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A. INTRODUCTION 

The reactions catalyzed by the adenosylcobalamin (coenzyme B,,)-depen- 
dent enzymes [l] such as diol dehydratase, ethanolamine ammonia lyase, or 
methylmalonyl-CoA mutase are noted for their diverse stereochemical re- 
quirements [2,3]. For the reaction catalyzed by diol dehydratase (eqn. l), 
early stereochemical and “0 labeling studies [3] occupied a special place in 
subsequent mechanistic B,, chemistry. They provided evidence that was 
interpreted as requiring the formation of the gem-diol (eqn. 1) via cobalt-as- 
sisted OH migration followed by its stereospecific dehydration. 

9” P” 
B!,-dependent 
d101 dehydratase 

RCH-CH, * RCH,CHO + H,O 
b [ RCHezC~( OH),] H 

gem-drol 
intermediate 

(1) 
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Scheme 1. (A) The structure of adenosylcobalamin (coenzyme B,,). (B) The most frequently 
cited mechanism of action for coenzyme B,,-dependent diol dehydratase. 

Additional studies of diol dehydratase then followed that provided the well 
known, but occasionally neglected [4], evidence for homolysis [5] of the 
Co-C(5’) bond and participation of the C(5’) center as an obligatory H - 

transfer site [6] (steps 1 and 2, Scheme 1). 
With the Co-C bond homolysis, H * transfer step and the stereochemical 

requirements all apparently in place, recent theoretical [7], pulse radiolysis 
[S], Co(III)-n complex [9] and other model studies [lO,ll] have generally 
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focused on the putative intermediate 1, with the hope of ultimately demon- 
strating the cobalt-assisted OH migration rearrangement step (eqn. 2) 

(2) 

It is important to note that there is no convincing evidence for 1, only that it 
was apparently necessary to explain the early diol dehydratase 180 labeling 
and stereochemical studies. In fact, all attempts to detect the putative 
intermediate 1 using the enzyme have failed and the available ESR evidence 
argues against the formation of 1, the data being consistent with a Co - and 
substrate R - interacting at distances > 10 A [12a,b]. 

Recent model and pulse radiolysis studies have provided the first prepara- 
tions of 1. Our model study [ll] showed unequivocally that 3 is not on the 
reaction pathway thereby ruling out the often-cited but unverified s-complex 
mechanism (eqn. 2) in the model system. Furthermore, the model study 
agreed with pulse radiolysis studies [8a] that used Bi2, showing that the 
formation of base-on 1 yields only a side reaction to HOCH,CHO + Co(I) 
but no rearrangement product CH,CHO, i.e. participation by base-on 
cobalamin is not only unnecessary, it is a hindrance! Under conditions free 
of axial 1,5,&imethylbenzimidazole, the model study demonstrated a 95% 
CH,CHO yield and provided mechanistic evidence consistent with homoly- 
sis -of the weak Co-C bond [13] in 1 followed by a simple, free radical 
fragmentation reaction without cobalt participation; HOCHCH,OH + H,O 
+ OHCCH, -, then OHCCH, - + S-H (S-H = HOCH,-H solvent) --) 
CH,CHO + S - . The lack of cobalt participation even when the Co-C bond 
in 1 was preformed seemingly inviting such participation is noteworthy and 
is consistent with eight studies [14] of HOCHCH,OH and related cu-hydroxy 
radicals. These studies show that a-hydroxy radicals are up to lo5 times 
more acidic than the corresponding alcohols and rapidly undergo a base or 
acid catalyzed fragmentation to .CH,CHO + H,O; HOCHCH,OH + HO- 
+ I$0 + -$HCHOH + OHCCH, - + OH-; HOCHCH,OH + H+ = 
HOCHCH,OH, --) OHCCH, - + H++ H,O. 

