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ABSTRACT. Cobalt(I1)—1“N superhyperfine an&N nuclear quadrupole couplings in cryotrapped free and
ethanolamine deaminase-bound cob(ll)alamin have been characterized in the disordered solid state by
using X-band electron spirecho envelope modulation (ESEEM) spectroscopy. Enzyme-bound cob(ll)-
alamin was cryotrapped after formation by substrate-initiated, thermally activated cleavage of the cobalt
carbon bond of adenosylcobalamin. Free dimethylbenzimidazole axial base-on cob(Il)alamin was formed
by photolysis of the corresponding adenosylcobalamin and cryotrapped in glyegra@ous glass. Three-

pulse ESEEM experiments were performed by using microwave pulse excitationgat vhkie of Cd

at magnetic field values of 287.0 and 345.0 mT and over a rangesalfues from 227 to 1316 ns. Two
common sets of'N features are distinguished in the ESEEM spectra. One set is assigned to the remote
(N1) nitrogen in the dimethylbenzimidazoteaxial ligand by using two independent approaches: (a)
comparison of ESEEM from cob(ll)alamin with ESEEM from cob(ll)inamidigand model compounds

and (b) from the correspondence between théNinuclear quadrupole parameters derived from ESEEM
simulations and those computed by using density functional theory. The second set is assigned to the
corrin ring 1“N nuclei. The results identify the coenzyme’s on-board dimethylbenzimidazole moiety as
the a-axial ligand to cob(ll)alamin in ethanolamine deaminase in the substrate ra@idalbiradical
catalytic intermediate state. Thus, 'Cis a pentacoordinate;-axial liganded complex during turnover.

We infer that dimethylbenzimidazole is also theaxial ligand to the intact coenzyme in the resting
enzyme. A 14% increase in the isotropic hyperfine coupling of the remote dimethylbenzimidésole
nucleus in enzyme-bound versus free base-on cob(Il)alamin shows an enhanced delocalization of unpaired
spin density from Cb onto the axial ligand, which would contribute to the acceleration of the cebalt
carbon bond cleavage rate in situ.

Vitamin B;, coenzyme [adenosylcob(lll)alamin or adeno- the 3-deoxyadenosyl radical and paramagnetic low-s@in (
sylcobalamin] functions as the initiator of radical-mediated = 1/,) Cd" in cob(ll)alamin. The bound substrate is activated
substrate rearrangement reactions in the family of vitamin for rearrangement by direct abstraction of a hydrogen atom
B> coenzyme-dependent enzymés §). These enzymes are by the 3-deoxyadenosyl radicall¢-3, 6), or via a 5-
distinguished by the catalysis of carbon skeleton rearrange-deoxyadenosyl-generated cysteine thig) T, 8) or other
ments (class | enzymes; glutamate, methyleneglutarate, ancprotein radical @) in the different systems. Following
methylmalonyl-CoA mutases), heteroatom elimination reac- rearrangement, the reverse of the hydrogen transfer step(s)
tions (class II; diol dehydrase, glycerol dehydrase, ethano-occurs to form the diamagnetic product, and the re-formed
lamine deaminase, ribonucleotide triphosphate reductase)5'-deoxyadenosyl radical recombines with'Go regenerate
and pyridoxal phosphate-assisted amine group rearrangethe intact coenzyme.
ments (class III; lysine and ornithine aminomutasés) If One of the remarkable features of protein guidance of

tTe comm(;nthﬂrst E:E Ot]; theb ca(‘;allytlg ctyclfe, hotr_nolytlfc reactivity in the vitamin B, coenzyme-dependent enzymes
cleavage or the co arbon bond leads 1o formalion OF ¢ he acceleration of the effective cobattarbon bond

cleavage rate by approximately#@old relative to the rate
for the free coenzyme in solutionl@ 11). This large
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Ficure 1: Depiction of cob(ll)alamin from the structure of
adenosylcobalamin determined by X-ray crystallograddy.(Cob-
(INalamin is shown in the dimethylbenzimidazole axial “base-on”
form. The o- and -faces of the corrin ring are depicted as the
lower and upper sides of the macrocycle. In cob(ll)inamides, the
nucleotide loop is severed at the position marked by the arrow.
The positions of nitrogen nuclei are highlighted with filled circles.

The amide nitrogens are denoted with letter subscripts, and the five-

membered rings containing each corrin ring nitrogen nucleus are
shaded for clarity. The five-member rings associated with each
corrin ring nitrogen are denoted A (N21), B (N22), C (N23), and
D (N24). “Butterfly-bending” of the corrin ring occurs about the
bisector of the N24,N23 and N21,N22 halves of the ring system
(18).

summarized 16, 17). Our broad aim is to reveal protein-
specific effects on cob(ll)alamin structure and reactivity by
using techniques of high spectral resolution electron para-
magnetic resonance (EPR)pectroscopy to characterize the
structure of the coenzyme in enzyme engaged in catalytic
turnover. This entails investigation of the cob(ll)alamin
moiety in biradical states of the enzyme.

