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Table I. Isotropic Ratios for the Conversion of a Mixture of 1 and 3 
to 2, 4, 5, and 6 

mixture 

land 3 
2, 4, 5 and 6 
intermolecular reactn* 
intramolecular reactn' 

M"-* 

60 
40 
38 
60 

M + 1« 

4 
47 
48 

4 

M + 2" 

37 
14 
15 
37 

"Determined by FIMS (±5%). 'Molecular ion for 12C, 1H com­
pound. 'Calculated on the basis of the mixture of 1 and 3. 

If the reaction were to involve an ion pair, the intermolecular result 
could be consistent with nucleophilic addition occurring on the 
side of the ion pair opposite the phosphinate leaving group. The 
second-order kinetics observed by Boche for similar reactions would 
require the ion pair to be formed reversibly.3" The work of Goering 
suggests that such an ion pair that reacts with an external nu-
cleophile would be symmetrical by the criterion of scrambling of 
the oxygen atoms.8 We have evaluated the possible intermediacy 
of a symmetrical ion pair from 7 in its reaction with benzyl cyanide 
and LDA to give 8 in 65% yield by the use of the 18-0-labeled 
derivative 9. If the reaction involved a reversibly formed sym­
metrical ion pair 10, we would expect the 18O label in 9 to be 
scrambled between the two oxygens of recovered reactant. 
However, we find that recovered 9 from a reaction that has 
proceeded to 80% completion has the 18O label unscrambled. The 
position and extent of the label were established by reaction of 
9 with phenyllithium, a substitution at phosphorus that gives 
triphenylphosphine oxide, which was found to have the same level 
of 18O from both initial and recovered 9. If scrambling had 
occurred, the triphenylphosphine oxide from recovered 9 would 
have been one-half of that from the initial 9, in contrast to our 
observation. 

(C6Hs)2P-O-N(CH3J2 

7,*0-

LDA 

C6H5CH2CN 

9, *0 - 18O 

N(CH3J2 

C6H5CHCN 

8 

(C6H5J2P; 
18p-

S-. 
N(CH3J2 

10 

The present results show that the displacement at the nitrogen 
of a dimethylamino group of an oxygen of a phosphinate by an 
anionic carbon cannot be achieved within the endocyclic confines 
of a six-membered ring and that the reaction does not involve 
internal return from a symmetrical ion pair. We suggest that 
nitrogen transfer occurs in a concerted reaction with the transi­
tion-structure geometry of a trigonal bipyramid shown for 11. In 
this transition structure the entering and leaving groups are at 
a large angle analogous to that of a classic SN2 displacement and 
consistent with the mechanism proposed by Boche for this reac­
tion.3* This provides, to the best of our knowledge, the first 

CN 

*.rCH--N-

CH3 ''CH3 

O 
Il 

C-PAr2 

11 

(6) (a) Boche, G.; Bosold, F.; Niessner, M. Tetrahedron Lett. 1982, 23, 
3255. (b) Boche, G.; Schrott, W. Tetrahedron Lett. 1982, 23, 5403. (c) 
Boche, G.; Sommerlade, R. H. Tetrahedron 1986, 42, 2703. 

(7) This reaction was carried out to 10% completion because on longer 
reaction times label scrambling was observed in the reactant. 

(8) For related cases using this approach for carboxylates, see: Scott, C. 
M.; Underwood, G. R.; Kirsch, R. B. Tetrahedron Lett. 1984, 25, 499. 
Goering, H. L.; Levy, J. F. / . Am. Chem. Soc. 1964, 86, 120. Note Added 
in Proof: For a recent discussion of 18O scrambling in a sulfonate ester see: 
Dietze, P. E.; Wojciechowski, M. / . Am. Chem. Soc. 1990, 112, 5240. 

experimental information about the geometry of nucleophilic 
displacement at a formally neutral nitrogen atom.5 We also note 
that this work further illustrates the value of the endocyclic re­
striction test for an experimental evaluation of transition-structure 
geometry to allow a choice between alternative reaction mecha­
nisms. 
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A major characteristic of catalysis by enzymes is stereoselec­
tivity3 which can be modified by changing the precise structure 
of the active site. In principle, this can be achieved by exotic 
procedures such as "protein engineering",4 or by the simple ex­
pedient of changing the reaction medium,5 or by unfolding and 
then refolding the enzyme.6 The potential impact of an altered 
enzymic stereoselectivity on organic syntheses and mechanistic 
biochemistry has greatly encouraged research on this topic. While 
attempting to reconcile differences between the in vivo7 and in 
vitro8 rates of the carboxylic ester hydrolase (EC 3.1.1.13) cat­
alyzed hydrolysis of (2RA'R,WR)- and (25,4'/?,8'/?)-a-tocopheryl 
acetates (RRR- and SRR-a-TAc)9 in the presence of the obli­
gatory 3a,7a,12o>trihydroxy bile salts,10 cholate, taurocholate, 
and glycocholate, we made the novel discovery that the structure 
of the bile salt also has a profound effect on the stereoselectivity 
of this reaction. 

