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Abstract: DFT (B3LYP/6-31G*) and ab initio molecular orbital theory (QCISD/cc-pVDZ) are used to
investigate several possible mechanisms involving free radical intermediates as well as their protonated
forms for processes related to the coenzyme Bi,-dependent rearrangement catalyzed by ethanolamine
ammonia lyase. Two major types of rearrangements are discussed in detail, intramolecular migration and
dissociation of the amine/ammonia groups, for both of which several scenarios are considered. According
to the calculations, the complete dissociation of the migrating group and its subsequent association constitute
an unlikely route for both the protonated and the unprotonated reactant because of the high-energy barriers
(more than 23 kcal/mol) involved in these steps. Direct migration of the protonated amine group is far
more favorable (10.4 kcal/mol) and therefore presents the most likely candidate for the actual enzymatic
reaction. The calculations further imply that the direct loss of an ammonium cation (10.6 kcal/mol) represents
a feasible pathway as well. Comparing the rearrangements for the aminoethanol radical and its protonated
counterpart, in line with previous findings reported by Golding, Radom, and co-workers, we find that the
migration of a protonated group is in general associated with lower energy barriers, suggesting that the
actual enzyme substrate quite likely corresponds to (partially) protonated aminoethanol. As the extent of
the substrate protonation/deprotonation by the active site of the enzyme may vary, the actual energy barriers
are expected to range between the values calculated for the two extreme cases of a substrate, that is, the
aminoethanol radical 2 and its fully protonated form 6.

Introduction presence of the vitaminiBcoenzyme for its catalytic activity.

A central part of the catalytic role of vitamin;Bstems from

the relative weakness of its cobaltarbon bond with a
dissociation energy less than 30 kcal/mdhe energy required
tfor that homolysis is delivered by a conformational change in
the protein induced by binding of the substrate, and homolysis
of the Co-C bond is accelerated up to a factor of'd the

The vitamin B> coenzyme-dependent enzymes catalyze
homolytic cleavage of the €H bond!? and it is generally
believed that radical intermediates are involved in the subsequen
1,2-migration of hydrogen, alkyl, carbonyl, hydroxyl, or amide
groups!~2 Ethanolamine ammonia lyasérom bacteria me-
tabolizes the substrate aminoethahdl, to ethanal,11, and presence of an enzynidn the first step of the reaction, the

ammonia (Scheme £)Even though the best substrate for this homolytic cleavage of the €Co(lll) bond in the vitamin B,

reaction isl, the enzyme can utilize a number of other 2-amino coenzyme is assumed to generate the low-spin Cob(ll)alamin

alcohols as well. The ethanolamine ammonia lyase requires the y 9 o P .
and a 5-deoxyadenosyl radical, and it is the latter radical that

*To whom correspondence should be addressed. Fe49-30-314- has been proposed to abstract a hydrogen atom from aminoet-

21102. E-mail: Marija.Semialjac@www.chem.tu-berlin.de, Helmut.Schwarz@ hanol (Scheme 11 — 2).° There are some indications that the

www.chem.tu-berlin.de. o protein-associated radical could participate in that step as'tvell.
(1) (a) Frey, P.Chem. Re. 199Q 90, 1343. (b) Krautler, B.; Arigoni, D.; f he initially f . K . | . h
Golding, B. T.Vitamin B, and Bz-Proteins Wiley-VCH: Weinheim, 1998. As for the initially formed |nte_rmg_d|ate§ 'n\_/o ved in t_ e
(2) (a) Buckel, W.; Golding, B. TChem. Soc. Re 1996 26, 329. (b) Golding, subsequent rearrangemen2pmbiguities still exist. Two basic

B. T.; Buckel, W. InComprehensie Biological CatalysisSinnott, M. L., ) . . .
Ed.; Academic Press: London, 1997; Vol. 3, p 239. (c) Banerjee, R. Pathways have been proposed (Schenié & amine-migration

Biochemistry2001, 40, 6191. — ine-di iati a,_e
(3) (a) Eggerer, H.; Stadtman, E. R.; Overath, P.; Lynef8iéchem Z196Q pathway 2 4) and an amine dISSOCIathn pathw 10)' .
333 1. (b) Finke, R. G.; Schiraldi, D. A.; Mayer, B. Goord. Chem. Re Both routes yield eventually the same final products, that is,

1984 54, 1. (c) Wollowitz, S.; Halpern, JJ. Am. Chem. Sod.984 106,
8319. (d) Halpern, Bciencel985 227, 869. (e) Golding, B. TChem. Br.

1990 26, 950. (f) Reey J.Angew. Chem., Int. Ed. Endl990Q 29, 355. (g) (7) Halpern, J.; Kim, S.-H.; Leung, T. W. Am. Chem. S04984 106, 8317.
Ludwig, M. L.; Matthews, R. GAnnu. Re. Biochem.1997, 66, 269. (8) Hay, B. P.; Finke, R. GJ. Am. Chem. S0d.987, 109, 8012.

(4) The original name of the enzyme was ethanol deaminase (see ref 6), but (9) LoBrutto, R.; Bandarian, V.; Magnusson, O., Th.; Chen, X.; Schramm,
later it was changed to ethanolamine ammonia lyase (EC 4.3.1.7). V., L.; Reed, G. HBiochemistry2001, 40, 9 and references therein.

(5) While the actual substrate is 2-aminoethanol, for the sake of shortness, it (10) O'Brien, R. J.; Fox, J. A.; Kopczynski, M. G.; Babior, B. M.Biol. Chem.
is abbreviated in the text as aminoethanol. 1985 260, 16131.

