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Abstract: Ab initio molecular orbital theory is used to investigate the coenzymedBpendent reactions
catalyzed by diol dehydratase. The key step in such reactions is believed to be a 1,2-hydroxyl migration,
which occurs within free-radical intermediates. The barrier for this migration, if unassisted, is calculated to be
too high to be consistent with the observed reaction rate. However, we find that “pushing” the migrating
hydroxyl, through interaction with a suitable acid, is able to provide significant catalysis. This is denoted
retro-push catalysis, the retro prefix signifying that the motion of the migrating group is in the direction opposite
to the electron motion. Similarly, the “pulling” of the migrating group, through interaction of the spectator
hydroxyl with an appropriate base, is found to substantially reduce the rearrangement barrier. Importantly, the
combination of these two effects results in a barrier reduction that is notably greater than additive. This synergistic
interplay of the push and the pull provides an attractive means of catalysis. Our proposed retrptplush
mechanism leads to results that are consistent with isotope-labeling experiments, with experimental rate data,
and with the crystal structure of the enzyme.

Introduction Experiments with tritium-labeled substrate and cofattas,

well as EPR studie3give strong support for the involvement

coenzyme B, (adenosylcobalamin) is a group of reactions in of fre_e-radical intermediates in the dio_I dehyo_lratase-catalyzed
reactions. These experiments, combined with the generally

which water is eliminated from 1,2-diolsA representative ted mode of acti f Bnake it highlv likel
example is the diol dehydratase-catalyzed conversion of ethane 2ccepted mode of.action of coenzyms,nake It nighly likely

o . - : that a substrate hydrogen atom is abstracted by the 5
1,2-diol (1) into acetaldehydé plus water? This same protein deoxyadenosyl radical (Adosupplied by the coenzyme; see

Scheme 1) to form "sdeoxyadenosine and a substrate-derived

Among the enzyme-catalyzed transformations reliant on

- H
Hfﬁ_z_H i R_é_c’:o " radical 3.6 This radical could conceivably eliminate water to
4 OH o yield an allyloxy radical, which abstracts a hydrogen atom from
1 R=H) 2 R=H) 5'-deoxyadenosine with formation of the product aldehyde.
1a (R = CHy) 2a (R = CHy) Indeed, recent studies have proposed just this type of mechanism
for the diol dehydratase-catalyzed procedsadowever, mech-
also acts on propane-1,2-didld) giving propionaldehyde2@) anisms of this kind are seemingly at odds with experimental

plus water at similar rates for both enantiomers. The detailed isotope-labeling studies.
mechanism of the reactions has been the subject of much Experiments carried out witffO-labeled propane-1,2-diols
experimental study,but no complete mechanistic picture has have shown that, depending on the chirality at C2 of the

yet emerged. substrate, either the 1-hydroxyl or 2-hydroxyl group can be
T Australian National University. ehmmateo! in the formatlon qf prop|or_1aldehyde. The generally
#University of Newcastle upon Tyne. accepted interpretation of this result is that the hydroxyl group
(1) Buckel, W.; Golding, B. TFEMS Microb. Re. 1998 22, 523- at C2 is transferred to C1 and that propane-1,1-dd) (s an
541. i i int@-11 ; i
(%) (a) Zagalak, B Frey, P. A.: Karabatsos, G. L.: Abeles, RI.Hgiol. obligatory mterme_dlaté. By analogy,_n would seem likely _
Chem.1966 241, 3028. (b) Babior, B. MAcc. Chem. Re4.975 8, 376~ that the dehydl'atlon of ethane-l,Z-dIOI should proceed via
384. (c) Toraya, T.; Fukui, S. IB;2 Dolphin, D., Ed.; J Wiley & Sons:
New York, 1982; Vol. 2; p 233. (4) (a) Abeles, R. H.; Zagalak, Bl. Biol. Chem.1966 241, 1245. (b)
(3) (@) Moore, K. W.; Bachovchin, W. W.; Gunter, J. B.; Richards, J. Frey, P. A.; Abeles, R. HJ. Biol. Chem1966 241, 2732.
H. Biochemistryl979 18, 2776-2782. (b) Finke, R. G.; Schiraldi, D. A. (5) (a) Cockle, S. A.; Hill, H. A. O.; Williams, R. J. P.; Davies, S. P.;
J. Am. Chem. So&983 105, 7605-7617. (c) Muller, P.; Retey, J. Chem. Foster, M. AJ. Am. Chem. Sod972 94, 275-276. (b) Hartmanis, M. G.
Soc. Chem. Commui983 1342-1344. (d) Finke, R. G.; Schiraldi, D. N.; Stadtman, T. CProc. Natl. Acad. Sci. U.S.A987 84, 76-79.
A.; Mayer, B. J.Coord. Chem. Re 1984 54, 1-22. (e) Wang, Y.; Finke, (6) Golding, B. T.; Buckel, W. IlComprehensie Biological Catalysis
R. G.Inorg. Chem.1989 28, 983-986. (f) Anderson, R. J.; Ashwell, S.; Sinnott, M. L., Ed.; Academic Press: London, 1997; Vol. Ill; pp 239
Dixon, R. M.; Golding, B. T.J. Chem. Soc., Chem. Commad®89Q 70— 259.
72. (g) Reey, J. InChemistry and Biochemistry ofi8 Banerjee, R., Ed.; (7) George, P.; Siegbahn, P. E. M.; Glusker, J. P.; Bock, CJWhys.
John Wiley & Sons: New York, 1999; pp 2#287. (h) Toraya, T. In Chem. B1999 103 7531-7541.
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Mechanism of B-Dependent Diol Dehydratase

Scheme 1.Proposed Mechanism for the Diol
Dehydratase-Catalyzed Reactidns
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a Ado* denotes the 'sdeoxyadenosyl radical supplied by the coen-
zyme. See ref 6.

ethane-1,1-diol. In contrast, the proposal of George ewaluld

require that the dehydration mechanisms of ethane-1,2-diol andalternative (

propane-1,2-diol proceed via different pathways.
The combination of the evidence for radical intermediates
with the isotope-labeling studies has thus led the bulk of

researchers in this field to accept the general mechanistic picture

shown in Scheme 1, valid for both ethane- and propane-1,2-
diols3d Here, hydrogen atom abstraction is followed by a 1,2-
shift of a hydroxyl group, resulting ingemdiol-related radical.
This radical intermediate4( Scheme 1) can then reabstract a
hydrogen atom from 'sdeoxyadenosine (AdeH, Scheme 1),
forming the closed-shell 1,1-di&l Enzyme-catalyzed elimina-
tion of water from this prochiral species affords the product
aldehyde?, in a manner consistent with the isotope substitution
experiments.

The main difficulty with the mechanism shown in Scheme 1
is that the radical rearrangement st&p— 4) is known to be
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the migrating hydroxyl group can mushedhrough interaction
with a suitable acid (X):

X X
1 1
1 1
"o noo
H-C-Ce —=  *L-C-H @)
AY
i OH H OH

We use the retro prefix to signify that the motion of the
migrating group is in the direction opposite to the electron flow,
although the prefix is occasionally dropped in the interests of
simplicity. The initial suggestion of this type of catalysis (for
diol dehydratase) came from early model studies which showed
that protonation of the migrating hydroxyl (i.e., % H* in
reaction 2) results in a substantial reduction in the rearrangement
barrier!® This kind of interaction is able to withdraw electron
density from the migrating hydroxyl, thus weakening the
associated €0 bond and enabling more facile rearrangement.
Subsequent work, on a larger model system, demonstrated some
problems associated with full protonation and offered an
‘predissociation”) mechanidifihis predissociation
mechanism is one possibility that struggles to be consistent with
the experimental isotope-labeling studi€sd.Very recently,
however, we demonstrated that partial proton transfer to the
migrating oxygen from a range of Brgnsted acids (e.g5=X
CHsNHs™, NH4*, etc.) is able to overcome the difficulties
associated with full protonation and thus provide a viable
alternative!?

