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Abstraetxurrent status of knowledge on the biological reduction of C=C and C=O is briefly reviewed. It is argued 
that the crucial event in the reduction of C=C is the addition of a proton to the more electron-rich terminal of the 
double bond to produce an electron-deficient species which is then neutralii through hydride transfer from 
NADPH. The activation for tbe reduction of a C=O group may also be achieved by a related process in which the 
carbonyl oxygen is polarized by H-bonding to an acidic group on the enzyme, prior to hydride transfer from 
NAD(p)H. Ruts with both these systems an early event in catalysis is the protonation of the substrate for which, 
normally, strong acids will be required. Since the groups available at the active-sites of enzymes are weak acids, a 
mechanism through which powerful proton donating species could be transiently generated from them is proposed, 
The salient features of this mechanism may be enunciated as follows: Let us consider the enxyme-substrate 
complex (A) in which an imidaxolutm group is about to play a role as a proton donating species. It is argued that 
rearmngement of the initial complex (A) to the catalyticcomplex (B), in which the negatively charged counter ion is 
removed away from the imidaxolium cation, would transiently convert the latter group into a powerful proton 
donating species. The rearrangement (A)-+(B) could occur through a protein conformational change or via a 
charge-relay system or a combination of both processes. 

(A) 

The activation of both the redox forms of pyridine nucleotides may also be achieved through the extension of 
the hypothesis. ‘fIrus the pyridinium riug of NAD(P) deprived of its counter ion would be a good hydride accepting 
species while hydrogen t&sfer from the diiydro&ridiue ring of NAJI(P)H would be facilitated mthe presence oi 
an approaching counter anion (Scheme 13). llte generality of the charge-separation hypothesis is further exem- 
plitied by considering the Sadenosylmethionine dependent biological afkyfation reactions. The main feature of the 
proposal once again is the creation, within the micro-environment of the catalytic complex, of a stdphonium ion 
deprived of its counter anion which activates the S-adenosylmethionine for the crucial methyl transfer step. Broadly 
speaking, the hypothesis discussed in the review extends the theory of Jencks and assumes that the transient 
creation of a destabi)ixed envirottrnent within the active-site region is the key to euxyme catalysis. 
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In the last 10 years we at Southampton have been 
engaged in the elucidation of the mechanisms of enzymic 
reactions involved in the biosynthesis of several groups 
of natural products. Our concern in this review is, 
however, not with a systematic discussion of the path- 
ways but an examination of the molecular details of 
those steps which illustrate or highlight a new mechanis- 
tic feature, and to explore whether the principles thus 
emerging could be applied to other areas of enzymology. 
The pathway for the biological conversion of lanosterol 
into cholesterol’ includes three stages in which olefinic 
linkages are reduced (Scheme 1). In the first section we 
consider the molecular nature of the processes which 
may be involved in the reduction of these double bonds. 

SECTION 1. ENZYMIC REDUCTION OF OLEFTNIC 
LmulmBONDs 

Reduction of the 7,8-double bond of ‘I-dehydrocholes- 

terol and the emergence of a mechanism inuoluing an 

electrophilic addition 
During the late 1950s cumulative work from several 

laboratories pointed to the fact the Wdouble bond of 
cholesterol (9, Scheme 1) may originate from the As- 
precursor zymosterol (6) through an indirect process 
involving three discrete steps,lb2 the tirst reaction being 
the isomerization of the 89-double bond to the 7,8- 
position (6+7), followed by a desaturation reaction giv- 
ing a 5,7-diene-system (7 + 8), and finally the reduction of 
the 7,8-double bond of the latter to furnish cholesterol. 

At the time no satisfactory analogy or mechanistic 
framework was available from the realm of preparative 
organic chemistry to enable an understanding in molecu- 
lar terms of the processes involved in the biological 
saturation of olefinic double bonds; especially when the 
bonds were not activated by electron withdrawing 

groups, as is the case with conversion of ‘I-dehydro- 
cholesterol into cholesterol. 

The examination of biochemical literature suggested 
that reduced pyridine nucleotides, which are the pri- 
mary reducing agents in most enzymic reduction reac- 
tions, catalyze hydride transfer by one of two broad 
mechanisms. First, a direct hydride transfer from the 4 
position of NAD(P)H to the substrate as: 

Ii’ 

A 

+ +X+H+=%+-X--H+ 

1. _!_ 
NADH or NADPH NAD or NADP 

X=0 or -NR; Throughout A=-CONH2 

This type of mechanism operates in the reduction 
of carbonyl and imino compounds, as well as in the 
conversion of (I, p-unsaturated ketones to the cor- 
responding saturated ketones. The second mechanism is 
that in which the hydride transfer from the reduced 
pyridine nucleotides occurs indirectly through the in- 
volvement of intermediary electron carriers; which may 
be a flavin, a quinone or a disulphide moiety (Scheme 
2a). Such a mechanism is involved in the NADH depen- 
dent conversion of erotic acid into diiydroorotic acid 
catalyzed by dihydroorotic dehydrogenase.3 It was found 
that in the enzymic reaction tritium from [4-‘HJNADH 
was not incorporated into diiydroorotic acid due to its 
loss to the medium through an exchange process at the 
stage of the reduced flavin (Scheme 2b). If the enzymic 
reduction of olelins occurred through the second type of 
mechanism then both the hydrogen atoms in the product 

_ HoH*_;-J--p+Ty~ 
3 3 

3 3 

4 5 6 

7 0 9 
Scheme 1. Biological conversion of lanosterol into cholesterol. The stage at which the side-chain double bond is 

reduced is not shown. 
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Scheme 2(a). Hydride transfer from pyridine nucleotides through the involvement of intermediary electron carriers, 
6 = exchangeable hydrogens. 

(II b) 

Scheme 2(b). The reaction catalyzed by dihydroorotic dehy- 
drogenase. F and FH2 represent respectively oxidized and re- 

duced tIavin prosthetic group. 

would originate from the protons of the medium. This is 
because the groups of the intermediate (Ma-ltk) which 
participate in the terminal hydrogen transfer step are 
ionizable, hence in rapid exchange with the medium. 

With this background 7-dehydrocholesterol was in- 

cubated. in tritiated water with rat liver microsomes, 
which contain the enzyme responsible for the reaction 
(8-9; Scheme I), in the presence of NADPH. The 
cholesterol obtained from the incubation was shown to 
contain only one tritium exclusively located at the I@- 
position. Thus a mechanistic hypothesis such as that 
shown in Scheme 2a was made unlikely, since according 
to this mechanism hydrogen atoms added to C-7 as well 
as C-8 should contain Mum. 

In the next series of experiments 7-dehydrocholesterol 
was incubated in a non-radioactive medium with the 
microsomes in the presence of NALIPH which was 
labelled either in the Pro-4R or Pro-4S position with 
tritium.4b The biosynthetic cholesterol from these ex- 
periments was subjected to specific degradations and the 
results showed that in the reduction of 7,8double bond 
the pro48hydrogen atom of NADPH was transferred 
to the steroid nucleus where it occupied the 7a-position 
(Scheme 3). These results, showing that the reduction of 
the double bond involved a lrans-addition,‘” excluded 
several possible mechanisms not discussed in this re- 
view. 

A quantitative study aimed at the determination, of 

+ 

NADP + ENZ-X 

Scheme 3. Electrophilic addition mechanism for the saturation of the 7.8 double bond. The scheme merely shows 
the order in which the two C-H bonds are formed and does not make any prediction regarding the extent of the 

positive charge on the intermediate (13) or its life time. 
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isotope effects revealed’ that whereas the tritium product 
isotope effect in the formation of the medium derived 
8a-hydrogen was about 7.5, the ‘la-hydrogen atom of 
cholesterol originating from the Qposition of NADPH 
showed an isotope effect of less than 2.0. We could not 
have hoped for more readily interpretable data at our 
disposal. It was deduced that the reduction process had 
in fact followed the simplest precept of mechanistic 
organic chemistry and could be rationalized by assuming 
that the reaction is initiated by the electrophilic addition 
of a proton to the C-7-C-8 double bond giving the 
preferred allylic carbonium ion which is then neutralized 
by the delivery of a hydride ion from NADPH to the 
‘la-position of the product (Scheme 3). 