The structure of free cob(ll)alamin in the axial “base-on”
state is shown in Figure 118, 19). The central Cb is
coordinated equatorially by the four nitrogen atoms at the
inner edge of the corrin ring. The dimethylbenzimidazole
a-axial ligand includes a secondary, imino nitrogen (proximal
nitrogen, N3) that directly coordinates €and a tertiary,
amino nitrogen (remote nitrogen, N1) that is bonded to the
nucleotide loop that links the axial base to the corrin ring.
Protein-induced modifications of the length of the dimeth-
ylbenzimidazole N3-Cd' bond have been propose2of-

24) to sterically modulate the pucker, or “butterfly bending”
(18), of the quasi-flexible corrin ring. In this mechanism,
compression of the Ce-N3 bond leads to increased steric
hindrance between the bulky dimethylbenzimidazole and the
o-face of the corrin ring, which increases upward bending

Ke et al.

which weakens the bond. In support of the mechanochemical
principle 20) underlying this model, dimethylbenzimidazole
enhances the upward folding of the corrin ring relative to
the smaller imidazole as axial ligan2g), even in the absence
of protein. However, in findings that appear to dimish the
importance of this type of steric trans-effect in the carbon
skeleton-rearranging enzymes, X-ray crystallographic and
EPR spectroscopic studies have shown that axial coordination
by dimethylbenzimidazole in the free coenzyme is supplanted
by the smaller imidazole group of a protein histidine residue
in the methylcobalamin-dependent methionine synth2&e (
27) and in the adenosylcobalamin-dependent enzymes,
methylmalonyl CoA mutase2g, 29) and glutamate mutase
(30). The carbon skeleton-rearranging enzymes contain a
consensus amino acid sequence that includes the liganding
histidine residueZ6, 31, 32) that is absent in the enzymes
that conduct heteroatom elimination reactior83-37).
Indeed, EPR studies have shown that dimethylbenzimidazole
is retained as the-axial ligand in diol dehydrase3{) and
ribonucleotide triphosphate reducta88)( The identity of
the a-axial ligand in ethanolamine deaminase, an otherwise
biochemically well-characterized vitamin;Bcoenzyme-
dependent enzymd {3, 39), has not been reported.

The identity of then-axial ligand to cob(Il)alamin bound
in Salmonella typhimuriurathanolamine deaminasg3( 40)
and protein-induced changes in cob(ll)alamin structure are
addressed in these studies by comparing-€éN superhy-
perfine and'N nuclear quadrupole coupling in enzyme-
bound and free-solution cob(ll)alamin cryotrapped in the
disordered solid state. The enzyme-bound cob(Il)alamin is
formed by substrate-initiated, thermally activated cobalt
carbon bond cleavag8%). The observed substrate radical
Cd' biradical state is a proven kinetically competent
intermediate in catalysisA(). Although the C6—N3 cou-
pling is resolved in continuous-wave (CW) EPR spectra of
free base-on cob(ll)alamin in the solid stat)( weaker
Cd'—N interactions, such as those with the corrin ring and
N1 nitrogen nuclei, are obscured by inhomogeneous line-
broadening. Further, in the ethanolamine deaminase-bound
cob(ll)alamin, no Cb& hyperfine or N superhyperfine
couplings are resolved in solid-state EPR spectra, owing to
additional line-broadening from the €esubstrate biradical
interaction 41, 43). We have therefore used the high-spectral
resolution electron spinecho envelope modulation (ES-
EEM) technique of pulsed-EPR spectroscog, (45) to
measure Cb-'“N superhyperfine couplings in cob(ll)alamin.
Our strategy for identifying thet-axial ligand begins with
the detection of ESEEM spectral features arising from
hyperfine coupling between €aand the remote nitrogen
(N1) of the axial ligand in free and enzyme-bound cob(ll)-
alamin. The N1 nitrogen is targeted because the alkylated
dimethylbenzimidazole and unsubstituted imidazole N1
centers are expected to provide distinctit nuclear
guadrupole interaction signatures in the ESEEM spedta (
48). The spectral assignment is performed by using two
independent methods. In one method, the ESEEM spectra
of cob(ll)alamin are compared with spectra obained for

of the macrocycle. This causes steric strain in the deoxyad-model cob(ll)inamide-ligand complexes, where truncation

enosyl 5-carbonr-cobalt bond on thg-face of the corrin,

1 Abbreviations: EPR, electron paramagnetic resonance; ESEEM,
electron spir-echo envelope modulation.

of the nucleotide tail, at the position shown by the arrow in
Figure 1, allows axial ligation by externally added imidazole
and 1-methylbenzimidazole. In a second method, identifica-
tion of the origin of the axial base is accomplished by
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comparison of theN nuclear quadrupole parameters, EPR Spectroscop¥PR spectra were obtained by using
obtained from ESEEM simulations, with parameters for the a Bruker ER200D EPR spectrometer equipped with a Bruker
model ligands that are computed by using density functional 4102ST/8216 TE102 cavity, HP 4256L frequency counter,
theory @9). Varian V3603 electromagnet and Fieldial Mark | regulator/
The results demonstrate directly, for the first time, that power supply, and Air Products cryostat and temperature
dimethylbenzimidazole is the axial ligand to cob(ll)alamin controller modified for nitrogen gas flow sample cooling.
in ethanolamine deaminase. The enzyme-bound cob(ll)- ESEEM SpectroscopieSEEM was collected by using a
alamin is formed by the native route of cobattarbon bond home-built wide band pulsed-EPR spectrometer that will be
homolysis and is present in a true catalytic intermediate statedescribed elsewhere (Warncke, K., manuscript in prepara-
(39, 42), in contrast to the photolytic or inhibitor-associated tion). The reflection microwave prob&g) featured folded
cob(ll)alamin formation in inactivated enzyme in the other half-wave microwave resonator$€). The ESEEM was
vitamin B;, coenzyme-dependent enzymes where the identity collected by using the three-pulse/2—t—n/2—T—n/2)
of the axial ligand has been investigat&8< 30, 37, 38). microwave pulse sequencd3 44) with the microwave
Evidence presented for the influence of the protein on cob- pulse-swapping and phase-cycling sequeBZes8). T values
(Ihalamin structure therefore corresponds directly to the were selected in the three-pulse ESEEM experiments to
functioning system. suppress envelope modulation from matrix protons or to
achieve suppression effects among tfi¢ superhyperfine
EXPERIMENTAL PROCEDURES modulation contributions that proved useful in assigning
Preparations.Vitamin Bi, coenzyme (adenosylcob(lll)-  conjugate features arising from thg = +%, andms = —/,
alamin; Sigma Chemical Co.) was dissolved at a concentra-manifolds of the same nucleu# 59). Ther values sampled
tion of 1 mM in 1:1 v/v glycerot-water solutions containing  covered the range from 227 to 1316 ns. Envelope modulation
10 mM potassium phosphate as buffer, loaded into 4 mm collected from 0.2 to 5.2 ms was deadtime-reconstru&@ed (
o0.d. EPR sample tubes, and deaerated by successive vacuunahd Fourier transformed. Envelope modulation collected
argon gas cycles. The pH value of the solution was adjustedusing longz values ¢&250 ns) was also processed prior to
to 7.0 to maintain the axially coordinated dimethylbenzimi- Fourier transformation by removing the-460 ns amplitude
dazole (base-on form). The effectivi ffior the base-on to  trough in the pulse-crossover segment centered ad by
base-off equilibrium is 3.33.5 60, 51). The coenzyme in  correcting for the phase memory time-dominated echo decay
anearobic solution was then irradiated for approximately 5 in the modulation segment before pulse crossover. All data
min at a distance of 23 dm with a 150 W incandescent processing and analysis were performed with routines written
lamp or with the water- and glass-filtered outptitaol kW by using Matlab (Mathworks, Nantick, MA) and run on
Xe—Hg arc lamp (Oriel). The solution was frozen to a glass Silicon Graphics Indigo2 or PowerMacintosh computers.

