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Abstract: Recent advances in the application of kinetic isotope effects to enzyme-catalyzed reactions have provided
reliable information for enzymatic transition state structures. A method is presented for quantifying the similarity
of substrates and inhibitors with their enzyme-stabilized transition states. On the basis of transition-state stabilization
theory for enzymatic reactions, molecules most similar to the transition state structure bind with greatest affinity.
Molecular similarity measures are applied to compare substrates, competitive inhibitors, and transition state inhibitors
with the transition state structures stabilized by the enzymes AMP deaminase, adenosine deaminase, and AMP
nucleosidase. R)- and §)-Coformycin 3-phosphate are inhibitors for AMP deaminase, withRagpecies superior

to its enantiomer. Formycin'fphosphate 4-aminopyrazolo[3gpyrimidine-1-ribonucleotide, and tubercidiri-5
phosphate inhibit AMP nucleosidase. The transition state for adenosine deaminase is analogous to that for AMP
deaminase, allowing analysis of the tight-binding hydrate of purine ribonucleoside and of a weaker inhibitor, 1,6-
dihydropurine ribonucleoside. The basis for ranking molecules for similarity to the transition state is the distribution
of electrostatic potential at the molecular van der Waals surface. Spatial properties of a molecule are described
through the topography of the surface, while the electrostatics capture ionic, hydrogen-bonding, and hydrophobic
features. A test molecule is compared with the transition state by orienting the two species so that their van der
Waals surfaces are maximally coincident. At this orientation, a single measure sensitive both to the electrostatic
potential and its spatial distribution is used to rank the electronic similarity. For AMP deaminase, adenosine deaminase,
and AMP nucleosidase, the transition state inhibitors are quantitatively more similar to the transition states than are
the substrates. A strong correlation between the binding free energies and the similarity measures is found for most
of the transition-state inhibitors in all three enzyme systems. This method is useful in the logical design of transition
state inhibitors and may be applied to similarity searches of chemical libraries.

Introduction experimentally determined enzymatic transition state structures.
The method promises to be useful for inhibitor design.

This comparison of stable molecules with transition state
structures assumes that molecular shape and electrostatic
potential distribution are the primary parameters for molecular
similarity? The initial step requires the spatial positioning of

The pathways of enzymatically catalyzed reactions involve
geometrical and electrostatic distortion of substrate molecules
into transition state configurations which lead to the reaction
products. The binding constant for the transition state is greater
than that for the substrate by a factpr refle_ctlng the5 rale the mass of the compared molecules so that their physical
enhancement over_t_he uncatalyzed reaction, _typlcal'igf_—l’ml . surfaces are as coincident as possible. This is done by placing
Because the transition state structure experiences tight blnc’"ngthe center of the transition state at the origin of the coordinate
to the catalytic site, chemlcally stable transition state analogs system. The test molecule is likewise positioned and is rotated
prove to be extre_mely effect!ve_enz_ym_e lnh|b_|té)rsThese about the origin until the geometrical similarity with the
mimics are bound in the catalytic site with interactions analogous transition state is maximized. Once this geometrically deter-
to those used for transition-state stabilization. Thus, the bestmineol orientation is found asécond parameter, sensitigetto
etnzy;ne inhibitors are those most similar to the transition state geometrical and electrostatic distributions, is used to score the
structure. ) N ) resultant similarity.

The de nao design of transition state analogs relies on  The method is applied to the enzyme systems yeast AMP
accurate models of enzyme-stabilized transition states. Thes€jegminase. mammalian adenosine deaminase. and bacterial
have recently been made available by the application of AMp nucleosidase. Yeast AMP deaminase catalyzes the
quantitative kinetic isotope effect methotisinhibitor design  pyqrolytic deamination of AMP or dAMP to ammonia and the
can be augmented by a procedure for quantifying the similarity respective deaminated nucleotide or deoxynucleotide. Similari-
of any putative inhibitor to the target transition state structure. tjes to the experimentally deduced transition states are deter-
This paper reports on the development and the practical mined for R)-coformycin 8-phosphate and its-2leoxy analog,
application of an intuitive and robust method to determine poih of which are transition state inhibitors, and for the
numerically the similarity of substrates and inhibitors to ¢ pstrates AMP and dAMP. THestereoisomer of 2deoxy-
coformycin 3-phosphate, a weak inhibitor for AMP deaminase,
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ribonucleoside, a competitive inhibitor, is less potent than mechanisms for energy stabilization in the catalytic site as do
coformycin while the hydrate is even more tightly bound. the transition state structures themselves. It has been proposed,
Though both AMP deaminase and adenosine deaminase catalyzér example, that serine proteases lower the transition state
analogous reactions, these two enzymes have different bindingenergy through interactions largely of electrostatic ori§ian
constants for analogous inhibitors and are treated as two separatebservation made via analysis of electrostatic potential surfaces.
systems. AMP nucleosidase hydrolyzes the N-ribosidic bond  Other investigators have used surface properties for molecular
of AMP, yielding adenine and ribose’-phosphate. The  comparison in a variety of ways. For example, Chau and
transition state for AMP nucleosidase is compared to the Deari®17 have projected electrostatic potentials onto a sphere
transition state inhibitor formycin'fphosphate, to 4-aminopy-  enclosing a molecule. Gasteiggiral!® reduced, using a neural
razolo[3,4d]pyrimidine-1-ribonucleotide, to tubercidin’'5 network, molecular electrostatic potential distributions to two-
phosphate, and to the substrate AMP. The binding affinities dimensional maps. Most recently, discrete points defining the
for these four molecules decrease in the order listed. Kihe van der Waals surface of a molecule have been collapsed onto
values for the inhibitors of these three enzymes are detaileda single autocorrelation vect&tensuing similarity comparisons
below, with a discussion of the relevant structural and electro- are via these vectors for a set of molecules. Lipophilicity/
static features. In all three enzymatic examples, the similarities hydrophobicity patterns can be displayed on surfdemd
to the transition states for transition state inhibitors and substratesMezey and co-workers have developed group-theoretic methods
are correlated with the binding free energies. to study electrostatic potential distributions on van der Waals
Two molecules are similar if they share close geometries, surface$~2% The generation of electrostatic potentials remains
created through atomic arrangement, and chemical features sucla computational challengé. (For different theories of molecular
as hydrophobicity, nucleophilicity, electrophilicity, and hydrogen- comparison, see ref 227.) In the approach described here,
bond-donoracceptor sites. These features can therefore be molecular properties are directly compared without mapping
used to group like moleculés. of molecular surfaces to less complex structures. As will
A well-known family of molecular similarity measures is become clear, a region on one molecule will be scored for
based upon comparison of the electron density or electrostaticSimilarity to aneighborhoodaround the analogous region of
potential that is generated by the molecules of interest. The the other molecule. As such, the present scheme provides a
comparison may include all space within the van der Waals more global similarity comparison. The method is simple to
surfaces of the molecules or may be restricted to all regions implement and the similarity measures are sensitive simulta-
outside the molecular cores. For a comprehensive review of heously to electrostatic and geometrical features. Most impor-
the use of molecular electrostatic potentials for the comparison tantly, the formalism is used to quantify for the first time the

and description of stable molecules, see ref 4 and the work of similarity of substrates and transition state inhibitors to experi-
Carboet al.,> Bowen-Jenkingt al.® Hodgkin and Richards?8 mentally defined enzyme-stabilized transition state structures.
Petke® and Richard? Application of this method is of significance for enzymatic

