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Abstract: The radical intermediate present during steady-state turnover of substrate aminoethanol by
ethanolamine deaminase froBalmonella typhimuriunhas been characterized by using X-band electron
paramagnetic resonance (EPR) spectroscopy. The radical intermediate was prepared by cryotrapping enzyme,
aminoethanol substrate, and vitamimBoenzyme (adenosylcob(lll)alamin) immediately following mixing.
Natural abundance, 1,1,2%Ph-, 2-13C-, and 1,213C,-aminoethanol were used as substrates. The EPR spectrum
obtained for natural abundance aminoethanol shows a broad feature at approxgmat2l§ that arises from

Cd" in cob(Il)alamin, and a feature from an organic radical that has an absorption maxing.sn 202 and

a line width of 10.8 mT. The EPR line shape is characteristic of a relatively weakly electron spin-coupled
Cd'-organic radical system. The EPR line shapes forltheand13C-labeled substrates were narrowed and
broadened by 0.7 and 2.4 mT, respectively, demonstrating that the radical is substrate-based. The comparable
line widths of the 213C- and 1,213C-labeled radicals show that the unpaired spin density is localized primarily

at the G carbon atom. This identifies the radical intermediate as a rearranged substrate radical, or product
radical. The results are consistent with either the 1-aminoethanol-2-yl radical or the ethanal-2-yl radical, which
have been proposed as intermediates in, respectively, the amine migration and amine elimination mechanisms
of rearrangement. A qualitative reaction free energy profile for th&-i@dical pair intermediate states on the
enzyme is constructed, based on the EPR results and previous isotope exchange and kinetic isotope effect
studies. The results and analysis reveal that a product radical trap strategy contributes to the stabilization of
the radical pair state, which enhances catalytic performance of ethanolamine deaminase.

Introduction bound vitamin B, coenzyme [adenosylcob(lll)alamin] is cleaved
homolytically to formS= 1/2, low spin Cd in cob(ll)alamin

The family of vitami - . :
e family of vitamin B, coenzyme-dependent enzymes and a putative 'sdeoxyadenosyl radicaf. The 3-deoxyadenosyl

catalyze the radical-mediated cleavage of unactivatedHC .
bonds and associated Icessmigrations of hydrogen and radical has been proposetfto abstract a hydrogen atom from

alkyl, carbonyl, hydroxyl, or amino grougss The cycle of substrate aminoethanbin the first hydrogen transfer step, HT1,
vitamin By,-coenzyme-mediated enzyme catalysis is depicted 9€nerating the 2-aminoethanol-1-yl substrate radalhe
in Figure 1 for the bacterial ethanolamine deamirig2which additional participation of a protein-associated radical intermedi-
catalyzes the deamination of aminoethdrl the products  ate between the deoxyadenosyl and substrate-derived radicals
ammonia and ethanal (acetaldehy#fen the first step of the has been proposédThe electron-deficient substrate radical

proposed reaction sequence, the cebadirbon bond in enzyme- 1S thus activated for rearrangement to a product radicé a
second hydrogen transfer step, HT2, the product radical abstracts

109 Babior, B. M.; Krouwer, J. SCRC Crit. Re. Biochem 1979 35— a hydrogen atom from theBnethyl group of deoxyadenosine
(2) Biz; Dolphin, D., Ed.; Wiley: New York, 1982; Vols. 1 and 2. to form the diamagnetic produdt which dissociates from the
(3) Frey, P.Chem. Re. 199Q 90, 1343-1357. enzyme. It is thought that the-Beoxyadenosyl radical and €o
(4) Buckel, W.; Golding, B. TChem. Soc. Re 1996 25, 329-338. in cob(ll)alamin then recombine to regenerate the intact

(5) Stubbe, J.; van der Donk, W. &hem. Re. 1998 98, 705-762. . h
(6) Babior, B. M. InBiz; Dolphin, D., Ed.; Wiley: New York, 1982; coenzyme prior to the next turnover.
Vol. 2, Chapter 10.

(7) O'Brien, R. J.; Fox, J. A.; Kopczynski, M. G.; Babior, B. NI Biol. (11) (a) Kaplan, B. H.; Stadtman, E. R.Biol. Chem1968 243 1787
Chem.1985 260, 1613116136 1793. (b) Kaplan, B. H.; Stadtman, E. R.Biol. Chem1968 243 1794~
(8) Ke, S.-C.; Torrent, M.; Museav, D. J.; Morokuma, K.; Warncke, K.  1803.
Biochemistry1999 38, 12681-12689. (12) The failure to directly detect thé-Beoxyadenosyl radical by rapid
(9) This enzyme was originally named “ethanolamine deamir&se” reaction quench method%,and a substrate deuterium isotope effect on

