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Abstract: High-level quantum chemistry calculations have been used to examine the hydrogen-abstraction
reactions of diol dehydratase (DDH) in the context of both the catalytic mechanism and the enzyme
dysfunction phenomenon termed suicide inactivation. The barriers for the catalytic hydrogen-abstraction
reactions of ethane-1,2-diol and propane-1,2-diol are examined in isolation, as well as in the presence of
various Brgnsted acids and bases. Modest changes in the magnitudes of the initial and final abstraction
barriers are seen, depending on the strength of the acid or base, and on whether these effects are considered
individually or together. The most significant changes (ca. 20 kJ mol~?) are found for the initial abstraction
barrier when the spectator OH group is partially deprotonated. Kinetic isotope effects including Eckart
tunneling corrections (KIEs) have also been calculated for these model systems. We find that contributions
from tunneling are of a magnitude similar to that of the contributions from semiclassical theory alone, meaning
that quantum effects serve to significantly accelerate the rate of hydrogen transfer. The calculated KIEs for
the partially deprotonated system are in qualitative agreement with experimentally determined values. In
complementary investigations, the ability of DDH to become deactivated by certain substrate analogues is
examined. In all cases, the formation of a stable radical intermediate causes the hydrogen re-abstraction
step to become an extremely endothermic process. The consequent inability of 5'-deoxyadenosyl radical
to be regenerated breaks the catalytic cycle, resulting in the suicide inactivation of DDH.

5'-deoxyadenosyl radical, derived from homolytic fission of the
Co—C bond of adenosylcobalamin (AdoCbl), participates
directly® Scheme 1a depicts the generally accepted minimal
mechanism for the reactions catalyzed by DEH.

The presence of substraté) (activates homolysis of the

Co—C bond of AdoCbl bound to its partner enzyme to yield
the cob(Il)alamin and'sdeoxyadenosy! (Ad9 radicals. In the
next step, the 'sdeoxyadenosyl radical initiates substrate
catalysis with a hydrogen-atom abstraction frarto form 5-

1. Introduction

Coenzyme By-dependent enzymes facilitate the interchange
of a functional group and a hydrogen atom bound to adjacent
carbons' Diol dehydratase (DDH) belongs to this fascinating
class of enzymes and catalyzes a 1,2-hydroxyl shift in vicinal
diols to generate the related gem-diols, which are then dehy-
drated to produce an aldehyde plus waber.

HO H DDH H o
R { } H R I { + H0 deoxyadenosine (Ado-H) and a substrate-derived raditstep
H OH AdoChl H H A). The substrate-derived radical then rearranges to the
1 2
a:R=H b:R=CHj

(1) See, for example: (a) Banerjee, Rrem. Re. 2003 103 2083-2094.
(b) Toraya, T.Chem. Re. 2003 103 2095-2127 and references therein.
(2) See, for example: (a) Zagalak, B.; Frey, P. A.; Karabatsos, G. L.; Abeles,

Like many other coenzyme j;Bdependent enzymes, this
reaction is believed to occur via a radical mechanism in which
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R. H.J. Biol. Chem1966 241, 3028-3035. (b) Babior, B. MAcc. Chem.
Res.1975 8, 376-384. (c) Toraya, T.; Fukui, S. IB;,; Dolphin, D., Ed.;
John Wiley & Sons: New York, 1982; Vol. 2, pp 23262. (d) Buckel,
W.; Golding, B. T.FEMS Microbiol. Re. 1999 22, 523-541. (e) Toraya,
T. Chem. Rec2002 2, 352-366.

(3) See, for example: (a) Frey, P. 8&hem. Re. 199Q 90, 1343-1357. (b)
Banerjee, R., EdChemistry and Biochemistry of8John Wiley & Sons:
New York, 1999. (c) Frey, P. AChem. Rec200], 1, 277-289. (d)
Banerjee, R.; Ragsdale, S. Wnnu. Re. Biochem.2003 72, 209-247.
(e) Reed, G. HCurr. Opin. Chem. Biol2004 8, 477—483.

J. AM. CHEM. SOC. 2006, 128, 3433—3444 = 3433



ARTICLES

Sandala et al.

Scheme 1. (a) Generally Accepted Minimal Mechanism and (b)
Alternative Pathways for the Reactions Catalyzed by DDH
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product-related radica (stepB), in a process that is facilitated
by specific amino acid residues within the active site of DBH.
This rearrangement is followed by hydrogen-atom re-abstraction
by 4 from Ado-H. This crucial re-abstraction step restores the
5'-deoxyadenosyl radical, thus priming it for another round of
catalysis, and produces the closed-shell hydrated prédistep
C). Finally, dehydration of5 occurs to yield the product
aldehyde2 (stepD).

Alternative pathways for the reactions carried out by DDH
can be envisioned and differ from the mechanism of Scheme

la with respect to the order of the hydrogen re-abstraction and

dehydration steps. Schematic profiles for these alternative
pathways are depicted in Scheme 1b.

Like the pathway of Scheme 1a, catalysis proceeds via initial
hydrogen-atom abstraction by Aéfsom 1 to form a substrate-
derived radicaB and Ado-H (stepA), which may be followed
by rearrangement to the product-related radiba(step B).
Dehydration of3 or 4 at this stage leads to formation of an
allyloxy radical @) plus water (step& or E'). For either of
these possible pathways to be catalytic, it would need to be
feasible for hydrogen-atom re-abstraction from Ado-Hgop
occur to form the product aldehyd&)(and regenerate the-5
deoxyadenosyl radical (step.

While the pathways of Scheme 1b are generally thought not
to be operational in the reactions catalyzed by DDH, it is of
interest to consider why this might be so. This is particularly
intriguing given the known propensity fer-hydroxy radicals
with a leaving group in th¢ position (such a8) to eliminate
H0 in solution® The lability of the fully protonateg@-OH group
of the substrate-derived radicad has also been demonstrated

(4) Speranza, G.; Buckel, W.; Golding, B. J. Porphyrins Phthalocyanines
2004 8, 290-300.

(5) (a) Livingstone, R.; Zeldes, H.. Am. Chem. S0d.966 88, 4333-4336.
(b) Steenken, SJ. Phys. Chem1979 83, 595-599.
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by theoretical calculations, which indicate spontaneous elimina-
tion 8 In support of this finding, a recent ONIOM study of DDH,

in which a quantum-mechanical description of the active site
was mechanically embedded into a molecular-mechanical treat-
ment of the protein, has found that® elimination occurs from

3b when a histidine residue close to the migrating OH group is
fully protonated’.

Despite the obvious chemical precedent for the elimination
of H,O from 3, such a pathway is generally disregarded in the
reactions of DDH because it has not been considered consistent
with the results of experimental isotopic-labeling studies. These
studies have demonstrated the presence of a 1,1-dihydroxy
species as an obligatory intermediate for the reactions of both
ethane-1,2-diol Xa)® and propane-1,2-dioflp).>1° While this
is normally interpreted to imply a closed-shell 1,1-diol inter-
mediate, the elimination of ¥D from the product-related radical
4 would also be consistent with the known stereochemical course
of the DDH reactions. However, a recent computational
exploration of such a proposition concluded that elimination
from 4 is not a kinetically viable pathway because a stable
aldehyde radical is generat&dGiven that the principal role of
diol dehydratase is to facilitate the elimination of® from
diols, itis intriguing that the enzyme has apparently specifically
chosen the pathway depicted in Scheme 1a, rather than the
favorable dehydration pathways that have been identified in
nonenzymatic situations from radical intermediates suc8. as

Understanding the precise nature of this refined selectivity
may be assisted by reflecting upon the results of the numerous
studies devoted to revealing the mechanism of action of
coenzyme Brdependent enzymes in general, and DDH in
particular. In this connection, valuable insights have emerged
from examples where modifications of the coenzyh¥, or
the enzyme itself# have resulted in varying degrees of altered
enzyme activity. Perhaps the most direct procedure for obtaining
mechanistic details concerning coenzyme-&pendent en-

(6) (a) George, P.; Glusker, J. P.; Bock, C. WAmM. Chem. S0d.995 117,
1013%-10132. (b) George, P.; Glusker, J. P.; Bock, C. JWAm. Chem.
So0c.1997 119 7065-7074. (c) George, P.; Siegbahn, P. E. M.; Glusker,
J. P.; Bock, C. WJ. Phys. Chem. B999 103 7531-7541.

(7) Kamachi, T.; Toraya, T.; Yoshizawa, K. Am. Chem. SoQ004 126,
16207-16216.

(8) (a) Reey, J. InRecent Adances in Phytochemistrgwain, T., Waller, G.,
Eds.; Plenum Publishing Corp.: New York, 1979; Vol. 13, pp2¥. (b)
Arigoni, D. In Vitamin By,, Proc. 3rd Eur. Symp. Vitamin;Band Intrinsic
Factor;, Zagalak, B., Friedrich, W., Eds.; W. de Gruyter: Berlin, 1979; pp
389-411.

