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Abstract
The radical intermediates generated during the catalytic cycles of adenosylcobalamin-dependent
enzymes occur in pairs. The positions of radicals residing on the cofactor, substrate or protein,
relative to the position of the low-spin Co2+ from the cob(II)alamin intermediate, can be extracted
from electron paramagnetic resonance (EPR) spectra of the spin-coupled pairs. Examples of
radical–Co2+ pairs that span a range of interspin distances from 3 to 13 Å have been presented.
Interspin distances greater than 5 Å require motion of one or more of the participating species.
EPR spectroscopy provides a convenient means to determine the structures of these transient
intermediates.

Introduction
The list of enzymes that use free radical intermediates as part of their catalytic cycles
continues to expand [1]. Initiation of these radical-generating reactions typically involves
homolytic cleavage of a bond (such as the cobalt–carbon bond in adenosylcobalamin
[AdoCbl]-dependent enzymes), electron transfer to or from a metal-locofactor, or one-
electron oxidation by an oxidant such as oxygen [2].

In AdoCbl-dependent reactions, two radicals are created in the initiation step — the 5′-
deoxyadenosyl radical and low-spin Co2+in the cob(II)alamin portion of the original AdoCbl
cofactor. During the catalytic cycle of such enzymes, the organic radical migrates from the
adenosyl moiety to substrate, to product and back to the adenosyl moiety [3]. Recombination
of the paramagnetic 5′-deoxyadenosyl radical and cob(II)alamin to give diamagnetic
AdoCbl, and release of product complete the catalytic cycle (Figure 1).

Magnetic interactions between the paramagnetic species create mutual perturbations in the
electron paramagnetic resonance (EPR) spectra of the component radicals. These electron
spin–spin interactions contain valuable information on the relative positions of the
interacting radicals (see Figure 2). Knowledge of the relative positions of the paramagnetic
centers is useful for understanding the multiple migrations of the organic radical center
during the catalytic cycle [3], as well as revealing how unwanted side reactions, such as
suicidal electron transfers, are minimized [4•]. The paramagnetic states of these systems are
typically transient, such that they are usually accessed spectroscopically by freeze trapping
samples during steady-state or pre-steady-state turnover conditions. Thus, EPR spectroscopy
constitutes a logical tool for the structural examination of these species. Research on these
systems has experienced resurgence of late, partly because of the increased availability of
enzymes through the use of cloning technology and partly because of the phenomenal
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increases in computational speed and convenience, which allow more rigorous analysis of
the EPR spectra. This review will discuss recent progress in determining the positions of
radical intermediates in the active sites of AdoCbl-dependent enzymes. More exhaustive
treatments of electron spin–spin interactions are covered in monographs and review articles
[5–8,9•].

Electron spin–spin interactions
The two magnetic interactions that operate between paramagnetic centers are the through-
space dipole–dipole interaction, and an exchange interaction that depends on orbital overlap
and spin polarization effects. The former is an anisotropic interaction that follows a 1/r3

dependence on the spacing between the interacting centers. The latter is usually considered
an isotropic interaction, which falls off approximately exponentially with the distance
between the partners. At distances greater than approximately 9 Å, the exchange interaction
creates a doublet splitting in the EPR spectrum of each partner. At closer distances, the
exchange interaction mixes the two spin systems, such that their g-values become averaged
and eventually converge to a triplet state at interspin separations of <7 Å. The dipole–dipole
interaction is the most useful in terms of structural analysis because of its explicit
dependence on the distance between the two spins. Thus, if one is able to determine the
magnitude of the dipole–dipole splitting in the spectrum, one can determine the separation
of the two interacting spins.