(E.C. 4.3.1.7), and was later also called “ethanolamine ammonia-lyase” by cobalt-carbon bond cleavage in methylmalonyl-CoA muttSeas led to

some groups, in particular, in the post-1970 portion of the extensive work the suggestion that hydrogen abstraction from substrate may proceed without

from the laboratory of B. M. Babior. In contrast to the use of the historical formation of the 5deoxyadenosyl radical as a distinct chemical intermedi-

common name for the enzyme, we follow the IUPAC conventions in the atel314A large substrate deuterium isotope effect on the rate of cebalt

nomenclature for substrates and their derivatives. This avoids the somewhatcarbon bond cleavage has also been observed in glutamate mutase, but a

confusing dual use of common and IUPAC nomenclature in the early low concentration, high energy-Beoxyadenosyl radical intermediate is

literature. For example, we refer to the natural substrate as 2-aminoethanol favored as an explanatidh.Magnetic field effects on the ethanolamine

or simply aminoethanol, rather than ethanolamine. deaminase reaction indicate the formation of an intermediate deoxyadenosyl-
(10) Bradbeer, CJ. Biol. Chem.1965 240, 4669. Co' radical pair in this systerf.1”
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Substrate Species Coenzyme Species Product Species flow eXperiment§?715'17’2k24 However, two observations Sug-
- gest that “late” micro- to millisecond phases of the reaction that
involve substrate-derived radical species participate in the radical
pair stabilization process. First, cobaftarbon bond cleavage
depends obligatorily on substrate binding in all adenosylcobal-
amin-dependent enzymes, with the exception of ribonucleotide
triphosphate reductase, which can cleave the bond upon binding
a nucleotide triphosphate activaforSecond, the optically
detected bond cleavage kinetics depend on the rate of the first
hydrogen atom abstraction reaction from substrate in the
methylmalonyl-CoA mutagéand glutamate mutaesystems®

This has led to the suggestion that formation of the substrate
radical acts to effectively trap the radical pair in glutamate
mutasée® In ethanolamine deaminase, the energetic and underly-
ing molecular structure contributions to radical pair stabilization
remain unknown, with the exception of the contribution of
enhanced separation distance betweeh &ud the substrate-
derived radicalg®?” Likewise, the mechanism of the terminal
step in the radical pair-associated reactions, the radical rear-
rangement, is not known for ethanolamine deamirase.

To determine the mechanisms of the radical pair stabilization
and radical rearrangement processes in ethanolamine deaminase
and other vitamin B coenzyme-dependent enzymes, radical
catalytic intermediate states must by prepared and their structures
characterized. Direct examination of radical intermediates by
using techniques of electron paramagnetic resonance (EPR)
spectroscopy in tandem with specific isotope labeling on the
substrate can reveal two key types of information bearing on
the enzyme mechanism. First, the isotope position-dependence
of the EPR line shape can reveal the identity of the radical
through changes in the electronuclear hyperfine interactions.
Figure 1. Depiction of the cycle of vitamin B coenzyme-dependent S-ec-ondf the Steady_State or equilibrium accumulation of EPR-

: - ; . . Flstmgwshable radical states reflects the free energy surface for
enzyme catalysis in ethanolamine deaminase, showing bound states o . - e .
he reaction and, in concert with isotope exchange and kinetic

the vitamin B, coenzyme, substrate, and product spetighe forward e . L .
direction of the reaction proceeds in the counterclockwise sense. The"®SUlts, can indicate the energetic contributions to catalysis. EPR

intermediates and steps represent a minimal mechanism. For exampleSPectra of coenzyme,Bsystems have been obtained following
involvement of a protein radical intermediate in steps HT1 and HT2 rapid freeze-quench of enzymeoenzyme-substrate mixtures

has been proposédubstrate-derived species in the radical pair states or by cryotrapping under turnover conditions. Two general types
are designated (bound substrate}? (substrate radical)3 (product of biradical EPR line shapes are observed that are distinguished
radical), and4 (bound products). An R-group represents thecénter by the strength of the electron spiapin coupling between Co

in 3 and4, because the state of substitution at @hich involves the
fate of the amine/ammonium group, is unkno®#fihe corrin ring of (14) Padmakumar, R.; Padmakumar, R.; Banerje8iéthemistryl997,
the coenzyme is represented as a foreshortened square, with attached6, 3713-3718. ) )

nucleotide loop and dimethylbenzimidazateaxial ligand, L. The (15) Marsh, E. N. G.; Ballou, D. PBiochemistry199§ 37, 11864-

ic States ——

1 Di

1 Biradical States T

Rearrangement

X S . R 11872.
dimethylbenzimidazole ligand remains bound to the coenzyme upon ™= 1y iarkins, T. T.; Grissom, C. BSciencel994 263 958-960.
binding and during catalysis in ethanolamine deamifa$ke 3- (17) Harkins, T. T. Grissom, C. B. Am. Chem. S0d 995 117, 566—
deoxyadenosypB-axial ligand is represented as Ad-gHin the intact 567.
coenzyme, and as Ad-Gk(5'-deoxyadenosyl radical) or Ad-GH5'- (18) (a) Finke, R. G.; Hay, B. Rnorg. Chem1984 23, 3041. (b) Finke,
deoxyadenosine) following cobaitarbon bond cleavageS and P R. G.; Hay, B. PInorg. Chem.1985 24, 1278.

represent substrate aminoethanol and products ethanal and ammonia, ggg \(I:VZTIPérE'L; ih%nrﬁghgﬂ'JFE?]K');hnedrgzg?\&?\lgist"ulllgo_slﬁ'7Sension

respectively. HT1 and HT2 are the first and second hydrogen transfer o 337 Am. Chem. S0d998 120, 7286-7292.
reactions, respectively, in the forward direction. The reaction sequence (21) Babior, B. M.; Moss, T. H.; Orme-Johnson, W. H.; Beinert,JH.
and characterization of the intermediates is described in the text. Biol. Chem.1974 249, 4537-4544.
(22) Orme-Johnson, W. H.; Beinert, H.; Blakley, R.1.Biol. Chem.
Two principal challenges to understanding the molecular basis 1974 249, 2338-2343.