(9) (a) Reey, J.; Umani-Ronchi, A.; Arigoni, DExperiential966 22, 72—

73. (b) Reey, J.; Umani-Ronchi, A.; Seibl, J.; Arigoni, Bxperiential966
22, 502-503. (c) Reey, J. InStereochemistryTamm, Ch., Ed.; Elsevier
Biomedical Press: Amsterdam, 1982; Chapter 6. (dgfRel.; Robinson,
J. A. Stereospecificity in Organic Chemistry and Enzymojodgrlag
Chemie: Weinheim, 1982; pp 18297.
(10) For a nicely summarized account of the various aspects of the stereochemical
course of the reactions catalyzed by DDH, see: Finke, R. G.; Schiraldi, D.
A.; Mayer, B. J.Coord. Chem. Re 1984 54, 1—22.
(11) (a) Toraya, T.; Eda, M.; Kamachi, T.; Yoshizawa, X.Biochem 2001,
130 865-872. (b) Eda, M.; Kamachi, T.; Yoshizawa, K.; Toraya,Bull.
Chem. Soc. Jpr2002 75, 1469-1481.
See, for example: (a) Toraya, T.; Ushio, K.; Fukui, S.; Hogenkamp, H. P.
C.J. Biol. Chem1977, 252, 963-970. (b) Toraya, T.; Krodel, E.; Mildvan,
A. S. Abeles, R. H.Biochemistry1979 18, 417-426. (c) Toraya, T.;
Matsumoto, T.; Ichikawa, M.; Itoh, T.; Sugawara, T.; Mizuno,JX Biol.
Chem.1986 261, 9289-9293. (d) Toraya, T.; Ishida, Al. Biol. Chem.
1991, 266, 5430-5437. (e) Poppe, L.; Rey, J.Eur. J. Biochem1997,
245, 398-401. (f) Yamanishi, M.; Yamada, S.; Ishida, A.; Yamauchi, J.;
Toraya, T.J. Biochem1998 124 598-601. (g) Suto, R. K.; Poppe, L,;
Réey, J.; Finke, R. GBioorg. Chem1999 27, 451-462. (h) Fukuoka,
M.; Yamada, S.; Miyoshi, S.; Yamashita, K.; Yamanishi, M.; Zou, X.;
Brown, K. L.; Toraya, T.J. Biochem2002 132 935-943.
(13) (a) Magnusson, O. Th.; Frey, P. A.Am. Chem. So200Q 122, 8807~
8813. (b) Magnusson, O. Th.; Frey, P. Biochemistry2002 41, 1695~
1702.

(12)
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zymes involves the use of substrate analogues that result inG3MP2Large level of theory by performing single-point energy
mechanism-based inactivation. For diol dehydratase, such studiegalculations with URCCSD(T)/6-31G(d), RMP2/6-31G(d), and RMP2/
date back nearly 40 yea¥s16although only recently have the ~G3MP2Large on the B3-LYP/6-31G(d,p) geometries. In addition, a
inactivation products been characterized experimentally. higher-level correction is included in Fhe final energy expres&ibn.
Recently, we have employed theoretical techniques to explore Fo.r most of the.hydrogen-abstracnon steps of the .DDH-catalyzed
. o reactions, ethanol is used as a model fed&oxyadenosine (Ado-H).
the inactivation by selected substrate analogues of DDH andThis choice is based on the results of a !

. A previous study that demonstrated
ethanolamine ammonia-lyase, another coen.zmeinen.dent ethanol to provide an adequate model for the hydrogen-abstraction steps
enzyme'® and found that the essence of this inactivation was of 5 related coenzyme ;Bdependent enzyme, methylmalonyl-CoA
the inability of the hydrogen-atom re-abstraction step to o€tur.  mutaseé? However, for some of the reactions in sections 3.1.2 and 3.1.3,
In such circumstances, thé-@eoxyadenosyl radical cannot be  in which the effects of pushpull catalysis on the hydrogen-abstraction
regenerated to continue further catalysis. This devastating effectreactions are explored, ethane is used as a model for Ado-H. This was
is of clear significance and has thus prompted us to further done to minimize collapse of our small model systems, which
explore the hydrogen-abstraction reactions of DDH to see if a some_times occurred with ethanol due to strong intermolecular hydrogen
similar phenomenon may contribute to nature’s choice of the Ponding™ _ _
catalytic mechanism. Hence, in the present Article, we have  Because quantum mechanical tunneling of hydrogen has been
expanded our preliminary accoudtwith the aim of examining |mp||_cated to play an important role n biological systethsie have

. . . obtained corrections for tunneling using the Eckart methéar the
alternative pathways for the hydrogen-abstraction reactions of

. . hydrogen-transfer reactions of DDH. Normally, the influence of
DDH and the reasons for the failure of some of these reactions g ;antum mechanical tunneling on the rate constant for a reaction is

to take place. This has been accomplished by carrying out high-incorporated via a multiplicative facta2”-28that is, the semiclassical
level quantum chemistry calculations on small model systems rate constant including tunneling.(T)) is a multiple of the semiclas-
of the substrate and a selected number of its analogues. In someical rate constant in the absence of tunneliag(T)):
cases, Brgnsted acids and bases have been used to partially
protonate the migrating OH group and/or deprotonate the
spectator OH group of the substrate to determine their effects
on the hydrogen-transfer reactions. In other investigations, where « is the tunneling correction for motion along the reaction
tritium kinetic isotope effects coupled with Eckart tunneling coordinate. Defined in this way, avalue greater than unity means
corrections have been calculated for various models of catalytic that tunneling has increased the reaction rate.
substrates to illuminate how the rate of hydrogen transfer may In the present work, the minimum energy path for the reaction is
be influenced. approximated using an Eckart function, for which the one-dimensional
The energy requirements for the hydrogen-transfer steps c)fSchrcdlnger_equatlon has an analytical solutidrwe have_f_ltted the

. . . . Eckart function to the reaction path curvature at the transition structure,

DDH with the catalytic substrates and potassium ion have

. v b ined b d ker/hil as measured using the imaginary frequetidyreliminary indications
previously been examined by Toraya and co-worke&hile reveal that this method provides substantially more accurate tunneling

a portion of the present study overlaps with some of this earlier corrections than other popular methods such as the Wigner and Bell
work, the combined research efforts can be viewed as providing corrections®

useful complementarity. The present work focuses specifically  Kinetic isotope effects (KIEs) were calculated using the Rediich
on the hydrogen-transfer reactions of DDH and factors that Teller product rulé! This approach reduces the rotational, translational,
influence them. At the same time, insight gained from these and vibrational partition functions of the kinetic formulas to products
investigations is projected toward a deeper understanding of the
concept of suicide inactivation for DDH, and several examples
of suicide inactivation are examined in detail.

Kun(T) = & x ks(T) @)

(19) (a) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAR.Initio
Molecular Orbital Theory Wiley: New York, 1986. (b) Jensen, F.
Introduction to Computational ChemistrViley: New York, 1999.

(20) (a) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989. (b) Koch, W.;
Holthausen, M. CA Chemist's Guide to Density Functional Thedwiley-
VCH: Weinheim, 2000.

(21) Scott, A. P.; Radom, L. Phys. Chem1996 100, 16502-16513.

(22) (a) Henry, D. J.; Parkinson, C. J.; RadomJLPhys. Chem. 2002 106,
7927-7936. (b) Henry, D. J.; Sullivan, M. B.; Radom, . Chem. Phys.
2003 118 4849-4860.

(23) Wetmore, S. D.; Smith, D. M.; Radom, ChemBioCher2001, 12, 919—
922

2. Theoretical Methodology

Standard ab inititf and density functional theot§calculations have
been used for this study. Geometries and scaled (by 0.880&ational
frequencies have been obtained at the B3-LYP/6-31G(d,p) level of
theory. Polarization functions on the hydrogen atoms have been included
with the aim of providing a more accurate description of the hydrogen- )
abstraction reactions and hydrogen-bonded species of this Study.(24) We note that the transiti}on structures obtained for the hydrogen-abs_traction
Relative energies were obtained with the high-level composite method steps are not necessarily those of lowest energy. The latter lead in some

2 . cases to unrealistically small hydrogen-abstraction barriers as a result of
G3(MP2)-RAD?? This approach approximates the URCCSD(T)/ strong intermolecular hydrogen bonding between the substrate and the
model for Ado-H. We aimed to avoid or minimize the impact of such
artificially introduced intermolecular interactions in a consistent manner.
For the initial hydrogen-abstraction reaction, Adeas always positioned
orthogonal to the plane of the-@ bond at C1 of the substrate and then
optimized, while for the hydrogen re-abstraction reaction, Ado-H was
always positioned collinear to the plane of the-C bond at C2 of the
substrate and then optimized.

(14) (a) Chen, H.-P.; Marsh, E. N. GBiochemistry1997, 36, 7884-7889. (b)
Thoma N. H.; Meier, T. W.; Evans, P. R.; Leadlay, P. Biochemistry
1998 37, 14386-14393. (c) Maiti, N.; Widjaja, L.; Banerjee, R. Biol.
Chem.1999 274, 32733-32737. (d) ThomaN. H.; Evans, P. R.; Leadlay,
P. F.Biochemistry200Q 39, 9213-9221.

(15) (a) Toraya, T.; Shirakashi, T.; Kosuga, T.; Fukui,Bsochem. Biophys.
Res. Commuril976 69, 475-480. (b) Bachovchin, W. W.; Eagar, R. G.,
Jr.; Moore, K. W.; Richards, J. HBiochemistryl977, 16, 1082-1092.

