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ABSTRACT: Lysine 2,3-aminomutase catalyzes the interconversion ofL-R-lysine andL-â-lysine. The enzyme
contains an iron-sulfur cluster with unusual properties, and it requires pyridoxal-5′-phosphate (PLP) and
S-adenosylmethionine (AdoMet) for activity. The reaction proceeds by a substrate radical rearrangement
mechanism, in which the external aldimine formed between PLP and lysine is initially converted into a
lysyl-radical intermediate by hydrogen abstraction from C3. The present research concerns the mechanism
by which a hydrogen-abstracting species is generated at the active site of lysine 2,3-aminomutase. Earlier
tritium tracer experiments have implicated the 5′-deoxyadenosyl moiety of AdoMet in this process. AdoMet
is here shown to interact with the iron-sulfur cluster at the active site of Clostridial lysine 2,3-aminomutase.
Reduction of the iron-sulfur cluster from its EPR-silent form [4Fe-4S]2+ to the fully reduced form [4Fe-
4S]1+ requires the presence of either AdoMet orS-adenosylhomocysteine (SAH) and a strong reducing
agent such as dithionite or deazariboflavin and light. The reduced forms are provisionally designated
E-[4Fe-4S]1+/AdoMet andE-[4Fe-4S]1+/SAH, and they display similar low-temperature EPR spectra
centered atgav ) 1.91. The reduced formE-[4Fe-4S]1+/AdoMet is fully active in the absence of any
added reducing agent, whereas the formE-[4Fe-4S]1+/SAH is not active. It is postulated that the active
form E-[4Fe-4S]1+/AdoMet is in equilibrium with a low concentration of a radical-initiating form that
contains the 5′-deoxyadenosyl radical. Initiation of the radical rearrangement mechanism is postulated to
take place by action of the 5′-deoxyadenosyl radical in abstracting a hydrogen atom from carbon-3 of
lysine, which is bound as its external aldiminine with PLP. This process accounts for the results of
tritium tracer experiments, it explains the radical rearrangement mechanism, and it rationalizes the roles
of AdoMet and the [4Fe-4S] cluster in the reaction.

Lysine 2,3-aminomutase fromClostridium subterminale
SB4catalyzes reaction 1, the interconversion ofL-lysine and
L-â-lysine. The enzyme has been characterized as a hex-

americ protein with an overall molecular mass of 285 kDa
and a subunit molecular mass of 47 kDa (1, 2). Although
reaction 1 is typical of isomerizations catalyzed by adeno-
sylcobalamin-dependent aminomutases (3), the activity of
lysine 2,3-aminomutase does not depend upon the presence
of adenosylcobalamin. Instead, the coenzymes for reaction
1 are AdoMet1 and an iron-sulfur cluster, as well as PLP
(1, 2, 4). Adenosylcobalamin-dependent aminomutases also
require PLP (5).

The function of adenosylcobalmin in enzymatic isomer-
ization reactions is to initiate radical formation through
abstraction of hydrogen atoms from substrates bound at the
active sites (3). This process is assumed to take place
through homolytic scission of the cobalt-carbon bond to
form cob(II)alamin and the 5′-deoxyadenosyl radical (Ado-
CH2•). This cleavage is possible at enzymatic sites by virtue
of the weakness of the cobalt-carbon bond, about 30 kcal
mol-1 (6, 7) and the energy that is potentially available
through numerous binding interactions between an enzyme
and adenosylcobalamin and between the enzyme and its
specific substrates. The deoxyadenosyl radical arising from
homolytic cobalt-carbon bond cleavage abstracts a hydrogen
atom from a substrate to form 5′-deoxyadenosine and a
substrate-based radical intermediate, which undergoes isomer-
ization and product formation in subsequent steps.

In the case of lysine 2,3-aminomutase, which does not
contain adenosylcobalamin, tritium tracer experiments im-
plicate the deoxyadenosyl moiety of AdoMet in mediating
hydrogen transfer. According to the current working hy-
pothesis, the 5′-deoxyadenosyl radical initiates the isomer-
ization by abstracting a hydrogen atom from carbon-3 of the
substrate lysine at the active site to form 5′-deoxyadenosine
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(8). The resulting substrate-related radical undergoes an
isomerization to a product-related radical, which in turn
abstracts a hydrogen from 5′-deoxyadenosine to produce
â-lysine and regenerate the 5′-deoxyadenosyl radical. The
observation and characterization of the product-related radical
by EPR supports this mechanism (9). The question of the
mechanism by which the 5′-deoxyadenosyl radical might
arise through the transient cleavage of AdoMet remains to
be answered. A strong bond links the sulfur atom to the
5′-carbon of AdoMet. Because of the strength of this bond,
the cleavage of AdoMet to the 5′-deoxyadenosyl radical
requires novel chemistry. The reversible cleavage of Ado-
Met to the deoxyadenosyl radical and methionine is described
by reaction 2, which shows that the reaction requires an
externally supplied electron. The source of this electron

within the enzyme-cofactor complex is the subject of the
present paper. The AdoMet-dependent reduction of lysine
2,3-aminomutase is reported, and the EPR spectrum of a
reduced form of the iron-sulfur cluster is described. The
reduced iron-sulfur cluster, which is in an unusual environ-
ment, presumably serves as the reductant in reaction 2.

EXPERIMENTAL PROCEDURE

Chemicals. L-Lysine, AdoMet,L-homocysteine thiolac-
tone, and SAH hydrolase were purchased from Sigma.
Sodium dithionite was purchased from Aldrich. AdoMet (p-
toluenesulfonate) was purified by chromatography over a
column of CM-cellulose (acetate) equilibrated with 1 mM
sodium acetate at pH 5.0 and eluted with 40 mM HCl.
Fractions (14-20 mM) were pooled based uponA260 (ε260

) 15 400 M-1 cm-1), and aliquots were frozen in liquid N2
and stored at-70 °C. A portion of the purified AdoMet
was diluted to 100µM in 40 mM HCl, divided into aliquots,
frozen in liquid N2, and stored at-70 °C. [8-14C]Adenosine
(specific activity 40-60 Ci/mol) was purchased from
American Radiolabel, and [U-14C]lysine was purchased from
New England Nuclear. Buffers and other chemicals were
purchased in the highest available purity and used as
supplied. Buffers were prepared as their potassium or sulfate
salts.

