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Abstract: An iterative, computer-assisted, drug design strategy that combines molecular design, molecular
mechanics, molecular dynamics (MD), and free energy perturbation (FEP) calculations with compound synthesis,
biochemical testing of inhibitors, and crystallographic structure determination of protiibitor complexes

was successfully used to predict the rank order of a series of nucleoside monophosphate analogues as fructose
1,6-bisphosphatase (FBPase) inhibitors. The X-ray structure of FBPase complexed with 5-aminoimidazole-
4-carboxamide-J-p-ribofuranosyl 5monophosphate (ZMP) provided structural information used for
subsequent analogue design and free energy calculations. The FEP protocol was validated by calculating the
free energy differences for the mutation of ZMB fo AMP (2). The calculated results showed a net gain of

1.7 kcal/mol, which agreed with the experimental result of 1.3 kcal/mol. FEP calculations were performed for
18 other AMP analogues. Inhibition constants were determined for over half of these analogues, usually after
completion of the calculation, and were consistent with the predictions. Solvation free energy differences
between AMP and various AMP analogues proved to be an important factor in binding free energies, suggesting
that increased desolvation costs associated with the addition of polar groups to an inhibitor must be overcome
by stronger liganetprotein interactions if the structural modification is to enhance inhibitor potency. The
results indicate that FEP calculations predict relative binding affinities with high accuracy and provide valuable
insight into the factors that influence inhibitor binding and therefore should greatly aid efforts to optimize
initial lead compounds and reduce the time required for the discovery of new drug candidates.

Introduction ular dynamics calculations offers a theoretically precise method

Computer-assisted drug design (CADD) has contributed to of determ‘”‘."g the binding. freg energy differences of structurally
the successful discovery of numerous novel enzyme inhibitors, related _|nh|b|t0rs. D_esp!te its high accuracy, f_ree energy
including inhibitors of thymidylate synthase, HIV-1 protease, calculation8 have primarily been used to rationalize experi-

and purine nucleoside phosphoryldsa.each case, CADD was me_n_tqlly determined binding affinities rather than predict
used to predict the relative binding affinity of an inhibitor affinities of new analogues. The reluctance to use free energy

designed from a lead compound prior to synthesis. A free energycalculations for predictions and therefore drug design is partly
simulation technique known as the thermodynamic cycle related to its large CPU requirements and its limited use for

perturbation (TCP) approaghsed in conjunction with molec-  the evaluation of large sets of compounds or compounds that
differ significantly in structure from the lead compound.

* Correspondence may be addressed to either author. E-mail: reddy@ Nevertheless, a few studies have reported promising results using
mbasis.com or erion@mbasis.com.
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Figure 1. CADD flowchart.2 E:| = enzyme-inhibitor complex? Scan binding interactions using strategy described in ref&nd I' are structurally
similar. ¢ Relative energies or estimated relative free energies.

successfully optimized using TCP calculations as part of an the interactions of potential ligands with the FBPase allosteric binding
iterative structure-based design stdflyMore recently? the site® Newly designed analogues were docked in the AMP binding site
contributions of individual heteroatoms of adenosine mono- and examined individually. The most promising analogues were selected

phosphate (AMP) to fructose 1,6-bisphosphatase binding affinity Lc_’rJ_u”he_; calcgdlationsﬂ?n thlet.baskif g.f the;;. ".Feradions "\fthl tthed
were successfully rank ordered using the free energy perturba-""c!Ng-Ste residues. the refative binding afinities were calcuiate

. . sing the free energy perturbation method, and the analogues exhibiting
tion (FEP) methodology. Fructose 1,6-bisphosphatase (FBPasegigniﬁcantly enhanced binding affinities were synthesized and evaluated

is a potential target for type Il diabetes drugs based on its central . Fgpase inhibitors.