CH3
 - CH3 

2fl, VR, SR- a-toeophefyl acetate 2S, 47?, SR- a-toccphetyl acetate 

»r ^CH3 H-- • C H j 
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Table I. Comparison of the Ratios of the Observed 
Pseudo-First-Order Rate Constants, fcotad, Obtained for the 
Noncompetitive and Competitive (in Parentheses) Hydrolyses of 
(RRR)- and (SftR)-a-Tocopheryl Acetates in Bile Salt/DMPC 
Mixed Micelles by Bovine and Porcine Cholesterol Esterases" 

K^(RRR)Jk6M(SRR) 
bile salt crude BCE crude PCE pure PCE* 

cholate 0.28 (-)< 0.19 (0.21) 0.30 (0.26) 
glycocholate 1.2(0.18) 1.1(0.18) 1.4(0.32) 
taurocholate 35 (3.0) 27 (3.0) 19 (4.2) 

" Specific enzyme activity was determined by measuring the rate of 
hydrolysis of cholesteryl-3-glutaric acid-resorufin diester (a specific 
substrate for cholesterol esterase obtained from Boehringer Mannheim 
Biochemica, West Germany). One unit is the amount of enzyme re­
quired to hydrolyze 1 mmol of substrate in 1 min at 37 °C. Values for 
crude BCE, crude PCE, and pure PCE were 2.68 X 10"\ 0.887 X 10^, 
and 3.43 X 10"4 unit/mg, respectively. In order to have a uniform 
reactivity of enzyme, the amount of each preparation used was adjust­
ed according to the initial rate of hydrolysis of a sample of SRR-a-
TAc (0.094 mM) in sodium cholate (40 mM)/DMPC (2.0 mM) mix­
ed micelles in Tris buffer (50 mM; pH 8), the absorbance being mon­
itored at 302 nm (^x - t^^ = 2300 L mol"1 cm"1). Thus adjusted, 
the initial rates of hydrolyses by crude BCE, crude PCE, and pure 
PCE of SRR-a-TAc in this set of runs were 4.85 X 10-», 4.59 X 10"8, 
and 4.90 X 10"! M s"1, respectively. All runs were performed under 
conditions identical with those given above. Individual substrate con­
centrations in the competitive runs were the same as in the noncom­
petitive runs. 'Pseudo-first-order rate constants (XlO5, s"1) for RRR-
a-TAc/SRR-a-TAc obtained for noncompetitive (competitive) runs 
were 8.7/27 (5.4/21), 3.3/2.3 (0.57/1.8), and 7.0/0.37 (1.3/0.31) for 
cholate, glycocholate, and taurocholate, respectively. cNot measured 
for this particular batch of crude BCE under these specific conditions. 
However, measurement with an earlier batch of enzyme showed 
RRRISRR < 1. 

In our in vivo study,7 rats were fed a diet containing an 
equimolar mixture of deuterium-labeled a-TAc's, d6-RRR- and 
drSRR-a-lAc. The RRR-a-TAc/SRR-a-TAc ratio of intestinal 
fecal material was ca. 0.2 while the corresponding ratio of the 
phenolic products of hydrolysis was ca. 1.3. Clearly, RRR-a-TAc 
was more extensively and presumably more rapidly hydrolyzed 
than SRR-a-TAc. Our in vitro model system8 included sodium 

(1) Issued as NRCC No. 32330. 
(2) (a) NRCC Research Associate 1986-1989. (b) NRCC Research 

Associate 1988-1991. (c) NRCC Summer Student 1989, 1990. 
(3) (a) Bergmann, M.; Fruton, J. S. / . Biol. Chem. 1937,117, 189-202. 

