. Similarly, MMcomprexs MMpgorein, and MMy ganp denote
the use of MM coordinate sets for a complex, protein, and ligand, respectively.
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common features were clearly seen in the results for the active
compounds. A typical successful example of MD simulations using
multiple poses is shown in Figure 1. In the crystal structure of
trypsin complexed with an inhibitor [36], the amidine group of the

Asp180

Figure 1. Successful example of MD simulations using multiple
poses. The color codes for the stick models are as follows: yellow,
conformation of the inhibitor in the crystal structure; purple, 7*"-ranked
docking pose; and pink, conformation of the 7™-ranked docking pose
after the MD simulation. In addition, the highest-scored docking pose is
shown by the wireframe model. The highest-scored docking pose
(wireframe model) is inaccurate, but the 7"-ranked docking pose is
similar to that of the crystal structure. MD simulation of the 7™-ranked
pose improved the key hydrogen bonds and the position of the
naphthalene group and GO6 value of the 7™ ranked docking pose was
the lowest in all the poses.

doi:10.1371/journal.pcbi.1000528.g001
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Table 2. Area under ROC curves.

AGying Trypsin CDK2(h)

Go1 0754 (0318) 0719 (0/685)

COZ ' 0.651 (6.323} 0.595 (0.652)

Go3 049100283 | 0586 (0604)

Go4 ‘ 0.623 '(6321) ' O_@Q (0.627)

G5 0539(0201) . 06360614

G06 w (5.391) ‘ 0.624 (0.558)‘

Go7 05830300 . 0s7 (0638

Cd& yk 0;486 (0.265) ) 0.635 (0.626)

Go9  0694(0388 0.778 (0471) 0606 (06100 0622 (0616)

G10 0.431 k(0.369k) 0.336 (0.373) 0‘667’(()‘61'5) _O__GE (0.606)

Git  042200327) 0326 (0389) 0678 (0.468) 0653(0604)  0605(0602)

CfZ 0.526 ('0‘.406) _0_5.1_6_ (0.352) 0.735 (0.541) 0.631 (0.605) \ 0.612 (0.606)

This table lists the ROC values obtained when the active compounds in the top 1,000 compounds are all considered to be as true positive. The values in parentheses
denote the ROC values of a single pose, while the others denote those of multiple poses. The underlining indicates the highest ROC values in the respective categories.
CDK2(l) indicates the values of longer MD simulations (1.4 ns) of CDK2.

doi:10.1371/journal.pcbi.1000528.t002

inhibitor (Figures 1 and S1; active compound (13) of trypsin)
formed hydrogen bonds with the important residue Asp-180 in the
binding pocket. Further, the highest-scored docking pose was so
inaccurate that no important interactions were observed at all, but
the 7% ranked docking pose was similar to that of the crystal
structure. In addition, the application of the MD simulation to the
7" ranked docking pose appropriately improved the key hydrogen
bonds and the position of the naphthalene group and G06 value of
the 7" ranked docking pose was the lowest in all the poses.

The last common feature was that the binding free energies with
no entropy terms (i.e., G06, G09, and G12), which were obtained
by using the trajectories of the MD simulations, showed the
highest ROC values in the respective energy categories (2—4).
Thus, the introduction of entropy terms tended to reduce
enrichment. This is probably due to the difficulty of computing
entropy values for the MM-PB/SA energy function. We will
further discuss this problem in the Discussion section. Our MD
simulations encouraged conformational relaxation, and the
binding enthalpy from the MM-PB/SA method could satisfacto-
rily increase the enrichment performance. However, the treatment
of binding entropy terms involves certain unsolved problems.
Here, we performed a statistical analysis using data on the ROC
values to evaluate the differences between key classifiers, G0l
(multiple poses), GO6 (multiple poses), and molecular docking
(Table 3). The program DBM MRMC version 2.1 was used in this
analysis [37-41]. From this analysis, it was obvious that the
differences in the ROC values between G06 and docking, and
those between GO6 and rescoring (docking), were statistically
significant for trypsin and HIV PR, but the difference in the ROC
values between G06 and docking for AChE was not statistically
significant. On the other hand, the differences in the ROC values
between GOl and docking were not statistically significant for
trypsin, HIV PR, and AChE. An examination of the entire data
set indicated that the binding free energies of multiple poses,
especially G06, which was obtained from the MD trajectories of
just the protein-ligand complexes with no entropies, showed a high
and stable ability to enrich the active compounds.