In contrast, the chemical descriptor featured in the present transition state theory, inhibitor design, and for computational
work is the molecular electrostatic potential calculated at the Screening of chemical libraries.
van der Waalsurfaceof the molecule. For molecules described ~ Electrostatic potentials calculated at the van der Waals
by quantum mechanics, all points in space have some electronsurfaces have been used effectively in thmlitative study of -
density and a reasonable cutoff is required to define a geometry_the substrates, transition states, and transition state-like inhibitors
This surface is usually defined as the 95% surface, i.e., 95% of Of the enzymes AMP deamina$eAMP nucleosidasé; nucleo-
the electron density is contained within it. The electrostatic Side hydrolasé? and purine nucleoside phosphoryldseOf
potential at this van der Waals surface of the target molecule these, AMP deaminase and AMP nucleosidase provide two test
provides a reasonable description of the hydrogen-bond-donorcases for the quantitative measures of molecular similarity.
and -acceptor sites an enzyme will encounter. The electrostaticThese enzymes bind their respective transition state analogs,
potential at any point on the van der Waals surface is defined (R)-coformycin 3-phosphate and formycin'fphosphate, 3«
by all electronic and nuclear charge interactions with a positive 10’ and 2600 times tighter than they do their common substrate
unit test charge placed at that point. Thus, this single descriptor (15) Warshel, A.; Naray-Szabo, G.; Sussman, F.; Hwang, Bif
contains information about the entire electronic makeup of the chemistry1989 28, 3629-3637.

; ; i i (16) Chau, P.-L.; Dean, P. M. Mol. Graph 1987, 5, 97—100.
molecule and defines regions of nucleophilicity and electrophi (17) Dean. P. M. Chau, P.-LL Mol. Graph 1987 5, 152-158.

licity on the molecular surfacé:*? Hydrogen-bonding sites and (18) Gasteiger, J.; Li, X.; Rudolph, C.: Sadowski, J.; Zupard, Am

hydrophobic regions are also revealed, along with the pocketsChem Soc 1994 116, 4608-4620. _

used in macromolecular interactions (proteprotein, nucleic 119%?9@%‘;”7%“ M.; Sadowski, J.; Gasteiger].Jam Chem Soc 1995
T i i 3,14 i : ; : ; i

acid—-ligand, antibody-antigen)'314 An assumption central to (20) Heiden, W.; Moeckel, G.: Brickmann, J. Comput-Aided Mol

this work is that transition state analogs share the sameDes 1993 7, 503-514.
(21) Mezey, P. Gint. J. Quantum Chem: Quant Biol. Symp 1987,
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Figure 1. Molecular electrostatic potential surfaces for model substrate, transition states, and transition state inhibitor of the AMP deaminase
reaction. All molecules substitute a methyl in placegfes-ribose 5-phosphate, which is constant and unchanged in the AMP deaminase reaction.
The color images on the left are front and rear views of substrate (a), transition state (b), transition state inhibitor (c), and a late transition state
characterized by the presence of the NHtkaving group (d). $-Coformycin is not shown but is the mirror image of tReform. The arrows

point to the N-1 locus on the methyl derivative of AMP, on the transition state, and to the N-6 locus on the inhibitor. The color spectrum from red
to blue is in the direction of decreasing relative positive charge. The structures on the right correspond to the orientations of the left-most molecular
electrostatic surfaces.

AMP. The implication is that the inhibitors resemble more Electrostatic Potential Surfaces for Substrates, Transition
closely the appropriate transition states than do the substratesStates, and Transition State Inhibitors

the criterion of similarity being a comparison of the molecular This section defines the features to which a quantitative

electrostatic potential surfaces. A visual confirmation was scheme for transition state comparisons must be sensitive, using

offered in the above references. Features of AMP deaminasey,q gistinct enzyme chemistries. For both AMP deaminase and
and AMP nucleosidase provide two of the few enzyme systems amp nucleosidase, experimental models for the transition state

where experimental evidence is available, from kinetic isotope structures were derived from multiple kinetic isotope effé&t¥
effects, to establish the nature of the transition states. Two The transition state for adenosine deaminase is modeled upon
additional inhibitors for the AMP nucleosidase system, 4-ami- that for AMP deaminase, based on the near-identity of the amino
nopyrazolo[3,4d]pyrimidine-1-ribonucleotide and tubercidif+5 acids which constitute their catalytic sité&s.

phosphate, will be considered. Adenosine deaminase is also AMP Deaminase. Stick figures for AMP, for its transition
included in this study, with its inhibitorsRj-coformycin, 1,6- state with AMP deaminase, for a protonated late transition state,
dihydropurine ribonucleoside, and 1,6-hydrated purine ribo- and for R)-coformycin 5-phosphate are shown in Figure 1. The
nucleoside. The measures of molecular similarity described hereearly and late transition states are separated along the reaction
are broadly applicable since both stable molecules and transitioncoordinate by an unstable intermediate. Enzymatic hydroxyl-
state constructs are read_ily accommodated. AIth_o_ugh this work (32) MerKler, D. J. Kiine, P. C.. Weiss, P.. Schramm, VBiochemistry
emphasizes the comparison of substrates, transition states, an@lgg3 32, 12993-13001.

known transition state inhibitors, it will be apparent that the _ (33) Mentch, F.; Parkin, D. W.; Schramm, V. BiochemistryL987, 26,

, : . 921-930.
algorithm should be equally applicable for analyzing proposed "~ (34yparkin, D. W.; Mentch, F.; Banks, G. A.: Horenstein, B. A.;
inhibitors for a given enzyme-stabilized transition state. Schramm, V. L.Biochemistry1991, 30, 4586-4594.
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Figure 2. Molecular electrostatic potential surfaces for hydrated purine ribonucleoside (a) and 1,6-dihydropurine ribonucleoside (b). These two
inhibitors, along with the methyl derivatives of adenosiri®;¢oformycin, and the transition state as shown in Figure 1, complete the adenosine
deaminase series.

ation at C-6 and protonation at N-1 of AMP represent the highest latter is held only 30 times more tightly than is the substrate
energetic barrier to catalysis and yield the early transition state dJAMP. The dissociation constant for the transition state
structure. It is the early transition state which serves as the complex has been estimated from #ig for JAMP and from
target species for inhibitor design and for further comparison the enzymatic rate enhancement over that of the solution phase
with the substrate and the hypothetical late transition state. In reaction, based on values for AMP7:38 Ky is 1.7 x 10716
this serie$® the structures as shown have methyl substituents M and is a measure of how tightly the transition state is bound.
replacing the ribose'$hosphate groups at the N-9 positions It will be seen that the logarithms of these dissociation
of AMP, the transition state, and the late transition state and at constants-that is, the (dimensionless) binding free energiase
the N-3 position of R)-coformycin 3-phosphates. The ribose correlated to the similarity scores of substrate or inhibitors to
5'-phosphate residues are constant for all four entities and arethe transition state for AMP deaminase. In addition, AMP and
assumed to affect similarly the electrostatic potentials and (R)-coformycin 3-phosphate, wittKy, = 300 uM36 andK; =
geometries of the four molecules. The late transition state is 10 pM2° respectively, are compared to the transition state for
derived from the early transition state by increasing the bond AMP with Kryx = 0.43 x 10716 M,1.37.38
order to the attacking hydroxyl nucleophile to unity and by Adenosine Deaminase.This enzyme facilitates a chemical
protonation of the leaving group to NFH32 While the methyl hydrolysis (adenosine to inosine) analogous to the one catalyzed
derivatives of AMP, the transition state, and coformycin are by AMP deaminase (AMP to inosine monophosphate). Because
neutral species, the late transition state is more positively both enzymes have similar catalytic st®¥ and both are
charged. This species is thereby electrostatically dissimilar to strongly inhibited by R)-coformycin analog$® it is assumed
the early transition state, a feature to be investigated by the that the transition state for adenosine deaminase with adenosine
similarity measures. The methyl derivative &-coformycin as substrate is similar to the transition state for AMP deaminase
is simply the mirror image of th&-species and is not shown. in the region of reaction at C-6 and N-1. Therefore, for
The molecular structures used in the calculations are energyadenosine deaminse the methyl derivatives, as shown in Figure
minimized—except for bonds influenced by the transition state 1, of AMP (or, equally, of adenosine) anB){coformycin and
structure-with the 3-21G, or higher, basis set at the Hartree  of the transition state for AMP deaminase are used for similarity
Fock level, as discussed in the original work (though, there, scoring. Again, the ribose residues of the transition state, of
STO-3G was used). Becaug®-{coformycin is a tightly bound adenosine, and of the inhibitors are replaced by methyl groups.
transition state mimic, it is assumed to bind with a molecular Two of the inhibitors for adenosine deaminase aR- (
conformation similar to the transition state’s: operationally the coformycin (Figure 1c) and hydrated purine ribonucleoside
inhibitor’'s hydroxyl group is constrained to reflect this similarity.  (Figure 2a). There is evidence that purine ribonucleoside binds
The simple schematics are given here for convenience. to adenosine deaminase as the 1,6-hydiaré,the structure