(b) Cohen, S. G.; Milovanovic, A.; Schultz, R. M.; Weinstein, S. Y. J. Biol. 
Chem. 1969, 244, 2664-2674. (c) Jones, J. B.; Beck, J. F. In Applications 
of Biochemical Systems in Organic Chemistry; Jones, J. B., Sih, C. J., 
Perlman, D., Eds.; Wiley: New York, 1976; Part 1, pp 107-401. (d) Walsh, 
C. Emymic Reaction Mechanisms; Freeman: San Francisco, 1979; Chapter 
2. (e) Retey, J.; Robinson, J. A. Stereospecificity in Organic Chemistry and 
Enzymology; Verlag Chemie: Weinheim, 1982. (T) Fersht, A. Enzyme 
Structure and Mechanism, 2nd ed.; Freeman: New York, 1985; Chapter 8. 

(4) Fersht, A. R.; Shi, J.-P.; Wilkinson, A. J.; Blow, D. M.; Carter, P.; 
Waye, M. M. Y.; Winter, G. P. Angew. Chem., Int. Ed. Engl. 1984, 23, 
467-473. Knowles, J. R. Science (Washington, D.C.) 1987, 236, 1252-1258. 
Atkins, W. M.; Sligar, S. G. J. Am. Chem. Soc. 1989, / / / , 2715-2717. 

(5) Margolin, A. L.; Tai, D.-F.; Klibanov, A. M. J. Am. Chem. Soc. 1987, 
109, 7885-7887. Sakurai, T.; Margolin, A. L.; Russell, A. J.; Klibanov, A. 
M. J. Am. Chem. Soc. 1988, UO, 7236-7237. 

(6) Wu, S.-H.; Guo, Z.-W.; Sih, C. J. J. Am. Chem. Soc. 1990, 112, 
1990-1995. 

(7) Ingold, K. U.; Burton, G. W.; Foster, D. O.; Hughes, L.; Lindsay, D. 
A.; Webb, A. Lipids 1987, 22, 163-172. 

(8) Zahalka, H. A.; Cheng, S. C; Burton, G. W.; Ingold, K. U. Biochim. 
Biophys. Acta 1987, 921, 481-485. 

(9) RRR-a-T is natural vitamin E. Synthetic vitamin E is a mixture of 
all eight possible stereoisomers. Both forms of vitamin E are sold as acetates. 

(10) The obligatory role of bile salts on the carboxylic ester hydrolase 
catalyzed hydrolysis of a-TAc has been demonstrated.1'-15 

(11) Gallo-Torres, H. E. Lipids 1970, 5, 379-384. 
(12) Mathias, P. M.; Harries, J. T.; Muller, D. P. R. J. Lipid Res. 1981, 

22, 177-184. 
(13) Mathias, P. M.; Harries, J. T.; Peters, T. J.; Muller, D. P. R. / . Lipid 

Res. 1981, 22, 829-837. 
(14) Muller, D. P. R.; Manning, J. A.; Mathias, P. M.; Harries, J. T. Int. 

J. Vitam. Nutr. Res, 1976, 46, 207-210. 
(15) Lombardo, D.; Guy, O. Biochim. Biophys. Acta 1980,611,147-155. 

cholate (40 mM) as the obligatory bile salt,10 one of the two a-TAc 
stereoisomers (0.04-0.20 mM), and either dl- or /-dimyristoyl-
phosphatidylcholine (dl- or /-DMPC, 2.0 mM). At 37 0 C com­
mercial bovine cholesterol esterase (BCE) hydrolyzed the RRR 
stereoisomer less rapidly than the SRR stereoisomer. This result 
was confirmed by a competitive kinetic study involving the hy­
drolysis of an equimolar mixture of unlabeled (d0) RRR-a-T Ac 
and dySRR-a-TAc in which the yields of the two free phenols 
were monitored over time by GC/MS.8 

The failure of our in vitro model to duplicate the in vivo results 
was traced to the rat's bile (secreted from liver into the gut) rather 
than to the rat's esterase enzyme(s) (secreted from pancreas into 
the gut) via the following two competitive kinetic experiments, 
which employed equimolar mixtures of d0-RRR- and d3-SRR-
a-TAc's: (i) rat bile16 + rat pancreatic juice;16 (ii) rat bile + BCE. 
In both experiments RRR-a-T Ac was hydrolyzed more rapidly 
than SSR-a-TAc, proving that the stereoselectivities of BCE and 
of the carboxylic ester hydrolase(s) secreted by the rat are similar. 

