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The mechanism of the transacylation reaction of methyl acetate with methoxide has been explored using
density functional theory (B3LYP/6-31G(d)) and PCM-UAKS solvation models. The conformations of all

of the transition states and intermediates are strongly influenced by the anomeric effect. The conformations
of phosphonates were computed and analyzed. The bound inhibitors obtained from X-ray crystallographic
structures of lipases and esterases adopt a few specific conformations. The conformers of the transition states
and intermediates in transacylations are compared to the conformations of the phosphonate inhibitors. Although
the energy differences are small, the frequency of the occurrence of the phosphonate conformers in crystal
structures is more closely related to the relative energies of free phosphonate conformers than to the relative
energies of acylation transition states.

Introduction conformations of the bound inhibitors. We find that energy
differences among conformers are small in both transacylations
and phosphonates. To the extent that there is a correlation, bound
phosphonate conformations in enzyme crystals more closely
resemble free phosphonate conformers than they do trans-
acylation transition-state conformers.

A central tenet in the field of enzyme inhibition is that
effective inhibitors resemble the transition state of the reaction
catalyzed by the enzyni@ This form of molecular recognition
is one type of complementarity between small molecules and
proteins that is very important in chemical biolofgecause
of the relatively restricted nature of the interior of an active
site of an enzyme, limited conformational freedom is expected
for a bound inhibitor or transition statel he research described Lipases and EsterasesLipaseS and esterases have been

in this paper was designed to answer the following questions: found in most organisms. These enzymes catalyze the trans-
(1) Does the transition state of an enzyme-catalyzed reactionacylation and deacylation reactions of esters involved in
resemble the lowest energy transition state of a conformationally bioconversion reactiorfsin addition to their biological func-
flexible system in solution? tions, they are probably the most useful enzymes in synthetic
(2) Do conformationally flexible enzyme inhibitors have organic chemistry, catalyzing the chemoselective, regioselective,
conformations resembling the lowest energy conformation of and/or stereoselective hydrolysis of esters. The broad synthetic
transition state of the inhibited reaction? potential of these enzymes is largely due to the fact that lipases
Three-dimensional X-ray crystallographic structures of lipases and esterases accept a wide range of substrates, and they are
and esterases from several different species show strikingduite stable in either aqueous or nonaqueous organic sofvents.
similarities to each other. In particular, the bound phosphonate Crystal Structures of Lipases and EsterasesThe X-ray
inhibitors exist in only a few of the possible conformatidrfs.  crystal structures of several lipases and esterases have been
The relationships between the conformations of the transition reported Most lipases and esterases are members of dife “
states and tetrahedral intermediates for the transacylations angb-hydrolase fold family”. Lipases and esterases differ widely
the conformations of the unbound and bound inhibitors have in size, ranging from 22 kD foFusarium solancutinase to 60
been explored to understand how these conformational factorskD for Geotrichum candiduntipase? The three-dimensional
are related to catalysis by enzymes. structures of lipases and esterases are very similar, despite major
The parent transacylation reaction, Me@ MeCO,Me — differences in the amino acid sequentéshis o/S-hydrolase
MeCO:Me + MeO~, has been explored theoretically to folding pattern arranges the residues of a catalytic triad
understand the conformations of the transition states and (typically, Ser, His, and either Glu or Asp) in an identical
intermediates in transacylations. The conformations of the manner, as shown in Figure 1. This figure also shows the crystal
transition states and intermediates have been compared to thosgtructures of inhibitors bound in the active site. The nucleophilic
of unbound phosphonates, as well as phosphonate inhibitorsSer rests at a hairpin turn betweer-strand and am-helix.
bound to lipases and esterases. The goal of this work is to The remaining residues of the catalytic triad rest on one side of
determine which conformations are favored in the transacylation the serine. The residues forming the oxyanion hole, which has

process and to explore the relationship, if any, to the observedalso been identified on the basis of the X-ray structures, lie on
the other side. A notable exception &reptomyces scabies

* Author to whom correspondence should be addressed. E-mail: houk@ €Sterasés The tertiary fold of the enzyme is different from those
chem.ucla.edu. of the a/p-hydrolase fold family. Furthermore, the active site
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Figure 1. X-ray crystallographic structures of the active site of lipases and esterases inhibited by phosphonates. Residues that constitute an oxyanion
hole and a catalytic triad are shown in blue and red, respecti@&li&—, AG~, G"G~, andAA refer to the phosphonate conformations discussed
in the text. ThreeG"G™ inhibitors are not shown, because these structures have not been published yet (see ref 4n).

contains a dyad of Ser14 and His283, but a Glu or Asp part is SCHEME 1

replaced by a natural hydrogen-bond acceptors (Trp280 and o) o°

Tyr281)4c The conformations of the bound phosphonates are R ) R

of special interest and are discussed in detail later in this paper. o~ S Rl
Mechanism of the Hydrolysis of Esters by Lipases and )

T ]