(6) Bradbeer, CJ. Biol. Chem.1965 240, 4669. (11) Warncke, K.; Ke, S.-CJ. Am. Chem. Sod.999 121, 9922.
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Scheme 1. Possible Rearrangement Paths in the Deamination of Aminoethanol, 1, by Ethanolamine Ammonia Lyase (See Text and
Subsequent Schemes for the Structure Labeling)
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ethanal, 11, and ammoniall is formed by reabstraction of a  extent that they get close to the energetics pertinent to enzyme
hydrogen atom from the'&leoxyadenosine, thus regenerating catalysis.
the adenosyl-Cob(lll)alamin and closing the catalytic cycle. As  The ethanolamine ammonia lyase dependent rearrangement
far as the rearrangement®fs concerned, despite elegant EPR of aminoethanol has not been the subject of theoretical studies
experiment®¥ and circumstantial evidence, the detailed mecha- so far. In the present computational investigation, several
nistic picture of this and related;Bcatalyzed transformations ~ mechanistic scenarios will be addressed including the concept
is the least understood aspect in the bound free-radical hypoth-of partial protonation of the substrate. The latter mode of
esis. operation is supported by the finding that in severab-B
The mechanistic dichotomy depicted in Scheme 1 seems todependent enzymes the amino acid sequence of the enzyme
exist for other systems as well, and under particular conditions active site contains Asp and His residdésyhich might serve
radical-mediated rearrangements were shown to be facile as2S Proton donors. In the case of methylmalonyl-CoA mutase
compared to those with closed-shell species. Often, the energycatalyzed rearrangement, it was concluded that His plays a role
barriers for a carbonheteroatom bond cleavage, caused by a ©f & Proton donof?From the aminoethanol acidityKa = 9.45
neighboring radical center, decrease to one-half of the valuefor the conjugate _aC|d of), one can expect partial, if not
for rearrangement barriers proceeding through closed-shell_complete' protf)natlc_)n of _the aminoethanol substrate embedded
intermediated® As far as gas-phase studies of aminoalkanes In the enzyme’s active site.
are concerned, for the protonated ethylamine it was shown thatcomputational Methods

the ammonium ion elimination is the energetically preferred . ) ) )
path4 All calculations were performed with the Gaussian 98 suite of

. . . program&’ using the DFT and QCISD approaches. The use of the DFT
Recently, quite a few quantum-mechanical studies have beeny, majism was a natural choice because of the balance between accuracy
reported on B-mediated rearrangements, and noFeworthy are and computational time required by the calculations. The B3LYP
the following cases: methylmalonyl-Co&, 1,2-diols1®~18 functional was use@:?>1t should be mentioned that in related studtes
2-methyleneglutarat¥, and the aminomutase catalyzed 1,2- B3LYP calculations have provided good agreement with the experi-
amino shifts in amino acid®. The 1,2-amino migrations mental data as well as with the data obtained with the high-level
catalyzed by aminomutases differ from the formally related 1,2- theoretical methods. _ _
amino shift catalyzed by ethanolamine ammonia lyase because Geometry optimizations were performed with Pople’s polarized
_ _ ok b , . o
of the fact that the former depends on the interaction of the double¢ 6-31G b_aS|s set’ To characterize the optimized structures,
. . . . . . . frequency analysis has been performed at the same level of theory.
substrate (amino acid) with another vitamin (i.e., vitamg), B " : S I
. . . _Minima were characterized by the absence of imaginary vibrational
while the latter rearrangement proceeds by cooperative action
of the enzyme and vitaminBonly. The intriguing concept of  (21) Banerjee, RChem. Bi0l.1997, 4, 175. _
a partially protonated migrating group suggested by Smith, (22) Wetmore, S. D.; Smith, D. M.; Radom, ChemBioChen2001, 2, 919.
. 16 . . (23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
Golding, and Radoff-16seems to play an important role in the A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
i i i R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
enzyme activity. Becausg of partial protonation, the energy KN Strain. M. C.. Farkas. O, Tomasi 1 Barone, V.. Cossi, M.. Cammi.
barriers of the corresponding rearrangements are lowered to the  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,

(12) Warncke, K.; Schmidt, J. C.; Ke, S.-C.Am. Chem. So&999 121, 10522. J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
(13) Zipse, H.Acc. Chem. Red.999 32, 571. Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
(14) Bouchoux, G.; Djazi, F.; Hguyen, M. T.; Tortajada]JPhys. Cheml996 M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
100, 3552. Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
(15) (a) Smith, D. M.; Golding, B. T.; Radom, . Am. Chem. S0d999 121, Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
1383. (b) Smith, D. M.; Golding, B. T.; Radom, U. Am. Chem. Soc. 98, revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.
1999 121, 9388. (24) (a) Becke, A. DJ. Chem. Physl993 98, 1372, 5648. (b) Lee, C.; Yang,
(16) Smith, D. M.; Golding, B. T.; Radom, L1. Am. Chem. SoQ001, 123 W.; Parr, R. GPhys. Re. B 1988 37, 785.
5700. (25) Koch, W.; Holthausen, M. CA Chemist's Guide to Density Functional
(17) George, P.; Glusker, J. P.; Bock, Ch. W.Am. Chem. Sod997, 119, Theory Wiley-VCH: Weinheim, 2000.
7065. (26) For an excellent, insightful review on theoretical aspects of coenzyme B
(18) Smith, D. M.; Golding, B. T.; Radom, L1. Am. Chem. Sod.999 121, dependent rearrangements with special emphasis on a comparison of the
1664. theoretical methods as well as the concept of partially protonated migrating
(19) Smith, D. M.; Golding, B. T.; Radom, L1. Am. Chem. Sod.999 121, groups, see: Smith, D. M.; Wetmore, S. D.; Radom, L.Timeoretical
1037. Biochemistry— Processes and Properties of Biological Systefriksson,
(20) Wetmore, S. D.; Smith, D. M.; Radom, . Am. Chem. So@001, 123 L. A, Ed.; Elsevier Science: Amsterdam, 2001; Chapter 5.
8678. (27) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl1972 56, 2257.
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frequencies, while transition structures exhibited one imaginary fre-  The conformational analysis of aminoetharblwas the
quency. Computations of reaction pathways (IRC, relax PES scans)subject of several theoretical studies so3at” Out of the total
were carried out at the same level of theory. of 27 conformers, a pronounced hydrogen bond bridging the
Be_cause the B3LYP method _occasionally performs quite unsatisfac- tyo functional groups can be found in several of them. The
tory in the case of the reaction enthalpy evaluat®ngeometry most stable conformé® 1 (Figure 1), exhibits the strongest
reoptimizations were performed at the QCISD level of theory using stabilization because of a hydrogen bond between the nitrogen

