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this group is shifted to a value higher than the highest pH 
examined in the profiles. In contrast, in the CPA-catalyzed 
hydrolysis of 0-acetyl-L-mandelate35 or O- (p-nitrobenzoyl)-
L-mandelate33 an ionizing group with a pK near 8 is reflect­
ed in the descending limbs of the fcCat. profiles in the alka­
line range, suggesting strongly the influence of the ioniza­
tion of the Tyr-248 hydroxyl function. 
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1, R = CH3 

2, R = COOCH3 

methyl chloroformate led to selective demethylation at 
N(2') and formation of the monocarbamate 2. Further-
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Abstract: The crystal structure of the tumor-inhibitory bisbenzylisoquinoline alkaloid tetrandrine has been determined by di­
rect x-ray analysis. Crystals are orthorhombic, space group />2|2,2i, with a = 38.368 (6), b = 7.230 (2), c = 12.046 (2) A, 
and Z = 4. All atoms, including hydrogen, were located and least-squares refinement gave R = 0.041 for 2633 nonzero re­
flections measured by diffractometry. The absolute configuration determined by taking account of anomalous dispersion 
agrees with that assigned chemically. The molecule is shaped as a rough equilateral triangle. The base is defined by one ben-
zylisoquinoline residue in an extended conformation, the other two sides by the second benzylisoquinoline residue in a folded 
conformation. The marked difference in reactivity of the two chemically equivalent tertiary nitrogen atoms is explained in 
terms of the observed conformation. One iV-methyl group occupies a pseudoequatorial site with unrestricted access to the 
lone pair, the other is in a pseudoaxial site with access to the lone pair sterically restricted at medium and long range. 
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Table I. Starting Set of Phases and Symbols 

h 

0 
0 

11 
1 
0 
0 
7 

32 
31 

k 

3 
1 
0 
3 
6 
2 
0 
0 
1 

/ 
3 
2 
1 
3 
0 
4 
2 
2 
2 

£ 

3.33 
2.88 
2.52 
2.23 
1.78 
1.58 
2.24) 
2.63 
2.60 J 

4> 

*/2) 
W2 
TT/2) 
TT/4, 3TT/4 

7T 

7T 

Origin 

Enantiomer 
Double tangent and S1 (p = 0.89) 
S1 (p = 0.85) 

Symbols 

more, methylation of tetrandrine with methyl iodide yielded 
the monomethiodide resulting from selective methylation at 
N(2'). The electronic environments of the respective nitro­
gen atoms in tetrandrine are quite similar and differences in 
reactivity, therefore, were deemed to be most probably at­
tributable to steric factors. A direct x-ray crystallographic 
analysis was undertaken to determine conformational ef­
fects in the solid state which might parallel steric factors af­
fecting reactivity in solution. 

Experimental Section 

Crystal Data. Recrystallization of tetrandrine from aqueous 
ethyl acetate yielded needles elongated along c. A fragment, 0.2 X 
0.2 X 0.3 mm3, cut from a needle and mounted with c parallel to 
the goniometer axis was used. Precession photographs taken with 
Mo Ka radiation showed the crystal to have orthorhombic symme­
try. Systematic absences only in the axial reflections of odd order 
unambiguously indicated space group P2\2\2\. 

The unit cell dimensions, found by a least-squares fit to the dif-
fractometer values of ±20 for 20 strong general reflections, are a 
= 38.368 (6), b = 7.230 (2), and c = 12.046 (2) A (X = 1.5418 A) 
giving a unit cell volume of 3342 A3. The crystal density, by flota­
tion, is 1.23 g cm - 3 in agreement with 1.24 g cm -3 calculated for 
four molecules in the unit cell. 

Intensity Data. Measurements of intensity were made from the 
same crystal by standard diffractometer methods with a Picker 
four-circle instrument controlled by an XDS Sigma 2 computer. 
With Cu Ka radiation made monochromatic by Bragg reflection 
from a highly oriented graphite crystal one octant of reciprocal 
space was surveyed to 28 ^ 121°. Intensity significantly above 
background [/ > 3cr(/)] was found at 2633 of the 3050 indepen­
dent reflections examined. The 8-28 scan method was used with 
scintillation counting and pulse-height analysis. Background cor­
rections were made from a carefully predetermined curve of scat­
tered intensity vs. diffractometer angle. For the radiation used ii is 
small, 5 cm-1, and no absorption corrections were made. Structure 
amplitudes and E(hkl) values were obtained in the usual ways. 

