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ABSTRACT. We have previously shown that a small peptide bearing the hydrolytically stable phosphotyrosyl
(pTyr) mimetic, (difluorophosphonomethyl)phenylalanineRfp), is an extremely potent inhibitor of
PTP1B, with an IG value of 100 nM [Burke, T. R., Kole, H. K., & Roller, P. P. (199B8jochem.
Biophys. Res. Commun. 20429-134]. We further demonstrated that removal of the peptide portion
and incorporation of the difluorophosphonomethyl moiety onto a naphthalene ring system, but not a phenyl
ring system, resulted in good inhibitory potency [Kole, H. K., Smyth, M. S., Russ, P. L., & Burke, T. R.,
Jr. (1995)Biochem. J. 3111025-1031]. In order to understand the structural basis for this inhibition,
and to aid in the design of further analogs, we solved the X-ray structure of [1,1-difluoro-1-(2-naphthalenyl)-
methyl]phosphonic acids) complexed within the catalytic site of PTP1B, solved to 2.3 A resolution. In
addition to showing the manner in which the phosphonate group is held within the catalytic site, the
X-ray structure also revealed extensive hydrophobic interactions with the naphthalene ring system, beyond
that possible with an analog bearing a single phenyl ring. It is further evident that, of the two fluorine
atoms, thepro-R a-fluorine interacts with the enzyme to a significantly greater degree thaprth&
a-fluorine, forming a hydrogen bond to Phe 182. On the basis of a computer-assisted molecular modeling
analysis, it was determined that addition of a hydroxyl to the naphthyl 4-position, giving [1,1-difluoro-
1-[2-(4-hydroxynaphthalenyl)imethyl]phosphonic acR),(could potentially replace a water molecule
situated in the PTP18B complex, thereby allowing new hydrogen-bonding interactions with Lys 120 and
Tyr 46. Compound was therefore prepared and found to exhibit a doubling of affindty= 94 uM)

relative to parent unsubstitute®l (K; = 179 uM), supporting, in principle, the development of high-
affinity ligands based on molecular modeling analysis of the enzyme-bound parent.

Kinase-dependent signaling pathways are central mediatorsas therapeutic agents, little has been reported on their
of cellular physiology and afford new targets for the development (Berggren etal., 1993; Cao et al., 1995; Caselli
development of a variety of therapeutics. Proteyrosine et al., 1994; Errasfa & Stern, 1993; Ghosh & Miller, 1993;
kinase (PTK) mediated phosphorylation of tyrosyl residues Horiguchi et al., 1994; Imoto et al., 1993; Miski et al., 1995;
within specific signaling proteins generates “phosphotyrosyl pPosner et al., 1994; Wang et al., 1994; Watanabe et al., 1994).
(pTyr, 1; Figure 1) motifs” which act as molecular switches, One reason for this may be a less than clear understanding
modulating the flow of signaling information. In this  of the structural requirements for inhibitor design. We
scheme, proteintyrosine phosphatases (Stone & Dixon, haye therefore undertaken the stepwise design and syn-
1994) (PTPs) act in partnership with PTKs to control thesjs of PTP inhibitors through the use of nonhydrolyz-
signaling by maintaining tyrosyl residues in their proper 4o pTyr mimics which can function as competitive inhibi-
phosphorylation states, with the action of PTPs manifesting (.5 at the PTP catalytic site. Relying on studies which
either positive or negative regulation on the signaling Process o o\ved that peptides containing the pTyr mimic 4-(phos-

EHunt'[]er, 199?; Stur; & 'll'onlgs,trl‘994).hAIthouglh PTF; inlhibi— dphonomethyl)phenylalanine (PmR) are effective PTP
ors have potential vaiue both as pharmacologic tools anty,piyisorg (Chatterjee et al., 1992; Zhang et al., 1994), we