by immersion of the EPR tube in liguichitrogen-chilled ESEEM SimulationsThe coupled electronnuclear spin
isopentane solution. The cobinamid@yand complexes were  system was described by the following stationary-state
prepared similarly, with the exception that2 mM meth- Hamiltonian:
ylcobinamide-perchlorate (gift of Professor Luigi Marzilli,
Department of Chemistry, Emory University) was photolyzed H=pS0.sBy + hSAl —gB.Byl +1"Q1" (1)
in the presencefdl M ligand.

Ethanolamine deaminase was purified from Eszheri- wherege, e andgs, B, are the electron and nucleguvalue

chia coli overexpression strain incorporating the cloned and magneton, respectivelg. is the electrorg-tensor,Bg
Salmonella typhimuriunethanolamine deaminase coding is the external magetic field vectdn,is Planck’s constant,
sequences 3Q) essentially as described4@), with the A is the hyperfine interaction tensaQ is the quadrupole
exception that the enzyme was dialyzed against buffer interaction tensor, and thfg@and| are electron and nuclear
containing 100 mM HEPES (pH 7.45), 10 mM KCI, 5 mM spin operators. In the strong field approximation, the electron
dithiothreitol, 10 mM urea, and 10% glycer&@3). Enzyme Zeeman interaction is given bgs3.S/, where S, is the
activity was assayed as describ&@)(by using the sensitive  fictitious spin operator@l, 62). In the case of the axially
3-methylbenzothiazolinone hydrazone colorimetric method symmetric C8 complexes considered here, it is assumed that
for measurement of acetaldehyde production (54). The a range of orientations of the complex with respect to the
activity of the purified enzyme with aminoethanol was20  external field are represented at thgposition 63), at which

30 mmol/(min/mg). the ESEEM experiments were performed, as done previously
Ethanolamine deaminase-bound cob(ll)alamin was gener-in ESEEM simulations46).
ated by freezing mixtures of enzyme (6M enzyme, 120 The eigenvalues and eigenvectors of the eleetrarclear

mM active sites), adenosylcobalamin (120 mM, 1:1 with part of the Hamiltonian (last three terms on the right-hand
active sites), and the substrate analogue, 2-aminopropanokide of eq 1) were obtained by separate diagonalization of
(30—50 mM), mixed in buffer containing 100 mM HEPES the submatrix representations corresponding tarthe +%,

(pH 7.45), 10 mM KCI, and 5 mM dithiothreitol (15). The andms= —%, electron spin manifolds. The random orienta-
Co'—substrate radical pair state was trapped in high yield tion of electron-nuclear vectors relative to the external
by immersing 4 mm o.d. EPR tubes containing the reaction magnetic field direction is represented by a spherical average,
mixture in the steady state in liquid-nitrogen-chilled isopen- which is performed independently for each coupled nucleus.
tane within 15 s of mixing. Spin counts performed with The pulse time-domain ESEEM was simulated by direct
diphenylpicrylhydrazyl (DPPH) as standard show that 0.6 application of the density matrix formalism of Mim&9,
substrate-derived radicals are present per active site. The cobé4). In this formalism, the eigenvalues and eigenvectors of
(Ihalamin/active site ratio is assumed to be comparable. the electron-nuclear part of the Hamiltonian are used to



12684 Biochemistry, Vol. 38, No. 39, 1999 Ke et al.

Table 1. C4—N Superhyperfine an#N Nuclear Quadrupole
Coupling Parameters for the N1 Nitrogen Nucleus in Free and
Ethanolamine Deaminase-Bound Cob(ll)alamin Determined from
ESEEM Simulations

Aiso leff equ [(l, ﬁv V]
state (MHz) (A (MHz)e 9 (degy

enzyme-bound 2.1%0.05 3.0 3.20 0.12 [0, 60, O]
free, base-on 1.8%0.05 3.0 3.12 0.07 [0, 70, 0]

aSee Experimental Section for explanation of the limits for all
simulation parameter valuesEffective electror-nuclear separation
distance in the pointdipole approximation. The distance is rendered
“effective” by dipolar contributions from unpaired spin density delo-
calized to the axial ligand. The limits @ values aret0.05 A. ¢ Limits
are+0.1 MHz. 9 Limits are £+0.05.¢ Limits are +5°.