Lysine 2,3-Aminomutase. The enzyme was purified from
C. subterminale SB4inside a Coy anaerobic chamber by a
modification of the published procedure (4). Samples of
enzyme enriched with Co2+ at the divalent metal ion binding
site were obtained by growing the cells in medium enriched
with 35 µM or 0.1 mM CoCl2 and including 10µM CoCl2
in the purification buffers employed through the Phenyl-
Sepharose chromatography step. DTT was replaced with
2-mercaptoethanol in purification buffers when CoCl2 was
included. Samples enriched with Zn2+ were prepared by the
same method with the exclusion of added CoCl2 in cell
growth and enzyme purification. The concentration of the
purified enzyme ranged from 22 to 37 mg mL-1, and the
specific activity was between 20 and 38 units mg-1. All
samples of 2,3-aminomutase used for experiments or assays
were first subjected to the preliminary reductive incubation
described under Preparation of EPR Samples.

Assays. The concentration of purified 2,3-aminomutase
was determined spectrophotometrically, using the valueε280

) 3.6× 105 M-1 cm-1 (2) or by the Bradford method using
2,3-aminomutase as the standard. The enzyme was assayed
inside the anaerobic chamber by a modification of the
radiochemical method of Chirpichet al. (1) as amended (9).
UV-visible spectra were recorded on a Hewlett-Packard
8452A diode-array spectrophotometer. Radiochemical as-
says were carried out in a Packard Tri-Carb 4640 scintillation
spectrometer using 15 mL of Bio-Safe II scintillation fluid
(Research Products International) per mL of aqueous solu-
tion. Analyses for transition metals were carried out by
inductively coupled plasma emission spectroscopy in the
Plant and Soil Analysis Laboratory of the University of
WisconsinsMadison. Selected samples were analyzed for
iron by the method of Kennedy et al. (10). Analyses for
inorganic sulfide were carried out as described by Beinert
(11). HPLC was performed on a system from Waters
Chromatography that consisted of 501 and 510 pumps, a 484
tunable absorbance detector, and an automatic gradient
controller.

Assays in the Absence of Dithionite. The reaction mixture
contained in a final volume of 230µL: 0.26 M Epps buffer,
2.3 mM Na-dithionite, 1.5 mM AdoMet, and 42µM enzyme
(24 units mg-1). The enzyme was filtered through a column
of Sephadex G-25 (1× 15 cm) equilibrated with 30 mM
Epps buffer at pH 8.0, 10µM PLP, and 0.1 mML-lysine. A
20-µL aliquot of the desalted protein was diluted to 500µL
with the column buffer, and its activity was determined as
described above in the presence as well as the absence of
sodium dithionite.

Synthesis of S-[8-14C]Adenosylhomocysteine. [8-14C]SAH
was synthesized enzymatically from [8-14C]adenosine and
L-homocysteine as described previously (12). The reaction
mixture included in a volume of 500µL: 2 mM [8-14C]-
adenosine, 50 mML-homocysteine, 100 mM KPi (pH 7.2),
and 2.5 units of SAH hydrolase.L-Homocysteine was
generated fromL-homocysteine thiolactone by reaction in 3
M NaOH at room temperature for 20 min and neutralization
with HCl. The SAH hydrolase reaction was immediately
initiated by addition ofL-homocysteine. After 2 h at 37°C,
carrier SAH (0.05µmol) was added, and the enzyme was
precipitated by addition of 500µL of 0.1 N HCl. After
centifugation of the precipitate, SAH was purified by reverse-
phase HPLC on a Whatman C18 column (4.6× 250 mm
ZO) with 10% methanol as the solvent at a flow rate of 1
mL min-1. Retention times for SAH and adenosine were
14 and 22 min, respectively. The [8-14C]SAH-fraction was
dried by rotary evaporation, redissolved in 0.1 N HCl,
rechromatographed under the same conditions, and diluted
with SAH.

Assessment of the Integrity of SAH Bound to Reduced
Lysine 2,3-Aminomutase. The reaction mixture included the
following in a volume of 330µL: 90 µM [8-14C]SAH (2.7
× 106 cpm µmol-1), 140 mML-lysine, 0.24 M Tris-sulfate
at pH 8, 24µM 2,3-aminomutase, and 2 mM dithionite. After
a 10-min incubation at room temperature, 1 mL of 0.1 N
HCl was added and the precipitated protein centrifuged. An
aliquot of the supernatant fluid (665µL) was analyzed by
HPLC as described above, except that after isocratic elution
with 10% methanol for 25 min, a linear gradient from 10%
methanol/water to 100% methanol was applied over 15 min.
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Fractions (1 mL) were collected and assayed radiochemically.
EPR Measurements. Low-temperature X-band EPR spec-

tra of the iron-sulfur centers were acquired on a Varian E
Line spectrometer equipped with a Varian E102 microwave
bridge and interfaced with an IBM AT computer. An Oxford
Instruments ESR-900 continuous flow helium flow cryostat
and Oxford Instruments 3120 temperature controller were
used. A Varian gaussmeter and a Hewlett-Packard 5255A
frequency converter and 5245L electronic counter were used
to measure the magnetic field strength and the frequency,
respectively. A Hewlett-Packard 432A power meter was
used to calibrate the microwave power. Spectra were
acquired as an average of two 16-min or four 4-min scans.
Spin concentrations were estimated by double integration of
spectra, using a copper perchlorate standard (in 10 mM HCl
and 2 M NaClO4) at 10µW and 13 K as a reference.