; ; ; _ (23) Hollaway, M. R.; White, H. A.; Joblin, K. N.; Johnson, A. W.;
of catalysis by ethanolamine deaminase and other adenosylco Lappert, M. F.. Wallis, O. CEur. J. Biochem1978 82, 143-154.

balamin-dependent enzymes are the determination of the factors (24) Gerfen, G. J.; Licht, S.; Willems, J.-P.; Hoffman, B. M.; Stubbe, J.
that promote radical pair stabilization and the elucidation of J. Am. Chem. Sod.996 118 8192-8197.

the radical rearrangement mechanism. The effective rate of (25) The absence of a substrate deuterium isotope effect on the rate of
| fth batcarbon bond th ’ he initial cob(Il)alamin formation in ethanolamine deaminase has been regérted.
cleavage of the co arbon bond that generates the Initial g yever, in contrast to the other stopped-flow studies in which holoenzyme

radical pair is accelerated by approximatelydfald when the was reacted with substrat&s5this result was obtained without preequili-

coenzyme is bound to the enzyme versus free in solétidhe bration of enzyme and coenzyrh€Thus, the pronounced lag in the rise to
- : - g the steady statd;23 proposed to be caused by a change in protein
factors that counter geminate radical pair recombination appeal’conformationzﬁ may have obscured a substrate kinetic deuterium isotope

to act on the subnanosecond time sé&k®,which is beyond effect.

the deadtime limitations of rapid freeze-quench and stopped-  (26) Boas, J. F; Hicks, P. R.; Pilbrow, J. R. Chem. Soc., Faraday
Trans. 21978 74, 417-431.
(13) Licht, S.; Gerfen, G. J.; Stubbe, Sciencel996 271, 477-481. (27) Ke, S.-C.; Warncke, KJ. Am. Chem. Sodn press.
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in cob(I)alamin and the substrate-derived organic radithi.
one type, which is common to the Class Il vitamin,B

Warncke et al.

EPR line shape is characteristic of the Class | vitamin B
coenzyme-dependent enzymes that catalyze carbon skeleton

coenzyme-dependent enzymes that mediate heteroatom eliminarearrangements, and has been observed in glutamate rtitase,

tions, the coupling is sufficiently weak that the dominant
resonance of Cb(g = 2.2-2.3%° and the organic radical
resonance centered aroumer 2.0 are spectrally separatéef©31
Babior and co-workers compared the= 2.0 EPR line shapes
in ethanolamine deaminase generated with selectRkyand

methylene glutarate muta$eand methylmalonyl-CoA mu-
tase?**>EPR spectroscopy arfth- and3C-labeled glutamate
substrates identified the contribution of the unrearranged,
4-glutamyl substrate radical to the biradical in glutamate
mutase*® The methylene glutarate mutase radical has not been

13C-labeled 2-aminopropanol, a substrate analogue, to show thataddressed with isotopically labeled substrdfesyhile for

the radical was the initially formedjnrearrangedsubstrate
radical, represented ¥ in Figure 1?2132 Remarkably, this is

methylmalonyl-CoA mutase, labeling of substrate witg or
H caused no significant change in the EPR line sHapeA

the only study in which a weakly coupled organic radical has strongly coupled biradical has also been observed in the
been previously directly identified. EPR signals generated during ribonucleotide triphosphate reductase under rapid freeze-quench
turnover of Clostridium sp. ethanolamine deaminase on the reaction conditiong? and has been identified as a'Goysteine
natural substrate, aminoethanol, of varying line shape were thiyl biradicall®24 This state is therefore an intermediate in

reported, but their origin was not characterizeé® In diol
dehydrasé’ 1,1°H-labeling of the natural substrate, 1,2-
propanediol, caused no detectable change igthe?.0 radical

transfer of radical character to the substrate, not a substrate-
associated radicaf2* The preceding brief summary of EPR
studies of vitamin B; coenzyme enzymes shows that, with the

line shape, whereas the line shape of the radical formed from exception of the non-native, 2-aminopropanol-derived unrear-
the enzyme inactivator chloroacetaldehyde was influenced by ranged substrate radical in ethanolamine deamfhas®l the

2H- and®3C-labeling of chloroacetaldehyd&The set of labeled

native 4-glutamyl (unrearranged) substrate radical in glutamate

compounds was not extensive enough to venture structuremutase' the identities of substrate-derived radical intermediate

assignment& The EPR line shape of the biradical in glycerol

dehydrase was not addressed with isotopically labeled sub-

strates’® A g = 2.0 doublet radical line shape formed on the

states are not known.
We have prepared and cryotrapped a weakly coupled biradical
intermediate in ethanolamine deaminase fr8aimonella ty-

minutes time scale in the ribonucleotide triphosphate reductasephimuriumduring turnover on the natural substrate, aminoet-

from Lactobacillus leichmanniwas not detectably influenced

by 2H,0 exchange?H-labeled nucleotide triphospate substrate,

and 5-2H,-deoxyadenosiné:41

hanol. Differences in the X-band EPR spectra among natural
abundance?H- and3C-labeled aminoethanol show that the
= 2.0 radical component of the spectrum is substrate-derived.

