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Characterization of an Allylic Analogue of the 5′-Deoxyadenosyl Radical:
An Intermediate in the Reaction of Lysine 2,3-Aminomutase†
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ABSTRACT: An allylic analogue of the 5′-deoxyadenosyl radical has been characterized at the active site
of lysine 2,3-aminomutase (LAM) by electron paramagnetic resonance (EPR) spectroscopy. The
anhydroadenosyl radical, 5′-deoxy-3′,4′-anhydroadenosine-5′-yl, is a surrogate of the less stable
5′-deoxyadenosyl radical, which has never been observed but has been postulated to be a radical
intermediate in the catalytic cycles of a number of enzymes. An earlier communication [Magnusson,
O.Th., Reed, G. H., and Frey, P. A. (1999)J. Am. Chem. Soc. 121, 9764-9765] included the initial
spectroscopic identification at 77 K of the radical, which is formed upon replacement ofS-
adenosylmethionine byS-3′,4′-anhydroadenosylmethionine as a coenzyme for LAM. The electron
paramagnetic resonance spectrum of the radical changes dramatically between 77 and 4.5 K. This unusual
temperature dependence is attributed to a spin-spin interaction between the radical and thermally populated,
higher spin states of the [4Fe-4S]+2 center, which is diamagnetic at 4.5 K. The EPR spectra of the radical
at 4.5 K have been analyzed using isotopic substitutions and simulations. Analysis of the nuclear hyperfine
splitting shows that the unpaired spin is distributed equally between C5′- and C3′- as expected for an
allylic radical. Hyperfine splitting from theâ-proton at C-2′(H) shows that the dihedral angle to the
pz-orbital at C-3′ is approximately 37°. This conformation is in good agreement with a structural model
of the radical. The rate of formation of the allylic radical shows that it is kinetically competent as an
intermediate. Measurements of2H kinetic isotope effects indicate that with lysine as the substrate, the
rate-limiting steps follow initial reductive cleavage of the coenzyme analogue.

A number of enzymes exploit the chemistry of organic
radicals to promote difficult chemical transformations (1, 2).
Several of these enzymes use the 5′-deoxyadenosyl1,2 radical
as an initiator of the radical mediated steps (3). This crucial,
though elusive radical remains the paradigm for initiation
of catalysis by AdoCbl-dependent enzymes, which are
thought to generate the 5′-deoxyadenosyl radical by promot-

ing homolytic scission of the Co-C bond of AdoCbl (see
ref 4 for recent reviews). More recently, experiments on
enzymes that use SAM as a required coenzyme have
suggested that these enzymes also promote formation of the
5′-deoxyadenosyl radical. For these SAM-dependent en-
zymes, however, a reductive cleavage of the C-S bond of
SAM by an iron-sulfur center leads to formation of the
radical (5, 6). Despite substantial chemical evidence for its
presence as a reactive intermediate, the 5′-deoxyadenosyl
radical has never been directly observed spectroscopically,
and its existence must therefore be regarded as hypothetical.
This study describes a closely related analogue of the 5′-
deoxyadenosyl radical and, by inference, provides strong
support for the efficacy of the 5′-deoxyadenosyl radical as a
discrete intermediate in the catalytic cycle of LAM.

LAM (lysine 2,3-aminomutase, EC, 5.4.3.2) catalyzes the
interconversion ofL-R-lysine andL-â-lysine. This reaction
proceeds through a 1,2-amino group shift and requires the
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cleavage of an unactivated C-H bond. The enzyme also
mediates hydrogen transfers between substrate, product and
coenzyme (5). As such, the reaction closely resembles those
catalyzed by AdoCbl-dependent enzymes (7); however, LAM
is not activated by adenosylcobalamin but instead uses SAM
as the hydrogen carrier. The enzyme fromClostridium
subterminaleSB4 is a homohexamer (MW 285× 103) that
is engaged in a catabolic pathway enabling the bacterium to
use lysine as its sole source of carbon and nitrogen (8). LAM
requires pyridoxal-5′-phosphate (PLP), SAM, and a reduced
[4Fe-4S] cluster for activity. The actions of PLP and SAM
differ from their conventional roles in stabilizing carbanions
and donating methyl groups, respectively. The chemical
function of the [4Fe-4S] cluster is also unique among proteins
with iron-sulfide centers.

The catalytic mechanism of LAM as originally proposed
is outlined in Scheme 1 (9). The substrate is bound in an
imine linkage with PLP, and the isomerization is initiated
by the abstraction of the 3-pro-R hydrogen of lysine by the
5′-deoxyadenosyl radical (a) to produce the substrate radical
of R-lysine (b). The reaction proceeds through an azacyclo-
propylcarbinyl radical intermediate (c) where the unpaired
electron on C4 of PLP can be stabilized by conjugation with
the adjacent pyridinium ring. The quasi-symmetrical aziridyl
ring opens in the forward direction to form the product
radical (d) wherein the unpaired electron resides on C2 of
â-lysine. Reabstraction of a hydrogen atom from 5′-deoxy-
adenosine completes the rearrangement. The hydrogen is
transferred to the 2-pro-R position of â-lysine leading to
inversion of configuration (10). This mechanism is supported
by spectroscopic and kinetic characterization of intermedi-
ates. The EPR spectrum of the product radical (d) has been
observed under steady-state conditions (11). Results of
transient kinetic experiments show that the product radical
appears and reacts in a kinetically competent fashion (12).
Analogues of the substrate radical (b) have been detected
and characterized by EPR (13, 14). The involvement of PLP

has also been established through studies of a model
nonenzymatic reaction (15) as well as by ESEEM spectros-
copy (16).