I have occasionally been asked, given that the reduc- 
tion of the double bond under discussion occurs via an 
electrophilic addition but without the availability of the 
experimental results I have just described, would we 
have correctly predicted the positions in the product (14) 
occupied by the hydrogens originating from NADPH and 
the proton donating source. My answer clearly is, No. 
Although uncomplicated application of chemical know- 
ledge dictates that an electrophilic addition to the 7,8- 
double bond should occur to produce an allylic car- 
bonium ion in preference to the alternative addition 
mode producing the relatively less stable tertiary carb- 
bonium ion, however, in a complex carbocyclic system 
such as that present in 12, whether some unknown steric 
factors may alter the preferred stability predicted en- 
tirely on the basis of electronic considerations cannot be 
accurately assessed. Studies on a less ambiguous system 
were therefore needed. 

Reduction of the 14,15-double bond of steroid 8,14- and 
7,Wdienes 

Some interesting observations on the involvement of a 
C-15 hydrogen atom in the conversion of lanosterol into 
cholesterol were made almost simultaneously in several 
laboratoriesp which pointed to the possibility that the 
removal of a Ma-methyl grpup in sterol biosynthesis 
may occur through a novel mechanism.’ Many of the 
details of the demethylation process have subsequently 
been worked out in our laboratory* and are illustrated in 
the sequence (1+4, Scheme 1). Of relevance in the 
present context is the reduction of 14,15double bond of 
the 8,Mdiene (4) to the A*-compound during the biosyn- 
thesis of cholesterol (Scheme 1). The enzyme participat- 
ing in the reduction of the 14,15-double bond is also 

located in the microsomal fraction’” and shows a broad 
specificity since it is effective with substrate containing 
the second double bond in either the 8,9 or the 7,8 
position (15 and 17 respectively, Rr = Rz= Me). The 
corresponding compounds lacking the 4,4’dimethyl sub 
stituent (15 and 17, R, = R2 = H) are also metabolized by 
the enzyme though with a somewhat diminished 
efficiency. The margin or error in predicting the orien- 
tation of addition, through an electrophilic addition me- 
chanism, to the 14,15double bonds of the four com- 
pounds was considerably reduced. Since in these cases 
an initial electrophilic addition of a proton must occur at 
C-15 to give the carbonium ion at C-14 which is both 
allylic and tertiary. We were gratified’ to find that the 
prediction was born out by experiment when it was 
shown that in the reduction (15 --) 16, R, = R2 = H) the 
U/3-hydrogen atom of the compound 16, (R, = R2 = H) 
originated from the medium and its 14a-hydrogen from 
the 4-pro S position of NADPH. 

Reduction of the side chain, C-24-C-25, double bond 
Both the examples discussed above involved the re- 

duction of double bonds present in conjugated systems. 
The general application of the mechanistic principle 
required verification by studying the reduction of an 
unsymmetrical isolated double bond. Such an example 
was conveniently found in the conversion of desmosterol 
into cholesterol when the side chain 24,ZSdouble bond is 
reduced. It was shown that in the reaction, (I9+2@), the 
medium derived hydrogen was incorporated at C-24 and 
the hydrogen from the Cpro S position of NADPH was 
transferred to C-25 of the steroid side chain.” The 
results thus provided support for the hypothesis. 

(19) t 20) 
Scheme 5. Orienlation of addition to the 24,25 double bond 

through an elecrrophilic addition mechanism. 

GENERAL MEcEANlsrlc coNsIDERATIoiVs 
Radical mechanism. We have above considered the 

results only in terms of the Markownikoff type of 
process. The question arises, whether another 
mechanism could also explain the data. The possibility 
that reduced pyridine nucleotides may either function via 
hydrogen atom transfer or are endowed with the struc- 

m 

(171 (18, 

Scheme 4. The reduction of the 14,15 double bond. The stereochemistry of the reduction has been established only 
in the reduction of the compounds (IS, R = H; also R = - CH,). 
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tural features for the generation of a particularly power- 
ful hydride for a direct nucleophflic attack on a double 
bond, though intuitively clumsy, deserves consideration. 
We must though make it clear from the outset that the 
theoretical framework for predicting the orientation of 
addition by the latter types of processes is not as clear- 
cut as for the electrophilic addition. Nevertheless, it is 
reasonable to assume that if the driving force for the 
reaction is the transfer of a hydrogen atom from the 
pyridine nucleotide to the olefin then the initial attack 
will occur in such a way as to produce the preferred 
carbon radical, which through a rather complex series of 
reactions will furnish the tinal product as shown in 
Scheme 6: Application of this principle to the three 

double bonds under discussion will give positions oc- 
cupied by NADPH- and medium-derived hydrogen 
atoms as shown in Scheme 8. In none of the three cases 
are results expected from a radical type of mechan- 
ism consistent with the experimentally determined 
pattern. 

Carhion mechanism. Alternatively, if pyridine 
nucleotides are assigned the role of being unusuafly 
strong nucleophilic agents, so much so that they can 
overcome the energy barrier normally offered by the T 
electron system of the olefinic linkage to the approaching 
nucleophihc species, then the initial hydride transfer may 
be expected to produce the preferred carbanion species 
(Scheme 7) leading to products in which the position 

Scheme 6. Orientation of addition to the 24,25 double bond via a radical mechanism. For the other two double 
bonds the predicted positions are summerixed in Scheme 8. 

Scheme 7. Orientation of addition to the 2425 double bond via a carbanion mechanism. For the other two double 
bonds the predicted positions are summarized in Scheme 8. 

tit may be pointed out that the present work does not 
differentiate whether the C-4 hydrogen of pyridine nucleotides is 
transferred to the electron deficient carbon species directly as a 
hydride or if the process occurs in two steps involving hrst the 

’ transfer of an electron and then a hydrogen atom (a as: 

H HA 
A 

+H+-+F 

Ii 

A -0 I’ +0 + +---+H’ 

1 
A stepwise mechanism of the type above has been considered for 
the reduction of formaldehyde by dihydroflavins and dihydro- 
pyridines [R. F. Wiiiams, S. Shinkai and T. C. Bruice, PPVC. 
Nat1 Acad. Sci. U.S.A. 72, 1763 (1975) and refs therm]. 
According to this mechanism, the energetically favourable path 
for the stepwise transfer of le+H , involves protonated for- 

maldehyde (H&H) rather than the neutral species. Since the 
hypothesis advocated by us also requires the availability of an 
electron deficient species for hydrogen transfer from dihydro- 
pyridine, $hhin the context of the present review, the hydride 
and le + H transfers are indistinguishable processes. 

occupied by the two H atoms are as shown in Schemes 7 
and 8. Thus only in one case, the reduction of the 
24,25double bond, the predicted results are in ac- 
cordance with the experimental findings. 

Concerted mechanism. We end this section by making 
a brief comment on the possibility of the participation of 
a truly concerted mechanism for the saturation of double 
bonds. In such an event the orientation of addition is 
unlikely to depend on the distribution of charge within 
the double bond, but on the positions occupied by 
NADPH and the proton donating group on the enzyme 
with respect to the two terminals of the olefinic linkage 
in the ternary complex. The fact that every one of the 
double bonds studied above possessed its own charac- 
teristic stereo-electronic environment, yet in every case 
the reduction reaction is readily explicable by a Mark- 
ownikoff mode of addition, emphasises the importance 
of the distribution of charge within the bond to be 
reduced, thus making the involvement of a true concer- 
ted mechanism not impossible, but certainly unneces- 
sary. The electrophilic mechanism favoured by us in 
which the first crucial event is tbe protonation of the 
olefin by an acidic group on the enzyme, and NADPH 
then participates to neutralize through hydridet transfer 
an already reactive carbonium ion intermediate assigns a 
more passive role to pyridine nucleotides. This role can 
be predicted with some justification from the knowledge 
of their weak reactivity in free solution (though a pos- 
sible mechanism by which the pyridine nucleotides may 
be activated at the enzyme active site is considered 
later). 
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Products of the Reduction d the 
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Scheme 8. Orientation of addiiion to steroid double bonds as predicted by various mechanisms. The sterochemistry 
of addition is lrans in the case of 7,s 6 14, IS double bonds but cis with the 24.25 double bond. HA, hydrogen from 

position 4 of NADPH; p, hydrogen the medium. 

Introduction 
In the light of the results and conclusions described 

above with respect to the reduction of olefinic linkages it 
is of interest to consider the mechanism of the bond 
forming event in the enzymic reduction of carbonyl 
groups. The reversible reaction shown in eqn (1) is of 
wide occurrence in biological systems and is catalyzed 
by the group of enzymes collectively called dehy- 
drogenases. 