The second general type of biradical line shape observed in Detailed comparison of the isotope-induced changes ig the
B1> coenzyme-dependent enzymes arises from relatively strong2.0 line shape demonstrates that the radical represents the
electron spir-spin coupling and is characterized by a single rearrangedsubstrate radical, or “product radical”. This is the
dominant feature displaying cobalt hypefine coupling and a zero- first demonstration of a product radical intermediate in a vitamin

crossingg-value approximately midway between the'Cgy
and organic radicag-values?* The strongly coupled biradical

(28) An illustrative systematic set of simulations of '@adical EPR
spectra has been performed for different electrelectron isotropic
exchange and dipolar coupling strengths.

(29) Pilbrow, J. InB;2; Dolphin, D., Ed.; Wiley: New York, 1982; Vol.
1, Chapter 12.

(30) Schepler, K. L.; Durham, W. R.; Sands, R. H.; Fee, J. A.; Abeles,

R. H. Biochim. Biophys. Actd975 510, 397.
(31) Buettner, G. R.; Coffman, R. Biochim. Biophys. Acta977, 480,
495-505.

B1, coenzyme-dependent enzyme. The observed steady-state
accumulation of the product radical is combined with previous
biochemical results to construct a qualitative free energy profile
for the radical-associated reactions that provides insight into
the mechanism of radical-mediated catalysis in ethanolamine
deaminase.

Experimental Section

Enzyme Preparation Enzyme was purified from th&schericia

(32) The identification of the 2-aminopropanol-generated radical as the COli overexpression strain incorporating the clorfedtyphimurium

unrearranged substrate radféalas later questioned because electron-spin

ethanolamine deaminase coding sequefiessentially as describéd,

echo envelope modulation (ESEEM) spectra obtained from the radical with the exception that the enzyme was dialyzed against buffer

generated from natural abundané®N-aminoethanol and*N-labeled
aminoethanol were interpreted to be indistinguishdbldowever, owing

to the sensitive dependence of ESEEM amplitudes on the relative contribu-

tions of dipolar and isotropic hyperfine coupling contributiéhthe absence

containing 100 mM HEPES (pH 7.45), 10 mM KCI, 5 mM dithio-
threitol, 10 mM urea, and 10% glycerSBIEnzyme activity was assayed
as described by using the sensitive 3-methylbenzothiazolinone hy-

of features from the substrate nitrogen in the ESEEM spectra does not drazone colorimetric method for measurement of acetaldehyde produc-
constitute sufficient evidence that the substrate nitrogen is absent from thetion5* The activity of the purified enzyme with aminoethanol as

radical. The ESEEM resuftsare therefore consistent with the assignrent
of theg = 2 EPR signal to the unrearranged, substrate radical.

(33) Tan, S. L.; Kopczynski, M. G.; Bachovchin, W. W.; Orme-Johnson,
W. H.; Babior, B. M.J. Biol. Chem.1986 261, 3483-3485.

(34) Mims, W. B.Phys. Re. B 1972 5, 2409-2418.

(35) (a) Babior, B. M.; Gould, D. CBiochem. Biophys. Res. Commun.
1969 34, 441-447. (b) Babior, B. M.; Moss, T. H.; Gould, D. Q. Biol.
Chem.1972 247, 4389-4392.

(36) Wallis, O. C.; Bray, R. C.; Gutteridge, S.; Hollaway, M. Rur. J.
Biochem.1982 125 299-303.

(37) Finlay, T. H.; Valinsky, J.; Mildvan, A. S.; Abeles, R. H. Biol.
Chem.1973 248 1285-1290.

(38) Valinsky, J. E.; Abeles, R. H.; Mildvan, A. S. Biol. Chem1974
249, 2751-2755.

(39) Cockle, S. A.; Hill, H. A. O.; Williams, R. J. P.; Davies, S. P;
Foster, M. A.J. Am. Chem. Sod.972 94, 275-277.

(40) Hamilton, J. A.; Blakley, R. LBiochim. Biophys. Actd969 184,
224-226.

(41) Hamilton, J. A.; Tamao, Y.; Blakley, R. L.; Coffman, R. E.
Biochemistryl972 11, 4696-4705.

substrate was 2630 gmol/min/mg.

(42) Leutbecher, U.; Albracht, S. P. J.; Buckel, WEBS Lett.1992
307, 144-146.

(43) Michel, C.; Albracht, S. P. J.; Buckel, ViEur. J. Biochem1992
205, 767-773.

(44) Zhao, Y.; Such, P.; Retey, Bngew. Chem., Int. Ed. Engl992
31, 215-216.

(45) Padmakumar, R.; Banerjee, R.Biol. Chem.1995 270, 9295~
9300.

(46) Bathe, H.; Darley, D. J.; Albracht, S. P. J.; Gergen, G. J.; Golding,
B. T.; Buckel, W.Biochemistry1998 37, 4105-4113.

(47) Zhao, Y.; Abend, A.; Kunz, M.; Such, P.; ReteyEllr. J. Biochem.
1994 225, 891-896.

(48) Faust, L. P.; Connor, J. A.; Roof, D. M.; Hoch, J. A.; Babior, B.
M. J. Biol. Chem.199Q 265, 12462-12466.

(49) Faust, L. P.; Babior, B. MArch. Biochem. Biophysl992 294
50—-54.

(50) Babior, B. M.; Li, T. K.Biochemistry1969 8, 154-160.

(51) Bartos, J.; Pesez, NPure Appl. Chem1979 51, 1803-1814.