(16) (a) Wagner, O. W.; Lee, H. A,; Frey, P. A.; Abeles, R.JBiol. Chem

(25) See, for example: (a) Kohen, A.; Klinman, J.Atc. Chem. Resl998

31, 397-404. (b) Liang, Z.-X.; Klinman, J. PCurr. Opin. Struct. Biol.
2004 14, 648-655.

1966 249 1751-1762. (b) Finlay, T. H.; Valinsky, J.; Sato, K.; Abeles,

R. H.J. Biol. Chem1972 247, 4197-4207. (27) See, for example: Laidler, K. Chemical Kinetics3rd ed.; HarperCollins
(17) (a) Abend, A.; Bandarian, V.; Reed, G. H.; Frey, PBfochemistry2000 Publishers, Inc.: New York, 1987.

39, 6250-6257. (b) Schwartz, P.; LoBrutto, R.; Reed, G. H.; Frey, P. A.  (28) Nonclassical reflection along the reaction coordinate is often also incor-

Hely. Chim. Acta2003 86, 3764-3775. porated intac. However, treatment of such effects is beyond the scope of
(18) (a) Sandala, G. M.; Smith, D. M.; Coote, M. L.; RadomJLAm. Chem. the present Article.

S0c.2004 126, 12206-12207. (b) Sandala, G. M.; Smith, D. M.; Radom,  (29) For more details on this procedure, see: Coote, M. L.; Collins, M. A.;

L. J. Am. Chem. So@005 127, 8856-8864. Radom, L.Mol. Phys.2003 101, 1329-1338.

(26) Eckart, CPhys. Re. 193Q 35, 1303-1309.
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of vibrational terms only. Previous ab initio studies have shown this
method to be more robust than the explicit determination of partition
functions in handling random errors associated with the calculation of
the force constants and frequencies that are required for the calculation
of KIEs .22

Relative energies were obtained within each reaction scheme by
maintaining a constant stoichiometry throughout. The sum of the
energies of isolated, individual species prior to any reaction is taken

as the zero level, and subsequent relative energies along the reaction

coordinate are determined relative to this energy. Unless otherwise
noted, all relative energies in this paper refer to G3(MP2)-RAD values
at 0 K. All calculations were performed with the MOLPRO 2002.6

or Gaussian 08 software packages.

3. Results and Discussion

3.1. Hydrogen-Abstraction Reactions for Catalytic Sub-
strates. 3.1.1. Ethane-1,2-diol and Propane-1,2-dioDiol
dehydratase (DDH) catalyzes the conversion of ethane-1,2-diol
(1a) and propane-1,2-diolLp) into water plus acetaldehyd2d)
and propionaldehyde2b), respectively® To examine the

hydrogen-abstraction reactions of DDH and the essential features

that are inherent in a catalytic mechanism, we have determined
selected barriers and reaction enthalpies for the reactioba of
and 1b using ethanol as the model for Ado-H (Scheme 2a).

Substrate catalysis is initiated when the homolytic cleavage
product of adenosylcobalamir;&eoxyadenosyl radical (Adp
abstracts a hydrogen atom frata or 1b. The products of this
abstraction reaction are the substrate-derived rad8zats 3b
plus B-deoxyadenosine, Ado-H. We calculate the barrier for
this initial hydrogen-abstraction from ethane-1,2-dib)( to
form 3ato be 53.5 kJ mol! and the process to be exothermic
by 27.5 kJ mot?. Similar energy requirements are found for
propane-1,2-diolib); specifically, there is an abstraction barrier
of 51.8 kJ mot! and an associated exothermicity of 21.1 kJ
mol~1. The substrate-derived radica&a or 3b then rearrange
to the corresponding product-related radicdis or 4b in
processes calculated to be exothermic by 15.5 or 14.9 kJ'mol
respectively?®

This latter result is curious as it implies that an equilibrium
established betweeB and 4 would favor the product-related
radical 4. Recent experiments based on EPR spectra derived
from isotopically labeled propane-1,2-didlk) identified cou-
pling between the cobalt of cob(ll)alamin and the C1-centered
substrate-derived radical afb.%¢ This suggests that if an
equilibrium were established between the radical intermediates,
it would favor the substrate-derived radi@f. Indeed, on the
basis of this assumption, it was speculated that the energy

(30) Coote, M. L. InEncyclopedia of Polymer Science and Technaol&rd
ed.; Kroschwitz, J. I., Ed.; John Wiley & Sons: New York, 2004; Vol. 9,
pp 319-371.

(31) See, for example: Bigeleisen, J.; Wolfsberg, MABhvances in Chemical
Physics Prigogine, 1., Ed.; Interscience Publishers: New York, 1958; Vol.
1, pp 15-76.

(32) Schaad, L. J.; Bytautas, L.; Houk, K. Ban. J. Chem1999 77, 875~
878.

(33) MOLPRO 2002.6 is a package of ab initio programs written by Werner,
H.-J.; et al.

(34) Frisch, M. J.; et alGaussian 03Gaussian, Inc.: Pittsburgh, PA, 2003.

Scheme 2. (a) Energy Requirements for the Generally Accepted
Mechanism and (b) Alternative Pathways for the DDH-Catalyzed
Reaction of Ethane-1,2-diol (1a) and Propane-1,2-diol (1b)
(Relative Energies in Parentheses for 1a and Square Brackets for

1b, kJ mol~?1)
(a)

HO F Ado"  Ado-H HO H R OH
R-C-C-H \ R-C-C+ —= *+C-C-H
H OH (53.5) H OH H OH
1a (0.0) 51.8] 3a (-27.5) 4a (-43.0)
1b [0.0] 3b [-21.1] 4b [-36.0]

(16.5) |~ Ado—H
2521 N, ado
e -H0 H OH
R-C-C] R-C-C-H
H H H OH
2a (-25.1) 5a (-47.9)
2b[-64] a:R=H b:R= CH3 5b [-28.3]
(b)
HO H Ado"  Ado—H HO H R OH
R-C-C-H M R-C-G+ — +C-C-H
OH (53.5) H OH H oH
1a (0.0) 51.8] 3a (-27.5) 4a (-43.0)
1b [0.0] 3b [-21.1] 4b [-36.0]
\ —H,0 /
Ado"  Ado-H
H R o)
O Py
R_¢_C: LL o:C—C\
H H (29.5) H H
2a (-25.1) [36.1] 6a (-50.5)
2b [-6.4] 6b [-52.4]

a:R=H b:R=CHj

difference betweeBb and4b is >6 kJ mol in favor of 3b at

37 °C36 This apparent discrepancy could be a result of
differential binding of the radical intermediates by the protein.
The recent ONIOM QM/MM study on DDH with approximately
13 500 atoms indeed supports this conclugitma model with
protonated His143, it was found that the substrate-derived radical
3b is approximately 5 kJ mol lower in energy than the
product-related radicatb. In contrast, when an unprotonated
His143 model was employed, the relative energy3bfis
approximately 8 kJ molt higher in energy thadb. On the
basis of these results alone, it appears as though a protonated
His143 is more consistent with the EPR d&ta.

In any event, following the formation of the product-related
radical 4a or 4b, hydrogen-atom re-abstraction from-5
deoxyadenosine is proposed to occur to form the gem-diol
product 5a or 5b. This significant step regenerates the 5
deoxyadenosyl radical (Adp enabling further catalysis by
holoenzyme DDH. For this hydrogen re-abstraction, we calculate
a barrier of 59.5 kJ mol when4a abstracts an H-atom from
Ado-H, and a barrier of 61.2 kJ midl for the same reaction
with 4b as the abstracting species.

When the product-related radical is derived from ethane-1,2-
diol (4a), we find the re-abstraction step to be exothermic by

(35) For detailed studies of how this rearrangement might proceed, the interested
reader is referred to ref 7 and the following articles: (a) Smith, D. M.;
Golding, B. T.; Radom, LJ. Am. Chem. S0d999 121, 9388-9399. (b)
Smith, D. M.; Golding, B. T.; Radom, LJ. Am. Chem. Sod.999 121,
5700-5704. (c) Toraya, T.; Yoshizawa, K.; Eda, M.; Yamabe, JT.
Biochem.1999 126, 650-654. (d) Smith, D. M.; Golding, B. T.; Radom,

L. J. Am. Chem. So®001, 123 1664-1675.

(36) Yamanishi, M.; Ide, H.; Murakami, T.; Toraya, Biochemistry2005 44,

2113-2118.
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(37) It should be noted that, while the relative energieS8twand4b from the
ONIOM QM/MM calculations of ref 7 for the protonated His143 model
are in qualitative agreement with the EPR data of ref 36, this does not say
anything about the rearrangement mechanism to cobeud 4b. Indeed,
with the protonated His143 model the rearrangement step led to dissociation
of 3b to form an aldehyde radical plus water. On the basis of this result,
the authors of ref 7 have argued against the dominant involvement of
protonated His143 in the facilitation of the 1,2-OH shift.
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4.9 kJ mot!. However, when the product-related radical is
derived from propane-1,2-diolb), the re-abstraction step is
calculated to be slightly endothermic (by 7.7 kJ midl This

difference can be understood in terms of an enhanced radical

stabilization provided tatb (relative to4a) by the adjacent
methyl substituent® Having formed the hydrated gem-diol
product5aor 5b, dehydration from each occurs in endothermic

latter case supports Arigoni’s original rationalization for race-
mization occurring via €C bond rotation in the product-related
radical4a8