role within the gluconeogenesis pathwand the association Thermodynamic Cycle—Perturbation (TCP) Approach. Thermo-

of this pathway with the excessive production of glucose by gynamic cycle perturbation is a method that computes the relative
the livers of non-insulin—dependent diabetes mellitus patrénts. Change in binding free energy through nonphysical paths Connecting
AMP inhibits FBPase activity by binding to an allosteric site the desired initial and terminal staf&¥his approach enables calculation
and inducing a conformational change. The present article of the relative change in binding free energyAGying between two
describes our efforts to predict the SAR of AMP analogues by related compounds by computationally simulating the “mutation” of

calculating the relative solvation and binding free energies with one to the other. The relative solvation free energy change for the two
the hope that this |_nfo_rmat|on vyould uI_tlmat_er aid the dlscovgry (7) (3 Rothman, D. L. Magnusson, .- Katz, L. D.: Shulman, R, G.;
of potent FBPase inhibitors using the iterative process describedshyiman, G. 1Sciencel 991, 254, 573-576. (b) Magnusson, |.; Rothman,
in Figure 1. D. L.; Katz, L. D.; Shulman, R. G.; Shulman, G.J. Clin. Invest 1992
90, 1323-1327.
(8) (a) Ke, H. M.; Zhang, Y. P.; Lipscomb, W. Rroc. Natl. Acad. Sci.
Methods U.S.A.199Q 87, 5243-5247. (b) Iversen, L. F.; Brzozowski, M.; Hastrup,
. . . . S.; Hubbard, R.; Kastrup, J. S.; Larsen, |. K.; Naerum, L.; Norskov-
Computer-Aided Drug Design Scheme High-resolution X-ray Lauridsen, L.; Rasmussen, P. B.; Thim, L.; Wiberg, F. C.; Lundgren, K.
structures of human FBPase inhibitor complexes were used to studypProtein Sci 1997 6, 971-982.
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Figure 2. Thermodynamic cycles used to calculate the relative solvation free energy (cycle 1) and relative binding free energy (cycle 2).

ligands is computed using the first part of cycle shown in Figure 2 and convergence. Each stage of the simulation was performed using 101

represented in eq 1: windows with each window comprising 1 ps of equilibration and 2 ps
of data collection. Thus, a molecular dynamics simulation of 626 ps
AG, — AG; = AG,;— AG,,= AAG,, (1) run was used for each mutation. Previous studies suggest that shorter

simulations are often associated with convergence problems with the
The relative binding free energy change for the two ligands is computed thread method?
using the second part of the cycle shown in Figure 2 and represented Convergence or Statistical Error Estimation. A doublewide
by eq 2: sampling procedure was followed for all of the mutations, and the
reported results are based on the averages from the backward and
—ksTIn(k2k1) = AG, — AG; = AGg, — AG,q = AAG,ng  (2) forward simulations. Convergence was tested by comparing the relative
change in the free energy for the AMP-to-ZMP mutation using two
wherekg is the Boltzmann constarik,is the absolute temperature, and ~ different lengths of molecular dynamics simulations. Errors were
k1 andk2 refer to the experimentally measured binding constants for €stimated for each window by dividing the window statistics into four
inhibitors S1 and S2, respectively, aitds; and AG, to the corre- groups (in both forward and backward directions) and computing the
sponding free energy differences. standard deviation for the indicated free energy change. The root mean
The free energy change for converting molecule S1 into molecule square of these window errors is reported as a measure of the statistical
S2 is computed by perturbing the Hamiltonian of reactant S1 (initial Uncertainty in the calculation.
state) into product S2 (final state). This transformation is accomplished
through a param_etrization of terms compri_sing the interaction potentials Computational Details
of the system with a change of state variable that maps onto reactant
and product states when that variable is 0 and 1, respectively. The total A molecular dynamics, molecular mechanics, and FEP

ggri eS;??ZﬁE&L“ E&igﬁgﬁg}f&? tehnee'rn't'iLtgnth:Sf'g\irsit\fe'rsal calculations were carried out with the AMBER program using
b y g a9y 9 an all atom force fielt and the SPC/E model potenfiato

windows visited by the state variable as it changes from 0 to 1. . . . .
Single and Double Topology MethodsThe single topology method describe water interactions. Electrostatic charges and parameters

entails changing the appropriate reactant atoms to product atoms. ThefOr the standard residues were taken from the AMBER database.