Product Radical Intermediate in Ethanolamine Deaminase J. Am. Chem. Soc., Vol. 121, No. 4510529

Sample Preparation. Adenosylcobalamin (Sigma Chemical Co.), T d T T T T T T T
unlabeled aminoethanol (Aldrich Chemical Co.), and isotopically-
labeled aminoethanol (Cambridge Isotope Laboratories, Inc.) were
purchased from commercial sources. The reaction was performed in
buffer containing 100 mM HEPES (pH 7.45), 10 mM KCI, and 5 mM
dithiothreitol. Identical results were obtained with air-saturated and
anaerobic samples. Reaction was initiated by addition of adenosylco-
balamin to premixed enzyme and substrate. All manipulations were
carried out on ice in a cold room (273 K). The final concentration of
enzyme was 2630 mg/mL, which is equivalent to 4660 uM for a
holoenzyme molecular mass of 500000 g/mol, anet B20uM active
sites?*® Adenosylcobalamin was present at820uM (equimolar with
active sites), and the concentration of aminoethanol substrate was 100
mM. Following thorough mixing, the samples were loaded into 4 mm
o.d. EPR tubes and plunged into liquid nitrogen-chilled isopent@ne (
~ 130 K) to freeze. The mixing, loading, and immersion in isopentane . . , . ) . . . )
were accomplished in 12 s. The criteria of steady-state turnover at the 260 280 300 320 340 360
time of cryotrapping are satisfied, as the following estimations show. Magnetic Field (mT)

The turnover numbeiky) for aminoethanol irS. typhimuriunethano- ) ) o
lamine deaminase is 22%s(value of 55 st at 295 K scaled to 273 Figure 2. X-band EPR spectrum of the substrate-derived biradical in

K by the factor expf-273/295]). For an initial aminoethanol concentra- ethanolamine deaminase obtained for natural abundance aminoethanol
tion of 100 mM and 10@M active sites, 26 mM substrate is consumed Substrate. The-values at zero-crossing of the derivative line shapes
in 12 s, assuming that the initial rate is time-independent. In practice, in the Cd gn and organic radical regions are shown. The arrow shows
a lag phase of several seconds precedes the rise to the steadipétate. @ harrow line widthg = 2 radical signal that is present at low
This would result in less substrate consumption than estimated above concentration in some samples. Conditions: Microwave power, 4 mW;
We have also generated the biradical by mixing holoenzyme with microwave frequency, 9.456 GHz; magnetic field modulation, 1.0 mT;
aminoethanol, by using active site and stoichiometric adenosylcobalamin modulayon frequency, 100 kHz; temperature, 120 K scan ra.te, 06
concentrations from 20 (aminoethanol, 20 mM) to 380 (aminoet- mT/s; time constant, 200 ms; average of 8 scans minus baseline.
hanol, 380 mM), and by using a protocol involving mixing of reactants
in the EPR tube that led to mixing and complete sample-tube immersion hanol-derived radical is dependent upon catalytically competent
in isopentane af ~ 130 K in 1 s. In all cases, the same biradical line ethanolamine deaminase operating under steady-state conditions.
shape was obtained. Biradical EPR Spectrum. Figure 2 shows the X-band EPR
Continuous-Wave EPR SpectroscopyEPR spectra were obtained ~ spectrum of the radical intermediate in ethanolamine deaminase
by using a Bruker ER200D EPR spectrometer equipped with a Bruker obtained when natural abundance ethanolamine is the substrate.
4102ST/8216 TE cavity, HP 4256L frequency counter, Varian V3603 The low-field region of the spectrum shows a broad feature with
electromagnet, and Fieldial Mark | regulator/povye_r supply, and Air ag-value at zero-crossing of 2.27, which is within the range of
Products cryostat_ and temperature controller modified for nitrogen gas go values of 2.2-2.3 reported for low-spin Cain cob(Il)alamin
flow sample cooling. in different environmentd? The spectrum also displays a

Derivative Amplitude

Results and Discussion resonance characteristic of an organic radical irgtke2 region
) ) ) ) with an absorption maximum & = 2.02. The line width of
Generation of the Aminoethanol-Derived Radical. The the radical signal, which corresponds to the difference in

radical intermediate present during steady-state turnover of resonant magnetic field values between the low-field peak and
substrate aminoethanol § typhimuriunethanolamine deami-  high-field trough of the absorption derivative line shape, is 10.8
nase was prepared for EPR spectroscopy by cryotrappingmT 53 This is broader than is typical of isolated organic radicals
enzyme immediately following mixing with active site-stoichio- iy the solid staté* The radical is also less readily microwave
metric vitamin B, coenzyme and excess substrate. Steady-statepower-saturatedry, = 53 mW, 155 K) than organic radicals
conditions were maintained through cryotrapping by preparing that are not coupled to a paramagnetic metal ion (for example,
the samples at 273 K, which slowed enzyme turnover, thus p,, = 0.2 mw, 155 K, for 1,1-diphenyl-2-picrylhydrazy! in
minimizing substrate depletion and maximizing radical yield. to|uene). The broad line width and microwave power saturation
A detailed description of the conditions and estimation of & phehavior are similar to those of the well-characterized 2-ami-
substrate depletion of25% prior to cryotrapping is given in  popropanol-1-yl radical i€lostridiumsp. ethanolamine deami-
the Experimental Section. Spin counts performed by using 1,1- nase2! which are reproduced in th@. typhimuriumenzyme?’
diphenyl-2-picrylhydrazyl (DPPH) as standard showed that 0.20 The line shapes of the 2-aminopropanol-1-yl and aminoethanol-
organic radicals/active site are present when natural abundancenerated radicals are compared in a separate FpERR
aminoethanol is the substrate. The same radical was obtaine«%pectrm simulations of the 2-aminopropanol-1-yl substrate
at 295 K, but in much lower yield. If reaction was allowed to radical state in ethanolamine deaminase have shown that the
proceed for times leading to substrate depletion, the aminoet-
hanol-derived radical signal was not observed. In addition, no (53) The 10.8 mT line width reported here is comparable with the line

width of a previously studied aminoethanol-generated organic radical in

radical was observed if ethanolamine deaminase, adenosylcobghanolamine deaminaé.In a rapid freeze-quench study, quenching of