H’t R’\ R’\ 

I&’ 
C=O t NADH’ + AH-C-OHt NAD’ 

R*’ 
(1) 

Historically, the first step towards the elucidation of the 
mechanism of action of pyridine nucleotide dependent 
dehydrogenases was the observation by Westheimer and 
Vennesland,” using alcohol dehydrogenase, who 
showed that in tb& conversion of eqn (1) (R, = CH3, 
R2 = H), one of the hydrogen atoms from C-4 of the 
nicotinamide ring was stereospecilically transferred to 
the CO carbon atom. The generality of this observation 
was subsequently established by using numerous other 
dehydrogenases. The precise mechanism of, and the 
driving forces for, the transfer of hydrogen between the 

tSee footnote on page 5. 

coenzyme and the substrate has been an area of intense 
research activity during the subsequent two decades. 

The importance of the protonation of carbonyl group 
prior to hydride transfer 

We approached the problem from the standpoint of 
precedent and argued whether the mechanism of the 
reduction of olefinic linkages which fully took into con- 
sideration the relatively weak reactivity expected of the 
pyridine nucleotides as a hydridet donating agent may 
also be. applicable to the reduction of carbonyl com- 
pound. A mechanism based on such a concept is dis- 
played in Scheme 9 (eqn a). A problem posed by this 
mechanism is, that if in the forward direction the reac- 
tion occurs through the sequence (21)+(22; 22a)+ (23), 
then the law of microscopic reversibility necessitates 
that in the reverse direction the first event is the ab- 
straction of a hydride by the oxidized pyridinium ring to 
give the carbonium ion species (22a). What provides the 
driving force for such an unfavourable step is not readily 
obvious. An alternative possibility is that the reaction in 
the reverse direction may occur through a new series of 
intermediates as shown in Scheme 9 (eqn b), which 
provides activation for hydride transfer but contravenes 
the law of microscopic reversibihty. The main features 
of the mechanisms of Scheme 9 (eqns a and b), 
however, could be married ‘to suggest a compromise 
mechanism’2 of Scheme 10. The mechanism makes the 
important prediction that the carbonyl substrate will in 

Equotbn a 

ENZ-$..H-_a fHA _ ENZ-X-H[~~~w>O+ENz-X-H 

Equotbn b 

Scheme 9. Consideration of a preliminary mechanism for dehydrogenose catalyzed interconversion of alcohols and 
carbonyl compounds. Reduction of a carbonyl compound equation a; Oxidation of alcohol equation b. 
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indirect, the mechanism of Scheme 10 may be extended anoborohydride has however brought to the surface 
to lactate dehydrogenase and enunciated as follows.‘2b some subtle facets of the reactivity of carbonyl com- 
‘in important step in the reaction in the forward direc- pounds. This mild and relatively weak reducing agent 
tion prior to catalysis is the bindii of pyruvate in a reacts with immo compounds at pH 7.0, but reduction of 
pro&mated” ternary complex (29, Scheme 12) via a H- carbonyl compounds occurs only at pH values below 4.5. 
bond. This results in the enhanced polarization of the CO The conclusion that the reagent can attack only activated 
group facilitating hydride transfer from the reduced polar double bonds is inescapable, since at pH 7 imino 
pyridine nucleotide to the now more positively charged C compounds exist in a protonated form whereas sig- 
atom. At this stage the lactate is still bound to the n&ant protonation of the CO groups to produce the 
enzyme via H-bond @a), full proton transfer to the reducible species (30) will only occur at low pH values. 
-OH group of the lactate occurs only in the penultimate The need to activate CO groups in reactions when weak 
stage prior to its release from the enzyme. The reverse nucleophiles are involved is further emphasised by the 
reaction by this mechanism will have a H-bond between fact that in nonenzymic model systems the only suc- 
the substrate, now lactate and the non protonated his- cessful reduction of a carbonyl group by a l&dihy- 
tidine, and substrate activation is achieved by partial 
deprotonation of the alcohol which facilitates hydride 
transfer to the oxidized coenzyme. Hence the enzyme 
could catalyze both forward and reverse reactions by a 
mechanism~involving substrate activation by partial pro- 
ton transfer due to H-bond formation.‘2b Evidence has I+++ 

m* pn 4.0 

&o- -LL--HkQ(M3tiHo-H 
been orovided to suaaest a similar mechanism mav / / I 

opera& for /3-hydroxy&rate dehydrogenase.‘2b * (30) 

ENZCH+l + O+NADH 

\ 
H 
N 

‘I) 
b/2;; 

?J 

(2Sa) 
Scheme 12. l%e sequence of bond forming events in the nversible twction catalyzed by lactate dehydmgenase. In 
both directions the substrates are activated by partial proton transfer processes. This Scheme also illustrated the 

Mechanism 2, which is discussed later. 

How important is the prutonation of the carbonyl oxygen 
in non-enzymic additions to aldehydes and ketones? 

Whereas the importance of protonation of olefins prior 
to hydride transfer in enzymic reactions proposed above 
must be readily acceptable to chemical logic, the stress 
we have laid on the adherence to a similar sequence for 
the reduction of CO groups, may however at tirst sight 
appear excessive. It is therefore desirable to consider 
some related problems regardii the reaction of carbonyl 
compounds in noncnzymic systems. It now appears to 
be well established that strong nucleophilic reagents lie 
LiAlH. react with aldehydes and ketones by direct hy- 
dride transfer without the need for any prior activation 
of the CO group. The recent emergence of sodium cy- 

dropyridine was achieved in the reaction of 31 with 32. It 
has been suggestedI that H-bonding in O.hydroxyben- 
zaldehyde activates the CO function towards reduction 
by Hantzsch ester (32). As expected, the presence of a 
nitro group in the para position as in 31 (R = N,O) by 
increasing the acidity of the phenolic proton, favourably 
influenced the reduction process. 

sWllrM3.AcrrvATKMopcoDmYMB 
Zntroduction 

It is perhaps of interest at this stage to consider 
another aspect of biological chemistry. In order to carry 
out facile chemical transformations biological reactions 
require the availability of reactive reagents so that as far 
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as possible the overall conversion occurs exergonically 
and follows a low activation .energy profile. But unlike 
laboratory chemistry, cellular chemistry obviously can- 
not cope with too reactive reagents, like acetic anhy- 
dride, alkyl lithium, etc. 

Nature seems to have evolved the objective of “reac- 
tive-but-notdestructive” by one of two broad pathways. 
Fist, a chemically pleasing approach, in which substrate 
and/or coenzymes are covalently modified to produce 
reactive intermediates in an enzyme-bound form where 
they are available specifically for reaction at the active 
site. The generation of a variety of carbanion inter- 
mediates in pyridoxal phosphate and thiamine pyro- 
phosphate linked reactions, the formation of enzyme- 
bound “formaldehyde” in tetrahydrofolate dependent 
reactions and the involvement of carboxy biotin in a 
number of carboxylation reactions are only some of the 
examples of a wide-spread phenomenon. 

Activation of Al? 
The second type of mechanism is that in which the 

reactants are activated, not by covalent modification, but 
by suitable charge manipulation. In our view such a 
mechanism is best illustrated by reference to ATF’. In 
free solution the cleavage of one of the anhydride bonds 
of ATP through nucleophilic attack on phosphorous is 
prevented by the stabilization offered through resonance 
of the negative charges (33). During enzymic phos- 
phorylation reaction however, the full potential of the 
anhydride linkage is exposed, at least partly, by forbid- 
ding resonance stabilization through the coordination of 
the negative charges with suitable electrophilic centres at 
the active site (33a), which allows nucleophilic attack on 
phosphorous via a low activation energy pathway. 

(33) 
Ionization state of 
ATP at pH -7.0 

& ENi! 