The transition state structure upon which this work is based shown in the figure, and this hydrate binds with most of the
stems from catalytic activity of the enzyme on AMP. An energy proposed for an ideal transition state analog. The
inhibition constant for §-coformycin 3-phosphate is unavail-  orientation used here for its hydroxyl group is that which
able to complete the AMP andR)-coformycin 3-phosphate matches best that of the transition state’s. The 1,6-dihydropurine
series. The 2hydroxyl on the ribose ring is a significant feature ribonucleoside, also shown (Figure 2b), binds weakly with a
of the recognition process by AMP deamind3ejut the dissociation constant of 5.4 1076 M because it lacks the
similarity measures are calculated without the sugars. Therefore,critical hydroxyl on C-6.

the augmented seRJ-2'-deoxycoformycin 5phosphate, §)- (36) Merkler, D. J.; Schramm, V. IBiochemistry1 993 32, 5792-5799.
2'-deoxycoformycin 5phosphate, and’2leoxyAMP with K; Chgrzl)lhggékgh%liz;z\y;l“& 3A(\)' S.; Taylor, J.; Schramm, V. L. Biol.
35 35 ] .

(or K for dAMP) valyes of 0'041‘M,’ 40 uM, a.nd.1.200 (38) Radzicka, A.; Wolfenden, Rvethods Enzymoll995 249 284—

uM,36 respectively, will be used in this work. THinhibitor 312.

is bound 1000 times as tightly as is tBenhibitor, while the (39) Shih, P.; Wolfenden, RBiochemistry1996 35, 4697-4703.
(40) Wilson, D. K.; Rudolph, F. B.; Quiocho, F. &ciencel991 252

(35) Merkler, D. J.; Brenowitz, M.; Schramm, V. Biochemistry199Q 1278-1284.

29, 8358-8364. (41) Wilson, D. K.; Quiocho, F. ABiochemistryl993 32, 1689-1694.
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Figure 3. Molecular electrostatic potential surfaces for substrate (a), transition state (b), and transition state inhibitors forphasptate (c),
4-aminopyrazolo[3,4]pyrimidine-1-ribonucleotide (d), and tubercidifrphosphate (e) of the AMP nucleosidase reaction. The left-hand colored
images show the front and rear views of the molecular electrostatic potential surfaces. The black asterisks locate the N-7 locus on AMP, on the
transition state, and on the inhibitors. The blue asterisks point to the C-8 locus on AMP, on the transition state, and to the corresponding atoms
on the inhibitors. The asterisks on the rear views indicate a region of similarity between the transition state and the inhibitor. The color spectrum
from red to blue is in the direction of decreasing relative positive charge. The column of structures on the right have the same orientations as the

colored figures on the left.

The equilibrium binding constants for the adenosine deami- tubercidin 5-phosphate. Note that the transition state is derived

nase serie8 areKrx = 1.5 x 10717 M for the transition state
andK; = 3.0 x 10713 M for the hydrate of purine ribonucleo-
side, R)-coformycin is less tightly bound wit; = 1 x 10711

M, 1,6-dihydropurine ribonucleoside is a weak inhibitor with
Ki =5.4x 10 M, andKy = 3 x 105 M for the substrate

from AMP by protonation at the N-7 position and the inclusion
of an attacking, though weakly bonded, hydroxyl nucleophile.
The C-1 to N-9 bond is partially broken to give a relatively
low bond order of 0.2 at the transition state. In the AMP
nucleosidase series, all five molecules are negatively charged

adenosine. Note that analogous molecules in the adenosinghrough the phosphate residue.
deaminase and AMP deaminase series have different binding The equilibrium constants &feKrx = 2 x 10717 M for the

affinities to their respective enzymes.

AMP Nucleosidase. Figure 3 shows AMP, the transition
state for AMP nucleoside, formycin'“phosphate (the series
studied by Ehrlich and Schrandfy, and two additional inhibi-
tors, 4-aminopyrazolo[3,d}pyrimidine-1-ribonucleotide and

transition statek; = 43 x 1072 M for formycin 5-phosphate,
K; =10 x 10-% M for aminopyrazolopyrimidine ribonucleotide,

(42) DeWolf, W. E., Jr.; Fullin, F. A.; Schramm, V. LJ. Biol. Chem
1979 254, 10868-10875.
(43) Schramm, V. L.; Baker, D. LBiochemistry1985 24, 641-646.
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K; = 51 x 1076 M for tubercidin 3-phosphate, any = 120 is positively charged and thus bears less resemblance to the
x 107% M for AMP. earlier species. In developing quantitative molecular compari-
Molecular Electrostatic Potential Surfaces. After calcula- sons, it is important to consider that the relative color schemes