mutation often results in geometrical changes as well as changes inFor nonstandard solute atoms, partial charges were obtained by

partial charges and van der Waals parameters. Prior to the mutation fitting wave functions calculated with Gaussiah®4t the

the system was minimized using 500 steps of steepest descent and 2008-31G* basis set level with CHELF. All equilibrium bond

steps of conjugate gradient and then equilibrated for 20 ps. Eachlengths, bond angles, and dihedral angles for nonstandard

mutatigr_l was then complete_d using 101 windows, with _each window residues were taken from ab initio optimized geometries.

comprising 1_ps of gqUIllbratlon and 2 ps of data collection or 303 ps Missing force field parameters were estimated from similar

of ItOt‘;I] MdD S'{)TUI?“O”I' thread methida sindle tonol . chemical species within the AMBER database. Parameters and
f tne caibe “opoody or Treal memeta sing’e 10poiagy 1 e partial atomic charges for all of the inhibitors and calculated

defined for those atoms that are identical in both molecules (i.e. forc . .
constants and equilibrium geometries are the same but partial chargesre'at've gas, aqueous, and complex free energies between AMP

can vary). For the portion of the molecule which is transformed, both @nd its analogues are available in the Supporting Information.
the starting (reactant) and ending (product) topologies are defined using  Solvation free energies were computed (the first cycle of
their associated geometries, with one beginning and the other endingFigure 2) by solvating the solute with SPC/E water using the
the simulation entirely as dummy atoms. Dummy atoms are identical AMBER box option. All of the water molecules located greater

to real atoms except that their Lennard-Jones parameters and charges
are set to zero. At intermediate points during the transformation, all ~ (11) (a) Weiner, S. J.; Kollman, P. A.; Case, D. A.; Singh, U. C.; Ghio,
atoms in both topologies have fractional Lennard-Jones parameters and®-; Alagoha, G.; Profeta, S., Jr.; Weiner, P. K.Am. Chem. Sod.984

charges. Additionally, molecules with both topologies interact with the 108 765-784. (b) Singh, U. C.; Weiner, P. K.; Caldwell, J. K.; Kollman,
environment but not with each other. P. A. AMBER Version 3.0University of California at San Francisco: San

In each mutation, the system was initially minimized using 500 steps F"’Hg')s(cac;' ég?:ﬁdseny H. J. C.: Grigera, J. R.; Straatsma, T. Phys.
of steepest descent and 2000 steps of conjugate gradient and therthem1987 91, 6269-6271. (b) Reddy, M. R.; Berkowitz, MChem. Phys.
equilibrated for 20 ps. A two-stage procedure was used to obtain relative Lett. 1989 155 173-176.
free energy differences from the molecular dynamics simulations. _ (13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W;

: : Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
Du_rlng the first stage, the charges of the reactant atoms are turned off - Montgomery, J. A.. Raghavachari, K.; Al-Laham, M. A.: Zakrzewski,
while thg Lennard-Jones parameters of the product atoms are turned,,’ G.: Ortiz, J. V.: Foresman, J. B.: Cioslowski, J.: Stefanov, B. B.:
on. During the second stage, the Lennard-Jones parameters of theyanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
reactant atoms are turned off while the charges of the product atomsWong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
are turned on. This procedure has been used previ§ushachieve Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. &Aaussian 94 Gaussian, Inc.:

(10) (a) Singh, U. CProc. Natl. Acad. Sci. U.S.A988 85, 4280. (b) Pittsburgh, PA, 1995.
Reddy, M. R.; Bacquet, R. J.; Zichi, D.; Matthews, D. A.; Welsh, K. M; (14) Chirlian, L. E.; Francl, M. MJ. Comput. Chem1987, 8, 894—
Jones, T. R.; Freer, 9. Am. Chem. Sod.992 114, 10117. 905.
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Figure 3. Stereoview of the allosteric binding site of fructose 1,6-bisphosphatase and the binding geometry of AMP (yellow).