X-band EPR spectra at 77 K were obtained as an average
of two 4-min scans on a Varian E3 spectrometer interfaced
with an IBM AT computer. A standard liquid N2 immersion
dewar (Suprasil Quartz, Wilmad Glass Co.) maintained the
sample temperature at 77 K. Spin concentrations were
estimated by double integration of EPR spectra, using a
Varian strong pitch standard as a reference andg-value
marker (g ) 2.0028).

Preparation of EPR Samples. The procedure was a
modification of those described earlier (9, 13). Supplies were
conditioned to the anaerobic chamber to minimize contami-
nation with air. Purified 2,3-aminomutase contained 30 mM
Epps buffer at pH 8.0, 0.1 mML-lysine, 10µM PLP, and 1
mM dithiothreitol. In preparation for EPR analysis or
activity assays, the enzyme was incubated (4:1) with the
reduction buffer, consisting of 0.2 M Tris-sulfate (pH 8.0),
4.8 mM ferric ammonium citrate, 2.3 mM PLP, and 49 mM
dihydrolipoate prepared by mixing stock solutions of the
components in the order given. After 4 h at 37°C, aliquots
were assayed or prepared for EPR analysis.

In the preparation of EPR samples for reduction with
dithionite, the following were added in the order given and
to the specified concentrations: lysine to 0.2 M, dithionite
to 2 mM, AdoMet or SAH to 1.2-1.8 mM, and 23-45 µM
enzyme. Components excluded in controls were replaced
with either 0.2 or 1 M Tris-sulfate at pH 8.0. The buffer
concentrations in samples varied from 80 to 350 mM. The
samples were mixed, transferred to EPR tubes, and frozen
by immersion of the tubes in liquid N2 within 30 s after
mixing.

Aliquots of purified 2,3-aminomutase intended for pho-
toreduction were placed in microfuge tubes, frozen with
liquid N2, and stored at-70 °C. For photoreduction, a
sample was brought into the anaerobic chamber, thawed
quickly, and filtered through a column of G-25 Sephadex (1
× 17 cm) equilibrated with 0.2 M Tris-sulfate at pH 8.0, 10
µM PLP, and 0.1 mM lysine. The enzyme was concentrated
using Millipore Ultrafree-MC [30 000 nominal molecular
weight limit (NMWL)] vials, and its concentration was
determined spectrophotometrically (2). One EPR sample
was gel filtered, combined with Tris-sulfate (pH 8.0) to 38
µM enzyme and 120 mM buffer, and frozen by immersion
of the tube in liquid N2 within 30 s after mixing.

In the preparation of samples for photoreduction, the
following were combined in the given order to the specified
concentrations: K-oxalate (pH 5.0) to 17 mM; DTT to 2

mM; and deazariboflavin to 20µM followed by Tris-sulfate
buffer at pH 8.0 (260-350 mM); AdoMet or SAH to 1.7-
2.5 mM and 23-41 µM enzyme. Components omitted in
controls were replaced with 0.2 or 1 M Tris-sulfate buffer
at pH 8.0. Each sample was prepared in the anaerobic
chamber in a 1.5 mL microfuge tube, transferred to an EPR
tube, capped with a rubber septum, cooled in an ice-water
bath, and removed from the chamber for photoreduction with
a xenon arc lamp. A water-filled Corex cuvette was placed
between the sample and the light as a filter to absorb infrared
radiation. The samples for the spectra without added lysine
were frozen by immersion of the EPR tube in liquid N2

immediately after photoreduction. When lysine was added,
the photoreduced sample was returned to the anaerobic
chamber, lysine was added to a concentration of 0.2 M, and
the sample was frozen with liquid N2 within 30 s after
mixing.

RESULTS

Transition Metal Ions Associated with Lysine 2,3-Amino-
mutase. Earlier studies showed that 2,3-aminomutase con-
tains iron and acid labile sulfide, as well as a divalent metal
ion that can be either cobalt or zinc (4). The divalent metal
binding site in all preparations contained both metal ions in
varying and reciprocal amounts. Samples enriched with
cobalt could be prepared by growingC. subterminalein a
medium supplemented with CoCl2 and adding CoCl2 to the
purification buffers. Previous studies indicated that enzy-
matic activity was maximal with cobalt in the divalent
binding site (4). The cobalt was found to be present in the
form of high-spin cobalt(II) (14). Samples of 2,3-amino-
mutase have been prepared under conditions leading to high
cobalt or high zinc content and subjected to analyses for
inorganic ions and enzymatic activity, with the results shown
in Table 1. The 2,3-aminomutase samples in Table 1 were
similar in inorganic ion composition to those reported
previously (4). However, in contrast to an earlier report,
the enzymatic activities of the cobalt- and zinc-enriched
samples were similar and did not indicate that catalytic
activity depended upon which divalent metal ion was present.

Table 1: Transition Metal Ion and Inorganic Sulfide Content of
Lysine 2,3-Aminomutase

ion content (Mol wt) 285 000)
(g atoms mol-1)enzyme

preparation
specific activity

(IU mg-1) Fe S2- Coa Zna Cua

Ab 30 12( 1 5.3 1.2 0.3
Bb 35 12( 1c 11 ( 1 5.0 2.7 0.7
Cd 36 13( 1 3.8 1.0 0.2
De 39 15( 2f 12 ( 1 0.3 5.3 0.6
Ee 38 15( 2g 13 ( 1 0.3 4.7 0.3
Fe 35 13( 1 0.3 5.9 0.4

a Experimental uncertainty in these values is estimated to be(10%.
b Cell growth medium was supplemented with 0.1 mM CoCl2 and 0.1
mM ferric ammonium citrate. Purification buffers were supplemented
with 10µM CoCl2 through the Phenyl Sepharose chromatography step.
c Iron analysis by the method of Beinert (10) gave a value of 14.0.
d The cell growth medium was supplemented with 35µM CoCl2 and
0.1 mM ferric ammonium citrate. Purification buffers were not
supplemented with CoCl2. e The cell growth medium was supplemented
with 0.1 mM ferric ammonium citrate. Purification buffers were not
supplemented with CoCl2. f Iron analysis by the method of Kennedy
et al. (10) gave a value of 13.2.g Iron analysis by the method of
Kennedy et al. (10) gave a value of 18.3.