Esterases.The X-ray structures of lipases and esterases with |, ©~, | _e/ﬁ\ Ser A NH...%)]\

the bound inhibitors yield valuable information about the N

mechanism of the transacylation and deacylation reactions

catalyzed by this enzyme famify.The essential catalytic e
H\o)l\ﬂ

—
—

functional unit in the active site is the catalytic triaef. The _ o N
residues Ser and His serve as a nucleophilic attacking group \/' ' SEF\OJ\ s
and a general acitbase catalyst, respectively. The catalytic NN N—NH_ %)1\ R 2
role of the third residue of the catalytic triad is still controver- N N T

sial® Recent quantum mechanics/molecular mechanics (QM/ N
MM) calculations have suggested that the electrostatic interac- ® 1 o ‘
tion between the third residue and His stabilizes the transition sgr\cp
state and tetrahedral intermediéfi& A prototypical catalytic R ' 0" \R His
. . . . . . OH is I} -~ o)
mechanism is shown in Scheme 1. The first chemical step is &« E( > /=<
the attack of Ser at the ester carbonyl, forming a tetrahedral S S NH,___%J\ H/O\U\/NH-»-%)\
intermediate. The oxyanion hole stabilizes the negative charged
transition state and tetrahedral intermediate during catalysis. Thenucleophilic anion’? and Hori studied the decomposition of the
intermediate then collapses to give the acyl enzyme, releasingtetrahedral intermediate at the MP2/643&(d,p)//HF/6-3%G
the alcohol in a transacylatict. The acyl enzyme undergoes level of theory’® Pranata studied the gas-phase base-catalyzed
the hydrolysis to form the carboxylic acid and to regenerate hydrolysis of methyl formate, finding two tetrahedral intermedi-
the serine on the enzyme. ates along the reaction pathw#\and Heeffner et al. investigated
Theoretical Studies of the Acyl Substitution Reactions. the mechanism of the base-catalyzed hydrolysis of methyl
There have been many computational studies of nucleophilic acetate at the MP2/6-31G(d)//HF/6-31-G(d) level’® The
acyl substitution8®” Jorgensen studied the reaction of the stepwise mechanism was favored over the concerted one by
hydroxide ion with methyl formaté:Dewar and Storch reported 5.3 and 13.3 kcal/mol in the gas phase and water, respectively.
AM1 calculations for the reactions of seven anions with eight Sherer, Turner, and Shields investigated the first step of the
carboxylic derivatives, suggesting that the activation barriers reaction with semiempirical and ab initio molecular orbital
in solution correspond to the energy needed to desolvate themethods’™9 Tantillo and Houk explored the alkaline hydrolysis
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Figure 2. Molecular structure and conformational definition of the

Takano and Houk

and methyl formate in water and dimethylsulfoxide (DMS0).
They suggested that the tetrahedral intermediate was formed
by a direct nucleophilic attack of the hydroxide on the carbonyl
carbon or by a general base catalysis mechanism.
Stereoelectronic Effects for the Cleavage of Tetrahedral
Intermediates. Deslongchamps analyzed the stereoelectronic
effects that control the cleavage of tetrahedral intermediates
during the formation or hydrolysis of esters and amitfesis

tetrahedral intermediates in transacylations and the conformers of hook provides guidelines to the understanding of which

dimethyl methylphosphonate.

conformations of tetrahedral intermediates are most prone to
cleavage. Ema and co-workers performed semiempirical mo-

of aryl esters in both the gas phase and water at the MP2/6-lecular orbital (MO) calculations on the imidazole-catalyzed

31+G(d)//HF/6-3H-G(d) theory?® showing that the mechanism

transesterification and suggested that the stabilization energy

was a concerted reaction in the gas phase but a stepwisghat was due to the stereoelectronic effect operating at the
addition—elimination reaction in water. Chong et al. explored transition state was5 kcal/mol®® However, Perrin investigated

the hydrolysis ofp-nitrophenyl acetate angtnitroacetoanilide
through the B3LYP/6-31G(d) calculation, molecular dynamics
simulation, and MM-PBSA free energy calculatiofisZhan,

Landry, and Ornstein studied the reaction pathways for alkaline

the hydrolysis of cyclic amidines and suggested that the anti-
periplanar lone-pair hypothesis cannot always account for the
preferred reaction pathways of tetrahedral intermedfétes.

Our study was designed (i) to elucidate why the phosphonate

hydrolysis of carboxylic acid esters in the gas phase and inhibitors bound in lipases and esterases prefer only a few
water’—% Pliego and Riveros reported the free energy profile conformations and (i) to determine the relationship to confor-
for the different reaction pathways available to the hydroxide mations of species that are involved in transacylations.
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Figure 3. Reaction pathways for the transacylation of methyl acetate via (A\@e and (B)G~G~ tetrahedral intermediates and (C) the lowest
energy pathways in the gas phase, protein, and water. Gibbs free energies of B3L¥ BB stationary points are plotted, relative to that of
reactants1 + 2). Solvation free energies in water and nonpolar protein environments with theRAMS method are given in parentheses and
brackets, respectively. The relative Gibbs free energies are given in units of kcal/mol.
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Computational Methods TABLE 1: Entropy Corrections to the Gibbs Free Energies
. . of B3LYP/6-31+G(d) Stationary Points in the Transacylation
The reaction pathways for the transacylation of methyl acetate of Methyl Acetate in the Gas Phase

with methoxide anion were explored at the B3LYP/6+33- Gibbs free energy correction
(d)*~*level, using Gaussian 98213All stationary points and component “TASat 298.15 K (kcal/mol)
transition states were characterized by frequency calculations

at the B3LYP/6-3%+G(d) level, and zero-point energies and %Jr 2 :28'2
thermal corrections at 298 K (scaled by 0¥8yere included. 4 —286