This paper provides a detailed account of the ability of our
approach to discriminate active compounds from inactive ones.
Figure 2 shows the ROC curves for the respective target proteins.
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Table 3. Statistical comparisons of ROC values.

Trypsin HIV PR AChE CDK2

SOl L oImpOe . ogmsdsa L 0eBSOUT L 07190064
Go6# 0.765 (0.092) ' 0979(0.004) 0.831(0.135) 0.558 (0.065)
GOLD/Rescore#  0476(0099/04770081)  0621(0.102/0.6360117)  0614(0.159)/0268(0.098) 0,679 (0.067)/0530 (0.038)
P values(G01/Docking) 0054  osa o 0915
pusesotreor | ooss’ T gme e g
p vaiues(GOG/Docking) 6‘045* ' ' ' 0.639* o 0.330 ' h . ‘

alues(G06/Rescore) 0046* o o

This analysis was analyzed by the program DBM MRMC 2.1 [37-41]. This program uses a jackknife method [37] to assess the statistical significance of the observed
difference between two classifiers. The p-value (G06/Docking) in CDK2 is not shown because the ROC value of GO6 was less than that of Docking. This analysis indicated
that the differences between GO1 and G06 were not statistically significant (data not shown). The analyses were performed using results of multiple poses. “Rescore”
indicate the result of rescoring approach (docking) (see Materials and Methods).

#These values are ROC values. Standard errors are shown in parentheses.

"Differences are considered statistically significant at p<0.05.

doi:10.1371/journal.pcbi.1000528.t003
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Figure 2. ROC curves for the four target proteins. Each graph shows the sensitivity versus 1-specificity. These indicate the ROC curves obtained
when the active compounds in the top 1,000 compounds are all considered to be as true positive. The black dashed, sky blue solid, and sky blue
dashed lines indicate random screening, molecular docking and rescoring (docking), respectively. For trypsin, HIV PR, and AChE, the ROC curves of
the binding free energies (multiple poses) with the highest ROC values in the respective categories are shown. For CDK2, the curves of GO1 (single
and multiple poses), G04 (single pose), GO7 (multiple poses), and G10 (multiple poses) are shown. (s) and (m) indicate single pose and multiple poses.
doi:10.1371/journal.pcbi.1000528.g002
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The ROC curves of the binding free energies, with the highest
ROC values in the respective categories, were observed for
trypsin, HIV PR, and AChE. Table 4 shows the information on
the enrichment factors to allow the abilities of the classifiers to be
understood clearly.

For trypsin, 10 active compounds (out of 21) were ranked in the
top 1,000 compounds (Figure S1). No significant difference was
observed in the results of molecular docking and random screening
for these top 1,000 compounds. Considerable improvement was
observed in the results of the MM calculations and MD
simulations. GO1 and GO06, in particular, showed high enrichment
performances, and the enrichment factors for the top 100
compounds were 5.00 and 4.00, respectively (see Table 4).
Furthermore, GO6 detected no less than nine active compounds
in the top 300.

For HIV PR, 6 active compounds (out of 8) were ranked in the
top 1,000 compounds (Figure S2). A slightly better enrichment was
achieved by docking than by random screening. As seen in the
curves, we found drastically improved enrichment by GO06. It
detected 6 active compounds in the top 100 compounds, and the
enrichment factor for the top 100 was 10.0 (Table 4).

For AChE, 7 active compounds (out of 14) were detected in the
top 1,000 compounds (Figure S3). We found that the enrichments
of G06 and G09 were considerably better than that of molecular
docking, although the difference in the ROC values between G06
(or G09) and docking was not statistically significant. Because there
was only a slight difference between G06 and G09, both of them
detected five active compounds in the top 100.

For CDK2, the ROC curves of the following representative
binding free energies were drawn: GOl (single and multiple
poses), GO04 (single pose), GO7 (multiple poses), and GI10
(multiple poses). Seventeen active compounds (out of 26) were
ranked in the top-scoring 1,000 compounds (Figure S4). The
GO1 of single and multiple poses as obtained from the MM

Table 4. Enrichment factors for top 1,000 compounds.

