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ABSTRACT. Molecular structural features of the product radical in thé-@mduct radical pair catalytic
intermediate state in coenzyme,B (adenosylcobalamin-) dependent ethanolamine deaminase from
Salmonella typhimuriurhave been characterized by using X-band three-pulse electron spin-echo envelope
modulation (ESEEM) spectroscopy in the disordered solid state. Thef@auct radical pair state was
prepared by cryotrapping holoenzyme during steady-state turnover on excess 2Hl-&minoethanol

or natural abundancéHs-aminoethanol. Simulation of théH/'H quotient ESEEM (obtained at two
microwave frequencies, 8.9 and 10.9 GHz) from the interaction of the unpaired electron localized at C2
of the product radical with nearl3H nuclei requires four types of couplédl, which are assigned as
follows: (a) a single strongly coupled (effective dipole distamge= 2.3 A)2H in the C3 methyl group

of 5'-deoxyadenosine, (b) two weakly couplads(= 4.2 A) 2H in the C5 methyl group, (c) onéH
coupling from g5-H bonded to C1 of the product radical (isotropic hyperfine couplig,= 4.7 MHz),

and (d) a second type of G3-°H coupling Qo = 7.7 MHZz). The twoS-?H couplings are proposed to
arise from two C+C2 rotamer states of the product radical that are present in approximately equal
proportion. A model is presented, in which 'd8 positioned at a distance of 3.3 A from C2, which is
comparable with the CAC5 distance in the Cbsubstrate radical pair intermediate. Therefore, the C5
methyl group remains in close (van der Waals) contact with the substrate and product radical species
during the radical rearrangement step of the catalytic cycle, and theeDger is the sole mediator of
radical pair recombination in ethanolamine deaminase.

Ethanolamine deaminase (also known as ethanolamineatom to the product radical to form a diamagnetic product
ammonia-lyase) is a bacterial enzyme that catalyzes thespecies, which regenerates thelBoxyadenosyl radical. The
coenzyme B,- (adenosylcobalamin-) dependent conversion cobalt-carbon bond is re-formed14), and product is
of aminoethanol to acetaldehydd and ammonial). It is released from the enzyme to complete the catalytic cycle.
a member of the family of coenzymgBlependent enzymes The aim of the present study is to gain insight into the
(2—5), which use radical chemistry to catalyze 1,2-shifts of molecular mechanism of catalysis by using high-resolution
carbon (class |, carbon skeleton mutase®)gnd amino pulsed-electron paramagnetic resonance {EBBectroscopy
groups (class lll, aminomutase§),(and a 1,2-shift followed  to characterize structural features of the' @ooduct radical
by elimination of an amino or hydroxyl group (class Il pair state in the ethanolamine deaminase fi®atmonella
eliminases, including ethanolamine deamina8g)The first typhimurium
step in all of the reactions is the cleavage of the cobalt EPR spectroscopy is an incisive technique for character-
carbon bond of the coenzyme to form t&o= ¥/, species, izing the molecular structure of the radical pair intermediates
low spin Cd' and the 5-deoxyadenosyl radical, as depicted in coenzyme B-dependent enzyme reactiond5). In
in the minimal catalytic mechanism in Figure 1. In ethanol- ethanolamine deaminase, the''@ubstrate radical state was
amine deaminase, the C&arbon of the 5deoxyadenosyl  shown to accumulate in high yield during steady-state
radical abstracts a hydrogen atom (step HT1) from C1 of turnover on the substrate$)¢2-aminopropanol I(1). Low-
aminoethanol g, 10), forming the substrate radicalwith temperature EPR studies of this trapped stdi#) @nd
unpaired electron spin density localized at @1,(12). The simulations of the EPR line shap&gj showed that Cband
substrate radical rearranges to a product radicad which C1 were separated by the relatively large distance of 10
unpaired spin resides on C23). Following rearrangement, 12 A. Examination of the substrate radical in the presence

the 8-methyl group of 5deoxyadenosine returns a hydrogen
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Product Radical Structure in Ethanolamine Deaminase
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Ficure 1. Minimal mechanism of catalysis for vitaminB
coenzyme-dependent ethanolamine deamins®.(The forward
direction of reaction is indicated by arrows. The reaction is
reversible for the substrate§)¢2-aminopropanol49, 63, 64). For

the substrate, aminoethanol, step 4 and possibly step 3 are detectabl

irreversible (3, 63, 65, 6B The steps are (1) product release/

substrate binding, (2) radical pair separation (RPS), (3) hydrogen
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Warncke, unpublished). These distances are comparable with
the reported Cb-C1 separation distances in the '€o
substrate radical pair state of 402 A in Clostridium SP
ethanolamine deaminasg6j, and with values reported for
the S. typhimuriunenzyme of 11.1 A (range, 10-41.5 A)

(17) and 11.0 A (range, 10-211.9 A) (12). Differences in

the EPR line shape of the product radical generated from
N or *N-labeled aminoethanol evinced a carbinolamine
(1-aminoethan-1-ol-2-yl) structur@(19). The radical rear-
rangement step therefore proceeds by the amine migration
pathway, in which the amine nitrogen migrates from C2 to
C1 to form3 (19).