The question remains, however, of the relevance of the model studies and 
such a-hydroxy radical chemistry to diol dehydratase, where stereochemical 
studies require some type of gem-diol intermediate, for example. The litera- 
ture indicates that there is confusion, at least among some segments, regard- 
ing the interpretation of the stereochemical studies, the gem-diol inter- 
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mediate, the relevance of a-hydroxy radical chemistry, and the requirement 
or non-requirement of the cobalt-assisted rearrangement step (eqn. 2). For 
example, all of the focus [4,7-91 on the putative intermediate 1, generally 
without mention of the protein, is, by itself, convincing evidence that it is 
generally thought that the B,, cofactor or intimate, “organic” mechanism is 
responsible for the stereochemistry of the rearrangements. This is in spite of 
available literature such as Arigoni’s concluding statement [lOa] that “many 
of the stereochemical details may well be determined by local circumstances 
at the active site rather than represent a compulsory mechanistic requirement 
of the underlying basic type of reaction” or Golding’s statement [lob] that, 
“ the terminology, ‘free radical mechanism’, in the context of AdoCbl-depen- 
dent rearrangements is simplistic, for it implies the dissociation of radical 
intermediates from the enzyme, which is not envisaged by its proponents. It 
is presumed that the radicals are bound by the protein.. . “. The neglect of 
the proteins role in B,, chemistry occurs in spite of the fact that tight 
substrate-enzyme binding is a crucial component of major concepts in 
enzymatic catalysis such as transition state binding induced fit, or induced 
strain. 

It is not sur&sing that non-experts find mechanistic B,, chemistry 
confusing given the voluminous, often conflicting and/or controversial 
nature of the B,, literature [15c], the incorrect statements in some texts 
[15d,e] and the fact that some of the most important stereochemical experi- 
ments are available only in a specialized volume of the proceedings of a 1979 
meeting of B,, scientists [la,3]. Thus on one hand, at least a few mechanistic 
B,, scientists are beginning to perceive a clarification and simplification of 
the mechanism of action of some of the B,,-dependent rearrangements, with 
the Co-C(5’) bond of coenzyme B,, simply serving as nature’s source of 
protein-bound C(5’) radicals. The resultant stereochemistry of the H - ab- 
straction step, the formation of the gem-diol, and the stereochemistry of the 
dehydration step are all determined by the protein in this simplified picture, 
although this view is by no means generally accepted at the present time. On 
the other hand, citations in the literature indicate that confusion continues to 
exist about: (a) whether only an HO-migration or maybe also an HO- (or 
H20+-) fragmentation/recombination mechanism is consistent with the 
stereochemical data; (b) whether or not the “crucial intermediate in B,, 
chemistry is a Co(III)-v complex” [15d,h]; (c) whether or not a 7r-complex 
mechanism can explain the stereochemical data [15e]; and (d) whether the 
observed stereochemical data in the related B,,-dependent ethanolamine 
ammonia-lyase requires “complete stereospecificity” [15fl or just stereoselec- 
tivity. Claims continue to appear that (e) the bound diol intermediate 1 
“must exist” [15d] or is a “solidly based” [4] point, and (f) that the vicinal 
OH migration is “difficult to reconcile with chemical experience” [4] or that 
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model studies are imperfect as they have not demonstrated the “ hydroxyl 
migration as seen in the enzyme-catalyzed reaction” [lSg]. 

The purpose of the present review is to try and remove the confusion by 
examining both the early and the more recent stereochemical studies in light 
of recent model studies [ll] and the relevant free radical literature with the 
goal of obtaining a simplified and also. a unified mechanism of action for 
diol dehydratase. The results, presented herein, show that in fact the mecha- 
nism alluded to or suggested by many B,, workers including Arigoni [16], 
Abeles and co-workers [17], Babior [2a], RetCy and co-workers [2b] and 
Golding [lg] is fully consistent with all of the available stereochemical 
model, and chemical (radical) mechanistic data relevant to diol dehydratase. 
The recent works by Arigoni [16], Golding [lg], Babior [2a], and Retey and 
co-workers [2b] are especially recommended, as are the comments of Abeles 
[17b], who discovered diol dehydratase, and who noted from the beginning 
that “highly oriented” [17a] tightly bound radicals were probably involved in 
diol dehydratase. We emphasize that with the proposed name, the “bound 
radical mechanism”, no claim of originality for this proposed mechanism is 
being made, although we believe that the simple change from a free radical 
to a bound radical nomenclature is significant and will help avoid future 
confusion. In what follows, (a) a more detailed, speculative version of the 
bound radical mechanism is proposed, (b) a reason for the apparently 
inefficient HO-migration followed by its elimination as H,O ( + CH,CHO) 
is presented, (c) the stereoselective dehydration activity of diol dehydratase is 
accounted for by the postulation of acidic and basic sites, and (d) the 
apparent stereoselectivity and not stereospecificity in the early stereochemi- 
cal studies using propanediol is pointed out, a result that requires a mecha- 
nism other than a stereospecific, cobalt-assisted migration mechanism, or a 
concerted stereospecific migration of a protonated hydroxyl group. 

