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Abstract: The stereospecificity in binding to aldose reduetgsl R2) of two fidarestat {6-
fluoro-2',5'-dioxospiro[chroman-4,4'-imidazolidin2}carboxamide} stereoisomers [(2S,4S)
and (2R,4S)] has been investigated by means ofaulaledynamics simulations using free
energy integration techniques. The difference enftee energy of binding was found to be
2.0 =+ 1.7 kJ/mol in favour of the (2S,4S)-form, agreement with the experimental
inhibition data. The relative mobilities of the diestats complexed with ALR2 indicate a
larger entropic penalty for hydrophobic binding(8R,4S)-fidarestat compared to (2S,4S)-
fidarestat, partially explaining its lower bindirgffinity. The two stereoisomers differ
mainly in the orientation of the carbamoyl moietifharespect to the active site and rotation
of the bond joining the carbamoyl substituent te ting. The detailed structural and
energetic insights obtained from out simulationsvalfor a better understanding of the
factors determining stereospecific inhibitor-ALR2ding in the EPF charges model.

Keywords. Aldose reductase, Fidarestat, Stereospecificity,lebdar dynamics, Free
energy.

1. Introduction

The hyperglycemia observed in diabetes mellitughés primary instigator of long-term diabetic
complications such as retinopathy, neuropathy, regathy and cataracts [1-2]. The elevated glucose
concentration in blood causes increased flux thmotingg polyol pathway and the activation of this



Int. J. Mol. Sci2006, 7 520

pathway is believed to underlie various diabetimmpbcations. Aldose reductase (ALR2), the first
enzyme of the polyol pathway reduces glucose iotbitl with concomitant conversion of NADPH to
NADP+ [3-4]. Excessive accumulation of intracellusarbitol through the polyol pathway is linked to
the pathogenesis of diabetic complications and gargen of sorbitol accumulation by inhibition of
aldose reductase activity is an effective treatnfenthese complications [5-6]. A large number of
structurally diverse aldose reductase inhibitorgehbeen synthesized [7-17], and many molecular
modeling studies have been performed to understamd, structural basis, the interactions between
inhibitors and ALR2 [18-19].

Aldose reductase contains )8 barrel motif with a large hydrophobic pocketpeagximately 60
A wide and 15 A deep, which greatly favors aromaiimd apolar substrates over highly polar
monosaccharides. Crystal structures of ALR2 cormgaewith NADPH and diverse inhibitors reveal
that this hydrophobic pocket is the only possibiéva site. The cofactor NADPH is bound in an
unusual extended conformation across the barrél thig nicotinamide ring centered at the bottom of
this cavity. Upon binding of NADPH, the enzyme urgies a large conformational change involving
the shifting of loop 7 to an orientation which appeto lock the coenzyme into place [20-22].

The active site can be divided into two regionse Tirst includes three proton-donating side chains,
tyrosine, histidine, and tryptophan, along with t#hero-R hydrogen of the nicotinamide ring of
NADPH, and provides an anion binding site at théédwmo of the active site pocket. The second region
forms a hydrophobic wall, composed of the hydrophobsidues phenylalanine, tryptophan, cysteine,
alalanine, leucine, and offers the possibility of-a stacking interaction which could stabilize the
aromatic ring system of a substrate and/or an itdnif23-24].
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Figure 1. Structures and nomenclatures of (2S,4S)-Fiddrasth(2R,4S)-Fidarestat. The fidarestat
molecule consists of a chroman ring, a cyclic immu&@ety and a carbamoyl group.

A large number of aldose reductase inhibitors wignificant activity in vitro and in animal models
have been discovered but relatively few have bested on diabetic patients and four of these,
tolrestat, zopolrestat, ponalrestat and zenaresst withdrawn from clinical trials due to the lagk
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efficacy or adverse side effects [25-27]. Fidatedtawever, recently showed encouraging results in
that it normalized erythrocytic sorbitol contemsneuropathy patients with no significant side @e
[28].

Fidarestat {(2S,4S)-6-fluoro-2',5'-dioxospiro[chram4,4'-imidazolidine]-2-carboxamide}, which
shows higher activity and selectivity than othehilitors, contains a carbamoyl-substituted cyclic
imide-chroman system ring (Figure 1) [29-31]. Theictures of the respective complexes with ALR2
suggest that alteration of the interactions betwibencyclic imide rings and carbamoyl groups of the
substrate with residues Trp20, Val47, Tyrd8, Trgdi8110, Trplll, Phel22, Trp219, Cys298, Ala299
and Leu300 could account for differences in thaibitory potencies (Table 1).

Table 1. Functional residues around (2S,4S)- and (2R, 48)dgmf Fidarestat complexed with Human
Aldose reductase (ALR2). In the analysis of intéoas, the following geometrical criterion for
hydrogen bonds was used: a donor-acceptor dis2aBok and a donor-hydrogen-acceptor angle of at
least 135°. The IC50 value is taken from ref. 33.

(25, 49)-Fidarestat (16 = 0.03uM) (2R, 4S)-Fidarestat (Kg = 0.57M)

Residues] Dist CA°® HB® ARY PH DC Disf CA" HB® ARY PH DC

Trp20* 33 613 - + + - 32 465 - + ; -
Val47* 32 489 - - + - 31 465 - - + -
Tyr48* 26 300 + + - - 25 325 + + - -
Trp79* 3.6 7.6 - + - - 3.5 8.1 - - - -

His110* 28 266 + - - 27 322 + + ; ;
Trpl11* 28 325 + - + - 28 324 + - + -
Phe122* 38 283 - + - - 37 359 - + - -
Trp219* 36 271 - + - - 30 450 - + ; ;
Cys298* 34 340 - - + + 3.0 331 - - - +
Ala299 49 04 + - - - 37 32 + ; ; -
Leu300* 29 507 + - - + 28 398 + - - +
NADP" 3.0 340 + - - - 29 341 + + - -

®Nearest distance (A) between atoms of the Fidarasththe residue of Human ALRZontact surface area {fbetween
the substrate and the residue of Human ALRgdrophilic-hydrophilic contact (hydrogen bon8Aromatic-aromatic
contact®Hydrophobic-hydrophobic contadtjydrophobic-hydrophilic contact (destabilizing cact). +/- indicates
presence/absence of a specific contacts. * indicasidues contacting ligand by their side chaialiding C atoms).