Structure Determination. Solution of the phase problem was un­
usually difficult and was only achieved when a version of MUL-
TAN6 became available which incorporated fast Fourier trans­
form, peak search, molecular geometry, and molecular drawing 
routines. Many different starting sets of reflections had to be con­
sidered and in the ultimately successful set given in Table I two 
weak phase indications for smaller E(hkl) had to be included to 
give a satisfactory convergence map. 

With all E(hkl) > 1.46 and with 2000 S2 interactions, 32 phase 
sets were generated. That of highest figure of merit, 1.17, and low­
est Karle residual, 30.8, led to an E map with geometrically ac­
ceptable sites among the 55 largest peaks for 35 of the 46 nonhy-
drogen atoms. The remaining 11 atoms were located from an elec­
tron-density synthesis. 

Refinement. This was carried out by blocked full-matrix least-
squares methods first with isotropic (R = 0.129) and then with an­
isotropic thermal parameters (R = 0.097). Throughout the refine­
ment the content of the blocks was varied to take account of as 
many correlations as possible. The positions of all hydrogen atoms 
were found from a three-dimensional (p0 — pc) synthesis. Inclusion 
of these atoms in fixed positions and with B = 5.0 A2 gave R = 
0.073. Refinement with the positional parameters of the hydrogen 
atoms allowed to vary gave R = 0.069. Corrections for extinction 
errors7 were made for 21 reflections and all parameters allowed to 
vary giving R = 0.043 and R„ = 0.066 at convergence. 

Determination of Absolute Configuration. This was done by 
applying Hamilton's J? ratio test8 to the results of separate struc­
ture factor calculations carried out for each enantiomer and taking 
into account the anomalous dispersion terms for oxygen.9 For one 
enantiomer R and R„ were 0.04333 and 0.06623, for the other 
0.04345 and 0.06643. The ratio R2ZR1 for both the normal and 
weighted residuals is 1.003, indicating a significant discrimination 
at the 99.5% confidence level. The assignment of absolute configu­
ration has not been confirmed by measurement of intensity differ­
ences in pairs of Bijvoet reflections, but the preferred enantiomer 
indicated by the Hamilton test has the chemically assigned abso­
lute configuration. 

Final Refinement. The parameters for the preferred enantiomer 
were refined to convergence in six cycles of blocked full-matrix 
least-squares treatment. Scattering factors were taken for the neu­
tral atoms10 and the anomalous dispersion terms for oxygen in­
cluded. Weights, w, were assigned as 1/O2QFj1) with a2 given by 
the analytically derived polynomial: 4.905 - 0.1909|F<j| + 
0.0082|FJ2. The quantity minimized was 2w(|Fo| - IFj1)

2. In the 
final cycle the largest shift in any parameter was 0.6<r and the 
mean 0.1 CT. The standard deviation of an observation of unit weight 
was 0.82 and the final ratio of observation to parameters 4.5:1. 

Results 

The x-ray study has yielded the solid-state conformation 
of tetrandrine, illustrated in Figure 1, and has confirmed 
the chemically based assignment of absolute configuration 
for this molecule. Furthermore, the observed conformation 
allows a rationalization of the marked difference in reactivi­
ty in solution of the two chemically equivalent nitrogen 
atoms, with access to the lone pair on one of them restricted 
by medium and long-range steric effects. 

Atomic parameters for the crystal structure are given in 
the microfilm edition. Bond lengths and angles have normal 
values and for those not involving hydrogen are given in 
Figure 2 which also shows the numbering scheme. C-H 
bond lengths are tabulated in the microfilm edition; the 
mean value is 1.01 A. Estimated standard deviations for the 
quantities in Figure 2 lie in the ranges 0.004-0.006 A and 
0.2-0.4°. From the agreement between chemically equiva­
lent bond lengths and angles in the two isoquinoline resi­
dues these estimates seem reliable. 

Selected torsion angles are given in Figure 3 and show 
the nitrogen-containing ring of each isoquinoline residue to 
have a conformation close to the minimum energy monopla-
nar (half-chair) form for substituted cyclohexene.11 In each 
ring the endocyclic torsion angle at the phenyl ring junction 
is significantly nonzero and transmission of strain results in 
substantial nonplanarity of the two phenyl moieties of the 
isoquinolines. 