2580 Biochemistry, Vol. 37, No. 8, 1998 Lieder et al.



Therefore, it must be concluded that the enzymatic activity
does not depend on the presence of cobalt in the divalent
ion binding site.

AdoMet Dependent Reduction of Lysine 2,3-Aminomutase.
A new, heretofore unknown form of the iron-sulfur cluster
in 2,3-aminomutase is generated by addition of a strong
reducing agent in the presence of AdoMet. The spectrum
of this new species is shown in Figure 1C. As shown in
Figure 1A, there are no low-temperature EPR signals in the
g ) 2 region of the spectrum of 2,3-aminomutase after
reduction with dihydrolipoate to place the iron-sulfur cluster
in its EPR-silent form (12). Weak EPR signals in theg )
2 region appear after addition of dithionite, as shown in
Figure 1B. While the nature of this species is not known, it
cannot represent an active form of 2,3-aminomutase because
the enzyme is not activated by addition of dithionite alone
but requires AdoMet as well.

As demonstrated in Figure 1C, addition of both dithionite
and AdoMet to the enzyme leads to a new spectrum in the
g ) 2 region. The spectrum nearg ) 2 is more intense and
displays much sharper features than that resulting from
addition of dithionite alone. This spectrum, centered at a
g-value of 1.91 (gav ) 1.91), is consistent with that of a [4Fe-

4S]1+ cluster (15). A broad feature in the region ofg ) 3
appears in samples containing enzyme, reductant, and
AdoMet.

The spectrum in Figure 1D was obtained in a repeat of
the experiment in Figure 1C, with substitution of SAH for
AdoMet. The most important observation is that the
spectrum with SAH is similar to that with AdoMet and is
indicative of a [4Fe-4S]1+ cluster (15). Another significant
point is that the spectrum for enzyme/dithionite/SAH is more
intense than that for enzyme/dithionite/AdoMet. Double
integration under nonsaturating conditions indicates that it
corresponds to about 2.2 spins/enzyme molecule (hexamer),
which corresponds to the number of [4Fe-4S] centers
associated with 2,3-aminomutase (4). The spectra differ in
other respects, as well. The broad feature centered atg ) 3
in Figure 1C does not appear when SAH is substituted for
AdoMet, but a very broad feature appears in the region ofg
) 4-6 and a small but distinct shoulder at aboutg ) 1.8.
Saturation studies of the signal in theg ) 2 region were
consistent with one species contributing to the spectrum.

A minor difference between the spectra with AdoMet
(Figure 1C) and SAH (Figure 1D) is attributable to a small
amount of lysyl radical in the sample containing AdoMet.
The buffers used for purification and storage of the enzyme
contained 0.1 mM lysine as a stabilizing agent (16). The
presence of a detectable amount of the lysyl radical in the
sample used to record the spectrum in Figure 1C was
confirmed in a spectrum recorded at 77 K (Figure 5A
Supporting Information), a temperature at which EPR signals
from the iron-sulfur centers are too broad to be observed.
SAH cannot undergo reduction and initiate the radical
chemistry, and the spectrum of the sample used for Figure
1D at 77 K confirmed the absence of a lysyl radical (Figure
5B, Supporting Information).

Effect of Lysine on the EPR Spectra of the Iron-Sulfur
Cluster. The EPR spectrum in Figure 2A is that of a sample
containing enzyme, AdoMet, dithionite, and lysine at 13 K.
The spectrum is similar to that in Figure 1C but with
additional features. Most obvious is the off-scale signal at
g ) 2.0 arising from the lysyl radical, which overlies some
of the features seen in Figure 1C. The lysyl radical has been
identified as an intermediate in the isomerization of lysine
to â-lysine (9, 13). That the discontinuity in Figure 2A was
due to the lysyl radical was confirmed by its observation at
77 K (Figure 6A, Supporting Information), the temperature
at which it had been characterized and at which the spectrum
of the iron-sulfur cluster was not observed. In addition, in
Figure 2A there are three new weak features atg ) 4.3, 5.3,
and 6.6, which appear only in 2,3-aminomutase samples
containing added lysine, AdoMet, and a strong reductant.
These are assumed to represent higher spin states of the [4Fe-
4S]1+ cluster.

Comparison of Figures 1D and 2B shows that added lysine
sharpens most of the features in the spectrum of 2,3-
aminomutase reduced with dithionite in the presence of SAH,
although the shoulder atg ) 1.8 is weakened. Double
integration of the spectrum in Figure 2B indicated about 2.1
spins/enzyme molecule (hexamer), similar to that of Figure
1D. The spectrum of the same sample at 77 K showed no
trace of the lysyl radical (Figure 6B, Supporting Information).