(Nalamin, or substrate were selectively removed from the mixtures of holoenzyme and aminoethanol under steady-state turnover
reaction mixture. Further, radical formation was not observed conditions at 56250 ms produced a radical with a line width of

; ; ; ; : _approximately 13 mTT{ = 120 K)3¢ As described in the Experimental

if e.than0|amlne deaminase _was _InCUbated with hydroxoch_)al Section, we obtain the 10.8 mT line width when aminoethanol is mixed
amin (5:1 excess over active sites), a powerful competitive with either apo- or holoenzyme, and over a range of protein and substrate
inhibitor of adenosylcobalamin binding to ethanolamine concentrations, including those used in the previous stti@apid freeze-

deaminasé!?52 prior to the addition of adenosylcobalamin. quench studies of the aminoethanol-generated radical trapped on the

. . millisecond time scale are being pursued in an effort to explain the line
These results demonstrate that the formation of the aminoet-gpape differences (K. Wamcke‘gcf) Krebs, and B. H. Huynhﬂn progress).

(54) Electron Paramagnetic Resonantteil, J. A., Bolton, J. R., Wertz,
(52) Babior, B. M.J. Biol. Chem1969 244, 2917-2926. J. E., Eds.; Wiley: New York, 1994.
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L e I e e e B e o e e N Amine Migration Amine Elimination
g=2.02 %
H, o)
H;cz—C/\OH H;g)z—c< NH,
0N, 0N
3a 3b
Q
=
= H (K?H H o)
g, 3
E —Cr—Ci—, /Cz_c|// (I?H—h
05) H / \ OH H / \
= H H H H
§ 4a 4b
B Figure 4. Intermediates proposed for the amine migration and amine
A elimination pathways of rearrangement in ethanolamine deamifiése.
The full structures of the proposed intermediates correspond to the
partial structures shown for speci@sand4 in Figure 1.
nuclear spinl = 1/2 13C nucleus. These results establish that
the unpaired spin density in the radical intermediate is localized
on a substrate-derived fragment.

v 3;5 . 3;0 . 3;5 : 3;0 : 3;5 . 3;0 . 3;5 o The Radical Intermediate Is a Product Radical. The line
o widths of the radicals incorporating thel3: and 1,213C,
Magnetic Field (mT) o o . .
_ _ ~ substitutions are the same within the experimental signal-to-
Figure 3. CW-EPR spectra of the substrate-derived radical in nojse ratios. Therefore, the unpaired spin density is localized

ethanolamine deaminase obtained for natural abundance and isompical%redominantly at a single position in the radical. The position
labeled aminoethanol substrates. Conditions: Microwave power, 1 m\W; corresponds to the amino-carbon atom, @ the original

microwave frequency, 9.455 GHz; magnetic field modulation, 0.63 mT; substrate aminoethanol. The localization of the unpaired spin

m-?-;jsu;lztrfg Jgiiltj::fyl’ozogj;H;&etgggir? ;ugzciﬁg rﬁiniiagarsa;ﬁr’]g 3 density at G indicates that the aminoethanol-derived radicall
represents a rearranged, or product, radical state. As shown in

broad Cd resonance, which shows no resolved cobalt hyperfine Figure 1, this is because nitrogen elimination, or migration, must

features, and the relatively brogd= 2 radical signal arise from  occur prior to localization of unpaired spin density at The

coupling of the substrate radical with £im cob(ll)alamin over direct identification of the product radical intermediate further

a distance of~10 A through relatively weak electron spin authenticates the model of radical-mediated catalysis in etha-

spin exchange and dipolar interactiddshe enhanced relax-  nolamine deaminase that is schematized in Figure 1.

ation of the radicals is also caused by interaction witH'.Co Proposed Rearrangment Mechanisms and the Structure

These results show that the aminoethanol-derived radical of the Product Radical. Two pathways have been considered

intermediate and Cloare spin-coupled. Thus, tlie= 2 radical for the rearrangement reactiéf® The full structures of the

is located within the protein at the active sife’! proposed intermediates in these two pathways are shown in
The Radical Intermediate Is Derived from the Substrate. Figure 4, and correspond to the partial structures of the product