In this study, we report the calculation of theatile free energies of binding to ALR2 of fidardsta
and its (2R,4S) stereoisomer using molecular dyoaniMD) simulations in an explicit aqueous
environment. X-ray structural and mass spectromstrdies of binding of these and other ligands to
the same template have been reported [32-34]. In aalculations, we have employed the
thermodynamic integration (TI) approach [35] utilig either Mulliken [36] or electrostatic potential
fitted (EPF) [37-38] charges under CHARMM/MMFF [32] force fields for the perturbed part of the
substrate. MD trajectories of a total of 8 ns wgeaerated for each of the two fidarestat sterecsem
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bound to ALR2. Structural characteristics of th#afiestat complexed with ALR2 were analyzed and
the results were compared with the experimentabitibn data.

2. Methods

2.1. Partial charge and force constant calculation fidarestat

The partial charges and force constants for thedédrenergy terms were determined from a
Hartree-Fock/6-31G*ab initio calculation. A full geometry optimization was d¢ad out at the
Hartree-Fock/6-31G* level using GAMESS [43]. Opthaiion was started from standard CHARMM
[39-41] values for the internal coordinates anddiystal structure geometry for each of the isonoérs
fidarestat [29-33]. Geometrical convergence wasiobtl after 43 cycles of optimization with a final
gradient of 0.21% 10° Hartree/Bohr. Partial charges centered on theshu@re determined by fitting
the electrostatic potential derived from #d@initio calculation in the presence of special constraints

Force constants for the internal coordinates boretextgy terms were obtained from the second
derivative of the Hartree-Fock/6-31G* energy sugfaihe Hessian matrix, with respect to the internal
coordinates, assuming that the nonbonded energyritmations to the force constants are small
compared to the bonded energy terms.

2.2. Molecular dynamics simulations

MD simulations extending for over 8 ns in total wearried out with CHARMM [39]. Force field
parameters for the protein were taken from the CNIMR2 all-atom parameter set [41].The MMFF
parameter set [42] in CHARMM was used to paramsteifie charges of the NADRtoms. The van
der Waals parameters were taken from the MMFF/CHAMR parameters of analogous atoms. The
interactions were cut off sharply with no switchifgnction at 12 A. SHAKE [44] module in
CHARMM was used to restrain the bond lengths artime step of 2 fs was used. To keep the
temperature at 300 K, the system was coupled eatlath with a time constant of 0.1 ps.

Structures of (849-Fidarestat and R49)-Fidarestat were taken from the crystal structyigds
33], in which fidarestat setereocisomers are congueto ALR2. The complex was solvated in a
periodic truncated octahedron using a modified PIR&ter model [45]. Water outside a sphere of 20
A radius around the center of the active site wasodf. This center was determined as the middle
point between fidarestat and thé @ the side chains in the active site. The coatdia of water were
optimized by steepest descent energy minimizatiomhich ALR2 and each fidarestat was positionally
restrained using a harmonic interaction and eqaiidd for 100 ps with the protein atoms constrained
to the crystal structure positions. All the proteitoms and waters inside a sphere of 12 A radius
around the center of the active site were alloveechdve while the remaining atoms were constrained
to the positions in the equilibrated structure gsa harmonic potential. Prior to the free energy
calculations, a final 100 ps equilibration run whasn performed on the entire system using these
constraints.

With these potential parameters under electrosiadiential fitted (EPF, see note in Table 2)
charges, we got rather large fluctuations in thee fenergy change as well as in the position and
orientation of the fidarestat between different wamions. In an effort to make these fluctuations
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smaller, we made another series of runs with allMlulliken charges but keeping a zero net charge on
all residues.
2.3. Free energy perturbation

AG(2R,4S) -~
(2R,4S)-Fidarestat+Wat+ALR2 7 > [ALR2-(2R,4S)-Fidarestat]

eq=

A G’ZSI4Sl > .
(2S,4S)-Fidarestat+Wat+ALR2 g [ALR2-(2S,4S)-Fidarestat]

Figure 2. Thermodynamic cycles used for the calculatioretdtive free energy of binding of R4S)-
Fidarestat and @4S)-Fidarestat to the ALR2AGzr4g, andAG:sag, are the free energy changes in

the actual reactions of binding the two isomerEidarestat to ALR2, whilAGr4g, andAGsag are
those of two hypothetical reactions that convest(fR 4S)-Fidarestat into (849)-Fidarestat in water
solution respectively when bound to ALR2. The téteé energy change in a closed path is zero, thus
the free energy difference that determines theepgate for bindingAAG = AGrag - AGsag, can

also be written asAAG = AGrag - AGzsag = AGalr2 —AGag The quantityAGar2 can be estimated

using free energy integration techniques, whi& is zero since the R49)- and (5,49)-forms of the

Fidarestat dissolve equally well in water.