Derivative Amplitude

determine the envelope modulation frequencies and intensi-
ties, respectively. For enzyme-bound cob(Il)alamin, it is
assumed that the influence of the'€mrganic radical spin

spin interaction on the ESEEM frequencies and intensities Lt
can be neglected for microwave excitatiorgat 2.3 (14). ) )
After deletion of the early envelope modulation segment FiIcure 2: EPR spectra of free cob(ll)alamin cryotrapped in

ding to the deadti in th - tal | glycero-water glass and cob(ll)alamin formed in ethanolamine
corresponding to the deadtime In the experimental envelopeqeaminase and cryotrapped under conditions of steady-state turn-

modulation, deadtime reconstruction was perforn@l 4nd over: (A) base-on cob(ll)alamin, pH 7.0; (B) cob(ll)alamin in
the envelope modulation was Fourier transformed to obtain ethanolamine deaminase. The doublet line shape apen® arises
the simulated ESEEM frequency spectrum, as in the ana]ysisfrc_)m the substrate radical. Conditions: mi_cro_vvave power, 4 mWw;
of the experimental envelope modulation. To facilitate the Microwave frequency, 9.45 GHz; magnetic field modulation, 1.0
. . . mT; modulation frequency, 100 kHz; temperature, 100 K; average

comparison between experimental and simulated ESEEM, ot 4—g scans minus baseline.
the simulated modulation envelopes were multiplied by
exponential decay functions derived from regression fitting propriate for aqueous solution. All calculations were carried
of the modulation decay in the experimental envelopes. The gyt with the Gaussian 98 package.
simulations and analysis were performed with routines
written by using Matlab (Mathworks, Nantick, MA) and run  RESULTS
on Silicon Graphics Indigo2 or PowerMacintosh computers. . )

In the ESEEM simulations, the variable input parameters  EPR Spectroscopyigure 2A displays the X-band con-

L ] L 1 1 1
Magnetic Field

|nc|ude the d|agonal hyperflne tensor Componem”'P\D, tInUOUS-WaVE EPR SpeCtrum Of fl’ee COb(ll)a|amIn in the
A, which are the sum of an isotropic componefitd and ~ base-on (pH 7.0) state in low-temperature 1:1 glycerol
the point dipolar tensor components; A, —Adip, 2Adi], aqueous glass. This spectrum is similar to that reported

whereAgp = gsBe0nBn h 13 (MHz), nuclear quadrupole p_revi_ously for ba;e-on c_ob(ll)alamMZ). Equatorial coor-
interaction parameters representing the magniteii)j and ~ dination by the slightly distorted square plan&8)(array of
the asymmetrysf) of the electric field gradient at the nitrogen ~ COITIN ring nitrogen atoms gives rise to an axially symmetric
nucleus, and Euler angles,[8, y], which define the mutual ~ EPR line shape, with zero-crossing of thefeature ag =
orientation of the electric field gradient tensor and hyperfine 2.3. The spectrum shows an eight-line pattern with a splitting
tensor principal axes. The free electron and nuclear frequen-0f 10.7 mT centered af = 2.0 that is caused by coupling
cies are fixed by the experimental magnetic field value. of the unpaired electron in the €d2 orbital with the cobalt
ESEEM simulated for individua¥N nuclei were combined ~ nucleus (cobalt nuclear spih,= /). The cobalt hyper-
to produce the composite ESEEM in accord with the product fine splitting is not resolved af; (42). The dz electron
rule (59). The parameters were adjusted manually, and theis also relatively strongly coupled to the proxim&N
best overall (“global”) match of the simulated and experi- nucleus {*N nuclear spin| = 1) of dimethylbenzimidazole,
mental time and frequency domain data for the range of Which results in a superhyperfine splitting (1.9 mT) of
and magnetic field values employed was determined visually. €ach member of the octet into a triplet. The superhyper-
The limits on the parameter values in Table 1 representfine splitting is typically resolved in only the low-field
values that, if exceeded, lead to significantly poorer simula- hyperfine features4@). No other superhyperfine couplings
tion of the experimental data. are resolved in the EPR spectrum owing to inhomogeneous
Ab Initio/Density Functional Computation§he descrip-  broadening.
tion of the test calculations and procedures for computation  Figure 2B shows that the biradical EPR spectrum obtained
of N nuclear quadrupole parameters for ligand model by cryotrappingS. typhimuriumethanolamine deaminase
compounds has been described in detail by Torrent et al.during steady-state turnover on the substrate, 2-aminopro-
(50). In brief, full geometry optimization of axial ligand panol, is dramatically different from the free base-on cob-
molecule models was carried out at the B3LYP/6-311G** (Il)alamin spectrum. The spectrum features a doublet line
level. The PW91P86/6-311+G(2d,2p) level was selected shape in theg = 2 region that arises from transitions
for evaluation of one-electron properties. Long-range solvent nominally associated with the substrate radical. The doublet
effects were included by using a polarizable dielectric model splitting of the radical is caused by electron spapin
(65—67) incorporating a dielectric constant of 78.39, ap- exchange and dipolar interactions between the substrate
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) B e S e B L B A set of narrow features positioned at 0.2, 2.3, and 2.5
1= 571ns B, = 345.0 mT MHz are apparent in the base-on cob(ll)alamin ESEEM

spectra obtained at 287.0 mT and are shown in Figure 3 by
the upward-pointing arrows. This pattern, where the sum of

the two lower frequencies is equal to the third, is charac-

teristic of 1“N coupling when the hyperfine and nuclear

Zeeman contributions are equal and oppositely signed for
}

one electron spin manifold(2 = vy, wherevy is the free
nuclear frequency). This creates a zero-field, or “exact
cancellation”, condition46, 48), in which the energy level
separation for onen state is determined by the nuclear
qguadrupole interaction. The lines are narrow because the
nuclear quadrupole interaction is not influenced by magnetic
field anisotropy. Small deviations from exact cancellation,
f 1 A owing to a mismatched isotropic hyperfine and nuclear
Zeeman coupling, or to a significafN dipolar hyperfine
interaction, introduce line broadening and some frequency
position dependence of the spectral features on the external
magnetic field strength. A fourth spectral feature is also

characteristic of the exact cancellation conditid, (48).
W\/MM This “double quantum” feature arises from then, = +2
splitting in the ms manifold in which the hyperfine and