For the present studies, the product radical was cryotrapped
during steady-state turnover on the deuterated substrate,
1,1,2,22H,-aminoethanoldH;-aminoethanol), or on natural
abundancetHs-aminoethanol. The magnetic interactions of
the unpaired electron at C2 witPH nuclei were then
¥heasured by using the three-pulse (stimulated-echo) ESEEM
technique 20—22). The three-pulse ESEEM technique offers

atom transfer 1 (HT1), (4) radical rearrangement (RR), (5) hydrogen higher spectral resolution than the two-pulse ESEEM used

atom transfer 2 (HT2), (6) radical pair recombination (RPR).

previously for the substrate radicdlQj, which was advanta-

Substrate-derived species are designated SH (bound substrate), {eous for assignment of the multicomponent product radical

(substrate radical),"Pproduct radical), PHand PH (bound product
species), and PH (released products). Thie®xyadenosys-axial
ligand is represented as Ad-GH in the intact coenzyme, and as
Ad-CH;* (5'-deoxyadenosyl radical) or Ad-GH5'-deoxyadenosine)
following cobalt-carbon bond cleavage. The cobalt ion and its
formal oxidation states are depicted, but the corrin ring @xial
ligand of the coenzyme are not shown for clarity.

that the C5-C1 distance was 3:23.3 A. This closest-
contact positioning indicates that Ck the mediator of
radical migration from the cobalt to the substrate $itel ().
Orientation-selection ESEEM of the Gsubstrate radical
pair state revealed the three-dimensional arrangement'pf Co
the C8-methyl group, and C1, and showed that the radical
migration occurred over & 1 A in the active site 17). In
contrast to the Cbsubstrate radical pair state, the separation
distance and orientation of C2 and the'@%ethyl group in
the Cd'-product radical pair state have not been reported.
Here, the first description of these mechanistically significant

structural features of the product radical state is presented.CS'
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The Cd-product radical pair state accumulates during

spectra. Three general classestdfnucleus are present in
the cryotrapped product radical state. The multiple turnovers
(=300) of the enzyme prior to sample cryotrapping result
in the rapid and complete exchange?dfinto all three sites

of the C5 methyl group of 5deoxyadenosine2@). Two
equivalento-?H (bonded to C2) and ong->°H (bonded to
C1) are also expected from the product radical strucsure
The stronga-?H coupling @4) places it outside of the
microwave pulse bandwidth detection limit of the ESEEM
technique 20—22). However, in preliminary work, we have
shown tha3-?H coupling is detectedl®). Here, a thorough
simulation analysis of th8-?H interaction is presented, which
includes three-pulse ESEEM data collected at two different
X-band microwave frequencies/magnetic fields and at six
values of the microwave pulse timing parameter,

The simulation of the three-pulsél ESEEM from the
product radical leads &1 coupling assignments for the three
2H and for two types of8-?H, which represent two
different C1-C2 rotamer populations in the enzyme active
site. Models are presented, which include the product radical
C1-C2 rotamer structures and the proposed distance of the
C5-methyl group from C2. The results provide insights into
the molecular mechanism of the radical rearrangement and
radical migration reactions in ethanolamine deaminase.

EXPERIMENTAL PROCEDURES

Enzyme PreparationEnzyme was purified from the
Eschericia colioverexpression strain incorporating the cloned
S. typhimuriumethanolamine deaminase coding sequences
(25) essentially as describe@8), with the exception that
the enzyme was dialyzed against buffer containing 100 mM
HEPES (pH 7.5), 10 mM KCI, 5 mM dithiothreitol, 10 mM
urea, and 10% glycero2f). Enzyme activity was determined

steady-state turnover on the native substrate, aminoethanolas described2@) by using the coupled assay with alcohol

and is stabilized for low-temperature spectroscopy by cryo-
trapping (L3). EPR simulation analyses lead to values for
the Cd —C2 distance in the Cleproduct radical pair of.
typhimuriumethanolamine deaminase of %#70.3 A (18)

and 9.3 A (range, 8510.5 A) (J. M. Canfield and K.

dehydrogenase/NADH. The specific activity of the purified
enzyme with aminoethanol as substrate was2Bumol/
min/mg.

Sample PreparatiorAdenosylcobalamin (Sigma Chemical
Co.), 1,1,2,22H,-aminoethanol 4H;-aminoethanol; Cam-
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bridge Isotope Laboratories, Inc.), and natural abundancealso processed prior to Fourier transformation by removing

aminoethanol {H;-aminoethanol; Aldrich Chemical Co.)

the 40-60 ns amplitude trough in the pulse-crossover

were purchased from commercial sources. The reactions weresegment centered at All data processing and analysis was

performed in air-saturated buffer containing 100 mM HEPES
(pH 7.5), 10 mM KCI, and 5 mM dithiothreitol. Identical

results were obtained with air-saturated and anaerobic

samples. All manipulations were carried out on ice under
dim red safe-lighting. The final concentration of enzyme was
10-15 mg/mL, which is equivalent to 280 uM for a
holoenzyme molecular mass of 500000 g/n&8)( Adeno-
sylcobalamin was added to 12@80u4M, which is stoichio-
metric with active sites. The active site/holoenzyme stoichi-
ometry of 6 is based on adenosylcobalamin titration of
substrate radical formation (K. Warncke, unpublished) and

performed with routines written in Matlab (Version 5,
Mathworks, Natick, MA) and run on Macintosh computers.
ESEEM Simulations. Computational Approathe coupled
electron—nuclear spin system of the product radical was
described by the following stationary-state spin Hamiltonian

(39, 40):

H = ﬂeAS'ggBo + héA'i — grﬁani + il'Q'i’ (1)

wherege, e, andg,, n are the electron and nuclegavalue
and magneton, respectivelg, is the electrorg-tensor,Bg

is in agreement with the value obtained by two separate is the external magnetic field vectdrjs Planck’s constant,

methods 29, 30).