Solvation energies were computed with PEMAKS self- 5 —27.2
consistent reaction field (SCRF) single-point calculati®ra 6 —26.0
the HF/6-31-G(d) level, using Gaussian 33 In Gaussian 03, ’ —30.3
the PCM solvation method has been improved and extetfded. g :gg'é
Dielectric constants<j of 78.39 and 4 were uséflfo simulate 10 —280
the higher-polar aqueous environment and a less-polar environ- 11 -30.9
ment due to that of a protein interior, respectively. We neglected 12+ 2 -39.3
the rotational and the translational contributions to the thermal 13 —25.7

energies and entropies for complexes, transition states, and

intermediates when the thermal and entropy corrections to thel.2 kcal/mol difference in the entropy correctionsTAS see

free energies in solution were computed, because the ability of Table 1). In the change & to 6, the QCs bond shrinks by

the solute to move around in the solvent can be assumed to bed.03 A for theA-methoxy group and elongates by 0.04 A for

restricted’c the G—-methoxy group, whereas almost no change in the length
The conformations of the transition states and tetrahedral of the carbonyl @QC; bond is observed. The dihedral angle

intermediates for the transacylation are defined as the Ajti (  OsCsO2C; shifts from 42 in 5 to 28 in 6 as theG™-methoxy

gauché (G*), or gauche (G~) designations, to show the group (QMe) responds to the steric hindrance to the othér

relationships of the alkoxy groupsO, and QC, with respect ~ methoxy group (@Me). Finally, the dissociation of thé-

to the QX3 and QX3 bonds, respectively (Figure 2). These Mmethoxy group ob' completes the transacylation. Overall, the

correspond to a staggered arrangement with dihedral angles ofProcess is essentially barrierless in the gas phase, and the two

~180, 60°, and —60°, respectively. One also could have halves of the reaction are mirror images and, therefore, are of

defined the OC dihedral angle, with respect tgOX and the equal energy.

relationship will be discussed in the text. In the aqueous environment or the nonpolar environment
_ _ representing the extreme of a hydrophobic protein interior, the
The Mechanism of Transacylation of Methyl Acetate energy of unassociated reactaritst 2) is stabilized by 92.5

and 66.5 kcal/mol, respectively. The calculated agueous solva-
d at tion free energy for methyl acetate 4.7 kcal/mol, which is
d similar to the experimental value-@8.1 kcal/mol)?° indicating
protein environments’ Figure 3A shows the lowest-energy that the PCM is reasonably close to the experiment for this case.

pathway for the gas-phase reaction. Gas-phase geometries o a non_p_olal_r protein int_erion, and2 farm the comple_>8, but

all of the stationary points are shown in Figure 4. Table 1 lists € Stabilization energy is only 0.9 kcal/mol. Solvation effects
the entropy corrections that are involved in the transacylation. makg c.ompISXBr:rrele.vanlt llwn Wa¢ter. IThe ;‘ormanor:j(ﬁfrcl)(m I/
The approach of methoxidzto theZ isomer of methyl acetate 1+ @nd2 is endothermic with a\G" value of 14.1 and 8.1 kca

1 forms an ion-molecule complex3). In 3, the methoxide mol for water or nonpolar solvents. The solvation effects slightly

oxygen can be hydrogen-bonded to one of the H atoms of their)fluence the _activation barrier for interconversion@aﬁnd 5 _
methyl group (CH--O), with a distance of 1.63 A. C+HO via 6, and the intermediate has a shallow conformational barrier
hydrogen bonds become increasingly important for the under- therf boih methoxy groups can freely sample KB~ —
standing of conformational analyses and intermolecular interac-C G —G ™A conformational space in the gas phase, protein,
tions. The CH:-O bond is, similar to the OH-O hydrogen and water.

bonds, a largely electrostatic interactirThe O,C; distance Transacylation via the G"G™ Tetrahedral Intermediate.
elongates to 1.36 A, because of the €8 hydrogen bond. There is a second transition state for nucleophilic attack, as
Attack of the methoxide on methyl acetate leads to a tetrahedralShown in Figure 3B. An isomeric ienmolecule complex?)
intermediate %) via a rate-determining transition staté).( is formed by the interaction betwednand2. The complex?
Transition statet has theAG~ geometry, with the methoxide ~ has the CH-O hydrogen bond, with a distance of 1.64 A (see
approaching anti to the ester,@ bond, whereas the ester Figure 4) and is essentially equienergetic ZoComplex 7
methoxy (QC,) rotates into &~ arrangement, with respectto ~ changes into a tetrahedral intermedia® through transition
the new|y forming bond. Transition staté involves the state8. The G~ G~ transition state3 is 1.6 kcal/mol above the
methoxide lone-pair interaction with the carbomyi orbital. AG™ transition statet. The angle of attack ({€30s) is 99.