The [4Fe-4S] clusters of LAM play an important role in
the reaction. Upon binding of SAM, the cluster can be
reduced from the+2 oxidation state to the+1 oxidation
state (17). The [4Fe-4S]+1 cluster donates one electron to
SAM, resulting in the cleavage of the coenzyme to produce
the 5′-deoxyadenosyl radical and methionine, in which the
latter remains coordinated to the cluster during the catalytic
cycle (6). Upon replacement of SAM byanSAM as a
coenzyme for LAM, the radical formed upon reductive
cleavage is stabilized by allylic delocalization as depicted
in Scheme 2. The present paper describes some of the
spectroscopic and enzymatic properties of the allylic radical
intermediate formed fromanSAM.

EXPERIMENTAL PROCEDURES

Materials.Deuterium oxide, adenosine, NaBD4, triphenyl-
methyl chloride (TrCl), pivaloyl chloride, AgOAc, NaI,
trimethyl orthoacetate, trichloroacetic acid, sodium methox-
ide, dicyclohexylcarbodiimide (DCC), and silica gel were
from Aldrich. All solvents used were of ACS grade or higher
purity and were obtained either from Aldrich or Fisher. AK,
CK, ATP, phosphocreatine, 4-thia-L-lysine,L-methionine and
all buffers were purchased from Sigma. [1′,2′,3′,4′,5′-13C5]-
Adenosine was from Omicron Biochemicals. Phenyl isothio-
cyanate was from Pierce. [U-14C]Lysine was purchased from
New England Nuclear. [3,3,4,4,5,5,6,6-2H8]Lysine was ob-
tained from CDN Isotopes. All other chemicals and reagents
were of the highest purity and used as supplied unless stated
otherwise.

Protein Purification.LAM from Clostridium subterminale
SB4 was purified as described elsewhere (18) with a minor
modification. All steps in the purification procedure and all
subsequent handling of the protein were performed within a
Coy anaerobic chamber. A step in the purification involving
ammonium sulfate precipitation (42% saturation) was omitted
without affecting the purity of the protein, which was
routinely judged to be>95% pure by SDS-PAGE. The
protein was concentrated by ammonium sulfate precipitation
(70% saturation), resuspended in minimum volume of the
purification buffer, frozen, and stored in liquid nitrogen to
prevent oxidative damage. The specific activity of the
enzyme was 40-45 IU mg-1 after reductive activation (18).
Enzyme samples assayed without undergoing the reductive
activation displayed specific activities ranging from 35 to
40 IU mg-1 and were routinely used as such for the
preparation of samples for spectroscopy. Either a standard
radiochemical assay (18) or an HPLC assay (13) based on
derivatization of substrate and product were employed. The
concentration of the purified enzyme was determined spec-
trophotometrically using an extinction coefficient of 1.26
(mg/mL)-1 (19). Iron and inorganic sulfide were analyzed

Scheme 1 Scheme 2
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by the methods of Kennedy et al. (20) and Beinert (21),
respectively.

A pet-24b vector with the cDNA for human AdoK was a
generous gift of Dr. Beverly S. Mitchell, University of North
Carolina at Chapel Hill. The plasmid was transformed into
BL21(DE3) competent cells and the cDNA was expressed
as described elsewhere (22). Purification was performed as
described, except that cell lysis was done by sonication
followed by centrifugation. The supernatant was subjected
to 1% streptomycin sulfate precipitation, and the clear fluid
obtained after centrifugation was treated with ammonium
sulfate, followed by dialysis and anion exchange chroma-
tography using DEAE-Sephacel (Sigma) as described (22).
The enzyme was assayed by a radiochemical method (22)
and the specific activity of the purified AdoK ranged from
2 to 3 IU mg-1.

SAM synthetase was purified from anEscherichia coli
overproducing strain DM22pk8 as described previously (23),
except that only the first chromatographic steps using Phenyl-
Sepharose (Pharmacia) and DEAE-Sephacel (Sigma) were
performed. The enzyme was estimated to beg80% pure by
SDS-PAGE and exhibited a specific activity of∼1 IU mg-1.
The assay used was a modification of the assay described
(23), where instead of using radiolabeled substrate, ATP and
SAM were separated by cation exchange chromatography
(CM-Sephadex C-25) and the amount of each compound
measured spectrophotometrically at 260 nm using an extinc-
tion coefficient of 15.4 mM-1 cm-1. Syntheses ofanSAM
and its isotopically labeled forms are described in the
Supporting Information.