B. CONSTRUCTION OF A WORKING MODEL OF THE ACTIVE SITE OF DIOL 
DEHYDRATASE 

(i) Cofactor binding 

The structure of the adenosylcobalamin cofactor (see Scheme 1) has been 
well known since its X-ray diffraction structural analysis in 1961 [18]. As the 
result of a number of studies of chemically modified cofactor analogues [19], 
it isnow known that the cofactor is bound to the apoprotein at the amide 
side chains, the adenine or sugar of the “upper” S-deoxyadenosyl moiety, 
and at the appended or “lower” sugar and/or the 5,6-dimethylbenzimida- 
zole. Clearly, the coenzyme is tightly held [20] (KAsdociation = ca: 10’) as 
schematically shown in Fig. 1, so that following homolysis of the Co-C(S) 
bond, the resultant Co(I1) and C(S) radicals must be bound and are not free 



6 

Fig. 1. A schematic, working model of the active site of diol dehydratase. The hatched lines 
indicate probable protein-cofactor or protein-substrate binding sites based on modified 
cofactor or stereochemical studies, respectively. 

radicals. Evidence for the substrate binding as shown in Fig. 1 will be 
developed in the next section. 

(ii) Stereochemical studies and substrate binding 

Some impressively thorough and elegant stereochemical studies on diol 
dehydratase [3,16] have revealed detailed information on how the diol 
substrate and resultant radicals must be bound at the active site. It is not our 
purpose nor necessary to present herein all the stereochemical studies, as 
they have been summarized recently [3,16]. Rather, the key findings will be 
presented with emphasis upon points or interpretations where ambiguities 
still exist. 

Early studies in 1966 by the laboratories of Abeles [17] (eqns. 3 and 4), 
and Arigoni [3] (eqns. 5 and 6), demonstrated that both (R)- and (S)-pro- 
panediol are accepted by the enzyme, that the stereochemistry at C, controls 
which H or D is transferred from C, (eqns. 3 and 4), and that there is net 
inversion of configuration at the carbon (C,) to which H or D migrates 
(eqns. 5 and 6). The 4% e.e. (enantiomeric excess) of the reactions in eqns. 3-6 
were not, or could not *, be established, however. Both groups interpreted 
these studies as evidence for a three-point attachment of the substrate to the 
protein and Fig. 2, due to Arigoni [3,16], shows how such a three-point 
binding could present different hydrogens, H, and H,, to the C(5’) position 

* Loss of deuterium from the a position of a-d,-propionaldehyde occurred during distillation 
preventing the determination of the % e.e. in the reaction. Kinetic isotope effect arguments 
presented on p. 3032 of ref. 17 appear to set the observed stereoselectivity at 2 886, but do 
not demand stereospecificity (100%). 
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of the cofactor for activation. The studies of Moore and Richards [21] on 
butanediols which have methyl groups in the positions occupied by the 

H OH 

HO-$&?@ dial-dehydratase :: 
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hydrogens abstracted in the propanediols provide further support for a 
binding of substrates as shown in Fig. 2. 

Labeling experiments employing **O appeared in 1966 and proved central 
to subsequent mechanistic thought about the rearrangements [3]. These 180 
studies (eqns. 7 and 8) clearly show that the configuration at C, influences 
whether the 160 or 180 is lost. 

