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ELECTRON DENSITY fi (y) 

Figure 2. (a) Projection of the electron density of 
[(AI|j)o.o47(Na)o.oo3(H20)|0]Mo03 along the interlayer axis, y. The 
scattering contributions from the lattice components are indicated on the 
figure. A schematic representation of the orientation of the Al n cluster 
between the MoO3 layers is shown on the right; (b) calculated projection 
with the C2 axis OfAl13 perpendicular to the layers, shown in (b) on the 
bottom; (c) calculated projection with the C4 axis perpendicular to the 
layers, shown in (c) on the bottom; (d) calculated projection with the C3 

axis perpendicular to the layers, shown in (d) on the bottom. 

contribution from each being roughly equal. The meso pores had 
a very narrow pore size distribution centered at a radius of 20 
A. 

The "one-dimensional crystal structure" can be determined by 
1-D electron density mapping. The Fourier transform of the 
structure factors obtained from the integrated X-ray intensities 
shown in Figure 1 resulted in the projection of the electron density 
along the interlayer axis shown in Figure 2a. Comparison with 
the calculated 1-D profiles for the Al13 in three different orien­
tations (Figure 2b-d) shows that the Al13 cation is situated with 
the C2 axis perpendicular to the layers. This may be responsible 
for the slightly larger interlayer expansion observed here, in 
comparison with that reported for clay minerals in which it is 
thought that the Al)3 is oriented with the C3 axis perpendicular 
to the layers.1 

Treatment of the LixMoO3 or NaxMoO3 dispersion with a 
Na-free, concentrated Ga-polyoxy cation solution resulted in a 
material which gave rise to a very similar diffraction pattern (d0k0 

= 18.1 A), Figure lb, as that obtained for Al13.
 71Ga NMR 

spectra of the hydrolyzed solutions showed that the NMR spec­
trum at 80 0C was similar to that of Al,3;10 namely, a single, 
narrow tetrahedral-site resonance was observed at 173.2 ppm 
(downfield from Ga(H2O)6

3+), with a very broad octahedral 
resonance barely visible at about 35 ppm. This, together with 
the almost identical values of interlayer expansion in the MoO3 

lattice, implies that the structure or composition of the Ga-polyoxy 
cation is very similar to AIi3." After the initial submission of 
this paper, another report has appeared on the incorporation of 
a similar gallium species in clays, whose authors come to the same 
conclusion.12 

Flocculation of the AxMoO3 with more dilute Ga-polyoxy 
cation solutions containing Na+ (or dilute Al13 solutions) led to 
materials which also showed a very well-ordered diffraction pattern 
but which had an interlayer spacing of 25 A. These were unstable, 
converting to a mixture of an 18 A phase and AxMoO3 after a 
few hours. This suggests that they are due to a "alternate-stage" 

(11) Chemical analysis of the pillared material gave a Ga/Mo ratio of 
0.41, yielding a formulation of [(GaI3)Oo3Z(Na)009]MoO3. Note that some 
(or all) of the Na is present in a second phase (see Figure lb). 

(12) Bradley, S. M.; Kydd, R. A.; Yamdagni, R. J. Chem. Soc, Dalton 
Trans. 1990,413. 

intercalation compound, in which an approximately H-A polyoxy 
cation is intercalated between every other MoO3 layer. The 
intervening layers are occupied by either A+ (A = Na, Li) or H+. 
Such compounds have been observed under certain conditions for 
Al13 intercalated in montmorillonite clays.13 

We have also been successful in forming pillared MoO3 with 
other polyoxy cation clusters of Ti, Zr, and Cr.14 The properties 
and thermal evolution of these materials will the subject of future 
investigations. 
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We report that mutation of Asp-38 to Glu-38 in 3-oxo-A5-
steroid isomerase alters the enzyme specificity, decreasing kal 

300-fold toward 5-androstene-3,17-dione (la) but only 32-fold 
toward 5-pregnene-3,20-dione (lb). This 10-fold difference in 
specificity is due to a modification of the catalytic base of the 
enzyme (Asp-38) rather than any change in the amino acids 
involved in binding. 

