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ABSTRACT. Lysine 2,3-aminomutase (LAM) catalyzes the interconversiortlgine and.-5-lysine by a

free radical mechanism. Thé-8eoxyadenosyl radical derived from the reductive cleavageaufenosyl-
L-methionine (SAM) initiates substrate-radical formation. The [4Fé#48luster in LAM is the one-
electron source in the reductive cleavage of SAM, which is directly ligated to the unique iron site in the
cluster. We here report the midpoint reduction potentials of the [4F&€Z4Stouple in the presence of
SAM, Sadenosyl--homocysteine (SAH), or 'g N-[(39-3-aminocarboxypropyIN-methylaming-5'-
deoxyadenosineagaSAM) as measured by spectroelectrochemistry. The reduction potentiats4&te

+ 2 mV in the presence of SAM;-460 + 3 mV in the presence of SAH, and497 + 10 mV in the
presence ofazeSAM. In the absence of SAM or an analogue and the presence of dithiothreitol,
dihydrolipoate, or cysteine as ligands to the unique iron, the midpoint potentiats4di@+ 5, —516 +

5, and—484 + 3 mV, respectively. LAM is a member of the radical SAM superfamily of enzymes, in
which the CxxxCxxC motif donates three thiolate ligands to iron in the [4Fe-4S] cluster and SAM donates
the ai-amino anda-carboxylate groups of the methionyl moiety as ligands to the fourth iron. The results
show the reduction potentials in the midrange for ferredoxin-like [4Fe-4S] clusters. They show that SAM
elevates the reduction potential by 86 mV relative to that of dihydrolipoate as the cluster ligand. This
difference accounts for the SAM-dependent reduction of the [4F&-43ster by dithionite reported
earlier. Analogues of SAM have a weakened capacity to raise the potential. We conclude that the midpoint
reduction potential of the cluster ligated to SAM is 1.2 V less negative than the half-wave potential for
the one-electron reductive cleavage of simple alkylsulfonium ions in aqueous solution. The energetic
barrier in the reductive cleavage of SAM may be overcome through the use of binding energy.

Lysine 2,3-aminomutase (LAM)from Clostridium sub- Scheme 1
terminale SB4 catalyzes the interconversion 6h-lysine "00C, H "00C, H
andL-S-lysine according to Scheme 1)( The rearrangement "H3N/\/\;8<NH3* —_ - +H3Nm/\\eiH
pattern entails a 2,3-nitrogen shift and a concomitant 3,2- H H ONH,"

hydrogen shift initiated by the'&leoxyadenosyl radical,
analogous to adenosylcobalamin-dependent rearrangemen
(2). However, the source of thé-Beoxyadenosyl radical in
the action of LAM is not adenosylcobalamin; rather, it arises
through the reversible one-electron reductive cleavage of
Sadenosylk-methionine (SAM, Scheme 2A). A [4Fe-4S]
center in the ¥ oxidation state supplies the electron for the
reductive homolytic cleavage of the bond linking the sulfur
and C-5 of the ribose moiety in SAM to give the'b

deoxyadenosyl radical and methionir®. (Reductive cleav-
t-’z‘{ge of SAM is increasingly recognized in the actions of other
enzymes, including biotin synthasé) (lipoyl synthase¥),
anaerobic ribonucleotide reductase activating enz@neid
pyruvate formate lyase activating enzym®, @ll of which
cleave SAM to produce the-sleoxyadenosyl radical, which
then abstracts a hydrogen atom from a substrate. An analysis
of the NTSB database has indicated that a number of other
uncharacterized enzymes may also employ this unique
chemistry 8).
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Abbreviations: LAM, lysine 2.3-aminomutase; SABadenosyl- ~of a substrate or conenzym®)(as in aconitase and related
L-methionine; , A-ray abpsorption spectroscopy, , electron . . . .
nuclear double resonance; SABladenosyk-homocysteineazeéSAM, hydrolyase enzymed(, 11). Evidence of unique iron ligands

5-{ N-[(3S)-3-aminocarboxypropyIN-methylaming-5'-deoxyadenos- includes the following: (a) Mild oxidation of the [4Fe-4S]
llgﬁia EPP_(?.N-(IZéh)r/}dFOXgetthyllj)ggéfvtlﬁ!néé:’-??t-rJerDpSEeg_L;]lf%nICI_ aCI(ti; cluster with ferricyanide results in a [3Fe-4S] clust&R)(

, pyridoxal 5phosphate; , dithiothreitol; , dihydrolipoate; ;- Ai~ati _ .y ; ;
HPLC, high-performance liquid chromatography; EPR, electron para- mdlca.tlv.e of a non-cysteinyl .Coordmated irobg. (b) .XAS
magnetic resonance: BCA, bicinchoninic acid: NHE, normal hydrogen data indicate that the selenium of selenomethionin8en

electrode. adenosyl-selenomethionine becomes directly coordinated
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to an iron site in the cluster after homolytic cleavage of the M. Blackburn. Mediators 4,4dimethyl-1,1-trimethylene-

carbon-selenium bond14). (c) Data from ENDOR spec-

2,2-dipyridyl bromide and 1,itrimethylene-2,2dipyridyl

troscopy reveal that the carboxyl and amino groups of the bromide were synthesized according to the method of Salmon

methionine moiety of SAM are ligated directly to a unique
iron site in the [4Fe-4S¥ cluster (L5). The binding of SAM

and Hawkridge 19). All other chemicals were purchased
from Sigma or Aldrich at the highest available purity and

in this fashion presumably facilitates inner sphere electron used as supplied.

transfer between the irersulfur cluster and the sulfonium
center in SAM.