T T T T nuclear Zeeman contributions add, and is observed at 4.4
6 1 2 3 4 5 6 7 8 9 10 MHz in spectra obtained at 287.0 mT. Figure 3 shows that
Frequency (MHz) the double quantum feature is maintained in ESEEM at the

Ficure 3: Three-pulse ESEEM spectra of cob(ll)alamin cry- higher magnetic field value of 345.0 mT but that the nuclear

otrapped in the free base-on form in glyceralater glass (bottom quadrupole-dommated features are sev_ere_ly at_tenuated. Th's
spectrum in panel) and formed in ethanolamine deaminase andmay be caused, in part, by the magnetic field-induced shift
cryotrapped under conditions of steady-state turnover (top spectrumaway from the exact cancellation condition for some of the
in each panel). The features assigned to the N1 nitrogen of Cg'—14N isochromats and by magnetic field-dependent

dimethylbenzimidazole in the free (upward arrows) and enzyme- i\ raases in the modulation depth arising from other coupled
bound (downward arrows) states are indicated. Each panel present§4N nuclei

data obtained at the indicatedand magnetic field value. At the ) o o
magnetic field By) value of 287.0 mT, the microwave frequency Figure 3 shows additional ESEEM spectral features arising
was adjusted to 8.841 and 8.926 GHz for the free base-on andfrom coupling of the unpaired electron with otiéX nuclei.

be obtained aigy for each sample. FoBy, = 345.0 mT, the sy :
microwave frequencies were 10.718 and 10.726 GHz for free base-1'8 MHz, with intensity at 0.5 MHz at somevalues. These

t= 571ns B = 287.0 mT

FT Amplitude

= 229ns B = 287.0 mT

temperature, 6 K; microwave pulse power, 20 W; initia- T that are coupled to C'o The comparable values of the sum
value, 200 ns; pulse width, 20 ns; pulse repetition rate, 16 Hz; 16 of the two lower frequencies (1.5 MHz) and the third
repetitions averaged per point. frequency value (1.8 MHz) indicates that the €3N

. . . superhyperfine coupling also approximates this exact cancel-
radical and Chover a separation distance of-102 A (43). lation condition, although ther- and magnetic field-

The broad feature centered at approximaely 2.3 arises  gependence of the line shape suggest a more significant
from thegy region of Cd in the biradical. The line shape of  5nisqtropic dipolar contribution and mismatch of the isotropic
Cd'is @stortegj by the biradical |nt'eract|o'n,. so that no cobalt hyperfine andN nuclear Zeeman coupling energies than
hyperfine or nitrogen superhyperfine splittings are resolved. 5, the Cd —14N interaction described above.
The status of Cbligation in enzyme-bound cob(Il)alamin Ethanolamine Deaminase-Bound Cob(ll)alanfiigure 3
in the Cd —substrate biradical catalytic intermediate can also shows three-pulse ESEEM spectra obtained for cob-
therefore not be determined from the EPR spectrum. (Ialamin bound to ethanolamine deaminase in thd-€o
ESEEM Spectroscopy. Free Cob(Il)alanfiigure 3 shows  substrate biradical state. The enzyme-bound data were
three-pulse ESEEM spectra obtained for base-on cob(ll)- obtained at the same resonant magnetic fields and position
alamin trapped in the low-temperature glyceralater glass. of microwave pulse excitation (gt) as for the corresponding
ESEEM was collected in thgg region at theg-value free cob(ll)alamin data. This was facilely accomplished with
corresponding to maximum ESE intensity. The ESEEM the broad band pulsed-EPR spectrometer by adjusting the
spectra show features in the frequency region below 5 MHz. microwave frequency. A significant difference between the
The low-frequency values and shifts in position k.2 two spectra is the enhanced spectral resolution for enzyme-
MHz upon change of the magnetic field from 287.0 to 345.0 bound cob(ll)alamin. This may reflect dispersion of the free
mT (*H features would shift by 2.5 MHz over this range) cob(ll)alamin conformation in the glass, relative to a discrete
are characteristic of features arising from superhyperfine conformation in the enzyme. Enhanced resolution of the
coupling of Cd to the low nucleag-value @, = 0.4034) cobalt hyperfine and proximal nitrogen superhyperfine
N nucleus [free nuclear frequency, 0.89 MHz & = features has been previously noted in EPR spectra of
287.0 mT) and 1.07 MHz (a8, = 345.0 mT)]. ribonucleotide triphosphate reductase-bound cob(ll)alamin
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(42, 68). As shown by the downward-pointing arrows in
Figure 3, the set of features observed at 0.2, 2.3, 2.5, and
approximately 4 MHz for free cob(Il)alamin is also present
in ESEEM from enzyme-bound cob(ll)alamin. The nuclear
quadrupole features are shifted by0.1 MHz and the
frequency position of the double quantum feature is increased
by 0.2-0.3 MHz in the enzyme-bound relative to the free
state of cob(ll)alamin. These results show that Hd B
nucleus that gives rise to this set of features is coupled to
Cd' in both free and ethanolamine deaminase-bound cob-
(Ihalamin.