tion of the electron densities and electrostatic potentials of thesemask to a certain extent the differences between differently
molecules using the CUBE function of the Gaussian 94 charged molecules. Note, however, that geometrically these two
package’* the electrostatic potential surfaces were visualized SPecies are very similar.
with the AVS Chemistry Viewer (Advanced Visual Systems For (R)-coformycin, adenosine, and the transition state in the
Inc. and Molecular Simulations Inc.). The restriction of the adenosine deaminase series, the identical discussion given above
visualization procedure to the van der Waals surface is achievedholds. It was seen that the 1,6-hydrate of purine ribonucleoside
by choosing on AVS the 0.002 electrons/bbisosurface. This is more tightly bound than isR}-coformycin by a factor of 100.
contour contains at least 95% of the total electron density and This inhibitor, with its hydroxyl on C-6 in the proper orientation
corresponds well with the van der Waals surfécelhe STO- and with N-1 protonated to mimic the transition state, is more
3G basis set was judged to be adequate for calculation of thesimilar to the transition state than is coformycin because the
electrostatic potentials (though the geometry minimizations are latter features a nonplanar seven-membered ring while the
done at a higher basis set). Some of the surfaces have beemydrate has a six-membered ring, as does the transition state.
previously published and the reader is referred to the original Indeed, the only difference between the hydrated purine
referenced82® but similar surfaces are reproduced here for ribonucleoside and the transition state is the inhibitor’s lack of
connection to the present work. Figure 1 is for the AMP the NH, group on C-6. The electrostatic potential surface for
deaminase series; Figure 2 is for adenosine deaminase to whiclthis inhibitor shown in Figure 2 is most similar to the transition
must be added the methyl-substituted transition state, substratestate’s shown in Figure 1. If the hydroxyl group of the hydrate
and R)-coformycin of Figure 1 for completeness; and Figure 3 is replaced with a hydrogen, 1,6-dihydropurine ribonucleoside
shows the AMP nucleosidase series. Each-gght pair of results (Figure 2b), which because of the missing OH, cannot
electrostatic pictures represents the front and back views of abe as good an inhibitor as coformycin or the hydrate. Crystal-
molecule with respect to the plane of the purine ring. The most lographic work?4! has shown that the hydroxyl group in the
positive regions of electrostatic potential are represented as redR-stereochemistry is necessary for coordination with an enzy-
and the most negative as blue, without regard to absolute matic zinc moiety.
magnitudes. This method of scaling the potentials permits |n the AMP nucleosidase series (Figure 3), AMP, the
molecules with a net charge, like the late transition state of AMP transition state, formycin'Shosphate, the aminopyrazolopy-
deaminase or the substrate, transition state, and inhibitors ofrimidine ribonucleotide, and tubercidiri-phosphate are geo-
the AMP nucleosidase series, to be observed with the appropriatemetrically similar. One major difference appears in the ribose
color patterns on the surface. In these representations, molecularesidue. AMP and the three inhibitors are shown with their
similarities are exposed via a comparison of the patterns of sugar moieties in the same conformation, but this conformation
relative electropositive, neutral, and negative regions. This is different from that of the ribose in the transition state. By
important point is expanded below as the algorithm for the comparing the inhibitors and AMP to the same transition state,
quantitative similarity measure is defined. the geometrical and electrostatic differences between the ribose
To summarize the features of the transition states, the residues of the inhibitors and the transition state will be the
hydroxyl group at C-6 on the transition state of AMP in the same as those between the sugars of AMP and the transition
deaminase reaction (Figure 1) is mimicked electrostatically and state. The presence of a proton on N-7 of AMP at the transition
geometrically by the hydroxyl group at C-8 of the methyl state introduces a partial positive charge which is absent in the
derivative of R)-coformycin, the inhibitor-note the similarity substrate AMP. Formycin has a geometrically similar charge
of the color patterns in Figure 1, parts b and c. Furthermore, on its analogous N-7. The backside views at the positions of
the enzymatic protonation at N-1 in the transition state the asterisks demonstrate that formycimpBosphate and the
introduces positive charge which is reproduced by the hydrogentransition state share greater electrostatic similarities. However,
at N-6 of R)-coformycin. The substrate AMP lacks these the proton on C-8 of both AMP and the transition state causes
geometrical and electrostatic features and so is less related taa local electron deficiency. This position is occupied by N-8
the transition state in both shape and charge distribution thanof formycin 5-phosphate, and there is a lack of positive charge
is the transition state inhibitor. AMP is therefore less tightly as shown in the relative color scheme. Tubercidin and ami-
bound than is R)-coformycin. §)-Coformycin, which is not nopyrazolopyrimidine ribonucleotide are both less tightly bound
pictured, is not as good an inhibitor because its hydroxyl group than is formycin, but are more so than is the substrate. Both
at C-8 is in theS-configuration while the transition state’s of these inhibitors feature a proton on C-7, in a spatially
attacking nucleophile haR-stereochemistry. Indeed, the en- analogous position to the proton on N-7 of the transition state.
zyme adenosine deaminase, which shares catalytic-site similarityHowever, because the carbon-bound protons of these inhibitors
to AMP deaminasé?3¢binds R)-deoxycoformycin 1.3« 107 are not as electropositive as the nitrogen-bound protons of the
times tighter than it doesS(-deoxycoformycirf3 The backside  transition state and formycin, these inhibitors are less similar
view of the late transition state shown in Figure 1d is different at this important locus to the transition state than is formycin.
electrostatically than the backside of the proposed transition stateWhen C-8 of tubercidin is replaced with a nitrogen to give the
(Figure 1b) because of the presence of the positively chargedaminopyrazolo compound, a slightly better inhibitor results since
NHs" group on the former. In addition, the late transition state the hydrogen on C-7 is now more electropositie€ 51 uM
for tubercidin and 1Q«M for aminopyrazolo). A goal of this
5 r(144) FfiSBCh(,3 l_\/||-2 Jt';;ler\l/lJC;s'- gh W, Schleglelé -Hk B_t-r:1 GTill, PP't M. W.; c work is to compare the features of the three inhibitmansition
A(.J; p/lsoonr:é]oﬁer')’/, J?A.; Régh'évacﬁszrlzﬁn,&l—I._ah.émfall\/l.’A.';’ Z:kgr:\?vzrlli, ‘state pa_lrs to each other a.nd. o those of the ANfBnsition
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; State pair to see whether binding free energies can be correctly
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; ranked on the basis of similarity comparisons with the transition
‘évo‘fgﬁ,_“ﬁ'_;"vgfnﬁﬂjifei‘ é-_;'-ﬁeFf:‘igg’g'%_EJ-_;Séafgrgfrgt'e@ér'\t’,'%ﬁ'g_;RH";E-{ ., State. This is accomplished by the application of an algorithm
Gordon, M.; Gonzalez, C.: Pople, J. Baussian 94, Résion C.2; Gaussian, which incorporates the actual values of the electrostatic poten-
Inc.: Pittsburgh, PA, 1995. tials.
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This work is a departure from all previous studies since the A molecule can be compared to another either geometrically
geometry of the transition state is experimentally derived from or electrostatically, but ideally, a similarity measure will contain
kinetic isotope effects. Thus, the transition state models reflect a mixture of both. Consider first the measure
the action of the enzymatic groups in stabilizing a defined

structure. However, because transition state inhibitors and the nA nB A B )
target transition states are proposed to have similar interactions ZZGi € exp(or”)
with the enzyme, these explicit interactions between active-site S = == (1)

moieties and the transition states or the inhibitors are omitted
in the calculations of molecular electrostatic potential surfaces. A A 2 BB 2
Since enzymatic active sites are largely hydrophobic, bulk Zzei € expt-ary’) Zzei € exp(-ar’)
solvent water is excluded from the molecular surfaces involved. == =HE

Molecules bearing strong resemblance to the transition state will A - . . .
be strong inhibitors and will be found with the present method. where ¢;" is the electrostatic potential at surface poinbf

B . L .
In conclusion, these gas phase calculations are expected to hava'olecule A12€j defines pointj of molecule B, and in the
sufficient predictive power for inhibitor design. numeratorr;? Is the spatial distance squared between pbint

on A andj on B. nA and nB refer to the number of surface
Calculation of Molecular Similarity points on eacr_\ mol_ecule. _The double summation is therefore
over all possible interactions between points on the two
The comparison of substrates, transitions states, and inhibitorsmolecules, and is the length scale for the interaction between
can be made over entire molecular surfaces or can emphasizé andj. The numerator compares A to B for a particular
only those atoms which are known to be in contact with the orientation of molecule B relative to molecule A. The
enzyme catalytic site. In most cases little is known about the denominator serves as a normalization factor for the comparison
details of enzymatietransition state contacts; therefore, the of A to itself and for B to itself. Herer;2 refers to the distance
global characteristics of a test molecule and the transition statebetween andj on the same molecule. The distance between
are compared. (For systems with established transition-statepoints is squared to decrease computation time. Consider also

nA nA nB nB

interactions, see the work on adenosine deamffidser a second, purely geometrical measure:
cytidine deaminage)

Gaussian 94 electron density and electrostatic potential nA nB 2
calculations yield three-dimensional matrices of numbers for ZZ exp(ar;’)
these quantities. In this work, a 64 56 x 56 collection of _ i=1=
entries for each physical quantity is established to define the §= @)
space around and within the molecule in tke y-, and nA nA B ,
zcoordinates. At each spatial pointthere is an associated ZZ exp(-ar;?) ZZ exp(-ar;?)