Kinetic Isotope Effects.LAM was assayed with either
unlabeledL-lysine or L-[3,3,4,4,5,5,6,6-2H8]lysine as sub-
strate. Initial rates were determined in either case with SAM
andanSAM as coenzyme, respectively. The reaction mix-
tures contained 150 mM K+-EPPS, 4 mM Na2S2O4, 50 µM
SAM or 1 mManSAM, and 50 mM lysine or [3,3,4,4,5,5,6,6-
2H8]lysine. The mixtures were incubated for 5 min at 37°C,
after which LAM was added in concentrations ranging from
0.05 to 0.2µM with SAM as coenzyme and 20-50µM with
anSAM as coenzyme. Samples were withdrawn and quenched
with 0.5 M perchloric acid at specific points in time (0-10
min). The samples were derivatized by phenylisothiocyanate
and analyzed by HPLC as described elsewhere (13). Initial
rates were calculated based on the ratios of integrated areas
of the chromatographic peaks corresponding to the phenyl-
thiocarbamyl derivatives ofR-lysine andâ-lysine.

Sample Preparation.Each sample for EPR spectroscopy
of LAM with anSAM as a coenzyme contained 200 mM
potassium-EPPS, pH 8, 15 mML-lysine, 2.5 mM Na2S2O4,
1.5 mM anSAM (or isotopically labeled forms of the
compound) and 95µM LAM in a total volume of 250µL.
The samples were rapidly transferred to EPR tubes and
frozen in isopentane that was kept near freezing (-160 °C)
by immersion in a Dewar with liquid nitrogen. Experimental
conditions for other EPR samples are provided in the figure
legends.

EPR Spectroscopy.Low-temperature EPR spectra were
obtained on a Varian spectrometer equipped with an E102
X-band microwave bridge, an Oxford Instruments ESR-900
continuous flow helium cryostat, and an Oxford 3120
temperature controller. A Varian gaussmeter, a Hewlett-
Packard 5255A frequency converter and a 5245L electronic

counter were used to measure the magnetic field strength
and microwave frequency, respectively. EPR spectra at 77
K were measured on a Varian E-3 spectrometer equipped
with a standard liquid nitrogen immersion Dewar. Microwave
frequency was measured with a Hewlett-Packard wavemeter,
and the magnetic field was calibrated with a Varian gauss-
meter. Both spectrometers were interfaced with a PC for data
acquisition. Spin concentrations were estimated by double
integration of the spectra and comparison to double integrals
of spectra for a 1.0 mM CuSO4, 10 mM EDTA standard
under nonsaturating conditions. EPR spectra were analyzed
by simulation using strategies outlined previously (11, 28).

RESULTS

Synthesis of S-3′,4′-Anhydroadenosylmethionine and Deu-
terium-Labeled Analogues.The synthesis ofanAdo has been
reported (24, 25). The remaining steps were achieved by
using an enzymatic approach. First, the adenosine analogue
was phosphorylated by the coupled actions of adenosine
kinase, adenylate kinase and creatine kinase according to eq
1.

This is a one-pot synthetic procedure in which a substoi-
chiometric amount of ATP initiates the reaction, which is
then driven to completion by excess P-creatine. Although
the reaction was slow, the use of sufficient amounts of
enzymes allowed full conversion within 2 days. While the
details of each enzymatic reaction with the respective
anhydro analogue were not studied, inhibition of AdoK by
anAMP was apparent. By using an excess of AK, the build-
up ofanAMP was prevented. Good separation between ATP
andanATP was attained by reversed-phase HPLC; however,
the peak fraction ofanATP was rechromatographed to
overcome contamination by traces of ATP. The ATP
analogue is a good substrate for SAM synthetase. Yields of
60-70% were obtained using similar amounts of enzyme
as reported for the synthesis of radiolabeled SAM by the
same method (14).

The syntheses of [2′-2H]adenosine and [3′-2H]adenosine
are outlined in Scheme 3. This method makes use of the
Moffatt oxidation, with reaction conditions adapted from the
oxidation/reduction procedure described for uridine (26). A
protection step was conveniently accomplished using TrCl,
which owing to its size does not react with both secondary
OH groups on the ribosyl ring. The isomers1 and2 were
separated by silica gel chromatography, and they were then
oxidized by the DMSO/DCC method to yield the ketones3
and 4. The ketones were successfully purified from side
products and remaining starting material by silica gel
chromatography. Reduction of the ketones by sodium boro-
deuteride in ethanol yielded the deuterium-labeled protected
nucleosides5 and6, which were not isolated. Deprotection
took place in acetic acid to yield the final products7 and8.
Because the reduction produces both the cis and trans isomers
of each nucleoside, a separation method exploiting the
chelation of boronate to vicinal diols was performed. The
trans-xylulosyl and -arabinosyl isomers were bound much
more weakly to the boronate resin than the cis isomer
(ribosyl), so that good separations were obtained in both cases
to give [3′-2H]adenosine and [2′-2H]adenosine, respectively.

anAdo98
AdoK/ATP

anAMP98
AK,CK/P-creatine

anATP (1)
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Deuterium labeling at the 5′-position of anSAM was
accomplished by solvent exchange in D2O at neutral pH.
R-Protons in conventional sulfonium ions undergo exchange
with solvent only under highly basic conditions (1-5 M
NaOD) (29). Exchange ofR-protons under these mild
conditions is unusual. The apparent acidity of theR-protons
is likely due to the formation of an allylic anion, which
increases the acidity of the 5′-methylene group relative to
the same group in SAM and the other methylene and methyl
groups in the molecule (27).