Figure 3 shows that the ESEEM intensity centered at 0.5,
1.0, and 1.8 MHz in free cob(ll)alamin is also present in the
ethanolamine deaminase-bound state. The similar frequency
positions and roughly comparable line shapes suggest that
these features arise from one or métid that are coupled
in common to Cb in free and ethanolamine deaminase-
bound cob(Il)alamin.

Cobinamide-Ligand ComplexesThe most likely origins
of the 1N features in the ESEEM spectra of cob(Il)alamin
are the four equatorial nitrogen ligands at the inner edge of
the corrin ring and the nitrogens of the axial ligand. To assist Frequency (MHz)
in distinguishing the corrin and axial ligand nitrogen Fcure 4: Three-pulse ESEEM spectra of cob(ll)inamidigand
contributions to the cob(ll)alamin ESEEM spectra, ESEEM complexes cryotrapped in glyceralvater glass: (A) cob(ll)-
was collected under comparable conditions for cob(ll)- inamide-1-methylbenzimidazole; (B) cob(ll)inamide-imidazole;

; ; ; ; _ . (C) cob(ll)inamide-1-methylbenzimidazole/cob(ll)inamigeémi-
inamide model complexes with either 1-methylbenzimidazole dazole quotient ESEEM spectrum. The features from N1 of

or imidazole as axial ligand. 1-Methylbenzimidazole is & 1 mnethylbenzimidazole (circles) and imidazole (squares) are indi-
model for the 1-ribosyl-5,6-dimethylbenzimidazole ligand in  cated. Conditions:z, 212 ns; magnetic field strength, 289.6 mT;
intact cob(ll)alamin, while imidazole models the histidine- microwave frequency, 9.619.03 GHz; temperature, 6 K; micro-
based axial ligand that has been identified for cob(ll)alamin \é\’gne pU'T‘ee Fr)gweet'rt" OZr?r\é\t/é'nl'gﬂ + 1T6Vflelugi, t?g? T;SJel?gS:dW'gth,O,m
; i P S; pulse repetiti , z; petitions averaged per point.
in methylcobalamin depender_lt methionine Synth2§_e2{7) Spectra A and B were obtained from the average of 5 and 8
and carbon skeleton-rearranging adenosylcobalamin-dependp,giyidual envelopes, respectively.

ent enzymes28—30). The continuous-wave EPR spectra of

these complexes are comparable to the spectrum of free baser.methylbenzimidazole ligand. Negative features at 0.53,

on cob(ll)alamin presented in Figure 2A. (The EPR and 1 02, 151, and 3.86 MHz are assignedoin the imidazole
ESEEM characterization of these and related -@gand ligand.

complexes will be described in detail in a separate report:
S.-C. Ke and K. Warncke, manuscript in preparation.) To a DISCUSSION
first approximation, we assume that the corrin riffgy
contributions to the ESEEM are comparable in the two model ~ Spectral Assignments. Axial Ligand Nitrogen in Free Cob-
complexes. Therefore, large differences in the ESEEM (/)alamin. The set of“N features at 0.14, 1.98, 2.14, and
between the two complexes are attributed to changes in the4.22 MHz in the ESEEM spectrum from the cob(ll)inamide
ESEEM from*“N in the axial ligand. 1-methylbenzimidazole complex in Figure 4 correspond
Figure 4 shows ESEEM spectra obtained for the cob(ll)- closely with the features observed in free cob(ll)alamin at
inamide complexes with 1-methylbenzimidazole and imida- 0.2, 2.3, 2.5, and 4.4 MHz shown in Figure 3. In contrast,
zole as axial ligands. The spectra differ substantially. The these features are absent in ESEEM spectra from the cob-
spectrum for cob(ll)inamideimidazole displays prominent  (ll)inamide—imidazole complex. The proximal N3 nitrogen
features at 0.47, 1.01 1.55, and 3.90 MHz that are not presenfitom is not expected to contribute to the ESEEM, because
in the ESEEM spectrum obtained from the cob(ll)inamide  the N superhyperfine isotropic coupling of 47.5 MHz and
1-methylbenzimidazole complex. The cob(ll)inamide the low dipolar anisotropyAu, = 2.5 MHz) (71) shifts the
methylbenzimidazole spectrum shows a unique featurecouplings beyond the ESEEM frequency window and
positioned at 0.14 MHz and an apparent increase andseverely limits the superposition of nuclear states that is
sharpening of the spectral amplitude at 2 MHz. The feature required for observation of ESEEN64). Therefore, the set
at 4.25 MHz is also |arger in the Cob(”)inamidé_ of 1N features at 0.2, 2.3, 25, and 4.4 MHz (at 287.0 mT)
methylbenzimidazole spectrum. To attenuate spectral con-in the ESEEM spectra of free cob(ll)alamin are assigned to
tributions from coupled“N in the corrin ring, and thus to  the remote nitrogen nucleus (N1) of the dimethylbenzimi-
emphasize features arising from i of the axial ligands, =~ dazole axial ligand.
the 1N ESEEM for the two ligands was envelope-divided  Axial Ligand Nitrogen in Ethanolamine Deaminase-Bound
(47, 69, 70). The resulting cob(Il)inamidel-methylbenz- Cob(ll)alamin.There is a striking correspondence between
imidazole/cob(ll)inamide-imidazole quotient ESEEM is  the set of“N features at 0.2, 2.3, 2.5, and 4.4 MHz that are
shown in Figure 4C. The dominant positive features at 0.14, assigned to the N1 nitrogen of dimethylbenzimidazole in free
1.98, 2.14, and 4.22 MHz are assigned to nitrogen in the cob(ll)alamin and the features at 0.2, 2.2, 2.4, and 4.8 MHz

A

FT Amplitude
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in the enzyme-bound cob(Il)alamin ESEEM spectra. There — f v T T T 1
is also a strong dissimilarity between the ESEEM spectrum B=287.0 mT
of the cob(ll)inamide-imidazole complex presented in
Figure 4 and the spectra of ethanolamine deaminase-bound
cob(ll)alamin presented in Figure 3. Thus, the axial ligand
in cob(ll)alamin bound to ethanolamine deaminase during
steady-state turnover is dimethylbenzimidazole. We propose
that dimethylbenzimidazole is also the axial ligand to the
coenzyme in the resting state of the enzyme.