The dipole–dipole interaction lifts the degeneracy of the spin states in the absence of an
external magnetic field and is a source of zero-field splitting. In the most general
formulation, the zero-field splitting is described as a traceless tensor with an axial, D, and a
rhombic, E, term. In the commonly used point-dipole approximation, E ≡ 0. The principal
axis of the zero-field splitting normally contains the interspin vector. In simulations, Euler
rotations are required to relate the axis system of the zero-field splitting tensor to a reference
system, such as the g-axis of Co2+. Examples of the dependence of the EPR spectra on the
distance between Co2+ and the organic radical are shown in Figure 3. In cases in which one
or both of the spins have intrinsic anisotropy in their g or hyperfine (A) terms, the position of
the interspin vector in the molecular axis system, defined by these intrinsic anisotropies, can
be evaluated from the spectrum [5]. In regard to the AdoCbl-dependent enzymes, wherein
the low-spin Co2+ of cob(II)alamin is one of the paramagnetic species, the g and 59 Co A
terms are anisotropic, and either could be exploited to determine the position of the interspin
vector in a molecule fixed axis system. However, as the g and A tensors are collinear,
information from these interactions is redundant. Examples of the dependence of the EPR
spectra on the angle between the interspin vector and the g||-axis of Co2+ are shown in
Figure 4.

Experimental EPR spectra are normally taken from frozen solutions, in which there is a
random orientation of the molecules in the laboratory frame of reference. Hence, powder
averages obtained by numerical integrations are required to simulate the spectra [10]. EPR
spectra are normally interpreted with the aid of a spin Hamiltonian containing the g and A
tensors of the individual radicals, as well as the exchange and dipole–dipole interaction
terms of the spin–spin coupling. Good approximations for the g and A tensors of
cob(II)alamin bound to the enzyme of interest are frequently available, such that the spin–
spin interaction terms and Euler angles relating the interspin vector to an appropriate
molecule fixed axis (e.g. the g-axis of Co2+) are the major unknowns in the analysis.

Weakly coupled spin systems
Two examples of weakly coupled spin systems have been described for cob(II)alamin and
radicals generated by the suicide inactivation of ethanolamine ammonia-lyase (EAL) by
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hydroxyethylhydrazine [10] and of diol dehydrase (DDH) by glycolaldehyde [11]. In both
cases, the signals from the low-spin Co2+ and the partner radical were split by a combination
of exchange and dipole–dipole coupling. Furthermore, the hydrazine cation radical in the
inactivation of EAL and the cis-ethanesemidione radical in the inactivation of DDH were
positioned 13 Å and 11 Å (Figure 5), respectively, from Co2+ and approximately along the
g||-axis of the ion (i.e. directly above the plane of the corrin ring). In each case, the identity
of the companion radical was revealed by isotopic substitutions within the original suicide
inactivator.

The spin–spin interaction parameters in EPR spectra of intermediates observed during
turnover of S-2-aminopropanol and of ethanolamine by EAL differ from those in spectra of
the hydrazine cation radical–cob(II)alamin pair, mainly because of a larger exchange
coupling in the former cases [12–14]. The distance between Co2+ and the organic radicals is
10–12 Å (Figure 6). As shown in Figure 6, rotation of the deoxyribosyl moiety about the
glycosidic bond effectively moves C5′ between a position near the Co2+ and a position
within van der Waals contact of the substrate. This motion accounts for the 11 Å separation
between the substrate radical and Co2+. In the case of the steady-state radical formed with
ethanolamine, the radical is reported to lie 40° off the g||-axis of Co2+[13]. The recent results
with S-2-aminopropanol are in good agreement with an earlier analysis [15].

Strongly coupled spin systems
AdoCbl-dependent ribonucleotide reductase provided the first example of a strongly coupled
radical–cob(II)-alamin spin system [16]. The novel EPR spectrum, which appeared in
samples prepared by rapid-mix freeze quenching of reaction mixtures, had g-values that
were between those of low-spin Co2+ and an organic radical. Moreover, the 59 Co hyperfine
splitting was approximately half the value typically observed in EPR spectra of
cob(II)alamin. Subsequently, the spectrum was shown to be due to a ‘hybrid’ triplet spin
system comprising the low-spin Co2+ of cob(II)alamin and a thiyl radical from Cys408 of
the protein [17]. The complicated EPR spectrum was subsequently reproduced in
simulations; the dipole–dipole splitting parameters were found to be consistent with a 5–7 Å
separation between Co2+ and the thiyl radical, and a 25° angle (ζ) between the interspin
vector and the g|| axis of Co2+[18].