than 15.0 A or less than 2.5 A away from any solute atoms C4). C1 and C2 comprise the crystallograpiisymmetric unit.
were removed. Aqueous-phase dynamics simulations wereAnalysis of the X-ray structure of the FBPasgMP complex
carried out in a rectangular box using periodic boundary shows that there are slight differences between each subunit
conditions in all directions. Newton’s equations of motion for with regard to the atomic positions for several residues (e.g.,
all of the atoms were solved using the Verlet algorithmith Arg140 and Lys112 side chains) and the number and position
a 2 fs time step. SHAKE was used for constraining all bond  of water molecules in the AMP binding site. Consequently, we
lengths. Constant temperature ,(R & T ensemble) was  calculated the interaction energy of ZMP in each subunit. The
maintained by velocity scaling all atoms in the system. Non- calculated interaction energies after energy minimization indi-
bonded interaction energies were calculated using a 15.0 Acated that the C4 subunit had the lowest energy {C&1 <
residue-based cutoff. C3 < C2). Accordingly, the C4 subunit was used for all
For the protein complex simulations (the second cycle of molecular modeling calculations. AMP was overlayed on ZMP
Figure 2), it was necessary to first generate the hydrogen atomcomplexed to the C4 subunit. Figure 3 shows the stereoview of
coordinates (for the all-atom force field to be applied), since the binding-site geometry and the important hydrogen bonds
they are not determined by X-ray crystallography. The EDIT formed between AMP and the FBPase binding-site residues.
module of AMBER was used to add hydrogens to the protein  Structural Comparison. The average “dynamical” structure
tetramer and the crystallographic waters. The protonation stateof the FBPase AMP complex was computed following energy
of histidine was deduced from analysis of neighboring residues minimization using 500 steps of steepest descent followed by
and from hydrogen-bonding potential. The total charge on the 2000 steps of conjugate gradient and equilibration using a 20
FBPase tetramer complex wagl e. No counterions or changes ps MD simulation. For time steps of 1 and 2 fs in the MD
in the customary charge of protein residues were used. The entiresimulations, the root-mean-square (RMS) deviations from the
system was immersed in a 25.0 A radius sphere of solvent crystal structure were 1.10 and 1.17 A for backbone atoms and
centered around the mutating group. The water sphere wasl1.55 and 1.61 A for side chain atoms, respectively. As expected,
subjected to a half-harmonic restraint near the boundary to the largest deviations were observed on the surface (with RMS
prevent evaporation. During the simulation, all atoms of the deviations of 1.28 and 1.70 A for backbone and side chain
protein were fixed beyond 25.0 A. All nonbonded interactions atoms, respectively) when compared to the rest of the protein.
involving the inhibitors and the charged residues of the protein This is primarily due to the flexibility of the protein at the
were computed with an infinite cutoff. A 15.0 A nonbonded protein—water interface. Since both time steps gave structures
residue-based cutoff was used for other residues of the systemthat are in good agreement with the X-ray structure, we used
The algorithm for the complex simulation was identical to the the larger time step, that is, 2 fs, for all of the free energy
solvent simulation except for the absence of periodic boundary calculations to save computer time.
conditions in the former.

Results and Discussion
X-ray Structure
Validation of the FEP Methodology. The mutation of ZMP

The X-ray structure of the ZMP:human liver FBPase complex to AMP was performed to test the validity of our protocol. Since
was solved at 2.3 A resolution, refined using Xplor to the this mutation involves significant changes in ligand structure,
crystallographidR factor of 0.205, and made available to us by  the ‘thread’ methot was used to accomplish the transformation.
Professor W. Lipscomb (Harvard University). FBPase is a Accordingly, the bases of ZMP and AMP were ‘threaded’
tetrameric molecule with four identical polypeptide chains{C1  together at C'1 The calculated difference in binding free energy

(15) Verlet, L. Phys. Re. 1967, 159, 98-103. of 1.70 £ 0.9 kcal/mol is in good agreement with the

(16) Ryckart, J. P.: Ciccotti, G.. Berendsen, H. J.JCComput. Phys. experimentally measured free energy difference of 1.3 kcal/
1977, 23, 327-341. mol (Table 1). These results indicate that ZMP binds to FBPase
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Figure 4. AMP analogues.

with lower affinity relative to AMP. The lower affinity is
attributed in part to the higher desolvation free energy of ZMP
(—1.5 kcal/mol), which presumably results from the increased
number of hydrogen bonds formed between ZMP and water.
In addition, ZMP is associated with increased conformational
freedom (higher entropy) relative to AMP and therefore likely
pays greater entropic costs.