The intermediates has the sam@éG~ conformation as the ~ The G™G™ intermediate9 is 2.9 kcal/mol above th&G™ 5.
transition state. The formation of the;@ bond causes an  The OC30s3 angle shifts to 110in 9, and the dihedral angle
increase of the @5 distance by 0.14 A. The angle of attack 03CsO2C, changes to 39 The second transition stat&() is
(01C305) shifts from 102 in 4 to 114 in 5. The dihedral angle ~ alsoG~G™ butis 1.3 kcal/mol abov8. The difference between
03C30,C; of the ester gradually changes fror i@ 1 to 42° 8 and10implies that the attack of methoxide on af)ester is
(G™) in 5. The QCs bond length is different from the 0 preferred over methoxide attack on an unfavorablegstert2

Transacylation via the AG~ Tetrahedral Intermediate.
The reaction of methyl acetate with methoxide was explore
the B3LYP/6-31#G(d) level under vacuum and in water an

bond length, because of the anomeric effécThe AG~ In the aqueous and nonpolar environments, Al&f values
intermediate can isomerize to its mirror imag&),( GTA, for 8 become 11.0 and 6.9 kcal/mol, respectively. The solvation
through transition states. Transition state6 has GTG~ effects make8 more stable tharl;, however, the activation

conformation and is only 1.1 kcal/mol aboBegbecause of the  barrier for10is still higher than that fod. Solvation stabilizes
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isolated (ZJ-methyl acetate (1) and methoxide ion (2) ion—molecule complex (3) transition state (4) AG-

transition state (8) G-G-

isolated (£-methyl acetate (12) and methoxide ion (2) transition state (13)

Figure 4. B3LYP/6-31+G(d) geometries of reactants, iemolecule complexes, transition states, intermediates, and products in the transacylation
of methyl acetate by methoxide. Distances are given in angstroms.

intermediated, relative to the transition state, and the difference pathway via both th&~G~ andAG~ tetrahedral intermediates
between8 and 10 is enhanced. (Figure 3C) is favored in the aqueous and nonpolar solvents.
Combination of the reaction pathways involvidgs~ and The Origin of the Conformational Preferences of Transi-
G~G™ intermediates (Figure 3A and B) provides the third tion States and IntermediatesWe have analyzed the confor-
possible pathway, as shown in Figure 3C. This pathway is the mational preferences in the transition state and intermediates

lowest in energy in water and nonpolar solvents. TG~ of the transacylation. The symmetrical intermediate, 1,1-
intermediated can form theAG~ one 6) by rotation of the dimethoxyethoxide, has six distinct conformers, three of which
G~-methoxy group (@Me) through the transition stafe3. The are chiral. We attempted full optimizations of all six initial

rotational barrier (4.5 kcal/mol in water) for the conversion of = structures, but after optimization, only t#eG~ and G-G~

9to 5 is much smaller than the cleavage barrier (9.9 kcal/mol conformers are observed to be energy minima (Figure 5). The

in water) of9 to 11. The intermediat® can be converted t& AG~ conformer is inherently more stable; however, the energy

via the TS2 §), the anti-methoxy group (fMe) of 5' can rotate  preference reverses in water. TG~ conformation is a

to the G*G* intermediated’ (a mirror image of9), and the  transition state for interconversion of two enantiomeXiG -

methoxy group can dissociate to giteand2. and G*A minima and is only 1.1 kcal/mol higher in energy.
The transacylation pathway via th&G~ tetrahedral inter- This is quite different from the conformational preference of

mediate (Figure 3A) is favorable in the gas phase, whereas thel,1-dimethoxyethane, which favorsGr G~ conformationt®



Conformational Preferences in Transacylations

AG(Gas) = 0.0

QG(£=4) = 0.0

AG (Water) = 0.0

Ha A AG(Gas) = 29
He 28R AGE=4) =-03

AG (Water) =-1.9

J. Phys. Chem. A, Vol. 108, No. 52, 20041745

— ° oo =
i“"--* O 272A(i

| 352 A i < |
AG (Gas) = 1.1
AG(e=4) = 1.3
AG (Water) = 1.6

Figure 5. Optimized conformations and the relative Gibbs free energies of 1,1-dimethoxyethbxatel 9) and G*G~ transition states.

TABLE 2: Geometrical Parameters for the Optimized
Conformers of 1,1-Dimethoxyethoxide and Dimethyl
Methylphosphonate (X= C or P)2

1,1-Dimethoxy- Dimethyl
ethoxide Methylphosphonate
AG- GG G'G?® AG- G'G™ GG GG
Bond Lengths (A)
01X3 156 1.54 1.53 1.63 1.63 1.63 1.63
0:X3 149 153 153 162 163 163 1.63
03X3 1.28 1.27 1.28 149 1.49 1.49 1.48
Dihedral Bond Angles (deg)
03X;0:C; 30 —174 -28 25 29 174 175
03X30.C, 42 39 28 48 29 35 —175
Bond Angles (deg)
0:1X30; 100 104 103 102 106 105 108
0:X3503 114 110 115 114 114 111 111
0,X303 116 115 115 117 114 116 111
C10:X3 114 118 115 121 121 124 128
C0:X3 113 113 115 120 121 119 128

@ The geometries were optimized with the B3LYP/6433(d). The
site numbers are shown in Figure“2lransition state for the inter-
conversion betweeb and5'.