EPR Spectrum of Reduced Cobalt-Enriched Lysine 2,3-
Aminomutase. As shown in Figure 3, the EPR spectrum in

FIGURE 1: EPR spectral evidence for AdoMet- or SAH-dependent
reduction of the iron-sulfur cluster in lysine 2,3-aminomutase.
Shown are X-band EPR spectra of lysine 2,3-aminomutase acquired
at 13 K and normalized to 34µM 2,3-aminomutase (hexamer): (A)
lysine 2,3-aminomutase; (B) lysine 2,3-aminomutase plus dithionite;
(C) lysine 2,3-aminomutase plus dithionite and AdoMet; (D) lysine
2,3-aminomutase plus dithionite and SAH. Spectra were recorded
at 9.237 GHz, with a modulation amplitude of 4 G at 5 mWpower.
Gains were normalized to 2.5× 103. All samples were subjected
to the reductive incubation with dihydrolipoate before being further
treated with dithionite, dithionite and AdoMet, or dithionite and
SAH as described in the Experimental Procedure. Spectra shown
are computed averages of two 16-min scans with a time constant
of 0.3 s. Spectra of these samples at 77 K in Figure 4 of the
Supporting Information show that the sample used for Part C
contains a detectable amount of theâ-lysyl radical and that used
for Part D contains no radical.
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the g ) 2 region of the cobalt-enriched enzyme after
reduction with dithionite in the presence of AdoMet and
lysine is indistinguishable from that of the zinc-containing
enzyme. Therefore, it can be concluded that the divalent
metal ion binding site is not near enough to the iron-sulfur
center to interact magnetically. Furthermore, the typical
spectrum for high-spin cobalt(II) in the cobalt-enriched
sample, which is absent from the zinc-containing sample,
does not reveal any coupling with another paramagnetic
center. The EPR spectrum for the lysyl radical also does
not indicate any coupling with Co2+ in the divalent ion
binding site.

EPR Spectra at 13 K of Enzyme Samples with AdoMet or
SAH, Reduced by Photoreduction. Figure 4 depicts spectra
acquired from samples reduced by photoreduction with
deazariboflavin. Samples of 2,3-aminomutase treated with
this reducing system display EPR spectra similar to those
treated with dithionite. In all photoreduced samples, a
spectral envelope appears in theg ) 2 region, partially
attributed to reduced iron-sulfur centers, as well as in the
position ofg ) 4.3. Although light-reduced deazariboflavin
is the stronger reductant (17, 18), it does not seem to reduce
the iron-sulfur centers as effectively as dithionite. Neither
increasing the amount of deazariboflavin nor increasing the
time of light exposure leads to greater spectral intensity.

The spectrum in Figure 4A is that of a photoreduced
sample containing enzyme, light-reduced deazariboflavin and
SAH. The features of this spectrum are similar to those of
a parallel sample reduced by dithionite (Figure 1D). The
two spectra differ by the presence of a weak signal atg )
4.3 in the deazariboflavin-reduced sample. Double integra-
tion of the spectrum in Figure 4A in theg ) 2 region
indicated about 1.1 spins/enzyme molecule.

The EPR spectrum of 2,3-aminomutase photoreduced in
the presence of AdoMet is shown in Figure 4B. A cursory
examination of Figure 4B compared with Figure 1C, in which
dithionite was the reductant, reveals two differences. First,
the overall spectral intensity of the deazariboflavin-reduced
sample (Figure 4B) appears to be less than that of the
dithionite-reduced sample (Figure 1C). The most obvious
difference in the features in theg ) 2 region can be attributed
to the lysyl radical spectrum in the deazariboflavin-reduced
sample (Figure 7B, Supporting Information), which is weaker
in the dithionite-reduced sample (Figure 5A, Supplementrary
Material); the relatively stronger lysine radical spectrum
influences the spectral line shape of the deazariboflavin-
reduced sample. Despite these distinctions, each spectrum
contains the same major features at 13 K.

Addition of lysine to a sample of enzyme containing
AdoMet and deazariboflavin after photoreduction led to the
EPR spectrum shown in Figure 4C. The relative intensities
of most features are similar to those in Figure 4B with one
exception. The sharp line atg ) 2 is enhanced by the
addition of lysine, and its prominence is attributed to the

FIGURE 2: Effect of lysine on the low-temperature EPR spectra of
2,3-aminomutase subjected to AdoMet- or SAH-dependent reduc-
tion with dithionite. Shown are the X-band EPR spectra at 13 K of
lysine 2,3-aminomutase reduced with dithionite in the presence of
lysine and either AdoMet or SAH as described in the Experimental
Procedure: (A) enzyme plus dithionite, lysine and AdoMet; (B)
enzyme plus dithionite, lysine and SAH. Spectra have been
normalized for protein concentration (34µM). Spectra were
recorded at 9.237 GHz, with a modulation amplitude of 4 G at 5
mW power. Gains were normalized to 2.5× 103. Spectra shown
are computed averages of two 16-min scans with a time constant
of 0.3 s. The break in the spectrum shown in Part A is due to the
high intensity (off scale) of theâ-lysyl radical spectrum, which is
shown on scale at 77 K in Figure 5 (Supporting Information). No
lysyl radical appears in Part B, where the spectrum resulting from
SAH-dependent reduction is shown.

FIGURE 3: Comparison of the low-temperature EPR spectrum of
reduced lysine 2,3-aminomutase with that of the reduced cobalt-
enriched enzyme. Shown are X-band EPR spectra of lysine 2,3-
aminomutase acquired at 4.3 K and normalized to 25µM enzyme
(hexamer): (A) enzyme containing 0.5 Co2+ per molecule (hex-
amer) reduced with dithionite in the presence of AdoMet and lysine
as described in Figure 2; (B) enzyme containing 5.0 Co2+ per
molecule (hexamer) reduced with dithionite in the presence of
AdoMet and lysine. Spectra were recorded at 9.24 GHz, with a
modulation amplitude of 10 G at 5 mW power. Gains were
normalized to 2.5× 103. The spectra shown are computed average
of four 4-min scans with a time constant of 0.3 s.
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increased contribution of the lysyl radical spectrum, as shown
by the 77 K EPR spectrum (Figure 7C, Supporting Informa-
tion). Comparison of the spectrum in Figure 4C (photore-
duction) with that in Figure 2A (dithionite) shows that the
photoreduced sample displays the features of the dithionite-
reduced sample but with less intensity. The lower intensity
and the low intensity of the signal of the lysyl radical relative
to analogous samples reduced with dithionite is attributed
to experimental differences. Dithionite-reduced samples
contained excess reductant and remained inside the anaerobic
chamber until addition of lysine, whereas photoreduced
samples received one cycle of reduction outside the anaerobic
chamber and were then transferred into the chamber before
being opened for the addition of lysine. The reduced cofactor
[4Fe-4S]1+/AdoMet underwent significant decomposition in
the intervening time. Release of methionine from the active
complex has been described in earlier work (16).