Analysis of AMP Analogues

Scanning the AMP binding site of FBPase using the free
energy perturbation methddndicated that hydrogen-bond
interactions with the phosphate, 6-amino group, and N7 were
important for high binding affinity. In addition, the scan revealed

energies are reported in Table 1. The free energy differences
between AMP and phosphona®® éhow that the phosphonate
costs 1.0 kcal/mol less to desolvate than AMP. Despite the lower
desolvation cost, phosphona8 (as a significantly less potent
FBPase inhibitor (3.9 kcal/mol). The large loss in relative
binding affinity is likely due to the loss of the hydrogen bond
between the '5oxygen and the phenolic hydroxyl of Tyr113.

In addition, relative to phosphates, phosphonates are less acidic
and consequently less charged, which likely decreases the
interaction energy to the protein residues in the phosphate
binding site.

Table 1. Calculated Relative Solvation and Binding Free Enefgies
between AMP and Its Analogs to FBPase (Units are in kcal/mol)

areas of AMP that contributed little to binding affinity. Using mutation AAGe  AAGundtealy AAGrind(erey
this information, we designed AMP analogues using structural AMP(2) —~ZMP (1) -15£07  1.7+09 13
modifications tailored for the AMP binding site. For example, ‘adb — Phosphonatd [1E06 206£08 755
g ) g . P&, AMP — adenosine Ssulfate @) NCP 35+1.6 >2.6
new substituents were added to various positions of AMP to AMP — carboxylates NC 50+£20  >3.6
gain favorable interactions with binding site residues. In other Am“g'csafbotﬁy'lampm *i-gigg olz'f'i 8-2 '\éDs"‘

. . — 2-S5'Me’ y - . . .

cases, the groups deemed to be essential from the I!gandﬁMP - 2-methyl AMP @) 04L04 020L05 ND
scanning studies were replaced with structural mimetics designedamp — 2-ethyl AMP ©) 05+05 0.7+06 1.0
to retain the binding site interactions but provide improved drug- AMP — 2-chloro AMP (L0) —09+06  0.8+07 11
like qualities AMP — 1-deaza AMP 1) 0.7+04 —06+05 ND
qualiies. N AMP — 3-deaza AMP12) 11404 -05+05 ND
Substitutions at the C3 Position. Phosphates are often poor  AMP — 1,3-dideaza AMP13) 1.3+05 —0.8+06 ND
drug candidatéd due to their instability in biological fluids and =~ AMP —13-dideaza-1-fluoro AMPIY)  1.0£06 -13£07  ND
. ility trat I b A It F d AMP — 1,3-dideaza-1-ethyl AMPIE) 1.2+06 —-05+0.7 ND
|nab'| ity to penetrate cell membranes. As a result, we focused avp — primonophosphatet§) 10406 23108 27
our initial efforts on the analysis of AMP analogues in which AMP — 6-methyl PR monophosphatéd 3.5+ 0.7 2.0+ 0.9 ND
the phosphate was replaced with potential phosphate mimicsAMP — 6-chloro PR monophosphate) ~ 4.9+06  1.2+£08 L4
) i : . 7 AMP — 7-deaza AMP 19) 0.8+05 2.8+06 3.3
(Figure 4). Calculations were carried out comparing the binding ayp — formycin monophosphat@() 05+04 06+05 03

affinity of AMP with phosphonate3), sulfate @), carboxylate
(5), and dicarboxylate€). The double topology method was
used for the mutation of AMP to carboxylat8) (and dicar-
boxylate @) due to the large structural changes associated with The calculated relative binding free energies for sulfae (
these mutations. The single topology method was used for the carboxylates) relative to AMP are 3.5+ 0.6 and 5.0+

mutation of AMP to phosphonateS)( and sulfate 4). The 1.6 kcal/mol, respectively. These calculated free energies are

aFree energies are relative to AMPNC = not calculated$ ND =
not determined? PR is purine riboside.