EPR spectra indicative of strongly coupled spin systems have been reported for other
AdoCbl-dependent enzymes, including glutamate mutase [19], methyleneglutamate mutase
[20] and methylmalonyl-CoA mutase [21–23]. Triplet-state EPR patterns have been
analyzed for the glutamate mutase intermediate [24]; the analysis indicates a cobalt–radical
separation of 6–7 Å and a ζ of 50°. These values were in excellent agreement with the
positions of substrate and cofactor determined in a subsequent X-ray crystal structure [25].
Triplet EPR spectra have recently been reported for an alternative substrate, L-2-
hydroxyglutarate [26], and for a suicide inactivator, 2-methyleneglutarate [27], of glutamate
mutase.

Very strongly coupled spin systems
Radicals produced from substrates or substrate analogs approach to within approximately 6
Å of the Co2+ in cob(II)alamin as a lower limit. The precursor to these radicals, the 5′-
deoxyadenosyl radical, is an unstable primary alkyl radical — the short life-time of which
has prevented its direct spectroscopic observation. Magnus-son and Frey [28] have prepared
an analog of AdoCbl, 3′,4′-anhydroadenosylcobalamin (anhydro-AdoCbl), which gives a
more stable allylic radical upon homolysis of the cobalt–carbon bond. Anhydro-AdoCbl
undergoes cobalt–carbon bond cleavage upon binding to DDH in the presence or absence of
substrate. The analog supports a measurable amount (0.02%) of catalytic turnover, in
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addition to undergoing a slow suicidal electron transfer reaction [29••]. EPR spectra of
enzyme–cofactor complexes with or without substrate are consistent with a rhombic triplet-
state species. Spectra of both complexes show a prominent half-field transition that is a
hallmark of strongly coupled triplet spin systems. Changes in the line-widths of transitions
in the EPR spectra resulting from 13C and 2H isotopic substitutions in the anhydroribosyl
moiety identified one of the triplet spin partners as the anhydroadenosyl radical. The
presence of 59Co hyperfine splitting, as well as the apparent g-values of the signals,
identified low-spin Co2+ of cob(II)alamin as the other spin in the hybrid triplet system.
Spectra of the complex in the presence of substrate have been simulated and the magnitudes
of the parameters in the D tensors indicate that the radical is <4 Å from Co2+. The close
spacing of the unpaired electrons, together with the spin delocalization within the allylic
radical, requires a higher level of treatment than the point-dipole approximation that is
commonly used in the analysis of dipole–dipole coupling in radical pairs with larger
interspin separations. A radical–cob(II)alamin geometry that is consistent with the
parameters in the D tensor and with the X-ray coordinates of DDH complexes with an
analog of AdoCbl (adeninyl-pentylcobalamin) [30] is shown in Figure 7 (SO Mansoorabadi,
OTh Magnusson, RR Poyner, PA Frey, GH Reed, unpublished data).