Role of Dithionite in the Action of Lysine 2,3-Aminomu-
tase. In earlier experiments, dithionite has been required
for enzymatic activity or to generate the lysyl radical and
the [4Fe-4S]1+ species. In experiments carried out in the
anaerobic chamber, the dihydrolipoate-treated enzyme was
gel filtered and assayed in the presence or absence of
dithionite. The activity in the presence of dithionite was
9000 times that in its absence, which was our limit of
detection. Control experiments showed that inactivity in the

absence of dithionite was not due to inactivation of the
enzyme by adventitious oxygen. In addition, the EPR spectra
at 13 K showed no evidence of significant oxygen-mediated
destruction of the iron-sulfur cluster in either sample, as
indicated by the absence of signals atg ) 4.3 region, and
both samples remained EPR silent. These results suggest
that dithionite functions in some capacity in addition to that
of an oxygen scavenger. Dithionite is a powerful reductant
(E°′ ) - 0.660 V) (19), and its requirement for activity
means that it must play some essential role.

To determine whether dithionite participates directly in
catalysis, the enzyme was treated with dithionite and AdoMet
and immediately gel filtered to remove excess AdoMet and
reductant. A portion of the protein fraction was diluted into
the column buffer for assays in the presence and absence of
dithionite. EPR analysis of the remainder showed the
spectrum of the [4Fe-4S]1+ cluster at 13 K. Most important,
however, the activity of the enzyme without added dithionite
(18 units mg protein-1) was only slightly less than that in
the presence of dithionite (20 units mg protein-1). To
determine whether the activity was due to dithionite con-
tamination from the gel filtration column, a similar sample
was reconcentrated using a Centricon 30 ultrafiltration
device, rechromatographed on another column of Sephadex
G-25, and assayed in the absence of dithionite. Full activity
(21 units mg-1) was observed. This experiment proved that
the dithionite requirement for activity was abolished by the
presence of AdoMet during the reduction. The simplest
explanation for the dithionite requirement is that it partici-
pates in the AdoMet-dependent reduction of the iron-sulfur
cluster to [4Fe-4S]1+/AdoMet; once the cluster is in this form,
the enzyme is active.

The activity of the [4Fe-4S]1+/AdoMet form of the enzyme
under anaerobic conditions at ambient temperature was
measured in the absence of dithionite at 4-h intervals over
22 h. No more than 30% of the initial activity was lost.
This result shows that the [4Fe-4S]1+/AdoMet form of the
enzyme is a remarkably stable species.

Integrity of SAH upon Reduction of the Iron-Sulfur
Complex to [4Fe-4S]1+. To examine whether the AdoMet-
or SAH-dependent reduction of the iron-sulfur cluster to
[4Fe-4S]1+ was accompanied by cleavage of the adenosyl
cofactor, the interaction of 2,3-aminomutase with SAH was
examined further. The enzyme was treated with dithionite
and SAH and gel filtered as described above for the AdoMet-
dependent reduction. The filtered protein displayed the EPR
spectrum typical of SAH-dependent reduction (Figure 1D).
When assayed in the presence of saturating AdoMet, no
activity was detected. Control samples with SAH omitted
displayed activity when assayed with addition of AdoMet,
suggesting that SAH remained bound to the enzyme in the
test experiment. Activity assays with added AdoMet at
intervals of 2 min over an 8-min time span showed no
increase in activity, indicating that SAH-dissociation was
slow at 37°C.

To determine whether the adenosyl cofactor was cleaved
upon reduction of the iron-sulfur complex, [adenosyl-8-14C]-
SAH was used in the reduction with dithionite, and the
reduced enzyme complex was isolated by gel filtration.
Radiochemical analysis of protein-containing fractions in-
dicated the presence of 0.7 SAH/molecule of enzyme
(hexamer). EPR analysis for [4Fe-4S]1+ of an identical

FIGURE 4: EPR spectral evidence for AdoMet- or SAH-dependent
photoreduction of the iron-sulfur cluster in lysine 2,3-aminomutase.
Lysine 2,3-aminomutase was photoreduced with deazariboflavin
in the presence of AdoMet or SAH, or in the presence of AdoMet
with lysine added after photoreduction as described in the Experi-
mental Procedure. Spectra have been normalized for protein
concentration (23µM). The samples are as follows: (A) enzyme
photoreduced in the presence of deazariboflavin and SAH; (B)
enzyme photoreduced in the presence of deazariboflavin and
AdoMet; (C) enzyme photoreduced in the presence of deazaribo-
flavin and AdoMet, with lysine added after photoreduction. Spectra
were recorded at 9.24 GHz, with a modulation amplitude of 4 G at
5 mW power. Gains were normalized to 3.2× 103. Spectra shown
are computed averages of two 16-min scans with a time constant
of 0.3 s. The spectra in Parts B and C include theâ-lysyl radical
spectrum, as shown by the spectra at 77 K in Figure 6 (Supporting
Information).
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sample using unlabeled SAH gave approximately 0.45 spin/
molecule (hexamer). After acid denaturation of the reduced
enzyme complex prepared with [adenosyl-8-14C]SAH, HPLC
and radiochemical analysis of the soluble14C-labeled material
showed that all of the radioactivity migrated with SAH.
Therefore, SAH-dependent reduction of the iron-sulfur
center in 2,3-aminomutase to [4Fe-4S]1+ was not ac-
companied by a chemical cleavage of SAH.