calculated relative differences in the solvation and binding free

(17) Starrett, J. E.; Tortolani, D. R.; Hitchcock, M. J.; Martin, J. C.;
Mansuri, M. M. Antiviral Res.1992 19, 267.

qualitatively similar to the experimental resultsso2.6 and> 3.6
kcal/mol. The large change in charge between the phosphate
(—2e) and either the carboxylate or sulfatelg) is likely to
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account for the reduced binding affinity. This change in charge which appears to more than offset the large desolvation penalty
is commonly associated with a decrease in accuracy in free associated with the amino group.

energy calculations. Nevertheless, the qualitative trend was Imidazole Ring Modifications. 7-Deaza AMP 19) and
correctly predicted. Analysis of the calculated relative solvation formycin monophosphate2() (Figure 4) were evaluated to
and binding free energies between dicarboxyl&)eahd AMP assess whether AMP analogues lacking N7 or using N7 as a
showed that the dicarboxylaté)(costs 2.3 kcal/mol more to  hydrogen-bond donor were suitable FBPase inhibitors. The
desolvate but gains about 1.1 kcal/mol in the complex as 'esults from our FEP calculations using a single topology are
compared to AMP. Accordingly, the dicarboxylate analéy ( reported Table 1._ Relative to AMP, the desolvation gain for
binds less effectively (1.2 kcalimol) to FBPase, even though it /-d€aza AMP19) is about 0.8 kcal/mol. Apparently, however,
gained favorable interactions in the binding-site residues relative 1€ 10SS of the N7 hydrogen bond to the hydroxyl of Thr31
to AMP. On the basis of the calculated relative binding free residue results in a 2.8 kcal/mol loss in binding affinity

3 - ; compared to AMP.
energies none of the four. phosphate mimics were predicted to The major difference between AMP and formycin mono-
bind to FBPase as effectively as phosphate.

o 7 } o phosphated0) is that the N7 of formycin acts as a hydrogen-

Substitutions on the Pyrimidine Ring. The pyrimidine ring bond donor, whereas the N7 in AMP acts as a hydrogen-bond
of AMP was modified on the basis of a graphical analysis of acceptor. Despite this significant structural change and the earlier
the FBPase AMP binding site (Figure 3). The X-ray structure  results with 7-deaza AMP showing that N7 interaction is very
of the FBPase AMP complex revealed unfilled space near N1, important for high binding affinity, the mutation of AMP to
C2, and N3. Since the residues in the vicinity were hydrophobic formycin (20) led to a relative free energy difference of only
and neither N1 nor N3 participated in a hydrogen bond with 0.6 kcal/mol. The graphical analysis following 20 ps of MD
the protein, analogues, 2methyl AMP (7), 2-methyl AMP simulation showed that the FBPase binding site accommodated
(8), 2-ethyl AMP @), and 2-chloro AMP 10) (Figure 4) were the change in the N7 hydrogen bond characteristics by a slight
evaluated to determine whether these substituents gainedrearrangement in the nearby binding-site residues, especially
favorable hydrophobic interactions with Met 188. The calculated the Thr31 side chain. Overall, both compounds showed a similar
free energies shown in Table 1 indicate that relative to AMP, number of hydrogen bonds in the complex as in solvent. The
2-methyl AMP and 2-ethyl AMP were predicted to be slightly calculated relative binding free energy indicates that the small
weaker FBPase inhibitors despite their reduced desolvation costs|oss of free energy in the solvent for AMP is compensated for
The rationale for the decreased binding affinity in the complex in the complex by slightly more favorable interactions with the
was not apparent from analysis of the X-ray structure but the protein The changes in free energy, both in the solvent and in
results were consistent with the inhibition potency determined the complex, could be due to the loss of an intramolecular
subsequently for compoured In comparison, Zmethyl AMP hydrogen bond between N7 and the 6-amino group and a change
and 2-chloro AMP showed a gain in the complex free energy. in the geometry of the 6-amino group. The net result is that the
However, consistent with the experimental results, these ana-calculations supported the experimental results showing that
logues were also weaker FBPase inhibitors than AMP presum- despite a large difference in hydrogen-bond potential, formycin
ably because of the large increase in desolvation costs predictednonophosphate is an FBPase inhibitor with a potency only
to occur with these substituents. slightly less than that of AMP.