ActiVation of LAM by anSAM.As reported previously (3),
LAM is activated byanSAM. The purification procedure
for LAM is performed at room temperature. Under those
conditions the enzyme is almost fully dependent on added
SAM for activity. Inasmuch as the measured activity with
anSAM is very low, a point of concern was the background
activity due to SAM adventitiously bound to the enzyme.
The observed activity withanSAM as the coenzyme at 37
°C is 0.10( 0.01 IU mg-1, which is∼5 times background
activity and 0.25% of the activity measured with SAM as
coenzyme. The lower value ofVmax with anSAM as the
coenzyme can be rationalized by the increased stability of
the allylic radical relative to that of the primary alkyl radical
formed from the natural coenzyme. The stability of the
anhydroadenosyl radical is expected to lower its reactivity,
decreasing the rate of hydrogen abstraction from the substrate
(3).

Temperature Effect on EPR Spectra of the Anhydro-
adenosyl Radical.Previous studies provided the observation
and qualitative identification of the anhydroadenosyl radical
in the reaction of LAM withanSAM as the coenzyme (3).

The EPR measurements described earlier were performed
at 77 Ksa temperature at which organic radicals are routinely
observed in enzymatic systems, including characterization
of other radicals in the active site of LAM (11-14). The
breadth of the EPR spectrum of the anhydroadenosyl radical
at 77 K was, however, anomalous.

EPR spectra of the anhydroadenosyl radical recorded at
77 K and at 4.5 K are shown in Figure 1. The effects of
temperature on the breadth and overall appearance of the
pattern are striking. In the spectrum at 4.5 K (Figure 1B),
the width of the pattern is more in line with that expected
for a magnetically isolated, organic radical having proton
hyperfine splitting. The temperature effects of the radical
signals are attributed to changes in an electron-electron spin
coupling between the radical and excited paramagnetic states
of the nearby [4Fe-4S]+2 center. After reductive cleavage
of the coenzyme (SAM oranSAM) the state of iron sulfur
center of the enzyme is [4Fe-4S]+2 which has a diamagnetic
(S) 0) ground state. However, depending on the magnitude
of the exchange coupling,J, between iron atoms within the
iron-sulfur center, paramagnetic excited states (S ) 1, 2,
3, ..., 9) could become appreciably populated at temperatures
between 4.5 and 77 K (30). Such a modest value ofJ appears
to be present in these centers, and the thermal population of
the excited states of the iron-sulfur center leads to compli-
cations in the signals of the radical due to electron-electron
spin interactions. Details of this spin-spin interaction are
currently under investigation. In any case, spectra of the
organic radical obtained at 4.5 K appear to be largely free
of complications from magnetic interactions with the nearby
iron-sulfur center, and spectra obtained at this temperature
can be used in further analysis of the radical.

Scheme 3

FIGURE 1: Effect of temperature and13C substitution on X-band
EPR spectra of the anhydroadenosyl radical. Sample composition
is described in the Experimental Procedures except for spectrum
C, wherein [1′,2′,3′,4′,5′-13C5]anSAM was used instead ofanSAM.
Experimental conditions: (A) temperature, 77 K; modulation
frequency, 100 kHz; modulation amplitude, 4 G; microwave power
5 mW; spectrometer frequency, 9.13 GHz; time constant, 0.3 s;
(B) temperature, 4.5 K modulation frequency, 100 kHz; modulation
amplitude, 2.5 G; microwave power, 0.02 mW; spectrometer
frequency, 9.23 GHz; time constant. 0.3 s; (C) same as in panel B
except the modulation amplitude was 3.2 G. All spectra are an
average of 4× 4 min scans.
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13C-Labeling Experiments. EPR measurements were ob-
tained with [13C5-ribosyl]-anSAM, which had been synthe-
sized from [13C5-ribosyl]adenosine as the starting material.
The EPR spectrum of LAM with [13C5-ribosyl]-anSAM as
the coenzyme, measured at 4.5 K, is shown in Figure 1C. A
visual comparison of the spectra in Figure 1, panels B and
C, confirms that substitution of13C (I ) 1/2) into the
anhydroribosyl part of the coenzyme analogue significantly
alters the appearance of the EPR signals. These data confirm
the location of the unpaired spin on the anhydroribosyl
moiety.

EPR Spectra of the Deuterium-Labeled Anhydroadenosyl
Radical.Deuterium labeling studies were carried out in order
to characterize further the structure of the coenzyme derived
radical. Because of the smaller magnetogyric ratio (γ) of
deuterium versus protium (γD/γH ) 0.154), substitution of a
deuterium for a hydrogen atom that is coupled to a radical
center alters the EPR spectrum. Samples ofanSAM selec-
tively labeled at the C5′, C3′, and C2′ were used to prepare
samples for EPR measurements (Figure 2). The spectra
exhibit striking effects from deuterium substitution, as
expected for the anhydroadenosyl radical.

Spectral Simulations.Simulations were conducted to gain
further insight into the nature of the radical species. The
spectra of the deuterium-labeled samples were used as targets
in the simulations. The quality of the fits was evaluated by
visual comparison with experimental spectra. This trial-and-
error process was continued until a set of parameters was
found that provided a reasonable fit to all of the spectra.
The current best fits are displayed in Figure 2 as dashed lines
in a nested fashion with the experimental spectra. The results
are summarized in Table 1. Theg-values compare favorably
with those reported for other allylic radicals (14, 32-35).
Hyperfine splitting from the C2′- and C3′-hydrogens could
be accurately determined using spectra E and F, respectively,
as targets in the simulations. Less certainty, however, was
achieved in estimating the hyperfine splitting from the C5′-
hydrogens. The best fit to the experimental spectra was
obtained by keeping the splitting constants of theexo and
endohydrogens at C5′ slightly different (ao[H-exo] > ao[H-
endo]), in accord with data obtained from other allylic
radicals (33-35). The principal components of the hyperfine
tensors (Axx:Ayy:Azz) for the R-hydrogens (3′-H and 5′-H2)
were kept constant in a ratio of 3:1:2 as routinely observed
for π-alkyl and allylic radicals (14, 32-35).