DISCUSSION

The rearrangement of lysine intoâ-lysine by 2,3-amino-
mutase proceeds by a radical mechanism through lysyl
radical intermediates. The lysine- and theâ-lysine-related
radicals have been observed by EPR and ESEEM spectros-
copy (9, 13, 20, 21), and theâ-lysine-related radical has been
found to be kinetically competent (22). The lysyl radicals
must arise by hydrogen abstraction from external aldimines
of PLP with lysine orâ-lysine. The 5′-deoxyadenosyl moiety
of AdoMet mediates hydrogen transfer and, in the form of
the 5′-deoxyadenosyl radical (AdoCH2•), is postulated to be
the hydrogen-abstracting initiator of the radical rearrangement
(8, 16). The question of the chemistry by which AdoMet
can be reversibly cleaved to AdoCH2• (eq 2) remains to be
established.

Paramagnetic States of the Iron-Sulfur Center. The
iron-sulfur center in 2,3-aminomutase has been observed
by EPR spectroscopy in three states. In earlier work of
Petrovich et al. (14), the form designated as [4Fe-4S]3+ in
Scheme 1 was characterized. Controlled oxidation resulted
in the form [3Fe-4S], which was characterized by EPR.
Treatment of the enzyme containing the [4Fe-4S]3+ cluster
with dihydrolipoate converted the iron-sulfur center into an
EPR-silent state.

The evidence indicating that the iron-sulfur cluster is of
the [4Fe-4S]-type consists of the following: (a) the iron-
sulfur center can be transformed into a [3Fe-4S] cluster by
controlled oxidation and then reconstituted by addition of a
sulfhydryl agent and Fe2+ (14); (b) the EPR spectrum of the
form designated [4Fe-4S]3+ is compatible with a four-iron
and not a two-iron cluster (14); (c) In work described here,
a fully reduced form can be produced by AdoMet-dependent
reduction, and its EPR spectrum is characteristic of [4Fe-
4S]1+ (15). Therefore, as a working hypothesis, the acces-
sible oxidation states for the iron-sulfur cluster are desig-
nated in Scheme 1 as the three known oxidation states for
[4Fe-4S] clusters. Controlled oxidation converts the [4Fe-
4S]3+ cluster into the [3Fe-4S] cluster shown in Scheme 1.

Evidence in this paper suggests that the catalytically
functional species of the iron-sulfur center is the one
produced by a strong reducing agent in the presence of
AdoMet, designated as [4Fe-4S]1+/AdoMet in Scheme 1.
This form displays catalytic activity even when separated
from dithionite. The forms [4Fe-4S]2+ and [4Fe-4S]3+ in
Scheme 1 are inactive.

An analogue of the active form, [4Fe-4S]1+/AdoMet, is
produced by the substitution of SAH for AdoMet in the
reduction by dithionite. The [4Fe-4S]1+/SAH analogue is
not catalytically active, nor can it produce the lysyl radical,
which has been shown to be an intermediate in the isomer-
ization of lysine. Nevertheless, the EPR spectrum of [4Fe-
4S]1+/SAH is similar to that of the active species [4Fe-4S]1+/
AdoMet, and the formation of the two complexes takes place
under the same conditions. The fact that SAH is not cleaved
in [4Fe-4S]1+/SAH suggests that the cleavage of AdoMet is
not required to reduce the iron-sulfur center within the active
form [4Fe-4S]1+/AdoMet.

Although cleavage of the adenosyl cofactor is not required,
either AdoMet or SAH is required for the reduction of the
iron-sulfur center to [4Fe-4S]1+. The simplest explanation
for these observations is that the adenosyl cofactor facilitates
the reduction of the EPR-silent form [4Fe-4S]2+, presumably
through binding interactions at the AdoMet site. Reduction
of [4Fe-4S]2+ might be facilitated by an electrostatic interac-
tion of the sulfonium group of AdoMet with the iron-sulfur
center; however, because the reduction is also promoted by
SAH, which lacks the sulfonium ion, an electrostatic interac-
tion cannot be a major driving force for reduction. Binding
of the adenosyl and methionyl portions of AdoMet, both of
which are present in SAH, appears to be important in
potentiating reduction of the EPR-silent form by dithionite.
5′-Deoxyadenosine and methionine, either alone or together,
do not promote the reduction.

Participation of the Iron-Sulfur Cluster in Radical
Formation. The active form of 2,3-aminomutase, [4Fe-
4S]1+/AdoMet in Scheme 1, presumably allows the transient
formation of the 5′-deoxyadenosyl radical. This proposition
is supported by its catalytic activity and its ability to generate
the intermediateâ-lysyl radical. This form of the enzyme
could initiate radical formation by the reversible transforma-
tion in reaction 3. The deoxyadenosyl radical on the right

side could initiate the postulated isomerization mechanism
by abstracting a hydrogen atom from the external aldimine
of lysine orâ-lysine (8, 9, 13, 20-22). The equilibrium for
eq 3 must lie far to the left because of the instability of Ado-
CH2•, which has never been observed in EPR experiments.

The process of eq 3 presumably also takes place in the
enzymatic activation ofE. coli PFL and ARR. The active
forms of these two enzymes contain glycyl radicals within
their polypeptide chains (23, 24). ARR and PFL are
activated through the transformation of glycyl redidues into
glycyl radicals by activating enzymes that require AdoMet
and iron-sulfur clusters. Glycyl radical formation is ac-
companied by the transformation of AdoMet into methionine
and 5′-deoxyadenosine concomitant with the abstraction of
anR-hydrogen atom from a glycyl residue. The process of
reaction 3 presumably allows for the transient formation of
the 5′-deoxyadenosyl radical, which abstracts hydrogen from
the glycyl residues. Iron-sulfur species analogous to [4Fe-
4S]1+ in Scheme 1 have been observed in these systems (25,
26).