‘he suppression of resonance stabilization of ATP at an enzyme- 
active-site to allow nucleophilic attack at the y-P atom 

Hypothetical mechanism for the activation of pyridinium 
and dehydropyridine rings 

We now consider the reaction of pyridine nucleotides 
and begin by drawing attention to the fact that in solu- 
tion, both redox forms of pyridine nucleotides are only 
weakly &active reagents. Thus dihydropyridines reduce 
only highly polarized double bonds and the Qposition of 
pyridhium ring undergoes attack by particularly strong 

nucleophilic reagents such as &N. The question now 
arises whether it is possible to activate pyridine nucleo- 
tides at the active-sites of enzymes by utilizing some 
features of their structures not fully realized in solution. 
Let us consider the reduction of a substrate occurring 
within the micro-environment of an enzyme active-site. 
The primary energy barrier to hydride transfer from the 
dihydropyridine ring to an oxidized substrate in the 
transition state will be development of an unneutralized 
positive charge on the pyridinium ring. The process 
however, may be greatly facilitated if prior to or during 
hydride transfer a strategically located negatively char- 
ged group approaches the pyridine ring thus reducing the 
energy barrier (Scheme 13). In the reverse direction the 
ground state structure of the pyridinium ring will have a 
closely associated negatively charged counter ion. The 
stability conferred on the molecule by the interaction 
will repel nucleophilic attack at C-4. The unfavourable 
energetics may be overcome by the removal of the 
counter ion from the enzyme-active-site during hydride 
transfer from the substrate to NAD(P)’ (Scheme 13). 

Approach of the counter ion towards the ring facilitating hydride 
transfer from Cd. 

Removal of the counter ion from the vicinity of the ring faciiitat- 
irg nucleophilic attack at C-l 

Scheme 13. 

In support of the latter view the results of some recent 
model studies may be considered.” It has been shown 
that rates as well as equilibrium constants for the ad- 
dition of cyanide ion to N-alkyl-pyridinium halides are 
greatly increased in the presence of detergent. The two 
parameters showed upward trends with increasing 
hydrophobicity in both the surfactants and the sub- 
strates. Most dramatic results were obtained in the reac- 
tion of N-hexadecyl-3-carbamoylpyridinium bromide 
with cyanide ion, in a dilute solution of hexadecyl- 
trimethylammonium bromide, when the rate was in- 
creased by 950-fold and the association constant for the 
reaction (34) + (ja) by 2.5#00-fold, compared to the reac- 
tion in the absence of the detergent. It is reasonable to 
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assume that the micelles contain the substrate molecules accompanying the conversion @l-*39) is an energeti- 
held by hydrophobic interactions, as shown in the hypo- tally unfavourable process. Therefore the contribution 
thetical structure 36, in which the pyridinium group is which such a mechanism may make to facilitate hydride 
brought close to the micellar surface thus reducing the transfer from the dihydropyridine ring of NADH to the 
“solvation” of the positive charge by an external counter carbonyl C atom in the final stages of catalysis would be 
anion. The consequent electrostatic destabilization of relatively small. Furthermore, it should be noted that 
the pyridine ring facilitates cyanide addition to C-4 according to this mechanism in the reverse reaction, the 
producing the neutral dihydropyridine derivative which Michaelis complex (40) in the active-site region is elec- 
is attracted well within the micellar interior. Thus in our trostatically destabilized owing to the presence of two 
view the enhanced rate of reaction is the result of spatially separated charges; though if such an unstable 
charge destabilization and the increased equilibrium complex (49) were to form then its rearrangement into 
constant for the addition process the consequence of the the product (37) being attended by charge neutralization 
penetration of the product into the micelles. will be favourable. 
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Scheme 14. 
(36) Micellar Structure 

SEcTioN 4. AN O- VIEW OF CATALYSIS CAN 
CHARG~ARATION PROMOTE CATALYSIS M 
PYRmNENuct‘wTlDE-mzYMIc 

ltKM_TXMS 

Mechanism 1 involving a pseudo-neutral active- 
site. Possible mechanisms for the activation of either the 
substrates or coenzymes in pyridine nucleotide linked 
reactions have been separately discussed above. We 
shall now integrate the information to develop an overall 
view of catalysis. Attention has already been drawn to 
work on lactate dehydrogenase which suggests’*“” that 
the ternary complex leading to the reduction of pyruvate 
must contain a protonated histidine (Scheme 12). The 
important role which protonated histidine may play in 
the reduction of carbonyl compounds has also emerged 
from work on fi-hydroxybutyrate, malate and alcohol 
dehydrogenases. In considering the first mechanism we 
make the orthodox assumption that the micro-environ- 
ment of the catalytic ternary complex for the reduction 
of carbonyl compounds is neutral. It therefore follows 
that during the formation of the latter complex the 
dehydrogenases must fold, trapping a counter anion to 
balance the charge on the imidazolium cation as shown 
in Scheme 15. From the mechanism outlined in the 
Scheme 12 it can be deduced that during catalysis the 
positive charge shifts from histidine via the carbonyl 
carbon to the pyridinium ring. The charge separation 

tit is reasonable to asstime that an imiiazolium cation without 
its counter anion would be stabiked by deprotonation. In other 
words the concept provides a mechanism for the lowering of the 
pKa values of acids at the active-sites of enzyme-substrate 
complexes. 

Mechanism 2 involving a “polar” active site. Another 
view of the features of the active sites of enzymes which 
may effect catalysis may also be developed. The com- 
bination of an enzyme with its substrate to produce a 
competent catalytic complex, Michaelis complex, is al- 
ways an exergonic process. The overall negative free 
energy change accompanying the complex formation 
may either represent the summation of several inter- 
actions, all of which are favourable, or more realistically 
a balance arising from many favourable, and a few 
unfavourable, interactions. In the latter event, the un- 
favourable interactions could exist primarily within the 
micro-environment of the active-site, where these are 
utilized for catalysis (Scheme 16). In the light of this 
comment, we may argue that electroneutrality at the 
active-site is not necessary, and in fact it may be ad- 
vantageous to close the active-site without a counter ion 
as shown in Scheme 12 (this earlier Scheme is also used 
to illustrate the Mechanism 2), the price for the un- 
favourable energetics produced by a polar (charged) 
active-site being paid for by favourable interactions else- 
where (cf Scheme 16). Although with respect to cat- 
alysis, the relative merits of the two types of active-sites 
cannot be accurately assessed, however, on intuitive 
grounds it could be argued that in the forward reaction, 
the mechanism of type 2 (Scheme 12) compared to 
Mechanism 1 (Scheme 15) allows a more extensive pro- 
ton transfer from the protonated histidine to the carbonyl. 
0xygen.t Such a process will be expected to facilitate 
catalysis. On the other hand Mechanism 2, like Me- 
chanism 1, makes no provision to facilitate electron 
release from the dihydropyridine ring, which is a pre- 
requisite for hydride transfer. In the reverse reaction 
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Scheme IS. Mechanism 1. Involves a pseudo-neutral active site with the positive change on the imidazolium cation 
neutralized by a counter ion. The group -X- either represents an ionizible group on the enzyme (-COO-. -S-) or an 
anion trapped during the formation of the ternary complex. The complex (3@ represents the activation of the carbonyl 
by hydrogen bonding. As the reaction progresses the positive charge shifts from the carbonyl carbon (Js) to the 
pyridinium ring @!I). Thus although the active site of the Enz-carbonyl Compound-NADH-complex is truly neutral, in 
the Enz-alcohol-NAD’ the two charges are spatially separated (hence the designation, pseudo-neutral). 

823 

Hostile Interaction 

? ci 

Favourable 11 

Scheme 16. The creation of unfavoumble intemctions in the active site region of the Michaelis-complex. Although 
for the sake of illustrative convenience the unfavourable interaction is shown to arise from charge-separation, 
however other factors such as strain or charge-deprivation may also produce an unstable active-site, as indeed is 

inherent in many hypotheses. 

according to Mechanism 2, the absence of a counter ion 
from the vicinity of the histidine may make the latter 
residue a l&s efficient base for proton abstraction from 
the -0-H group of the substrate. The consequences of 
the less extensive participation of the histidine in the 
reaction may though be partly compensated for by the 
fact that the hydride transfer from the substrate to 
NAD’ now involves an activated pyridinium ring. 