MD-Based Screening in Drug Design

calculations showed higher enrichment than random screening;
however, there was no statistically significant difference between
the results of GOl and molecular docking (see Table 3). The GO1
of single and multiple poses detected 10 active compounds in the
top 300 and showed only slightly higher enrichment factors than
molecular docking (Table 4). In contrast, G04, G07, and G10,
which were obtained from the MD simulations, remained
unchanged or worsened as compared to docking, although they
identified 6 or 7 active compounds in the top 200. Over all, the
enrichments for CDK2 were not at all improved as mentioned
above.

The ROC values for CDK?2 showed a different tendency as
compared to those for the other three proteins (Table 2). Among
the 12 types of energies, the GOl of single and multiple poses
showed the highest values (0.685 and 0.719, respectively), which
implies that the enrichments of the MM calculations were better
than those of the MD simulations. Moreover, for 7 types of
energies (out of 12), the single pose results showed higher
enrichment than those of multiple poses. In addition, the binding
free energies with entropy terms showed slightly high enrich-
ment performances in the respective categories (2—4), which
were calculated from MD simulations. In particular, G04, GO7,
and G10, which included the binding entropy effects of the
ligands, showed the highest ROC values in their respective
categories.

We monitored the mobility of ligand molecules in MD
simulations of CDK2. Figure 3 shows the cumulative percentages
of positional displacements of ligand molecules relative to each
protein between the docking and final MD structures. From this
figure, it is clear that the docked ligands for CDK2 did not move
very much in the MD simulations, as compared to the other target
proteins, which implies that the protein-ligand interactions were
not fully relaxed. Such insufficiency in conformational relaxation/
refinement directly influences protein-ligand interactions. Partic-

~1.00 (Docking) -

0.33 (Rescoring) 1.67 (Rescoring)

278 Cocking

Trypsin HIV PR AChE CDK2
EF (10%) 500 (GO1) 333(GOD . 429(G03) 176 (GoT)
' 4.00 (GO6) 10.0 (G06) 7.14 (G06) 176 (G04)
3.00 (G09) 33306090 714609 143 (G07)
000 (G12) 000(G12) 429 G12) 214 (G10)
100 (Docking) 5.00 (Dockin 429 (Docking)  235(Docking)
0.00 (Rescoring) : '0.60 (Réscoring) O.'OO'(F/{“egco’fi'an)'
EF (30%) 1233 (GO1). 190Gy 196601
3.00 (GO6) 333 (G06) 285 (G06) 117 (Go4)
200 (G09) 278 (G09): o 285(G09) 167,607
0.6 (G12) 055 (G12) 238(G12) 1.90 (G10)

1‘52;3 (Décking) [

; 176 (Docking)
0.48 (Rescoring)

0.19 (Rescoring)

The enrichment factor (EF) can be defined as:

approach (docking) (see Materials and Methods).
doi:10.1371/journal.pcbi.1000528.t1004
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EF=(a/n)/(A/N)

where a is the number of active compounds in the n top-ranked compounds and A is the number of total N compounds. In this table, the n for EF (10%), n for EF (30%),
and N were 100, 300, and 1,000, respectively. For the respective proteins, A, n for EF (10%), and n for EF (30%) indicate the numbers of active compounds in the top
1,000, top 100, and top 300, respectively. All of the EF values calculated from the result of screening using multiple poses. “Rescoring” indicate the result of rescoring
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Figure 3. Mobility of ligand molecules in MD simulations. This
graph indicates cumulative percentage graph of positional displace-
ments of ligand molecules relative to the respective proteins between
docking structures and final MD structures. The blue, green, orange,
and red solid lines indicate cumulative curves for trypsin, HIV PR, AChE,
and CDK2, respectively. The broken line indicates a curve for longer MD
simulations (1.4 ns) of CDK2. From the red solid line, it is clear that the
docked ligands for CDK2 did not move in the MD simulations since the
positional displacements of approximately 50% of the ligand confor-
mations were less than 2.0 A.

doi:10.1371/journal.pcbi.1000528.9003

ularly for active compounds, the binding modes obtained by MD
simulations were some different from those of experimental
structures (refer to Figures S5 and S6). These data suggested that
the use of MD simulations for CDK2 led to structural
uncertainties for active compounds. In addition, the interactions
of the inactive (decoy) compounds would not be refined fully in
MD simulations. We think that such low mobility for ligand
molecules and the improper conformational dynamics are due to
an improper MD setup. This would be the reason why the
enrichments of the MD simulations using multiple poses were
worse than those of the MM calculations for CDK2.