Before proceeding further, it is important to note that the
intermediacy o#ib is required to explain the observed retention
of isotopic label in experiments carried out with racemic
propane-(280)-1,2-diol? We have, therefore, calculated the

steps (by 22.8 and 21.9 kJ mé] respectively) to form
acetaldehyde2@) or propionaldehyde2p). exothermicities of 7.5 and 16.4 kJ méJ respectively. However,

In the context of the suicide inactivation of DDH, it is as discussed above, continued catalysis requires hydrogen re-
instructive to point out alternative pathways for the reactions abstraction from Ado-H ba or 6b, which we have shown to
catalyzed by DDH. These latter pathways proceed in a fashionbe associated with relatively high barriers (80.0 and 88.5 kJ
identical to that depicted in Scheme 2a until the formation of mol™%, respectively).
the substrate-derived radical spec8ssor 3b (Scheme 2b§? In summary, we find that the initial hydrogen-abstraction
At this stage, an alternative possible pathway for continued reaction is an exothermic process when either ethane-1,2-diol
catalysis involves elimination of # from 3 to form an allyloxy (1a) or propane-1,2-diollb) is the substrate. Upon formation
radical @). Dehydration from the ethane-1,2-diol-derived sub- of the product-related radicafka or 4b, two pathways can be
strate radical 3a) and the propane-1,2-diol-derived substrate envisioned for ultimate product formation, which remain
radical @b) is calculated to be a favorable exothermic process consistent with experimental labeling findings. In the generally
(by 23.0 and 31.3 kJ mol, respectively), in agreement with  accepted mechanism of DDH catalysis, hydrogen re-abstraction
the previously mentioned chemical precedent. from 5-deoxyadenosine (Ado-H) b¢a or 4b occurs before

For continued catalysis within this mechanism, hydrogen re- dehydration, with barriers of 59.5 and 61.2 kJ nipland
abstraction must occur from Ado-H 8a or 6b. Such a step reaction enthalpies of-4.9 and+7.7 kJ mot?, respectively.
would generate the product aldehyde (acetaldehyd® @r The alternative pathway for product formation entails elimina-
propionaldehyde 2b)) directly and would simultaneously tion of H,O from the product-related radicals or 4b occurring
regenerate the Adocofactor. However, the kinetics and before re-abstraction, generating the corresponding allyloxy
thermodynamics for this re-abstraction reaction appear to beradicalséaor 6b. However, hydrogen-atom re-abstraction from
unfavorable. That is, the allyloxy radicaléa or 6b are Ado-H by 6aor 6bis calculated to be associated with relatively
resonance-stabilized species and, as such, release only 393.Bigh barriers (80.0 and 88.5 kJ mé) and endothermicities
or 373.2 kJ mot?, respectively, upon capture of a hydrogen (25.4 and 46.0 kJ mol). These results support the notion that
atom, as determined from their calculated bond dissociation competent DDH catalysis occurs as depicted in Scheme 2a,
energies. On this basis, the transfer of a hydrogen atom fromwhere hydrogen-atom re-abstraction precedes dehydration. Ad-
Ado-H to6aor 6b, to produce a relatively unstabilized radical ditional support for the fact that the hydrogen re-abstraction
like Adoe (with an estimated BDE of 419.2 kJ m@), would step can have an important, and even dominating, effect upon
be expected to be energetically demanding. Indeed, we calculatehe mechanism will emerge from later sections that pertain to
hydrogen re-abstraction I8afrom Ado-H to be associated with  the suicide inactivation of DDH by compounds closely resem-
a barrier of 80.0 kJ moft and an endothermicity of 25.4 kJ  bling the catalytic substrates.
mol~t. The analogous transfer involvirgb is predicted to be Finally, it is interesting to note that, regardless of whether
even more difficult, with a barrier of 88.5 kJ m@éland an laor 1b is the substrate, the barrier for the initial hydrogen-
endothermicity of 46.0 kJ mot. abstraction reaction is found to be smaller than the corresponding

These data may well provide a partial explanation for the barrier for the hydrogen re-abstraction reaction. These results
known stereochemical course of the reactions catalyzed byare in qualitative agreement with the findings that the hydrogen
DDH.8~10 Specifically, despite the possibility of facile elimina-  re-abstraction step is rate limiting for the reactions catalyzed
tion of H,O from 3aor 3b, the resulting unreactive intermediates by DDH.*° Nonetheless, given the success of the partial-proton-
(6aand6b) are unlikely to accomplish the high-barrier hydrogen transfer concept for catalysid?4* we have determined the
re-abstraction step that is essential for catalysis to proceed.barriers for hydrogen-abstraction and re-abstraction with slightly
Nevertheless, such proposals have been advanced in recergxpanded models of the substrate to incorporate such interac-
years. For example, elimination o8 was proposed from the  tions.
fully protonated variant of the substrate-derived rad8zef To 3.1.2. Influence of Push-Pull Catalysis on the Hydrogen-
account for the experimental observation of racemization at C2 Abstraction Reactions.The partial-proton transfer concept for
of the product aldehyde2§) derived from R)- and §)-[1-?H,1-
3H]-ethane-1,2-dio},it was postulated that-€C rotation of the
aldehyde radical§a) occurred® While this is conceptually
plausible, we find the barrier for this rotation to be a sizable (41)
40.5 kJ mot . This result contrasts sharply with the facile-C
rotation of the product-related radictd, for which we calculate
the barrier to be 6.3 kJ mol. Moreover, the low barrier in the

energy for dehydration o#ta and 4b, for which we find

(40) (a) Frey, P. A.; Karabatsos, G. L.; Abeles, R.Biochem Biophys Res
Commun1965 18, 551-556. (b) Essenberg, M. K.; Frey, R. A.; Abeles,
R. H. J. Am. Chem. Sod971 93, 1242-1251. (c) Eagar, R. G., Jr;
Bachovchin, W. W.; Richards, J. HBiochemistryl975 14, 5523-5528.
See, for example: (a) Smith, D. M.; Golding, B. T.; RadomJLAm.
Chem. Soc1999 121, 1037-1044. (b) Smith, D. M.; Golding, B. T.;
Radom, L.J. Am. Chem. Sod999 121, 1383-1384. (c) Wetmore, S. D.;
Smith, D. M.; Radom, LJ. Am. Chem. So200Q 122, 10208-10209. (d)
Wetmore, S. D.; Smith, D. M.; Golding, B. T.; Radom, L. Am. Chem.
Soc.2001, 123 7963-7972. (e) Wetmore, S. D.; Smith, D. M.; Radom,
L. J. Am. Chem. So2001 123 8678-8689. (f) Semialjac, M.; Schwarz,
H. J. Am. Chem. So@002 124, 8974-8983. (g) Wetmore, S. D.; Smith,
D. M.; Bennett, J. T.; Radom, L1. Am. Chem. SoQ002 124, 14054-
14065. (h) Semialjac, M.; Schwarz, H. Org. Chem2003 68, 6967
6983.

(38) Henry, D. J.; Parkinson, C. J.; Mayer, P. M., Radom].LPhys. Chem. A
2001, 105 6750-6756.

(39) Note that Scheme 2b represents a quantification of Scheme 1b; see
Introduction.
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Table 1. Barriers and Reaction Enthalpies for Model Systems
Relevant to the Hydrogen-Abstraction Reactions of DDH?

hydrogen-abstraction hydrogen re-abstraction?

substrate? barrier enthalpy barrier enthalpy
propane-1,2-diolib) 51.8 —-21.1 61.2 7.7
ethane-1,2-diolia) 53.5 —27.5 59.5 —4.9
lawith K+ 55.4 —15.2 54.5 —5.7
FH---1a 53.9 —22.7 59.5 —6.5
NHz*---1a 54.5 —22.8 54.2 —-8.9
la-+NH;3 47.8 —30.7 58.2 —4.3
la--*OCHO ¢© 34.4 —39.3 54.5 —9.2
FH---1a--*OCHO ¢ 36.9 —39.6 48.5 —12.4
NH4 +++1a-*NH3 52.1 —31.9 55.6 =71

aCalculated with G3(MP2)-RAD at 0 K, kJ mdl. " The notation
FH---1a indicates partial protonation of the migrating OH group, while
la--NHjsindicates partial deprotonation of the spectator OH gréithane
was used as a model fof-8eoxyadenosine; see Theoretical Methodology.
d From the product-related radical(see Scheme 2a).

catalysis involves partially protonating the migrating moiety and/
or partially de-protonating an adjacent spectator moiety to
mediate otherwise difficult chemical transformations by lowering
the energy requirement& Computationally, this concept is
realized with the use of Bragnsted acids (XK which may be
cationic or neutral) and bases((B which may be anionic or
neutral) to “push” and “pull” the migrating and spectator OH
groups, respectivel{?

X+ X
H H

| '
—_—

HO OH
OH--BM : OH--B®)

Such models have been successfully applied previously to
the rearrangement step of a number of coenzymelBpendent
enzymes>d41 Accordingly, it is sensible to consider the
hydrogen-abstraction reactions under similar conditions to
determine what effects, if any, emerge.