T A preliminary account of this work has been reported: Burke, T. prewously_prepared a Pmp-containing hexame.r peptlde based
R., Jr., Kole, H. K., Yan, X., Barford, D., & Ye, B. (1995) Third  ON the epidermal growth factor receptor-derived sequence
Chemical Congress of the Pacific Basin Societies, Honolulu, HI, Dec (EGFRygs-g93), “D-A-D-E-X-L", where X = Tyr, which has

17—22, abstract ORGN 1397. This work was supported in part by a

grant from the National Institutes of Health, DRTC 5P60 DK20541, been shown to be a good PTP. SUbStrate V!Ke# PTyr
to Z.-Y.Z., by a grant from the Wellcome Trust (042552/2/94/z to (Zhang et al., 1994). The resulting peptide, “Ac-D-A-D-E-
D.B.), and by a Natural Sciences and Engineering Research Council X-L-amide”, whereX = Pmp was compared to the same

of Canada Grant to Z.J. . .. . .
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of Medicinal Chemistry, National Cancer Institute, Building 37, Room (F2Pmp,3), which is a Pmp analogue having two fluorines

5C06, National Institutes of Health, Bethesda, MD 20892. substituted at the phosphonatemethylene (Burke et al.,
: Laboratory of Medicinal Chemistry, NCI. 1993a,b; Smyth & Burke, 1994). It was found that the
University of Oxford. o F.Pmb-containi tid hibited a 1000-fold enh t
I Albert Einstein College of Medicine. -Pmp-containing peptide exhibited a old enhancemen

® Abstract published i\dvance ACS Abstractdlovember 15,1996.  in PTP binding relative to its Pmp counterpart (Burke et al.,
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Ficure 1: Structures of pTyr mimics and related inhibitors.

1994a). This provided the first indication that the difluo- magnesium acetate, and 13% (w/v) poly(ethylene glycol)
rophosphonate pharmacophore can contribute to high PTP8000 for 1 h, prior to soaking in an identical solution with
binding affinity. We subsequently examined small difluo- increasing concentrations of glycerol to a final concentration
rophosphonate-containing molecules lacking a peptide com-of 25% (v/v) and freezing at 100 K. X-ray crystallographic
ponent and showed that while the simplest aryl-containing data were collected to a resolution of 2.3 A at station PX
analog, @,a-difluorobenzyl)phosphonic acidl), had little 9.5, SRS, Daresbury, U.K., using an 18 cm MAR imaging
affinity, adding a second phenyl ring to provide the corre- plate from a single crystal at 100 K. Data processing and
sponding 1- or 2-substituted [(1,1-difluoro-1-naphthalenyl)- reduction were performed using DENZO and SCALEPACK.
methyl]phosphonic acid$(@and6, respectively) gave good Finally the data were processed using TRUNCATE (French
binding potency (Burke et al., 1994b; Kole et al., 1995). As & Wilson, 1978). The model of PTP1B (Barford et al.,
seen previously with the peptide-based inhibitors, the fluo- 1994b) was refined against crystallographic data using
rines played an important role in the binding interaction, since X-PLOR (Brunger, 1992) using Engh and Huber parameters
the corresponding nonfluorinated [(2-naphthalenyl)methyl]- (Engh & Huber, 1991). The resultant preliminary refined
phosphonic acidq) had no measurable binding. In further model was used to calculat€2— F. andF, — F. difference
studies we have recently shown that the fluorines may electron density maps. The density arising frértocated
enhance PTP binding affinity by interacting with the enzyme at the catalytic site was easily interpretable, and a model for
directly (Chen et al., 1995), rather than by some secondary6 was fit to the electron density maps using the program O
mechanism such as lowering phosphon#tgvalues, as seen  (Jones et al., 1991). This complex was subjected to further
with SH2 domain binding (Burke et al., 1994c; Smyth et refinement with X-PLOR. Superimpositions of the PTP1B
al., 1992). pTyr (Jia et al.,, 1995) and PTPiB complexes were
The [1,1-difluoro-1-(2-naphthalenyl)methyllphosphonic performed using SUPERSIEVE (Barford et al., 1988).