Discussion

We evaluated the ability to enrich active compounds for four
target proteins: trypsin, HIV PR, AChE, and CDK2. Our
screening approach could improve the molecular docking results
for all of the proteins except GDK2. For trypsin, HIV PR, and
AChE, our results indicated that the use of multiple poses
improved the enrichments of all the MM calculations and MD
simulations. In addition, the binding free energies calculated from
the MD simulations showed higher and more stable enrichments
than those of the docking and MM calculations. In particular, the
GO06 using multiple poses was considered to be effective. This
energy contained no entropy components. Further, the enthalpy
components were calculated using the coordinate sets extracted
from the MD simulation of a complex.

Kuhn and coworkers [25] reported that for the MM/PB-SA
values of MM calculations, the strategy of using multiple poses
could only show a high enrichment when the correct binding
mode was contained within the higher-scored docking conforma-
tions, but was not captured with a single pose. In our study, we
carefully selected multiple docking poses by the post-processing of
docking results and used an average of five to six docking poses for
each compound. As a result, the correct binding modes or
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potentially correct modes that could be refined by the MD
simulations were sampled within the selected multiple docking
poses, which did not often correspond to the top-scored pose.
Therefore, the results using multiple poses showed a higher
enrichment than those obtained using a single pose.

In addition, Kuhn et al. [25] showed that the use of MD
simulations often leads to structural uncertainties and an
inaccurate estimation of the binding free energy. The MM/PB-
SA energies of the MM calculations and MD simulations in their
study corresponded to GO1 and G04 in our study. A comparison
between GOl and G04 indicated that the enrichment of G04 was
lower than that of GOl, which is consistent with the results of
Kuhn and coworkers [25], although there were large differences in
the MD setup, MM/PB-SA setup, and target proteins. GOl
contained only the enthalpy components that were calculated
using the coordinate sets derived from the MM calculation of a
complex. G04 contained the binding entropy effect of the ligand.
Further, the enthalpy components were calculated using the
coordinate sets from the MD calculation of a complex. The
difference between G04 and G06 was the presence of the entropy
effect. Therefore, we consider that for trypsin, HIV PR, and
AChE, the structural refinement/relaxation by longer and higher
time resolution MD simulations and the relatively accurate
estimation of binding free energy (enthalpy) by the MM/PB-SA
method led to increased enrichment, but the introduction of the
entropy values induced an uncertainty in the binding free energies.
On the other hand, we think that the use of MD simulations for
CDK2 led to structural uncertainties and then an inaccurate
estimation of the binding free energy (Figures S5 and S6). This
would be due to an improper MD setup, as Kuhn and co-workers
suggested in their paper [25].

Basically, it is well-known that it is difficult to calculate entropy
values properly. In our work, the entropy values were calculated
by principal component analysis (PCA). These values are sensitive
to the data sampling frequency [42,43] and are likely to be
overestimated [44]. Therefore, we believe that the entropy values
were slightly unstable and not completely reliable. An alternative
computational method is normal mode analysis. This may be
stable to some extent, but it is known that conformations at
different local energy minima provide rather similar entropy
values even though there are differences in the finite temperature
[42]. Moreover, the computational cost is significantly high to use
for the calculation of many structures. Thus, even if we were to use
normal mode analysis, the entropy values would induce an
uncertainty in the binding free energies. Therefore, in order to
achieve further improved enrichment, it is necessary to improve
the calculations for the entropy terms.