Dunning’s correlation-consistent doukidsasis set cc-pVDZ to obtain -
more accurate energetic profiles of the reactions in question, as well atom and the hydrogen from the OH groufu( = 2.179 A)'

as the geometries of the stationary points. The CBS-RAD (QCISD,  Concerning the radic&, several conformers were considered
B3LYP) method® has not been applied because the computational cost for the reaction pathway calculations. The hydrogen bond is
would be even higher, and the energetic picture of the overall again an important factor for the structure stabilization. In the
rearrangement pathways would not change dramatically. A uniformed 2, conformer (Figure 1), a H-bond exists between a hydrogen
scaling factor of 0.9806 was used for the zero-point energy (ZPE) atom from the NH group and oxygendio = 2.767 A); this
corrections obtained at the B3LYP level of the8tyThe relative conformer corresponds to the third stable structure of amino-

energies in the text (given in kcal/mol) correspond to the enthalpies at ethanoB” The conformeg; is structurally related to the global
298 K obtained at the QCISD level of theory, unless specified otherwise. minimum 1. In 2, the N—H distance of 2.074 A is even shorter

The electronlc_ energies, ZPES, and the t_enthalples of stationary pomts,[han that inl (2.179 A); thus, the H-bond is even stronger in
can be found in the Supporting Information.

Inclusion of solvent, for example, water molecules, in the calculations the radical. The third conformer of the aminoethanol radical,

is not indicated on the ground that hydrogen exchange has not beenth@t iS,23 (Figure 1), does not exhibit any stabilization through
observed in vitamin B-dependent rearrangemeftaVe also refrain a H-bond; it is energetically less stable than the two cases
from including any specific interaction of the substrataith amino mentioned above (by 5.2 kcal/mol relative 25). While the
acids. While the amino acid sequence of the enzyme has beenmost stable conforme2; may serve as a good candidate for
determined? the X-ray structure of the enzyme is not yet known. the direct loss of ammonia (see further in text), this conformer
Consequently, no information is available on how the amino acids is not likely to play a role in the amino-group migration toward

relevant for a protonation ofl are positioned in the active site.  the electron-deficient carbon atom. For this rearrangement,
Therefore, for the time being, a comprehensive computational analySisconformerszl and2; are better candidates.

of the isolated substrate seems to be the most promising way of
providing insight into the energetically most feasible mechanistic
scenarios operating in the actual rearrangemer (&cheme 1).

Intramolecular Migration of NH  (x = 2, 3). Dissociation/
Association Mechanism of Aminoethanol Radical 2 and Its
Protonated Form 6 (Scheme 2A and D).The activation
Results and Discussion enthalpy for the dissociation of the aminoethanol radahto

In the computations, various rearrangement possibilities of €thenol, 3, and NH equals 24.1 kcal/mol; this barrier is
the neutral aminoethanol radical, and its N-protonated  Somewhat higher than the one for the-B bond cleavage of
counterpar (Schemes 2, 4), were considered. The structure the aminoethyl radica® IRC calculations from the2,/3
labels in Schemes 2 and 4 comprise the whole conformational transition structure in the direction of the reactant resulted in
space to which a structure in question belongs, while in the the 2; conformer. The optimization of the IRC structure in the
text, when discussing the mechanisms, a particular computa-Product direction§ and NH) did not indicate the existence of
tionally characterized conformer is addressed. When more than@ complex between the two species. Instead, the structure breaks
one conformer was obtained during the calculations, the iNto two separate species; thus, convergence could not be
subscript of the label points to a specific conformer. The relative achieved. Therefore, the combined energy of the products was
enthalpies at 298 K of the stationary points are presented in Obtained by calculating the energies of the separately optimized
Tables 1 and 2, and the optimized geometries of minima are geometries o3 and the NH radical. A further possibility of
presented in Figure 1; geometrical parameters of transition the cleavage o2, has been considered as well; however, even
structures can be found in Figure 2. Comparing the radical if permitted extensive solvation, the formation of a radical-cation
geometries obtained at both levels of theory (Figures 1 and 2), 7 and an NH anion can be excluded because the energy sum
we found that the most pronounced bond-length differences existrelative to2; equals 248.7 kcal/mol. With regard to the final
in the transition structures. The QCISD method is believed to rearrangement produet, the transition structuré/4, has been
provide a more accurate description of the actual geoméfries. located. In analogy with the/3 transition structure, the
As expected, for the closed-shell species, both methods giveoptimization of the IRC structure in a direction of the reactant
nearly identical results (see Figure 1). As to the energetics, all could not converge. Assuming that the reaction proceeds indeed
B3LYP barriers are lower than the ones obtained at the QCISD via 3 and the NH* radical, we found that the energy required
level of theory; this confirms the well-known B3LYP under- to overcome the/4; transition state barrier equals 25.6 kcal/
estimation of transition barriers for radical-mediated rearrange- mol relative to2;. Obviously, path 2A is energetically too
ments34.35 demanding to account for the enzyme-mediated rearrangement
. — of 2, as the energy required for the rate-determining step below
(29) ey, B, Radon, L Ieuantumechenical redton of Termo: 20 kealimol is considered necessary for an enzymati reac-

drecht, 2001; Chapter 6. tion.17.26

(29) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358.
(30) Mayer, P. M.; Parkinson, C. J.; Smith, D. M.; RadomJLChem. Phys.