i=1j= i=1j=

electron densityp;, and potentialg;. These entries cover points
both within the molecular core and beyond the van der Waals
molecular surface. To find a numerical description of the
surfaceof a molecule, an algorithm was written to scan the
electron density matrix and to calculate and record the spatial
coordinates of all points having density 0.0820 electrons/
bohi. ¢ is the acceptance tolerance since no Gaussian outpu
will have p; = 0.002 exactly. By this procedure, the surface is
defined by a collection of points, each point lying on the van
der Waals surface and thign one having coordinates(yi, z).
From the electrostatic potential matrix,is assigned to each
point (i, Vi, z), with i constrained to be on the surface. &s
becomes larger, more points are accepted; howevaérisitoo
large, the surface becomes deformed via inclusion of points not
on the physical van der Waals surface. Typicallys adjusted

The mathematical structures & and §; are similar to the
alignment function used by Kearsley and Srtfitand by Klebe
et al.#”who build upon the former work and use the normalizing
denominator. There is, however, a crucial difference: these
workers sought to align molecules through matchings of atomic
partial charges and van der Waals radii. Here, the electrostatic
potential on and the geometry of the molecular van der Waals
surfaces are compared. The philosophies are therefore quite
different but are implemented within similar mathematical
frameworks.

The measureS; andS; work in the following way. Assume
that molecules A and B are superimposed in space with their
“centers of mass” coincident and at the origin of the coordinate

so that each atom of a molecule is represented on average bfVS‘em- The molecular center (.)f mass is calcula}ted _by assigning
17 surface points. This gives good surface representation, and'Mt masl;s to ?‘aCh sl,urfalc? point ?nd proci/ledllng Iln;hef_usgal
the molecular shapes thus obtained are faithful reproductions,Wﬁ){ toBo tain the mg ecu els spatlzg center. Mo ecufe IS 'X?:
via selectedsurface points, of the surfaces shown in Figures W,ﬂ']e rotates and trans ?testa out ,'t? cerXer c()j mass. For
1-3. Recall that the original surfaces were made by analyzing either measur_ese or SJ.’ We locale a point on A and sum on
the Gaussian data directly by AVS and choosing the proper interactions with all pointgon B—but with interaction strengths

i .2 i _
isosurface without any knowledge of the coordinates of the modglated by .the expongntlal eﬁ’“u ): Eor S, this geo
surface being produced. The color scheme, used to identify metrical factor is the only interaction whil& includes as well
each surface point, is created by ranking the values of the the product of the electrostatic potentials. The closer the point
electrostatic potentials of the points from most positive to most jtoi, the more Important its relapve contribution. Asbecome_s
negative. The color spectrum from red to blue is arbitrarily SMaller. a point will interact with a greater number of points

divided into 11 distinct colors, with the most positive surface on the second molecule._ It Is easy to c_hoose _the range of the
points assigned red, the next group a reddish-orange, and sdarameten to make physical sense, as will be discussed below.

on. Thus, the surface color patterns shown in Figure§ 1 Molecule B is allowed to reorient with respect to A, and it is

(defined by functions in the AVS algorithm) are reproduced by clelar thatpf\?r each new Otr'(ta.mat"sg.lf‘%d% WlII.ha}ve ddlffergnt t
the selected surface points. The visualization is through the values. some orientatio& will be maximized, and a
Geometry Viewer of AVS (discussed below). (46) Kearsley, S. K.; Smith, G. Mletrahedron CompuMethodol 199Q
3, 615-633.

(45) Betts, L.; Xiang, S.; Short, S. A.; Wolfenden, R.; Carter, C. W., Jr. (47) Klebe, G.; Mietzner, T.; Weber, B. Comput-Aided Mol Des 1994
J. Mol. Biol. 1994 235 635-656. 8, 751-778.
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another § will have reached its maximum value. These to leading order iny with
respective orientations are not in general the same Sijleeks
the electrostatic component 8. For the choice of eithe& Q= ZEiAEiA + GiAGJ-A exp(—arijz)
or S, depending on the physical information to be explored, [
the maximum value of the measure will correspond to the best
orientation of B with respect to A. F& this is easily seenas  and
follows: if A and B each have regions of negative and positive
electrostatic potentials, the numerator, and therefaeis P? = zei’*gi’* exp(—2ar;”) + ZE‘AEJ'A exp[—a(rik2+rjk2)]
maximized when like-signed regions of A and B are placed close T Tl
to each other in orientation space. Pdimin A then interacts
strongly with points on B with the same sign. If, on the other If Q — P? is positive, increasing or decreasigpgaway from
hand, both A and B have all negative points, ti&mwill be zero—making the two molecules dissimilar-decreases the simi-
maximized by aligning B relative to A such that A’'s more larity continuously fromS, = 1. Because the first term on the
negative points are closer to B’s, while the less negative points right hand side o is the only one not subject to exponential
become preferentially superimposed. In terms of the color decay, it is dominant witlQ — P? positive. Going to the large
schemes used to represent the surfaces of the molecules, thigt limit provides the final demonstration that bdand$ are
means that B will be reoriented with respect to A until global maximized in comparisons between identical molecules. In this
maximum overlap of the same-colored regions is achieved: redlimit a point on molecule A will interact with a point on B
on A will be placed near red on B. F&, the argument is only if the latter is superimposed spatially on the first. Assume
even easier: the best orientation of one molecule with respectthat B has the same number of surface points as does the target
to the other will align the two surfaces as coincidently as A, but that they are not coincident with any of the targegs.
possible. In similar molecules, any given point on one molecule = 0 and$; = 0 as the numerators of eqs 1 and 2 are vanishingly
is close to surface points on the other, leading to a maximum small. Deforming one point of B to the position and corre-
in the measure through summation of relatively large exponential sponding electrostatic potential of a chosen target point will
terms. It is clear that when the two molecules under consid- clearly increase the values of the two measures (the only
eration are identical and perfectly oriented, the value for either measurable contribution being between the transposed B-point
measure is unity. It is found that for the molecules studied here and the target A-point since is large). Subsequent point-by-
the most useful application of the above equations arises frompoint distortions will increase bot§, and & incrementally to
an initial geometrical alignment vi&, and a subsequent their maximum values of unity. Therefore, it is impossible for
similarity scoring withS, under the constraint of the initial S > 1, and if B is different from A& < 1. Because&s =1
optimal geometrical matching is the maximum value achieved and decreasing values reflect
A more quantitative way to see the utility of eqs 1 and 2, comparison of less related molecules, we are confident3hat
revealing also the importance of the denominators, is as follows. (and$; since the arguments for it are similar) can be used both
Fix the spatial position of molecule A. Imagine that the points to orient the molecules and to give a numerical value to the
on B are free to move, independently of each other and without similarity.
conservation of B's geometry, and free to take on any As discussed in the Introduction, an often-used family of
electrostatic values. Of course, in actual application of eqs 1 measures for molecular compario¥ has been based on
and 2, the molecular shape and electrostatic nature of anyscoring the electron density or electrostatic potential at every
molecule are fixed. If the points of B were free to rearrange in point in space, without specialization to the molecular surfaces.
any fashion, how must they individually align relative to those For example, withe(F) describing the potential at positiai
of A for & to be maximum? Extremize through the usual the numerator of eq 1 would take the forfe*(F)eB(F) df with
construction: the integration spanning all space. Note that these point-by-
point integrations do not allow for a given spatial region of
0S, one molecule to explore the corresponding spatgghborhood
—5=0 and —/ =0 forallk of the other. Adopting such a scheme to our surfaces would
Iy ey have limited the interaction of pointon one molecule to its
nearestneighborj on the other (for any chosen orientation).
where T} is the coordinate of th&th point on B, withr;2 = This procedure would not have been as sensitivegionsof
(A — fl_B)z_ It becomes clear that there are at least two €lectrostatic and geometric similarity. The exponential term in
extrema: the case where B becomes identical with A and Our measure is responsible for this regional sensitivity and also
oriented with respect to it for perfect matching so tBat= 1 serves another important purpose. The points extracted from

and the case where B is geometrically identical to A but with the Gaussian output do not create a molecular surface with

eiEs - _ EiA for alli andS, = —1. Can there exist a molecule uniform coverage at all regions: such imperfections are
smoothed by this regional comparison.