Optimized geometrical parameters of th&~, G-G~, and
G*™G~ conformers are collected in Table 2. In theG~
conformer, the @Cz bond is shorter than the;O3; bond, which
is the result of a strong anomeric effé&The bond length &C3
is similar to that of QCs in the GG~ conformer. However,
these C-O bonds interact differently with the-80~ bond and
the O lone pairs. The @30, bond angle is Zsmaller in the
AG~ conformer than in theG-G~ conformer, whereas the

0:1C303 bond angles are®4arger, indicating that the lone pairs

of the A-methoxy ands~-methoxy groups (@vie) interact with
C—0O" and C-OMe pairs, respectively. Th @G~ conformer
has a symmetrical structure; the@ bond is the same length
as the QCs, and the @C303 angle is equal to the £8303. The
0,C30, bond angle is 3larger in theGTG~ conformer than in
the AG~, and the @C303 bond angles are®Jarger than those
in theG~G~ conformer, showing that the lone pairs of {Be-
methoxy group (@Me) interact with both €O~ and C-OMe
pairs.

oF G*(gauche®) A(anti) G (gauche )
%Oz Me ﬁzMe Me’ OzMe
Anomeric effect Anomeric effect Anomeric effec(
C-0~, C-OMe C-0~ C-OMe

Os G (gauche*) A anu) G (gauche )

MeOﬁMe Meoﬁ Meo(@) Me

Anomeric effect
C-OMe

Anomeric effect
C-0~, C-OMe

Anomeric effect
Cc-0~

Figure 6. Orbital interactions between Ip(O) oxygen lone pairs with
0*(C—0"), 0*(C—OMe) of G*, A, and G~ conformations of 1,1-
dimethoxyethoxide.

To understand the origin of the stability of these conforma-
tions and their difference in energy, the Ipt@j* hypercon-
jugation effects were investigated qualitatively. Figure 6 shows
Newman projections along the two methoxy bonds looking from
oxygen toward the central carbon of the intermediate. These
diagrams also show the relationships of the methyl groups and
the alkoxy oxygen. The lone pairs on the front oxygen are shown
as equivalent hybrid orbitals. In addition to the OM®Me
interactions that are also present in 1,1-dimethoxyethane, the
tetrahedral intermediate also has OM®~ interactions, as
shown in Figure 6. Th&™ conformation of QC; and theG~
conformation of QC; involve antiperiplanar orbital interactions
between a methoxy Ip(O) and bait(C—0O~) ando*(C—OMe)
orbitals. TheG~ conformation of QC; and theG™* conformation
of O,C, afford antiperiplanar orbital interactions between the
Ip(O) and theo*(C—OMe), but not theo*(C—0O7). The A
conformation gives the antiperiplanar orbital interactions be-
tween the lone pair and tle(C—0O™), but not thes*(C—OMe).

Table 3 shows the number of the orbital interactions of Ip(O)
oxygen lone pairs witlo*(C—0~) and 0*(C—OMe) in each
conformatior?® The GG~ conformation provides the largest
stabilization energy, resulting from four Ip(©y* interactions,
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TABLE 3: Number of Orbital Interactions between Ip(O) indicating that theAG~ andG*™G™~ conformers have two intra
Oxygen Lone Pairs with 6*(X —0) and ¢*(X —OMe) (X = C CH---O bonds, contributing to the conformational stability. The
or P) G~ G~ conformer shows only one intra CHO bond (GHs-+-
Ip(0) ~0*(X-0)  Ip(0)— o*(X—OMe) total 03). The CH:-O bond contributes to the conformational
GG~ 2 2 4 preference of thedG~ and G*G~ conformers to theG=G~
AG~ 2 3 conformer. In contrast to 1,1-dimethoxyethdfed 1,1-
GG~ 1 2 3 dimethoxyethoxide prefers th&G~ andGTG~ conformations
é/:\A i (1) % to the GG~ conformation in energy, because of the hyper-
GG+ 0 > 5 conjugation effect between the methoxy groups and than@n
and the electrostatic effects.
TABLE 4: NPA Charge Densities for the Conformers of Steric effects were assessed from the distances between
1,1-Dimethoxyethoxide andaDimethyI Methylphosphonate in methoxy, methyl, and Ogroups. As shown in Figure 5, the
the Gas Phase (X= C or P) 03C; and QC; distances are 2.75 and 2.71 A for tAG~
O O O3 Ha Hy He Hg He H conformer, 3.57 and 2.74 A for tt@~G~ conformer, 2.72 and
Rate-Determining Transition State 2.72 A for theG*G~ conformer, respectively. The steric effects
AG~ 4 -096 -0.59 —-0.66 0.11 0.12 0.11 0.19 0.26 0.20 between a methoxy group and an O aniog-{C,) for the AG~
G'G" 8 -0.94 —0.59 —0.65 0.12 0.09 0.10 0.20 0.27 0.20 gnd G*G~ conformers are similar to that for th& G~
(Tetrahed 1I,1|-lt3imetgqxtyethc(>jxdee ftion State) conformer, whereas the other methoxy group and O anion
etrahedral Intermediate an ransition state eee - +G— i i
o 5 (5 e R G A T 018 0sg 0y () Ior e and G provide arger e oot
GG~ 9 —0.67 —0.69 —0.85 0.19 0.16 0.20 0.18 0.17 0.22 o ' e
G'G 6 —0.68 —0.68 —0.87 0.18 0.16 0.22 0.18 016 022 Venkatesan et @ implied that the substitution of methyl
Dimethyl Methylphosphonate group for the hydrogen on the central C atom .of 1,1-
AG- —0.87 —0.86 —1.10 0.23 0.23 021 0.23 0.22 023 dimethoxymethane had no effect on the relative energies of the
G*G- —0.87 —0.87 —1.10 0.23 0.21 0.23 0.23 0.21 0.23 conformers. The van der Waals radius of oxygen (1.52 &)
GG~ —0.86 —0.87 —1.08 0.24 0.21 0.22 0.23 0.21 0.24 smaller than that of methyl group (2.0 Atherefore, the steric
G°Gr  -086 —0.86 —1.07 0.24 0.20 0.21 0.24 0.20 0.21  gffect contributes to the conformational preference of 1,1-
aThe site numbers are shown in Figures 2, 4, 5, artiT8ansition dimethoxyethoxide less than hyperconjugation and electrostatic
state for the interconversion. effects. Because of the van der Waals radius of a methyl group