In the rat, cholic acid is not present in detectable amounts as 
free acid but rather as its taurine and glycine conjugates.17 

Noncompetitive kinetic experiments involving the BCE-catalyzed 
hydrolysis of RRR-a-T Ac and SRR-a-T Ac were therefore carried 
out at 37 0C under conditions generally similar to those previously 
employed8 using the sodium salts of cholic, taurocholic, and 
glycocholic acids. Initial rates, measured both spectrophoto-
metrically8 and by GC/MS (see Table I), confirmed that with 
cholate SRR-a-T Ac was hydrolyzed more rapidly than RRR-a-
TAc. However, with taurocholate SRR-a-T Ac was hydrolyzed 
much less rapidly than RRR-a-TAc, and with glycocholate 
SRR-a-T Ac was hydrolyzed slightly less rapidly than RRR-a-T Ac 
(Table I). Competitive experiments using d0-RRR- and dy­
SRR-a-T Ac yielded the same reactivity order with cholate (SRR 
> RRR) and with taurocholate (SRR < RRR). However, with 
glycocholate the order was reversed, i.e., in the competitive ex­
periment SRR-a-T Ac was hydrolyzed more rapidly than RRR-
a-TAc.18 

Commercial BCE is quite impure,19 being contaminated with 
proteases which rapidly deactivate it. Despite extensive efforts, 
we were only able to achieve a partial purification of the BCE, 
obtaining a protease-free preparation by affinity chromatography 
[Affi-gel blue (Bio-Rad); elution with 50 mM Tris-HCl, pH 8, 
at 5 0 C]. The protease-free enzyme's selectivity in hydrolyzing 
the a-TAc stereoisomers was modulated by each of the three bile 
salts in both the noncompetitive and competitive experiments in 
exactly the same way as was found with the less pure, commercial 
BCE (data not shown). 

Commercial (Sigma) porcine cholesterol esterase (PCE) con­
tains less protease than commercial BCE. Protease-free PCE, 
obtained as described for BCE, was further purified by ion-ex­
change chromatography [DEAE Affi-gel blue (Bio-Rad); elution 
with 50 mM Tris-HCl (pH 8)/0.5 M NaCl] to a single band on 
SDS polyacrylamide gel electrophoresis (estimated reduced mo­
lecular weight by SDS PAGE was 58 kDa). 

The stereoselectivities of commercial BCE, commercial PCE, 
protease-free PCE (data not shown), and pure PCE in hydrolyzing 
the two a-TAc stereoisomers were modulated by each of the three 
bile salts in exactly the same way in both the noncompetitive and 
competitive experiments (Table I). This consistent behavior, 
independent of source and purity of enzyme preparation, strongly 
suggests that the order of the bile salt modulated selectivity in 

(16) Collected according to the following: Hyun, J.; Kothari, H.; Herm, 
E.; Mortenson, J.; Treadwell, C. R.; Vahouny, G. V. J. Biol. Chem. 1969, 244, 
1937-1945. 

(17) Norman, A. Acta Physiol. Scand. 1954, 32, 1-10. Subbiah, M. T.; 
Kuksis, A.; Mookerjea, S. Can. J. Biochem. 1969, 47, 847-854. Yousef, I. 
M.; Kakis, G.; Fisher, M. M. Can. J. Biochem. 1972, 50, 402-408. 

(18) We attribute the difference in the selectivities found in the competitive 
and noncompetitive experiments to competitive inhibition by SRR-a-T Ac (or 
possibly its phenol). 

(19) See Acknowledgment. 
(20) Small, D. M. In The Bile Acids; Nair, P. P., Kritchevsky, D., Eds., 

Plenum: New York, 1971; Vol. 1, pp 246-356. Carey, M. C; Small, D. M. 
Am. J. Med. 1970, 49, 590-608. 
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the hydrolysis of a-TAc stereoisomers is an intrinsic property of 
cholesterol esterases. The data for pure PCE (Table I, footnote 
b) show as much as a 60-fold and 14-fold range in RRRjSRR 
selectivity in the noncompetitive and competitive experiments, 
respectively. Interestingly, in the competitive experiments the rate 
of hydrolysis of RRR-a-TAc is significantly affected but that of 
SRR-a-TAc is little affected relative to the corresponding rates 
measured in the noncompetitive experiments.18 

At 40 mM the bile salts will form mixed micelles20 with the 
DMPC (2 mM) and a-TAc (0.1-0.2 mM). Although the initial 
rates of hydrolysis can be described by using classical Michael-
is-Menten (MM) kinetics,8 we are not, of course, dealing with 
a molecular solution of a-TAc but with micellized a-TAc which 
presumably reacts with the water-soluble BCE or PCE at the 
micelle-water interface.21 The effect of the (chiral) bile salts 
on the relative (and absolute) rates of hydrolysis of RRR- and 
SRR-a-TAc could result from diastereoisomeric influences upon 
the epimeric acetates induced within the mixed micelle itself or, 
alternatively, may arise from direct bile salt-protein interactions." 
The degree of chiral recognition that is achieved is genuinely 
dramatic in view of the fact that the chiral center is separated 
by six bonds from the bond that is cleaved by the enzyme.23 
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(21) Such two-dimensional systems can appear to follow MM kinetics 
(even including product inhibition), but the derived kinetic parameters have 
more complicated meanings than for homogeneous enzyme reactions.1922 