With ethane-1,2-diolXa) as the substrate, the entries of Table
1 consist of the barriers and enthalpies of reaction for the initial
hydrogen-abstraction reaction frofra and the re-abstraction
reaction from the product-related radida (see Scheme 2a for
pictorial representations d& and4a). For completeness, results
obtained with propane-1,2-diolly) have also been included,
although pushpull effects were not considered for this system
due to increased model size.

To provide a baseline, the first two rows of Table 1 give
results for the models of uncomplexed propane-1,2-dib) (
and ethane-1,2-diolL§), respectively. As previously seen within
Scheme 1a, the barriers for the re-abstraction reactions (61.
kJ mol™! for 1b and 59.5 kJ mot! for 1a) are slightly larger
than those for the initial abstraction reactions (51.8 kJThol
for 1b and 53.5 kJ mott for 1a). We also point out the relatively
large exothermicity for the initial abstraction when compared
to the re-abstraction reaction for eithia or 1b.

Because potassium ion,"Kis known to be essential for
efficient catalytic activity of DDH!® and has been found in its
crystal structuré? we have determined the effects of coordina-

(42) The terms “push” and “pull” relate to the location of the catalytic moiety
with respect to the migrating group. If the catalytic moiety is located
adjacent to the origin of the migration it is deemed to be “pushing”, whereas
if it is located adjacent to the endpoint of the migration it is deemed to be
“pulling”.

(43) Lee, H. A., Jr.,; Abeles, R. Hl. Biol. Chem1963 238 23672373.
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tion of K* to ethane-1,2-diol1@ on the hydrogen-abstraction
barriers. Table 1 shows us that withound to1a,*® the ab-
straction barriers lie close to one another, with 55.4 kJ ol
for the initial abstraction barrier and 54.5 kJ mbfor the re-
abstraction barrier. At the same time, we see that the exother-
micity for the initial abstraction is reduced by 12.3 kJ migl
while the re-abstraction reaction becomes slightly more exother-
mic (by 0.8 kJ mot?) relative to the uncomplexed modgh

Moving on to the concept of partial protonation, the fourth
row of Table 1 displays the results of using hydrogen fluoride,
FH, to partially protonate the migrating OH group of ethane-
1,2-diol (18).#6 It can be seen that interaction with FH does not
significantly change the energy profile relative to the uncom-
plexed model systema Again, the re-abstraction barrier is
slightly larger than the initial abstraction barrier, with the latter
reaction much more exothermic. These results contrast with the
scenario when ammonium cation, it is used to partially
protonate the migrating OH group. In this instance, we see that
the re-abstraction barrier is reduced (by 5.3 kJ Holwhile
the initial abstraction barrier is essentially unchanged. Regarding
the exothermicity of the hydrogen-transfer reactions for partially
protonated substrates, it can be seen that the initial abstraction
becomes slightly less favored, while the re-abstraction reaction
becomes slightly more favored.

An opposite, and probably more profound, effect is observed
when partial deprotonation of the spectator OH group of ethane-
1,2-diol (1) takes place. In this case, the initial abstraction
barrier is considerably reduced relative to the uncomplexed and
partially protonated models dfa in a manner similar to that
observed previously in the context of the ribonucleotide-
reductase-catalyzed reactithFor example, with the weak
neutral base ammonia, the abstraction barrier is reduced by 5.7
kJ mol! relative to the uncomplexed modgh, while the re-
abstraction barrier changes by only 1.3 kJ molf formate
anion, OCHQO, is used instead to effect partial deprotonation
of the spectator OH group ofa, the abstraction and re-
abstraction barriers are reduced by 19.1 and 5.0 kJ ol
respectively, relative to those for the isolated matkelAt the
same time, we observe that the exothermicities for both the
abstraction and the re-abstraction reactions tend to increase with
increasing base strength. This arises because the partial depro-
tonation of the spectator OH leads to better electron donation
to the incipient radical center from a group in théabstraction)
or 3 (re-abstraction) position. One may consider the correlation
of barriers with exothermicities as a manifestation of the Evans
Polanyi principle’® On the whole, our results imply that partial
deprotonation of the spectator OH group has the effect of
significantly diminishing the effective barrier for the initial
hydrogen-abstraction while leaving the re-abstraction barrier
effectively unchanged.

When the influences of partial protonation and deprotonation
are combined, we observe results that depend on whether a weak
acid is used in conjunction with a strong base, for example, FH

(44) Shibata, N.; Nakanishi, Y.; Fukuoka, M.; Yamanishi, M.; Yasuoka, N.;
Toraya, T.J. Biol. Chem2003 278 22717-22725.

(45) Potassium ion coordination is in a bridging arrangement analogous to that
found in the crystal structur®.

(46) Although FH has no direct counterpart in biological systems, it is used
here to model the effect of a weak neutral (gas-phase) acid.

(47) Mohr, M.; Zipse, HChem.-Eur. J1999 5, 3046-3054.

8) See, for example: Fischer, H.; Radom Angew. Chem., Int. E2001
40, 1340-1371.
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Table 2. Calculated Tritium Kinetic Isotope Effects Excluding Tunneling (KIEsc), Eckart Tunneling Coefficients (1«/3«), and Tritium Kinetic
Isotope Effects Including Tunneling (KIEyn) for Various Models Relevant to the Hydrogen-Transfer Reactions of DDH?

hydrogen-abstraction hydrogen re-abstraction?

substrate®? KIEsc Ll KIEwn KIEsc Il KIEun

propane-1,2-diolib) 10.9 8.9 97 10.0 9.7 97
ethane-1,2-diolXa) 111 9.1 101 10.7 10.9 116
FH---1a 111 10.0 110 10.8 10.8 117
NHz*---1a 11.9 11.8 140 10.9 7.9 86
la+-*NH3 10.4 5.7 59 10.7 10.5 113
la-*OCHO ¢ 9.4 4.3 40 10.5 10.6 111
FH:--1a:--OCHO ¢ 9.7 5.0 49 10.2 8.7 89
NHj"+-+1a+-NH3 11.3 9.7 110 10.9 8.3 90

aCalculated at 298 K2 The notation Fr+-1aindicates partial protonation of the migrating OH group, wHite-NHjz indicates partial deprotonation of
the spectator OH groug.Ethane was used as a model foid@oxyadenosine; see Theoretical Methodoldgyrom the product-related radica(see Scheme
2a).

and OCHQO, or a strong acid is used in conjunction with a are unusually large and certainly suggest nonclassical behavior.

weak base, for example, NHand NH;. With the FH/OCHO To provide some insight into these observations, we have
combination, trends are observed that are similar to those seercalculated tritium kinetic isotope effects with and without
for the model only employing OCHO That is, the initial tunneling corrections for some of the models examined in

abstraction barrier is again reduced considerably (by 16.6 kJsection 3.1.2, with the aim of revealing conditions under which
molY), although in this instance the re-abstraction barrier is the rate of hydrogen transfer may be accelerated or attenuated.
reduced noticeably as well (by 11.0 kJ m¥l Moreover, the It should be noted that, although a quantitative description of
trend of increased exothermicities for the hydrogen transfers in quantum mechanical tunneling in enzyme systems may require
the abstraction and re-abstraction steps is observed. On the othest multidimensional treatmept,our focus at present is a more
hand, using the NE/NHs; model, we observe little influence  modest one, namely to identify the qualitative trends that may
on either hydrogen-transfer barrier relative to the uncomplexed influence such behavior.

model 1a, and the increase in exothermicities is also not as  Taple 2 highlights some of the components pertaining to the
dramatic. _ . o calculation of the KIEs with tunneling corrections for the various
To summarize this portion of the Article, it seems as though model systems examined. The semiclassical KIE, which ex-

Bronsted bases (but not Brensted acids) have the ability t0¢jydes tunneling corrections, is denoted K4EThe protium over
substantially alter the magnitudes of the abstraction and re- yitium tunneling correction is given by the ratie/, and the
abstraction barriers and exothermicities for the hydrogen-transferk|e that includes tunneling corrections is denoted KiEWe

steps relevant to DDH. Thus, we find that partial protonation ,sie that KIBun is simply the product of KIEc and /3 (see
of the migrating OH group has little effect on the barrier for eq 1 in Theoretical Methodologgs.

the hydrogen-abstraction reactions, whereas partial deprotonation
of the spectator OH group tends to reduce the initial H-atom

e s i s ot 2 lhane. 1.2, eSpecivel.For uncomplexa, e
y ged. P P make the following observations. First, the KlEvalues for

r OH gr h raction and re- raction . ) . .
spectator OH group causes the .abst action and re-abstractio both the abstraction and the re-abstraction steps are identical at
steps to become more exothermic.