acid () therefore provides a starting nucleus from which  Molecular Modeling. The atomic charges for compounds
more potent small molecules can potentially be developed. 6 and8 were calculated using GAUSSIAN 92 with a-31g*

In order to facilitate the rational design of new analogs, it basis set. All simulations were performed using the
was important to determine the nature of the binding CHARMM program (version 24), with all-atom parameters
interactions betwee and the PTP catalytic site. Such (version 22 as supplied by Molecular Simulations, Inc.). The
information could have broad implications for understanding X-ray structure of PTP1 was used as the starting structure
the way small molecules interact with the catalytic site. In for subsequent simulations of this complex. Starting from
the present work we have therefore obtained the X-ray the X-ray structure of boun, compound was constructed
crystallographic structure o bound within the catalytic  using QUANTA and then docked into the catalytic site of
cavity of the human proteintyrosine phosphatase 1B PTP1B in a manner similar to that observed in the parent

(PTP1B). This enzyme was the first PTP to have its structure PTP1B6 complex. This complex was then used as the
solved by X-ray (Barford et al., 1994a). On the basis of the starting point for all PTP1B calculations.

X-ray structure of the complex between PTP1B &nthe Simulations were performed by hydrating the system with
orientation within the catalytic site of both the difluorophos- 1100 TIP3P water molecules in the case of enzyihibitor
phonate moiety and the naphthyl ring system to which it complexes and 300 TIP3P water molecules for systems
was attached became evident. Analysis of these bindingpaying inhibitors only. The hydrated systems were mini-
interactions indicated that introduction of a hydroxyl at the izeq first by constraining the protein and inhibitors for 2000
naphthyl 4-position could enhance binding interactions. We jiarations using an Adjusted Basis NewteRaphson algo-
herein report the X-ray structure of tieePTP1B complex rithm, as implemented in the CHARMM program. The
and detail molecular modeling considerations which lead to gnstraints were released. and the whole system was then
the design of inhibitoB as well as their potential application  minimized with 5000 iterations or until convergence (defined
for the design of further small molecule inhibitors. We also ¢ gn energy gradient of 0.001 kcal moh—* or less). The
report the kinetic evaluation & and interpret these data in hydrated systems were heated from 0 to 300 K in 10 ps and
light of molecular modeling-derived energetics. equilibrated for 20 ps. The complexes and inhibitors were
MATERIALS AND METHODS then S|r'nulated'for 1QO or 200 ps, respectively. During the
simulations, trajectories were recorded every 0.1 ps and were
X-ray Crystallography. The N-terminal 321 residues of subsequently analyzed. The cutoff distance for nonbonding
the mutant PTP1B (Cys 215 Ser) were purified and interactions was set at 14 A. A switched potential was used
crystallized as reported previously (Barford et al., 1994b; for the van der Waals interactions, and a shifted function
Jia et al.,, 1995). Crystals of PTP1B were soaked in a was applied to the electrostatic interactions. The cutoff
solution containing 5 mM [1,1-difluoro-1-(2-naphthalenyl)-  distance for force was set at 12 A, and a switched potential
methyl]phosphonic acidgj, 0.1 M Hepes (pH 7.5), 0.2 M  function was used for force evaluations.
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Ficure 2: View of a Z, — F. electron density map of the PTP#Bcomplex in the vicinity of the catalytic site. Figure produced using
O (Jones et al., 1991).