The second type of assistance considered in the current work
centers on what we term “retqoull” catalysis. In this case, the
migrating group ispulled across as a result of an interaction
between the spectator hydroxyl and a suitable base (B):

HO H H\ ?H
H—é_Cl. .IC_Q-H (3)
AY
i OH--B H OH--B

associated with a high barrier. For example, a recent examinationAgain we use the retro prefix to signify that the motion of the

of the 1,2-hydroxyl shift in the 1,2-dihydroxyethyl radical
puts the activation energy at 113.1 kJ miol? In contrast, the
likely barrier for the rate-limiting step in the enzymatic reaction

migrating group is in the direction opposite to the electron flow.
Numerous studies have shown thathydroxyalkyl radicals
(such as3) are~10° times more acidic than the corresponding

has been estimated, from the experimental rate constant, to liedlcohols. Those with a leaving group in theposition are seen

between 55 and 70 kJ mdl® It is therefore of interest to
investigate how it is that the enzyme might be able to bring

to rapidly undergo a base-catalyzed fragmentationCid,—
CHO in solution3d:130.14 Recognition of these properties has

about the barrier lowering required to drive the dehydration at recently led to the suggestion of mechanisms, for the diol
a biologically useful reaction rate. We shall address elsewhere dehydratase-catalyzed reactions, involving “ketyl” radical anion
the question as to why such an intrinsically difficult step should intermediates.® These mechanisms postulate that, following
be involved in the mechanism at all. hydrogen atom abstractiorl (— 3, Scheme 1), the proton
We have examined two primary types of catalytic assistance att&!Ched to the spectator oxygen is lost (.S cheme 2)_to 9“"? the
for the radical rearrangement step. The first of these we term rad|c_al ?”'0“6- In keep_lng with its so_lut|on properties, th'.s
“retro-push” catalysis to encompass the various means by whichSPecies is thought to eliminate the adjacent hydroxyl function
to form an allyloxy radical’ plus the hydroxide ion. To enable
(9) Experiments carried out with enantiomeric propanééQ)-1,2-diols stereochemical consistency, it is proposed that the eliminated
show that most of the label is retained in product propanal starting from hydroxide readds to the carbon framework (to f@)nwhence
the S isomer while most of the label is lost starting from tRésomer. — yacapture of a proton results in tgemdiol-related radicalt.
Experiments carried out with racemic propane§@)-1,2-diol show that hi . h b hvd dl
approximately half of the label is retained in the product aldehyde. The This speC|es_ Ca_nt en reabstract a hydrogen atom an _Ose V\_’ater’
simplest explanation for these results involves the intermediacy of a 1,1- as before, yielding the product aldehyde. Our present investiga-
d|o(|_13(f);0&;1) Reoy. J.: Umani-Ronchi. A+ Aridoni. CExperiential9ss 22 tions reveal that pulling the migrating group, via abstraction of
72—73. (b) Arigc’)nil,' D. InVitamin 81’2, I':"roc.g3rd’ Eur.pSymp. Vitaminlé a proton (or by partial deprotonation) from the spectator
hydroxyl, can indeed assist the radical rearrangement. We find,

Intrinsic Factor, Zagalak, B., Friedrich, W., Eds.; W de Gruyter: Berlin, nd _ ! el
1979; pp 389-410. however, that it is not necessary to invoke a fully dissociative

(11) (a) Reey, J.; Umani-Ronchi, A.; Seibl, J.; Arigoni, Experientia
1966 22, 502. (b) Reéey, J.; Robinson, J. A. IBtereospecificity in Organic
Chemistry and Enzymologkbel, H. F., Ed.; Verlag Chemie: Weinheim,
1982; pp 185-207.

(12) Smith, D. M.; Golding, B. T.; Radom, LJ. Am. Chem. S0d.999
121, 5700-5704.

(13) (a) Golding, B. T.; Radom, L1. Chem. Soc. Chem. Comm@873
939-941. (b) Golding, B. T.; Radom, LJ. Am. Chem. So&976 98, 6331
6338.

(14) Livingstone, R.; Zeldes, Hl. Am. Chem. Socd966 88, 4333~
4336.
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Scheme 2The Ketyl (or Radical Anion) Mechanistic
Proposdl
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aSee refs 1 and 6.

process that would involve the elimination and readdition of
OH~ to make use of this type of assistance.

Finally, we have examined the effect of retro-push and retro-
pull catalysis acting in concert:

X X
] 1

1 1

HO H OH
L ot @)
H-C-C* *C-C-H
A}
i OH--B H OH--B

Smith et al.

species. The resultant method (which we have termed G2(MP2,8}/P)(
RAD(p)) is computationally more expensive than its parent, but should
provide more reliable energetics for the negatively charged systems.
We found that including diffuse functions during the geometry and
frequency calculations had no significant effect and so continued to
use B3-LYP/6-31G(d,p) for obtaining these properties.

Unless otherwise specified, the relative energies presented in this
paper refer to G2(MP2,SVP)-RAD(p) values for surfaces involving
neutral species and G2(MP2,SVR){RAD(p) values for surfaces
involving anionic species, all at 0 K. The corresponding total energies
and GAUSSIAN 94 and GAUSSIAN 98 archive entries for the RMP2/
6-31G(d)//B3-LYP/6-31G(d,p) calculations for all relevant structures
are presented in Tables S$4 of the Supporting Information, while
selected thermochemical parameters are displayed in Tabl&B5

We note that our calculations refer to isolated molecules in the gas
phase. The extent to which they are applicable to the enzyme system
will depend in part on the extent to which the active site of the enzyme
is sequestered from water.

Results and Discussion

A. The Retro-Push Mechanism. (1) Protonation. As
mentioned above, it was suggested some time ago that the diol
dehydratase enzyme might facilitate the radical rearrangement
through protonation of the migrating hydroxyIThis proposal
was supported by molecular orbital calculations on the 2-hy-
droxyethyl radical which showed that protonation lowered the

We want to determine whether such a combination shows arearrangement barrier from more than 100 kJ theo only 18

reduced catalytic effect, whether the effect is roughly additive,

kJ mol~1.813 More recent higher-level calculations have con-

or whether there is synergism between the push and the pull.firmed this finding, with protonation reducing the barrier to 26.8

The X-ray crystal structure of diol dehydratase frégieb-
siella oxytocavas recently reportetf,and associated theoretical
calculations were carried otf.It has been suggested that an
alkali metal cation (in particular K) might be directly involved
in the catalysis. It is of interest to examine this conclusion and
other aspects of the crystal structure in the light of our
calculations.

Theoretical Procedures

Standard ab initio molecular orbital calculatibhwere performed
with GAUSSIAN 94182 GAUSSIAN 9818 and MOLPRO 97?

kJ mol! at the G2(MP2,SVP)-RAD(p) level of theoty.
Enlargement of the model system to include a second
hydroxyl substituent, however, exposed some problems with
the concept of assistance to hydroxyl migration by full pro-
tonation® It was found that protonation of the “migrating”
hydroxyl of the 1,2-dihydroxyethyl radical does not result in
either a stable reactant complex or product complex. Instead,

(18) (a) Gaussian 94, Revision E.2. Frisch, M. J., Trucks, G. W., Schlegel,
H. B., Gill, P. M. W., Johnson, B. G., Robb, M. A., Cheeseman, J. R.,
Keith, T., Petersson, G. A., Montgomery, J. A., Raghavachari, K., Al-Laham,
M. A., Zakrzewski, V. G., Ortiz, J. V., Foresman, J. B., Cioslowski, J.,

Geometries and zero-point vibrational energies were obtained using Stefanov, B. B., Nanayakkara, A., Challacombe, M., Peng, C. Y., Ayala,
the B3-LYP/6-31G(d,p) procedure, the ZPVESs being scaled by 03806, F- Y. Chen, W., Wong, M. W., Andres, J. L., Replogle, E. S., Gomperts,