OH “OH 
.-Ltj 

H 

H.‘“.c-c 
FI 

’ k 

C CH3+-CH + H20’e 

A 
(7) 

c+ 
CR)-C2 

OH 

CH3,H+ - 7 

‘*,O H 
&H 

CH3, ‘00 
c H&-jH + H20 

I 
(8) 

H H 
(S)-c2 

I ‘so Content % Retention * 

Reactant Product 

(R)-1-%-propan-1,2-diol 12 1 8zt4 
(S>1-‘s0-propan-1,2-diol 9 8 88*7 
(R,S)-2-‘*O-propan-1,2-diol 12.8 5.5 43*4 

* Error bars based on the published statement of f0.S precision in the mass spectrometric 
analysis. 



8 

Fig. 2. Binding of propanediol at the active site of diol dehydratase. Protein-substrate 
binding sites are shown with a star. 

These studies were interpreted at the time, 6 years before the evidence for 
radicals in diol dehydratase was obtained [5], as cofactor-assisted OH 
migration to the gem-diol, followed by its stereospecific dehydration (eqn. 9). 

‘42 

stereospecific 

dehydration 
c observed products 

(9) 

From 1966 until now, cobalt-assisted OH migration to the gem-diol, i.e. 
intermediate 1 and eqn. (2), have dominated the mechanistic picture of the 
rearrangement step. However, with a knowledge of the involvement of 
radicals and 16 years of hindsight, it can now be seen that the “O-labeling 
studies (eqns. 7 and 8), really only demand stereoselectivity and not stereo- 
specificity in these reactions. Stated differently, the observation of stereo- 
selectivity in reactions (7) and (8) requires a different mechanism than the 
cobalt coenzyme-assisted, stereospecific one shown in eqn. 9. Moreover, 

OH OH OH OH OH OH OH 
(RI (S) (S,S) (R.R) (RI (S) 

“OH 

;*; +.gj $ g $; $ c$ 
OH OH OH OH OH OH 

(S) (S) (RI (RI 

Fig. 3. Labeled ethylene glycol substrates used by Arigoni [16] to elucidate the mechanism of 
action of diol dehydratase. 
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Arigoni and co-workers have exhaustively utilized the stereochemical tech- 
nique and the 14 labeled ethylene glycol substrates (Fig. 3) in a remarkable 
series of experiments to greatly clarify our understanding of diol dehydratase 
[16]. One of the most informative experiments was the use of (R)- or (S)- D 
and T labeled ethylene glycol. The results (eqns. 10 and 11) show that the 
stereoselectivity exhibited at C, for propanediol disappears when the steri- 
tally more demanding methyl group (“methyl binding handle”) of propane- 
diol is replaced by the H present in ethylene glycol. 

T OH 

D&-C 
/ 

I PH - 

CT-;-CHO, 
co] 

D 

T-C -C02H 

OH H 

(RbC2 c, 

D, P” D 

T&-c,, __c 
t-01 ‘: 

I \“H 
CT-LCHO] - 

T--C-c02H 
OH H ,: H 

(S)-c* c, b?)/(S) = 53/47! 

(10) 

(11) 

When the ‘80-labeling experiments were carried out to test the stereochem- 
istry at the other carbon, C,, the results showed random (statistical) reten- 
tion of the ‘*O label (eqn. 12) in spite of the k,/k, = 10 f 1 isotope effect 
imposing stereoselectivity on the preceding H - abstraction step. A control 

OH OH OH OH 
(12) 

(S) (S) CR) (RI 

1 i A 1 

d, -CH&HO* ds-CH&HO* d,-CH&HO* da-CH&HO * 

51% 55 01. 50% 46% 

reaction showed that the solvent H,O was not exchanging with the 
acetaldehyde released into solution and the use of dideuterated, 180-labeled 
glycols provided evidence demanding* the formation of a gem-diol prior to 
its dehydration to acetaldehyde and H,O (eqn. 13). 