It is noteworthy that large kinetic isotope effects (KIEs) have 97. We can de-convolute these KIEs by examining the relative

been observed for the hydrogen-transfer reactions of BDFY. contributions from the semiclassical KIE component, KIF

. e .
These are typically understood to result from nonclassical barrier gn? trhtehtuﬂnzlr'”g Cr?”ic'i'ron%/ g ; Sreg]arar:eg/r. As ;eren |g 'It'?blﬁ )
penetration, or quantum mechanical tunnefih@onsequently, , for the hydrogen-abstraction or the hydrogen re-abstractio

our calculated barriers for hydrogen transfer may not give a step, the contribution from hydrogen tunneling is generally
true reflection of the kinetics that take place in the enzyme comparable to the contribution from the semiclassical KIE alone.
system. To examine these effects computationally, we have Moreover, although the re-abstraction step has a larger classical
evaluated tritium kinetic isotope effects, including cc;rrections barrier than the initial abs’Fraction step.(TabIe 1), the prqpensity
for tunneling, for the hydrogen transfer from substrate to/Ado for hydrogen-atom tunneling to occur in the re-abstraction step
and from Ado-H to the product-related radical is greater, as evidenced by the lardeffx ratio. When we
3.1.3. Kinetic Isotope Effects and Quantum Mechanical examine results for uncomplexed ethane-1,2-dla) (similar
Tunneling in the DDH Hydrogen-Transfer Reaction. Large behavior is observed. Once again, contributions from tunnel-
kinetic isotope effects (KIEs) have been observed for the initial "9 t© the overall KIEs of the abstraction and re-abstraction
and final hydrogen-abstraction reactions of DDH, implying that reactions are of magnltudg S|m|.lar to the cor;tnbutlons from
QM tunneling takes plac®® With propane-1,2-diol 1b) as KIEsc alone. A_Iso, we again notllce the Igrg’m/ « value for .
substrate, the tritium isotope effectskr) of 20 for the initial the re-abstraction reaction, despite the slightly larger classical

abstraction reactidf? and 83 for the re-abstraction reactiéfr® barrier (Table 1).

As in Table 1 of section 3.1.2, the first two rows of Table 2
correspond to the models of uncomplexed propane-1,2-til (

(49) For a revised value of the tritium isotope effect for DDH for the transfer (51) See, for example: Alhambra, C.; Gao, J.; Corchado, J. C:; Villdruhlar,

of tritium from 5-deoxyadenosine to product, see: Chih, H.-W.; Marsh, D. G.J. Am. Chem. Sod.999 121, 2253-2258.

E. N. G.Biochemistry2001, 40, 130606-13067. (52) Because of numerical rounding, the result obtained by multiplying theKIE
(50) Bell, R. P.The Tunnel Effect in Chemistrizondon: Chapman and Hall, and /3¢ values provided in Table 2 does not always reproduce the,KIE

1980. values to the number of digits quoted.
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We now examine the influence of partially protonating the
migrating OH group and partially deprotonating the spectator
OH group of ethane-1,2-diol16) to determine how such
interactions may affect the calculated kinetic isotope effects.
The third row of Table 2 shows the results of using hydrogen
fluoride, FH, to partially protonate the migrating OH group of
ethane-1,2-diol Xa). The data for this system are not too
dissimilar from those obtained with the uncomplexed mddel
with the largest proportional changes (of 0.9) occurring for the
tunneling factor and Kl for the initial hydrogen-abstraction.
Interestingly, when the ammonium cation, hhlis used to
partially protonate the migrating OH group, we observelitie
3¢ ratio to increase by 2.7 for the initial hydrogen-abstraction
relative to the uncomplexed modgé, but to decrease by 3.0

for the hydrogen re-abstraction step. These data, along with the

corresponding Klkc values, translate into a Kl of 140 for
the initial hydrogen-abstraction and 86 for the hydrogen re-
abstraction.

When the spectator OH group of ethane-1,2-dibd) (is

Scheme 3. Proposed Mechanism for the Suicide Inactivation of
DDH by Ethane-1,1,2-triol (7a) (Relative Energies in Parentheses,
kJ mol~1)

Ado’ Ado-H

HO H HO O H _po OH |
HO-C-C-H AN HO-C-C:  —~ -c—C
g OH (54.8) H OH H H
7a (0.0) 8a (-22.1) 9a (-58.5)
R

HO Ado’ Ado-H g HO o 0
"C—C-H c—C: N

H R H H o~ | <
(64.6) H H

11a (29.1) 9a' (-58.5) 10a (-21.8)

KIEwn values to be qualitatively in agreement with those
observed experimentally for propane-1,2-diol. In contrast, when
a cationic acid is used to partially protonate the migrating OH
of 1a, the qualitative nature of the calculated KiEdisagrees
with experiment. Hence, the results presented here imply that
partial deprotonation of the spectator OH group is likely to

partially deprotonated, an opposite trend emerges with respectyrovide the leading contribution to the observed isotope effect

to the magnitudes of Klg,. For instance, with ammonia
effecting partial deprotonation of the spectator OH group of
1la, we observe minimal changes in KJ&for the abstraction

for the hydrogen-transfer steps that differ by a factor of 4.
Having examined the hydrogen-abstraction reactions for a
catalytic DDH mechanism, we now turn our attention to

and re-abstraction reactions, whereas a large change (of 3.4)nstances where these reactions are inhibited by a substrate

occurs for the tunneling component for the initial hydrogen-
abstraction relative to the uncomplexed motlal These data
lead to tunneling-corrected isotope effects of 59 for the initial

analogue, resulting in suicide inactivation. In section 3.2,
inactivation mechanisms brought about by the substrate ana-
logues glycolaldehyde (3.2.1), propane-1,2,2-triol (3.2.3), chlo-

hydrogen-abstraction and 113 for the hydrogen re'abStraC“O”roacetaldehyde (3.2.4), and glyoxal (3.2.5) are discussed.

reaction. The attenuation of the KlEfor the initial hydrogen-

3.2. Hydrogen-Abstraction Reactions for Substrate Ana-

abstraction becomes even more pronounced when formate a”ionlogues. 3.2.1. Inactivation Mechanism for Glycolaldehyde.

OCHO, is used to effect partial deprotonation Td. In this
case, KlEk,, diminishes to 40 for hydrogen-abstraction, while
the hydrogen re-abstraction KlgEbecomes 111. If we consider
the individual components of Kl for the models that include

The ability of diol dehydratase (DDH) to become inactivated
in the presence of a variety of vicinal diols has been known for
some timet®> We begin our discussion here with the reaction
between glycolaldehyde, DDH, and adenosylcobaldfii@rig-

a Brgnsted base at the spectator OH group, we observe that thé, 1y, the “aerobic inactivation products were identified as

leading contribution to the diminished Ki&for initial hydrogen-
abstraction is the decrease in the3« ratio, implying that

glyoxal and 5-deoxyadenosine, although at that time a mech-
anism for the inactivation process was not suggeXted.

partially deprotonating the spectator OH group has the effect Recently, however, a mechanism formulated on the basis of
of reducing the propensity for tunneling to occur. This phe- gpRr gpectroscopic results has been proposed, and the causative

nomenon is a direct result of the changed barrier heights andagent for inactivation has been identifiedcisethanesemidione
reaction enthalpies observed during partial deprotonation (Tableagjcali7aTo explore this further, we have calculated relevant

1). Thatis, in the systems examined here, the barrier width parriers and reaction enthalpies for the reaction of glycolalde-

(which is a principal ingredient in the calculation of tunneling

factors) is found to increase with decreasing barrier height. As

hyde (118 and B-deoxyadenosyl radical (Adh
Scheme 3 illustrates the proposed inactivation mechanism for

aresult, the range of energies over which the tunneling distancepp when the hydrate of glycolaldehyd&l), ethane-1,1,2-

is comparable to the wavelength of the hydrogen atom dimin-

ishes, thereby reducing the extent of tunneling.

Combination of the effects of partial protonation and depro-
tonation with FH/OCHO reveals trends that are similar,

triol (7a), is the substrate. Initial hydrogen abstraction by Ado
from C2 of 7a to generate the substrate-derived radRalis
calculated to be exothermic by 22.1 kJ miplwith an associated
barrier of 54.8 kJ mol'. These results are comparable to those

although not as large, to those observed for the isolated modelof the normal substrates (cf., ethane-1,2-dial) @nd propane-

with only OCHO™ (Table 2). When the Nif/NH3; model is

1,2-diol (1b) of Scheme 2a). We note that if initial hydrogen

employed, the general trends are intermediate between thoseibstraction were to occur from C1 @&, the resulting radical

observed for NIt and NH; acting individually.

At this point, it is informative to reflect upon the experimental
isotope effects for the DDH system with propane-1,2-diol as
substraté¢%49Recall that initial hydrogen-abstraction is associ-
ated with a KIE of 20, while the hydrogen re-abstraction is
associated with a KIE of 8%249When formate anion, acting
alone or in conjunction with FH, is used to partially deprotonate
the spectator OH group of ethane-1,2-ditk), we find the
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(not shown) is 4.3 kJ mol higher in energy thaBa.

In the next step of the catalytic reaction of DDH, a 1,2-OH
shift of the substrate-derived radical occurs to generate the
product-related radical (step, Scheme 1a). However, in the
present situation, migration of an OH group witt8a would
merely generate an equivalent structure. Thus, it is proposed
that dehydration fron8a (or its equivalent rearranged structure)
occurs to form the glycolaldehyde radic@a (or 9d). We
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calculate this dehydration step to be exothermic by 36.4 kJ X

mol~L. Interestingly, we findcis-ethanesemidione radicéDa H.

to be a transition structure on the potential energy surface o, * ,0

corresponding to the degenerate interconversiodacind 9a L—C_ ‘

and thatl0alies 36.7 kJ mot? higher in energy tha®a. We X = CHONH, H 500 H___— Xs=lmidazole
will address this point further below. For the moment, we note \'\— no interaction

that for a catalytic mechanism to continue, hydrogen-atom re-
abstraction from Ado-H ba (or 9a) must occur to complete

a catalytic cycle. We calculate the barrier and endothermicity
for this process to be 123.1 and 87.6 kJ mpkespectively!