Polarization functions on hydrogen atoms have been included here and

in our other related studi&*to provide a better description of species

R., Martin, R. L., Fox, D. J., Binkley, J. S., Defrees, D. J., Baker, J., Stewart,
J. P., Head-Gordon, M., Gonzalez, C., Pople, J. A.; Gaussian, Inc.:
Pittsburgh, PA, 1995. (b) Gaussian 98, Revision A.6. Frisch, M. J., Trucks,

involving hydrogen bonds. For species without hydrogen bonds, the G. w., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J. R.,

exclusion of these light-atom polarization functions (for geometries and
frequencies) is expected to have a minimal effé¢mproved relative
energies AE), for the bulk of the species reported herein, were obtained
using a previously outlined modificati&tof the G2(MP2,SVP)-RAE
procedure:

AE(G2(MP2,SVP)-RAD(p))= AE(URCCSD(T)/6-31G(d))-
AE(RMP2/6-311-G(3df,2p))— AE(RMP2/6-31G(d))-
AE(ZPVE) (5)

It is well known that the inclusion of diffuse functions is necessary

to obtain a proper description of anionic species. In the context of G2-

type theories, it has recently been found that including the effect of
diffuse functions directly, rather than relying on the additivity ap-
proximation, leads to improved resuftsin an effort to incorporate

this approach into our current treatment, we have replaced the 6-31G(d)

basis set in eq 5 with the slightly larger 6-B®(d) for use with anionic

(15) Shibata, N.; Masuda, J.; Tobimatsu, T.; Toraya, T.; Suto, K;
Morimoto, Y.; Yasuoka, NStructure1999 7, 997—-1008.

(16) Toraya, T.; Yoshizawa, K.; Eda, M.; Yamabe JTBiochem1999
126, 650-654.

(17) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory Wiley: New York, 1986.

Zakrzewski, V. G., Montgomery, J. A., Jr., Stratmann, R. E., Burant, J. C.,
Dapprich, S., Millam, J. M., Daniels, A. D., Kudin, K. N., Strain, M. C.,
Farkas, O., Tomasi, J., Barone, V., Cossi, M., Cammi, R., Mennucci, B.,
Pomelli, C., Adamo, C., Clifford, S., Ochterski, J., Petersson, G. A., Ayala,
P. Y., Cui, Q., Morokuma, K., Malick, D. K., Rabuck, A. D., Raghavachari,
K., Foresman, J. B., Cioslowski, J., Ortiz, J. V., Stefanov, B. B., Liu, G.,
Liashenko, A., Piskorz, P., Komaromi, |., Gomperts, R., Martin, R. L., Fox,
D. J., Keith, T., Al-Laham, M. A., Peng, C. Y., Nanayakkara, A., Gonzalez,
C., Challacombe, M., Gill, P. M. W., Johnson, B., Chen, W., Wong, M.
W., Andres, J. L., Gonzalez, C., Head-Gordon, M., Replogle, E. S., Pople,
J. A.; Gaussian, Inc.: Pittsburgh, PA, 1998.

(19) MOLPRO 97 is a package of ab initio programs written by Werner,
H.-J. and Knowles, P. J. with contributions from Almlof, J., Amos, R. D.,
Berning, A., Cooper, D. L., Deegan, M. J. O., Dobbyn, A. J., Eckert, F.,
Elbert, S. T., Hampel, C., Lindh, R., Lloyd, W. A., Meyer, W., Nickless,
A., Peterson, K., Pitzer, R., Stone, A. J., Taylor, P. R., Mura, M. E., Pulay,
P., Schite, M., Stoll, H., Thorsteinsson, T.

(20) Scott, A. P.; Radom, L1. Phys. Chem1996 100, 16502-16513.

(21) (a) Smith, D. M.; Golding, B. T.; Radom, LJ. Am. Chem. Soc.
1999 121, 1383-1384. (b) Smith, D. M.; Golding, B. T.; Radom, L.

Am. Chem. Socd999 121, 9388-9399.

(22) (a) Smith, D. M.; Nicolaides, A.; Golding, B. T.; Radom,1L.Am.
Chem. Soc1998 120 10223-10233. (b) Smith, D. M.; Golding, B. T.;
Radom, L.J. Am. Chem. S0d.999 121, 1037-1044.

(23) Parkinson, C. J.; Mayer, P. M.; Radom,Tlheor. Chem. Acd.999
102 92-96.

(24) Gronert, SJ. Am. Chem. Sod.993 115 10258-10266.
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Ado

A.
2304 /7Y 2497

Figure 1. B3-LYP/6-31G(d,p) structures and selected bond lengths
(A) for the species involved in the transformation of ethane-1,2-diol
(1) into ethane-1,1-diolg), via free-radical intermediates. Included is
the structure of the “protonated 1,2-dihydroxyethyl radicalRelative
energies (G2(MP2,SVP)-RAD(p) values in kJ midlare given in
parentheses.
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Figure 2. B3-LYP/6-31G(d,p) structures and selected bond lengths
(A) for the species involved in the catalysis by MHbf the 1,2-shift
of the hydroxyl group in the 1,2-dihydroxyethyl radical. Relative
energies (G2(MP2,SVP)-RAD(p) values in kJ miglare given in
parentheses.
to be a stable entity. This latter species is found to lie only
slightly higher in energy than the reactant, making the radical
rearrangement endothermic by 3.1 kJ mdlFigure 2).

Even from the early results with the 2-hydroxyethyl radical,
it was clear that protonation of the migrating hydroxyl is able
to impart a stabilizing influence on the transition structure for
the 1,2-shift. The problems associated with the protonation of
the 1,2-dihydroxyethyl radical arise because the extreme of full
protonation is too harsh for the reactant and product radicals to

the protonated 1,2-dihydroxyethyl radical spontaneously re- remain stable. Interaction of a Brgnsted acid rather than an
arranges to a hydrogen-bonded hydrate of the vinyl alcohol isolated proton with the migrating hydroxyl, however, exerts a
radical cation 9, Figure 1). On the basis of this observation, moderating influence and allows for the best of both worlds.
George et al. proposed a “predissociation” mechanism whereby,That is, the conjugate base of the interacting acid is able to
after various proton- and hydrogen atom-transfer steps, thehold back the acidic proton to the extent that the reactant and
resulting complex dissociates to give acetaldehyde plus wéter. product radicals become stable entities. At the same time,
However, their postulated mechanism does not appear to behowever, the partially transferred proton preferentially stabilizes

consistent with thé8O-labeling resultd? since the “migrating”
oxygen will always end up in the eliminated wafefurther-

the transition structure, causing the migration barrier to be
reduced from more than 100 te50 kJ mot? (in the case of

more, the hydrogen-bonding site postulated to be taken up byNH4%). In addition, we find that, by choosing acids of differing

water in9 is almost certainly used by the enzyme to bind the

strength, we can manipulate the barrier toward either extreme.

substrate (see later) and would therefore be unlikely to be Figure 3 shows a schematic energy profile depicting the effects

available for participation in such complexes.
(2) Partial Proton Transfer. Following our calculations on
the methylmalonyl-CoA mutase-catalyzed reacffome became

interested in whether partial transfer of a proton to the migrating

hydroxyl of the 1,2-dihydroxyethyl radical might be sufficient

of these various retro-push catalysts on the radical-rearrangement
step. Additional details are given in Table S5 of the Supporting
Information.

(3) Lewis Acid Catalysis.The recent resolution of the X-ray
crystal structure of diol dehydratase frdfnoxytocahas raised

to catalyze the rearrangement. Indeed, we found that a range othe additional possibility that an alkali metal cation (in particular
Brgnsted acids were remarkably effective in this regard as a K*) might be directly involved in catalysi(see section D for

result of interaction with the migrating hydroxyl grot.