1998 108 604. (35) Thimmel, H. T.; Bauschlicher, C. W., Ji. Phys. Chem. A997 101,
(31) Scott, A. P.; Radom, LJ. Chem. Phys1996 100, 16502. 1188.
(32) Faust, L. P.; Connor, J. A.; Roof, D. M.; Hoch, J. A.; Babior, B. M. (36) Chang, Y.-P.; Su, T.-M-; Li, T.-W.; Chaou,J. Phys. Chem. A997 101,
Biol. Chem.199Q 265 12462. 6107.
(33) Lynch, B. J.; Truhlar, D. GJ. Phys. Chem. 2001, 105, 2936. (37) Silva, C. F. P.; Duarte, M. L. T. S.; Fausto, RMol. Struct.1999 482—
(34) Nguyen, M. T.; Creve, S.; Van Quickenborne, L.JGPhys. Chenil996 483 591.
100 18422. (38) Theg' Gg' structure, as defined in ref 37.
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Scheme 2. NHy (x = 2, 3) Migration Pathway of 2 and 6 Resulting in the Formation of 1-Aminoethanol Radical, 4, and the N-Protonated

Counterpart, 8 (Encircled Rearrangement 6 — 8 Corresponds to the Energetically Preferred Path)

1 %
NH; _l . NH_2l
A) NH, NH; NH;
. CHy——CHOH "CH,—CHOH -+
CH;—CHOH ———————— (CH,™—=CHOH ———2———» CH,—CHOH
213 3/4
2 3 4
_Ij; —|1
B) e el
" n Ntz N“z
. CH, —CHOH RN CH,— CHOH .
CHy——CHOH CH,——CHOH CHy;——CHOH
2/5 5/4
2 5 4
t
NH; ]
O NH, NH,
. CHp— CHOH .
CH,—— CHOH CH,—— CHOH
2 2/4 2
2 4
1 1
+ T NH3
D) NH3 ! .
NH3 ; NH3 ; NH3
. &H,— CHOH + . EH,—CHOH &
CHy——CHOH 22—  CH,——CHOH ——2 e BH,~——CHOH
6/7 7/8
6 7 8
t 1
E) + Nt - NHs B +
NH; N NH, e NH3
. CH;—CHOH AN CHy— CHOH .
CHy——CHoH CHy——CHOH CHz—CHOH
6/9 9/8
6 9 8
NHy o
B vy N NHy
| . CH,— CHOH .
CH,——CHOH CHy—CHOH
2 6/8 2
6 8
Scheme 3. NHy (x = 2, 3) Migration Accompanied by Hydrogen Atom Dissociation/Association
H: ——}i
A NH, NH NH NH;
. TS CHy——CHOH .
CH;~——CHOH —————————» CHy;——CHOH CHy——CHOH
5'/4,
24 5 43
H® __]¢
B) * ‘NH, +
NH3 'Nl"lz ','+\\ NH3
EAN - \
. TS CHy—CHOH .
CHp,——CHOH CHp——CHOH CHy——CHOH
9'/8
6, 9 8

Nevertheless, the combined energy of the intermediate enol
radical cation7 and ammonia (Table 2) is too high to make

For the related reactions of the protonated radiq@cheme
2D), the transition structure8/7 and 7/8 were not located.
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Scheme 4. Dissociation Pathways for the Formation of the 2-Ethanal Radical, 10 (Encircled Rearrangement 6 — 10 Corresponds to the

Energetically Preferred Path)

A)

B)

G

D)

E)

F)

t
—
NH r H c - c/
THz NHZ' 2 T CHy——CHO +NH,
. CHy— CHOH 11
CHp— CHOH 2 n H,C===CHOH ——
2 3 L = &H,——CHO + NH,
—|¢ 10
H
NH, *
. NH, I °0 NHz
. CHy—CH’ .
CHy—— CHOH o CHy—CHO  —————» CH;——CHO + NHj3
2 12 10
ji
NHy -H.
NH, : }o
. CH,—CH .
CHy——CHOH 22/10 CH,——CHO + NHj
2 10
+ -
+ NHa
NH3 ' NH3
. CHy—— CHOH + . A +
CHy—— CHOH ——2-——6/—7——> CHy——CHOH ~ ————————» CH,——CHO + NHy
6 7 10
__.|¢
H
+ L .
+ NH; | + H
NH; o) NH3
. CHy—CH’ . +
CHy— CHOH ATE CHy—CHO ~ ——————— CH,——CHO + NHj
6 13 10
t
NHgeeoH ]
NH+ :+ S
3 : »
. H,C oH .
CHy~—CHOH —2 0 EH,—CHO  + NHY
6 10

this route a likely pathway in the rearrangement of the re-addition of the hydrogen atom (the activation enthalpy relative

protonated radicab,. While the energy sum of the products

to 2; equals 58.1 kcal/mol). Again, and in line with findings on

and NH; of the first rearrangement step equals already 29.2 related processé§the energies of all species characteristic for

kcal/mol, relative td6;, this situation gets worse energetically
if ethenol3 and the radical cation N§i* are considered as a
possible pair of products; the combined energg ahd NH;™,
relative to6;, amounts to 47.0 kcal/mol. Clearly, this pathway

the sequence depicted in Scheme 3A are much too high to play
a role in an enzymatic reaction.

A nonclassical structure proposed by George éf al.the
related isomerization of 1,2-ethanediol, where a hydrogen atom

is energetically not accessible for a fast enzymatic reaction, evenfrom an OH group bridges the-&C bond, could not be found
if the enzyme might stabilize substantially the transition states as a stationary point of any kind for the isomerization2of
of the dissociation/association pathways 2A and D.

Sequential Intramolecular Isomerizations of 2 and 6
(Scheme 2B and E)AIl attempts to locate the cyclic structure
5as a minimum on the PES failed. During geometry optimiza-
tion, one of the hydrogen atoms dissociates from the dtidup,
forming the closed-shell cyclic structuk (see Scheme 3A).
The final product4s (a conformer o#4 obtained with the IRC
calculation from the corresponding T%/43) can be formed
through the transition structui/4s, which is associated with

8978 J. AM. CHEM. SOC. = VOL. 124, NO. 30, 2002

Similarly, in that study}’ a classical structure where oxygen,
rather than NH, is the bridging group could not be located
either.