A is the hyperfine interaction tensof) is the nuclear

The product radical was generated by using a procedurequadrupole interaction tensor, and tBand| are electron
for fast cryotrapping of steady-state intermediate states inand nuclear spin operators. In the strong field approximation

ethanolamine deaminas&3j. The procedure for specific
incorporation of°H into the hydrogen positions of the C5

assumed here, the electron Zeeman interaction is given by
0s0BoS, whereS, is the fictitious spin operatord(). The

carbon in enzyme-bound adenosylcobalamin has been deESEEM waveform was simulated by direct implementation

scribed in detail 13). Briefly, following mixing of the
enzyme-substrate solution with adenosylcobalamin, the
sample was loaded inta 4 mmo.d. EPR tube, and the tube
was plunged into liquid nitrogen-chilled isopentaiiex 130
K) to trap the C&-product radical pair state. The total elapsed
time from mixing to isopentane immersion was approxi-
mately 15 s. Turnover of the enzyme é&n,-aminoethanol
leads to exchange éH into the C5 hydrogen positions of
the coenzyme within several turnove3). Under typical
conditions (15 s trapping time, turnover numb&g, per
active site of approximately 209, an average of300
turnovers were executed per active site.

ESE-EPR SpectroscofySE-EPR spectra were collected

of the density matrix formalism of Mims36, 42). Details
of the simulation analysis procedures, and justification for
the application of the Hamiltonian in eq 1 to the radical in
weakly coupled Cbradical pair states in ethanolamine
deaminase, have been describ&§, (40). The simulated
ESEEM incorporated the same dead time as the data, and it
was dead time-reconstructed and processed in exactly the
same way as the experimental ESEEM. ESEEM simulations
were also performed with routines written in Matlab.
Adjustable and Fixed Simulation Parametels. the
ESEEM simulations, the variable input parameters include
the following: The diagonal hyperfine tensofuf, Ay, A-],
which is the sum of an isotropic componew¥s§) and an

by using a laboratory-designed and constructed widebandaxially symmetric dipolar tensor;{Adgip, —Audip, 2Adip], Where
pulsed-EPR spectrometer that will be described elsewhereAg, = gofegnSnh e (MHz), and re is the effective

(K. Warncke, in preparation). The reflection microwave
probe @1) incorporates a folded half-wave resonat®g)(
ESE-EPR spectra were obtained by using the two-putse (
2—t—m, wheret is the dephasing time) microwave pulse
sequence0—22).

ESEEM Spectroscopy. Data Acquisition and Processing.
ESEEM was collected by using the three-puls&7—/
2—T—x/2, whereT is the waiting time) microwave pulse
sequence A0—22), with microwave pulse-swapping and
phase-cycling33, 34). The pulse-swapping sequence allows

distance separating the unpaired electron and nuclear spins.
The single parametens, thus determines the dipolar
hyperfine tensor. FoPH coupling, nuclear quadrupole
interaction parameters represent the magnitude of the interac-
tion (quadrupole coupling constaetgQ/h), the asymmetry

of the electric field gradient (asymmetry parametgr,and
Euler angles,d, S, y], which define the mutual orientation

of the nuclear quadrupole and hyperfine tensor principal axes.
The free electron and nuclear frequencies are fixed by the
experimental magnetic field value. A compendium?2bf

acquisition of envelope modulation that starts at the dead nuclear quadrupole coupling paramete¥3) (shows that the

time limit of the spectrometer, which results in enhanced
spectral resolution and reduced distortion in the Fourier
transform of the ESEEM. The values were selected to
eliminate envelope modulation from the multitude of distant,
weakly dipolar-coupled solvent and protein “matrix35
protons that surround the radical. For the mafiik the
hyperfine frequencies, andvg, corresponding to the =
+%, (or a) andms = —, (or ) electron spin manifolds,
are both approximately equal to the fré¢ frequencyyin,
of 13.3 MHz at 313.0 mT (16.5 MHz at 388.8 mT).
Suppression of matrix proton modulation occurs atn/vyy,
wheren =1, 2, 3, ... 86, 37).

Envelope modulation was dead time-reconstruc&s) (

and cosine Fourier transformed to generate ESEEM fre-

€2qQ/h and values for?H bonded to carbon in different
molecules are comparable, with typical values of ap-
proximately 0.12 MHz and 0:80.1, respectively. Therefore,
fixed €qQ/h = 0.12 MHz andy = 0.1 were used. As found
previously (0, 17), variation of the Euler angles did not
significantly influence the simulations fogs < 3.0 A, but
did for reg>3.0 A. The Euler angles relating the nuclear
quadrupole and hyperfine tensors were therefore poorly
constrained fores < 3.0 A and were fixed att =8 =y =
0°, corresponding to the case of coincident hyperfine and
nuclear quadrupole interaction principal axes. kgr> 3.0
A, p was varied in the simulations.