X=CN"-

These values contrast strongly with the analogous re-abstraction ).(

reaction for the catalytic substrates ethane-1,2-dl@) @nd o, Ho
propane-1,2-diolXb), for which the re-abstraction barriers are L—C
59.5 and 61.2 kJ mol, respectively, and the reactions are , M H

mildly exo- or endothermic (Scheme 2a). The effect of tunneling 9a (0.0) 9a' (0.0)

of the hydrogen is not of much assistance in this situation rigure 1. Effect of interaction of a base with the OH group on the barrier
because it must occur at energies higher than or equal to thefor degenerate rearrangement of glycolaldehyde raddeal¢lative energies
overall reaction enthalpy (87.6 kJ mé). Thus, it appears that N parentheses, kJ md).

the high endothermicity for the hydrogen re-abstraction reaction
is the foundation for the inactivation of DDH by ethane-1,1,2-
triol (7a), with the resulting inactivated complex remaining
stable under anaerobic conditions for several d&ys.

actually a minimum on the potential energy surfé&eRather,
it serves as a transition structure for the degenerate rearrange-
ment of 9a, with an associated barrier of 36.7 kJ mblTo
Clearly, the glycolaldehyde radicad) is a stable species, a address this apparent discrepancy, we have examined the role
result that can be attributed to the captodative stabilization Of the active site of DDH.
provided to the radical center by the adjacenelectron- _The crystal structure of DDH shows a complex substrate-
withdrawing (CHO) andr-electron-donating (OH) group3 .t binding site. In particular, four amino acid residues, His143,
is this enhanced stabilization that prevents the necessaryGlu170, GIn296, and Asp335, are found to be in close proximity
hydrogen-atom transfer from Ado-H from taking place. The to the bound substraté.Given the nature of the various EPR
results provided in Scheme 3 also suggest that glycolaldehydeSPectra and the fact thais-ethanesemidione radical@@ is
(114) need not be hydrated as ethane-1,1,2-tifa) for DDH not stable in its own right, these amino acid residues are likely
to become inactivated. That is, assumitia can indeed bind ~ t0 have an influence on the observed EPR spectra. To explore
within holoenzyme DDH, the barrier and exothermicity of the 'Fh's In greater dgtaﬂ, we haye determined the effects that
resulting hydrogen-abstraction reaction, calculated as the reversdteraction of various bases in the enzyme with the OH of
of the final step in Scheme 3 (i.ella— 94), are 35.5 and  dlycolaldehyde radical9%) might have on the barrier for the
87.6 kJ mot?, respectively, yielding the inactivating species degenerate rearrangementdat

94d. Thus, for either substrate analogteeor 11a a deep energy Figure 1 demonstrates how the strength of an enzymatic base

well is encountered and embodied in the form of the glycola- clearly influences the barrier for interconversion of equivalent

Idehyde radical 4a).5* forms of glycolaldehyde radical94). The strongest base
3.2.2. On the Nature ofcis-Ethanesemidione RadicalThe modeled, that is, cyanide ion, forms an effectively stable,

original interpretations of the EPR spectra obtained from the Symmetrical species wit®a.>> However, for formate anion,
glycolaldehyde-induced suicide inactivation of diol dehydratase Which can be viewed as a good model for Glu170 or Asp335,
(DDH) implicated thecis-ethanesemidione radical @) as the an unsymmetrical structure is preferred, but with a barrier to
species responsible for the inactivation prodés3his identi- interconversion between equivalent unsymmetrical structures of
fication was based on structural changes observed in the spectrdUst 14.0 kJ mot'. When formamide and imidazole are used
upon isotopic labeling of solvent and substrate. These data@s models for GIn296 and His143, respectively, we find that
provided solid evidence concerning the inactivating radical: (i) the barrier for the degenerate rearrangemerfieols actually

it is derived from glycolaldehydel@a), (ii) it contains one  higher than that for the uncomplexed model. Thus, with
solvent exchangeable proton, and (i) it has a highly delocalized formamide, the barrier is increased from 36.7 to 50.9 kJ ol
electronic structure. On the basis of these results, and with theWhile with imidazole the barrier is increased to 54.6 kJ Tol

aid of comparisons with literature hyperfine splitting constants ~ These results suggest that the apparent symmetrical nature
for semidiones, it was concluded thats-ethanesemidione  of species assigned previously on the basis of EPR spéttra
radical (L0&) was the species responsible for the inactivation may partly be the result of an interaction between glycolaldehyde

of DDH.17a radical @a) and an anionic active site residue such as Asp335
However, in a preliminary Communication in this journal, or Glul70. Spectra obtained from isotopic substitution of

we reported that theis-ethanesemidione radical@g) is not glycolaldehyde 119) likely reflect the overlap of individual

(53) Viehe, H.-G.; Janousek, Z.; Merg, R.; Stella, L.Acc. Chem. Re4.985 (55) The inclusion of zero-point vibrational energy (ZPVE) in the calculations
18, 148-154. on the complex with CN makes the symmetrical species 0.04 kJ Thol

(54) While the complex of DDH, cob(ll)alamin, ar#h is stable for several more stable than the unsymmetrical species. If ZPVE is not included, the
days under anaerobic conditions, exposure to oxygen produces glyoxal. symmetrical species is 1.4 kJ méhigher in energy than the unsymmetrical
Consistent with this finding, we calculate the dissociation energy of the species. Despite the presence of a 239 cimaginary frequency for the
O—H bond of9a, which would result in the formation of glyoxal, to be symmetrical species, one may therefore consider that under thermal
only 192.8 kJ mot?. equilibrium conditions the cyano complex is effectively symmetrical.
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Scheme 4. Proposed Mechanisms for the Suicide Inactivation of DDH by Propane-1,2,2-triol (7b) and Propane-1,1,2-triol (7b*) (Relative

Energies in Square Brackets, kJ mol1)
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signals from distinct isotopomers 8f that developed during
a rapid equilibration within the room-temperature incubation
period.

Regardless of whether the symmetrice-ethanesemidione

Ado-H
HO OH HO OH
"C-C-H ¥4 H- c c H
HsC  OH HSC OH
8b* [-15.2] 7b* [9.0]
—Hzol Ado-H  Ado’ :
t
} OH 0
*C—C{ H c c
H3C H ch
9b* [-61.7] 11b* [40.5]
Ado-H Ado‘

Ado-H to 9b* to producellb* to be associated with an
endothermicity of 102.2 kJ mo}. Thus, the formation of either
9b or 9b* from propane-1,2,2-triol7b) is predicted to result
in the inactivation of DDH on account of the inability in either

radical (LOQ) represents a stable equilibrium structure (such as instance to regenerate Ado

when interacting with a strong base) or a transition structure

for the rapid interconversion of two asymmetric structures (such
as9aand9d), the force driving the inactivation is the same. In

Itis clear from Scheme 4 that identical inactivation pathways
can be envisioned if we start from the propane-1,1,2-tibfy
isomer. We note also tha@b and 9b* are related via the

either scenario, a radical is formed that is too stable to enableintermediacy of a propanesemidione-type transition structure

the crucial re-abstraction step to occur and turnover is termi-

(10h).

nated. These observations clearly demonstrate the detrimental Finally, our proposed mechanisms for the suicide inactivation
consequences when an unavoidable re-abstraction step is to@f DDH by propane-1,2,2-triol 7b) and propane-1,1,2-triol

energetically demanding. In contrast, the difficult re-abstraction
step involving the allyloxy radical6a or 6b that would arise
following dehydration of3a or 3b, originally seen in Scheme
2b for the alternative dehydration mechanisms of DDO#,

(7b*) show that the nonhydrated forms @b and 7b*, that is,
11band11b*, should also be able to serve as suicide inactivators
of DDH. Initial hydrogen-abstraction by Addrom 11b and
11b* will produce the putative inactivating radical specéis

avoidable. Indeed, it is conceivable that it is the avoidance of and9b* directly via reactions that are exothermic by 82.5 and

this step that is responsible for the mechanism shown in
Schemes la and 2a.

3.2.3. Inactivation Mechanisms for Propane-1,2,2-triol and
Propane-1,1,2-triol. Given that DDH can bind and process both

102.2 kJ motl, respectively.

Overall, provided that these methyl-substituted derivatives
of glycolaldehyde and ethane-1,1,2-triol bind to DDH, the
inactivation mechanisms are similar to those proposed for the

ethane-1,2-diol and propane-1,2-diol, whereas ethane-1,1,2-triolparent systems (Scheme 3). That is, the presence of a stable

(7a) has been implicated as initiating suicide inactivation of

radical intermediate elicits the suicide inactivation of DDH by

DDH (see section 3.2.1), we have examined correspondinginhibiting the regeneration of Ado

reactions of the methyl-substituted derivatives’ef propane-
1,2,2-triol (7b) and propane-1,1,2-triop*). Not surprisingly,
energy profiles similar to that shown in Scheme 3 Tarare
obtained with7b and 7b* as substrates (Scheme 4).