) _ (2.0 A)22 the G*G~ conformer provides steric repulsion
whereas botiAG ™~ andG~G™ have three interactions and the  petween methoxy groups {G-C, = 3.52 A); however, thé&G ~
second largest stabilization energies. Conformational preferenceconformer sets the distance of the methoxy groups at the sum
of theAG™ conformer to the5~G™ conformer shows that the  of the van der Waals radii (&-C, = 3.99 A) and gains stability

orbital interactions of the Ip(O) oxygen lone pair with(C— by the van der Waals interaction. Moreover, t&G-

O") is larger than that of the Ip(O) oxygen lone pair with{C — conformer has a smaller entropy (see Table 1) and its entropy
OMe)!® because the €0~ component has stronger anionic s probably easy to change, relative to that of the more stable
character than the €OMe component. AG~ or G*A (mirror image of theAG™), because of the

In addition to the hyperconjugation, electrostatic effects similarity of the structures. That is why ti@"G~ conformer
influence the energies of different conformers of 1,1-dimethoxy- s the transition staté of the interconversion between inter-
ethoxide. These can be further classified as dipdipole mediatess (AG ") and5' (G'A).
interactions and CH-O hydrogen-bond effect$. The dipole
moment of theG~G~ (4.1 D) is twice more than that of the
AG~ (1.6 D) andG™G™ (1.8 D). The dipole-dipole interaction
energies contribute to the relative stability of tA&~ and
G*G~ conformers in the gas phase. The difference in dipole
moments is clearly a result of the lone-pair density of the two
methoxy groups of théG~ and G*G~ pointing away from
the highest electron density on the alkoxide oxygen. In the
G~G~ conformer, one of the methoxy oxygen lone pairs is
pointed toward the alkoxy oxygen, increasing the dipole
moment.

To evaluate possible GHO hydrogen-bonding effects, the
charge densities on thes@nion and H atoms in the methoxy
group were calculated by natural population analysis (NPA).
The NPA charge densities are collected in Table 4, and the
distances between relevant atoms are displayed in Figure 5. Th
AG~ andG*G~ conformers have two short distances between

Several studies on the influence of the solvent on the anomeric
effect have been reportéd?* The presence of a polar solvent
did not significantly reduce the preference for the conformers
stabilized by an anomeric effect. Whereas &@~ conformer
is more stable in the gas phase, GeG~ conformer becomes
~2 kcal/mol more stable than th&®G~ conformer in water.
The GG~ conformer (6.0 D) has-3 times larger dipole
moment ofAG~ (2.4D) and gains more electrostatic stabilization
in the aqueous environment. In a protein environment, the two
conformers have the same energy. A polar solvent exerts a small
effect on the conformational preference of the neutral spdes
but has a large effect on the anionic species, because of the
strong electrostatic solutesolvent interactions.

Conformations of Phosphonates and Enzyme-Bound
e‘Phosphona‘te Inhibitors

the carbonyl @and the H atoms (Hp:--O3 and GHs---O3 for Phosphonate Inhibitors of Lipases and EsterasesThe

AG™~ and GHc-+Os and GHs++-O3 for GTG™). The GC; and crystallographic structures of lipases and esterases include
O3C; lengths are shorter than the general distance QC 3.0— covalently bound inhibitors. These inhibitors are normally
4.0 A) of the CH--O contacts estimated by Taylor and phosphonates and their estér&igure 1 shows different
Kennard!® Because they investigated the €D bonds in phosphonate inhibitors that are bound to lipases and esterases.
crystals-that is, intermolecular CH-O bonds-it is not surpris- The conformations of the bound inhibitors are quite similar.

ing that the C--O distances are shorter in the intramolecular Figure 7 summarizes all this information to show the similarities
CH:--O bonds. The charge densities on the nearest H atoms tobetween binding site®. A covalent bond is formed between
the & anion are more positive than those on other H atoms, the nucleophilic O of the Ser residue and the P atom of the
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Oxyanion hole