O COCHj 

U lb 

3-Oxo-A5-steroid isomerase (EC 5.3.3.1, also called A5-3-
ketosteroid isomerase, KSI) from Pseudomonas testosteroni 
catalyzes the conversion of a variety of 3-oxo-A5-steroids to their 
conjugated AMsomers (Scheme I).2 This reaction proceeds 

(1) (a) Department of Chemistry and Biochemistry, (b) Department of 
Biological Sciences, (c) Center for Advanced Research in Biotechnology. 

(2) For reviews on the mechanism of 3-oxo-A5-steroid isomerase, see: (a) 
Pollack, R. M.; Bounds, P. L.; Bevins, C. L. In The Chemistry of Enones; 
Patai, S., Rappoport, Z., Eds.; Wiley: New York, 1989; p 559. (b) Batzold, 
F. H.; Benson, A. M.; Covey, D. F.; Robinson, C. H.; Talalay, P. Adv. Enzyme 
Regul. 1976, 14, 243. 
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through the intermediacy of an enzyme-bound dienol(ate),3 which 
is formed by abstraction of the 4/3-hydrogen of the A5-steroid (1) 
by Asp-38, with Tyr-14 acting to polarize the carbonyl,4 by either 
hydrogen bonding or proton transfer. Subsequent protonation of 
the dienol (ate) (2) at C-60 by the conjugate acid of Asp-38 gives 
the a,0-unsaturated ketone (3), completing the reaction. 

A mutant KSl with Glu-38 replacing Asp-38 (D38E) was 
prepared by using plasmid pKC2 obtained from W. F. Benisek.5 

A 1.2-kb Pst] restriction fragment containing the KSI gene was 
inserted into the Pstl site of M13mp8. Recombinant Ml3 bac­
teriophage were propagated on Escherichia coli strain JM103, 
and single-stranded Ml3 DNA was purified.6 Oligonucleo-
tide-directed mutagenesis was performed by the method of Eck­
stein,7 as described elsewhere.8 Mutants were identified by 
single-base sequence analysis and confirmed by sequencing of the 
entire gene. The Glu-38 KSI mutant gene was isolated from 
M13mp8 on a 1.2-kb £coRI-//inDIII fragment and inserted into 
the EcoRI and HiriDWl sites of pUC18. The protein was isolated 
from transformed E. coli JM83. 

The wild-type (WT) and D38E enzymes were assayed with la 
and lb at 25.0 0C and pH 7, where both enzymes show near 
maximum activity. Weighted least squares analysis of Linew-
eaver-Burk plots gave values for fccat and Km (Table I). Since 
replacement of Asp-38 by GIu involves movement of the car-
boxylate by about 1 A, it might be expected that the activity of 
the D38E mutant would be significantly affected. In accord with 
this expectation, kM is decreased 300-fold for la, with little change 
in Km (2-fold). In contrast, kM is decreased only 32-fold toward 
lb. The difference in the responses of la and lb toward this 
mutation is surprising since these two substrates differ only at 
C-17, ca. 8 A away from the site of reaction. Thus, kat for the 
wild type is 12-fold greater for la than it is for lb, whereas fcca, 
for the D38E mutant is similar for both la and lb. 

This alteration of specificity in /ccat for the D38E mutant can 
be rationalized if the mutation causes a change in the rate-limiting 
step for lb, but not for la (Scheme II). For the WT, primary 
kinetic hydrogen isotope effects using [4/3-2H]-Ia [H/(kal/Km) 

Table I. Kinetic Parameters for Wild-Type and D38E Mutant 
3-Oxo-A5-steroid Isomerase with 5-Androstene-3,17-dione (la) and 
5-Pregnene-3,20-dione ( Ib ) 0 ' 

wild type 
la 
lb 

D38E 
la 
lb 

/C0 3 1 , S 

5.1 X 104 

4.2 X 103 

1.7 X 102 

1.3 X 102 

Km, MM 

200 
6.8 

109 
5.0 

* « / * • . M-' s-1 

2.6 X 108 

6.2 X 108 

1.6 X 106 

2.5 X 107 

"Methanol 3.3%, 34 mM phosphate buffer, pH 7.0, 25.0 8 C. 
'Standard deviations are approximately ±10-15% for kaJKm and 
±20-30% in kr.. and in Km. 