Perhaps the simplest demonstration of the partial proton-

further discussion of this and other aspects of the reaction). To
this end, we have investigated the effect of bind Na on the

transfer concept, in the context of diol dehydratase, comes fromreaction. Figure 4 shows the radical rearrangement in the
an examination of the catalysis of the rearrangement by the presence of L, as a representative example. The similarities

ammonium ion (NH"). In contrast to the fully protonated
analogue9, the partially protonated radical@, Figure 2) is
found to be a stable entity. The~«© bond adjacent to the

between the rearrangement shown in Figure 4a and the system
involving NH4* (Figure 2) are immediately obvious. There is,
again, a lengthening of the-€D bond in the substrate-derived

migrating hydroxyl can be seen to be significantly lengthened radical 12 and the Li" is drawn closer to the more electron-

(1.510 A) with respect to the isolated radical (1.440 A3in

rich oxygen in the transition structurd@$:12—13), in much

Figure 1). This bond lengthening can reasonably be taken tothe same way as the proton of BiH It is evident, however,

imply a more weakly bound, and hence more labile, hydroxyl

from the calculated barrier of 70.4 kJ mé) that the Lewis

group. In accordance with this observation, we find a transition acid is not able to impart quite as much benefit to the transition

structure TS:10—11) for the 1,2-shift of the partially protonated
hydroxyl group, lying just 49.6 kJ mol higher in energy than

structure as is the mobile proton from ammonium. As might be
expected on the basis of a simple nuclear shielding argument,

the reactant complex. The product of this rearrangement, theLi™ is a more efficient catalyst than Na(the latter being

partially protonated 1,1-dihydroxyethyl radicHl, is also found

associated with a calculated barrier of 93.2 kJ THol
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140 Relative Energy mol~1) is actually high(_er than that for the l_Jnassisted rearrange-
" 1 morl no interaction ment (113.1 kJ mof, Figure 1). The same is true for Néwith
120 - (113.1) a calculated barrier in the bridging arrangement of 113.7 kJ
X = CH3NH3* K X =NHg* mol™1).
100 :' S Interestingly, if the above energy comparisons are made using
= + : _ only the lower-level (and therefore less reliable) B3-LYP/6-
80 :' X = CHsOH, X = (CHyORY 31G(d,p) results, a Lewis acid in the bridging arrangement is
60 predicted to offer a small amount of catalysis. The B3-LYP
i X method predicts that the unassisted rearrangement requires 97.4
0 = x ! kJ mol1. The introduction of LT in the bridging position (as
B Hc:, 1, . . g"o in Figure 4b) reduces the barrier (with B3-LYP/6-31G(d,p)) to
20 | wédhon 1:"’ . HC-CHOH 90.4 kJ mot?, whereas Nain this same position is associated
5 v .-~ e . with an activation energy of 91.7 kJ mé|
0 | —a=-"" T Ne— On the basis of results similar to the above B3-LYP/6-
- \ 31G(d,p) predictions, it has been suggetidiaat the 1,2-shift
20 — is actually catalyzed by a Lewis acid in the bridging arrange-
B ment. Our higher-level G2(MP2,SVP)-RAD(p) results, however,
-40 suggest that this conclusion is an artifact of the level of theory

Figure 3. Schematic energy profile for the retro-push catalysis of the \;sed and that in reality such a situation is anticatalytic and
1,2-shift of the hydroxyl group in the 1,2-dihydroxyethyl radical through unlikely in its own rightto be responsible for facilitating the

interaction of the migrating hydroxyl group with various acids (X). 1.2-shi .
. . : : -shift. On the other hand, we shall see below that the Lewis
Relat G2(MP2,SVP)-RAD | kJ THcd = - ’ .
elative energies (G2( ) (p) values in regiven aciddoesfacilitate the rearrangement in the presence of a retro-

in parentheses.
pull catalyst.

a B. The Retro-Pull Mechanism. (1) Deprotonation.The

1747 second catalytic mechanism that we have considered involves
various degrees of deprotonation of the spectator hydroxyl. As
mentioned before, consideration of this effect has arisen from
the known acidity of the hydroxyl proton in related radicfs!4
and the proposal of mechanisms involving ketyl (or radical
anion) intermediates (Scheme 2) is based upon the loss of this
proton?

Ab initio investigations of the ketyl mechanism are compli-
cated by the fact that 2-hydroxyacetaldehyde is calculated to
have a negative electron affinity in the gas phase. That is,
although calculations can be (and have been, see below)
performed upon the ketyl intermediaté, (Scheme 2), the
electron is artificially bound by the limitations of the finite one-
particle basis set. Given the chance, the system would benefit
from losing an electron to give 2-hydroxyacetaldehyde. This is
not to say that the radical anion spedids not stable in solution
or at the active site of an enzyme, where the surrounding
medium may provide some stabilizing influence. Before con-
sideration of these effects, however, it is instructive to examine
the isolated ketyl species in the gas phase.

Figure 5a shows the calculated structure of the proposed ketyl
intermediate, the radical anion of 2-hydroxyacetaldehygje (

12' 0.0) 13' 23) Our calculations indicate that the energy of this species would
Figure 4. B3-LYP/6-31G(d,p) structures and selected bond lengths be lowered by 63.0 kJ mo} by the loss of a single electron
(R) for species involved in the catalysis by*Lof the 1,2-shift of the (Table S6). Nevertheless, we find a transition structure on this
hydroxyl group in the 1,2-dihydroxyethyl radical, in (a) the single- somewhat unstable surface that describes the intramolecular 1,2-
contact arrangement and (b) the_bridging arrangement. Relative energieshift of a hydroxyl groupTS:6—8). The barrier associated with
(G2(MP2,SVP)-RAD(p) values in kJ md) are given in parentheses. s shift is 47.5 kJ mol® (Figure 5a); i.e., deprotonation has a

substantial catalytic effect. The product of hydroxyl trans8r (

dihydroxyethy! radical is actually one in which the metal ion 'S found to lie 30.1 kJ r_noll above the reactant 2-hydroxy-
bridges the two oxygend.?).25 This structure is 49.7 kJ mol acetaldehyde radical aniof)( N

lower in energy than the single-contact arrangem&gy. (The (2) Partial Proton Transfer. In an effort to stabilize the ketyl
bridged transition structure for the 1,2-shiff§:12—13), species as well as to extend the partial proton-transfer concept
however, is only 2.9 kJ mot lower in energy than its single- {0 partial deprotonation, we have investigated the effect of
contact counterpart. This differential stabilization is so extreme allowing various bases to interact with the spectator hydroxyl

that the barrier for the bridged system in Figure 4b (117.1 kJ 9roup. The presence of Otat this position results in a partial
proton transfer from the spectator hydroxyl to the base to

\
v 2303

H
2416 /.
+ 0

©71.383
TS:12-13 (70.4)

1.482

The preferred arrangement for'Linteracting with the 1,2-

(25) For the Bransted acids with two or more protons (NKCHsNHs", produce a complex which can be described as the interaction
etc.), this bridging arrangement is also the one of lowest energy. It does - . .
not occur when the Bransted acid is monoprotic such as)CHi* or for of H,O with the deprotonated substrate-derived radical at the

many of the acidic groups that might appear in the enzyme. spectator oxygenld, Figure 5b). The binding energy of the
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Figure 6. B3-LYP/6-31G(d,p) structures and selected bond lengths
(A) for the species involved in the catalysis by Cbf the transforma-
tion of ethane-1,2-diol into ethane-1,1-diol, via free-radical intermedi-
ates. Relative energies (G2(MP2,SVPHRAD(p) values in kJ mott)

14 (0.0) are given in parentheses.