We consider the free energies in the reaction sehenmFigure 2. The free energy integration
method has evolved as an efficient method with twhe estimate differences in the free energy of
binding between relatively similar molecules [4G-48depends upon molecular dynamics simulations
where one molecule is successively converted imoather form. This is accomplished [49-51] by
adding into the simulations a perturbing force Wwhiepends upon a parameétdhat is O in the initial
state and 1 in the final state. Perturbation isas&gl by use of an improper dihedral poten&é¥, 1)
= Ky [V - (1-20) Po]° Here, ¥ is the improper dihedral that determines the abgisveen the €C?
bond and the plane containing thé I€' and G atoms of carbamoyl moiety of fidarestt, is the
associated force constant afgl= 36.2°, the result of the Hartree-Fock/6-31G*dleoptimization. The
minimum of the potential varies from ¥, to - ¥, during the conversion, the extreme values
corresponding to the E49F and (RA4SF stereoisomers. Use of the united atom method i.e
inclusion of hydrogen in the'Gitom simplifies the conversion. The free enerdfedinceG()) - G(0)
can be calculated as a functioridfom the expression.

>d)l‘

A
G(1)-G(0) = j0<

We are interested iB(A) - G(0). We used the slow growth method to do the cmwe and
changed linearly in time from 0 to 1 in 20 ps. We alscettiwindowing techniques [48] instead of
integration. The system was sampled for 1 ps alid€rete values df. The system was equilibrated
between successive values. Half the computing time was then spentsampling and half on
changing\ and equilibrating the system. This gave resul& there consistent with those obtained
from the slow growth method.

oE
04
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For the (R49F to (I54SF conversion in water we set the free energy cha@,,to zero. To
check the integration procedure, we ran conversadrs system consisting of a periodic box with a
modified TIP3P water model and one dissolved figskatemolecule. During the equilibration, the
density was adjusted to give a pressure of 1 atm.

3. Results and Discussion

3.1. Partial charges and force constant for fiddegésatoms

The calculated partial charges for the fidarestatna are shown in Table 2. Mulliken charges are
given for comparison. These partial charges regredhe electrostatic potential with a high level of
accuracy, as measured by jievalue of 2.85<10° (A.U.), or by they?/Ng of 1.60x 10° (A.U), where
Ng is the number of grid points to which the potdntias fitted. The computed charges led to a dipole
vector (0.43825, 1.21534, -2.3105880°) (A.U.) in excellent agreement with the QM dip¢0e43925,
1.26534, -2.36228 10°). The correlation between the Mulliken charges #redelectrostatic potential
fitted (EPF) charges is excellent, with a correlattoefficient of 0.94 and a slope of 0.90.

1100
y =1.9996x - 210.64 o °

1000 R?=0.983
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Figure 3. Correlation between CHARMM verséd Initio force constantk(;). Thus,

2
ki - 0BG, Cy) i, j=1,..., N,whereE(cy,..., cy) is the Hartree-Fock energy aagdl..., cy are the

N = 3M - 6 independent internal coordinates, M belme number of atoms of the QM system. In the
present case, M = 30. The terms used in the CHARbtiE field correspond to the diagonal
elementsk;; divided by 2 (the factor 0.5 of the Taylor expamsior the energy is included in the force

constant).
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Table 2. Mulliken versuselectrostatic potential fitted (EPFharges for fidarestat atoms

Atom Mulliken charges EPF charges
N1 -0.492316 -0.135382
H1 0.800010 0.219992
H2 0.800010 0.219992
C1 0.307696 0.084615
01 -1.784636 -0.490770
C2 0.861549 0.236923
H3 0.430774 0.118462
02 -1.600019 -0.439999
C3 0.061540 0.016923
H4 0.184618 0.050769
H5 0.184618 0.050769
C4 0.800010 0.219992
N2 -0.307696 -0.084622
H6 0.800010 0.219992

C12 0.030770 0.008462
03 -1.784637 -0.490769
N3 0.492314 0.135385
H7 0.861549 0.236923

C11 0.615392 0.169231
04 -1.723098 -0.473846
C5 0.061540 0.016923
H8 0.430774 0.118462
C6 0.061540 0.016923

F -1.046166 -0.287692

C7 0.030770 0.008462
H9 0.430774 0.118462
Ccs8 -0.061540 -0.016923

H10 0.430774 0.118462
C9 0.061540 0.016923

C10 0.061540 0.016923

%Partial charges were determined by fitting the electrostatic pdteefized from theab initio calculation in the presence
of special constraints. Since these problems, in generandege, in the sense that two different charges distribution ca

give rise to a very similar potentials, additional constraints \wereduced for numerical stability and to select the most
NG NA

reasonable solution. The quantity to be minimized yi§:= O.SZ(qqf'F —Z:Rkiqi)2 , where ¢ is the Hartree-Fock
k=1 i=1

potential at theNg grid points,R,; =|r, — R | is the matrix of the inverse distances between the grid ppamd theith

atom positiorR with a partial charge;, andN, is the number of atoms.
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For molecular dynamics simulation and energy mination, the accuracy of the electrostatic
potential at some distance from the molecule isemoportant than the actual values of the partial
charges. Thus, the EPF charges were used instehe ddulliken charges. Another reason for using
EPF charges was that they are more consistenthat@HARMM charges [41].

Force constants were determined from the Hessidarixn&he correlation of the ab initio values
with the corresponding CHARMM values is shown imgufe 3. The slope of the linear regression
curve is approximately 2 and because of the fornthef harmonic energy function [39], the force
constants were divided by two before implementatiothe CHARMM force field. It might be noted
that off-diagonal terms can be of the same ordenadnitude as the diagonal terms. Those terms are
not accounted for by the present functional fornthefpotential energy function.

3.2. Molecular dynamics and Free Energy calculation

The values oAGALR2 from 16 simulations extending over 8 ns itat@re shown in Table 3 and
Figure 4. In Figure 4, the atom-positional RMSDtlo¢ fidarestat atoms in the trajectory structures
from the initial structure is shown for the ALR2R2S)-Fidarestat and ALR2-(2S,4S)-Fidarestat
complexes.