Meclzanism 3, involving o neutral active-site with the 
counter anion “oscillating” between the histidine and the 
nucleotide sites. Finally, another version of the neutral 
active-site in which the enzyme also possesses a mole- 
cular architecture for the “oscillation” of the negative 
charge between the imidazolium ring and the 
nicotinamide binding site could combine the best fea- 
tures of both the previous mechanisms and permit the 
activation of the substrates as well as the coen- 
zymes for reactions in both directions. This may be 
achieved either by a protein conformational change 

or through a charge-relay system. Three examples 
of the combination of groups which may form a’ 
suitable charge-relay system are shown in Scheme 
17. In general, groups forming suitable charge-relay 
systems for the present purpose should meet two 
requirements. Firstly, that one of the groups in the 
charge-relay system should exist in an ionized form at 
the physiological pH values, 6.5-7.5, and indeed such is 
particularly the case with the carboxylate and to a lesser 
extent with sodium hydrogen phosphate ion. Secondly, 
that even the slowest rate of proton transfer between 
these groups, should still be sufficiently fast not to make 
this step rate limiting in the overall catalysis. From the 
extensive data now availableI on the rates of proton 
transfer between acids and bases in solution, it may be 
assumed that groups whose pKa values do not differ by 
more than about 5 units wilI catalyze proton transfer, 
and hence by implication charge transfer, at rates con- 
siderably faster than the rate of overall catalysis. For 
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Scheme 17. A hypothetical mechanism for the transfer of a negative chage between two remote sites A & B on an 

enzyme. Although there is no theoretical liiit regardii the number of groups whiih may form a charge-relay 
system, however for convenience in the Scheme the charge-relay system are shown to use only two groups. For the 
reactions of Equations (a) and (b) the rates of proton transfer will be expected to be fast (more than 10’ M-’ Set-‘) 
in both directions. For the reaction of Eiquation (c) the rate will be diiusion-controiled (about 10” M-’ See-‘) in 
the forward direction but less than ld M-’ Se& in the reverse direction (pKa of -S-H being about 67 units lower 

than that of -CM). The latter conclusion has keen deduced from tbe discussion in Ref. 18. 

convenience we illustrate the concept (Scheme 18) by us- oxidation of the substrate the unneutralized positive 
ing two ionizable group! to generate counter anions at sites charge on the pyridinium ring as in structure 50 will be 
which may be several A apart.19 The location of groups as particularly favourable for hydride transfer from the 
shown in structure 49 will facilitatet reduction of the alcohol to C-4 of the pyridinium ring. In our view 
CO bond by allowing not only a more extensive proton this Mechanism sets forth the optimal, and 
transfer from the imidazolium cation to the substrate not the minimum, electronic requirement needed for 
oxygen in the transition state, but also promote hydride catalysis in pyridine nucleotide dependent reactions. A 
transfer from the coenzyme by stabilizing the positive partial fulfdment of these requirements as exemplified in 
charge about to develop on the pyridinium ring. In the Mechanisms 1 and 2 may in fact &lice in may cases. 

We side-stepped an important issue while discussing 
ihe reduction of C=C. The most acid group available for Eke footnote on page 822. 

+li+ 

Scheme 18. Mechanism 3. Thii hypothesis assumes that the enzyme occurs in two forms, the enzyme base (52) and the 
conjugated acid (47) protonated on the imidazolhtm ring. The protoh transfer between the groups, -X- and -Y-, 
constituting the charge-relay system is assumed to be fast relative to other steps in the conversion. In the direction of 
the reduction of the substrate the migration of the proton towards-X- produces an anion near the dihydropyridme ring 
which activates it for hydride transfer. There may be conformational changes during the binding and disocciation of 

substrates and products, which are not shown here. 
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proton transfer to oletins in biological reactions in a 
carboxyl group and most likely is the imidazolium cation. 
In spite of much work on the mechanism of electrophilic 
addition to olefins in non-enzymic systems, quantitative 
information on the relationship between the pKa of an 
acid and its ability to protonate olefins is not available. It 
is however reasonable to assume that the rates of pro- 
tonation of olefins by acids of pKa 4.5 (carboxyl) and 6.8 
(imidazolium) will be very slow indeed. Once again the 
charge separation accompanying the rearrangement of. a 
hypothetical Michaelis complex 53 to 54 could provide 
the driving force for the dissociation of the proton from 
the imidazolium cation and encourage the hydride trans- 
fer from the coenzyme by the presence of a counter ion 
to neutralize the positive charge on pyridinium ring. 

(53) (54) 

Scheme 19. The transfer of the mgative charge to the coenzyme 
binding site may involve either a conformational change or occur 

through a charge relay system shown in Scheme 17. 

t?iBCIlON 5. BlOLOGlCAL ALKYLATlON OF OUFlNIC 
uNMGEkELwmxmwADKnTlmoF~MErEYL 

CATIONS- To DOUBLE BONDS 

J’he ergosterol problem 
An outstanding problem during the middle 1960s was 

the mechanism through which the “non-isoprenoid” 

tSee footnote on page 822. 
SThe transfer of the Me group of methionine to an unsaturated 

C atom was tirst postulated by A. J. Birch, D. Elliott and A. R. 
Penford, Austml. I: Chem. 7,169 (1954) and confirmed soon after 
in the following papers: A. J. Birch, R. J. English, R. A. Massy- 
Westropp, M. Slay-tar and H. Smith, Proc. C&m. Sot. 204 (1957); 
G. J. Alexander, A. N. Gold and E. Schwerk, J. Am. Chem. Sot. 
79,2967 (1957); S. Badar, L. Guglielmethi and D. Arigoni. Proc. 
Chat. Sot. 16 (1964). 

#It should be noted that a hypothesis similar to that in Scheme 21 
was proposed as early as 1963 by Castle et pl.n for the. elaboration 
of phytosterol side chains and subsequently advocated with 
conviction in Ref. 21c, 21d and also by L. J. Goad, A. S. A. 
Hanunam, A. Dennis and T. W. Goodwin, Nature 210, 1322 
(1966). 

derived carbon-28 was introduced in the ergosterol side 
chain (57, Scheme 21). It had been previously shown by 
Park? that the C atom, C-28, originated from 
methionineS via Sadenosylmethionine (55) and that the 
presence of a 24.25double bond in the steroid side chain 
was necessary for the alkylation reaction to occur.*’ In 
an elegant series of experiments using [CD,] methionine, 
Lederer et al. showed that only two of the three original 
D atoms form the Me group of methionine were found at 
C-28 of ergosterol.2’“‘bg The discovery came at a time 
when a broad spectrum of carbanions generated from 
sulphonium compounds were finding wide-spread use in 
preparative organic chemistry. The loss of one of the D 
atoms from methionine during the alkylation reaction 
could be conveniently rationalized by invoking the in- 
termediary of a species of the type 56. However, the 
realisation that in the saturation of C=C in biological 
systems an electrophilic addition to the unsaturated 
linkage was the crucial primary event stimulated an 
extension of a similar principle to explain the mechanism 
for the addition of the “extra” C atom to double bond in 
ergosterol biosynthesis.23 In the alkylation of the olefin 
of the type (57, Scheme 21) by an electrophilic mechan- 
ism,2’23 Q the first step will be expected to be the 
transfer of a “methyl cation” from S-adenosylmethionine 
to C-24 of the steroid side chain giving a carbonium ion 
at C-25 (58, Scheme 21). Several mechanistic courses, 
such as hydrogen migration @l-59), hydrogen elimina- 
tion (SM8a) and association with negatively charged 
species (58-58b) are now available for the neutralization 
of the carbonium ion. It must be immensely gratifying to 
the predictive sense of mechanistic organic chemists to 
find that all the theoretical alternatives are now known to 
operate somewhere in biosynthetic pathways. Returning 
to ergosterol, the experimental observations available at 
the time could be best rationalized by assuming that C-25 
carbonium ion (58) through hydrogen migration rear- 
ranges to give a carbonium ion at C-24 (59) which then is 
neutralized through the loss of a hydrogen from the Me 
group. The mechanism made two predictions?3 fustly 
that a 24,2&methylene sterol (60) must be the precursor 
of ergosterol side chain and second, that the H atom 
originally located at C-24 of the precursor of type 57 
must be found at C-25 in the final product (61). In order 
to test the hypothesis several specifically labelled pre- 
cursors, particularly species of lanosterol as shown in 
structures (6%) were synthesised.““23b A doubly 
labelled sample, [24-‘H; 26,27 ‘*Cd lanosterol (62b+ 
62c), was then incubated with Saccharomyces cereuisiae 
and the biosynthetic ergosterol when subjected to a 

CH3 

I 

‘i Hs 
Adenine CHa-S-CHa-CHa-CH(NH&OaH 

0 

Q 

+ 

As; 

- 
= 

partial structure HO 
used hereafter 

(55) 

(561 
Scheme 20. 
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Scheme 21. Mechanism for the elaboration of ergosterol side chain (61). Nuclear changes not shown. 

variety of degradations gave results showing that the H 
atom originally located at C-24 of lanosterol was present 
at C-25 of ergosterol thus confirming the 
hypothesis23”Vb t outlined in Scheme 21 (heavy arrows). 
That a 24,2&methylene steroid side chain, as present in 
the compound 66, was a precursor of ergosterol was 
shown indepentently% by us and also by Barton et al. at 
Imperial College, London. 