that when compared with A has a similarity measure greater L .
than unity? Begin by aligning two copies of A perfectly such It was shown that the elgctrostang similarity measure is
thatS = 1. Now, multiply all electrostatic potentials on one insensitive to the tran_sformatmﬁ — ne;” of all the potentials
of the replicas by a positive integer so thﬁtbeoomeme-‘\ on on the B-points (but with conservation of the coordinates). This
that molecule. Clearly, the numerator&fincreases bu'se - feature means th&: looks for patterns in electrostatic potential
1 because of the normalizing denominator. A second approachdistributions and not for magnitudes. (Reference 8 addresses
is also illuminating. Orient perfectly two copies of a molecule, thiS issue for the other measures described above.)
but letef — € + y, without disruption of the geometry, for Two molecules can be oriented relative to each other and
only the kth point on one them. In the limit of a small the similarity scored via (1) the purely geometric meashye
perturbationy, we find or (2) the electrostati& which contains a geometric component
' through the exponential, or (3) a weighted average of the two.

5 For the molecules tested here, the best results were achieved
S.=1- V_(Q — p2) by first orienting the two molecules with respect to each other

2Q2 using §; alone. This achieves a good geometrical fit. Then,

[EZNES]
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a) transition state for AMP and adenosine deaminase — 2z, ande — ¢ for all pointsi. The method successfully
reproduces, with discrete points, the surfaces in Figures*§4°
The transition state structure for AMP deaminase, adenosine
;‘;«‘ oy 52 T t}.’?. 2, deaminase, or AMP nucleosidase is positioned and frozen with
AR f'él.: vf"'! 1o {,4. its center of mass at the origin of the coordinate system. The
M. a4 Dﬁl . “--p N-9-methyl transition state for AMP deaminase serves as the
Y fw R %ilp} target structure to which the methyl derivatives of AMR)-(

and ©-coformycin 3-phosphate, and the late transition state
are compared. Adenosine deaminase features the same N-9-
methyl transition state as does AMP deaminase, and to it are

b) 3-N-methyl (R)—Coformycin compared the methyl derivatives of adenosif;qoformycin,

o 1,6-dihydropurine ribonucleoside, and hydrated purine ribo-
*‘""’"-"‘-hfn ety 't\ nucleoside. Formycin'§hosphate, aminopyrazolopyrimidine
p‘$ "':j*"} ;"‘Q ribonucleotide, tubercidin'gphosphate, and AMP are similarly
'ﬂ'“ ' ﬂ‘. ’ scored against the transition state for AMP nucleosidase. As

«..@ \‘-;,,,, described above, within an enzyme series all molecules are
A geometrically similar: for the AMP deaminase structures, the
substrate, the transition state, and the late transition state for
¢) transition state for AMP nucleosidase the deaminase reaction are structurally related to each other

through addition or deletion of a small number of atoms.
Therefore, relative geometrical orientation between the target
and test species results in a close matching for the bodies of
the molecules when their respective centers of mass are
coincident. This close matching of molecular volumes is an
advantageous feature of these structurally related entities and,
to emphasize, it is this initial purely geometric orientation using
S upon which similarity ranking witl® is built. The algorithm
employed rotates the test molecule around its center of mass
with calculation ofS; at each new orientation. The goal is to
'a(—.,. -w-w. find the maximum value for the measure and thereby the best
'{t- “'l“;, relative alignment. A single rotation requires three euler
3 angles: each is generated randomly, with 100 000 random
reorientations providing adequate sampling of rotation space.
Because the similarity measure is assessed at each new
orientation and so involves multiple evaluations of the expo-
nential in the point-to-point distance, computation time can
Figure 4. Surface-pomt stereoviews of the molecular electrostatic become substantial. To facilitate computation, the quantity exp-
potential surfaces for the transition state for AMP or adenosine (—qr;?) is calculated only ifurj? < 4.5 for the pointd on A
deaminase (a)R)-co_formycm (b), transition state for AMP nucleosidase (the transition state) arjcbn B (the test molecule). This means
(c), and for formycin 5phosphate (d). The color spectrum from red ¢ 4 point-point interactions for which exp(ar;? < 0.011
o blue is in the direction of decreasing relative positive charge. ..o jonared an approximation that introduces negligible error
Surfaces for all other molecules are of similar quality. The transition . . . : . .
state for AMP nucleosidase and its inhibitor are protonated on their In.the final relative orientation of the tW,O molecules. Aftgr th,'s
phosphates. alignmentS; or S; can be c_alc_u_lated without t_he truncation in
the double sum, but no significant change is found over the
truncated numbers.
Choices ofo. for similarity calculations are adjusted so that
a point on the target will see a neighborhood of points on the
test molecule about a bond length (or less) away. The Gaussian
outputs are in units of the Bohr radius, equal to 0.529 A, so
that o has units of bohr2. Values ofa = 0.1, 0.3, and 0.5
bohr2 provide exponential decays to’ein a point-to-point

for this geometrically optimized alignmentseS. to measure
the similarity. The ability ofS; to differentiate between both
electrostatic and geometric differences is important in this
analysis. For example, the geometfig would orient two
identical copies of a molecule perfectly, aBdwould score
them with a value of unity. If one of the molecules were simply

expanded to become slightly larger without changing the ™ )
potentials of the pointsS. would quantitate this decrease in  distance of 1.67, 0.97, and 0. 75 A, respectively. All of these

similarity. This scheme is adequate for the molecules within values give similar ranking of molecular similarity, demonstrat-

the AMP deaminase, adenosine deaminase, or the AMP nucle-"d the robust nature of the algorithm. o
osidase series, which are geometrically rather similar. If the AMP Deaminase Series. It is found that the orientation of

molecules were sterically more dissimilar, option 3 from above @ given test molecule, e.g., the methyl derivative of AMR); (

could also be applied. or (9-coformycin, or the late transition state, relative to the

transition state is essentially the same for any0.1, 0.3, or

0.5). As arepresentative example, alignmen®)fdoformycin

with the transition state is shown in Figure 5. All other test
Surface Constructions and Rotations of Test Molecules.  molecules show comparable alignments relative to the transition

Figure 4 depicts the electrostatic potential surfaces of the (48) Indeed, the surface topologies are more easily appreciated when

transition states and representative inhibitors for the AMP physically rotating the molecules with the visualization package.

deaminase, adenosine deaminase, and AMP nucleosidase reac- (49) I(;\fthe chase of fomycm ‘q‘othJSphate hthe extraction r|§Jrocetfiure

H H imi H retrieved from theGaussiarfiles a single pomtt at was not on the surface

t'?‘ns' Omltt(_-:‘d surfa}ces are of sflmll?r quaht)ﬁto those shown. but which had, nonetheless, an electron densit@.002 electrons/bolir

The Sstereoisomer is created d|reCtY from the surface points yigyalization uncovered it, and it was deleted. This point corresponded to

of (R)-coformycin via the transformation — —x;, i — Vi, z a region of low electron density in the molecular core close to a nucleus.