Figure 5. B3-LYP/6-31G(d,p) structures and selected bond lengths
(A) for species involved in the 1,2-shift of the hydroxyl group in the
1,2-dihydroxyethyl radical, involving catalysis by (a) deprotonati®n (
— 8) and (b) the hydroxide ion1¢4 — 15). Relative energies
(G2(MP2,SVP){)-RAD(p) values in kJ moi) are given in paren-
theses.

additional electron in this complex-8.5 kJ mot™) is consider-

1.456 @ ‘ 0.995 1.734
ably less negative than in the isolated case. We find that the e - @—e---
presence of OH causes the barrier for the 1,2-hydroxyl shift C, (o —® 1_'4;8 Q
to decrease from 113.1 to 60.8 kJ mblwith an associated €
endothermicity of 24.2 kJ mot (Figure 5b). 18 (0.0) o - - -

The replacement of OHin Figure 5b by the slightly less ’ 0.995 1.734
basic CHO™ results in a structurally similar complex, with the 19 (-26.7)

proton again localized on the base. The presence of the methylrigure 7. B3-LYP/6-31G(d,p) structures and selected bond lengths
group is almost sufficient for the system to bind the electron in (A) for species involved in the catalysis by HCO®f the 1,2-shift of

an energetically beneficial manner, with a calculated electron the hydroxyl group in the 1,2-dihydroxyethyl radical. Relative energies
affinity for the corresponding neutral species-ef.1 kJ mot™. (G2(MP2,SVP){)-RAD(p) values in kJ mol) are given in paren-
The barrier for the 1,2-shift in this case is calculated to be 63.4 theses.

kJ mor™, while the product radical anion lies 24.1 kJ mbl by 2.4 kJ mot?, in stark contrast to the situation with the
above the reactant (Table S6). stronger bases.

Interaction of a still weaker base such as CMot surpris- The complex between the 1,2-dihydroxyethyl radical and the
ingly, causes the complex formed with the 1,2-dihydroxyethyl formate anion 18, Figure 7) is calculated to bind an electron
radical (L6, Figure 6) to exhibit a positive electron binding py 52.3 kJ mot! (Table S6). This weaker base (HCOQs
energy (37.7 kJ mof, Table S6). However, the partial proton  seen not to abstract the acidic proton from the spectator hydroxyl
transfer effected by CNis less than the above cases and the to the same extent as in the previous examples. Nevertheless,
hydroxyl proton is now localized on the spectator oxygen (see the extra lengthening of the-€H bond evident in the transition
Figure 6). Thepartial deprotonationmechanism that ensues  structure 7S:18—19) is still able to impart significant catalysis,
bears many similarities to thpartial protonation examples  with a calculated rearrangement barrier of 89.2 kJthorhe
discussed earlier. For example, the degree of proton transfer tostructure of the formate anion is such that it can interact with
the base is greater for the transition structure for the 1,2-shift both hydroxyls extremely well in the product-related radic@l
(TS:16—17) than in the reactant compled6, as might have  Consequently, the rearrangement is even more exothermic (26.7
been expected for a reaction facilitated by deprotonation. Indeed,kJ mol2) than in the case of CN(Figure 7).
the acidic proton is transferred to the interacting base at the We have also investigated the effect on the rearrangement
transition structure, again reminiscent of the catalysis by of the interaction of the neutral bases ammonia and methylamine
ammonium. The barrier associated with this transition structure with the spectator hydroxyl group. As expected, the effect is
is 78.7 kJ mot!, substantially less than in the uncatalyzed not large, with calculated barrier reductions of just 2.3 and 3.6
reaction. Following the rearrangement, the proton is transferredkJ moi™t, respectively (Table S6). On this basis, one could
back to the spectator oxygen in the complex between @nd expect still weaker bases (such as water or hydrogen fluoride)
the 2,2-dihydroxyethyl radicdl7. Interestingly, the CN prefers to have an even smaller catalytic effect.
to accept hydrogen bonds from both hydroxyl groups in this A schematic energy profile summarizing the results from this
complex, causing the radical rearrangement to be exothermicpart of our investigation is displayed in Figure 8. We conclude



1670 J. Am. Chem. Soc., Vol. 123, No. 8, 2001

Smith et al.

140 Relative Encrey The structural_ features and relative ene_rgies of the now doubly
- kJ moi~1 no interaction complexed stationary points on the radical surface are shown
120 p- (113.1) in Figure 9. At the B3-LYP/6-31G(d) level, the potential surface
B ——  &. is complicated by double-well potentials for the hydrogen-
100 [~ B=HCO;" i (110.8) <g B =NH3 bonded complexes (Figure 9, italics). However, with the
- v S8 G2(MP2,SVP)-RAD(p) higher-level theoretical treatment (Fig-
80 |- B=CN \'1,;§—7s7_“ [} B = OH" ure 9, bold text), the hydrogen bonds on both sides of Figure 9
i 1, 87w are likely to be described by single wells corresponding ta™NH
0 ,I'I ;. 60.8) £\ complexes. The bulk of the energy required to effect the 1,2-
“ :_deprotonation ” ’ \\“\\ shift is associated with the initial proton transfer from the acid
[ ::," e (47.5) o to the migrating hydroxyl. Once the proton is localized on the
20 b :,,,'/ “\‘ s oxygen, the potential surface is predicted to be quite flat, with
i &, W o.M the highest point corresponding to the more conventional
o he \‘\\“m"s transition structure for the 1,2-shiff§:21—22). Significantly,
L WO \‘: the barrier associated with this transition structure is only 28.9
20 b Hc-CHon--B w__ kJ mol? (Figure 9), some 20.7 kJ mdl lower than was
L — calculated in the absence of HF (e.g., Figure 2). This result
-40 should be considered in the knowledge that HF is a substantially

Figure 8. Schematic energy profile for the catalysis of the 1,2-shift
of the hydroxyl group in the 1,2-dihydroxyethyl radical through

interaction of the spectator hydroxyl group with various bases (B).
Relative energies (in kJ md)) are given in parentheses. Values

correspond to G2(MP2,SVP)-RAD(p) for no interaction ang-BIH3,

and G2(MP2,SVP){)-RAD(p) otherwise.

weaker base than NHsee later for quantitative confirmation)
and the latter on its own is able to convey only 2.3 kJ Thoff
catalysis to the rearrangement (Figure 8). In this example, we
thus get our first glimpse of the synergistic interplay between
the push and the pull of the migrating group. A very weak base
interacting with the spectator hydroxyl, which on its own would
be expected to impart only a very small degree of catalysis, is

that abstraction of the proton attached to the spectator oxygenable to have a substantial impact upon the rearrangement barrier
supstantlally lowers th barrier associated Wl'th the 1,2-hydroxyl when allowed to cooperate with an acidic group interacting with
shift. We find that it is not necessary to invoke a process the migrating hydroxyl. Another important point that arises from

involving complete dissociation of OH(Scheme 2) to make
use of this kind of assistance. We also find that a significant
barrier lowering can be achieved without complete removal of

the data in Figure 9 is that one must treat small basis set B3-
LYP results for this type of problem with some caution.
(2) The Effects of O, NH3 and HCOOH on the NH4*-

the acidic proton. As we have observed in the case of partial Catalyzed Rearrangementinteraction of HO with the specta-

protonation of the migrating hydroxyl above, the partial depro-

tor hydroxyl of the system in Figure 2 exemplifies the situation

tonation of the spectator hydroxyl is an attractive and perhapsfor a base slightly stronger than HFand we find that the
more realistic alternative than complete deprotonation. This is barrier to rearrangement is further reduced. That is, we calculate
particularly relevant in the case of enzymatic deprotonation since a barrier for the 1,2-hydroxyl migration of only 18.3 kJ m¥l

the protein environment is unlikely to provide a base signifi-
cantly stronger than formate.

We previously proposed that any reaction that is facilitated
by protonation will also be facilitated by the partial proton
transfef! that interaction with a Brgnsted acid provides. We
now propose thatiny reaction that is facilitated by depro-
tonation will be facilitated by the partial deprotonation that
interaction of a base at the deprotonation site gdes

C. The “Retro-Push—Pull” Mechanism. (1) Effect of HF
on the NHj"-Catalyzed Rearrangement.In the previous

some 31.3 kJ mot lower than in the absence of a base (Table
S7).