Synthesis of Inhibito8. Although structurally similar to ~ Table 1: Results of Crystal Structure Determination of the

the previously reported unsubstituted pa@(®myth et al., PTP1B[1,1-Difluoro-1-(2-naphthalenyl)methyl]phosphonic Acid
1992), inhibitor8 proved significantly more challenging to ~ COMPIeX
synthesize and was prepared in 12 steps from commercially Crystal Parameters
available 1,3-dihydroxynaphthalene (Ye & Burke, 1996). The ~ >Pace aroup gglilA
synthesis required initial differential protection of the 1-hy- 88.4 A
droxyl group as its tosyl ester, followed by palladium- ¢ 104.0 A
mediated carbonylation of the suitably activated 3-hydroxyl Data Collection and Processing Statistics
group to yield the 3-methyl carboxylate. The ester func-  X-ray source PX 9.5 SRS, Daresbury
tionality was then transformed into the difluorophosphonate rRessg'Ut'O” 02635 g*
group using previously published procedures (Smyth et al., | "¢ oservations 116577
1992). no. unique reflections (% complete) 20894 (97.4)
Biological. (A) Recombinant Enzymeshe recombinant Refinement Statistics
catalytic domain of mammalian proteitiyrosine phos- resolution 8.6-2.3A
phatase 1 (PTP1) was created by inserting a stop codon at 28' g; "iﬂ‘fgfﬁ,";‘ﬁ A ligand atoms Zgﬁg
residue 323, yielding PTP1U323, in order to eliminate the g of Evater mobcuﬁ’es 266
hydrophobic membrane “targeting” domain of the molecule.  RfactoP 0.195
Homogeneous recombinant catalytic domain PTP1U323, rmsd bond lengths 0.007
from here on referred to PTP1, was purified as described MSd bond angles 1377
rmsd dihedrals 23.373
(Hengge et al., 1995). rmsd impropers 1.184

(B) Enzyme AssayThe PTPase activity was assayed at  aRr,,, = y,5;/i(h) — Ii(h)/Zs3li(h), wherel;(h) andI(h) are theith
30°C in a reaction mixture (0.2 mL) containing appropriate and the mean measurements of the intensity of refle¢tiérR factor
concentrations gb-nitrophenyl phosphate as substrate. The = 2w/Fo — Fd/3nFo, whereF, andF. are the observed and calculated
buffer used was pH 7.0, 50 mM 3,3-dimethylglutarate and ztru_ctt_jre Eactor_gmrl)_lltudes of reflectitm ¢ rmsd= root mean square
1 mM EDTA. The ionic strength of the solution was kept eviation from ideallty
at 0.15 M using NaCl. The reaction was initiated by addition
of PTP1 and quenched after-3 min by addition of 1 mL ~ RESULTS AND DISCUSSION
of 1 N NaOH. The nonenzymatic hydrolysis of the substrate
was corrected by measuring the control without the addition
of enzyme. The amount of produgt-nitrophenol was

X-ray Crystallography The &, — F. electron density
map in the vicinity of the catalytic site including the density
, . corresponding to [1,1-difluoro-1-(2-naphthalenyl)methyl]-
determined from the absorbance at 405 nm using a m°|arphosphonic acidd) is shown in Figure 2. The structure of

et iy > .
extinction coefficient of 18000 M cm™. Michaelis-  gig clearly defined within the electron density maps with,
Menten kinetic parameters were determined from a direct ¢ oy ample, well-resolved density for the fluorine atoms on

fit of the v vs [S] data to the MichaelisMenten equation ¢ hhosphonate group. Al protein residues from 1 to 298
using the nonlinear regression program GraFit (Erithacus 4.o defined in the electron density map, and the structure
Software). has been refined to aR factor of 0.18 (Table 1). The
(C) Determination of KValues. Inhibition constants for  structures of PTP1B in complex with pTyr (Jia et al., 1995)
5, 6, and8 were determined for homogeneous PTP1 in the and 6 are very similar (Figure 3). Overall, all atoms
following manner. At various fixed concentrations of superimpose to within a root mean square deviation of 0.95
inhibitors (0, 100, and 30@&M), the initial rate at eight A, and 79.5% of atoms superimpose within a rms deviation
different p-nitrophenyl phosphate concentrations (BRto of 0.3 A. [1,1-Difluoro-1-(2-naphthalenyl)methyl]phospho-
5 Km) was measured as described (Zhang, 1995). The datanic acid @) binds to the catalytic site of PTP1B in a fashion
were fit to the equation = Vma,I(Kn[1 + K] + 9 using similar to that of pTyr bound to PTP1B (Jia et al., 1995)
KINETASYST (IntelliKinetics, State College, PA) to obtain  (Figures 3 and 4). Specifically, the phosphate groups of pTyr
the inhibition constantk;). and6 superimpose as does the phenyl ring of pTyr with the
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FiGURE 4: Ribbon figure of PTP1B with [1,1-difluoro-1-(2-naphthalenyl)methyl]phosphonic &)ithgund at the catalytic site. The side
chain of Ser 215 is shown. Figure produced using MOLSCRIPT and is shown in stereo (Kraulis, 1991).