The variable parameters were adjusted, and the best match
of the simulated and experimental time and frequency domain

quency spectra. When required, envelope modulation wasdata was determined by visual scrutiny of overlaid data and



Product Radical Structure in Ethanolamine Deaminase Biochemistry, Vol. 44, No. 9, 20053187

Table 1: ?H Hyperfine Coupling Parameters and Relative Number
of Coupled?H Used in the ESEEM Simulatiofs 3
3
2H coupling Aso (MHZ) Fet (A) rel. no. é_ \R/i
2Hs —0.9(0.4) 2.3(0.1) 10 < .
2Hga 4.7 (0.3) 25(0.1) 0.52 (0.04) g
2Hg 7.7 (0.2) 2.4 (0.0) 0.48 (0.04) [ y
2Hy —0.2 (0.0) 4.2 (0.0) 2o § "
@ Mean values (standard deviations in parentheses) are presented for T 202 byt
six simulations £ = 300, 525, 975 ns a8y = 313.0 mT;r = 303, -
424, 787 ns aB, = 388.0 mT)." The relative number oiHs and?H,, 295 305 315 325 335
was fixed at 1.0 and 2.0, respectively. Magnetic Field (mT)

FIGURE 2: Two-pulse ESE-detected EPR spectra of the product

simulations for each individual waveform or Fourier trans- radical in the Cé-product radical pair state cryotrapped in
. ethanolamine deaminase. The product radical was generated by

form. The parameter values and uncertainties pre_sented iNising 2H,-aminoethanol (top) or natural abundande£) amino-
Table 1 represent the mean and standard deviation of theethanol (bottom). The arrow corresponds to the position of ESEEM
parameters for the six different and B, conditions. The collection atg = 2.02 for the magnetic field value of 313.0 mT in
limits on the parameters represent values that, if exceeded Figures 3 and 4A. Amplitudes are normalized by scaling ‘tie

P : ; spectrum by a factor of 3.1. Conditions: temperature, &,Kt00
led to significantly poorer reproduction of the experimental ns: microwave frequency, 8.7680 GHz: microwave pulse power,

data. Figures S2S4 in Supporting Information show the 10" w: microwave pulse width, 20 ns; pulse sequence repetition
results of variation of the individual hyperfine coupling rate, 500 Hz; 64 repetitions averaged per point; average of four
parameters by-10% from their best-fit values. (2H) or seven fH) individual spectra.

Combination of ESEEM from Multiple Hyperfine Cou- _ _ _
p|ings_ When N nuclear spins are Coup|ed to the same In the experimental ESEEM, modulation from nuclei other

unpaired electron spin, the three-pulse envelope modulationthan the?H and*H nuclei that undergo isotope exchange
is given by the sum of the product of the envelope can be attenuated by dividing the modulation collected for
modulation of theN individual hyperfine couplings, taken the?H-labeled sample by the modulation collected fdHa

separately over thew and 3 electron spin manifolds, as natural isotope abundance sample prepared under identical
follows (37, 44): conditions 87, 45). Division of three-pulse envelopes has

previously proven successful in eliminating, by reducing to
1 N N below the noise level, the contributions of common coupled
Eolz,T) = —[|_| E. (T + |_| Esi(z.T)] (2) nuclei to quotient?H/*H three-pulse ESEEM 46—47).
27 i Features that allow théH modulation to dominate the
guotient ESEEM are as follows: (a) The modulation from
Here, Eo(7,T) is the 7- and T-dependent total envelope coupling to natural abundance nuclei other thidris weak
modulation, andEq(z,T) and Egj(z,T) are the modulation in the product radical sample4d). (b) The strong matrix
functions for hyperfine Coupling with nucleuisn the a or 1H signa| present in botPH andH samp|es is Suppressed
p electron spin manifold, respectively. The modulation from by choice of the pulse timing parametet, as described
each coupled electron-multinuclear spin system in a disor- ahove. (c) For the exchangeable hydrogen sitestHhine
dered sample contributes additively to the total modulation. widths in the frequency domain are greater than the corre-
For the simulation of the ESEEM from théi and 'H sponding?H line widths by a factor of 6.5124), which is
product radical samples, the total modulation was first the ratio of the nuclear gyromagnetic ratios fot and2H.
calculated by using the exact expression (eq 2), with terms Therefore, in the time domain, the bulk of the couptet
in i representing the following four coupled hydrogen nuclei modulation decays within the dead time of the pulsed-EPR
(H), which are assigned as described in the Discussionspectrometer48), and therefore does not make a significant
section:i =1, Hs 1 =2, Hyp; 1 =3, Huz 1 = 4, Hga 011 = contribution to the ESEEM, or the Fourier transform of the
4', Hgo. The relative population of active sites withHvas ESEEM.
given by the fractiorf [corresponding td = 1, 2, 3, 4 where
N = 4]. The relative population of active sites withHvas RESULTS
given by the fraction - f [corresponding to = 1, 2, 3, 4
whereM = 4]. The corresponding ESEEM from tiE and
1H samples was separately calculated by using the following
expression:

EPR Spectroscop¥rigure 2 displays ESE-detected powder
EPR spectra of the product radical intermediate cryotrapped
during turnover orfHs-aminoethanol otHz-aminoethanol
in ethanolamine deaminase. The amplitudes of the spectra
in Figure 2 are normalized, which requires multiplication of
the 'H spectrum by a factor of 3.1. The larger absolute
spectral amplitude of théH sample arises from théH/?H

M M isotope effect of 46 on the steady-state rate-limiting second
A + A hydrogen transfer step (HT2; see Figure 1)49) (L. E.
[DEQ"(T’T) li_lEﬂ"(T’T)] ) Anderson and K. Warncke, unpublished). This leads to a
greater steady-state accumulation of product radical in the
The individually simulatedE(z,T) waveforms corresponding  ?H sample. The difference in the line widths [full width at
to the?H and*H labeling were divided to obtain thl/*H half-maximum (fwhm)] between théH and 'H spectra is
quotient ESEEM. 0.8 mT, which agrees well with the value of 0.7 mT reported