Initial hydrogen-abstraction from propane-1,2,2-trich) by
5'-deoxyadenosyl radical (Adpgenerates a substrate-derived
radical8b plus 3-deoxyadenosine (Ado-H) in a reaction that is
exothermic by 17.2 kJ mot. At this stage, one possibility is
that8b eliminates HO in a reaction that is exothermic by 42.3
kJ mol! to produce9b. Alternatively, a slightly (by 2.0 kJ
mol~1) endothermic 1,2-OH migration may occur frodb to
form 8b*. If we first follow the dehydration pathway that
produces9b, a catalytic cycle requires that hydrogen re-
abstraction from Ado-H byb takes place. We calculate this
reaction to be endothermic by 82.5 kJ miol This reaction
enthalpy is similar to that calculated for hydrogen re-abstraction
from Ado-H by glycolaldehyde radical9g, 87.6 kJ motl,
Scheme 3). Similarly, i8b* is produced via a 1,2-OH migration,
a 46.5 kJ mot! exothermic dehydration step produces an isomer
of 9b, that is,9b*. In the same way tha&b is unlikely to allow
H-atom transfer from Ado-H, we calculate H-atom transfer from
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3.2.4. Inactivation Mechanism for Chloroacetaldehyde.
Among the various substrate analogues that have been shown
to result in mechanistic-based suicide inactivation of DDH,
chloroacetaldehyddl D) is a notable illustratioA®® Recent EPR
investigations have identified the inactivation product to be the
cis-ethanesemidione radical@a),'”® the same radical species
implicated in the suicide inactivation of DDH by glycolaldehyde.
At the same time, an inactivation mechanism was proposed to
account for the EPR indications dal’® Given the results
obtained when glycolaldehyde (or its hydrate) is the substrate,
such a mechanism is indeed plausible. We have therefore
explored a mechanism for inactivation of DDH with chloroac-
etaldehyde 12).

The proposed mechanism for suicide inactivation of DDH
by chloroacetaldehydel®) is depicted in Scheme 5. The first
step involves the 34.0 kJ mdl exothermic hydration of2 to
yield 2-chloroethane-1,1-diol18). Presumably, it isl3 that
actually binds to the active site of DDH as it shows the greater
similarity to catalytic substrates, especially propane-1,2-digl (
Scheme 2a). Initial hydrogen-abstraction occurs from C23of
to generate the substrate-derived radiicélWe calculate this
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Scheme 5. Proposed Mechanism for Suicide Inactivation of DDH
by Chloroacetaldehyde (12) (Relative Energies in Parentheses, kJ

Scheme 6. Proposed Mechanism for the Suicide Inactivation of
DDH by Glyoxal (16) (Relative Energies in Parentheses, kJ mol™1)
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of the inactivated complex of DDH antila®* Given that the
inactivation mechanisms of DDH withla and chloroacetal-
X dehyde 12) lead to a highly stabilized radical that cannot
generated radical frorh3 (not shown) to be 12.5 kJ midilower perform the hydrogen-atom re-abstraction step, it seems likely
in energy than the C2 substrate-derived radical _ for a similar mechanism to be operational when glyoxal is the
In @ manner similar to a catalytic substrate, a 1,2-OH shift g,pstrate. To determine whether this may be the case, we have
of the substrate-derived radick4 is proposed to occur to form  gppjied techniques similar to those already outlined to explore
the product-related radicab. This rearrangement is calculated  he situation in detail.
to be slightly endothermic (by 5.6 kJ mad). The next step in The proposed inactivation mechanism of DDH by glyoxal
the inactivation reaction of DDH by chloroacetaldehyde is (16) is depicted in Scheme 6 and begins with a 35.5 kJ ol
elimination of HCI from15to form the glycolaldehyde radical  axothermic hydration of6 to form 2,2-dihydroxyacetaldehyde
(9a). This step is calculated to be exothermic by 44.9 kJthol (17). Notice that17 may simply be regarded as an OH-
As seen previously with the inactivation of DDH by glycolal-  gypstituted derivative of glycolaldehyd&1@). The calculated
dehyde (1) or ethane-1,1,2-triol7e) (Scheme 3), the forma-  payrier for the initial hydrogen-atom abstraction from 2,2-
tion of 9aleads to a deep energy-well, a@d becomes unable dihydroxyacetaldehydely) by Ados to form the substrate-
to execute the catalytically necessary hydrogen re-abstractiongerived radicall8 plus Ado-H is calculated to be 35.5 kJ mél
from Ado-H. This energy requirement is less than the corresponding values
Another possibility exists for the product-related radit8l for the catalytic substrates ethane-1,2-diol and propane-1,2-diol
Instead of HCI loss as shown in Scheméd5¢could conceivably (53.5 and 51.8 kJ mot, respectively, Scheme 2a). In addition,
re-abstract a hydrogen atom from Ado-H, thus generating the associated exothermicity for this initial hydrogen-atom
1-chloroethane-1,2-diol and regenerating Atfwt shown). This  apstraction is a large 102.4 kJ mél The generated substrate-
would then allow further catalysis to continue because «Ado derived radicall8 can then rearrange via the intermediacy of
would become regenerated. We have explored this possibility transition structure 9 to the product-related radicab, which
and find the barrier and endothermicity of the reaction to be |ies 41.9 kJ mot! lower in energy thari8. Both the substrate-
78.1 and 20.0 kJ mol, respectively. As compared to the facile  derived radical18 and the product-related radic&0 are
44.9 kJ mot?! exothermic loss of HCI, it is difficult to imagine captodatively stabilize®®
why DDH would prefer the higher energy pathway. Besides, ke the glycolaldehyde radicadé), the radicaROrepresents
even if hydrogen-atom re-abstraction did occur to regenerate 5 stable radical species. This is evident in the computed barrier
Adoe and form 1-chloroethane-1,2-diol, HCI loss would pre- and endothermicity for the hydrogen re-abstraction reaction
sumably then occur (as B loss occurs for catalytic substrates), petween20 and Ado-H, which are calculated to be 107.7 and
to form glycolaldehydeX1a), which, as shown as the reverse g0 kJ mot?, respectively. Such energy requirements are
of the last step in Scheme 3, can lead directly to the suicide- gpparently too demanding for the reaction to proceed. Thus, it
inactivating glycolaldehyde radicadq) via a highly exothermic s quite likely that20 is the final destination under anaerobic
(87.6 kJ mot?) hydrogen-atom transfer. conditions for the reaction between DDH and glyoxal. If this is
Thus, it appears that the mechanism depicted in Scheme Sindeed the case, we see yet again that substrate-analogue-induced
for the suicide inactivation of DDH by chloroacetaldehyde is suicide inactivation results from the inability of-8eoxyad-
indeed viable. The formation da, as previously seen for  enosyl radical to become regenerated due to the presence of a
ethane-1,1,2-triol{a, Scheme 3), results in a deep energy well stable radical species.
from which hydrogen re-abstraction from the unactivated methyl .
group of Ado-H cannot occur. The end result is that the 5 4 Concluding Remarks
deoxyadenosyl radical cannot be regenerated and the catalytic The results presented in this study on the hydrogen-abstraction
cycle is broken. steps relevant to the reactions catalyzed by diol dehydratase
3.2.5. Inactivation Mechanism for Glyoxal. At the same (DDH) reinforce the notion that enzymes operating via radical
time that it was found that the incubation of DDH with mechanisms must maintain a delicate balance of activity for
glycolaldehyde 113 resulted in the complete inactivation of sustained catalysis. The calculated energy requirements for
DDH, it was also found that glyoxallg) could perform the mechanisms of catalytic rearrangements with ethane-1,2-diol
same functiori®@ Interestingly,16 is also the product derived (1a) and propane-1.2-diol1p) as substrates establish ap-
from glycolaldehyde 118) upon aerobic protein denaturation proximate boundaries for the functional capacity of DDH, which

reaction to be exothermic by 5.1 kJ mglwith an associated
barrier of 52.1 kJ mof. Interestingly, we calculate the C1-
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prove useful in considerations of the phenomenon of suicide Finally, suicide inactivation has been examined for the
inactivation. Our calculations suggest that pathways in which reactions of DDH with the substrate analogues glycolaldehyde,
elimination of HO occurs from either the substrate-derived propane-1,2,2-triol, propane-1,1,2-triol, chloroacetaldehyde, and
radical3 or the product-related radicdlare not viable for the glyoxal. For each analogue examined, stable radicals have been
reactions catalyzed by DDH because a relatively stabilized identified along the reaction pathway that lead to the potential
allyloxy radical @) is generated, which is unable to re-abstract hydrogen re-abstraction steps being exceedingly endothermic.
an H atom from Ado-H for the purpose of continuing the The net result is that 'Sleoxyadenosyl radical cannot be
catalytic cycle. Itis intriguing to wonder whether these relatively regenerated so as to continue the catalytic cycle, causing the
demanding pathways reflect a lost generation of suicide suicide inactivation of DDH.
inactivation mechanisms prior to the conception of the re-
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