The C(16) methyl group at N(2) occupies a pseudoaxial 
position whereas that at N(2') is in a pseudoequatorial posi­
tion. 

Figure 4 shows the stereochemistry of the methylene 
linkages between the isoquinoline and phenyl residues. In 
each case the conformation about the C-C bond is close to 
completely staggered and, inferentially, nearly strain free. 
Importantly, whereas the N(2)-C( l ) -C(15)-C(9) torsion 
angle is - 6 9 ° , that for N(2 ' ) -C( l ' ) -C(15 ' ) -C(9 ' ) is 
— 175°. The implications of this difference in stereochemis­
try on the reactivities of the two nitrogen atoms are consid­
ered in the discussion. 

The overall molecular shape may be described in terms of 
the four labeled near planar units A, B, C, and D outlined 
in Figure 3. Detailed information on these and other least-
squares mean planes is given in the microfilm edition. For 
the atoms making up unit A, the mean deviation from plan-
arity is 0.04 A, the maximum 0.10 A, and for unit B these 
values are 0.06 and 0.15 A. The phenyl rings of units C and 
D are rigorously planar, but for the units as a whole the 
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Figure 1. Stereoscopic view of the crystal structure. Thermal ellipsoids for C, N, and O are drawn with the 50% probability level as boundary sur­
face and hydrogen atoms are represented by spheres of arbitrary radius. 
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Figure 2. Bond lengths (A) and bond angles (degrees) in the molecule with the numbering scheme adopted. Atoms are carbon unless otherwise la­
beled. 

Figure 3. Selected torsion angles (degrees) in the molecule and the labeled near-planar units used in describing the molecular conformation. 

mean and maximum deviations from planarity are 0.01 and 
0.02 A for C, 0.02 and 0.04 A for D. 

The molecule is shaped as a rough equilateral triangle 
with units A and C constituting the base. Planes A and C 
make an angle of 26° with one another and the axis 0(12) 
•••C(15)of C is almost parallel to the axis 0(6)-C( l ) of A. 

The base line of the triangle is then roughly defined by the 
axis 0(6)—0(12), the benzylisoquinoline moiety being in 
an extended conformation. The axis C(5)—0(8) of A and 
the axis 0(6O--C(I') of B are almost parallel and together 
define the second side of the triangle. The dihedral angle 
between A and B is 62°. The third side is completed by unit 
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® © 

(a) (b) 

(C) (d) 

Figure 4. Newman projections showing the stereochemistry of the ring 
linkages: (a) projection down C(l)-C(15); (b) C(l')-C(15'); (c) 
C(9)-C(15);(d)C(9')-C(15'). 

Table II. Selected Intramolecular Contact Distances (A) 

Contact 

H ( I ) . . 
H ( I ) . . 
H ( I ) . . 
H(152) 
H(151) 
H(IO). 
H(IO). 
H(IO). 
H(IO). 
H(IO). 
N(2). . 
N(2). . 
N(2) . . 
N(2) . . 
N(2') . . 
N(2'). 
0(6) . . 
0(6) . . 
0 ( 7 ) . . 
0 ( 8 ) . . 
0 (11) . 
0 (12 ) . 

.H(IO) 
• 0(8) 
.H(163) 
. . .H(31) 
. . . 0(8) 
. . 0(8) 
. . H(8') 
. .C(12') 
. . C(13') 
. . C ( l l ' ) 
. N(2') 
• 0(7) 
• 0(11) 
. 0 (6 ' ) 
• 0(7) 
• 0(11) 

. 0 (7 ) 
• 0(6') 
.0 (11) 
.0 (12) 
. . 0 ( 1 2 ) 
. . 0 ( 6 ' ) 

d 

2.68 
2.49 
2.27 
1.94 
2.63 
3.31 
3.38 
2.46 
2.83 
3.01 
9.75 
6.13 
6.12 
5.04 
6.55 
7.93 
2.69 
4.32 
8.51 
7.65 
2.58 
9.77 

Contact 

C(8) . . 
0(7) . . 
0 ( 7 ) . . 
0(7) . . 
H(31') . 
H(31'). 
H(151') 
H(151') 
H(IO'). 
C(14'). 
N(2) . . 
N(2) . . 
N(2) . . 
N(2') . . 
N(2') . . 
N(2') . . 
0(6) . . 
0(7) . . 
0(8) . . 
0(8) . . 
0 (11) . 