Some of the problems encountered in the reaction pathway
calculation, discussed in the previous section, were faced in the
case of the protonated radidgahs well. Instead of locating the
cyclic protonated radic@® (Scheme 2E), we obtained the closed-
shell cyclic cation9’, which was formed upon geometry
optimization of9. The transition structur@'/8 involved in the
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Table 1. Relative Enthalpies? (in kcal/mol) at O K (Hieio) and 298 Apparently, the spin delocalization through an additional
K (g/rengsK) of the Stationary Points on the Aminoethanol Radical heteroatom makes the migration more feasible

PE - X ) S .
The origin for the huge difference in the activation enthalpies

_ BaLYPIESIGT __ QCISDiecpVDZ between the migration of a neutral versus a charged group is
Helo Her 200k Hrtk Hlrt0ek most likely because of the bond redistribution in the two
2 0.0 0.0 0.0 0.0 transition structures. In the case of a protonated group migration,
gz *‘l‘-(l) *‘ﬁ 74618 *4(-)48 TS 64/8 corresponds closely and NH, which can be inferred
4i 37 36 08 09 from the C-N bond lengths (see Figures 1 and 2). The enol
4, 3.2 3.6 15 1.9 radical catior7 is more stable than its keto counterpart because
43 -0.2 -0.1 -1.6 -1.6 of a better spin delocalization in the<C—0 backboné? such
g%ﬁ gg-g gg-g ggg g‘s‘-é a spin delocalization stabilizes the transition structure as well.
544 547 54.4 58.6 58.1 The sl_lghtly prefe_rr_ed interaction of N;Lw_lth the C(1) _center,
244, 725 72.4 79.1 79.0 on which the positive charge emerges, is reflected in a shorter
2,/10 16.9 16.4 25.7 25.2 N—C(1) distance with respect to the second €{R)bond. As
2,/12 28.0 28.2 33.7 33.9 further suggested by the calculations, the spin density at C(2)
5 +Hr 44.6 45.4 43.2 43.9 ds that of C(1). | ) "
3+ NH» 181 10.4 15.6 16.8 exceeds that of C(1). In contrast, in g4, transition structure,
7+ NHz~ 241.4 242.8 2475 248.7 a three-center three-electron bond is present through a delocal-
10+ NHs; —6.8 -55 -54 —4.3 ization of electrons between nitrogen and two carbon atoms.
12+ He 21.0 22.0 19.4 20.4

Any significant delocalization of the spin density between C(1)
aFor electronic energies, ZPEs, and enthalpies, see Table 1S in theand C(2), which would correspond to a partial CC double-bond

Supporting Information. formation, can be neglected because of the fact that th€ C
Table 2. Relative Enthalpies® (in kcallmol) at 0 K (Heioc) and 208 bond in24/4, is actually elongated if compared2g(see Figures
aole 2. elative enthalpies© (In Kcal/mol) a rel,0k) an ~
K (Hrerzo8) Of the Stationary Points on the Protonated 1 and '2). The two €N bond.s. 0f23/4, are much s'horter than
Aminoethanol Radical PES those in the relate@:/8 transition structure, showing a strong
BILYP/6-31G* QCISDIcc-pVDZ interaction between the NHyroup and the €backbone. The

formation of such a strained structure with an extra electron in
a high-lying orbital is obviously energetically more demanding

Hrelo Hrel 208K Heelox Hrel,208K

21 8-2 8-2 g-g 2-2 than the correspondingy/8 transition structure.

82 59 30 03 01 We n_ote i_n passing that recent ggs-phase_ experiments showed
6./8 4.7 4.9 10.2 104 that migration of an Nkl group is a rapid and common
62/10 8.8 9.1 12.0 12.2 isomerization process in the case of protongteaiminoalkyl
9/8 69.1 68.7 73.3 72.7 radicalsi®

10+ NH4* -17.9 -17.1 —-16.7 —-16.0 o .

6,13 33.8 335 38.4 38.1 Dissociation Pathways of 2 and 6Concerning the role of

9 +H 48.9 49.5 46.5 47.0 stepwise NH (x = 2, 3) dissociation reactions, two mechanisms
3+ NHg* 52.2 53.3 46.0 47.0 were considered, which differ in the details of the initial step.
1J+N,L"lf|4+ 22;’ 3?';‘ 258.3 23'42 The reaction can commence either by the cleavage of thd C
13+ He 277 28.4 243 250 bond (elimination of NH or NHg) or via hydrogen atom

elimination from the OH group.
For electronic energies, ZPEs, and enthalpies, see Table 2S in the Elimination of the NHy (x = 2, 3) Group as the Initial
Supporting Information. Step (Scheme 4A and D)These two initial steps have already

. . been discussed in the context of dissociation/association mech-
formation of8 was found to lie 72.7 kcal/mol abo®e (Scheme anisms (see Scheme 2A and D) and therefore need not to be

3B), thus discarding this route in the isomerization6of analyzed any further.

One-Step Migration of NHz/NH3 in 2 and 6 (Scheme 2C From the enoB, ethanall1, could be formed directly through
and F). All stationary points of interest have been located on keto—enol tautomerization. The corresponding transition struc-
the respective PESs. The IRC calculations performed from the ture 3/11 for the unimolecular 1,3-H migratidhlies 56.6 kcal/
transition structur®s/4, lead to the conformerg; and4,. The mol above 3; thus, this symmetry-forbidden route can be
barrier for a direct migration of a NHyroup amounts to 78.2  discarded because of its high-energy demand. Besides, for that
kcal/mol, and this pathway is therefore not expected to play a mechanistic proposal, the NHadical formed in the step; —
role in the enzymatic reaction. 3 should then be capable of abstracting a hydrogen atom from

In contrast to the radica, the activation enthalpy for the —9-deoxyadenosine; however, according to EPR experiments, a
intramolecular transfer of the Nfgroup starting fron6, equals ~ nydrogen atom is Zabstract(_ad by either 1-aminoethahok
only 10.4 kcal/mol, thus clearly falling into the energy range ethanall0 radicals*? Formation ofl_O through the homolytlc
typical for enzyme-catalyzed reactio#¥sIhe analogous barrier bond cleavages of the €H bond in3 or a C-H in 11is
in the case of the ammonium-ethyl radical was calculated to be (39) (a) smit, B. J.: Nguyen, M. T.; Bouma, W. J.; Radom,JLAm. Chem.