Parallel studies at Gif by Lederer and his colleagues 
put the hypothesis on a firm footing, ivhen they showed 
that a sequence identical to that described for ergosterol 
biosynthesis was also involved= in the alkylation of oleic 
acid (67) to give tuberculostearic acid (68). 

The biosynthesis of phytosterol side chains 
The mechanisms for the addition of the extra C atoms 

in the elaboration of Me and Et side chains of phy- 
tosterol have been extensively studied and the literature 
in the area is covered in several excellent reviews.2’b*s 
The main conclusion from these studies are that the Et 
side chains of phytosterols are formed through a double 
C-methylation process through a general mechanism 
originally proposed by Castle et a1.27 and shown in 

tin the steroid field other examples showing that the tritium at 
C-24 in the precursor is shifted to C-25 in the resulting sterol are: 
L. J. Goad and T. W. Goodwin, Europ. 1. Biochem. 7,502 (1%9); 
K. H. Raab, N. J. De Souza and W. R. Nes, Biochim. Biophys. 
Acta 152,742 (FM). 

Scheme 24. It has been shown that the first methylation 
produces a 24,2E-methylene intermediate which under- 
goes another electrophilic addition of the “methyl ca- 
tion” to give a carbonium ion intermediate at C-24 (B, 
Scheme 24). Extensive and revealing studies of the 
Liverpool group” have shown that almost every 
theoretically conceivable mode of neutralization for the 
carbonium ion of the type (B, Scheme 24) operates 
somewhere in nature. 

Thus in the biosynthesis of poriferastero128 (69; 
Scheme 25) by Ochromonas melhamettsis, in the 
presence of [C&]methionine the ethyl side chain of 69 
was found to contain 4 D atoms. This observation was 
rationalized21b” by assuming that the addition of the 
first C,-unit gives the 24,28-methylene intermediate con- 
taining 2 D atoms, and a second methylation produces a 
carbonium ion intermediate (B, Scheme 25) which is 
neutralized by hydrogen elimination from C-28 to give 
the ethylidene side chain containing 4 D atoms, Scheme 
25. The conversion of the intermediate (C, Scheme 25) 
into poriferasterol then occurs by a two stage process 
involving the saturation of the 24-28 bond followed by a 
dehydrogenation reaction inserting a double bond be- 
tween C-22-C-23. The mechanistic details for the latter 
two stages have not yet been elucidated. 

On the other hand, in the biosynthesis of 5cr-stigmast- 
22-en-3/?-ol by Dictyostelium discoideum in the presence 
of [CD31 methionine the Et side chain (70, Scheme 26) 
was found to contain 5 D atoms.2’b’29 Further experi- 
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Scheme 22. Synthesis of variously labelled lanosterols 
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Scheme 24. The elaboration of ethyl side chains of phytosterol by double methylation. 
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Scheme 25. Mechanism for the formation of poriferasterol side chain. 
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Scheme 26. Biosynthesis of the side chain of 5a-stigmast-22en-3~~l. 
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Scheme 27. Propdsed mechanism for the biosynthesis of the side-chain of the type (71). 

ments using 234ritiated lanosterol as the precursor 
proved that in this case the side chain of stigmast-22en- 
3fl-01 (70) was formed from the 24-carbonium ion inter- 
mediate A, Scheme 26, by a hydrogen migration from 
C-23 followed by a hydrogen elimination from C-22. Yet 
another mode for the rearrangement of a 24-carbonium 
ion has been hypothesised= for the elaboration of the 
24-ethyl-25-methylene type of side chain (71) and is 
outlined in Scheme 27. 

The mechanism of activation of 5-adenosyl methionine 
through charge separation 

In solution sulphonium salts are ‘notoriously weak 
electrophilic reagents and with one exceptiot? the alk- 
ylation of a double bond by a sulphonium group has not 
been observed in noncnzymic reactions. The possibility 
tbat in enzymic reactions the onus for the alkylation 
reaction falls entirely on the nucleophilic property of the 

olefin is unlikely, since it is difficult to envisage of a 
mechanism which would sticiently activate an olefinic 
linkage to attack such a poor electrophile as a sul- 
phonium compound, apart from some, but not enough, 
enhanced reactivity emerging from the binding of the 
olefinic linkage in a strained conhguration. The possi- 
bility of activating S-adenosylmethionine for Me dona- 
tion should therefore be examined. Once again, it is 
attractive to hypothesise that the Me donating capability 
of S-adenosylmetbionine may be greatly enhanced 
through charge separation which may be achieved by one 
of two closely related processes. In solution the posi- 
tively charged sulphonium cation must be associated 
with a counter anion. If the formation of the ternary com- 
plex, olefin-S-adenosylmethionine-Enzyme, occurred 
excluding the counter anion, then the electrostatic de- 
stabilization created by an unneutralized positive charge 
may promote Me transfer from the sulphonium group to 
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the ?r electron system of the double bond thus facilitat- 
ing the crucial first step in the conversion. Alternatively 
the ternary complex may be formed including a negative 
counter ion at the active site, however a conformational 
change or a charge relay system removes the negative 
charge from the sphere of the sulphonium cation (con- 
version A+B, Scheme 28). It is reasonable to assume 
that the charge distribution as shown in structure J3 
(Scheme 28) will promote not only “CH3+” transfer but 
also provide an anion for the removal of a proton in the 
terminal step of the overall reaction. 

involving unsaturated linkages 829 

without significant proton exchange with the medium. All 
isomerases studied to date are stereospecilic with respect 
to the C-l pro-&al centre.33 With the Dxylose 
isomerase it is the pro-R H atom which is transferred33 
to and from C-l of the ketose in the interconversion of 
Scheme 28. 

Triose phosphate isomerase from Rabbit muscle has 
been extensively studied from kineticw mechanistic” and 
X-ray crystallographic viewpoints.35 With this enzyme re- 
action is not intramolecula? since the conversion of [IR- 
‘H] dihydroxy acetone phosphate into glyceraldehyde- 

Enzyme 1 t 
+ 

O’“J 
S-Adenosylmethionine 

(0) (Cl 
Scheme 28. The activation of S-adenosylmethionine for methyl donation through charge-separation as shown in 

A+B. 

sEcTIoN 6. L9oMmlzATloN 

The activation of the CO group through protonation is 
an important fist step not only in reactions catalyzed by 
dehydrogenases but may be a general feature of many 
other enzymic transformations in which aldehyde and 
ketones are used as substrates. Two examples of this 
phenomenon are found in aldose-ketose isomerizations and 
in the rearrangement of &y-double bond of &y-un- 
saturated ketones to produce the corresponding a$- 
conjugated ketone. Enzymological information currently 
available in the 6rst area is briefly summarized below. 

Aldose-ketose isomerization 

The enzymes catalyzing the reversible interconversion 
of aldoses into ketoses (72+74) are extensively dis- 
tributed in nature and play crucial roles in carbohydrate 
metabolism in animals, plants and bacteria. Although it 
was recognized as early3’ as 1904 that isomerization 
reaction (72+ 74) may occur through the intermediary of 
an enediol (73), the origin and fate of the two H atoms 
participating in the reaction have been investigated” 
only in the last 15 years. From the viewpoint of con- 
servation of H atoms in the overall reaction two extreme 
possibilities are represented by Dxylose and triose-3- 
phosphate isomerases which catalyze the reactions 
shown in Schemes 29 and 30 respectively. Isotopic 
studies using Dxylose isomerase have shown” that in 
this case the rearrangement involves an intramolecular 
hydrogen transfer between C-l and C-2 and occurs 
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Scheme 29. The intramolecular hydrogen transfer in the reaction 
catalyzed by o-xyhdose-o-xylose isomerase. 
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Scheme 30. The exchange mediated interconversion catalysed by 
triose phosphate isomerase. The status of hydrogen atoms in the 
conversion is shown for the reaction in the forward direction. 

HLd is proton from the medium. 