(1=

f N N
Etot(riT) = 5[ I_l Ea,i(TvT) + |_| Eﬂ,i(TvT)] +
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FiGURE 3. Experimental three-pulstd, H, and quotienfH/*H
ESEEM collected from the product radical in the '@woduct
radical pair intermediate that was generated by usingitheand
1H,-labeled substrate radical in ethanolamine deaminase. The
vertical axis is proportional to the integrated area of the electron
spin echo. (Top) ESEEM from enzyme pretreated wAty-
aminoethanol. (Middle) ESEEM from enzyme pretreated with
natural abundanceéH,-) aminoethanol. (Bottom) Quotient ESEEM.
Conditions: temperature, 6 K; microwave frequency, 8.8585 GHz
(3H) and 8.8655H); magnetic field, 313.0 mT; microwave pulse
power, 25-32 W; initial 7 value, 160 nsz increment, 20 nsg/2
pulse width, 20 ns; pulse repetition rate, 320 Hz; 64 repetitions L
averaged per point; average of 4 envelopes. 0 P 4 6 8

T+ T (us)

: : } Ficure 4: Experimental?H/*H quotient three-pulse ESEEM
earlier from continuous-wave EPR measuremed. (The collected from the product radical in the €product radical pair

amplitude of the broad resonance arising fron{ @most  intermediate in ethanolamine deaminase (black), and overlaid
prominent in thegg region atg ~ 2.2 (60) (corresponding ESEEM simulations (green). The ESEEM corresponds to three
to approximately 285 mT at the microwave frequency of different values of at two values of microwave frequency/magnetic

7 Hz). and is therefore n rved in th ral field. Simulation parameters are presented in Table 1.BfAF
8.768 GHz), and 2sot tﬁ Ei 0 eh ot ol_aseF. ed 2t © Spectral 315 ) mT:r = 300, 525, and 975 ns. (B = 388.0 mT.z — 303,
region aroundy = 2. al Is shown In Figure . 424, and 787 ns. Conditions: temperature, 6 K; microwave

The difference in line widths indicate that hydrogen nuclei frequency, 8.8585 GHZK) and 8.8655'H) for By = 313.0 mT

that are relatively strongly coupled to the unpaired electron (9 = 2.02), or 10.890 GHz foiB, = 388.0 mT ¢ = 2.01);

. 1 . 1 microwave pulse power, 2532 W; initial v value, 160 ns;t
spin undergéH/*H exchange. Incorporation 8 for *H at increment, 20 nsz/2 pulse width, 20 ns; pulse repetition rate, 320

a site that participates in a hydrogen hyperfine interaction vz 4 repetitions averaged per point; average of 4 envelopes.
would result in a narrowing of the line shape, because of

the reduction in nuclear gyromagnetic ratio by a factor of o )
6.51 for2H relative to™H (24). The 2H/H isotope effects waveform in Figure 3 for théH product radical shows

are expected to arise from strong coupling to the twbl extremely weak modulation that is close to the noise level.
positions at C2, and possibly ti&eH position on C1. The This is because the selected/alue suppresses the matrix
line width difference is relatively small, because the dominant 'H modulation, and because thé modulation corresponding
line broadening of the radical spectrum arises from the 0 the?H modulation largely decays within the pulsed-EPR
electron-electron dipolar interaction and the enhanced spectrometer dead time (see detailed description in Experi-
relaxation of the radical by ('q16, 40). Comparable, modest ~mental Procedures).

) 787 ns —

ESE Amplitude

e
—_—
—
|

effects on the powder EPR line width fL mT have also The?H envelope modulation components can be enhanced
been observed for hydrogen isotope substitutions on therelative to the modulation from hyperfine couplings that are
substrate radicall(l). common to each radicaltQ) by dividing the?H envelope
ESEEM Spectroscopy. ESEEM Méorms. Figure 3 (Figure 3, top) by théH envelope (Figure 3, middleBy,
shows three-pulse ESEEM waveforms collected forkhe 45). The envelope division also eliminates the rapid phase

and Hs;-aminoethanol-generated product radical. In the memory decayTpn) of the echo for thel' < O period, and
ESEEM experiment, the modulation of the echo envelope attenuates the pulse-crossover artifact that occurs at coinci-

occurs with a periodicity corresponding to the inverse of the dence of the second and third2 pulses T = 0). The
hyperfine (and nuclear quadrupole, foe 1) frequencies resultlng guotient ESEEM, pre;sented in Figure 3, bottom,
of nuclear spins that are coupled to the unpaired electronis dominated by théH modulation.

spin @86, 51). The top waveform in Figure 3 for thtH- 2H/*H quotient envelope modulation collected for the
labeled product radical shows a dominant modulation product radical at six different values and at two different
component with a period of approximately 36800 ns, values of the microwave frequency/magnetic field is shown

which is close to the reciprocal of the free deuteron frequency in Figure 4. The selected magnetic field values of 313.0 and
(van, 2.1 MH2z) at the applied magnetic field of 313.0 mT. 388.0 mT correspond to the maximum amplitude of the ESE
This modulation corresponds #l nuclei that are coupled  at the microwave resonator frequencies of 8.86 and 10.89
to the unpaired electron on C2. In contrast, the middle GHz. The presence of superposed contributions with different
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Ficure 5: Cosine Fourier transforms of the three-pufs#'H
quotient ESEEM from the product radical in the'@uroduct radical
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large isotropic hyperfine coupling. The width of the feature
is also consistent with a relatively strong dipolar hyperfine
interaction. In support of this model, conjugate features are
observed in the 81 MHz regions of the Fourier transforms