08 I I | | |
- using EPF charges
0.6 —
= L
2 04|
o L.
0.2
using Mulliken ch rges?
1 I 1 I 1 | |
00 0.5 1 1.5 2 25 3 3.5 4

Time (ns)

Figure 4. Atom-positional RMSD of the fidarestat in thej@&ory structures from the initial structure
under EPF and Mulliken charges, for the simulate®2-Fidarestat complex.
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Table 3. Free energy differences from the simulation.
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Time(ns) EPF charges Mulliken charges
Final Conformation A AG> (kJ/mol) Final Conformation  A<AG> (kJ/mol)
0.5 SlZR,4S)H(284S) +6.19 S 1(2R,4S)H(2$4S) -1.20
1.0 S2s49 (2R 49 +6.10 S 2(2549-2R 49 +8.12
15 SPHRr4a9-(2549 -3.26 S 3r49-2549 -4.05
2.0 S4bsag (2R 49 +2,77 S42549-02R 49 +9.19
2.5 S@RAS)H(ZS@ +4.89 SS(ZR,4S)H(ZS4S) -7.40
3.0 S@s a9 —(2rR49 +0.50 3 6(2549-(2R 49 +7.61
3.5 S'r49-(2549 -1.40 S 7or4a9- (2549 -3.49
4.0 S&sag R4 +7.40 3 82549-(2R 49 +7.61
Average of all
(2R4S) — (2549 +0.9+41 (R4S — (2549 -40+22
(2549 — (2R,49 +4.9+2.7 (549 — (2R4S) +8.1+0.7
Final average
(2R4S) — (2549 -20+1.7 (R4S — (2549 -6.0+ 0.8
20
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Figure 5. Average free energy variation withduring the thermodynamic integration of 500 psirun
the case of (A) EPF charges and (B) Mulliken chaudyering (R 4SF « (2S4SF conversions e.S
andS* series simulations described in Table 3, respdgtive
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Figure 5 shows the free energy averaged over ssigeemanoseconds as a function of the
integration parameter during various 500 ps runs. It can be seen thaktls a systematic difference
between the runs in the two directions and thigemgsis is a measure of the accuracy of the method.
Additional errors in free energy integrations argcdssed in [44-46]. Consequently, the (2R,4S)F
(2S,4S)F and (2S,4S)F (2R,4S)F integrations are averaged separatelyefiioe in the final estimate
is found by dividing the standard deviation betw#enfour runs in each direction with the squaw ro
of the number of independent runs.

As a final estimate we take the averages over2ReAS)F ~ (2S,4S)F runs with their appropriate
signs. We then get AG ALR2 value of - 2.0 kJ/mol for the S series uskgF charges and - 6.0
kJ/mol for the S* series using Mulliken chargeshvthie signs for the (2R,4S)F to (2S,4S)F transition
The non-systematic errors in these numbers anaa&istil to + 1.7 kJ/mol and + 0.8 kJ/mol. In addition
there is a systematic (hysteresis) difference batwine (2R,4S)F- (2S,4S)F and (2S,4S)E
(2R,4S)F conversions of 2.9 and 2.0 kJ/mol, respagt

The previous calculated free energy value [34Ffalithin the error limits of the final estimate for
the S series, while it is clearly different fronethesult of the S* series simulations. The simalsi
(S* series) with the Mulliken charges show relagvemall fluctuations between different runs while
those with EPF charges (S series) differ more. Bhggests that the EPF charges (S series) give a
better description of this system. When the Mullikeharges are increased, we get a more precise
binding with less fluctuations, but this occurstla¢ cost of more free energy to accommodate the
(2R,4S)-form compared to the (2S,4S)-form of fidtae

We now turn to a description of the structural demthat occur during the molecular dynamics. To
describe these, we use distances between sometampaesidues in ALR2 and the atoms of fidarestat,
as shown in Table 4. The orientation of the carbdrmand the cyclic imide moiety, and the N1-C1-C2-
02 dihedral anglé are also important quantities which are discusstolw.

Table 4. Average distances between the atoms of the fitkdrasd the ALR2 active site

Fidarestat| Clads Residue Atom Cla8s Sseries (Dis) S series (Dis)
Hydrophilic Network
N3 Il Tyr20 OH | 3.7+13 3.3+0.3
o* Il Tyr48 OH | 28+1.6 27+0.5
Neor© | lorll NADP* NO7orNN1 llorl 33+1.2 3.1+0.6
Néor O lorlI His110 NE2 | 2.6+0.9 2.5+0.4
o* Il Trplll NE1 1] 28+1.7 2.7+0.2
Hydrophobic Network
N* | Phel22 N I 35+15 3.3+0.3
o' | Ser298 N 1l 47+11 46+0.4
N* | Ala299 N 1l 49+1.4 3.7+0.7
N*or O Lor Il Leu300 N Il 3.1+05 3.0+0.6

4 is Hydrophilic atom type : N and O that can donate andpadogrogen bonds, Il is Acceptor : N or O that can only

accept a hydrogen bond, 11l is Donor : N that can onlyati® a hydrogen bontDist is distance (A) between the fidarestat
and ALR2 atoms.
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( A) NADP
His110 Tyr48

Spirohydantoin ri
e SRR (O T

Figure 6. (A) Schematic diagram depicting the pharmacophoféd_R2 consisted of the active
residues. Stereoview of (B)$29)-Fidarestat and (C) R49)-Fidarestat bounded into the active site
of ALR2. This is average structure from moleculanamics simulation.

In the structures from the runs with the Mullikemaoges (S* series), the carbamoyl moiety of the
fidarestats stays fixed with C1 close to the hydaipc network cavity formed by Phel22, Cys298,
Ala299, and Leu300. The variation in these distarar@ong the different S* structures is only about
0.5 A. In contrast, the cyclic imide moiety of bofidarestats changes its position during the
simulations (Figure 6). In the first two structuiesemains in the hydrophilic pocket close to Top2
and Tyr48 but in subsequent simulations, it mowasod the pocket and over to the other side of the
active site, near to His110 and Trpl111l. Once themoves only slightly back and forth during the
remaining integration runs.