Conclusions
Structural information on AdoCbl-dependent enzymes from X-ray crystallography and EPR
spectroscopy has provided clues into how the radical intermediates inter-convert during the
catalytic cycle [3]. Recognition of the possibility of ‘suicidal’ electron transfer between the
radicals and cob(II)alamin underscores the importance of interspin distance and orbital
overlap (exchange interaction) in this process [4•]. The positions of organic radical
intermediates with respect to cob(II)alamin can be extracted from EPR spectra of the
complexes. Increases in computational power allow the application of sophisticated methods
of global minimization [31] to the analysis of complicated EPR patterns. Thus, one can
anticipate more accurate and rigorous analyses of the EPR spectra, and the acquisition of
more detailed information on the geometries of interacting paramagnetic centers in the
active sites of enzymes.
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Figure 1.
Schematic outline of the catalytic cycle of AdoCbl-dependent enzymes. RH and R′H
represent the substrate and product, respectively; B12r stands for cob(II)alamin.
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Figure 2.
Schematic diagram showing the location of the g-axis system of Co2+ within the
cob(II)alamin molecular frame and its relation to the interspin vector connecting it to the
spin-bearing atom of the substrate-derived radical. The interspin distance, r, and the angle, ζ,
between the interspin vector and the g||-axis of C2+ are shown.
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Figure 3.
Spectral simulations showing the effect on EPR spectra of varying the distance between
paramagnetic centers. In the simulations, the g-values for Co2+ are g⊥ = 2.25 and g|| = 2,
and g = 2 for the substrate-derived radical. The 59Co nuclear hyperfine splittings are A⊥ = 5
G and A|| = 115 G. The zero-field splitting parameter, D, was varied according to the
equation D = Do/r3, where r (Å) is the interspin distance and Do = 2.785 × 104 GÅ3. The
rhombic zero-field splitting parameter, E, was set to 0 G. The angle between the interspin
vector and the g||-axis of Co2+ was set to 0°. The exchange coupling constant, J, was varied
according to the empirical equation J = Joexp(−r), where Jo was chosen to be 7.5 × 104 G,
making its variation with distance consistent with what is typically found in AdoCbl-
dependent systems.
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Figure 4.
Spectral simulations showing the effect on EPR spectra of varying the angle between the
interspin vector connecting the paramagnetic centers and the g||-axis of the Co2+. In the
simulations, the g-values for Co2+are g⊥ = 2.25 and g|| = 2, and g = 2 for the substrate-
derived radical. The 59Co nuclear hyperfine splittings are A⊥ = 5 G and A|| =115 G. The
zero-field splitting parameters, D and E, were set to 125 G and 25 G, respectively, and the
exchange coupling constant, J, was held fixed at 1750 G. The values for the zero-field
splitting parameters and the exchange coupling constant are consistent with an interspin
distance of approximately 6 Å.
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Figure 5.
Schematic representation of the disposition of the cis-ethanesemidione radical and Co2+ of
cob(II)alamin in the active site of DDH. The radical is generated from the suicide inactivator
glycolaldehyde. The position of the radical relative to Co2+ was determined from the
electron spin–spin splitting in the EPR spectra of the coupled pair [11].
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Figure 6.
Schematic representation of the position of the substrate radical derived from hydrogen-
atom abstraction from S-2-aminopropanol in the reaction catalyzed by EAL. The position of
the radical relative to the g-axis system of Co2+ was determined from analysis of the EPR
spectrum of the spin-coupled pair [12]. The position of the 5′-carbon of the 5′-
deoxyadenosyl moiety was determined from electron nuclear double resonance experiments
with [U-13C] ribosyl AdoCbl [32]. The arrows indicate how rotation about the glycosidic
bond of the adenosyl moiety (A) would allow movement of the 5′-carbon of deoxyadenosine
between the position near the substrate and its origin in a bond with Co2+. Adapted with
permission from [12]. Copyright 2002 American Chemical Society.
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Figure 7.
Representation of the position of the anhydroadenosyl radical relative to cob(II)alamin in the
active site of DDH in the presence of 1,2-propanediol. The geometry reproduces the
elements of the D tensor obtained by simulation of the triplet EPR powder pattern (SO
Mansoorabadi, OTh Magnusson, RR Poyner, PA Frey, GH Reed, unpublished data). The
initial position of the adenine ring was obtained from the X-ray coordinates of the complex
of DDH with adeninylpentylcobalamin [30]. The distance between the 5′-carbon of the
radical and Co2+is ~3 Å. The substrate, 1,2-propanediol, is shown. A truncated version of
cob(II)alamin is shown.
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