in Figure 5 that correspond to the splitting in the other
electron spin manifold. (4) A feature at relatively high
frequency values of 5:86.4 MHz is clearly observed in the
Fourier transforms obtained at 388.0 mT. This feature is also
characterized by a relatively large isotropic hyperfine
coupling, and the complexity of the spectral region from 0
to 1 MHz suggests the presence of a lower frequency
conjugate to this high frequency feature. The features are
weak (near to the noise level) in the 313.0 mT spectra. The
increased amplitude at 388.0 versus 313.0 mT can be
explained by the closer approach to the “exact cancellation”
condition 62) for this coupling at the higher magnetic field
value. This is because the spectrum corresponds to the case
of A > 2v,y (WhereA is the hyperfine coupling), so that
increasing magnetic field causes the low frequency hyperfine
feature to shift to lower frequency, corresponding to the
approach to a zero-field condition in the electron spin
manifold corresponding to this transition. At the exact
cancellation condition, the hyperfine and Zeeman magnetic
fields at the coupled nucleus are equal in magnitude and
opposite in direction for one electron spin manifold. A
dramatic enhancement of the modulation amplitude occurs
at and near the exact cancellation conditibg)( This effect

pair intermediate in ethanolamine deaminase (black), and overlaidhas been well-characterized f§N ESEEM @7, 52, 53).

cosine Fourier tranforms of simulated ESEEM (green). The
corresponding quotient ESEEM and ESEEM simulations are

presented in Figure 4. Dashed lines mark the positions of the free

deuteron resonance frequenay), and hyperfine coupling as-

DISCUSSION
Simulation of theH/*H Quotient ESEEM?H Hyperfine

signments are shown. Experimental conditions are described in theCoupling Parametersrigures 4 and 5 display the simulations
Figure 4 caption, and simulation parameters are presented in Tableof the quotient ESEEM and the corresponding Fourier
1.

transforms, respectively. The simulation parameters are
collected in Table 1. The simulations of the time domain

periodicities suggests the contribution of more than one type data in Figure 4 show good agreement with experiment in

of hyperfine-coupledH to the modulation.
ESEEM Frequency Spectrahe quotient ESEEM shown
in Figure 4 was cosine Fourier transformed to obtain the

reproducing both the pattern and amplitude (depth) of the
°H modulation, and the dependence of the pattern and
amplitude orr andBy values. The agreement is also reflected

corresponding ESEEM frequency spectra presented in Figurein the frequency domain simulations in Figure 5 by the
5. The spectra show a multicomponent line shape with presence of all hyperfine features for the differeht

intensity around the fre# frequency ¢, 2.1 MHz at 313.0
mT; 2.5 MHz at 388.0 mT). All significant features at<

couplings, and by the reproduction of the relative amplitudes
of the features from the different typesf coupling. The

12 MHz correspond téH hyperfine couplings, as shown by  assignment of the hyperfine coupling parameters to specific
the characteristic increase in the resonance positions by 0.zhydrogen sites is based on the following considerations: (a)
MHz when the magnetic field is increased from 313.0 to a product radical structure in which the unpaired electron
388.0 mT. spin is localized on C2 and (b) analogies with the
The 2H ESEEM line shapes shown in Figure 5 are hyperfine couplings and line shapes in the'&Gaobstrate
composed of the following four sets of features: (1) A radical pair state, which we have previously characterized
narrow line, which is most clearly revealed in the= 300 by using?H ESEEM spectroscopyl(, 17).
ns spectrum in Figure 5A, is centered at the frke Coupling with C5Methyl Hydrogen NucleiThe features
frequency. This line arises from relatively we#k coupling. in the range o¥,y + 1.0 MHz are assigned to the Ghethyl
(2) A broad line shape, with features that are split by ?H nuclei. During turnover orfHs-aminoethanol,?H is
approximately+0.8 MHz from v,u. This line shape arises rapidly exchanged into the CHhydrogen positions54).
from a relatively strongH coupling. As shown in Figure 5,  Therefore, in the Cbproduct radical pair state, the C5
the relative amplitude of the split features is very sensitive methyl group of 5deoxyadenosine incorporates thii¢
to ther value. Ther-dependence of the line shape is caused nuclei. One of these nuclei is strongly coupled to the radical
by the suppression effect (see description in Experimental (3Hs), as shown by the shomes = 2.3 A and by the
Procedures: ESEEM Spectroscopy7,(42). (3) The feature  significantAi,, value of—0.9 MHz. This coupling gives rise
at 4.2-4.8 MHz (panel A, 313.0 mT) and 4-5.3 MHz to the split?H features nearest tey. The two additionaftH
(panel B, 388.0 mT) arises from a third typesf coupling. on the C5 methyl group can be accounted for by a longer
The splitting of 2.3-2.7 MHz fromv,y indicates a relatively  range (e = 4.2 A) interaction {H,,). The coupling param-
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Ficure 6: Cross-section through the model for the separation
distances among C2 of the product radical; 655'-deoxyaden-
osine, and the CEmethyl group hydrogen atoms in the active site
of ethanolamine deaminase in the'dwoduct radical pair state.
The ESEEM results place the coupléds and ?H,, on spherical

surfaces at the indicated radii from C2. The radii are consistent

Warncke

NH, NH,
Hf%kH H;{%/L\H
HO™ &_Atha Hw X 2 M
10=64° 0=56°
Rotamer 1 Rotamer 2

FiGure 7: Proposed structure of the two observed product radical
C1-C2 rotamers in the active site of ethanolamine deaminase in
the Cd-product radical pair state. For illustration, theR)-Hz and
1-(S-Hg rotamers are arbitrarily assignedPty, and?Hg, couplings,
respectively.