With EPF charges (S series), the carbamoyl groupeofidarestat appears to be attached less rigidly
to the nearby region of Phel22. This is seen ireTdlas the distances to these residues are sitmilar
the corresponding distances in the S* series ofb.rlurther, as a consequence of the weaker
electrostatic interactions in the system with ERBrges, the fluctuations in these distances between
different structures are now 0.5 - 1.7 A compare6.p - 0.7 A in the S* series. In this case, thelic
imide moiety of the fidarestats remains in the lbythilic pocket close to NADP+ (Figure 6).

3.3. Order parameter calculation

To describe the orientation of the fidarestat camtpd moiety in the active site we can use two
vectors, one connecting the carboxyl-oxygen tonitregen and the other one perpendicular to the O
C'-N* plane of the carbamoyl group (Figure 7). To corafhe orientation in a series of structures we
define two order paramete®, andSs, associated with these vectors in the followingywidne vectors
are first normalized and then averaged over thessef structures. The average lengths of the vecto
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obtained in this way are taken as the order paem&, andSs. If the orientation of the fidarestat is
exactly the same in all structures, the order patara will be 1 and the more different the origotet
of the Fidarestat ring are in the different stroes the closer the order parameters will be to 0.

Figure 7. A schematic representation of the vectors andtter parameters to define the orientation
of the inhibitor at the active siteaS EV1/N|, = EV2/N|, whereN is the number of structures avid
andV; are the vectors.

Table5. The order paramete® andSs, as described in the text, calculated for normadl lsigher
charged structures.

Structures S >
S1-- S8 (All strucutres) 0.77 0.29
S1, S3, S5, S7 (only (&5, 495)-Fidarestat structures) 0.81 0.65
S2,4, S6, S8 (only (R, 45)-Fidarestat structures) 0.72 0.78
S*1-- S*8 (All strucutres) 0.84 0.67
S*1,S*3,S*5, S*7 (only (&5, 49-Fidarestat structures) 0.79 0.88
S¥2,54,5%6, S*8 (only (R, 49-Fidarestat structures) 0.96 0.97

From Table 5 it is seen that order param8&eiis fairly close to 1 both for th® andS* structures,
indicating that the ®N* vector does not change orientation much duringrttegyration runs. Th&
order parameter is much smaller, especially foiSk&uctures. This indicates that the carbamoylelan
has a quite different orientation in the differsiructures. However, & is calculated separately for
the (R4S and (B4 conformations, we get values that are closer rie. dr'his suggests that
stereoisomerization occurs by rotation of the caudd plane through 70°, just as theR(2S) —
(25,49 conversion is accomplished by changing the imerafihedral angle around thé-&* vector
from +35° to -35°. The conversion occurs therefoith the ring fixed in the hydrophilic pocket and
the free energy difference is small.



Int. J. Mol. Sci2006, 7 531

Table 6. Dihedral angle (°§ (N*-C*-C?0?) from the simulations.

Structures EPF charges Structures Mulliken charges
0 Ab 0 Af
S1 61 S*1 159
S2 38 -22 S*2 60 -98
178 139 S*3 161 100
65 -114 S*4 53 -107
S5 -162 134 S5 75 23
-177 -16 S*6 66 -10
S7 -174 25 S*7 77 9
S8 175 159 S*8 -159 125

The (N-C*-C%-0?) dihedral angle for the different structures is shown in Tabldtéies close to
one of the minima of the dihedral potential at +60°180° for all the structures. If the changes$his
dihedral angle during the isomerization are considleit may be seen that the mechanism suggested
previously can not explain the phenomenon. If ting is kept fixed and the carbamoyl moiety is
rotated 70° around the'@* vector to achieve the isomerization, the dihedralill change by +60°
for the (R49F into (S49F conversion and -60° for the opposite transitibnis can be calculated
by the three-dimensional geometry and seen re&wilg a molecular model. That rotation will bring
the dihedral from a potential minimum up on the tdpa barrier, which is clearly unfavorable. The
dihedral will therefore either remain in the initwell or make an additional 60° rotation over éach
the next well. This is also what is seen from Tahld-or the (R4SF — (2S49F conversions we
haveA# approximately 0° or +120° while the change is 02120° for the opposite transition. A single
exception is that in which the RASF - (2S4SF conversion involves a change in dihedral angle o
+126°. In this case, the fidarestat ring changestation considerably.

3.4. Interaction energy between carbamoyl moiety laydrophobic cavity

To interpret the differences between these freeggnprofiles, we calculated the average total
interaction energy of carbamoyl group in fidarestdth its surrounding residues Phel22, Cys298,
Ala299 and Leu300, using the trajectories of theefenergy profile simulations. In the ALR2-
Fidarestat complexes, the carbamoyl group is erpetti be most often associated with Leu300 or
Ala299. In Figure 8, the energy profile, and itca®position into van der Waals and electrostatic
contributions are plotted as functions of théRiarestat)-N(Leu300) distance. In both complexies,
total energy profile has a shape determined byetbetrostatic interaction energy and similar to the
corresponding free energy profile, with a barriérirdermediate distances and low values at the
distances corresponding to Leu300 and Ala299. mtezdactions of the carbamoyl moiety with Leu300
and Ala299 stabilize the profile at the extremeifpmss, whereas the loss of electrostatic intecadi
at intermediate distances creates the large efamier. In the (345F-ALR2 complex, inspection of
the contributions from individual residues showsttthe interaction with Leu300 is more stable
energetically than that with Ala299 due to bettgeiactions with residue Cys298, a result that is
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consistent with published observations [34]. In (BR,4SF-ARL2 complex, Ala299 is more stable
energetically and this is attributable to the elestatic energy term. The main contribution to this
stabilization is from interactions with residue PB2 and Tyrl23. The Cys298 residue favors the
interaction of the carbamoyl moiety with Leu300f bu a smaller degree than in théR(@SF-ALR2
complex.
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Figure 8. Change in the average energy of interaction betwle® carbamoyl moiety and surrounding
residues, in the translocation of carbamoyl fromrégion of Leu300 to that of Ala299 in the (A)
ALR2-(2R,49F and (B) ALR2-(&4SF complex. The energy curves have been shift€@ddat the
point close to Leu300.