Our strategy could not significantly improve the molecular
docking results for CDK2. It is well known that, as compared to
the binding pockets of the other three proteins, the binding pocket
of CDK2 is more flexible and hydrophobic. We compared the
binding pockets in two different X-ray crystal structures of CDK2
[45,46] (Figure 4). This figure indicates that the shape of the
binding pocket is very flexible and that the hydrophobic region
covers the surface of the binding pocket. In addition, a study on
molecular docking using different CDK2 crystal structures
reported that the volume (flexibility) of the binding site is a key
factor for predicting docking poses [29]. Although only one CDK2
structure was used in this study, we applied MD simulations to
protein-ligand structures obtained from molecular docking to
facilitate the relaxation of protein-ligand interactions. Unfortu-
nately, our MD simulations were insufficient to relax the protein-
ligand conformations in the binding pockets (see Figure 3). Such
insufficiency is believed to be due to the MD setup. To improve
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Figure 4. Binding pockets in two different X-ray crystal structures for CDK2. The left figure indicates the binding pocket in the CDK2-
Oxindole inhibitor complex (PDB Id: 1FVV). This structure was used in our study. The right figure indicates the binding pocket in the CDK2-NU2058
inhibitor complex (PDB Id: 1H1P). The hydrophobic regions in the binding pocket are drawn in blue, and the hydrophilic regions are drawn in red.
From this figure, it is clear that large hydrophobic regions were located in both binding pockets. In contrast, the shapes of the two binding pockets
were considerably different, which means that the binding pocket of CDK2 was flexible.

doi:10.1371/journal.pcbi.1000528.g004

the insufficient relaxation, we applied the MD simulations for
1.4 ns to each configuration; this simulation time was twice that of
the initial MD simulation time. These MD simulations effected
some relaxation/refinement of the ligand conformations (Figure 3);
the enrichments of the multiple poses were found to be higher than
those of the single pose (Table 2). Despite this, G04-G09 showed
only small improvements in the enrichment performance. These
results suggest that further improvement of the MD setup was
necessary. To obtain information about how to improve the MD
setup, we attempted to maximize the ROGC values by using an
approach based on the linear response (LR) [47] and MM/PB-SA
methods (LR-MM/PB-SA approach [48]) The LR-MM/PB-SA
equation was derived from equations 2-4 (see Materials and
Methods):

AGping = aAEiy +bAE, . + cAEqw +dAGpg +eAGsy —fTAS(l)

where a, b, ¢, d, e, and f are weighting factors ranging from 0.5 to
1.5. The terms on the right side of equation 1 represent the energy
difference between the complex and protein plus ligand. This
approach is usually used for estimating the binding affinity by
combining an empirical MM/PB-SA energy calculation with an
LR optimization of coefficients against the experimental binding
affinities of several compounds. The optimized free energy model
is used for interpreting the binding model and predicting the
binding affinity of unknown molecules. In our study, we optimized
the weighting factors to maximize the ROG value, that is, the
enrichment performance, using a genetic algorithm (GA). We
applied the LR-MM/PB-SA approach to the G10 of multiple
poses obtained from the initial MD simulations, because G10
showed the highest ROC value among those of the binding free
energies calculated from the MD simulations (Table 2). As a result,
when the weighting factors of a—f were 1.12, 0.91, 1.47, 1.01, 0.87,
and 1.49, respectively, a maximum ROGC value of 0.812 was
obtained (Figure 5). This result suggested that the LR-MM/PB-SA
approach was effective at improving the enrichment performance,
and these weighting factors indicated an improvement plan for the
MD setup. The weighting factor of the entropy term, 1.49, would
contribute to dilute the percentage of inactive (decoy) compounds.
This would be related to the fact that the ligands in the binding
pocket of CDK2 could not move largely (Figure 3). In addition, it
is conceivable that the weighting factor of AE,qw, ie., 1.47,
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enriched the active compounds because they include a hydropho-
bic region and formed comparatively strong hydrophobic
interactions with the binding pocket (See Figure S4). As the
binding modes obtained through MD simulations were some
different from the experimentally observed binding modes, the
conformational refinement was considered insufficient or improp-
er to accurately predict the binding free energy. This information
also suggests that fully conformational relaxation/refinement is
required to improve the enrichment performance. In this study,
the ligand, water molecules, and protein residues around the
binding pocket were allowed to move, but other protein residues
were restrained to the X-ray structure in all of the MM
calculations and MD simulations (a detailed explanation is given
in the Materials and Methods section). Hence, to achieve the