The aminoethanol-generated radical was prepared by usingradical3 and diamagnetic produdtshown in Figure 1. In the
isotopically labeled substrates to identify a substrate versusamine migration pathway, ammonia departs fropa@d readds
protein or coenzyme origin of the intermediate. Figure 3 shows at G to form the 1-aminoethanol-2-yl radiceé8a, which
X-band EPR spectra of the radical intermediate generated fromreabstracts a hydrogen atom frorhdeoxyadenosine to form
natural abundance and isotopically labeled aminoethanol. Thel-aminoethano#a. Ammonia elimination occurs frorda to
zero-crossing of the spectrum of the radical derived from natural form product ethanal. The proposal of this pathway is based on
abundance aminoethanol is positionegat 2.02. The radical ~ the speculation that, following elimination of ammonia from
derived from 1,1,2,2H,-aminoethanol displays a narrower line  Cz, the probability of ammonia readdition at the adjacentsC
width of 10.1 mT as well as a narrowing of the peak and trough enhanced by active site confineméstnd by the demonstration
features, in comparison with the line shape generated with of this pathway in diol dehydraséThe alternative amine elim-
natural abundance aminoethanol. The 0.7 mT line-narrowing ination pathway proceeds through the ethanal-2-yl radital
and line shape changes relative to the natural abundancelo productstb, and is supported by the prevalence of this route
substrate are consistent with coupling of the unpaired spin with in model solution radical-mediated elimination reactiéhs.
one or more of the four labeled hydrogen nuclei, since the The spectra presented in Figure 3 do not allow us to
strength of the hydrogen hyperfine coupling is decreased for distinguish between intermediat8a and 3b as the origin of
2H versus'H by a factor ofyiu/y.n = 6.5134 wherey is the the product radical. Both of these radicals incorpofetdérom
nuclear gyromagnetic ratio. The line shape changes are mutedhe ?Hs-labeled substrate in the same positions. A w&ilk
from those expected for an isolated organic radical, becausehyperfine coupling could be expected Be, where sp-
they are partially obscured by electron spspin exchange and : ; " VYT .
dipolar broadening®2°-31The radicals derived from 2C- and V0|(_5? Sﬁfg?ﬁr’ E5'_T' nB1z; Dolphin, D., Ed.; Wiley: New York, 1982
1,213C,-labeled aminoethanol exhibit a common line width of 22(55%)2Retey, J.; Umani-Ronchi, A;; Seibl, J.; Arigioni, Experiential 966
13.2 mT. The line broadening of 2.4 mT relative to the 225 ) g 0 A | - Norman, R. O. C.; Pritchett, R.11.Chem. Soc.
diamagnetic'“C-containing natural abundance substrate dem- g 1966 849-852. (b) Walling, C.; Johnson, R. A. Am. Chem. S0d975
onstrates an interaction of the unpaired electron spin with the 97, 2405-2407.
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HT1

aminoethanot! From Figure 1, the rapid and irreversible step
can be identified as the rearrangement step. These @Esbilts
indicate that, once formed, the aminoethanol-generated substrate
radical?2 is rapidly converted into the product radiclwhich
does not detectably back-equilibrate throgo 1, despite the
accumulation of the product radical state. As shown in Figure
5, this corresponds to a low free energy barrier for rearrangement
relative to HT2, and significant lowering of the free energy of
the product radical state relative to the substrate radical state.
The accumulation of the product radi@Verifies these features
of the reaction free energy profile.

The relative free energy levels of thé-deoxyadenosyl
radical-associated states in ethanolamine deaminase that are

Figure 5. Free energy profile for biradical intermediate states in the deplcu_ed. . in Figure 5 .are less certain. anwleqlge of the
reaction of aminoethanol with ethanolamine deaminase. The diamag-reve,rs'b'“ty of HTl,' which would allow an estimation of the
netic input and output states are also depicted for clarity, but without 'elative free energies of the [€é\d* SH] and [Cd AdH ST
reference to free energy. The direction of the forward reaction is to the States in Figure 5, is obscured by the rapid and irreversible
right. The relative positions of the free energy levels of each state and rearrangement step that follows the first hydrogen trarffer.
the relative barrier heights are derived as described in the text. The The [Cd' Ad* SH] state does not detectably accumulate during
exact values for the free energy differences between states and for theurnover on aminoethanol, or on the substrate analogue, 2-ami-
barriers are unknown, with the exception of the HT2 barrier in the nopropanoP'27.62for which the HT1 step is reversilsfe(the
fprward direction (15 kcal/moB.The biradical |ntermeQIate states are  reaction with 2-aminopropanol is described in greater detail in
linked by the HT1, rearrangment, and HT2 steps, which correspond t0 o eyt section). This suggests that the'[@a* SH] state is
the same steps depicted in Figure 1. The chemical species Wlthlnhi her in free energy than the [€&dH S state. By analo
brackets corresponding to each state are symbolized as follow$! Co 9 nergy - BY gy
Cd', cobalt in cobalamin in the indicated formal oxidation state; Ad-, with the revers'b'l't_y of the HT1 step for zfam'nC’prOpaﬁbl’
5'-deoxyadenosy! ligand; Ad 5-deoxyadenosyl radical: AdH,'5 we propose a relatlvely small free energy difference across the
deoxyadenosine; SH, aminoethanal; Sibstrate radical; PH, ethanal HT1 step. Therefore, in Figure 5, we place the [@al* SH]
(+ammonia/ammonium);*Pproduct radical. state above, but near to, the [CAdH ] state in free energy,
and give HT1 a barrier that is less than that for HT2 but greater
than that for the rearrangement step. The HT1 and HT2 steps
are similar in that each involves the #8dH hydrogen atom
transfer couple and a carbon-basetfRRi couple. The HT2 step
also be expected fa@b, since solution EPR studies indicate a has been reported to be reversible for aminoeth&f3l.
partial unpaired spin density af0.05 at G.5’2 Therefore, the Therefore, we assume that the HT1 and HT2 barriers are mirror-
results are consistent with the product radical predicted in eachsymmetric about the free energy axis. This assumption depends