This analysis shows that the superior stabilizatbthe (B 4S)F-ALR2 complex as compared to
the (R 4SF-ALR2 complex stems from electrostatic interagsioparticularly with Leu300. Inspection
of the structures from the restrained-distance ktimns, in which the carbamoyl moiety was
restrained at Leu300, shows that the average distagtween the carbamoyl moiety hydrogens and the
backbone nitrogen of Leu300 is smaller in th§43)F-ALR2 complex. At the same time, the distance
between atoms Leu300 N and Ala299 N is approxim&di8 A larger in the @49F-ALR2 complex
as a result of backbone dihedral angle distorttbis could contribute to the improved interactions
between carbamoyl moiety and Leu300 in tH§43F-ALR2 complex.

4. Conclusions

We investigated two models with different fractiboharges. The intent was to bind the substrate
spirohydantoins better in the active sites andesloice positional fluctuation as well as free ereer.git
was concluded that the rather weak charges in Btedbarges model for the fidarestat molecule, non-
covalently linked to the active site, supports eotrestimates of the relative free energy of casivar
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of the inhibitors. This model allows loose bindingh fairly big variations in positions and energia
result which is necessary to accommodate both2a8dS) and (R,4S) isomers of fidarestat into the
same position in the active site and still havaidyf small difference in free energy as requirgdhe
experimental inhibition constants [33-34].

This change of cyclic imide group orientation does alter the interactions greatly, especially sinc
the fidarestats enjoy reduced flexibility in thdiae site of ALR2. Consequently there is a very ma
free energy difference between theS@5 and (R4S stereoisomers bound in the active site.
However, when more distorted molecules such &M#@F and (R 4R)F bind, the difference in the
orientation of cyclic imide and carbamoyl moietiess a more dramatic effect and these molecules
have a greater difference in binding enthalpy tien(254S) and (R 4S) stereoisomers [33-34].

When the thermodynamic integration method was agpln a study of binding free energy
differences of (349F and (R 49F to ALR2, the preferential binding of $ASF over (R,49F was
reproduced in agreement with the experimental itibib data. Slight differences between the
fidarestats were seen in the loss of mobility aridndation of the inhibitors upon binding to ALR2.
This loss was more pronounced foR(ZS5F, leading to a more unfavorable entropic contrduto
the free energy of binding for this molecule, whpartially explains its lower binding affinity.

Acknowledgements

This work was supported by a grant from the KRIB&®arch Initiative Program, Korea

References

1. Laakso, M. Hyperglycemia and cardiovascularatisen type 2 diabeteBiabetes1999, 48, 937-
942.

2. El-Kabbani, O.; Ruiz, F.; Darmanin, C.; Chung R T. Aldose reductase structures: Implications
for mechanism and inhibitior€ell. Mol. Life. Sci2004, 61, 750-762.

3. Kador, P. F. The role of aldose reductase irdtheslopment of diabetic complicatiorided. Res.
Rev.1988, 8, 325-352.

4. Tomlinson, D. R.; Stevens, E. J.; Diemel, LAIdose reductase inhibitors and their potential for
the treatment of diabetic complicatiosends Pharmacol. Sc1994, 15, 293-297.

5. Lee, A. Y. W.; Chung, S. S. M. Contributions padlyol pathway to oxidative stress in diabetic
cataractFASEB J1999, 13, 23-30.

6. Nishimura, C. Y. Aldose Reductase in Glucoseiditx A Potential Target for the Prevention of
Diabetic Complicationd?harmacol. Rev1998, 50, 21-34.

7. Yamagishi, M.; Yamada, Y.; Ozaki, K.; Asao, Mehimizu, R.; Suzuki, M.; Matsumoto, M.;
Matsuoka, Y.; Matsumoto, K. Biological activitieadaquantitative structure-activity relationships
of spiro[imidazolidine-4,4'(1'H)-quinazoline]-22(3'H)-triones as aldose reductase inhibitdrs,
Med. Chem1992, 35, 2085-2094.

8. Costantino, L.; Rastelli, G.; Vescovini, K.; @ayella, G.; Vianello, P.; Del Corso, A.; Cappiello
M.; Mura, U.; Barlocco, D. Synthesis, activity, amblecular modeling of a new series of tricyclic
pyridazinones as selective aldose reductase iohsbhit. Med. Cheml996, 39, 4396-4405.



Int

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

J. Mol. Sci2006, 7 534

Kotani, T.; Nagaki, Y.; Ishii, A.; Konishi, YYago, H.; Suehiro, S.; Okukado, N.; Okamoto, K.
Highly selective aldose reductase inhibitors. 3ru&ural diversity of 3-(arylmethyl)-2,4,5-
trioxoimidazolidine-1-acetic acidd. Med. Cheml997, 40, 684-694.

Costantino, L.; Rastelli, G.; Gamberini, M. &inson, J. A.; Bose, P.; lannone, A.; Staffieri,;M
Antolini, L.; Del Corso, A.; Mura, U.; Albasini, A1-Benzopyran-4-one antioxidants as aldose
reductase inhibitorsl. Med. Cheml1999, 42, 1881-1893.

Costantino, L.; Rastelli, G.; Gamberini, M. Gjovannoni, M. P.; Piaz, V. D.; Vianello, P.;
Barlocco, D. Isoxazolo-[3,4-d]-pyridazin-7-(6H)-orees a potential substrate for new aldose
reductase inhibitorsl. Med. Cheml1999, 42, 1894-1900.