* Arigoni states (ref. 16, p. 404) that, “the data are conclusive in showing that migration of 
the hydroxyl group to the electron-deficient center created by hydrogen abstraction is a 
compulsory feature of the reaction mechanism”. We understand this to mean, and the 
results to require, that a concerted OH group migration is not demanded but rather, that 
.CH,CH(OH)(‘sOH) formation (see ref. 16, p. 407, Fig. 20) and/or CH3CH(OH)(‘*OH) 
formation is required prior to dehydration and release of CH,CHO(CH,.CH’80) from the 
enzyme. 
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These labeling results (eqns. lo-13), require racemization pathways at both 

“OH 

OH 

control H,016 

I 
CH&HO” 

49% 

leOH 

OH 

D&HCHO” 
L 

+ DCH2CDO” D,CHCHO” + DCHzCDO” 

Y ” 

52% 51% 

(13) 

C, and C, of ethylene glycol in any proposed diol dehydratase mechanism. 
For racemization at C, there are two possibilities: (1) the formation of a 

chiral ‘80-labeled CH,CH(OH)(180H) intermediate that spontaneously and 
non-stereospecifically dehydrates in solution; or (2) a mechanism that results 
in the formation of a racemic gem-diol. Noting that the first possibility is 
“very improbable” due to “the well certified dehydratase activity of the 
enzyme” (the stereoselectivity shown in the ‘80-labeling studies with propan- 
ediols), Arigoni [22] chose the second alternative and presents the following 

(eqn. 14) 

-HA 
tH - 

B 

(14) 

HA HB ,’ (3 HB 

* 
leOH “‘OH 

HA 

In the next section on the bound radical mechanism, one part will simply 
expand eqn. 14 to make it consistent with the known, ca. lo5 greater, acidity 
and rapid fragmentation chemistry of cll-hydroxy radicals, HOCH,CHOH + 
base + HO-+ . CH,CHO + H base+. 

To account for the observed racemization at C,, Arigoni writes the cobalt 
assisted chemistry shown in eqn. (15) [22]. 

Since we now have model precedent demonstrating that cobalt participa- 
tion is not only unnecessary but can introduce a rearrangement-inhibiting 
side reaction [llb,c], eqn. 15 can be updated by simply leaving out cobalt 
and retaining its right-hand side showing only rotation about the C-C bond 



to affect racemization at C,. 

HA HA - H 
H&/C;i-OH , 

I+ OH 

, %3 b --OH 
OH 

CY 

Using the other 14 labeled ethylene glycol substrates, Arigoni [16] came to 
five additional conclusions, summarized below. 

(1) At the active site, the substrate partitions rapidly between two binding 
arrangements which are energetically equivalent, or nearly so, and corre- 
spond to the binding modes of (R)- and (S)-propanediol, respectively. 

(2) After fixation to the enzyme, no equilibration is possible between the 
two homotopic halves of the substrate which undergo regiospecific attack by 
the cofactor. 

(3) Different enantiotopic H atoms are offered to the attack of the 
cofactor in the two binding arrangements. 

(4) In the absence of isotopic label, 4 out of 5 molecules in the 
enzyme-substrate complex undergo H - abstraction prior to dissociation, 
and they react with k, = k,. 

(5) Since the influence of deuterium substitution on the vmax of the 
reaction has a value k,/k, = 2.6, the hydrogen-abstracting step with its 
k,/k, = 10 f 1 cannot be the rate-determining event of the overall reaction 
sequence. 

From these stereochemical studies of diol dehydratase showing that the 
substrate is initimately bound at the active site by the protein, a working 
model of this active site emerges (Fig. 1). Substrate binding appears to be 
primarily a two-point attachment via the two hydroxyl groups, a view 
reinforced by noting that inhibitors also require two hydroxyl groups [23]. In 
the case of propanediol, additional restriction to rotation due to the steri- 
tally more demanding methyl group (“methyl group binding”) in key radical 
intermediates will also be postulated as part of the “bound radical mecha- 
nism”. 