Hyperfine splitting fromR-protons can be described by a
spin polarization mechanism. The magnitude of the splitting
constant in a planar,π-type radical is a measure of the spin
density on the carbon as described by the relationship:

where aRH is the isotropic hyperfine splitting from the
R-proton,Q is an empirically derived constant, andF is the
spin density (31). The value ofQ for the methyl radical is
23 G. The middle carbon (C4′ in the present case) in an
allylic system has negative spin density, which can be
explained by spin polarization of the bonding electrons (32,
36). Since the net spin is unity and there is negative spin
density on C4′, the sum of the positive spin densities at the
‘end’ carbons (C3′, C5′ in this case) is greater than 1. The
negative spin density at C4′ accounts for the fact that the
splittings of R-protons in an allylic system are somewhat
larger than one-half the methyl radical splitting (36). The
average isotropic splitting in the present case (ao) estimated
from the C3′-H and C5′-H2 hydrogens is 13.5 G, which is
more than half the methyl radical splitting (11.5 G).

FIGURE 2: EPR spectra (solid lines) and simulations (dashed lines)
of isotopically labeled forms of the anhydroadenosyl radical. Sample
composition is described in the Experimental Procedures. (A)
UnlabeledanSAM; (B) [3′-2H]anSAM; (C) [2′-2H]anSAM; (D)
[5′-2H2]anSAM; (E) [5′,3′-2H3]anSAM; (F) [5′,2′-2H3]anSAM.
Experimental conditions were the same as described for Figure 1B.
Deuterium splittings incorporated into the simulations were derived
from the corresponding splittings of protium by correcting for the
differences in magnetogyric ratios of the isotopes. A Gaussian line
shape and a line width of 5.1 G was used in the simulation of
spectrum C. An orientation-dependent Gaussian line width was
employed, having principal values of 12, 10, and 2 G for spectra
A, B, and D, and 8, 8, and 4 G for spectra E and F, respectively.
A total of 2500 crystal orientations were sampled in each simulation.
Hyperfine splitting parameters used in the simulations are sum-
marized in Table 1.

Table 1: Hyperfine Splitting Parameters Obtained from Spectral
Simulationsa

nucleus Axx (G) Ayy (G) Azz (G) ao (G)b

5’-Hexo
c 22 8 15 15( 1

5’-Hendo 18 6 12 12( 1
3’-H 20.4 6.8 13.6 13.6( 0.3
2’-H 16.5 16.5 16.5 16.5( 0.3
a The principal values of theg-tensor aregxx ) 2.005,gyy ) 2.003,

gzz) 2.002.b The trial and error nature of the fitting process precludes
a rigorous determination of the errors associated with the hyperfine
splitting constants. The reported range is an estimate based on visual
examination of the experimental and computed spectra. Relatively small
uncertainty for the C2′-H, and C3′-H splittings can be deduced since
experimental spectra with resolved splittings from these hydrogens in
isolation were available, Figure 2, panels E and F, respectively.c The
principal axes for this tensor are related to the principal axes of the
g-tensor by Euler angles:R ) 120°; â ) 0°; γ ) 0°. Other hyperfine
tensors were taken as collinear with theg-tensor.

aRH ) QF (2)
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Moreover, the isotropic hyperfine splitting constant for C3′-H
(13.6 G) and the average of the C5′-H2 splittings (13.5 G) is
the same, which shows that the spin is equally distributed
between C3′ and C5′. This equivalence of spin density at
both ends of the allylic system is expected, and an estimate
of F ) 0.59( 0.02 for both carbons is based on theR-proton
splittings described.

Hyperfine splitting from aâ-proton arises from hyper-
conjugation. This interaction leads to net spin density in the
1 s orbital of the hydrogen, and the coupling is therefore
purely isotropic (31). The magnitude of this interaction is
sensitive to the alignment of the Câ-H bond with the singly
occupied molecular orbital according to the following
empirical relationship:

In eq 3, aHâ is the observed hyperfine splitting,F is the
unpaired spin density on theR-carbon,C1 (0.92 G) andC2

(42.6 G) are empirically derived constants, andθ is the
dihedral angle between the hydrogen and the 2pz orbital (37).
The present results indicate that dihedral angle between the
C2′-H proton and the C3′-2pz orbital is 37( 2°.