@
e

6.8

e o
o g

o
I

,C’
£ 2
Wl‘:;\;.,x,]{ninll

Sensitivity
L]
L

v s G071 ()
. wwnne GOT(8)
e (310 (Opt)
0TI 0T 04 05 0.6 0.7 0.8 051
1-Selectivity

Qo
R

SN WUTYOE JOO O SUUTTUR SO S T SO NOF YO SO0 SOt NP |

Figure 5. ROC curves of the LR-MM/PB-SA approach for CDK2.
This graph shows the sensitivity versus 1-specificity. This indicates the
ROC curves obtained when the active compounds in the top 1,000
compounds are all considered to be as true positive. The black dashed,
sky blue solid, and sky blue dashed lines indicate random screening,
molecular docking and rescoring (docking), respectively. The GO1(m),
GO1(s), molecular docking and rescoring(docking) are the same as in
Figure 2. G10 (opt) is the ROC curve of G10 (multiple poses) obtained by
the LR-MM/PB-SA approach. The ROC value is 0.812.
doi:10.1371/journal.pcbi.1000528.g005
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conformational relaxation of the binding pocket of CDK2,
allowing wider protein residues to move in MD simulations and
longer MD simulations are required. The former is an especially
important parameter for improving the enrichment performance,
although it would increase the computational cost. In our next
study, which will focus on the extent of the mobility of protein
residues, along with simulation time and force-field parameters for
organic small molecules, we will attempt to optimize the MD setup
using a recent widely used dataset of decoy compounds [49].

The computational screening of large compound libraries
involves the use of hierarchical multiple filters, such as ligand-
and structure-based approaches. Molecular docking plays the
primary role in these filters. With advancements in computer
performance and computational chemistry, docking programs
have become more accurate, but their ability to enrich hit
compounds remains unsatisfactory. In order to improve the
enrichment performance of molecular docking, we attempted to
use the MM/PB-SA method [50] as a post-molecular docking
filter. The basis of our approach was to perform massive MD
simulations of protein-ligand conformations obtained from
molecular docking, aim at the refinement/relaxation of protein-
ligand conformations after docking, and predict more accurate
binding free energies using the MM/PB-SA method in a practical
time for lead discovery. Combining molecular docking and MD
simulations basically allows each of them to neutralize the other’s
defects, but certain problems remain even with MD simulations,
particularly with regard to compound screening applications. The
major drawback of MD simulations is insufficient sampling due to
the significant computational cost involved. To solve this problem,
we performed MD simulations using various docking conforma-
tions obtained by molecular docking. However, the computational
cost of this technique was approximately five to six times that of
MD simulations using single docking conformations, such as the
top-scored docking conformation. The enormous computational
time needed for MD simulations is a serious problem. Here, we
solved this problem by accelerating most of the time-consuming
operations of the MD simulation using a high-performance
special-purpose computer for MD simulations, “MDGRAPE-3”
[27,28]. Accordingly, our approach could be performed in a
practical time (about a week) for lead discovery. The evaluation in
this study provides valuable information on in-silico drug design.
Further, a more rigorous MD-based filter is under consideration
for further improving the enrichment performance. This tech-
nique will also be applied to the lead optimization stage of drug
development research.

In conclusion, our approach could improve the enrichment of
virtual screening by molecular docking. Among the 12 types of
binding free energies, G06, which was obtained from the MD
simulations using multiple poses, showed the highest and most
stable ability to enrich the active compounds. The strategy of
multiple poses can be used to sample the potentially correct poses
of active compounds; thus, it increases the enrichment perfor-
mance. Since the GO06 enrichment factors for the top 100
compounds ranged from 4 to 10 (see Table 4), which indicates
approximately 1.6-4.0 times higher values than the enrichment
performance of molecular docking, with the exception of CDKZ2, it
is obvious that a stable and high enrichment can be achieved after
molecular docking. In addition, GO6 is suitable for compound
screening because its computational cost is the least among those
of the other MM/PB-SA energies obtained from the MD
simulations. We also confirmed that GOl, which was obtained
from the MM calculations, showed good enrichment ability
despite its low computational cost. This result agreed with that of
the previous study [25]. The ability of GOl to enrich active
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compounds was lower and less stable than that of GO06, but we
believe that GOl acted as an effective filter between molecular
docking and the MD-based MM/PB-SA method. From this study,
we conclude that the application of MD simulations to virtual
screening for lead discovery is effective and practical, but that
further optimization of the MD simulation protocols is required
for the screening of various target proteins, including kinases.