25.0 kcal/mol for the investigation of a 1,2-amino shift catalyzed Soc.1991 113 6452. (b) Turecek, F.; Cramer, C.Jl. Am. Chem. Soc.
. 62 Obvi v th f the OH 1995 117, 12243. (c) Rodguez-Santiago, L.; Vendrell, O.; Tejero, I.;
by aminomutase. Obvious Y, the presence o the group Sodupe, M.; Bertran, Them. Phys. LetR001, 334, 112.

at the radical terminus dramatically influences the transition state (40) Hammerum, S.; Petersen, A. C.; Sglling, T. I.; Vulpius, T.; Zappeyl. H.
. . . . Chem. Soc., Perkin Trans.1097 391.
in such a way that the rearrangement is feasible even without(41) Because an isotope exchange has not been observed between the substrate

; i H and the solvent in the vitamin,Bdependent rearrangements, the variant
the action of an addlt_lonal C_OfaCtor’ for exampl%,_ Bs in the of an intermolecular keteenol tautomerization, catalyzed by an acid or a
case of the 1,2-amino shift catalyzed by aminomutéd%es. base, need not to be considered.
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Figure 1. Optimized geometries of minima relevant for the rearrangemer@saofd 6; bond lengths are given in A (B3LYP results in roman and QCISD
in italics).

compatible with the expected high-energy demands, thatis, 76.9 If a homolytic O-H bond cleavage was to take place in

and 90.5 kcal/mol, respectively. If one assumes that3the structure7 (Scheme 4D), a hydrogen radical and the acetyl
10 transformation is supported by the Niradical formed in catiorf3*4would be formed, and the combined energy relative
the previous step, then the reaction becomes exotherrdit. to 7 equals 21.1 kcal/mol. A heterolytic-€H bond cleavage

kcal/mol relative t&B + NH*). Even though the overall reaction  of 7 to producel0and a proton would be even more demanding
energetlcs Stamn_g fro_ml turn out to be almost thermon_eum_a‘l (43) Then-CH,CHO" cation does not exist as a minimum on the PES. As already
(3.0 kcal/mol; taking into account the energy-demanding first shown (see ref 44), the global minimum on thg4g0™ PES corresponds
_ ; i iminati to the acetyl cation (CECO"); thus, its formation was assumed in our

step and_ energy _releaglng Second one), the _stgpw!se (_a“m_matlon investigation as well. At the B3LYP/6-31G* level of theory, the electronic
mechanism starting with an amino-group elimination is highly energy of the acetyl cation equatd52.923534, with a ZPE of 0.044775

i it i i i En and the enthalpy of-152.874253F, at 298 K. The electronic energy
un“kely as the initial step, — 3is energetlca”y too demandmg' obtained by a geometry reoptimizations at the QCISD/cc-pVDZ level of
theory amounts te-152.53142€Ey,.
(42) According to the IUPAC rules, more appropriate names for these radicals (44) (a) Nobes, R. H.; Bouma, W. J.; RadomJLAm. Chem. S0d.983 105

are 2-amino-2-oxoethyl and 2-oxoethyl radicals. 309. (b) Egsgaard, H.; Carlsen, Chem. Phys. Lettl995 236, 78.
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Figure 2. Optimized geometries of the transition structures involved in the rearrangeménasd6; bond lengths are given in A (B3LYP results in roman
and QCISD in italics).

(187.2 kcal/mol relative tor). In contrast, formation of an  kcal/mol), it is very unlikely that this mechanistic scenario plays
ammonium ion and0 makes the latter reaction quite exothermic a role in the enzymatic catalysis.

(—22.8 kcal/mol). However, once more it is not very probable A homolytic O—H bond cleavad®in 6; proceeding through
that this pathway will play a role in the enzymatic reaction the transition structuré,/13would require 38.1 kcal/mol, again
because the initial step, with an activation enthalpy higher than tgo high for an enzymatic reaction. Consequently, the PES

29.2 keal/mol, poses too high of a barrier. involving 13 needs no further detailed discussion. Rather briefly,
O—H Bond Cleavage of 2 and 6 as the Initial Steps g heterolytic G-N bond cleavage il3 yields ammonia and
(Scheme 4B and E).From 2;, the homolytic G-H bond the acetyl catioff#4as the products, with a combined energy

cleavage occurs through the transition struct@gél2. The of 25.3 kcal/mol relative td.3. A homolytic C—N bond cleavage

related energy demand equals 33.9 kcal/mol, and it is unlikely in 13is energetically even more demanding, being equal to 98.8
that the enzyme could reduce such a high-energy barrier to makekcal/mol. Even if the latter cleavage is accompanied by théiN

this step feasible. For the sake of completeness, we havehond formation to generate the ammonium ion in a process that
nevertheless, investigated the whole reaction profile. The energyis overall exothermic18.6 kcal/mol relative td3 + H*), that

sum of the products, hydrogen and aminoethat3llies 20.4 route can also be excluded as the barrier, for the initial 8tep
kcal/mol above the reactant structie If a heterolytic G-H — 13 cannot be overcome.

bond cleavage oR; were to take place, the energy of the
aminoethanal radical anitinwould be, as expected, even higher