simulations of the relative amplitudes of the’€H andj-°H
features were achieved for= 0.5-0.6. We have previously
presented evidence for two €C2 rotamer states, which
was based on the simulation of only tAels. and 2Hg
hyperfine features in the cosine Fourier transform of ESEEM
collected atr = 303 ns,Bo = 388.0 mT (L9). The complete
simulations shown in Figures 4 and 5, which includedde
stoichiometries and consistency of the hyperfine coupling
parameters over all conditions, provide strong support for
the model that the product radical exists in two different

with the tetrahedral geometry and standard bond lengths for®an sp populations, characterized by two €C2 rotamer states.

hybridized C5methyl group, which localizes tHéls and?H,, nuclei
as shown.

eters for’Hs and the’H,, are comparable with the values for
the C5 methyl?H coupling in the substrate radicdl@, 17),

Model for C1-C2 Rotamers of the Product Radic@he
two C1-C2 rotamer states for the product radical are
depicted in Figure 7. For the ESEEM simulations, it was
assumed that identic&ts and?H,, hyperfine couplings were
present in each Ci1C2 rotamer state. This corresponds to

which were also characterized by a single strongly coupled the same orientation of CBelative to C2 for each rotamer.

2H (rer = 2.2 A, Aso= —0.3 MHz) and two weakly coupled
2H (rer = 3.8 A, Aso = 0). Thus, the simulations place the
coupled H and H, nuclei on concentric spherical surfaces
that are centered on C2, with radii of 2.3 A and 4.2 A,
respectively. The separation distances amtig the two
H,,, and C2 in the product radical are depicted in Figure 6.
The C2-?H distances are consistent with the tetrahedral
substituent geometry of thespybridized C5methyl group,
if the C2—Hs—C5 angle is approximately 150The model
in Figure 6 therefore showsstdnd the two K localized to
the CB methyl group.

Coupling with5-°H Nuclei within the Product Radical
The two?H interactions with larger values &, are assigned
to interactions of the C2 unpaired electron spin density with
2H bonded to C1 at thg-position, relative to C22Hg,, 2Hg).

However, each CXC2 rotamer state includes only one type
of -H coupling, eithePHg, or 2Hg,. The Helle-McConnell
expressiong5) relates the value o, for 5-H coupling to
the dihedral angle, between the €Hg bond and p-orbital
axis on the coupling carbon atom, as follows:
Aso= pB, cos 0 (4)
Here,B; is a constant equal to 24.9 MHz féid (56) andp
is the unpaired electron spin density at the coupling atom
(C2). Substitution of théHz, and?Hgy, Aiso Values from Table
1 and assumegd = 1 into eq 4 leads to calculated dihedral
angles of 64 and 56 for 2Hg, and?Hgs, respectively. The
sum of the dihedral angles is 120which is the angular
difference expected for the Newman projections between

The simulated spectra in Figure 5 reproduce the low intensity substituents on an &phybridized carbon atom. This observa-

of the more strongly coupleéHg, at 313.0 mT, and the
emergence of théHz, amplitude at 388.0 mT. They values

for the 8-2H couplings of approximately 2.4 A are consistent
with the expected C2Hj distance of 2.£2.2 A. Inspection

of the product radical structur@in Scheme 1 shows that
the presence of twg->H couplings is unexpected, because
there is a singles-H nucleus at C1. Further, simulations
incorporating a 1:2:1:1 stoichiometry 8fls:2Hw:2Hga:?Hpp
gave3-?H features in the Fourier transform that were too
large (approximately 2-fold) compared to experiment, as
shown in Figure S1, Supplementary Information. This
suggested that ea¢gh?H was present in a 1:1 stoichiometry
with ?Hs. Therefore, simulations were performed assuming
two populations of enzyme active sites, one with a 1:2:1
stoichiometry of?Hs?H,:2Hga, and the other with a 1:2:1
stoichiometry of?Hs:?H,:2Hz,. The relative populations of
sites with the?Hg, coupling (fractionf) and sites with?Hg,
coupling (fraction 1— f) were varied (see eq 3). Successful

tion is accounted for in the model by orienting the two
rotamers so thatHgz. and ?Hg, are positioned on opposite
sides of the C+C2 axis, as depicted in Figure 7. The
ESEEM results are therefore consistent with the carbinol-
amine structur@ for the product radical, which was proposed
on the basis of thé*N/'*N isotope effect on the product
radical EPR line shapel).

Figure 7 shows that the CIN bond is essentially aligned
with the partially filled p-orbital on C2 in the model for the
product radical. In the substrate radical, the-CGRbond is
aligned with the partially filled p-orbital on C11(12). The
essentially coparallel orientation of the-Gl bonds with the
partially filled p-orbitals in both the substrate and product
radicals is also consistent with the amine migration rear-
rangement pathway.