Materials and Methods

Preparation of the Target Protein

We applied our approach to four target proteins: trypsin, HIV
PR, AChE, and CDK2. These structures with crystallographic
resolutions of less than 3.0 A, were retrieved from the Protein
Data Bank (PDB) because the conformations of residues in the
binding pocket affect the molecular docking results (PDB Id: 1C58
(trypsin) [51], ITHWR (HIV PR) [52], 1E66 (AChE) [53], and
IFVV (CDKZ2) [46]). All of the bound crystal water molecules,
ligands, and other organic compounds were removed from each
protein. Hydrogen atoms were added, and energy minimizations
on the hydrogen atoms were performed using the Molecular
Operating Environment (MOE) program (Chemical Computing
Group Inc. [54]).

Seeded Compound Library for Docking

For each target protein, we prepared a test set of compounds
that included 10,000 randomly selected compounds, or decoys,
from the Maybridge library of compounds and experimentally
known active compounds. It was confirmed that 95.5% of the
selected decoy compounds obeyed the Lipinski rule of 5 [55]. The
active compounds, which had binding affinities (K}, Ky, or ICs)
below 30 um, were selected from the PDBbind database [56,57]
and by referring to the literatures [26,58]. Most of the active
compounds also obeyed the Lipinski rule of 5. The numbers of
active compounds selected for each of the respective target
proteins was as follows: 21 (trypsin), 8 (HIV PR), 14 (AChE), and
26 (CDKZ2) (see Figure S1, S2, S3, S4). For each compound of the
test set, a 3D conformation was generated, ionized, and energy
minimized using LigPrep (Schrodinger Inc. {59]), assuming a pH
of 7.0.

Docking

Molecular dockings were performed using the Genetic Optimi-
sation of Ligand Docking (GOLD) version 3.1 [9,10]. This
program employs a GA to explore the possible binding modes.
The standard default settings for the GA parameters were used.
The binding site radius was 12 A. We performed the docking run
three or four times using the GoldScore or ChemScore function
for each target protein and selected the result that showed the best
enrichment. GoldScore (default settings) was used as the scoring
function for trypsin and HIV PR. In contrast, ChemScore (default
settings) was used for AChE and CDK2 because docking runs
using GoldScore can detect few of the successfully docked active
compounds for AChE and CDKZ2. For AChE alone, the torsional
rotations of Phe-330 (chil and chi2) were treated as flexible in the
docking process. For each docking run, the 10 highest-scoring
docking poses were saved to obtain a variety of binding modes.

Post-processing of the Docking Results

First, among the 10 highest-scoring docking poses saved for
each compound, those in which the compound did not occupy the
binding pocket or did not interact with the important residues
were removed. The latter was used only for trypsin and HIV PR.
The important residues were Aspl80 for trypsin and Asp24 in
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each monomer for HIV PR. These treatments had the effect of
reducing the false positives for molecular docking. The docked
compounds were then arranged in descending order from the
highest score with respect to the multiple docking poses, and the
top 1,000 compounds were selected from the test set. Finally, for
the top 1,000 compounds, the docking poses of each compound
were clustered using the root mean square deviation of 0.9 A
(complete link method [60]). After post-processing, approximately
6,000 docking poses were selected for the 1,000 compounds, which
were then used as the initial conformations for MD simulations.
Some active compounds were not ranked in the top 1,000. The
numbers of active compounds in the top-scoring 1,000 were 10, 6,
7, and 17 for trypsin, HIV PR, AChE, and CDKZ2, respectively. In
addition, the compounds in the top-scoring 1,000 were rescored
with ChemScore (trypsin and HIV PR) or GoldScore (AChE and
CDK2) because it is known that the rescoring approach increases
the enrichment performance [61]. Furthermore, we analyzed
ROC curves using molecular weight as classifier (Figure S7). From
statistical analysis, it is obvious that the differences in the ROC
values between GO06 and molecular weight were statistically
significant for trypsin, HIV PR, AChE.