(371.0 keal/mol abovy). The energy demand for the homolytic  yqrqgen interaction renders the direct elimination ofsHite
C—N bond cleavage id2 equals 73.2 kcal/mol. If this cleavage  ayractive. The transition structure for this p@10 lies 29.6
is coupled with ammonia formation, the reaction enthalpy drops y.4|/mol above2,: this barrier originates from the cleavage of
to —24.7 keal/mol (relative td.2 + H?). A heterolytic C-N a strong O-H bond accompanied by the formation of a weaker
bond cleavage of2 can be discarded because the energy sum y_ hond, thus resulting in a relatively high activation enthalpy

of the products, Nklanion and acetyl catioff,*lies 249.3 kcall  f the Jate transition structu/10in which the N-H bond is
mol abovel2. In any case, because the first step of the reaction,

the hydrogen abstraction, is energetically quite demanding (33.9

Direct Ammonia/Ammonium Eliminations (Scheme 4C
and F). In the 2, conformer, an intramolecular nitrogen

(46) As an alternative, the heterolytic-® bond cleavage d; can be discarded,
because the energy of hypervalent aminoethanal radical-(iH,—CH=

(45) For NH.CH,CHO™, the electronic energy at the B3LYP/6-31G* level of Or; the electronic energy on the B3LYP/6-31G* level of theory equals
theory equals-209.120158&;, with a ZPE of 0.070674£&, and the enthalpy —209.72343%;, with a ZPE correction of 0.085502, and the enthalpy
of —209.043794;, at 298 K. At the QCISD/cc-pVDZ level of theory, the of —209.632144F,, at 298 K; at the QCISD/cc-pVDZ level of theory the
electronic energy amounts t6208.553294E;, electronic energy equals209.166357E;) lies 216.3 kcal/mol abové;.
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Scheme 5. Conceivable Pathways for the Conversion of Aminoethanol, 1, into Ethanal, 11 (Numbers in Italics Correspond to the Reaction
Enthalpies in kcal/mol at 298 K of the Corresponding Reactions)

+ +
NHa NH NH;
-H . +H . +H
——— CH,—— CHOH ——» CHy——CHOH ————>  CH3——CHOH
9.7 ~ 220.7 0.1 985
2 8 15
! NHp : NH3
! CH,——CH,OH I—— —> CH,——CHOH — -NH,' | 58 NH, | 145
: 1 : 6
e mmcecmccccacmmaa ' +
NH3
+ . + .
+H -H “NHe +H
. CHZ_CHon _ CHZ_CHO —_— CHg—CHO
-220.9 96.9 4.8° -90.5
14 10 11

aNumber corresponds to a reaction in which conforgis involved.’Number corresponds to a reaction in which conforeis involved.

formed, while G-H is almost completely broken (see Figure mol can be discarded as a potential step in the deamination of
2). While a complex between ammonia and the ethanal radical, aminoethanol catalyzed by the enzyme. Therefdreannot

10, has not been located on the PES, it can be postulated toserve as an intermediate in the rearrangemehtofll, because
exist (see next paragraph). However, once more the high all of the investigated reactions, in whidfis involved (Schemes
activation energy makes the direct loss of ammonia not a very 2 and 3), have activation enthalpies of their rate-determining
probable rearrangement pathway even if the barrier could steps highly exceeding 16 kcal/mol.

become lowered somehow by enzyme catalysis. Possible steps for the formation of ethahaffrom intermedi-

The activation enthalpy for the direct elimination of an ates involved in these reactions, which obey the transition barrier
ammonium ion starting frorf, via TS6,/10*” equals only 10.6  |imit stated above, are summarized in Scheme 5; energies of
kcal/mol. The transition structu/10 can be discussed interms  the relevant closed-shell species are presented in Table 3S in
of an interaction of N with the stable enol radical-catiof¥® the Supporting Information. For example, intermediaeis

(e.g., compare the bond lengths@f10 and7; Figures 1 and  accessible via direct loss of NHfrom the protonated radical
2), where a H-bond between the nitrogen atom and the hydrogenprecurso6, (see Scheme 4F); here the corresponding activation
from the OH group existsiw = 2.569 A). Further, as already  enthalpy equals only 10.6 kcal/mol. Considering the energy
mentioned, a spin delocalization through the@-0O backbone  barrier, we found that this elimination has a high probability of

in 6,/10 stabilizes the transition structure in contrasii0, occurring even if full protonation  in the enzymatic process
where the spin delocalization through three centers is not has not yet been demonstrated to take place. Nevertheless, as
achievable. A complex between the ethanal radit@l, and already showr® also partial protonation can result in a

NH,4* has been located with a stabilization energy of 17.6 kcal/ substantial stabilization of the transition structure, thus bringing
mol below6,. The energy requirement for a complete separation the energy demand in a region accessible to the enzymatic
of the two building blocks amounts to 22.4 kcal/mol, indicating reaction. FroniL0, ethanal11, could be formed by interaction
a strong electrostatic interaction between Nidnd the carbonyl  with the 5-deoxyadenosine, while, at the same time, the active
group. However, in an enzymatic environment, interaction of form of the vitamin B is regenerated.
NH," with negatively charged amino acid residues may help  |ytermediate8 can be formed either by the dissociation/
to pull out NH,™ from the active site; in this case, the overall gssociation mechanism (Scheme 2D) or via direct migration of
rearrangement costs only 10.6 kcal/mol. . the NH; group (Scheme 2F). The former path can be ruled out
Formation of Ethanal, 11. Any acceptable mechanism for  pecause of the energy barrier involved in the rearrangement
ethanal formation, in the context of the ethanolamine ammonia (higher than 16 kcal/mol). In contrast, the latter rofte— 8
lyase reaction, must be compatible with the rate constant for yjth an activation enthalpy of only 10.4 kcal/mol has the lowest
the product formation. In an ideal case of complete enzyme energy barrier of all investigated rearrangement possibilities.
saturation, one could approximatg with the rate constant of  From g, ethanal can be formed either by loss of an ammonium
the product formation. In a realistic case, the rate of the product gy, resulting in 10 or by hydrogen addition from the'5
formation would be lower, and thus the activation enthalpy deoxyadenosine followed by loss of an ammonium ion.
would be higher. Taking the value d’ft‘j = 55 s'* for the The proposal for an intramolecular NHhigration 6 — 8
ethanolamine ammonia lyase at 295*Kwe derived the gcpeme 2F) s in line with computational findings of quite
activation enthalpy for the rate-determining step from the Eyring similar rearrangements catalyzed by diol dehydts€swhile
equation. Assuming a reasonable range of activation entropy ; issociation pathway related ® — 10 (Schem;a 4F) is