Results
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a) (R)-coformycin--TX Table 2. Dimensionless Free Energy of BindingG/RT, and the
y Average Similarity Measurd &3
enzyme/molecule AGIRT &0
AMP Deaminase

transition state (for dAMP) —36 1.000

(R)-deoxycoformycin 5phosphate =17 0.604

(9-deoxycoformycin 5phosphate —10 0.549

dAMP -6.7 0.428

transition state (for AMP) —38 1.000

(R)-coformycin 3-phosphate -25 0.604

AMP -8.1 0.428

Adenosine Deaminase

transition state -39 1.000

hydrated purine ribonucleoside —-29 0.765

(R)-coformycin -25 0.604

1,6-dihydropurine ribonucleoside =12 0.677

adenosine -10 0.428

3 AMP Nucleosidase

Figure 5. Stereoviews of the orientation of 9-methy){coformycin transition state -39 1.000
with respect to the transition state for AMP (or adenosine) deaminase formycin S-phosphate i —-17 0.434
(a) and of formycin 5phosphate with respect to the AMP nucleosidase ~ @minopyrazolo pyrimidine ribonucleotide =~ —12 0.310
transition state (b). In both cases the transition states (called TX) are tubercidin -phosphate :gg 8%32

in red. The orientation is achieved through the purely geometric

constructionS;. The color scheme for the electrostatic coding is a References for the free energy values are given in the text.
suppressed. Orientations for all other molecules are comparable.

A with the transition state are quite similar by the meastye
Table 1. dg val for the Simil to the Rel t . :
T?aniition %tgtr% S Values for the Similarty to the Relevan with an average of 0.856 foRf-coformycin, 0.830 for AMP,

and 0.859 for th&-inhibitor. Thereforethe measureSs more
closely related to binding affinitiegyiven that the molecules

a=0.1 a=0.3 a=0.5

enzyme/molecule S § S 5 S 5 are subject to an initial geometrical alignment. Although the
N AMP Deaminase late transition state is sterically most similar to the transition
transition state 1.000 1.000 1.000 1.000 1.000 1.000 gtate (see the visualizations or values &), S affirms that it

(R)-coformycin 3-phosphate 0.692 0.960 0.598 0.850 0.523 0.759

(S-coformycin 5-phosphate 0655 0.963 0.535 0.854 0457 0759 IS @ poor match to the transition state. The late transition state

AMP 0.522 0.945 0.410 0.821 0.352 0.725 IS part of the reaction pathway: a point in the pathway has been

late transition state 0.019 0.970 0.080 0.888 0.091 0.811 reached where the reaction-coordinate species is losing elec-
Adenosine Deaminase trostatic similarity to the transition state, with, presumably, the

transition state 1.000 1.000 1.000 1.000 1.000 1.000 relaxation of binding energy. As the value afincreases, a

hydrated purine ribonucleoside  0.809 0.978 0.765 0.923 0.721 0.865 point on one molecule sees less of a neighborhood on the other,

(R)-coformycin 0.692 0.960 0.598 0.850 0.523 0.759 e S
1,6-dihydropurine ribonucleoside 0.754 0.970 0.675 0.889 0.603 0.807 ?nd n th|s+;en?e th? S'?}""?”ty measures explore more 'Qﬁal
adenosine 0522 0.945 0.410 0.821 0.352 0.725 features. Therefor& for the late transition state increases wit

AMP Nucleosidase increasingo because information about the global electrostatic

transition state 1.000 1.000 1.000 1.000 1.000 1.000 dissimilarity is lost. S for AMP and the two isomers of

formycin 5-phosphate 0.527 0.930 0.418 0.772 0.357 0.652 coformycin decreases with increasimgreflecting that all share
ami‘rtl)opyre?zolq(?yrimidine 0.354 0.932 0.305 0.778 0.270 0.663  similar electrostatic neighborhoods with the transition state.
ribonucleotide : . . . .
tubercidin 5-phosphate 0.327 0.935 0.209 0.790 0.268 0681 __Discussion of AMP Deaminase Results.A quantitative
AMP 0.178 0.939 0.178 0.792 0.163 0.677  Ccorrelation can be made between evalues for the methyl

— - - _derivatives of R)-coformycin, §-coformycin, and AMP and

¢ Each label indicates the molecular species that is scored againstyyeir respective binding free energies to AMP deaminase. The
the t!’aI"ISItIOI"I state, with the transition stateansition state comparlson bindi f . to AMP d . dth |
serving as the control. The test molecules are aligned relative to the P!NdING IT€€ €nergies 1o €aminase and the average values
transition state witl§,. Results are shown for three valuescof for the SImI'arlty scorings of these molecules with the transition

state are summarized in Table 2. The free energies listed are

state. In this example each molecule has a single color to permitfor both the 2-deoxy molecules (dAMP R)-deoxycoformycin
easy comparison of alignment. When the points are also color- 5'-phosphate,§)-deoxycoformycin 5phosphate, and the transi-
coded for their electrostatic potentials, the preferential overlap tion state for JAMP) and for the series AMAR)¢coformycin
of electrostatic similarities for the two superimposed molecules 5'-phosphate, and the transition state for AMP. Figure 6 shows
is apparent. a plot of the dimensionless free energy of bindings/RT, as

The values of S and §; for these sterically matched a function of the average similarity measurgll Each
orientations are reported in Table 1. As a control, the transition transition state is scored against itself, giving a similarity of
state is randomly reoriented against itself to find the perfect 1.00. Note the near-linear correlation for thed2oxy series
match with bothS; andS; having the maximum value of unity.  (black circles). The difference between the similarity measures
For the three values at studied, (the methyl derivative of)  for (R)-deoxycoformycin scored against the transition state and
(R)-coformycin is more similar to the transition statas for the transition state scored against itself is 0.396, and the
expressed througB:—than is either AMP or §-coformycin. difference in the corresponding binding free energies is 19,
This correlates qualitatively with the great affinity of the enzyme giving a ratio of 48. For dAMP and the transition state the
for the transition state inhibitor. Indeed, the average value of ratio is 51. §-Deoxycoformycin gives a ratio of 58. The
S (taken over the three’s) for (R)-coformycin is 0.604, while Sinhibitor is held only 30 times more tightly by the enzyme
that for AMP is 0.428 with 0.549 forS)-coformycin. The than is the substrate dAMP. This means thatShigomer and
geometries of AMP andR)- and §)-coformycin as compared  the substrate should exhibit approximately the same degree of
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Figure 6. Binding free energys the average value of the similarity ~ Figure 7. Binding free energys the average value of the similarity
measure. The AMP deaminase series: black circles label the transitionmeasure. The adenosine deaminase series: transition state (called TX),
state of dAMP (called dTX), R)- and ©-deoxycoformycin 5 1,6-hydrated purine ribonucleosid&®){coformycin, and adenosine. A
phosphate, and dAMP. The solid line connects the substrate to dTX. line connects TX to substrate. 1,6-Dihydropurine ribonucleoside, an
Open circles are for the transition state of AMP (called TX), outlier, is shown with an open circle (see the text).