3-phosphate resulted% in the retention of less than 2% of 
the original tritium in the product (Scheme 30). In be- 
tween these two extremes, with respect to intramolecular 
vs exchange mediated transfer, there are a range of 
possibilities. For example, in the case of Glucose-6 
phosphate isomerase a high degree of intramolecular 
transfer observed at 0°C could be progressively de- 
creased by carrying out the incubations at elevated 
temperatures.37 

The mechanism of isomerization 
Despite these apparent differences with respect to the 

degree of conservation of the participating H atoms in 
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Scheme 31. Postulated mechanism of aldose-ketose ismerases. 

the aldose-ketose interconversion, there is a general 
agreement that all these isomerases have similar catalytic 
mechanisms (Scheme 31). The first step in the suggested 
mechanism” is the removal of one of the H atoms of the 
substrate by a basic group on the enzyme producing the 
enediol intermediate (81). Two possibilities then exist for 
the decomposition of the intermediary complex (81). 
Either the conjugate acid of the enzyme base in the 
complex (81) is completely shielded from the medium 
and the hydrogen removed in the deprotonation reaction 
is faithfully transferred to C-2 without exchange with the 
protons of the medium as must be the case with Dxylose 
isomerase (81+82). Alternatively, the group -BH in the 
complex is exposed to the medium and exchanges with 
the surrounding water molecules faster than the rate of 
collapse of the enediol intermediate, in which case the 
C-2 H atom in the product will originate from the protons 
of the medium (82a), as is observed in the triose phos- 
phate isomerase reaction. With the latter enzyme, since 
less than 2% of the tritium from [1R-3H] dihydroxy- 
acetone phosphate was retained in the product, it has 
been estimated that the exchange reaction (81+81a) is at 
least 50 times faster than the reprotonation step (8la+ 
82a). 

The results with glucosedphosphate isomerase dem- 
onstrating a shift from an intramolecular to an ex- 
change mediated transfer with increasing temperatures 
are consistent with the proposed mechanism. The con- 
formational mobility within the Michaelis complex and 
hence the incidence of exposure of the catalytic group of 
the enzyme to the medium leading to proton exchange 
will be expected to be increased with increasing tem- 
perature. 

The question may be asked whether the formation of 
the enediol intermediate in reactions catalyzed by 
isomerases depends entirely on the presence of the CO 
group in the substrate coupled with the juxtaposition of a 
strategically located basic group in the Michaelis-com- 
plex or that an additional activation of the CO group is 

also required. Recent elegant studies of Webb and 
Knowles= have shed light on this facet. It was found that 
a mixture containing dihydroxyacetone phosphate and 
substrate quantities of triose phosphate isomerase when 
treated with NaBH, resulted in the formation of up to 
95% of the L-isomer of glycerol 3-phosphate thus show- 
ing that the reduction involved the stereospecific trap- 
ping of the enzyme-bound diiydroxyacetone phosphate. 
Further experiments suggested that NaBH, reacted ten 
times faster with the enzyme-bound dihydroxyacetone 
phosphate than with the free substrate. The results are 
best rationalized by assuming that in the Michaelis- 
complex the CO group of the substrate is activated 
presumably via H-bonding as shown in structure 88. 
Thus in the isomerase catalyzed reaction the H-bonding 
of the CO group must be aimed at facilitating the re- 
moval of the a-H atom, while we have already stressed 
in the previous section that in dehydrogenases the 
polarization of the CO group by H-bonding aids nucleo- 
philic attack by the reduced coenzyme. 

The application of the charge-separation hypothesis to 
isomerases 

Two key processes involved in the reactions catalyzed 
by the isomerases discussed in section (7) are the pro- 
tonation of the CO group and the cleavage of C-H bond. 
What provides the driving force for these steps deserves 
comment. Returning to the underlying theme in the re- 
view, once again one could argue that the active site of 
isomerases contains proton donating and basic groups 
(-A’-H and -B- of Scheme 32). which serve as counter 
ions for each other. The separation of these groups in the 
Michaelis-complex would be expected to enhance their 
reactivity as acids and bases thus facilitating the crucial 
steps in catalysis. 

Concluding remarks 
What makes enzymes such efficient catalysts has been 

an area of much speculation during the last 50 years. 
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Scheme 32. The Scheme shows the formation of an electrostatically destabilized active-site in (C) which possesses 
features suitable for catalysis. As emphasised in an earlier Scheme 16 the price for the unfavourable interaction in the 
active-site region of(C) being paid for by favourable interaction produced elsewhere in the Complex. Therefore with 
respect to rotal stmcture Complexes (B) and (C) could be isoenergetic, however the microenvironment of the 
active-site of (C) is of higher energy than that of(B). The steps in the conversion of(C) into product are neither shown 

above nor included in the diagram below. 

A+ Product 

Reaction Coordinate 

For the reaction A + S + B + C -, etc. + product( - ). On the other hand a reaction path excluding an intermediate of the 
type (C) may follow a less favourable alternative path (----). 

Consequently it is now recognized that factors such as 
precise orientation of the reacting centres at enzyme- 
active-sites, restriction of the rotational freedom of the 
reactants by “fixation” and substrate destabilization 
through conformational distortion, all make important 
contributions to the efficiency of enzymes. Jencks39 has 
recently extended the ideas originally put forward by 
Pauling and Haldane into a semiquantitative theory 
which suggests that the driving force for the above 
processes may be provided through the utilization of 
binding energy. In the present review we have em- 
phasized that a part of the binding energy may also be. 
used to produce an electrostatically destabilized active- 
site through charge separation. For the sake of simplicity 
the concept is illustrated in Scheme 32 by reference to a 
hypothetical irreversible dehydration reaction. The 
Scheme 32 when taken in conjunction with the energy 
protile in the figure is intended to highlight that the overall 
transformation in an enzymic reaction is characterized 
by the involvement of several intermediary species, and 
that the structural features in each intermediate ensure 
that the succeeding species is formed via a low activation 
energy profile. Particularly relevant in the present con- 
text is the creation of an unstable active-site in the 
intermediate (C) which possesses the electronic en- 
vironment required for the crucial catalytic steps leading 
to product formation (C +D). As has been emphasised 
earlier the charge separation process such as that shown 
in (C) provides a mechanism for the “transient” genera- 
tion of strong acids and bases specitically at the active- 
site region of enzyme-substrate complexes. 

Acknowledgements-I thank my colleagues Dr. D. C. Wihon and 
Dr. D. P. Bloxham who have contributed much to the work 
described in Sections 1 and 2 respectively and in discussion wiih 
whom I have formulated many of the concepts advocated in this 
report. Dr. Wdton was the 8rst to point out the merits of 
involving a partial proton transfer in explaining the mechanism of 
dehydrogenases. 

‘For reviews on steroid biosynthesis see: “R. B. Clayton, Quart. 
Rev. Chem. SC. London 19, 168 and 201 (l%S); “I. D. Frantz 
andG. J. Schroeofer.Biochem. Rev.%691 (1%7):‘L. J. Mulheim 
and P. J. Ran&, &em. Sot. Reu. 1,‘259‘(197$ dG. P. Moss, 
Terpenoids and Steroids (Specialist Periodical Reports) Vol. 1, 
p. 221 & Vol. 2, p. 197, The Chemical Society, London (1971); 
‘H. H. Rees and T. W. Goodwin Biosynthesis (Specialist Periodi- 
cal Reports), Vol. 1, p. 59, The Chemical Society. 
*‘hf. E. Dempsey, J. Biol. Chem. 240, 4176 (l%S); and refs 
therein; ‘D. Dvomik, M. Kraml and I. F. Bagli, Biochemistry 5, 
1060 (1966). 

‘H. C. Friedmann and B. Vennesland, 1. Biol. C/rem. 233. 13% 
(1958); J. L. Graves and B. Vennesland, Ibid. 226, 307 (1957). 

“‘M. Akhtar, D. C. Wdton and K. A. Mu&y, Biochem. J. 101, 
23C (1966); bD. C. Wilton, K. A. Munday, S. J. M. Skinner and 
M. Akhtar, Ibid. 106,803 (1968). 

‘M. Akhtar and D. C. Wdton, unpublished work. 
&L. Canonica, A. Fiecchi, M. c% Kiinle, A. Scala, 0. Galli, E. G. 
Paoletti and R. Paoletti, 1. Am. Chem. Sot. HI,3597 (1968); bG. 
F. Gibbons, L. J. Goad and T. W. Goodwin, Chem. Commun. 
1458 (1968); ‘M. Akhtar, I. A. Watkinson, A. D. Rahiitula, D. 
C. Wilton and K. A. Mu&y, Biochem. 1. 111,757 (1%9); dM. 
Akhtar, A. D. Rahimtula, I. A. Watkinson, D. C. Wilton and K. 
A. Mumlay, Europ. L Biochem. 9, 107 (1%9). 