0(6') 
0(6') 
C(18') 
C(6') 

. . H(151') 

. .H(152 ' ) 

. . . H(162') 

. . . H(163') 

. . H ( l ' ) 

. .C(20 ' ) 
0(6) 
0(8) 
0(12) 

. 0 (6 ) 

. 0 (8 ) 

. 0(6') 
0(8) 
0(8) 
0(11) 
0(6') 
. 0 (6 ' ) 

d 

2.69 
3.09 
3.48 
3.02 
2.90 
2.27 
2.12 
2.74 
2.68 
3.64 
6.46 
4.18 
6.65 
9.14 
6.04 
6.38 
4.76 
2.80 
5.82 
2.83 
7.92 

D oriented about the axis C(15 ' ) -0 (12) , with the dihedral 
angle between B and D being 48°, between C and D 81°, 
and between A and D 77°. 

This arrangement leaves a small central cavity in the 
molecule bounded by H(IO), 0 (8 ) , C(7'), C(8'), H(8'), and 
the inner surface of the phenyl ring of D. The overall con­
formation seems energetically favorable with few unusually 
close intramolecular contacts. The endocyclic bond angles 
at C(15) and C(15') are slightly opened over the extended 
chain value for C-C-C angles and the C-O-C angle at the 
ether oxygen 0(8) is significantly greater than the more 
normal value at 0(11) . 

Of the four methoxy groups those at 0 (7) and 0(6 ' ) have 
the carbon atom out of the plane of the aromatic residue, 
whereas those at 0 (6) and 0(12) have the methyl group 
close to the ring plane. In these two latter groups there is 
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Figure 5. Packing of molecules in the unit cells viewed in c-axis projec­
tion. 

the normal asymmetry of exocyclic C-C-O angles found 
for these coplanar arrangements. A similar pattern of an­
gles is found at C(11) in consequence of the coplanarity of 
C(12') with ring C. 

The more important intramolecular interatomic distances 
are given in Table II. The molecular packing in the crystal 
is shown in Figure 5. All contacts between molecules are of 
normal van der Waals type and there are no unusually close 
approaches. Shorter intermolecular contacts are given in 
the microfilm edition. 

Discussion 

Selective Reactivity of N(2'). Both isoquinoline residues 
have the same half-chair conformation for the nitrogen-con­
taining ring. However, the C(16) methyl group occupies a 
pseudoaxial position on N(2) with the lone pair equatorial, 
whereas C(16') is in a pseudoequatorial position at N(2') 
with the lone pair axial. This difference is not, in itself, suf­
ficient to account for the preferred reactivity. The similarity 
of the immediate environments of N(2) and N(2') is clear 
from Table III, and there is very little steric hindrance from 
the immediate neighbors of the lone pair on either atom. 
We must therefore consider medium and long-range steric 
effects. 

The phenyl ring defined by atoms C(9')-C(14') folds 
back upon the isoquinoline to which it is attached, generat­
ing an angle of 46° between the two ring planes and leaving 
the lone pair on N(2') pointing out from the molecular sur­
face and sterically unhindered. However, the phenyl ring 
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Table III. Immediate Coordination Sphere of the N Lone Pairs0 

N(2) 

C(I) 
C(3) 
H(31) 
H(32) 
H(I) 
C(16) 
H(161) 
H(163) 

1.88 A 
1.89 
2.20 
2.22 
2.24 
1.83 
2.14 
2.36 

N(2') 

C(l ') 
C(3') 
C(4') 
H(32') 
H(l ') 
C(16') 
H(161') 
H(163') 

1.88 
1.88 
2.50 
2.21 
2.13 
1.82 
2.11 
2.27 

aThe lone pair is assumed to be centered on an axis passing 
through the nitrogen atom and the centroid of the triangle defined 
by the three attached carbon atoms, with Hone-pair-N 0-8 A.12 

C(9)-C(14), whose plane makes an angle of only 26° with 
that of the attached isoquinoline, extends outward from the 
isoquinoline with its major axis C(15)—0(12) almost paral­
lel to the lone-pair axis and with a perpendicular separation 
between the two of about 2.3 A. This places atoms C(14), 
C(13), 0(12) , and C(21), with their associated hydrogen 
atoms, in positions where they sterically hinder direct at­
tack along the direction of the lone pair axis, with van der 
Waals repulsions between these atoms and any incoming re­
agent deflecting the electrophile from its optimum ap­
proach route. The situation is illustrated by Figure 6. 