Kinetic Competence of the Anhydroadenosyl Radical.The
rate of formation of the allylic radical was studied in order
to demonstrate its relevance to the catalytic cycle of the
enzymatic mechanism (i.e., to establish kinetic competency).
The results presented in Figure 3 show that the radical is
formed with a first-order rate constant of 10.4( 1.6 min-1.
Note thex-intercept of about 7 s. The intercept is due to the
few seconds required for the enzyme to become activated,
presumably to bind the coenzyme in a productive conforma-

tion for catalysis. A similar lag phase is seen for the
formation of the lysyl radical in the reaction with SAM as
the coenzyme (38). The lag period in the activation by
anSAM facilitated sample preparation, because it allowed
time to mix the samples manually. Inclusion of a zero time
point and fitting to either single- or double-exponentials were
unsatisfactory (data not shown), and because of the absence
of data between 0 and 9 s, such fitting procedures were not
warranted.

The concentration of LAM used in these studies was 45
µM, and a maximum of slightly less than two radicals per
hexamer was observed (see Figure 3). The inhibitor,trans-
4,5-dehydrolysine, reacts initially as a substrate and is
transformed into a stable, allylic analogue of radicalb in
Scheme 1 (14). Quantitation of EPR signals of the dehy-
drolysine radical species produced with the same enzyme
preparation as for the experiments withanSAM, shows that
approximately three radical spins are formed per hexamer
(data not shown). An estimate of three active sites per
hexamer in this preparation of LAM is further supported by
iron and inorganic sulfide analysis of the protein that yield
about 15 Fe and 12 S per hexamer, respectively. Samples of
LAM recently purified with larger amounts of iron and
sulfide and displaying higher activities would presumably
accommodate a higher radical content.3

The experiments described above were done at 21°C. To
compare the rate of radical formation with the overall rate
of the reaction; activity assays withanSAM as the coenzyme
were also carried out at the same temperature. The turnover
number for the enzyme at 21°C was estimated as 1.1( 0.2
min-1 or about 10-fold lower than the rate of formation of
the radical, clearly establishing kinetic competency. Thekcat

for the enzyme was measured assuming three active sites
per hexamer as described above.

RelatiVe Stabilities of Radical Intermediates.To date, four
different radical species have been observed in the reaction
of LAM. Two of these radicals mimic the substrate radical
formed after the initial hydrogen abstraction at C3 ofL-lysine
(13, 14). By using anSAM in combination with these
substrate analogues, insight into the relative stabilities of
radicals in the mutase reaction can be obtained. The structures
of the substrate analogues 4-thialysine andtrans-4,5-dehy-
drolysine are shown in Scheme 4.

4-Thialysine is an alternative substrate for LAM and allows
for detection of the substrate-related radical (b in Scheme
1) wherein the unpaired electron on C3 is stabilized by an
adjacent sulfur atom (13). This radical species is also the
only one that accumulates in the active site of the enzyme
during steady-state turnover of 4-thialysine. The spectral
consequences of usinganSAM as a coenzyme and 4-thia-
lysine as a substrate in the steady-state of the reaction of

3 His-tagged LAM purified quickly on Ni-columns contains higher
amounts of iron and sulfide and displays higher activity. F. J. Ruzicka
and P.A.F., unpublished results.

FIGURE 3: Rate of formation of the anhydroadenosyl radical.
Samples contained 200 mM K+-EPPS, pH 8, 15 mML-lysine, 2.5
mM Na2S2O4, 1.2 mManSAM, and 45µM LAM in a total volume
of 250 µL. All components of the reaction mixture except the
enzyme were transferred to EPR tubes; the enzyme was added,
followed by quenching of the reaction at designated time points in
cold isopentane (-160°C). The EPR spectra were recorded at 4.5
K and the amount of radical spin in each sample was quantified
relative to a 1 mMCuSO4, 10 mM EDTA standard. Each timepoint
was measured in triplicates and the data is presented as the mean
and standard deviation of those measurements. The data were fitted
to a single-exponential equation usingKaleidagraph (Synergy
Software) to yield a first-order rate constant,kobs ) 10.4 ( 1.6
min-1.

aHâ ) F[C1 + C2(cos2 θ)] (3)

Scheme 4

7778 Biochemistry, Vol. 40, No. 26, 2001 Magnusson et al.



LAM are shown in the EPR data of Figure 4. The spectrum
of the substrate radical of 4-thialysine observed previously
is shown in Figure 4A where SAM serves as a coenzyme
(13). The spectrum of the anhydroadenosyl radical is shown
in Figure 4B for comparative purposes. WithanSAM as the
coenzyme and 4-thialysine as substrate (Figure 4C) the
spectrum appears to represent a superposition of the an-
hydroadenosyl radical and the 4-thialysyl radical. The solid
line is the experimental spectrum and the dashed line is a
reconstruction generated by summation of 25 and 75% of
the reference spectra shown in part A and B, respectively.
The presence of EPR signals from both radicals in the “dual
analogue sample” indicates that the two species are similar
in free energy (∼0.5 kcal mol-1).

Reaction of LAM with the potent inhibitor,trans-4,5-
dehydrolysine in place of lysine generates an EPR signal
from a radical form of the inhibitor (14). This radical is an
allylic analogue of the substrate radical; however, no
enzymatic turnover has been detected with the inhibitor.
Presumably, the radical is too stable to react further, thereby
leaving the enzyme trapped. WhenanSAM is used as a
coenzyme for LAM in conjunction withtrans-4,5-dehydrol-
ysine in place of lysine, the EPR signal that is observed
corresponds to that arising from the inhibitor (data not
shown). There is no evidence for theanSAM-derived radical,
which indicates that the substrate-derived allylic radical has
greater stability than that of the allylic radical fromanSAM.