p—Tyrosine

Ficure 5: Catalytic site of PTP1B bearing a pTyr residue (left; Jia et al., 1995) and [1,1-difluoro-1-(2-naphthalenyl)methyllphosphonic
acid @) (right). Relevant HO molecules are shown as red spheres, with key H-bond interactions depicted using white lines.

first six-membered ring 0. Binding of6to PTP1B induces  pTyr complex located between the main-chain NH of Phe
motion of a loop consisting of Trp 179 to Ser 187, similar 182 and the scissile oxygen of pTyr is absent in the PTB1B
to that observed for the binding of pTyr to PTP1B. However, complex (Figure 5). In the PTP1BTyr complex, the side
notable differences in conformation of the side chains of Asp chain of Asp 181 forms a H-bond with the buried water
181 and Phe 182 are observed as a result of the two fluorinemolecule and a long contact (3.5 A) with the scissile oxygen
atoms located on the phosphonate carbon atorf. ofn of PTP1B. The two fluorine atoms of partially occupy
addition, a buried water molecule observed in the PTP1B the water binding site, causing displacement of the water
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molecule and a shift in position of the side chain of Asp
181 to avoid close contact with one of the fluorine atoms
(3.2 A without motion of Asp 181). Concerted with the
motion of the side chain of Asp 181 is a rotation of the side
chain of Phe 182 by 60about the ¢—C, bond (Figure 3)
caused in part to avoid close contact between the CD2 atom
of Phe 182 and F1 @. In the resultant PTP1B structure,

the phenyl ring of Phe 182 forms van der Waals contacts
with the two fluorine atoms ob with CE1 and CE2 of
Phe 182 3.6 and 3.7 A from F1 and F2 &frespectively
(Figure 3). The naphthalene-2-difluorophosphonic acid
moiety is located within an amphipathic pocket of PTP1B
with its phosphate group forming hydrogen bonds to main
chain nitrogens of residues Ser 215 to Arg 221 and, in
addition, two salt bridges with the guanidinium side chain
of Arg 221. The naphthalene ring of the inhibitor forms
hydrophobic interactions with the side chains of Tyr 46, Phe
182, Ala 217, lle 219, and the nonpolar groups of Gln 262
(Figure 3).

Design of Inhibitor8. It is observed that two water
molecules (designated as,® 301 and HO 617) bind to
residues Tyr 46, Lys 120, and Asp 181 in the enzyme
inhibitor complex (Figure 5). The positioning of these water
residues situates them in close proximity to the naphthalene
ring system. It became apparent that addition of a hydroxyl
group to either the C3 or C4 positions of the naphthalene
ring in parent6 could potentially mimic one of these water
molecules. Such a modification could enhance binding
affinity through entropic considerations. Although the
hydroxyl group could be attached at either the C3 or C4
positions in6, the C4 position seemed a better choice, since
the combined distance to the oxygen atoms gd1817 (3.4