C. THE BOUND RADICAL MECHANISM 

Prior to presenting this mechanism, the key pieces of experimental evi- 
dence that any proposed diol dehydratase mechanism must accomodate are 
summarized. 
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(1) Studies of chemically modified forms of the B,, cofactor showing that 
the cofactor is tightly bound to the protein and, therefore, that the radicals 
produced by Co-C bond homolysis are also bound. 

(2) Stereochemical studies of labeled ethylene and propylene glycols re- 
quiring substrate binding to the protein through the two OH groups and, 
therefore, that the radicals produced by He abstraction from the substrate 
are bound. Complete racemization at both carbons of ethylene glycol yet 
only partial racemization and thus stereoselectivity at both C, and C, for 
propylene glycol emphasize the greater rigidity and less rotation in the 
bound radical intermediates formed from propylene glycol. 

(3) Independent chemical model and pulse radiolysis studies which both 
show that the often-cited, cobalt-bound intermediate Co-CH(OH)CH,OH 
(1, eqn. 2) and subsequent cobalt participation are not only unnecessary, 
they lead to a side reaction producing Co(I) and OHCCH,OH in the case of 
base-on cobalt participation. Additional arguments against cobalt participa- 
tion in the rearrangement steps are the lack of any evidence, in spite of many 
searches, for the formation of Co-CH(OH)CH,OH (1, eqn. 2) and the 
stability towards homolysis and thus kinetic non-competence (assuming 
negligible enzyme effects) of all known [9,11b,llc] Co-CH,CH(OH), and 
Co-CH,CHO intermediates (2 and 3, eqn. 2). 

(4) Numerous studies of a-hydroxy, HOCH,CHOH, radicals showing that 
they are ca. lo5 more acidic than their corresponding alcohols and that they 
undergo rapid acid and base catalyzed &OH cleavage (H,O loss) reactions. 

no + cn L 2 -2 

0’ 

- no- + cn2=cn 

t 0 
II 

.cn2cn 

It is relatively easy to postulate the bound radical mechanism in its 
general form (Fig. 4) consistent with all of the above modified coenzyme, 
stereochemical, chemical model, and known radical chemistry data. Refine- 
ment of minor, if not major, details of this mechanism may prove necessary 
however, i.e. it is somewhat speculative. It consists of dual modes of 
substrate binding (only one of which is illustrated in Fig. 4 for clarity), with 
different, enantiotopic hydrogens H, and H, being offered to the coenzyme’s 
C(S) position. Molecular models show that if the two OH binding sites are 
essentially fixed, the interconversion of the two binding modes is basically a 
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HO 

obstroction; 1 
-w%. C2 I 

.., .:.:., ~.~.~...~_~,~,~.:.:.~.~.~.~ 

“b 1 
obstmch I 

Fig. 4. A schematic diagram of the bound radical mechanism, illustrated only for the binding 
mode that results in H, abstraction (the other known binding mode that results in Ha 
abstraction is shown in Fig. 2 and eqn. 14 in the text). Relatively rigid acidic (BH+) and basic 
(B) diol OH-binding sites are postulated and questions of base-on vs. base-off cobalt or the 
importance. of the reverse of individual steps have not been considered in detail. No attempt 
has been made to illustrate fully. the periplanar conformations known to be optimum for 
radical /3-fission, readdition reactions. (gee Beckwith, A.L.J., Tetrahedron, 37 (1981) 3073, 
and p. 3088.) Discussion of the mechanism is provided in the text. 

rocking motion concomitant with a partial rotation about the C-C bond (as 
shown in the left most equilibrium of eqn. 14). Following H - abstraction, 
there should be a very rapid &OH fragmentation (net H,O loss), especially 
if b@h_acidic (BH+) and basic (B) OH binding and activation are present, 
(Bk Hb-CH$HO-H---.---B), to provide a better leaving group and 
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abstraction of ca. lo5 acidic proton, The acidic 
basic diol sites have assumed solely the basis known 
HOCH,CHOH chemistry but, we will shortly, they allow 
us explain the dehydratase activity the enzyme 
on gem-diol 

It is at the stage, where weakly bound, 
HB+-, radical shown, that about the carbon, C,, 

occur by providing either of the carbonyl for next 
step, readdition. The extent of racemization depends the 
rates (intramolecular) H,O vs. the’racemization with 
the proving less in the of propylene with its 

more demanding group in place of hydrogen present 
ethylene glycol. the extent resonance stabilization 

RCH-CH=O c* - , is present it will hinder rotation about the 
C-C bond. The contribution of the RCH=CH-0 - resonance structure is 
thought [22] to be small, however, although this point has been somewhat 
controversial. 