Kinetic Isotope Effects.Measurements of deuterium kinetic
isotope effects were conducted in order to explore possible

correlations between radicals observed in the steady state,
as described in the previous section, and contributions of
hydrogen transfer steps to limiting the overall rate of the
reaction. Assays were performed with either SAM oranSAM
as coenzyme and unlabeledL-lysine or L-[3,3,4,4,5,5,6,6-
2H8]lysine as substrates underVmax conditions. The isotope
effects,DV, with SAM and withanSAM as coenzymes were
5.4( 0.2 and 6.1( 0.8, respectively. The results show that
a hydrogen transfer step is substantially rate limiting in both
cases.

DISCUSSION

anSAM serves as a true coenzyme for LAM and generates
an allylic surrogate of the more highly reactive 5′-deoxy-
adenosyl radical. The anhydroadenosyl radical has been
characterized by EPR spectroscopy using isotopic labeling
and spectral simulations. The 5′-deoxyadenosyl radical is
widely believed to be the radical initiator in AdoCbl-
dependent reactions (4) and in certain radical reactions that
use SAM (5). The 5′-deoxyadenosyl radical has, however,
never been observed spectroscopically, and its intermediacy
in the catalytic cycle has been questioned (39). The results
presented here show that introduction of 3′-4′ unsaturation
into the ribosyl moiety of the SAM coenzyme provides
sufficient stabilization to allow EPR observation and char-
acterization of the analogue of the adenosyl radical. The
kinetic competency of the allylic radical suggests that this
species functions as the initiating radical in the rearrangement
reaction catalyzed by LAM. The present results thus provide
strong support for the notion that the 5′-deoxyadenosyl
radical is an intermediate in the reaction of LAM.

Analysis of the proton hyperfine splitting in EPR spectra
obtained from samples made up fromanSAM and various
deuterated forms ofanSAM reveal that the spin density
distribution is fully consistent with that expected of a
delocalized allylic radical. The introduction of a double bond
into the ribose ring of the coenzyme generates two trigonal
carbons and will undoubtedly flatten the ribosyl moiety. A
model of the anhydroadenosyl radical generated by a simple
MM2 force-field minimization shows these effects (Scheme
5). In the model, the dihedral angle between 2′-H (protonâ
to the radical canter) and the pz orbital on C3′ (perpendicular
to the C3′, C4′, C5′ plane) is 36°, in excellent agreement
with the estimated value of 37( 2° that was obtained from
the â-proton hyperfine splitting.

Three of the four radical intermediates postulated to be
included in the catalytic cycle of LAM have now been
characterized. The detection of each of these intermediates,
under different experimental conditions, allows for a com-
parison of the relative stabilities of radicals in the reaction.
In Figure 5, a qualitative free-energy profile depicts the
stability relationships among radicals in the mechanism.
Under steady-state conditions with the natural substrate and
coenzyme, the product radical1 (the R-radical ofâ-lysine)
accumulates and is detected by EPR (11). This product
radical is the most stable radical in the sequence, presumably
due to its stabilization by partial delocalization of the radical
spin into the adjacent carboxylate group (11). The substrate
radical, formed immediately upon hydrogen abstraction by
the 5′-deoxyadenosyl radical, is observed by the use of
substrate analogues, 4-thialysine andtrans-4,5-dehydrolysine.

FIGURE 4: Comparison of EPR spectra obtained in the reaction of
LAM using different coenzymes and substrates: (A) spectrum of
the substrate related radical formed upon hydrogen abstraction at
C3 of 4-thialysine with SAM as cofactor; (B) spectrum of the
anhydroadenosyl radical withanSAM as cofactor andL-lysine as
substrate; (C) spectrum obtained withanSAM as cofactor and
4-thialysine as substrate (solid line) and a composite spectrum
constructed by adding 25 and 75% of the intensity of reference
spectra A and B, respectively (dashed line). Further description of
the samples is provided in the Experimental Procedures. Spectral
conditions were the same as described for Figure 1B.
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With 4-thialysine as substrate, radical2 with the unpaired
electron on C3 is detected. Interactions of the unpaired
electron at C3 and the nonbonding electrons on sulfur provide
sufficient stabilization for this substrate radical species to
be dominant under steady-state conditions (13, 40). trans-
4,5-Dehydrolysine is not a substrate for LAM but acts as a
suicide inactivator (14). Upon hydrogen abstraction by the
adenosyl radical, a stable, allylic analogue of radical3 is
formed. The formation of this allylic radical effectively
terminates the reaction, leaving the active site blocked and
the enzyme inactive. On the basis of these data, the allylic
substrate radical3 can be placed at a lower energy than
radical2 of 4-thialysine. The anhydroadenosyl radical4 can
be placed in energy between2 and3. Both the coenzyme-
derived radical4 and the substrate-related radical2 are
observed when 4-thialysine is used as a substrate, although
the former is dominant. The presence of both radicals in the
same sample implies that these species lie fairly close in
energy, within approximately 0.5 kcal mol-1 based on the
amount of each radical. The fact that only thetrans-4,5-
dehydrolysyl-related radical3 is observed in the presence
of anSAM and 4,5-dehydrolysine suggests that substrate-
related radical3 is more stable than the coenzyme-derived
radical even though both are allylic. The differential stabili-
ties of the two allylic radicals is possibly due to strain
imposed by the double bond introduced into the ring of
anhydroribose.