— 17 i i
of 0—10 cal/mol K17 we found that the activation enthalpy falls supported by solution experimerffsHowever, the EPR spec-

into the rgtrlzge 14'?,“? kcali E](il' rﬁgpt]ect|\t/relzly; thusl,GaQy v tral2 do not allow one to distinguish between intermediates of
process with an activation enthalpy higher than ca. cal the rearrangements, thus leaving the question of the actual

(47) The optimization of the IRC structure in the direction of product could not rearrangement pathway still unanswered. While the calculations

converge because of the formation of two separate species. Thus, the energyslightly favor the NH migration pathway, with an activation-
of the product structure was obtained by combining the energies of the
separately optimized structur&® and NH;*.

(48) Faust, L. P.; Babior, B. MArch. Biochem. Biophyd.992 294, 50. (49) Walling, C.; Johnson, R. Al. Am. Chem. S0d.975 97, 2405.
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Table 3. Com_parisonhbletweeh tEe ?Omlputed and Experimentally thus adding in the elucidation of the actual mechanism of this
Derived Reaction Enthalpies (in kcal/mol) important enzymatic reaction.

. *a | ab . . . . .
BILYPI6-31G QCISDiec-pVDZ Because of their high activation enthalpies (more than 23 kcal/
Ao': zAgéHK AO'; ZAgg"K N mol), reaction mechanisms involving complete detachment of
O @80 0K (228 K) L the NH,/NHj3 groups (dissociation/association mechanisms) can
2,—10+NH; —-68 —55 —61 —48 —46+32 ; - ;
61— 10+ NH.* 67 119 aa 56 be ruled out. Further, isomerization pathways proceeding

through cyclic intermediates are unrealistic as well because of
2 ZPE correction has been taken into accofifinthalpies obtained by the fact that such cyclic structures have not been obtained as
performing the frequency calculations for reactants and products at the minima on the PES neither for the protonated nor for the
QCISD/cc-pVDZ level of theory. . . . . .
unprotonated radical. Also, mechanisms involving a stepwise

enthalpy difference between the direct Niigration and the  €limination of the NH/NH," species are highly unlikely to play
NH4+ elimination of only 0.2 kcal/mol, a definitive answer arole in the actual rearrangement routes because of high-energy
cannot be given. From the deuterium kinetic isotope effects, it Parriers involved in these pathways.

was concluded that the rate-determining step in the overall Concerning the direct transfer of the BHjroup in the
reaction sequence corresponds to the hydrogen abstraction fronaminoethanol radical, that pathway can be definitively ruled out
the 8-deoxyadenosine by the product radi¢dlhe estimated  pecause of the exceeding high-energy demand (more than 70
energy barrier associated with that reaction step equals 15 kcalkcal/mol). It is inconceivable that any enzyme could reduce such
mol at 298 K?* thus, both scenarios suggested by the present 5 parrier for this rearrangement to become feasible. On the other
comp_utatlonal worlg coulo_l well take place in the real enzymatic hand, the activation enthalpy for a direct transfer of thesNH
reaction. All other investigated pathways can be ruled out on group in the protonated aminoethanol radical is computed to

energet|f: grounhdsl. . . ¢ Calculated and be the lowest (10.4 kcal/mol) of all rearrangement barriers

Eszﬁfr?gr?tellzln\t/a?ursses'r_h: rce:(;gieglse%rt]hzl Ci::scgo?ttileirr]ans investigated in this study, thus making that pathway the most

forpmation of aminoetﬁanol radica, into etrl?anal radicafl 0, probable rearrangement mechanism of the enzyme catalysis.
L ’ Indeed, this finding confirms the earlier hypothé%i§-26that

and ammonia have been calculated at both levels of theory ) . s L
(Table 3). To obtain even more accurate reaction enthalpies, a(partlal) protonation of the migrating group reduces significantly

frequency analysis of the structures in question was performedN€ €nergy barrier.

at the QCISD/cc-pVDZ level of theory as well. As the The direct NH elimination in aminoethanol radical is not
experimentally derived data for the enthalpy of the aminoethanol expected to be the actual rearrangement because of an energeti-
radical formation do not seem to exist in the literature, this figure cally quite demanding barrier. On the other hand, for the
was estimated from other data availabi@ecause the reliability ~ protonated form of the aminoethanol radical, the activation
of some of the numbers presented in thermochemical fiffes  enthalpy for a direct Nkt elimination falls into the range of
can be questioned, where available, the enthalpies reported byenzyme catalysis (10.6 kcal/mol). However, the possible
Cioslowski et af® were used. For protonated aminoetha@ol  complex formation between an NHion and the ethanal radical
and its rearrangement into ethanal radit@land ammonium  coy|d present a bottleneck for that particular mechanistic route
ion, we did not_ find suffl_c,lent experimental data to calculate pecause of the high-energy demand for the complex dissociation
the corresponding experimental enthalpy; thus, only the com- (22.4 kcal/mol). Nevertheless, as mentioned, the enzyme sur-
[rounding could help in abstracting the biHon from the active
site, thus preventing a complex formation.

both levels of theory fall into the range of the enthalpy predicted
from the experimentally available data. The uncertainty of ) i
experimentally derived enthalpies is quite pronounced, and one ~ Cléarly, the X-ray structure of the ethanolamine ammonia
can safely assume that the computationally determined values/yase would certainly resolve the mechanistic dichotomy in
especially at the QCISD level of theory, are even more reliable distinguishing between the two mechanistic pathways (i.e., direct
in this particular case. NH3 migration6 — 8 vs NH,;* elimination6 — 10) predicted

by the present model calculations as the two most probable

Conclusion rearrangements of aminoethanol in enzymatic reactions.

The computational study of the aminoethanol rearrangement
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