Corrin Ring Equatorial Ligand NitrogenThe features
centered at 0.5, 1.0, and 1.8 MHz in the spectra of Figure 3
are assigned to the corrin rid¢N nuclei that comprise the
equatorial ligation field of C This assignment is supported
by the positions of the nuclear quadrupole-dominated features
from the pyrrole nitrogen nuclei in ESEEM spectra of'€o
tetraphenylporphyrin (C-TPP) complexes (0.6, 1.2, and
1.7 MHz with pyridine as axial ligand: K. Warncke and S.-
C. Ke, manuscript in preparation). In addition, frequency
positions of features from equatorially liganding pyrrole
nitrogen nuclei in dioxygerCo'—TPP-ligand complexes R S TG TP T
have been observed at 0.5, 1.1, and 1.6 MF.(Although 0 2 4 6 8 10
the overall structures of the corrin and porphyrin ring systems Frequency (MHz)

are Substar_mally dlfferen_t, the pyrrole nitrogen nucl_el in TPP FiIGURE 5: Three-pulséN ESEEM simulations for cob(ll)alamin
are approximate magnetic and nuclear quadrupole interaction, the free base-on form in glycerewater glass and bound in
models for the corrin ring nitrogen nuclei. We also consid- ethanolamine deaminase under conditions of steady-state turnover.
ered the possibility that the features at 0.5, 1.0, and 1.8 MHz The simulated spectra are shown in bold at the bottom of each
arose from coupling to one or mo#N in the amide side panel, with the corresponding experimental spectra at the top of

: : P each panel. The spectra correspond to a commaiue of 571 ns
chains of cob(ll)alamin. As shown in Figure 1, there are three andB, value of 287.0 mT. The simulation parameters are presented

acetamide and three propionamide primary amide side chaingy Taple 1 and described in the text. Experimental parameters are
and one secondary amide in the nucleotide tail. However, given in Figure 3.

the amide nitrogens are removed from"Qay at least six
covalent bonds, and there is no formal conjugation betweendazole when cob(ll)alamin is enzyme-bound relative to free
these nitrogen atoms and the inner corrin ring. Unlike the in solution.
pyrrole rings in porphyrins, which are fully conjugated, the  Corrin Ring Equatorial Ligand NitrogeriThe simulation
five-membered rings in the corrin structure are only conju- parameters for N1 are determined with high accuracy,
gated along the inner edge of the macrocycle. We thereforebecause the superhyperfine coupling with this nucleus is very
rule out the amide nitrogens as sources of tIheESEEM. near to exact cancellation. This gives sharp, minimatly
ESEEM Simulations. N1 Nitrogen of Dimethylbenzimida- and magnetic field strength-dependent (in the X-band
zole. An independent method of identifying the chemical frequency range) features that offer a well-defined target for
origin of 1N ESEEM in the near exact cancellation limitis reproduction. In contrast, the simulation of the ESEEM
to compare the nuclear quadrupole parameters obtained fromassigned to the corrin ringN nuclei is challenging, because
ESEEM simulations with parameters obtained*ftt nuclei of broadening of the line shapes caused by a significant
in known, chemically comparable compounds. This is dipolar hyperfine interaction, overlapping transitions from
because the nuclear quadrupole coupling constag®, and possible slight inequivalence in the Co'*N superhyperfine
electric field gradient asymmetry parametgyare charac-  and N nuclear quadrupole coupling of each nucleus,
teristic of the chemical type 6fN nuclei (73, 74). Figure 5 contributions from four nuclei which can include harmonics
shows representative experimental and corresponding simu-of the fundamental frequenciegs), and the lack of a strong
lated ESEEM spectra for cryotrapped free base-on cob(ll)- “double quantum” feature. Our efforts to simulate the corrin
alamin and ethanolamine deaminase-bound cob(ll)alamin.N ESEEM have not yet converged. Nevertheless, it is
The Cd —N superhyperfine an&N nuclear quadrupole important to include the corrin ring®N coupling in the
coupling parameters that best simulate theand magnetic ESEEM simulations, so that the modulation depth of the N1
field-dependence of the set of features assigned to thecontribution is properly scaled. Therefore, a provisional set
coupled N1 nucleus in free and ethanolamine deaminase-of simulation parameteré\, = 1.7 MHz,re = 2.2 A, €9Q
bound cob(Il)alamin are presented in Table 1. = 1.8 MHz,n = 0.85) were used to approximate the corrin
Figure 3 shows that the double quantum feature is ring *N features, and the results are displayed in Figure 5.
increased by 0:20.3 MHz when cob(ll)alamin is bound in  The relatively largey value may reflect inequivalence in
ethanolamine deaminase (downward arrow) relative to free ESEEM from the different corrid*N. This parameter set
in solution (upward arrow). The simulation parameters in was based on pyrrolé*N nuclear quadrupole coupling
Table 1 show that the shift arises primarily from an increase parameters estimated from our own ESEEM results fdrCo
in the Aiso value in the enzyme-bound state of cob(ll)alamin. TPP-ligand complexesefqQ = 2.0 MHz,7 =0.4) (Ke, S.-
The increase im\s, Shows that a larger amount of unpaired C. and Warncke, K., manuscript in preparation) and in
spin density is delocalized from €onto dimethylbenzimi-  dioxygen-Cod'—-TPP-ligand complexes 72). With the
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inclusion of the four coupled corrin ringN, the relative
amplitude of the N1 contribution to the ESEEM is obtained
with a single coupledN nucleus. This is in agreement with
the assignment of the N1 features.