A still more striking illustration of the pushpull synergy
comes from the perturbation of the system shown in Figure 2
by the introduction of NH at the spectator hydroxyl. We have
seen (Figure 2) that the “push” of the migrating group supplied
by NH, " is able to reduce the migration barrier by 63.5 kJThol
from 113.1 to 49.6 kJ mol. On the other hand, we have seen
(Figure 8) that the “pulling” of the migrating group provided
by NH; is able to impart a barrier reduction (from 113.1 kJ

sections, we have seen how the rearrangement barrier can beénol~) of only 2.3 kJ motl. If these two effects were to

lowered, either by the pushing of the migrating hydroxyl group
through interaction of an appropriate acid (section A) or the
pulling of the migrating group resulting from the interaction of

combine in an additive manner, then we would expect the barrier
to be lowered by 65.8 kJ mol, to 47.3 kJ mot?. In a powerful
demonstration of the positive reinforcement associated with

an appropriate base at the spectator hydroxyl group (sectioncooperation, we calculate a barAeof just 7.5 kJ mot?, when
B). In this section, we see how these two mechanistic alterna- NH,* and NH; are allowed to work together. The barrier
tives are able to work together in such a way that the combined reduction associated with this catalytic duo is an enormous 105.6

catalytic effect is greater than additive. This synergistic inter-
play between the push and the pull of the migrating group
provides what we believe to be the key ingredient in explaining

kJ mol1, to a value that is less than 10% of the energy required
for the unassisted rearrangement.

(26) For bases slightly stronger than HF, the previously shallow B3-

the catalytic mechanism of the diol dehydratase-catalyzed LYP/6-31G(d,p) potential well corresponding to the product-related NH

reactions.
The push-pull synergy is probably most easily understood

as a perturbation on the previously discussed (retro-push) systen?:

involving the interaction of ammonium with the migrating
hydroxyl (Figure 2). The introduction of a relatively weak base

(HF) at the spectator hydroxyl (Figure 9) perturbs this system 2"

complex22 disappears. Thus, B3-LYP/6-31G(d,p) predicts the hydrogen
bond (involving the migrating hydroxyl) in the product-related radical to
e described by only a single well corresponding to ansNEomplex.
onsequently, the more conventional transition structure for the 1,2-shift
(i.e., one resemblingS:21—22) no longer exists. This is not surprising
given the B3-LYP energies shown in Figure 9. In all cases, however, we
e able to verify that the proton-transfer transition structure (analogous to
TS:22—23) connects the Nif complex of the product-related radical

to a surprisingly large extent and so serves as a useful iIlus'[ration({mogous ta23) to the NH; complex of the substrate-derived radical

of the concept.

(analogous t®1).
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TS:20-21 (25.6,6.7)

_ 1055
1.565 %@9
A
1.943

v 1.402 0.98
+ o )

21 (28.8,6.5)
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22 (27.9,18.6)

Figure 9. B3-LYP/6-31G(d,p) structures and selected bond lengths (A) for species involved in the cooperative catalysis bpdNHF of the
1,2-shift of the hydroxyl group in the 1,2-dihydroxyethyl radical. G2(MP2,SVP)-RAD(p) relative energies (in kJ) @ boldface text, while

B3-LYP/6-31G(d,p) relative energies (in kJ mYl are italic text.

We have also included the results pertaining to the retro- 140 Relative Energy R

push-pull catalysis by NH* and neutral formic acid (HCOOH) [ kJ mol'! no NH4™, no base (B)

(Table S7). This pair, which give rise to a rearrangement barrier 120 = an.y

of just 17.6 kJ mot?, can be seen to offer a catalytic advantage 100 '_

similar to that obtained with Nl and HO. These results have i

been included here for two main reasons. First, it is known, for ¢ | no base (B)

the related ribonucleotide reductase-catalyzed reaction, that an 5

amino acid with a carboxylic acid side group (glutamate) isin ¢ |

a position to accept a hydrogen bond from the equivalent of L \ B =H0

the spectator hydroxyl growfd. This result has more recently 0 b

been confirmed (by the X-ray crystal structure) also to be the 5

case for diol dehydratadeSecond, the results for this pair serve 29 =

to demonstrate the ability of the G2(MP2,SVP)-RAD(p) method - *}

to treat relatively large systems. 0 N
A schematic energy profile summarizing the effect of retro- - LR

push-pull catalysis is displayed in Figure 10. 20 b o —OH -
(3) Retro-Push—Pull Catalysis by Formic Acid. During the - H,C-GHOH- -8 H,C—CHOH- -8

-40

course of our calculations with neutral formic acid, we found

that this species was able to provide both retro-push and retro-

pull catalysis, on its own. A similar proposal has very recently
been published but we believe that the published results stop
short of a satisfactory mechanism.

Figure 11 shows our calculated restiltéor the relevant

Figure 10. Schematic energy profile for the catalysis of the 1,2-shift
of the hydroxyl group in the 1,2-dihydroxyethyl radical by NH
together with various bases (B). Relative energies (G2(MP2,SVP)-
RAD(p) values in parentheses) are given in kJ Thol

migrating hydroxyl at the same time that a proton is being

stationary points and energetics of this mechanism. The acidictransferred from the spectator oxygen. This process requires 65.2

proton of formic acid is shown to be “pushing” the migrating
hydroxyl of the substrate-derived radical, while the carbonyl
oxygen, acting at the site of the spectator hydroxyl, is “pulling”
the migrating hydroxyl (se24). We find a transition structure

(TS:24—25) that describes the transfer of a proton to the

(27) Siegbahn, P. E. Ml. Am. Chem. S0d.998 120, 8417-8429.
(28) Smith, D. M. PhD Thesis, Australian National University, 1999.

kJ molt. The stable structure formed after these proton transfers
have occurred25) resembles a complex of formic acid with
water and the allyloxy radical. A similar complex was found
by George et al., and they proposed that it dissociates and
abstracts a hydrogen atom to form the product aldefywe.
believe this suggestion does not constitute a viable mechanism
for the diol dehydratase-catalyzed reactions since, if this course
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24 (0.0)

25 (-11.6) 26 (-5.5)

Figure 11. B3-LYP/6-31G(d,p) structures and selected bond lengths (A) for the species involved in the catalysis by HCOOH of the 1,2-shift of
the hydroxyl group in the 1,2-dihydroxyethyl radical. Relative energies (G2(MP2,SVP)-RAD(p) values in 1) arel given in parentheses.

of events were to occur, the migrating oxygen woaldays
end up in the leaving water. As discussed earlier, this is an
outcome that is known to be inconsistent with labeling experi-
ments for propane-1,2-di8lWhile it possible that the diol
dehydratase enzyme acts upon ethane-1,2-diol in a manner
completely different from the way it interacts with propane-
1,2-diol, a unified mechanism seems far more attractive.

Our calculations indicate that the comp2Xcan rearrange,
relatively easily, to incorporate a 1,1-diol intermedi2&on
the pathway. We find a transition structuiieS;25—26) for this
process at an energy (66.0 kJ mlonly marginally higher
(0.8 kJ mot?1) than the initial transition structurd §:24—25).
Intrinsic reaction coordinate calculations confirm the connectiv-
ity of the potential surface as indicated in Figure 11. We submit,
therefore, that if a carboxylic acid were to be involved in the 27 (0.0) d
single-handed assistance of the diol dehydratase-catalyzed 28 (5.4)

. ! (A) for species involved in the cooperative catalysis by and HCOO
Figure 11. . . of the 1,2-shift of the hydroxyl group in the 1,2-dihydroxyethyl radical,