Biochemistry, Vol. 35, No. 50, 19965993

Table 2: Inhibition Constants Determined for Indicated Inhibitors
against PTP1 As Indicated in Materials and Methods
compound Ki (uM)
OO 255+ 18
F
HO),P
Y 5
179 £ 25
0
(HO),P
F F 6
OH
93+8
0
(HO),P
F F 8

modeling (see below), that addition of a hydroxyl group to
the 4-position of the naphthalene ring, to provi&leshould
enhance binding interaction was borne out, as the inhibition
constant foil8 was determined to be 98V (Table 2). This
value is 2-fold lower than that of unhydroxylated parént

Molecular Modeling Studies The X-ray structure of
PTP1B6 provided the structural basis for the design of new
inhibitors with improved affinity. As described above, a
number of X-ray crystallographic water molecules were
found adjacent to6 tightly bound to the enzyme. In
principle, incorporation of water molecules into an inhibitor
could potentially improve binding affinity by displacing and

R) and HO 301 (4.0 A) was less than the corresponding 'eléasing these tightly bound water molecules, resulting in
distance between a C3-situated hydroxyl and the same@n increase in the entropy of the system. Indeed, such design
oxygens (3.2 and 5.1 A, respectively). In the resulting new Strategy has led to the successful development of a class of
inhibitor 8, the hydroxyl situated at the C4 position would, Nighly potent, nonpeptidic HIV protease inhibitors (Lam,

in essence, mimic both water molecules, although only in 1994). Through analysis of the X-ray structure of PTF&,B

an approximate manner. Since displacement of the originalit Peécame evident that a hydroxyl group at the C-4 position
water molecules is not exact, side chain deformations of the ©f the naphthalene ring (compourg} could potentially

Tyr 46, Lys 120, and Asp 18 would be expected, which could mimic and thus replace two crystallographic water molecules
potentially incur energy penalties. (H20 301 and 617). To confirm this observatidhwas

Kinetic Analysis The inhibition constants for 1- and docked into the binding site of PTP1B in a binding mode

2-substituted [(1,1-difluoro-1-naphthalenyl)methyl]phospho- similar to that of 6. The structures of the _resultmg
nic acids b and6) were determined against the mammalian complexes, PTP1# and PTP1B3 were then subjected to
PTP1. PTP1 (Guan et al., 1990) is the rat homolog of the €Nergy minimization and 1(_)0 ps molecular dynamics simula-
human PTP1B. The catalytic domain of PTP1 resides tions at 300 K, solvated using 1100 TIP3P water molecules.
between residues 1 and 322 and is 97% identical to the Analysis of 100 molecular dynamics simulation trajectories
corresponding 322 residues of the human PTP1B. It wasshowed that, indeed, the additional C-4 hydroxyl group in
found that bothb and6 are competitive inhibitors of PTP1  resulted in an increase 0f19.1 kcal/mol in interaction
usingp-nitrophenyl phosphate as a substrate (data not shown)energy betweer8 and the enzyme, as compared to the
with K; values of 255 and 178M, respectively, at pH 7.0  unhydroxylatedé (—299.9 versus-280.8 kcal/mol, Table

(Table 2). This is a surprising result, since we have
previously shown that-naphthyl phosphate is a much poorer
substrate tharg-naphthyl phosphate, primarily due to a
decrease in thkey value (Zhang, 1995). Since PTP catalysis
is nucleophilic in nature (Zhang & Dixon, 1994), it is
understandable that the unfavorable steric hindrance in
o-naphthyl phosphate is detrimental to catalysis. The fact
that5 and6 display comparable inhibition constants indicates
that the active site of PTPL1 is flexible in accommodating
different substituted naphthalenylphosphonic acids. Alter-
natively, compound$ and6 may adapt different conforma-
tions in the active site. The prediction, based on molecular