(22) Verger, R.; Mieras, M. C. E.; de Haas, G. H. J. Biol. Chem. 1973, 
248, 4023-4034. Verger, R.; de Haas, G. H. Annu. Rev. Biophys. Bioeng. 
1976,5,77-117. 

(23) It was recently reported6 that a lipase treated with an organic solvent 
and deoxycholate is converted to a form that is more enantioselective toward 
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Exogenous Ligand Binding to the [Fe4S4] Cluster in 
Pyrococcus furiosus Ferredoxin 

Richard C. Conover, Jae-Bum Park, Michael W. W. Adams, 
and Michael K. Johnson* 

School of Chemical Sciences and 
Center for Metalloenzyme Studies 

University of Georgia, Athens, Georgia 30602 

Received November 26, 1990 

Cubane-type [Fe4S4] clusters functionalized by non-cysteinyl 
and/or unique ligation of a specific Fe or by replacement of one 
Fe by another transition metal (e.g., Mo, V, or Ni) have been 
proposed as components of the active sites of a range of metal-
loenzymes. These include aconitase,1 several (de)hydratases,1 

sulfite reductase,2 nitrogenase,3 hydrogenase,4 and CO de­
hydrogenase.5 Synthetic strategies to investigate subsite-specific 
ligand binding to such clusters in aprotic media have recently 
focused on [Fe4S4J

2+ clusters ligated by a semirigid trithiolate 
cavitand ligand.6 Simple ferredoxins containing [Fe4S4] clusters 
offer the potential for investigating such ligand-binding interactions 
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Figure 1. X-band EPR spectra of dithionite-reduced P. furiosus Fd, 
native (a), cyanide-treated (b), and 57Fe-reconstituted cyanide-treated 
(c): (a) 0.85 mM Fd in 100 mM Tris-HCl buffer, pH 7.8; microwave 
power, 1 mW; temperature, 8 K; (b,c) 0.21 mM Fd in 100 mM Tris-HCl 
buffer with a 250-fold excess of potassium cyanide, pH 8.5; microwave 
power, 1 mW; temperature, 20 K. All spectra were recorded at 9.44 GHz 
with 0.63 mT modulation amplitude. 

in a more physiologically relevant environment. However, of the 
more than 30 ferredoxins for which sequences are available,7 only 
five appear to contain a [Fe4S4] cluster with incomplete cysteinyl 
ligation.8 Four of these are 8Fe-ferredoxins in which only one 
of the two [Fe4S4] clusters has partial non-cysteinyl coordination. 
This leaves the ferredoxin (Fd) from the hyperthermophilic ar-
chaebacterium Pyrococcus furiosusi as the only example of a 
4Fe-Fd with non-sulfur ligation to a specific Fe atom. This protein 
therefore provides an opportunity to study the subsite-specific 
ligand binding of a [Fe4S4] cluster in a biological environment. 
We report here the binding of cyanide, an inhibitor for numerous 
Fe-S containing enzymes and a substrate for nitrogenase, to the 
[Fe4S4J

1+ cluster in dithionite-reduced P. furiosus Fd. This is 
the first report of cyanide binding to a biological [Fe4S4] cluster, 
as well as the first example of exogenous ligand binding to a 
[Fe4S4]1+ cluster in a bacterial ferredoxin. 

P. furiosus Fd, M, = 7500, is a monomeric protein containing 
a single [Fe4S4] cluster.88 The arrangement of cysteine residues 
in the amino acid sequence is analogous to that of other bacterial 
ferredoxins except that the second cysteine in the traditional 
sequence is replaced by an aspartate residue. Non-cysteinyl 
coordination of a specific Fe is manifest by novel spectroscopic 

(1) (a) Beinert, H.; Kennedy, M. C. Eur. J. Biochem. 1989,186, 5-15. (b) 
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G., Ed.; Wiley-Interscience: New York, 1985; Chapter 1. (b) Challen, P. 
R.; Koo, S.-M.; Dunham, W. R.; Coucouvanis, D. J. Am. Chem. Soc. 1990, 
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