(4) Retro-Push—Pull Catalysis by Li* and HCOO™. Up in the bridging arrangement. Relative energies (G2(MP2,SVP)-RAD(p)
to this point, we have considered only the action of neutral basesvalues in kJ molY) are given in parentheses.
in the context of the retro-pustpull mechanism. This is because ) )
the separation of oppositely charged species in the gas phase is Figure 13 shows a closeup view of the substrate bound at
generally an energetically expensive exercise. Nevertheless, wehe active sité*°A potassium ion can be seen to interact with
find that the combination of tiand HCOO is able to catalyze ~ Poth oxygens of the substrate as well as with the carboxyl group
the radical rearrangement in an interesting maAhEigure 12 Of a glutamate residue (Glu 170). Indeed, the potassium ion is
shows Lit in the bridging arrangement with the base positioned found to have a total of seven coordinating oxygens, the
to enable interaction with both the spectator hydroxyl and the fémaining four (not shown) being derived from the §|de chqmg
Lewis acid. Such a situation is able to provide both retro-push Of Ser 362, GIn 141, GIn 296, and Glu 221. Itis an interesting
and retro-pull catalysis (as evidenced by the reduction of the facet of the diol dehydratase-catalyzed reactions that they
barrier to 55.7 kJ mot) while avoiding any large separation actua}IIy require a mpnovalent cation such &asfér thelrlnorr.nal
of charge. Recall that, in this (bridging) arrangement; @i function2¢ Other cations that have been found to fulfill this role
its own actually increases the barrier for the 1,2-shift (section are¢ NH* and CHNHz". o
A3). Figure 7 shows that HCOQacting alone, is able to reduce _The position of the potassium ion in a bridging arrangement
the barrier by 23.9 kJ mot to 89.2 kJ mot™. From these data, with respect to the substrate may suggest a mechanism for the
we can again see that the barrier lowering in the cooperative  (29) The pdb code for the structure shown in Figure 13 is 1dio. For
system is consfidera}bly greater than the sum of the two parts.inforn_wlatiﬁn c;q Rrﬂwe pr'Otei?\l d(a)talmtjlir:rl:éjs?r:] é?])zAnggllg’ E.a EgrSgs\sAr}qan, J.
Thus, the Lewis acid does have the potgntlal_ o catalyzg the Ijl.'i,PSrweset),/,R..,M.,arI]Erc]ilg.g;;’Acédémic Press: San slljiego,g{:‘ag?; Vol. 2;7; pp
rearrangement (as suggested on the basis of its observation ifsss"571 () Sussman, J. L.; Lin, D.; Jiang, J.; Manning, N. O.; Prilusky,
the crystal structufé and lower-level calculatioA®, but only J.; Ritter, O.; Abola, E. EActa Crystallogr.1998 D54, 1078-1084.

when combined with a suitable retro-pull catalyst which allows (30%_(6;])“0? t?he basis Of@tbh; fact tt)h?t :Se,isotfper is ttholueiht ttO bind
: more tightly to the enzym#&P the substrate in the crystal structure was

the pU§h-pg|| synergy to be realized. . previously assigned® stereochemistry: However, the substrate in the
D. Biological Relevance and the Dehydration Step. (1) The  pdb file2¥ has R stereochemistry (Figure 13). Given this, and the fact

X-ray Crystal Structure. As noted earlier, the X-ray crystal that the difference in binding affinities is smaif, we discuss the bound

; substrate as having stereochemistry. (b) Bachovchin, W. W.; Eagar, R.
structure of diol dehydratase frokh oxytocahas recently been G.; Moore, K. W.; Richards, J. HBiochemistryl977, 16, 1082. (c) Golding,

solved and interpretetf.It is useful to reexamine the structure g’ |n Comprehensie Organic ChemistryBarton, D., Ollis, W. D., Eds.:
in the light of our mechanistic predictions. Pergamon Press: Oxford, 1979; Vol. 5; p 580.
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directing role in the migration, rather than being strongly
involved in the catalysis. Interestingly, a histidine residue can
also be found in the ideal position to partially protonate the
migrating group in methylmalonyl-CoA mutad®,a closely
related Bo-dependent enzyme.

(2) The Stereochemistry of the Elimination.Our proposed
mechanism is potentially consistent with the results of studies
with ®0-labeled substrates, which indicate the presence of a
1,1-diol on the reaction pathw&yHowever, in addition to
explaining how the 1,1-diol is formed, a viable mechanism must
also account for the mode of dehydration of this diol. It has
previously been suggested that the hydroxyl that migrates from
C2 of the 1,2-diol substrate will be preferentially eliminated
due to its coordination to K6 Similarly, the mechanisms of
George et al. would also require that the hydroxyl at C2 is
; eliminated’® However, none of these mechanisms would be
“2379 consistent with the experimental labeling results which indicate

) 2325 that while the hydroxyl group that migrates is eliminated for
(9-propane-1,2-diol, it is thepectatorhydroxyl that is pre-
dominantly eliminated if the substrate h@stereochemistry.

A new explanation is clearly required.
On the basis of our calculations and in the context of our

’
v

=~ spectator

~ Hy mechanistic proposals, we are indeed able to rationalize all the
) observed stereochemistry of the diol dehydratase-catalyzed
(R)-propane-1,2-diol reactions (see Appendix for a detailed analysis). For the first

Figure 13. Closeup view of the active site of diol dehydratase showing time, we make a link between which hydrogen atom is removed

the substrate, potassium ion, and two potentially important amino acids from C1 and which oxygen atom is ultimately incorporated into
(bond lengths given in A). See refs 15 and 29. the solvent water.

1,2-shift such as that shown in Figure 4b. However, we find
that the barrier in this arrangement is actually higher than that
calculated in the absence of any interacting species. On the other In the present study, we have investigated the mechanism
hand, our results from Figure 12 indicate that, if this bridging for the diol dehydratase-catalyzed reactions. It is generally
arrangement is supplemented by an appropriate retro-pull accepted that the first step in the dehydration involves abstrac-
catalyst, significant and synergistic catalysis can be realized. tion of a substrate hydrogen atom by the coenzyme, resulting
The pictured glutamate residue (Glu 170) is found to be in in a substrate-derived radical. Recent theoretical studies have
an ideal position, with respect to the spectator hydrékyh proposed that this substrate-derived radical loses water and
act as a pull catalyst through partial deprotonation of the abstracts a hydrogen atom to form the required product.
substrate. This residue also interacts with the potassium ion atExperimental oxygen-labeling studies, however, strongly suggest
the active site, further strengthening the resemblance to thea more complicated pathway involving the intermediacy of a
structures in Figure 12. A potential problem in proposing a retro- 1,1-diol, which requires the 1,2-shift of a hydroxyl group to an
push—pull mechanism in which a potassium pushes the migrat- adjacent radical center. The calculated barrier for this hydroxyl
ing group from the bridging position and a glutamate residue migration, if unassisted, is too large to be consistent with the
pulls from the spectator hydroxyl (Figure 12) is that the observed reaction rate. The main thrust of our study has thus
effectiveness of the potassium is likely to be strongly diminished been to examine means by which this rearrangement might be
by the seven oxygens surrounding the cation in the active site.facilitated.
Such an environment would be expected to reduce the available Previous work has shown that protonation of the migrating

Concluding Remarks

charge and hence to dampen the catalytic ability of the(d¢ group facilitates 1,2-shifts in radicals. However, in the case of
indeed of alternative monovalent cations such assNr the 1,2-dihydroxyethyl radical, full protonation has been found
CH;3NHs™ if they were playing this role). to be too extreme and results in a pseudodecomposition pathway.

We therefore propose that the retro-push catalysis is assistedrhe softening of the extreme, through the use of either a
by a nearby histidine residue (His 143, Figure 13). T8 N Brgnsted or Lewis acid, is sufficient to prevent such decomposi-
nitrogen of His 143 can be seen to be quite close to the migratingtion. That is, in both these cases, the reactant and product
hydroxyl of the substrat®. Indeed, the N-O distance in the  radicals are found to be stable entities. At the same time,
crystal structure (2.660 A) is only marginally longer than that however, preferential stabilization of the transition structure,
calculated in our model complexes (2.579 A in Figures 2 and |eading to a significantly lowered rearrangement barrier, is
2.557 A in Figure 9). These results indicate that the histidine maintained. We have termed this effect retro-push catalysis to
residue is certainly close enough to partially protonate the describe the pushing of the migrating hydroxyl group through
migrating hydroxyl and act as an effective retro-push catalyst. interaction with an appropriate acid. The retro prefix signifies
It would seem that an extra interaction such as this is required that the motion of the migrating group is in the direction opposite
because the “solvation” of the potassium ion by its coordination to the electron motion.
sphere reduces its ability to “push” the migrating hydroxyl. In. The recent suggestions of mechanisms involving “ketyl” (or
this scenario, the potassium could play more of a binding and radjical anion) intermediates led us to investigate the effect of