‘For brief reviews see; ‘M. Akhtar, D. C. Wdton, I. A. Wat- 



832 M. AKHTAR 

kinson and A. D. Rahimtula. Proc. R. Sot. London (B) 180,167 
(1972); bA.~Fiecchi, M. G. Kienle, A. Scala, G. Gahi, E. G. 
Paoletti, F. Cattabeni and R. Paoletti, Ibid 189, 147 (1972). 

sK. T. W. Alexander, hf. Akhtar, R. B. Boar, J. F. McGhie and 
D. H. R. Barton, C/mm. Commun. 1479 (1971); Ibid. 383 (1972). 
These papers establish the pathway for the removal of C-32 in 
the A7d-series. That a simii pathway also operates for the 
physiological As9-steroids of the type (1) has recently been 
shown by C. Freeman, Ph.D. Thesis, Southampton University 
(1976). 

sI. A. Watkinson, D. C. W&on, K. A. Munday and M. Akhtar, 
Biochem. J. 121, 131, (1971); bE. Caspi, P. J. Ramm and R. E. 
Gain, I. Am. Chem. Sot. 91, 4012 (i%9); ‘hf. Akhtar, A. D. 
Rahimtula and D. C. Wihon. Chem. Commun. 1278 (1969). 

‘O”M. Akhtar, K. A. Mu&y; A. D. Rahimtula, I. A. Watkinson 
and C. D. W&on, Ibid 1287 (1969); bI. A. Watkinson, D. C. 
Wilton, A. D. Rahimtuia and hf. Akhtar, Europ. I. Biochem, 23, 
1 (1971). 

“II. F. Fisher, E. E. Conn, B. Vennesland and F. H. Westheimer, 
J. Biol. Chem. 262.687 (1953). 

“‘M. Akthar and D.-C. W&on,. Ann, Reports (B) 71,98 (1972); ‘D. 
P. Bloxham. I. G. Giles. D. C. Wilton and M. Akhtar. Bio- 
chemistry 14 2235 (1975); 

“For comprehensive reviews on this enzyme see: ‘J. J. Hol- 
brook, A. LiIjas, S. J. Steindel and M. G. Rossman, The 
Enzymes (3rd Edition) Vol. XI(l), pp. 191-292, (1975); bJ. J. 
Holbrook and H. Gutfreund. F. E. B. S. Letters 31, 157 (1973). 

“J. J. Holbrook and R. A. St&on, Biochem. J. 131,739 (1973): 
‘tie importance of the protonation of the CO group in pyridine 

nucleotide dependent reactions has been either directly em- 
phasised or may be deduced from the work described in sev- 
eral papers, for example: “A. D. Winer and G. W. Schwert, 1. Biol. 
Churn. 234, 1155 (1959). bH. Sund and H. TheoreU, Enzymes 
(2nd Edition) Vol..7, p. 57 (1%3); ‘J. P. KIinman, 1. Biol. d/tern. 
247.7977 (1972): dJ. D. Shore. H. Gutfreund, R. L. Brooks, D. 
Santiago and P.‘Santiago, Biochemistry 13, 4185 (1974); ‘J: P. 
Klinman, Ibid IS.2018 (1976). 

16U. K. Pandit and F. R. Mas Cab& Chem. Commun. 552 (1971) 
17J Baumrucker, M. Calzadilla, M. Centeno, G. Lehrmann, M. 
Urdaneta, P. Lindquist, D. Dunham, M. Price, B. Sears and E. 
H. Cordes, I. Am. Chem. Sot. 94.8164 (1972). 

‘*M. Eigen, Angew. C/tern. (Int. Edn) 3, 1 (1964). 
isWe have obviously been influenced by the concepts of the 

charge-relay system as ori&aUy proposed by D. M. Blow, J. J. 
Birktoft and B. S. Hartley, Nafure, London 221,337 (1969) and 
Refs. therein. 

%. W. Parks, I. Am. Chem. Sot. I, 2023 (1958). 
“For reviews see: “E. Lederer, B&hem. J. 93,449 (1964): bE. 

Lederer, Quart. Rev. Chem. Sot. 23, 453 (1%9): ‘E. Lederer, 
Ismel J. Med. Sci. 1, 1129 (1965); dR. B. Clayton, Quart Rev. 

PC. Jaurepiberry, J. H. Law, J. A. McCloskey and E. Lederer, 
C. R. Acad. Sci. Paris WI, 3587 (1964) and Biochemistry 4,347 
(1%5). 

23aM. Akhtar, P. F. Hunt and M. A. Parvez, Chem. Commun. 565 
(1966); bM. Akhtar, P. F. Hunt and M. A. Parvez, Biochem. I. 
103.616 (1%7): ‘M. Akhtar. M. A. Parvez and P. F. Hunt, Ibid 
113,727 imij. 

&M. Akhtar, M. A. Parvez and P. F. Hunt, Ibid ltlO,38C (1966); 
bD. H. R. Barton, D. hf. Harrison and G. P. Moss, Chem. 
Commun. 595 (1966); ‘D. H. R. Barton, D. M. Harrison, G. P. 
Moss and D. A. Widdowson. I. Chem. Sot. (C) 775 (1970). 

z(aM. Lenfant, H. Audier and E. Lederer, B&i Sot.‘ Chim. Fr. 
2775 (1%6); bG. Jaureguiberry, hf. L&ant, R. Toubiana, 
R. Azerad and E. Lederer, Chem. Commun. 855 (1%6) 

“L. J. Goad, Terpenoids in Plants (Edited by J. B. Pridham) p. 
159. Academic Press, London (1%7); bL. J. Goad, Natumlly 
&cur& Compounds Fonned Biologically from Mevalonic 
Acid (Edited bJ T. W. Goodwin) p. 45, Academic Press, Lon- 
don (1970): ‘L. J. Goad. J. R. Lenton, F. F. Knapo and T. W. 
Goodwin,‘i-ipids 9,582 (1974). 

-_ 

z’M. Castle, G. Blondin and W. R. Nes, I. Am. Chem. Sot, 85, 
3306 (1%3). 

“A. R. H. Smith, L. J. Goad, T. W. Goodwin and E. Lederer, 
Biochem. 1.104,56C (1%7). 

%. EIIouz and M. Let&t, Europ. 1. Biochem. 23,544 (1971). 
MC. Chuit and H. E. Felkin, C. R. Acad Sci., Paris 264, 1412 

(1%7). 
“The idea was first proposed by: “E. F. Armstrong, Proc. Roy. 

Sot. B73, 516 (1904) and subsequently advocated by bL. Mi- 
chaelis and P. Rona, Biochem. Z. 47.447 (1912); ‘Y. J. Topper, 
Fed. Proc. 15,371 (1956); /. Biol. C&m. 225,419 (1957) anddF. 
Bruns and S. Okada. Nature 177.87 (1956). 

‘*For Reviews see: ‘1: A. Rose, The Enzyies (3rd Edition) Vol. 
II, p. 281 (1970); bE. A. Noltmann, Ibid (3rd Edition) Vol. VI, 
p. 271 (1972). 

“1 A Rose, E. L. O’Connell and R. P. Mortlock, Biochem. . 
Biophys. Acta 178,376 (1%9); and refs therein. 

*J. R. Knowles, P. F. Leadlay and S. G. Maister. Cold Spring 
Ha&or Symp. Quant. Biol. 36, 157 (1971); bI. A. Rose, Brook- 
haaen Symp. Biol. 15,293 (1%2); and refs therein. 

“D. W. Banner, A. C. Bloomer, G. A. Petsko, D. C. Phillips, C. I. 
Pogson, I. A. Wilson, P. H. Corran, A, J. Furth, J. D. Milman, R. 
E. oflord, J. D. Priddle and S. G. Waley, Nature 255,609 (1975). 

%B. Bloom and Y. J. Topper, Science 124, 982 (1956); Nature 
181, 1128 (1958); bS. V. Rieder and 1. A. Rose, J. Biol. Chem. 
234, 1007 (1959). 

“I. A. Rose and E. L. O’Connell, Ibid. 236,3M6 (l%l). 
rsM. R. Webb and J. R. Knowles, Biochem. J. 141, 589 (1974); 

Biochemistry l4.4692 (1975). 
‘?V. P. Jencks, Ado. Enzymol. 43,219 (1975). 