(R)-coformycin 3-phosphate, and AMP. A broken line connects TX

to AMP. The deoxy series shows better correlation between binding ribonucleoside as compared to the transition state. The relative
free energy and the similarity measure. orientations of the inhibitors and the substrate with respect to
the transition state are found throu§) and a representative
example is shown in Figure 5. Table 2 summarizes the average
values of thes. measure (taken over the parametg¢rand the

free energies of binding of the five molecules. Focusing on
the transition state, the hydrated purine ribonucleosig, (
coformycin, and AMP, it is found that the similarity measures
for these molecules decrease in that order (1.000, 0.765, 0.604,
0.428) with the binding free energieSAG/RT to adenosine
%eaminase becoming less favorabte3@, —29, —25, —10).

global similarity to the transition state. In the absence of any
knowledge concerning the possible conformation of its hydroxyl
group in the enzymatic cleft, thiSenantiomer is constructed
as the mirror image of the-form. It is therefore expected that
the S values for theS-species and the substratehich reflect

the similarity of these test molecules to the transition stateuld

be more nearly the same if such information were available.
The strong correlation betwee&G/RT and[&.[is found as well

for adenosine deaminase and AMP nucleosidase. In the serie
AMP, its transition state, andr}f-coformycin 3-phosphate (open
circles), the correlation is not as strong since the transition stat
inhibitor falls significantly below the line connecting substrate
to transition state. Indeed, for this case the inhibitor is bound
3 x 107 times as tightly as is the substrate, while in the deoxy
series, which shows stronger correlatidR)-feoxycoformycin
5'-phosphate is bound only 8 10* times tighter than dAMP.
This underscores the enzyme’s remarkable ability to differen-
tially stabilize almost identical transition states, while binding
with nearly the same affinity the related substrates AMP and
dAMP.

It is also possible to orient a test molecule relative to the
transition state using the electrostatic measyreThe orienta-
tion thus achieved by maximizing is the same as that from
application ofS; only for test molecules that are similar both
electrostatically and geometrically to the target. Thu®) (
coformycin can be aligned to the transition state v@lor S;:
the same relative orientation is found with either and for all
values ofa. For the electrostatically dissimilar late transition
state, however, orientation throudgh does not lead to near
atomic overlap with the target for any valueaf The substrate
AMP serves as an intermediate case for which good atomic
superpositioning with the transition state is possible do=

igure 7 shows the near-linear correlation between these
equantities. Note that thougR)-coformycin, the transition state,
and the substrate appear in the AMP deaminase series as well,
there they have different binding affinities, and adenosine
deaminase therefore constitutes a separate test case. 1,6-
Dihydropurine ribonucleoside is an outlier: its similarity
measure is larger than that of coformycin even though the
dihydro inhibitor is considerably less tightly bound. The
explanation for this comes from the crystal structure of cytidine
deaminase complexed with 3,4-dihydrozebulabfheThis in-
hibitor is the pyrimidine ribonucleoside analog of 1,6-dihydro-
purine ribonucleoside and has an energetically costly interaction
with the zinc-bound water of cytidine deaminase. Adenosine
deaminase has a zinc-bound water at the analogous position,
which would be expected to interact sterically with one of the
hydrogens on C-6 of the inhibitor. Therefore, though 1,6-
dihydropurine ribonucleoside is fairly similar to the transition
state as measured I8, it is less tightly bound to adenosine
deaminase since it cannot be hydrated by the enzyme to form
transition state contacts.

AMP Nucleosidase Series.Another test of the algorithm
for scoring similarities is to differentiate between the binding
affinities of AMP nucleosidase for formycin'phosphate,

0.5 only. Because AMP, the transition state, the late transition @Minopyrazolopyrimidine nucleotide, tubercidikphosphate,

state, and the inhibitor for the AMP deaminase reaction share and for AMP. All molecules, as well as the transition state

global structural similarities, it is most comprehensive to demand {&9et, are shown in Figure 3 with a negative charge on their
above all good steric overlaps prior to similarity scoring with Pnosphate groups. This corresponds to the solution phase
S ionization of these test molecules. On average the similarity

of formycin 5-phosphate to the transition state as determined
via & is 0.688; for AMP the similarity scores to 0.683. It is
clear why S cannot convincingly differentiate between these

Adenosine Deaminase SeriesThis enzyme shares with
AMP deaminase, as input to the similarity calculations, the
methyl derivatives ofR))-coformycin, AMP (or adenosine), and
a common transition state. Table 1 li&sfor these molecules (50) Xiang, S., Short, S. A.. Wolfenden, R.; Carter, C. W., Jr.
and for 1,6-dihydropurine ribonucleoside and hydrated purine Biochemistryl995 34, 4516-4523.
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ST T T T T T T T T T T ] for recognition by the enzyme), this last compound would be
. AMP whercidin ] more like the transition state, effectively achieving the goal.
-10 o - Given a putative transition state inhibitor for any of these
. ® aminopyrazolo enzymes and calculation of its value f8 it is possible to
15 estimate its free energy of bindingherefore, its effectiveness
as an enzymatic inhibitetfrom the constructions shown in
& 20 Figures 6-8.
& ]
g 25 F ] Concluding Remarks
30 F ] The wealth of physical and chemical information contained
] within molecular electrostatic potential surfaces can be extracted
35 F ] and quantified for similarity comparisons between enzymatic
C ] substrates, inhibitors, and transition states. For the three
40 oo b e e 4 reactions studied, those of AMP deaminase, adenosine deami-
0 0.2 0.4 0.6 0.8 1 nase, and AMP nucleosidase, the transition state inhibitors are

<Se> scored more similar to the transition states than are the
Figure 8. Binding free energys the average value of the similarity ~ substrates. Furthermore, there is general correlation between
measure. The AMP nucleosidase series: transition state (called TX),the similarity of an inhibitor to the transition state and the
formycin 3-phosphate, 4-aminopyrazolo[3fyrimidine-1-ribonucle- binding free energy to the enzyme. The similarity measures
ofide, tubercidin 5phosphate, and AMP. Similarity measures are for jntroduced are sensitive to geometric rearrangement of an
molecules with protonated phosphates. A line links TX to substrate. nhibitor into its stereoisomer; such a procedure diminishes the

) ) potency of the transition state inhibitoR)¢coformycin 5-

negatively charged molecules. For any given molecular surface, phosphate.
the charge on the phosphate serves as a source of electronega- ajthough refinements of the scheme introduced are possible,
tivity and gives a negative electrostatic potential to virtually all the method is intuitive and robust. First of all, the point density
surface points. This effect overwhelms the localized and subtle o any molecular surface is greatest on those regions having
differences in the molecules. Experimental evidence suggestSjargest curvatures. One can imagine the creation of a mesh on
that, in the catalytic cleft, the phosphate group of a bound speciesihe van der Waals surface with an extrapolation procedure to
interacts with a positive residue from the enzyfierotonation  fing the electrostatic potential and coordinates at uniformly
of the phosphate groups of the three inhibitors, AMP, and the gjstrihuted mesh points. As discussed above, however, the
transition state and recalculation of the similarity measures leadsgynonential term in the similarity measures serves to compensate
to the results shown in Table 1. Figure 5 gives a representativefor nonuniform coverage. A simulated annealing scheme to
example of the orientation of a test molecule relative to the 14 the maximum value of the measures might be employed if
transition state, as determined through the maximuSyiihe 5 greater surface coverage is used. This approach has been
relative orientations of the other molecules to the transition state fond to be successful in speeding approach to an extremum in
are similar. Table 2 lists the averafefor each molecule along jany-dimensional optimizatiosis. Finally, if experimental data
with its binding constant to AMP nucleosidase, and Figure 8 an establish the specific interaction sites within the transition
shows the correlation between these quantities. Through thestate-enzyme complex, then those points on a putative inhibitor

entire series, a larger value for the similarity between a test {hoygnt to be unessential in the recognition and binding process
molecule and the transition state corresponds to a greater affinitycapn pe systematically deleted.

for AMP nucleosidase. For the transition state, formycin,
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