Racemization at the other carbon, C,, may also occur at this stage but is 
seemingly more likely at the next stage, where a - CH,CH(OH) 2 intermediate 
is formed by H,O readdition and probably has a longer lifetime due to a 
difficult H - abstraction from an unactivated CH,-R group as its next step. 
In the case of propanediol, the high (>, 88%) stereoselectivity at C, [17] 
requires that only a small amount of rotation and racemization occur and 
that the stereochemistry at C, be predominantly inversion (as shown in Fig. 
4, if no interconversion of H, and H, via rotation occurs (where H, or 
H,=CH,)). 

The last step, gem-diol dehydration, completes the cycle. With one acidic 
and one basic OH binding site, stereoselective dehydration becomes a 
chemically reasonable possibility. One would predict that the OH bound to 
the acidic site is preferentially lost, a prediction consistent with the known 
‘*O-labeling data on propanediol (eqns. 7, 8 and Fig. 4). It is rather amazing 
to realize that the whole diol dehydratase cycle is completed 12 times each 
second! 

It may seem puzzling, and initially puzzled us, that the enzyme would 
prefer a seemingly inefficient mechanism with H,O elimination, followed by 
H,O readdition, followed by H,O re-elimination once more just one step 
later. It is possible that the H,O readdition step is non-essential, a side 
reaction driven by a possibly hydrophobic pocket in the protein. Alterna- 
tively, we would like to suggest that it is probably an essential step, the 
gem-diol - CH,CH(OH), being bound by the enzyme through the same two, 
essentially rigid, OH binding groups. These groups would, according to 
molecular models, reorient the carbon radical towards the cofactor for H - 
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transfer as shown in the Hz0 readdition step (Fig. 4) thereby preventing 
indiscriminate radical abstraction reactions with the protein. (An examina- 
tion of this point using molecular models and two rigid binding sites is 
recommended.) The readdition of H,O, CH,CHO + H,O G= 
CH,CH(OH),, would also eliminate any resonance stabilization [24], 
- CH,CHO @ CH,=CHO * , thereby providing additional driving force for 
the next, rather difficult, step of H - removal from an unactivated methyl 
group, RCH, + - CH,CH(OH), + RCH, - + CH,CH(OH),. 

An important question is the possible generality of the bound radical 
mechanism for the other B,,-dependent rearrangements. For ethanolamine 
ammonia lyase [25] (eqn. 16) radicals are observed in the studies of the 
enzymes [26], the ESR data best fits a R . and Co - at a lo-12 A separation 
[ 12b], analogous radical fragmentations are well known [27] (H ZN- 
CH,CHOH + NH, + - CH,CHO) and a change from racemization (eqn. 
16) to at least stereoselectivity was recently observed using (2S)- or (2R)-2- 
aminopropan-1-01s [2b,15fl, so that the bound radical mechanism is con- 
sistent with the above data* and with other studies [28]. In fact, much of the 
bound radical mechanism was recently proposed for ethanolamine ammonia 
lyase by others [2b]. 

NH, T) 
(T)(D)LH,oH ethSne T-C-CHO 

ammonia lyase 
k 

(16) 

(Both(R) and(S)) (racemic) 

In the case of ar-methylene glutarate mutase, cobalt participation at the 
rearrangement step is unnecessary as allylcarbonyl * cyclopropyl carbonyl 
radical rearrangements are well established [29] (eqn. 17). 