3). As shown in Figure 6, this increase in interaction energy
is primarily due to the formation of two new strong hydrogen
bonds between the C-4 hydroxyl in our calculated binding
model for8 and Tyr 46 and Lys 120. Our analysis also
showed that formation of these new hydrogen bonds induced
changes in the side chain conformations of Tyr 46, Lys 120,
and Asp 181, resulting in a calculated conformational energy
penalty of 7.7 kcal/mol on average over the simulation
interval. The conformational energy penalty is, however,
smaller than the increase of the interaction energy b9.1
kcal/mol for8, suggesting that the additional hydroxyl group
may be advantageous and tt@ashould exhibit increased
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Table 3: Analysis of Molecular Dynamics Simulation Trajectories ~ POSitively charged phosphate binding region (Figure 6). It
of Inhibitors 6 and8 While Complexed to PTP1B is also of note that, in their complexed forms, béthnd8

6 (kcallmol) 8 (kcal/mol) are p_artlall_y expos_,ed to solven_t, as is evidenced from the
. , , significant interaction energy with the solvent (Table 3).
total interaction energy with enzyme —280.8+£9.8 —299.9+ 8.6

total electrostatic energy with enzyme-261.0+ 9.7 —280.7+ 8.5 Itis somewhat surprising that the large interaction energy

total van der Waals interaction energy —20.3+2.9  —19.3+2.8 between the inhibitors and the enzyme does not result in

with enzyme _ extremely tight binding; = 1794M and 93uM for 6 and
tOt?;é?éiﬁ}gts'?ﬂ 5{,‘;'32;” thwater  —435+£6.9  —38.7+67 8, respectively; Table 2). To understand this, it is worthwhile
total interaction energy with both ~ —324.4+ 10.0 —338.6+9.2 to consider the binding process:

enzyme and solvent in complex

total interaction energy with solvent —348.8+ 15.4 —343.54+ 14.7 i iR A
when solvated inhibitor,, + enzyme, = inhibitor—enzymg, (1)

interaction energy of the phosphonate-201.94+ 6.6  —198.7+ 5.9

group with enzyme . T . .
interaction energy of the phosphonate-202.6+ 10.5 —195.9+ 12.6 The blndmg aﬁm'ty is determined by the change in free