Rearrangement

AG

reaction
coordinate

hybridization at G would allow coupling only through dipolar
interaction andr-bond spin polarizatio arising from unpaired
p- Spin density at € A weak 13C; hyperfine coupling could

pathway.
Energetics of Radical-Mediated Steps in Ethanolamine
Deaminase.The direct detection of product radicahccumula-

critically on the similarity of the $SH and P'PH couples, and
may require some modification once the detailed structure of
P (and by inference, PH) is determined. The product state is

tion during steady-state turnover of aminoethanol by ethanola- likely to share some of the stabilization gained by the product
mine deaminase substantiates the interpretations of the resultsadical, so that the [CloAd* PH] state lies below the [#Ad* SH]

of previous isotope exchange studies obtained using thisstate in free energy.

substrate. Figure 5 shows a qualitative reaction free energy Comparison with Substrate Radical Accumulation in the
profile for the biradical intermediate states in ethanolamine Reaction with 2-Aminopropanol. In contrast to the product
deaminase with aminoethanol as substrate, which is constructedadical accumulation observed with aminoethanol, reaction of
from the EPR and isotope exchange results, as described belowethanolamine deaminase with 2-aminopropanol leads to the
From comparison of the deuterium kinetic isotope effects of accumulation of the 2-aminopropanol-1sylbstrateradical?!-32
1,12H,-aminoethanol on the overall reaction ftand on the Our EPR results clarify this enigmatic result. The accumulation
rates of the first and second hydrogen transfer stédenoted of the 2-aminopropanol-derived substrate radical was originally
by HT1 and HT2 in Figure 5, it was concluded that the HT2 attributed to rate limitation at the rearrangement $tephis
step was rate limitin§° Therefore, HT2 is associated with the ~proposal was based on tf¥i-2-aminopropanotH-propanal
highest free energy barrier in the forward direction in Figure 5. ratios of 2:1 and 0.3:1 when reaction of holoenzyme incorporat-
An estimate of the height of this free energy barrier of 15 kcal/ ing *H-coenzyme was begun with unlabeled substrate (2-
mol at 298 K was obtained from the temperature dependenceaminopropanol; forward reaction conditions) and unlabeled
of the maximum reaction velocity,).° It was also proposed  products (propanal and ammonium ion; reverse reaction),
that HT1 and HT2 bracketted an irreversible step, based on therespectively! Subsequently, the deuterium kinetic isotope effect
failure of tritium in substrate aminoethanol to equilibrate with of 1-°Hz-2-aminopropanol on the overall reaction rate showed
the coenzyme during turnovét The same step was proposed that hydrogen transfer was at least partially rate-limifthBased

to be both rapid and irreversible based on the partitioning of principally on the similar substrate deuterium isotope effects
tritium from 5’-3H-Iqbeled adenos.ylcob(lll)'qlamir.l into only (61) Carty, T. J.. Babior, B. M., Abeles, R. H. Biol. Chem.1974
product ethanal, with no detection of tritium in substrate 249 1683-1688.

aminoethanol, upon reaction of holoenzyme with unlabeled (62) A unique line shape that is more akin to the strongly couplétd Co
radical line shapé8 is expected for the Cledeoxyadenosyl biradical,
because the deoxyadenosyl is expected to be closer to theh@o the
substrate or product radicals.

(63) Carty, T. J.; Babior, B. M.; Abeles, R. H. Biol. Chem.1971,
246, 6313-6317.

(58) Karplus, M.; Fraenkel, G. KI. Chem. Phys1961, 35, 1312.

(59) Babior, B. M.J. Biol. Chem.1969 244, 449-456.

(60) Weisblat, D. A.; Babior, B. MJ. Biol. Chem.1971, 246, 6064—
6071.
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on the overall reaction rate with 2-aminopropanol (%.@nd Product Radical Trap Mechanism in Ethanolamine Deam-
aminoethanol (7.43% it was proposed that the HT2 step was inase. We propose that a “product radical trap” strategy
also rate limiting for reaction with 2-aminopropaséHowever, contributes to radical pair stabilization, and hence productive

although the isotope effects are similar, the effect for 2-ami- reaction, in ethanolamine deaminase. The product radical trap
nopropanol is less than that for aminoethanol, indicating the is characterized by a rapid, irreversible rearrangement step that
contribution of at least one other step not involving hydrogen effectively traps the radical pair state in the product radical state.
transfer to the rate limitation. Our results show that, if HT2 is On the reaction free energy profile shown in Figure 5, this

solely rate limiting, then the product radical should accumulate corresponds to a low rearrangement barrier relative to the HT1
in the reaction with 2-aminopropanol. Therefore, the obsétved barrier in the reverse direction, and a significant drop in free

accumulation of the substrate radical in the reaction with e€nergy across the rearrangment step. The importance of the
2-aminopropanol must be caused by an increase in the barriefProduct radical trap in ethanolamine deaminase performance is
to rearrangement, a decrease in the free energy of the substratBighlighted by the 2 orders of magnitude decrease in turnover
radical relative to the product radical, or a combination of the Number when the native reaction free energy profile shown in

two. The favored partitioning of tritium frofH-coenzyme into ~ Figure 5 is perturbed by using 2-aminopropanol as the subStrate.
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