The available data [30] is again consistent with the bound radical mecha- 
nism, although the enzyme, cu-methylene glutarate mutase, is less well studied. 
The case of methylmalonyl-CoA mutase is interesting, since while early 

* The bound radical mechanism combined with the poorer leaving group ability of 
-NH,(NI-$) vs. -OH(H,O) suggests a longer lifetime and greater Fe of detection for 
H,NCH,CHOH vs. HOCH,~HOH, predictions which appear consistent with ESR studies 
of ethanolamine ammonia lyase vs. those of diol dehydratase. 
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stereochemical work [31a] was interpreted as 100% retention at the carbon to 
which the hydrogen is transferred, more recent work using ethylmalonyl as a 
substrate shows that in this case there is, again, only stereoselectivity (eqn. 
18) [31b]. Model studies [32] as well as chemical evidence [33] suggest that 
methylmalonyl-CoA mutase may involve cobalt participation as a reducing 
agent giving a substrate carbanion in the rearrangement step, although this 
point deserves clarification. 

A final, interesting point is that our understanding of diol dehydratase has 

H H COSCoA H COSCoA H 

D%,, k + COSCoA 
\ (18) 

Me CO2 H 

- ;j+“, + “;w; H 

2 .? 

77% 23% 

advanced only as far as our basic chemical knowledge has progressed. The 
question of concerted 1,Zmigration vs. fragmentation-readdition mecha- 
nisms appears to be a general one in current radical chemistry [7c,34]. 
Moreover, it is only very recently that we have learned that Co-C bonds are 
thermodynamically weak, often with bond dissociation energies (BDE) < 
25-30 kcal mol-’ [13], and, therefore, that the bond in Co-CH(OH)CH,OH 
(1) should be quite weak. 

D. SUMMARY 

Herein, stereochemical data, modified cofactor studies, chemical model 
studies, and well known radical chemistry have been shown to be consistent 
with a simple, unified mechanism of action for diol dehydratase, the bound 
radical mechanism. The key features are that the cofactor and its weak Co-C 
bond [13,35] serve as nature’s source* of RCH, - radicals. The RCH, - then 
removes an H. from the substrate and it is the protein-substrate binding 
that controls the subsequent chemistry, not the cofactor. The bound radical 
mechanism naturally focuses interest back to the initial, poorly understood, 
homolysis step. 

A measurement of the Co-C bond dissociation energy of the cofactor in 
vitro** and its apparent bond dissociation energy in vivo are needed, as are 
answers to questions concerning how the homolysis is triggered. In addition, 
the corrin conformation, steric, electronic and axial benzimidazole effects all 

*Recently it has been suggested by Eschenmoser [36] that nature may have chosen B,, 
because of the ease of the synthesis of corrins in nature, an interesting notion in light of the 
11 year Woodward-Eschenmoser total synthesis of B,a, involving ca. 100 co-workers. 

**This has recently been accomplished, the adenosylcobalmin Co-C BDE is = 29 (rigorously 
< 29) kcal mol-‘; R.G. Finke and B.P. Hay, J. Am. Chem. Sot., submitted. 
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remain to be quantified [13,35]. The role of thiols [37] and the large isotope 
effects [38,39c], especially on the second H - transfer step (see Scheme l), are 
presently poorly understood and are likely to lead to revision of the 
proposed mechanism once they become better understood. The challenge of 
designing and preparing a synthetic system capable of binding glycol sub- 
strates and mimicking diol dehydratase also remains to be met. The most 
significant challenge is in the hands of those working with protein and the 
protein crystallographers, since structural data is the crucial underpinning of 
mechanistic work, yet only limited amino acid composition, and sequence 
[39a,b] but no crystallographic studies [40] of B,,-dependent enzymes have 
appeared to date. In support of the above statement one can cite recent data 
where an improved isolation procedure yields 16 times more of a ca. 20-40% 
more active, less proteolyzed form of diol dehydratase as well as evidence for 
membrane association and a revised number of subunits for this enzyme 
[39a,b]. Especially intriguing are recent isotope effect studies [39c] which 
suggest that a second H - acceptor/donor site may exist in addition to the 
C(S) position of the coenzyme established by Abeles’ classic studies [6]. 
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