This argument may be placed upon a semiquantitative 
basis by applying the concepts of accessibility and conges­
tion developed by Wipke and Gund13 for stereoselective ad­
dition to unsaturated carbon. In this technique a cone of 
preferred approach is generated for each sterically hin­
dering atom. For reaction at nitrogen each cone is centered 
on the nitrogen lone-pair axis and tangentially to the hin­
dering atom. The latter is given a radius equal to its van der 
Waals radius.14 Intersection of this cone with a sphere of 
unit radius centered on the N atom defines a spherical 
cross-section of preferred approach. The solid angle thus 
generated is equated with the accessibility of the lone pair 
with respect to the hindering atom. The inverse of accessi­
bility is defined as congestion, and the total congestion is 
computed as the sum of the individual congestion terms. 
The larger the congestion, the more sterically hindered is 
the site. The results of the calculations for N(2) and N(2') 
are given in Table IV. For substitution at N(2') only one 
atom has a congestion term greater than unity, whereas 
there are 13 hindering atoms around N(2) with congestions 
ranging from 1.97 to 31.43. The total congestion at N(2') is 
1.06, that at N(2) is 107.64. This difference is sufficiently 
large to account for the observed differential reactivity of 
the two atoms. Clearly, the largest term, that for H(21), 
and the term for C(21) need not occur in the solution con­
formation, but the largest remaining term is for medium 
range effects at C(13). This strongly suggests that the solu­
tion conformation of tetrandrine retains an extended ar­
rangement of this benzylisoquinoline group which, in turn, 
would call for retention of the folded arrangement of the 
second benzylisoquinoline group. The implication then is 
that the overall molecular conformation in solution is not 
too different from that observed in the solid. 

Nature of the Molecular Surface. The mode of action by 
which tetrandrine exercises its tumor-inhibitory effect is 
unknown at this time. It is reasonable to assume that if te­
trandrine acts directly upon some receptor, interactions of 
either a covalent, hydrogen-bonded, or nonbonded variety 
take place. With this in mind it is of interest to note some 
features of the molecular surface, always bearing in mind 
that unforeseen and significant changes may take place in 
the molecular conformation in solution. 

If the molecule is viewed in the orientation shown in Fig-

Figure 6. Local environment of the sterically restricted lone pair on 
N(2). The lone-pair axis is indicated by the broken line. 

Table IV. Congestion Factors > 1.0 for Electrophilic 
Substitution at N(2) and N(2') 

Lone pair on N(2) 
Atom 

C(9) 
C(IO) 
C(I l ) 
C(12) 
C(13) 
C(14) 
C(21) 

Lone pair 
Atom 

H(191) 

Congestion 

2.66 
1.06 
1.49 
4.87 

21.64 
12.41 
12.04 

on N(2') 
Congestion 

1.06 

Atom 

0(12) 
H(13) 
H(14) 
H(211) 
H(212) 
H(213) 

Congestion 

3.39 
6.56 
1.97 

31.43 
4.21 
3.91 

ure 1, a predominantly hydrophobic aspect is presented by 
both the upper and lower surfaces and by the left-hand side 
of the molecule, as well as by the topmost region of the 
right-hand side. Points of polarity are found, however, on 
the outside of the molecule at 0 ( 11) and 0 ( 12) at the lower 
left-hand corner and, less accessibly, at 0(6) and 0(7) in 
the upper left-hand corner. For an orientation of the mole­
cule in the conformation found which would place the reac­
tive lone pair of N(2') pointing vertically downward, the 
methoxy oxygen 0(7) might act as a point of polarity di­
rected toward a receptor in van der Waals contact with the 
surface of the otherwise hydrophobic isoquinoline residue B. 
In such an orientation the surfaces of units C and D form a 
hydrophobic plane inclined at about 60° to the vertical. 

The potential importance of the selective accessibility of 
the N(2') lone pair for interaction with a receptor is self-
evident. 
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The metabolism of aromatic or olefinic compounds by 
mammals often involves the epoxide-diol pathway, the en­
zymes of which are localized in the microsomal fraction of 
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have been shown to have various toxic and deleterious ef­
fects upon the organism. These effects are presumably asso­
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the chemically reactive epoxides. The second enzyme of the 
pathway, epoxide hydrase, is thus thought to play a protec­
tive role by converting reactive epoxides into less toxic diol 
products which may be metabolized further and excreted. 