Fresneau, P.; Cussac, M.; Morand, J. M.; Szgkipm.; Tranqui, D.; Leclerc, G. Synthesis,
activity, and molecular modeling of new 2,4-dioxgraphthylmethylene)-3-thiazolidineacetic
acids and 2-thioxo analogues as potent aldose taskinhibitorsJ. Med. Chem1998, 41, 4706-
4715.

Nicolaou, I.; Zika, C.; Demopoulos, V. J. [1L8Difluoro-4-hydroxyphenyl)-1H-pyrrol-3-
yllphenylmethanone as a Bioisostere of a Carbox4kitd Aldose Reductase Inhibitar. Med.
Chem.2004, 47, 2706-2709.

Settimo, F. D.; Primofiore, G.; Settimo, A. Motta, C. L.; Simorini, F.; Novellino, E.; GrecG,;
Lavecchia, A.; Boldrini, E. Novel, highly potentdalse reductase inhibitors: Cyano(2-oxo-2,3-
dihydroindol-3-yl)acetic acid derivative3. Med. Chenm2003, 46, 1419-1428.

Pau, A.; Asproni, B.; Boatto, G.; Grella, G, Eaprariis, P. D.; Costantino, L.; Pinna, G. A.
Synthesis and aldose reductase inhibitory acts/enovel thienocinnolinone derivativesur. J.
Pharm. Sci2004, 21, 545-552.

Bruno, G.; Costantino, L.; Curinga, C.; Macc®i; Monforte, F.; Nicolo, F.; Ottana, R.; Viga&ijt
M. G. Synthesis and aldose reductase inhibitoryiactof 5-arylidene-2,4-thiazolidinediones.
Bioorg. Med. Chen002, 10, 1077-1084.

Costantino, L.; Corso, A. D.; Rastelli, G.;@eh, J. M.; Mura, U. 7-Hydroxy-2-substituted-4-H-1
benzopyran-4-one derivatives as aldose reductdskitors: A SAR studyEur. J. Med. Chem.
2001, 36, 697-703.

Singh, S. B.; Malamas, M. S.; Hohman, T. C.lakintan, R.; Carper, D. A.; Kitchen, D.
Molecular modeling of the aldose reductase-inhititamplex based on the X-ray crystal structure
and studies with single-site-directed mutadtsMed. Chen2000, 43, 1062-1070.

Parenti, M. D.; Pacchioni, S.; Ferrari, A. Rastelli, G. Three-dimensional quantitative struetu
activity relationship analysis of a set of Plasnoodifalciparum dihydrofolate reductase inhibitors
using a pharmacophore generation apprcachled. Chen2004, 47, 4258-4267.

Bohren, K. M.; Grimshaw, C. E.; Lai, C. J.; Hson, D. H.; Ringe, D.; Petsko, G. A.; Gabbay, K.
H. Tyrosin-48 is the proton donor and histidine-Hix@cts substrate stereochemical selectivity in
the reduction reaction of human aldose reductaseynee kinetics and crystal structure of the
Y48H mutant enzymeBiochemistryl994, 33, 2021-2032.

Harrison, D. H.; Bohren, K. M.; Petsko, G. Ringe, D.; Gabbay, K. H. The alrestatin double-
decker: binding of two inhibitor molecules to humaldose reductase reveals a new specificity
determinantBiochemistryl997, 36, 16134-16140.



Int. J. Mol. Sci2006, 7 535

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lee, Y. S.; Chen, Z.; Kador, P. F. Moleculardelong studies of the binding modes of aldose
reductase inhibitors at the active site of humatosé reductaséBioorg. Med. Chem1998, 6,
1811-1819.

Giulio, R.; Luca, C. Molecular dynamics simidas of the structure of aldose reductase
complexed with the inhibitor tolrestd&ioorg. Med. Chem. Let1998, 8, 641-646

Kawamura, M.; Hamanaka, N. Development of Essat (Kinedak), aldose reductase inhibigor.
Synth. Org. Cheni997, 37, 787-792.

Pfeifer, M. A.; Schumer, M. P.; Gelber, D. AdAse reductase inhibitors: The end of an era®r th
need for different trial designsRiabetes1997, 46, S82-S89.

Costantino, L.; Rastelli, G.; Vianello, P.; Gagella, G.; Barlocco, D. Diabetes complicationd an
their potential prevention: Aldose reductase irtiobi and other approachdded. Res. Rev.999,

19, 3-23.

Yasuda, H.; Terada, M.; Maeda, K.; Kogawa, Sanpada, M.; Haneda, M.; Kashiwagi, A.;
Kikkawa, R. Diabetic neuropathy and nerve regermaraProg. Neurobiol 2003, 69, 229-285.
Asano, T.; Saito, Y.; Kawakami, M.; Yamada,Mdarestat (SNK-860), a potent aldose reductase
inhibitor, normalizes the elevated sorbitol accuamtioh in erythrocytes of diabetic patienis.
Diabetes Complica002, 16, 133-138.

Petrova, T.; Steuber, H.; Hazemann, |.; CouSidd, A.; Mitschler, A.; Chung, R.; Oka, M;
Klebe, G.; El-Kabbani, O.; Joachimiak, A.; Podjardy Factorizing selectivity determinants of
inhibitor binding toward aldose and aldehyde redses: structural and thermodynamic properties
of the aldose reductase mutant Leu300Pro-fidarestaplex.J. Med. Chen2005, 48, 5659-5665.
El-Kabbani, O.; Carbone, V.; Darmanin, C.; OWa, Mitschler, A.; Podjarny, A.; Schulze-Briese,
C.; Chung, R. P. Structure of aldehyde reductaseehayme in complex with the potent aldose
reductase inhibitor fidarestat: implications fohiioitor binding and selectivityJ. Med. Chem.
2005, 48, 5536-5542.