group with solvent when solvated energy as described by (1) using the equathi®,= 2.30RT
log Ki. This depends not only on the interaction between
the inhibitor and the enzyme but also on the solvation
energies of both the enzyme and the inhibitor, as well as
entropic changes associated with binding. To better under-
stand the role in the binding process played by solvation of
the inhibitor, we carried out 200 ps molecular dynamics
simulations of botté and8 at 300 K, solvated by 300 TIP3P
water molecules. Analysis of trajectories showed that the
average interaction energy between the inhibitor and solvent
molecules (water) is-348.8 and—343.5 kcal/mol foi6 and
8, respectively (Table 3). These values are somewhat larger
than the total interaction energies ®and8 when binding
to the enzyme. Since these large interaction energies are
predominantly due to the phosphonate group, we evaluated
its contribution to the total interaction energy with the
inhibitor both solvated in water and bound to the enzyme. It
was found that the phosphonate groupsicontributes on
average—201.9 kcal/mol to the enzymenhibitor interaction
and—202.6 kcal/mol to solvation, while f@, —198.7 kcal/
mol for the enzyme-inhibitor interaction and-195.9 kcal/
mol for the solvation were observed (Table 3). Therefore,
the net gain in interaction energy from the phosphonate group
(presumably the enthalpy term) when transferring inhibitor
from a solvent environment to the enzyme is 0.7 a8
* | kcal/mol for 6 and 8, respectively. Although these results
! -:';':‘}"' D 181 C K120 depend upon the molecular mechanics parameters employed
3, : in the calculations and should be treated with caution, they
do suggest that the highly charged phosphonate group may
- contribute very little to the total enthalpy of binding between
FIGURE 6: Molecular simulation of PTP1B complexed with [1,1- the enzyme and the inhibitors. The role played by the
difluoro-1-(2-(4-hydroxynaphthalenyl))methyllphosphonic adld ( phosphonate group in the binding may be 2-fold. First, since
performed as indicated in Materials and Methods. the enzyme possesses a partially positively charged binding
pocket, the negatively charged phosphonate group may be
potency. This prediction was confirmed experimentally by jmportant for enzymeinhibitor recognition. Second, bind-
a 2'f0|d enhancement N the Value fOI’8 as Compared W|th |ng of the phosphonate group to enzyme disp|aces water
parent6. molecules originally occupying the binding site, thus provid-
To more clearly elucidate the nature of the interactions ing entropic gain. In this latter case, groups similar in size
between these inhibitors and the enzyme, we have partitionedbut less negatively charged may be employed to replace the
the total interaction energy into electrostatic and van der phosphonate group. Such a modification may result in new
Waals energy terms using the CHARMM energy function inhibitors with improved cellular penetration.
and its associated parameter set. As can be seen from Table It is also of note that, in both the X-ray structure of
3, van der Waals energy was only 7.2% and 6.4% of the PTP1B6 and our calculated PTP18 complex, an uncon-
total for 6 and8, respectively, while the electrostatic energy ventional hydrogen bond exists between one of the fluorine
term accounts for the remaining 92.8% and 93.6%. This atoms and the amido group of Phe 182. This hydrogen
indicates that the binding interactions for both inhibitors are bond was maintained throughout the entire molecular
primarily electrostatic in nature. These results are expecteddynamics simulations and probably plays an important role
since under physiological conditions both and 8 are for enhancing the binding affinities 6fand8, since7, which
dideprotonated. The resulting? charge is largely localized lacks fluorines, has little binding affinity to the enzyme
to the phosphonate moiety which interacts with the highly (Kole et al., 1995). Additionally, although the phosphonate
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o-methylene bears two fluorine atoms, only tipeo-R In conclusion, this study has explored the ability to employ
fluorine forms a hydrogen bond with the enzyme. Indeed, molecular modeling to “design in” recognition features which
our calculations indicate that thpro-R fluorine contributes afford enhanced binding interactions. On the basis of
an average of-4.6 kcal/mol more interaction energy than modeling considerations, it was anticipated that addition of
the pro-Sfluorine when binding to the enzyme, while both a hydroxyl to the naphthyl 4-position (compou@gdshould
fluorine atoms have a similar interaction energy with the allow specific hydrogen bonds to elements within the
solvent when these inhibitors are entirely solvated by water catalytic site (Lys 120 and Tyr 46). The 2-fold enhancement
molecules. in binding affinity achieved by8 (Table 2) validates the
Implications for Inhibitor Design Previously we had  principle that higher affinity ligands can be designed on the
demonstrated that small substrate-based peptides containinpasis of modeling considerations of the enzyme-bound
the nonhydrolyzable pTyr mimetic ;Pmp @) showed parent. Presently, due to a poor understanding of entropy
extremely high affinity for PTPs (Burke et al., 1994a). In changes involved in the binding process, it is not possible
further studies we also showed that nonpeptidic, small to assign quantitative predictions as to these relative binding
molecule arylmethylphosphonates can also be effective PTPaffinities. Nonetheless, the approach utilized serves as a
inhibitors, provided they contain both the difluorophospho- general procedure which allows semiquantitative predictions
nomethyl and naphthyl functionalities (Kole et al., 1995). of changes in binding affinity which may result upon
The present study has clarified the structural basis for thesestructural modifications to a reference inhibitor. Such an
dual requirements. One result of this work is that a chiral approach has predictive value in structure-based drug design.
monofluorophosphonate may bind with good affinity relative Finally, it should be mentioned that questions of selectivity
to its difluoro counterpart. The slight elevation in the among phosphatases were not addressed in our study. For
phosphonate K., value in going from the difluoro to the  example, we have previously demonstrated that compound
monofluoro species [anticipated to be approximately ®5 p 6 has good affinity for the serine/threonine phosphatase PP2A
unit (Smyth et al., 1992)] would not be expected to adversely (Kole et al., 1995). Additional studies will be required to
affect affinity, since we have also shown a lack of pH define structural criteria related to matters of specificity.

dependence for binding of the parent anato@hen et al.,
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