Mechanisms of Formation of the Two Different-612
Rotameric StatesThe two CtC2 rotamer conformations
originate from reorientation of the HC1—O moiety by
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Ficure 8: Possible mechanisms for the formation of the two observed@2lrotamer states in the product radical in the active site of
ethanolamine deaminase. The two mechanisms in panels A and B are distinguished by the steps in the catalytic sequence at which rotational
isomerization of the HC1—0O group about the C1C2 axis occurs. Active site topography and assumed singlg (NHNH;) insertion

path into the stereotopic-HC1—O center lead to the enantiomeda 3b and5a, 5b. Note that, for aminoethanol as substrate, the radical
rearrangement (RR) step is detectably irreversitt® 63, 65, 66), whereas the hydrogen transfer (HT2), amine elimination (AE), and
product dissociation (PD) steps are reversilii®).((A) Rotation of the H-C1—-OH group occurs in the substrate radical state or during

amine group migration, prior to product radical formation. TheR}H; (3a) and 1-§)-Hg (3b) sterioisomers of the product radical are

formed directly following amine group migration. (B) Rotation of the @1=0 group occurs in the product acetaldehyde. The sterioisomers
3aand3b of the product radical are formed by the reverse of the HT2 hydrogen atom transfer step, following equilibration pfat{R)1-

(4a) and 1pro-(S (4b) product species with intermediate carbinolamine spes#eand 5b, respectively.

rotation about the C1C2 bond, followed by stereoselective reorientation mechanism in Figure 8A by the results of
insertion of the amino group. There is precedent for rotation previous studiesH/?H kinetic isotope effects on the reaction
about the C+C2 bond in catalytic intermediate states of of aminoethanols that were stereospecifically labeled with
ethanolamine deaminase. Rotation of the G2 —H meth- °H at the 1-R) and 1-§ positions indicate a favored
ylene moiety about the CAC2 axis prior to hydrogen atom  abstraction of hydrogen in step HT1 from thepdo-(S
transfer from C5-H to C2 (HT2) has previously been position £9, 60), and this is consistent with transfer #f
demonstrated both for aminoethanbl7 and for R)- and from [5'-*H]adenosylcobalamin to the dro-(S) position of
(§-2-aminopropanol38). As shown in Figure 8, there are  2-aminopropanols58). These studies imply binding and
two stages of the catalytic sequence where reorientation ofpreferred orientation of the OH group of aminoethanol by
the H-C1—0O group relative to the amino group can occur. the protein, at least in the bound substrate state. Flexibility
In the mechanism presented in Figure 8A, the trigonal in the H-C1'—OH orientation also does not appear well-
H—C1'—OH moiety rotates prior to migrating N+attach- suited for the “pushpull” mechanism that was proposed
ment at C1. Migration of Nklalong the same physical path  on the basis of theoretical calculations of the rearrangement
from C2 to C1 in the active site results in formation of9-( energetics by Radom’s groufl). This mechanism requires
Hs and 1-R)-Hg stereoisomers. In this mechanism, trigo- a specific hydrogen bonding interaction of a protein (or
nalization of the C1 carbon following the first H atom bound water) base with the OH group to facilitate the
abstraction (HT1, see Figure 1), and protein structural migration of NH. In contrast, equilibration of free product
changes preceding or accompanying Nhigration, could (acetaldehyde and ammonia) with the product radical state
create the conditions necessary for rotation of theG4°— has been demonstrated by the ammonia-dependent exchange
OH moiety. An alternative mechanism, depicted in Figure of *H between the acetaldehyde C2 methyl hydrogen sites
8B, is that the change in orientation of the-81=0 plane and the C5methyl hydrogen site6@). These considerations
relative to the NH group occurs following formation of the  lead to the proposal that-HC1—O reorientation is most
product aldehyde. This mechanism involves an equilibrium likely to occur in the aldehyde state.
among the states that follow the product radical state in the The rotational freedom may arise in part from a weakened
forward direction of the catalytic sequence. The E1=0 binding interaction of the aldehydic oxygen atom with the
reorientation could take place within the active site, or site in the late stages of the reaction sequence, possibly owing
following dissociation and reassociation of the products. to the loss of hydrogen bond donor capability present in the
The aldehydic HC1=0O reorientation mechanism in preceding—OH group. It is speculated that this would
Figure 8B is favored over the carbinol radica-@1'—OH enhance product dissociation from the active site region.
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Implications for the Mechanisms of the Radical Rear-
rangement and Radical Migration Reactions in Ethanolamine
Deaminase The model in Figure 6 indicates that the
separation distance between C2 andi@the product radical
state is 3.3 A, which represents closest (van der Waals)

contact of the two carbon centers. The close contact of C2 16.

and C5 indicates that Cbis the sole mediator of radical
pair recombination (re-formation of intact adenosylcobal-
amin) following HT2. The closest contact distance of-3.2
3.3 A between C5and C1 in the substrate radical sta®e (
10, 17) indicated that C5is the sole mediator of radical pair
separation in ethanolamine deaming&el(, 17). Therefore,

it is now well established that the Cwenter of the

5'-deoxyadenosyl moiety is the radical shuttle between cobalt 21-
22,

in cobalamin and the substrate/product binding site.
The short, comparable G5 and C1-C5 distances in

the product radical and substrate radical states, respectively, 23.

suggest that the CBenter remains in close contact with the
substrate/product radical species throughout the rearrange-
ment reaction. The intimate association of the-©CE —C2
hydrogen exchange triad would minimize atom-shift contri-

butions to the activation energy for the rearrangement and 26

hydrogen atom transfer reactions. The positioning of C5
close to C+-C2 may also sterically restrict the physical path
of the migrating amino group to the opposite side of the-C1
C2 frame.
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