Oka, M.; Matsumoto, Y.; Sugiyama, S.; TsuriNg, Matsushima, M. A potent aldose reductase
inhibitor, (2S,4S)-6-fluoro-2', 5'-dioxospiro[chr@am-4,4'-imidazolidine]-2-carboxamide
(Fidarestat): its absolute configuration and intéoas with the aldose reductase by X-ray
crystallographyJ. Med. Chem2000, 43, 2479-2483.

El-Kabbani, O.; Darmanin, C.; Schneider, T.lRazemann, |.; Ruiz, F.; Oka, M.; Joachimiak, A.;
Schulze-Briese, C.; Tomizaki, T.; Mitschler, A.;dparny, A. Ultrahigh resolution drug design. Il.
Atomic resolution structures of human aldose remkestholoenzyme complexed with fidarestat
and minalrestat: Implications for the binding otly imide inhibitors.Proteins2004, 55, 805-
813.

El-Kabbani, O.; Darmanin, C.; Oka, M.; Schubrgese, C.; Tomizaki, T.; Hazemann, I
Mitschler, A.; Podjarny, A. High-Resolution Strusts of Human Aldose Reductase Holoenzyme
in Complex with Stereoisomers of the Potent InbibiEidarestat: Stereospecific Interaction
between the Enzyme and a Cyclic Imide Type InhibioMed. Chem2004, 47, 4530-4537.
Darmanin, C.; Chevreux, G.; Potier, N.; Van $3etaer, A.; Hazemann, |.; Podjarny, A.; El-
Kabbani, O. Probing the ultra-high resolution stnoe of aldose reductase with molecular

modelling and noncovalent mass spectrom@&igorg. Med. Chen004, 12, 3797-3806.
Kirkwood, J. G. Statistical mechanics of flaniktures.J. Chem. Phy<935, 3, 300-313.



Int

36

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

49.

50.

51.

. J. Mol. Sci2006, 7 536

. Mulliken, R. S. Electronic Population Analysia LCAO-MO Molecular Wave Functions. J,
Chem. Phys1955, 23, 1833-1840.

Bayly, C. I.; Cieplak, P.; Cornell, W.; KollmaR. A. A well-behaved electrostatic potential lshse
method using charge restraints for deriving atoch@rges: the RESP modél.Phys. Cheml993,

97, 10269-10280.

Anisimov, V. M.; Lamoureux, G.; Vorobyov, I|. MHuang, N.; Roux, B.; MacKerell, Jr., A. D.
Determination of Electrostatic Parameters for aaRphble Force Field Based on the Classical
Drude OscillatorJ. Comp. Theor. Cher2005, 1, 153-168.

Brooks, B. R.; Bruccoleri, R. E.; Olafson, B.; 3tates, D. J.; Swaminathan, S.; Karplus, M.
CHARMM: a program for macromolecular energy, mirgation, and dynamics calculationk,
Comput. Cheml983, 4, 187-217.

Brooks lll, C. L.; Karplus, M. Deformable stashtic boundaries in molecular dynamigsChem.
Phys.1983, 79, 6312-6325.

Mackerell, A. D.; Bashford, D.; Bellott, M.; Dbrack, R.; Evanseck, J.; Field, M.; Fischer, S.;
Gao, J.; Guo, H.; Ha, S.; Joseph, D.; KuchnirKugzera, K.; Lau, F.; Mattos, C.; Michnick, S.;
Ngo, T.; Nguyen, D.; Prodhom, B.; Reiher, W.; Rou; Smith, J.; Stote, R.; Straub, J.;
Watanabe, M.; Wiorkewicz-Kuczera, J.; Yin, D.; Kligg M. An all-atom empirical potential for
molecular modelling and dynamics study of protein$hys. ChenB 1998, 102, 3586-3616.
Halgren, T. A. Merck Molecular Force Field: Basis, form, scope, parameterization, and
performance of MMFF94]. Comp. Chen1996, 17, 490-519.

Schmidt, M. W.; Baldridge, K. K.; Boatz, J. &lbert, S. T.; Gordon, M. S.; Jensen, J. J.; Kpsek
S.; Matsunaga, N.; Nguyen, K. A.; Su, S.; Windus, LT, Dupuis, M.; Montgomery, J. A.
GAMESS.J. Comput. Chenml993, 14, 1347-1363.

Ryckaert, J. P.; Ciccotti, G.; Berendsen, HCJNumerical integration of cartesian equations of
motion of a system with constraints: molecular agits of n-alkanes, J. Comput. Phys. 1977, 23,
327-341.

Jorgensen, W. L.; Chandrasekhar, J.; Madur@,;Jmpey, R. W.; Klein, M. L. Comparison of
simple potential functions for simulating liquid tea J. Chem. Phys<l983, 79, 926-935.

Tembe, B. L.; McCammon, J. A. Ligand-receptdetiactionsComput. Chenil984, 8, 281-283.
Wong, C. F.; McCammon, J. A. Dynamics and desifjenzymes and inhibitord. Am. Chem.
S0c.1986, 108 3830-3832.

Pearhnan, D. A.; Kollman, P. A. A new method &arrying out free energy perturbation
calculations: Dynamically modified window&. Chem. Phy<l989, 90, 2460-2470.

Wood, R. H. Estimation of errors in free enemplculations due to the lag between the
hamiltonian and the system configuratidnPhys. Chen1991, 95, 4838-4842.

Hermans, J. Simple analysis of noise and hasitein (slow-growth) free energy simulatiods.
Phys. Cbeml1991, 95, 9029-9032.

Hermans, J.; Yun, R. H.; Anderson, A. G. Pieniof free energies calculated by molecular
dynamics simulations of peptides in solutidnComput. Chen1992, 13, 429-442.

© 2006 by MDPI (http://www.mdpi.org). Reproductiapermitted for noncommercial purposes.