Oesch and co-workers have shown that epoxide hydrase 
is a relatively nonspecific enzyme, both d and / enantiomers 
of monosubstituted and 1,1-disubstituted oxiranes bearing 
at least one large lipophilic substituent being among the 
best substrates, while highly substituted oxiranes do not 
serve as substrates and fail to inhibit the hydration of sty­
rene oxide. lc '2,3 Stereochemical studies have shown that en­
zymatic hydration of epoxides of cyclic olefins, including 
arene oxides, produces trans- 1,2-diols.4,5 

The direction of epoxide opening has been determined in 
two cases using 18OEh and unlabeled epoxides. Acid dehy­
dration of the dihydrodiol obtained by incubation of naph­
thalene with microsomes in buffers containing 18OEh gave 
a mixture of 1- and 2-naphthol; only the 2-naphthol con­
tained 18O.4 Similarly, diol obtained from the enzymatic 
hydration of styrene epoxide in ' 8 OH 2 media contained 
18O, 90% of which was in the /3 position.5 The result ob­
tained with styrene oxide suggests the possible importance 
of nucleophilic as opposed to acid-catalyzed mechanisms. 
Unfortunately, it was difficult to evaluate the relative im­
portance of steric hindrance and carbonium ion stability in 
the case of the naphthalene oxide. Therefore we decided to 
examine the question of carbonium ion vs. nucleophilic 
pathways and to test the generality of the styrene oxide re-
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suit with a group of epoxides representing the range of 
structural types known to be good substrates' for epoxide 
hydrase. For reasons of economy, and to complement the la­
beling method used in the above cases, we decided to study 
the enzymatic hydration of [ l80]epoxides in ordinary buff­
ers. During our study, Jeffrey et al. reported that C, N, and 
S nucleophiles attack preferentially at C(2) of naphthalene 
1,2-dioxide.6 

Results and Discussion 

The epoxide substrates la-5a were chosen for this study 
for several reasons. First, they represent close structural an­
alogs of compounds previously shown3 to be good substrates 
for epoxide hydrase, i.e., lipophilic mono- and 1,1-disubsti­
tuted oxiranes.7 Second, they were chosen to allow unam­
biguous evaluation of the relative importance of carbonium 
ion formation vs. nucleophilic attack in the hydration pro­
cess. 2-Pyridyloxirane (2a) is apparently the first example 
of an oxirane with a heterocyclic substituent to be studied 
but was included to allow comparison of the enzymatic re­
sults to those obtained with a regiospecific "chemical 
model" for epoxide hydrase.8 Epoxides la-5a were all 
found to be excellent substrates for epoxide hydrase. 

Mass spectral data indicating the 18O content of epoxides 
la-5a, as well as the content and distribution of 18O in the 
corresponding diols lb-5b, are given in Tables I and II. Dif­
ferences in 18O content in the starting epoxides are attrib­
uted to the presence of small and variable amounts of extra­
neous ordinary water in solvents and/or reagents used in 
their synthesis. Results obtained from multiple mass spec-
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Abstract: The hydration of five mono- and 1,1-disubstituted oxiranes by enzymes in rat liver microsomes has been shown, by 
means of 180-tracer studies, to be extremely regiospecific, involving cleavage of the C(2)-0 bond of the oxirane ring. Base-
catalyzed hydration of these epoxides also involved C(2)-0 bond cleavage but was much less regiospecific, whereas acid-cat­
alyzed hydration involved mainly C(I)-O bond cleavage. Both the enzymatic and metal ion catalyzed hydration of [180]-2-
pyridyloxirane were found to involve >95% C(2)-0 bond cleavage. In the presence of large concentrations of added nucleo­
philes and metal binding agents the enzymatic hydration of 1,2-epoxytetradecane was not inhibited nor were any products 
other than diol formed. These results preclude the involvement of (1) a metal ion at the active site of epoxide hydrase and (2) 
a simple enzyme-acid-catalyzed hydration in which water or hydroxide from solution attacks a protonated epoxide and 
suggest that epoxide hydrase activates a water molecule per se for nucleophilic attack at the less hindered oxirane carbon. A 
hypothetical active site mechanism for epoxide hydrase is discussed. 
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