Computation of the N1 Nuclear Quadrupole Coupling
ParametersThe typing of the couple#N nucleus by using

Ke et al.

in S. typhimuriumethanolamine deaminas8&3) of the
consensus sequence that is characteristic of carbon skeleton-
rearranging, class | enzymes that use histidine imidazole as
the a-axial ligand @6, 31, 32). The mechanistic basis for
the differenta-axial ligands is not yet appareri@).

The results also show that ESEEM spectroscopy is a

nuclear quadrupole parameters determined by ESEEMsensitive probe of the electronic structure of cob(ll)alamin.

simulations relies on values determined independently for

known compounds. Experimentally determined nuclear quad-

rupole parameters for 1-methylbenzimidazole and 1-alkyl-
5,6-dimethylbenzimidazole compounds are not available in
the literature. In addition, literature values efQ and

for different types of*“N have been largely determined in
the gas phase or in molecular crystar8,(74). While the

The 0.2-0.3 MHz increase in the value of the double
guantum feature for the ®e-N1 coupling in free cob(ll)-
alamin relative to the cob(ll)inamid€el-methylbenzimida-
zole complex suggests that the dimethylbenzimidazole ligand
is not completely free to minimize its free energy of
interaction with C# and, therefore, that the nucleotide loop
exercises some control over the''C@xial ligand interaction

crystal environment may reasonably model the density andin free cob(ll)alamin. This result is in agreement with

electrostatic interactions in a protein interior, it may not

proposals for the presence of strain in the nucleotide loop

necessarily reproduce the environment in aqueous medium(77, 78), but counter to the opposing view9).
Therefore, the nuclear quadrupole parameters for the 1-me- The further 14% increase in the isotropic hyperfine

thylbenzimidazole and 1,5,6-trimethylbenzimidazole models
for the axial ligands have been computed by using density
functional theory (DFT) with the inclusion of a polarizable
dielectric model of long-range aqueous solvent effe4¢8. (
The density functional calculations give values of 3.073
MHz and 0.111 foe’qQ andy, respectively, for N1 in 1,5,6-
trimethylbenzimidazole, in very good agreement with the
values ofe?qQ = 3.20 (3.12) MHz andy = 0.12 (0.07)
obtained by the ESEEM simulations of the set of features
assigned to N1 in free (enzyme-bound) cob(ll)alamin. The
calculated values a#?°qQ and# for N1 in 1-N-methylben-

coupling of the remote dimethylbenzimidazéf® nucleus

in enzyme-bound versus free cob(Il)alamin indicates that the
interaction with the protein causes an enhanced delocalization
of unpaired spin density from CGmnto the axial ligand. A
discrete binding mode for cob(Il)alamin in ethanolamine
deaminase, suggestive of strong, specific interactions with
the protein, is evinced by the enhanced ESEEM spectral
resolution from the enzyme-bound relative to free solution
cob(Il)alamin. The removal of unpaired spin density by the
axial base would contribute to the acceleration of cebalt
carbon bond cleavage in situ by reducing the radical character

zimidazole are 2.992 MHz and 0.098, respectively. The on Cd', which would defeat the recombination reaction. This
comparable parameters calculated for 1—methylben2|m|dazoleinterpretation is consistent with the substrate radi€xa'

and 1,5,6-trimethylbenzimidazole agree well with the modest piradical state examined in these studies, which might be
difference between the N1 features in the ESEEM from the expected to reveal protein_induced Changes in Cob(”)a'amin

cobinamide-1-methylbenzimidazole complex and cob(ll)-
alamin. In addition, distinctly different values efqQ =
2.097 andy = 0.229 are obtained for the amine nitrogen in
imidazole, which would produce N1 ESEEM significantly
different from that observed for cob(ll)alamin. The ESEEM
simulation/DFT computation approach provides an indepen-

structure that enhance the radical pair yield. We are examin-
ing the structure of cob(ll)alamin in the recently identified
(14, 15) product radical-Cd' biradical state, where adjust-
ment of the cob(ll)alamin structure to favor re-formation of
the cobalt-carbon bond may be developing.

dent route to assignment of the ESEEM spectral features toACKNOWLEDGMENT

the N1 nitrogen of dimethylbenzimidazole, and therefore,
the demonstration that dimethylbenzimidazole is the axial
ligand to cob(ll)alamin in ethanolamine deaminase.
Implications for Vitamin B, Coenzyme Function in
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evidence that dimethylbenzimidazole is the axial ligand to
Cad'" in cob(ll)alamin bound to ethanolamine deaminase.
Ethanolamine deaminase thus joins diol dehydrd3pdnd
ribonucleotide triphosphate reducta88)(as a member of
the heteroatom-eliminating, class Il vitamin,Boenzyme-
dependent enzymes whaseaxial ligands have been directly
determined to be dimethylbenzimidazole. Our direct deter-
mination is the only one thus far performed on active enzyme
in a catalytic intermediate state. The results show directly
that cob(ll)alamin is a pentacoordinate;axial-liganded
complex during catalysis, contrary to a previous contro-
versial proposal{6). The presence of the dimethylbenzimi-
dazole ligand to cob(ll)alamin also indicates that the me-
chanochemical model proposel®(-25) for cobalt-carbon
bond weakening by compression of the'"€d3 bond is
viable in ethanolamine deaminase. The axial dimethylben-
zimidazole coordination in situ is consistent with the absence
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