Lysine 2,3-Aminomutase as a Unique Metalloprotein. To
our knowledge, lysine 2,3-aminomutase is the only protein

Scheme 1

E-[4Fe-4S]1+/AdoMet h E-[4Fe-4S]2+/Met/Ado-CH2•
(3)
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containing [4Fe-4S] clusters in which the iron-sulfur center
has been shown to exist in all three known oxidation states.
Clusters of the [4Fe-4S] type in other proteins are generally
described as either [4Fe-4S]3+/[4Fe-4S]2+, characteristic of
high potential iron-sulfur proteins, or as the ferredoxin-type
clusters [4Fe-4S]2+/[4Fe-4S]1+. In the case of 2,3-amino-
mutase, the observation of the most highly reduced form
requires the presence of AdoMet or SAH. The [4Fe-4S]3+

cluster and the [3Fe-4S] cluster derived from it by controlled
oxidation are unlikely to exist in the cell or to participate in
the action of 2,3-aminomutase. Presence of the [4Fe-4S]3+

cluster in vitro in the purified enzyme most likely is brought
about by adventitious oxidation of the [4Fe-4S]2+ cluster.
Inasmuch as the active form of the cluster is [4Fe-4S]1+/
AdoMet, and this is formed by AdoMet-dependent reduction
of [4Fe-4S]2+, the latter two forms are likely to be biologi-
cally significant.

SUPPORTING INFORMATION AVAILABLE

Three figures (Figures 5-7) of X-band EPR spectra of
lysine 2,3-aminomutase (5 pages). Ordering information is
given on any current masthead page.

REFERENCES

1. Chirpich, T. P., Zappia, V., Costilow, R. N., and Barker, H.
A. (1970)J. Biol. Chem. 245, 1778-1789.

2. Song, K. B., and Frey, P. A. (1991)J. Biol. Chem. 266, 7651-
7655.

3. Frey, P. A. (1990)Chem. ReV. 90, 1343-1357.
4. Petrovich, R. M., Ruzicka, F. J., Reed, G. H., and Frey, P. A.

(1991)J. Biol. Chem. 226, 7656-7660.
5. Baker, J. J., and Stadtman, T. C. (1982) Aminomutases. in

B12: Biochemistry and Medicine, Vol. 2 (Dolphin, D., Ed.)
pp 203-232, Wiley-Interscience, New York.

6. Halpern, J., Kim, S.-H., and Leung, T. W. (1984)J. Am. Chem.
Soc. 106, 8317-8319.

7. Finke, R. J., and Hay, B. P. (1984)Inorg. Chem. 23, 3041-
3043.

8. Moss, M. L., and Frey, P. A. (1987)J. Biol. Chem. 262,
14859-14862.

9. Ballinger, M. D., Frey, P. A., and Reed, G. H. (1992)
Biochemistry 31, 10782-10789.

10. Kennedy, M. C., Kent, T. A., Emptage, M., Merkle, H.,
Beinert, H., and Mu¨nck, E. (1984)J. Biol. Chem. 259, 14463-
14471.

11. Beinert, H. (1983)Analytical Biochem. 131, 373-378.
12. Aksamit, R. R., P. S. Backlund, J., M. Moos, J., Caryk, T.,

Gomi, T., Ogawa, H., Fujioka, M., and Cantoni, G. L. (1994)
J. Biol. Chem. 269, 4087-4091.

13. Ballinger, M. D., Reed, G. H., and Frey, P. A. (1992)
Biochemistry 31, 949-953.

14. Petrovich, R. M., Ruzicka, F. J., Reed, G. H., and Frey, P. A.
(1992)Biochemistry 31, 10774-10781.

15. Orme-Johnson, W. H., and Orme-Johnson, N. R. (1982) in
Iron-Sulfur Proteins(Spiro, T. G., Ed.) p 80, John Wiley &
Sons, New York.

16. Moss, M. L., and Frey, P. A. (1990)J. Biol. Chem. 265,
18112-18115.

17. Massey, V., and Hemmerich, P. (1978)Biochemistry 17, 9-17.
18. Sober, H. A. (1970)Handbook of Biochemistry and Molecular

Biology, pp J-33-J-40, The Chemical Rubber Company,
Cleveland, Ohio.

19. Mayhew, S. G. (1978)Eur. J. Biochem. 85, 535-547.
20. Ballinger M. D., Frey P. A., Reed G. H., and LoBrutto R.

(1995)Biochemistry 34, 10086-10093.
21. Wu, W., Lieder, K. W., Reed, G. H., and Frey, P. A. (1996)

Biochemistry 34, 10532-10537.
22. Chang, C. H., Ballinger, M. D., Reed, G. H., and Frey, P. A.

(1996)Biochemistry 34, 11081-11084.
23. Volker Wagner, A. F., Frey, M., Neugebauer, F. A., Scha¨fer,

W., and Knappe, J. (1992).Proc. Natl. Acad. Sci. U.S.A. 89,
996-1000.

24. Sun, X., Ollagnier, S., Schmidt, P. P., Atta, M., Mulliez, E.,
Lepape, L., Eliasson, R., Gra¨slund, A., Fontecave, M., Rei-
chard, P., and Sjo¨berg, B. M. (1996)J. Biol. Chem. 271,
6827-6831.

25. Ollangnier, S., Mulliez, E., Gaillard, J., Eliasson, R., Fontecave,
M., and Reichard, P. (1996)J. Biol. Chem. 271, 9410-9416.

26. Broderick, J. B., Duderstadt, R. E., Fernandez, D. C., Woj-
tuszewski, K., Henshaw, T. F., and Johnson, M. K. (1997)J.
Am. Chem. Soc. 119, 7396-7397.

BI972417W

Adenosylmethionine-Dependent Reduction of an Fe-S Cluster Biochemistry, Vol. 37, No. 8, 19982585