SSE Gly66 Seri4 SSE SSE: Streptomyces scabies esterase (1ESE)
PCL Leul7 GIng8 PCL PCL: Pseudomonas cepacialipase  (1HQD, 5LIP)
CAL Thr40 GIn106 CAL CAL: Candida antarctica lipaseB (1LBS)
HPL  phe77 Leu153 HPL HPL:Human pancreatic lipase (1LPB)
CRL € Ala210 CRL CRL: Candida rugosa lipase (1LPM)
Gly124 Glui21 FSC FSC: Fusarium solani cutinase (10XM,1XZL,1XZM)
FSC  sera2 u ACE: Acetylcholineesterase {(1VXR)
ACE G119 _Ala201  ACE  gmL: Rhizomucor mieheilipase ~ (STGL)
RML  gorenOH ~Ser82  RML  pgGL: Dog gastric lipase (1K8Q)
DGL Ser82(0H) ~ Leu67 DGL
GIn154 .
ol
SSE Ry=inhibitor | Ry=Ser14 SSE
PCL inhibitor PS‘ ﬁﬁrgzorggll:
Ser105 :
AL perite R1Q17: O5R,  Serisa P
CRL inhibitor v Rg - Ser209 CRL
FSC inhibitor \ Ser120 FSC
ACE inhibitor v Ser200 ACE
RML  inhibitor NS Ser144 RML
DGL Ser153 v inhibitorDGL
SSE His283
PCL His286 “--._
CAL His224 Tl
HPL His263 -

(F:g"(_‘-, nls?gg SgE Trp280 and Tyr281
. . Is PCL
Catalytic triad ACE His440 CA[ ﬁzgfg;

RML His257 HPL
DGL His353 CRL é?S’JLG

AC% Asp175
RML Glu199 and Glu327
DGL Asp203

Asp324

Figure 7. Residues that constitute an oxyanion hole (blue) and a catalytic triad (red) in the trans-acylation of lipases and esterases for which crystal
structures are available.

TABLE 5: Geometrical Parameters for the Phosphonate-Inhibited Lipase3P

Bond Length (A) Bond Angle (deg) Dihedral Bond Angle (deg)
PsOy PO, PsOs C.C, O:1P;0, Ci0:P5 C0:P5 OsP:0,Cy OsP50,C,
1ESE G*G~ 1.67 1.68 131 3.20 75 150 123 —39 +15
1HDQ AG~ 1.61 1.55 1.56 461 108 128 130 +11 +9
1K8Q AA 1.58 1.63 1.60 4.87 107 120 122 +2 —45
1LBS AG~ 1.56 1.53 1.52 4.48 109 120 132 +55 +81
1LPB GtG~ 1.67 1.60 1.59 3.62 119 125 107 —49 +40
1LPM AG~ 1.62 1.55 1.43 4.14 106 124 122 +4 +54
10XM G*G~ 1.59 1.60 1.57 3.74 106 127 108 —66 +31
1VXR AG~ 1.43 1.57 1.47 4.78 116 126 126 +41 +38
1XZL G G~ 1.62 1.62 1.60 3.89 113 123 117 +151 +48
1IXZM GG~ 1.62 1.62 1.59 3.49 112 123 117 —174 +76
5LIP AG~ 1.57 1.57 1.47 3.88 98 123 109 +23 +34
inhibitor 1° G*G~ 1.59 1.59 151 3.55 113 112 121 —45 +43
inhibitor 2° G'G~ 1.60 1.61 1.50 3.43 107 112 118 —54 +43
inhibitor 3 GtG~ 1.57 1.60 1.49 3.75 110 112 123 —40 +37

a2 The geometries were obtained the X-ray crystallographic structure of the lipase-inhibitor complexes. The site numbers are shown in Figure 4.
b Data taken from ref 4n.

inhibitor. In most of lipases and esterases, the Ser residue attackeind bond angles (OPO and POC) than theCQClengths and

the inhibitors from thee face, as shown in Figure 1. The alkyl the OCO or COC angles in 1,1-dimethoxyethoxide, implying
chain of these inhibitors (R lies in the hydrophobic groove, the longer distance between the methyl groupg-¢Cy). This
opposite His of the catalytic triad. Phosphonate inhibitors could expansion of the distance between the O atoms reduces steric
adopt nine different conformers in an unsymmetrical case; hindrance, leading to the stabilization of 8¢ G~ conforma-
however, the known bound phosphonate inhibitors are mainly tion. TheG*G~ conformation in the inhibitors becomes stable,

in theG*G~ andAG~ conformations, whereas tl@& G~ and to maximize the anomeric effects around both@ bonds.

AA conformations are rare. Moreover, the geometry ofAAe Unbound Phosphonate Inhibitors.To compare the confor-

is close toG*A, because the dihedral anglesf@0,C,) is ~2°. mational relationship between the unbound phosphonate and
Other possible conformations have not been observed in crystalthe phosphonate inhibitors, the conformational preference of
structures. dimethyl methylphosphonate has also been explored. All pos-

The geometrical parameters of the inhibitors are summarizedsible conformers were fully optimized. Four minima were
in Table 5. Although the parameters are distributed over a wide observed, corresponding @"G~, AG~ (equivalent toG*A),
range, the inhibitors generally have larger bond lengthsGP G G~ (G*G™"), andG~G™ conformers as shown in Figure?8.
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= 00, ¢ A AG (Gas) = 29
AGE=4) = 00" AGE=4) = 1.0
= 0.0 Hy -9 AG (Water) = 04
AG (Gas) =-041 > AG (Gas) =107
AGE=4) = 0.0 " * AGE=4) = 51
AG (Water) = 0.1 AG (Water) = 3.1

Figure 8. Optimized conformations and relative Gibbs free enerigies of dimethyl methylphosphonate with the relative energies of conformers.