In addition to the 2-substituted analogues, several deaza AMP
analogues were evaluated to determine whether the expectedConclusions

reduction in desolvation costs produced by the base modification A successful application of a computer-assisted drug design

WO.“'.d re_sult in an AMP. analogue with enhanced t_3|n_d|_ng paradigm is described in this article using the FEP approach as
?ff'”'ty- Since each mutation betweer) AMP qnd the pynm@me a means to accurately predict the FBPase inhibitor SAR of AMP
fing .anglcl)guesj(l—15) involved reIaUve]y minor changes in analogues. Accurate prediction of inhibitor SAR is expected to
the inhibitor structures, we used a single topology for the shorten the time required to find suitable candidates for drug
reactant and product molecules. As expected_l-deaza AMP (0'7development by eliminating the time expended on the synthesis
kcal/mol), 3-de§za AMP (1.1 kcal/mol), 1,3-dideaza AMP (1.3 and characterization of compounds that ultimately prove to be
kcal/mol), 1,3-dideaza-1-fluoro AMP (1.0 kcal/mol), 1,3-d_|deaza- weak inhibitors and by focusing chemistry efforts on more
1-ethyl AMP (1'.2 kg:al/ mo_l) _showed decreased desolvation costs promising compound series. In our studies, the calculated results
and improved binding affinity (Table 1) to FBPase as compared were consistent with experimental data. This study also eluci-

to AMP. dated the importance of solvation free energy in the binding of

3 Tﬂe X-:ja%/ s(;ructurebof I;BEase comﬁleéed V\.’ith AMP (Fifg:|(/|ep AMP analogues to FBPase. In some cases, desolvation energy
) showed hydrogen bonds between the 6-amino group o costs significantly reduced binding affinity, while in other cases

Witg bOIIh the Sidef(if;aiT7h?/dl’%):j)./|.0f T’\T; 31 and tge bSCkp%ne the group associated with the high desolvation energy also
;:]a:j ony oEyg%no d'a -na h't'c;]n’ d a;i')peare th he :;N't N formed strong favorable interactions with the protein which more
ydrogen-bonding distance to the hydroxyl group of Thr3l. To ., compensated for the desolvation costs and therefore led to

understand the binding affinity contribution of the hydrogen o 5rovement in relative binding affinity. Except for the FEP

bonds formed between the 6-amino group and FBPase, purine . .thod which is very expensive computationally and cannot
riboside monophosphaté&®), 6-methyl purine riboside mono- » WIICH IS VETY EXpensiv putat y

hosoh d 6-chl - ibosid hosph be used for all proposed analogues of a lead compound, no other
?155\'5(92[25311:; d u-scin Otrr?epslijrrlmlz trcl) %SI(I) e r;fé“g%;ﬁ?ﬂﬁg% computation method provides accurate solvation free energies.
9 9 pology " These results support the use of the FEP methodology in the

The ca!culated relqtive solvation and bindir)g free energies areOlrug design process as a means to generate SAR information
shown n Table 1 W't.h the latter results showing 909d agreement 4 important insights into the factors controlling inhibitor
with available experimental data. The observed binding prefer- binding affinity.

ence of AMP relative to the 6-desamino AMP analoguess—|(

18) is attributed to the two strong hydrogen bonds formed with  Acknowledgment. We thank Drs. H. M. Ke, Y. P. Zhang,
the 6-amino group and the large favorable interaction energy and William Lipscomb (Harvard University) for human FBPase
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Drs. Max Dang, Gerard Scarlato, and Kurt Metzner for free of charge via the Internet at http://pubs.acs.org.
synthesizing some of the FBPase inhibitors.
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