Scheme II 

E+l E-I E-2 E-3 E + 3 

= 3.0, H/D(fccat) - 5.2-6.1 ]9 show that a chemical step, either 
deprotonation of 1 (k}) or protonation of 2 (Ac5), is at least partially 
rate limiting for both kai and kaJKm.w Mutation of Asp-38 
to GIu should decrease trie rate for &3 and/or Ac5. Since one or 
both of these steps is rate-limiting, most of this effect will be 
observed, resulting in a substantial decrease in kal for la. 

In contrast, the kinetic hydrogen isotope effect for the WT with 
[4/J-2H]-Ib has been reported to be unity," suggesting that the 
rate-limiting step for k^ with lb is dissociation of 3 from E-3 
(Zc7). Thus, a lowered rate of deprotonation (k3) or protonation 
(A;5) will not manifest itself in kal until the barrier for k$ or k$ 
becomes competitive with the barrier for Zc7. Consequently, only 
a portion of the effect of the D38E mutation on the proton transfer 
steps shows up in the overall rate constant for lb, and the effect 
of mutation is less for lb than for la. 

(3) (a) Bantia, S.; Pollack, R. M. J. Am. Chem. Soc. 1976,108, 3145. (b) 
Eames, T. C. M.; Hawkinson, D. C; Pollack, R. M. J. Am. Chem. Soc. 1990, 
112, 1996. 

(4) (a) Kuliopulos, A.; Mildvan, A. S.; Shortle, D.; Talalay, P. Biochem­
istry 1989, 28, 149. (b) Kuliopulos, A.; Talalay, P.; Mildvan, A. S. Bio­
chemistry 1990, 29, 10271. 

(5) Choi, Y. C; Benisek, W. F. Gene 1988, 69, 121. 
(6) Maniatis, T.; Fritsch, E. F.; Sambrook, J. Molecular Cloning. A 

Laboratory Manual; Cold Spring Harbor Laboratories: Cold Spring Harbor, 
NY, 1982. 

(7) Taylor, J. W.; Ott, J.; Eckstein, F. Nucleic Acids Res. 1985,13, 8765. 
(8) Duvall, E. J.; Ambulos, N. P.; Lovett, P. S. J. Bacleriol. 1987, 169, 

4235. 

(9) The primary kinetic isotope effects in this system depend on the con­
centration of methanol in the solution; those reported are for 3.3% methanol 
cosolvent. (a) Weintraub, H.; Baulieu, E.-E.; Alfsen, A. Biochem. J. 1980, 
185, 723. (b) Xue, L.; Talalay, P.; Mildvan, A. S. Biochemistry 1990, 29, 
7491. 

(10) We have recently investigated the energetics of this reaction; we found 
that the barriers to diffusion of E + 1 (^1), deprotonation of 1 (Jc3), and 
protonation of 2 (Jc5) are all kinetically significant (Hawkinson, D. C; Eames, 
T. C. M.; Pollack, R. M„ unpublished results). 

(11) Ringold, H. J.; Huether, H., quoted in the following: Sih, C. J.; 
Whitlock, H. W. Annu. Rev. Biochem. 1968, 37, 661. Although it is not 
explicitly stated in this reference that the isotope effect of unity refers to kM, 
it appears that this is the most reasonable interpretation. 
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In recent years, we have directed our efforts primarily toward 
the synthesis of integrated cubane-type clusters as potential models 
for inorganic solid surfaces to understand the chemistry1 on them 
and have been reporting novel organometallic oxide clusters that 
contain soft as well as hard multimetal centers.2"4 Examples 
include [MCp*Mo04]4

2 and [(MCp*)4V0O,9] (M = Rh, Ir).3 

The cluster [RhCp*Mo04]4 (1) has triply fused cubane 
character with a central Mo4O4 framework. Having noted that 
the same framework can be recognized as a repeating unit in the 
infinite layer structure of MoO3,

5 a heterogeneous catalyst for 
the oxidation of MeOH to CH2O and Me2O,6 we were prompted 
to investigate the potential utility of 1 in the transformation of 
methanol. Consequently, the exploitation of the reaction system 
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scholar of Japan at the Institute for Molecular Science (1990). 

' Fellow of the Japan Society for the Promotion of Science (1989). Per­
manent address: Coordination Chemistry Institute, Nanjing University, 
Nanjing 210003, China. 