The G*G~ and AG~ conformations have almost identical Comparisons between Free Phosphonate, Phosphonate
energies, indicating that the interconversion betweerGthe - Inhibitors, and the Transition State of the Transacylation
andAG~ conformations probably occurs very easily. TBeG™~ of Methyl Acetate

andG~G* conformers are 2.9 and 10.7 kcal/mol less stable.  Several previous computational studies have examined the
The optimized geometries are shown in Table 2. Compared to structures of transition-state analogues (TSAs) and compared
the 1,1-dimethoxyethoxide, dimethyl methylphosphonate hasthem with various tetrahedral intermediates and transition
longer P-O bonds and larger POC angles. However, the state25 Mader and Bartlett reviewed TSAs and their refer-
geometrical parameters of the dimethyl methylphosphonate, ences to catalytic antibodi€$TSAs of various proteases and
especially dihedral angles, are rather different from those of catalytic antibodies were investigated by Houk and co-workers,
the phosphonate inhibitors, because of the substituents or theusing ab initio calculation®? @ Various TSAs, which function
shape of the cavity in the active site. as inhibitors of g3-lactamase, were examined by Curley and
Pratt, using force field calculatio®8 Comparisons of MP2/6-
31+G(d) structures of tetrahedral intermediates and phosphonate
TSAs involved in methyl acetate hydrolysis were reported by
Teranishi and co-worke Ohkubo and co-workers reported a
similar study at a lower level of theory and applied TSAs to

In contrast to 1,1-dimethoxyethoxide, tte"G~ conformer
of dimethyl methylphosphonate has methyl groups separated
by the sum of the van der Waals radii€C, = 3.99 A) (see
Figure 7). In the nonpolar solvent, the energy differences of

the GG~ andG~G™ conformers, with respect to @G~ make cross-linked polymers, which catalyze the hydrolysis of
conformer, decrease to 1.0 and 5.1 kcal/mol, respectively, but ggtergo-i
the order of the stabilities does not change. In water AGe Table 6 summarizes the relative energies of phosphonates

andG*G~ conformers are the most stable. However, the energy and compares these values to those of the transition states and
difference between thdG~ and G"G~ conformers is very  intermediates for the transacylation of methyl acetate in various
small (AG = 0.4 kcal/mol), implying that the conformations of media. The transition state for the methoxide attack, and
dimethyl phosphonate would easily change betweerAtae, presumably also that for base-promoted serine attack, has the
G*G~, andG~G~ conformers in water. AG~ conformation 4). The G=G~ conformer 8) is higher in

Florian, Strajbl, and Warshel investigated the conformations €nergy- In the solvent model, tf@~G™ conformer becomes
of dimethyl methylphosphonate with MP2/6-8G(d,p)//HF/ the lowest in energy, because of the strong electrostatic
6-31G calculationg® The G*G— conformation was determined interactions of anion species. Because of the role of the anomeric

. : ffect in both cases, the transition sta® &nd intermediates
to be the most stable, whereas the differences in free ener of L - e .
the AG~ and G-G~ conformers were 0.6 and 3.1 kcal/m?))ll (5 and9) share the3*G™, AG™, andG~G™ conformations as

higher, in good agreement with our results. They also estimatedthe low-energy conformers.
gher,ing g : y Phosphonates have the same low-energy conformers and can
the relative solvation free energy at the MP2/6+&(d,p) level,

. . - Y . oA readily achieve only th&*G~, AG~, andG~G~ conformers.
using the iterative Langevin dipoles solvation motieThe It is not surprising that the conformations are present in available

G~G™ conformation represents the global minimum in aqueous ¢ysial structures. Unbound phosphonates in the gas phase
solution. The differences in free energy of &~ andG*G~ exhibit the same conformational preferen@ G~ > AG™
conformers are slightly highehAG = 0.2 and 0.5 kcal/mol, (G*A) > GG~ (G*G™), as the enzyme bound phosphonates,
respectively); however, the energy differences are less than theshowing that the binding pockets of lipases and esterases are
uncertainty in the Gibbs free energies that they have computedprobably nonpolar and large. Th6*G~ and AG~ con-

(0.7 kcal/mol). The order of the stability of the conformers in formations are the most stable; no change of the order of
aqueous solution is similar to that in this work but are not exactly conformational stability is observed, in contrast to the trans-
the same, because of the differences in the solvation models.acylation of methyl acetate. The-® bond distances in the
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TABLE 6: Relative Energies of the Conformers of the Transitions States and Intermediates of the Transacylation of Methyl
Acetate and the Unbound and Bound Phosphonates

MeO™ + MeCOMe Phosphonate
Transition State Intermediate Dimethyl Methylphosphonate
gas e=4 water gas e=4 water gas e=4 water number of bound inhibitors

GG~ 1.12 1.6 3.7 0 0 0.1 7

AG~ 0 1.2 31 0 0.3 1.9 0.1 0 0 5

G G- 1.6 0 0 2.9 0 0 2.9 1.0 0.4 2

G G* 10.7 51 3.1

AA 1

aTransition state for the interconversion betwedd ~ and GTA intermediates.
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