MD Simulation Protocols

We performed MD simulations of each complex (ligand-bound
protein), protein, and ligand to obtain various types of binding free
energies (see the following subsection). The active sites of the
protein-ligand complexes were immersed in an approximately 28—
30 A sphere of transferable intermolecular potential 3 point
(TIP3P) water [62] molecules. The radius of the water droplet was
selected such that the distance of the atoms of all the docked
compounds from the water wall was greater than 15 A (see
Figure 6). The total number of atoms in the respective systems was

Figure 6. System for MD simulation of trypsin. The protein is
shown by the space-filled model, and the ligand is colored biue. The
peripheral residues around the active center {red region), a ligand, and
water molecules were allowed to move in the MD simulation. The
protein residues (grey) were restrained to the X-ray structure by a
harmonic energy term. Similar systems were used for the other target
proteins.

doi:10.1371/journal.pcbi.1000528.g006
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approximately 8,000-12,000. On the solvent boundary, a half-
harmonic potential (1.5 kcal/mol-A%) was applied to prevent the
evaporation of the water molecules. The ligand, water molecules,
and protein residues that were approximately 12 A of the active
center were allowed to move, but other protein residues were
restrained to the X-ray structure by the harmonic energy term
(1.5 keal/mol-A?%) in all of the MM calculations, namely the MM
energy-minimization, and MD simulations. For the simulations of
the ligands, each ligand was immersed in a water droplet, and this
structure was used as the initial structure for the MD simulation of
the ligand. In addition, the simulation of each protein (trypsin,
HIV PR, AChE, and CDK2) was performed in the same manner
as that of the complex.

All of the simulations were performed using AMBER 8.0 [63]
modified for MDGRAPE-3 [27,28]. The ff03 force field [64] was
adopted, and the time step was set at 0.5 fs. To carefully consider
the motion of hydrogen atoms in the interactions between the
ligands and protein residues, no bond length constraint was applied
to solute atoms. The temperature of each system was gradually
increased to 300 K during the first 25 ps, and additional MD
simulations were performed for 700 ps for equilibration. The
temperature was maintained at 300 K by using the method
described by Berendsen et al. [65], and the system was coupled to
a temperature bath with coupling constants of 0.2 ps. The
parameters and charges for the ligands were determined using the
antechamber module version 1.27 of AMBER 8.0 [63] by utilizing the
general atom force field (GAFF) [66] and the AMI1-BCC charge
method [67,68]. Although the computational cost of the AM1-BCC
charge method is low, a some difference between the charge and
that of ff03 was noticeable. Since the original GAFF parameters
were insufficient to cope with the parameters of all the ligands, we
filled the missing parameters on the basis of the information on
regarding atom types, bonds, valences, angles, and dihedrals by
using an in-house program (see Text S1). (Note: these parameters
for proteins and small organic molecules are very important to
calculate the binding free energies between proteins and ligands)

Our MDGRAPE-3 systern is a cluster of personal computers,
each equipped with two MDGRAPE-3 boards. Each board
contains 12 MDGRAPE-3 chips and has a peak speed of
approximately 2 Tflops. The computations of non-bonded forces
and energies for MD simulations were accelerated by
MDGRAPE-3, and the other calculations were performed by
the host central processing unit (CPU). In this study, we used 50
host computers equipped with 100 MDGRAPE-3 boards. The
calculations for an MD simulation and the estimation of the
binding free energies by the MM/PB-SA method were performed
simultaneously. The average computational time for a single
protein-ligand complex was 2.5 h, and the computations for
approximately 6,000 protein-ligand conformations obtained by
docking for each protein were completed in a week. The total
simulation time for each protein was 4 s, which corresponded to
an 8-us MD simulation with a standard time step of 1 fs. A single
MD simulation for the system (Figure 6), without using
MDGRAPE-3, requires more than 10 times the abovementioned
computational time. Thus, in the current state, it would be quite
difficult to use our screening approach without the MDGRAPE-3
system in a practically appropriate time for lead discovery.
Therefore, our study can provide important information for MD-
based screening.

Calculation of Binding Free Energy by the MM/PB-SA
Method

The production MD trajectory was collected for the last period
of 210 ps. In the calculation of the binding free energies by the
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