(31) Recall that propane-1,2-diol is dehydrated to give propionaldehyde deprOtonatiQn Qf t.he spectator hyerXyL We ﬁnd. that this type
so that the migrating hydroxyl must move from C2 to C1 (Figure 13). of perturbation is indeed able to facilitate the radical rearrange-
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ment and can do so without requiring a fully dissociative
process. As is the case with protonation, the extreme of full
deprotonation is not ideal. However, the softening of the extreme
again provides a satisfactory solution. The use of appropriate
bases to partially deprotonate the spectator hydroxyl results in
anionic systems with a bound electron. These bases are still
able to impart significant catalysis to the rearrangement.
Consideration of these results also allows us to extend our
previous conclusions regarding partial protonation to the case
of partial deprotonation. We have termed this effect retro-pull
catalysis to describe the pulling of the migrating group that is
effected by a suitable base interacting with the spectator F'QUfe 14. B3-LYP/6-31G(d,p) structure and selected bond lengths
hydroxyl. Again, the retro prefix signifies that the motion of (A) of a potentially important structure involving the product-related
the migrating group is in the direction opposite to the electron "adical.
motion. b

While the retro-push and retro-pull effects are both capable

of a push and a pull is calculated to be considerably greater Specmo,
than the sum of the two parts. This synergistic interplay, in the
most favorable case, is shown to effect a barrier reduction in
excess of 100 kJ mot. 0

Consideration of our predicted mechanism in light of the ° o - ° o (o)
experimental X-ray crystal structure reveals several interesting . :
points. We find both a potassium ion and a histidine residue to
be WeII-positipned. for provision'of retro-'push catg[ysis. A migrating a °
glutamate residue is found to be in an optimum position to be
involved with retro-pull catalysis. In addition, we are able to
propose a feasible explanation for the stereochemistry of the
reactions based upon the investigation of the structure and the (R)-propane-1,2-diol (S)-propane-1,2-diol
interpretation of our calculations. All of the results presented Figure 15. An alternative perspective of the active site of diol
herein are applicable to the enzyme-catalyzed dehydrations ofdehydratase. See refs 15 and 29.
both ethane-1,2-diol and propane-1,2-diol.

On the basis of our calculations, we are able to assign likely  In the dehydration of §-propane-1,2-diol, it is H that is
roles to the active site participants in the X-ray crystal structure. removed from C1. Inversion of configuration at this center
First, while we concur with Toray&!¢that the potassium ion  following the migration is also consistent with the experimental
(or alternative monovalent cation) imparts some degree of retro- results®? and it is the oxygen originally attached to C2 (the
push catalysis to the radical rearrangement, we propose that itsmigrating oxygen) that is lost in the subsequent elimination
predominant purpose is to bind the substrate and direct thestep!®!
reaction. The histidine residue is also likely to provide retro- A useful observation at this point is that one of the low-
push catalysis for the radical rearrangement, as well as supplyingenergy structures of the product-related radical in the presence
the proton for the leaving water. Finally, the glutamate residue of K+ and HCOO (such as the structure shown in Figure 14)
should be able to provide retro-pull catalysis at the spectator hasCs symmetry, as does the product 1,1-diol. In the absence
hydroxyl, as well as to act as an acceptor for the proton lost by of a chiral influence, e.g., the enzyme, there is no intrinsic
the departing aldehyde. preference as to which hydroxyl group is eliminated from such
Appendix a 1,1-diol. However, in the presence of the enzyme, one of the

hydroxyl groups of the product 1,1-diol could preferentially

The Stereochemistry of the Elimination.As noted earlier,  receive a proton and leave as water. In an arrangement such as
there are problems in reconciling some of the previous that in Figure 14, the elimination preference is likely to be
mechanistic proposals for diol dehydratd$é> with the ob- governed by the location of the additional proton source. It
served isotope-labeling resuftOur proposed mechanism is  appears that the pictured histidine residue (His 143, Figure 13)
pOtentia”y consistent because of the involvement of a 1,1- diol is well- p|aced to perform this task. Using this information and
on the pathway, but we need to elaborate further to see if we that obtained by examination of the three-dimensional structure
can account for the observed stereochemfstityis helpful of the active site, we are able to postulate a feasible mechanism
initially to examine the available stereochemical data in more to account for the stereochemistry. While this mechanism is
detail. For the dehydration oRj-propane-1,2-diol, it has been  somewhat speculative, it provides, in our opinion, the best
established first that kl(Figure 13) is specifically removed from  explanation of the available data at the present time.
C1 by the 5-deoxyadenosyl radicat.Second, thé®O-labeling For theR isomef® (shown from a slightly different perspec-
results described above are consistent with the notion that thejye in Figure 15 to that in Figure 13), it is;kthat is removed
migration of the hydroxyl group from C2 to C1 occurs with  from C1 by the coenzyme. This is followed by the 1,2-shift of
inversion of configuration at the newly formed stereocenter
(C1)22 Finally, it is the oxygen originally attached to C1 (the (32) Strictly, the®O-labeling data are consistent with inversion at C1

i ; i ; plus loss of there hydroxyl group or retention at C1 and loss of thie
spectator oxygen) that is predominantly eliminated, leaving the hydroxyl group. The former pathway is more attractive because it separates

hydrOXyl origipally bonded to C2 (the migrating oxygen) to be  j; space the hydrogen abstraction by the adenosyl radical from the migration
incorporated into the product aldehy#é&%11 of the hydroxyl grougpi®

spectator
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of providing viable mechanisms in isolation, it is their coopera-
tive nature that is truly remarkable. That is, the combined effect -——-
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migrating
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the migrating hydroxyl (presumably facilitated by retro-ptsh ~ group would need to migrate on the opposite face of the
pull catalysis) from C2 to C1. To occur with inversion of molecule to H; i.e the reverse of that discussed for BRisomer.
configuration at C1, this migration must proceed on the opposite If this migration were to result in an arrangement like that in
face of the molecule to k& or from theright of the potassium Figure 14, it would be the newly migrated hydroxyl that ends
ion from the perspective of Figure 15 (i.e., away from the up adjacent to the histidine residue. In this scenario, the
histidine residue in a manner represented approximately by themigrating hydroxyl group would accept a proton from the
path of the curly arrow). If this migration were to result in an histidine and leave as water. The original spectator hydroxyl
arrangement like Figure 14, the histidine residue would end up would be the one to donate a proton to Glu 170 and become
adjacent to the original spectator hydroxyl group. Acceptance incorporated into the product aldehyde. Once again, this
of a proton (from His 143) by this group, and donation of a sequence of events is consistent with all the available isotopic-
proton by the original migrating hydroxyl to Glu 170 (presum- labeling data.

ably both proton transfers are preceded by hydrogen atom

transfer from the coenzymg),would resultinyhe release of water Acknowledgment. We gratefully acknowledge generous
and the product aldehyde in a manner consistent with all of the 5 ,5cations of time on the Fujitsu VPP300 and SGI Power

isotopic-labeling data. _ Challenge computers of the ANU Supercomputing Facility.
It has been previously suggested that Bhand S isomers

could bind to the protein in slightly different way3Indeed,
given that different hydrogens are abstracted from C1 for the

two isomers, this is quite likely. Figure 15 shows iesomer > ;
bound in the active site so thatHs on the lower face of the ~ GAUSSIAN 94 and GAUSSIAN 98 archive entries for the

substrate (as wasfor the R isomer) and is thus likely to be ~ RMP2/6-31G(d)//B3-LYP(6-31G(d,p) calculations for all rel-
abstracted by the coenzyme. If this abstraction were to occur, 8vVant structures (Table S4), and thermochemical parameters
the migration of the hydroxyl group would need to occur from (Tables S5-S7) (pdf). This material is available free of charge
the left of the potassium ion in Figure 15 (roughly following Vi@ the Internet at http://pubs.acs.org.

the path of the curly arrow) in order for the stereochemistry at

C1 to be inverted. That is, for inversion to occur, the hydroxyl JA001454Z
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