'Invited foreign scholar of the Institute for Molecular Science (1988). 
Permanent address: Institute of Chemistry, Academia Sinica, Beijing 100080, 
China. 

(1) (a) Kitamura-Bando, K.; Asakura, K.; Arakawa, H.; Sugi, Y.; Isobe, 
K.; Iwasawa, Y. J. Chem. Soc., Chem. Commun. 1990, 253. (b) Asakura, 
K.; Kitamura-Bando, K.; Isobe, K.; Arakawa, H.; Iwasawa, Y. J. Am. Chem. 
Soc. 1990, 112, 3242. (c) Asakura, K.; Kitamura-Bando, K.; Iwasawa, Y.; 
Arakawa, H.; Isobe, K. J. Am. Chem. Soc. 1990, 112, 9096. 

(2) Hayashi, Y.; Toriumi, K.; Isobe, K. J. Am. Chem. Soc. 1988, 110, 
3666. 

(3) (a) This cluster was discovered by our group and Klemperer's group 
independently. Hayashi, Y.; Ozawa, Y.; Isobe, K. Chem. Lett. 1989, 425. 
Chae, H. K.; Klemperer, W. G.; Day, V. W. Inorg. Chem. 1989, 28, 1423. 
(b) Hayashi, Y.; Ozawa, Y.; Isobe, K. Inorg. Chem. 1991, 30, 1025. 

(4) Zhang, C; Ozawa, Y.; Hayashi, Y.; Isobe, K. J. Organomet. Chem. 
1989, 373, C21. 

(5) (a) Kihlborg, L. Ark. Kemi 1963, 21, 357. (b) Daran, J.-C; Prout, 
K.; Adam, G. J. S.; Green, M. L. H.; SaIa-PaIa, J. J. Organomet. Chem. 1977, 
131, C40. 

(6) (a) Edwards, J.; Nicolaidis, J.; Cutlip, M. B.; Bennett, C. O. J. Catal. 
1977, 50, 24. (b) McCarron, E. M., Ill; Staley, R. H.; Sleight, A. W. Inorg. 
Chem. 1984, 23,1043. (c) Allison, J. N.; Goddard, W. A., III. J. Catal. 1985, 
92, 127. (d) Goddard, W. A., III. Science 1985, 227, 917. (e) Farneth, W. 
E.; Ohuchi, F.; Staley, R. H.; Chowdhry, U.; Sleight, A. W. / . Phys. Chem. 
1985, 89, 2493. (f) Farneth, W. E.; Staley, R. H.; Sleight, A. W. J. Am. 
Chem. Soc. 1986,108, 2327. (g) Day, V. W.; Klemperer, W. G.; Lockledge, 
S. P.; Main, D. J.; Rosenberg, F. S.; Wang, R.-C; Yaghi, O. M. In Metal-
Metal Bonds and Clusters in Chemistry and Catalysis; Fackler, J. P., Ed.; 
Plenum: New York, 1989. 

0(17) 

Figure 1. Perspective drawings of (a) [(RhCp4J2Mo3O9(OMe)4] (2) and 
(b) [(RhCp^4Mo6O22] (3). Selected interatomic distances and angles 
have been deposited as supplementary material. 
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of 1 with MeOH was undertaken to reveal serendipitous con­
version, outlined in Scheme I, of the triple cubane-type cluster 
1 to a trishomocubane-type7 cluster [(RhCp*)2Mo309(OMe)4] 
(2) and then to a quadruple cubane-type cluster 
[(RhCp*)4Mo6022] (3). Here, we report brief accounts of novel 
fragmentation and extension of cube size in the organometallic 
oxide cluster 1 as well as the structural characterization of 2-
MeOH and 3-4CH2Cl2. 

Cluster 1 is very soluble and stable in MeOH at ambient 
temperature. In the presence of excess p-hydroquinone (HQ), 

(7) Introduction of three methylene groups into the C8H8 cubane skeleton 
results in the class OfC11H14 trishomocubanes: Marchand, A. P. Chem. Rev. 
1989,59, 1011. In order to describe the 11-vertex skeleton of cluster 2, the 
term "trishomocubane-type" was adopted. 
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