The free-energy profile makes no predictions with regards
to the heights of the activation barriers, which are arbitrarily
set equal in energy. The rate-determining step(s) can,
however, be probed by kinetic isotope effect measurements,
which provide indirect information about the barriers for
hydrogen transfer. Previous studies using an internal com-

petition method gaveDV/K of 2.9, showing that hydrogen
transfer is at least partially rate limiting in steps leading to
the first irreversible step (41). Kinetic isotope effects (DV)
were measured in this study using lysine and lysine-d8 as
substrates by direct comparison. TheDV values with SAM
andanSAM as coenzymes show that hydrogen transfer is at
least partially rate limiting for the overall reaction. The
kinetic data alone do not permit identification of which
particular hydrogen transfer step is rate limiting. Knowledge
of which radical accumulates under steady-state conditions,
however, allows one to conclude that abstraction of a
hydrogen atom from the substrate by the anhydroadenosyl
radical is the rate-limiting step in that case. As depicted in
the free-energy profile, the anhydroadenosyl radical4 is
formed twice during the catalytic cycle. The dissipation of
the radical at the end of the catalytic cycle, however, does
not involve hydrogen transfer. Rather, the final step is a
reversal of the initial reductive cleavage ofanSAM. Together,
the spectroscopic and kinetic results show that the observed
radical is the one formed after the initial cleavage of the
C-S bond ofanSAM.

One can also make predictions regarding the rate-limiting
step of the reaction with SAM as the coenzyme. Because
the methyl protons of 5′-deoxyadenosine become equivalent
during the catalytic cycle, the C5′-position will become
enriched with deuterium after only a few turnovers due to
discrimination against deuterium (42). The observed isotope
effect could then be attributed either to the initial hydrogen
transfer step or the reabstraction of deuterium from [5′-2H3]-
5′-deoxyadenosine. The spectroscopic results suggest that the
latter explanation is correct, based on the of buildup of the
product radical in the steady-state of the reaction.

The azacyclopropylcarbinyl radical has so far not been
observed by EPR. Although delocalization of the unpaired
electron onto the pyridinium ring of PLP is a potential
stabilizing factor, the opposing strain of the three-membered
ring likely renders this a high-energy species and prevents
its detection. Recent theoretical work on model systems has
shown that this radical is stable enough to be a viable
intermediate in the reaction, especially if the pyridinium ring
nitrogen is protonated (43). The barrier for rearrangement
was estimated about 8 kcal mol-1 lower for going through

Scheme 5

FIGURE 5: Qualitative free-energy profile of the reaction catalyzed
by LAM. The boldface numbers refer to radicals that have been
observed by EPR spectroscopy under different experimental condi-
tions with the use of substrate and substrate/cofactor analogues:
(1) product radical of lysine; (2) substrate radical of 4-thialysine;
(3) substrate radical oftrans-4,5-dehydrolysine; (4) anhydro-
adenosyl radical. The heights of activation barriers are arbitrarily
drawn as equal to one another.
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an azacyclopropylcarbinyl intermediate versus a fragmenta-
tion/recombination mechanism in a model without the
pyridinium group attached. Upon addition of a pyridinol
group protonated at the ring nitrogen, the calculations showed
further decrease in the activation barrier of∼9 kcal mol-1

(43).
LAM is a prototypical member of a superfamily of

enzymes that use SAM and an iron-sulfur center to initiate
radical chemistry. Other established members of this class
include pyruvate formate-lyase activating enzyme (44),
anaerobic ribonucleotide reductase activating enzyme (45),
biotin synthase (46), and more recently lipoic acid synthase
(47). These proteins have a conserved motif of cysteine
residues [(C-aa3-C-aa2-C), Cys138, Cys142, and Cys145 in LAM
(48)], which likely participate in coordination to the iron-
sulfur centers. A fourth cysteine has not been identified; in
fact, recent studies on anaerobic ribonucleotide reductase
activating enzyme have shown that the fourth external ligand
to the center cannot be a cysteine residue (49). Spectroscopic
studies on LAM have shown that controlled oxidation of the
[4Fe-4S] center generates a [3Fe-4S] center, implying that
one of the irons in the center is more labile than the others
(50). Recent Se-EXAFS results with LAM and Se-SAM
have shown that Se coordinates (bond distance of 2.7 Å) to
one of the irons of the Fe-S center (6). These results imply
that one of the iron sites in the center coordinates to a ligand
that can be displaced by the sulfur of methionine upon
cleavage of the coenzyme. Interestingly, coordination by the
Se-methionine portion of the coenzyme does not occur unless
substrate is present (6). This finding is in accord with the
studies ofanSAM, wherein the anhydroadensoyl radical is
only observed in the presence of lysine (3). These observa-
tions suggest that binding of a substrate promotes the
reductive cleavage of SAM oranSAM and, thereby, genera-
tion of the reactive adenosyl radical. The properties of the
Fe-S center of LAM, which have been revealed in functional
and spectroscopic experiments, indicate that this center differs
from the “regular” ferredoxin type 4Fe-4S centers which have
the full complement of cysteine ligands. The present experi-
ments also show that the unusual properties of the [4Fe-
4S]+2 in LAM also include low lying excited paramagnetic
states.
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