An interesting feature of the [4Fe-4S] cluster in LAM is
that the spectroscopic observation of the dxidation state
upon reduction of the-2 state is facilitated by the presence
of SAM or a structural analogue such &sadenosyl-
homocysteine (SAH, Scheme 2B)( A reasonable hypoth-
esis accounting for this effect is that the binding of SAM or
SAH to the enzyme raises the midpoint reduction potéehtial
of the [4Fe-4S}" center (6). However, the means by which
this may occur is not known. It may be that coordination of
the carboxyl and amino groups of SAM to an iron site in
the center raises the reduction potential of the [4F&4'S]
couple.

The reduction of SAM and the concomitant homolytic
cleavage of the carbersulfur bond constitute a high-energy
reaction. Colichman and Love performed the definitive work

Enzyme Expression and PurificatidRecombinant clostrid-
ial LAM was expressed irEscherichia colias described
previously @0). Purification was based on previous proce-
dures 21, 22) with minor modifications. The cells were lysed
and centrifuged as described previoust{)( Polyethylene-
imine replaced streptomycin sulfate as the DNA-precipitating
agent. After Q-Sepharose chromatography, the enzyme was
precipitated with 70% (NSO, and resuspended in 30 mM
EPPS (pH 8.0) containing 0.1 mM lysine, 4™ PLP, and
1 mM DTT. The protein was desalted by gel filtration
chromatography over a 29 cen2.5 cm column of Sephadex
S-300 equilibrated with the buffer described above.

Iron—Sulfur ReconstitutionReconstitution of the [4Fe-
4S] cluster in LAM was performed according to the
procedure of Hewitson et al28) with some modifications.
Desalted recombinant LAM was concentrated with Cen-
triprep YM-30 spin (Millipore) concentrators to a concentra-

on the one-electron reduction of sulfonium ions in aqueous tjon of no more than 10 mg/mL. To this was added a 6-fold

solution and determined the half-wave potential of a trialkyl
sulfonium ion to be-1.6 V (17). If the half-wave potential

molar excess over active sites of #Saand Fe(NH)SO, in
30 mM EPPS (pH 8.0) with 5 mM DTT. The reconstitution

for the reductive cleavage of SAM at the enzymatic site were mixture was held at room temperature for B h inside a

similar to this value, then the participating [4Fe-4Sjluster

Coy anaerobic chamber. Then the mixture was gel filtered

would have to display a comparable reduction potential for gyer a 29 cmx 2.5 cm column of Sephadex S-300

significant equilibrium amounts of the'-Beoxyadenosyl

equilibrated with buffer containing 30 mM EPPS (pH 8.0),

radical to be produced. This problem might be overcome if g 1 mM lysine, 1Q:M PLP, and 1 mM DTT to quantitatively

the cleavage of SAM were coupled to a thermodynamically separate the precipitated iron sulfide from the reconstituted
downhill process quenching the radical. However, the | M, which emerged in a dark brown band. This eluate
dominant steady-state species resulting from SAM cleavageyas again concentrated on Centriprep YM-30 concentrators.

is the 8-lysyl-related radical, not a stable structug 16).
In any case, knowledge of the redox behavior of the-ron

The iron content was measured by the method of Kennedy
et al. 4). The sulfide content was measured by the method

sulfur cluster will be necessary to define the chemistry of of Bejnert @5).

this process. Therefore, we sought to measure the midpoint

reduction potentials of the [4Fe-£#S[ couple in the

presence of SAM or structural analogues. We further
determined the midpoint potentials in the absence of SAM
and the presence of sulfhydryl compounds, and we presen

the results in this paper.

EXPERIMENTAL PROCEDURES

Materials. 5'-{ N-[(39)-3-AminocarboxypropylN-meth-
ylaming -5'-deoxyadenosineage&SAM, Scheme 2C), syn-
thesized as described in &8, was a generous gift from G.

In two experiments, the ironsulfur clusters were not
reconstituted, but LAM containing its normal complement
of [4Fe-4S] clusters was reductively incubated by the
tpublished procedure for activating the enzyme, either as
described with DHL 8) or by substituting 50 mM cysteine
for DHL. Cysteine was at least as effective in reductive
activation as DHL. The resulting enzymes were coulometri-
cally titrated to measure the midpoint reduction potentials
using the procedures described below.

Activity AssaysLAM was assayed for activity as described
in Miller et al. (26). Aliquots were taken at 2 min intervals
and the reactions quenched w2 M perchloric acid. These

2 All potentials are quoted versus the normal hydrogen electrode. were then derivatized with phenyl isothiocyanate and chro-
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matographed by reverse-phase HPLC gsaird mmx 250 1A
mm C-8 column from Vydac to separate the phenyl isothio- ] .
cyanated derivatives aflysine andL-j3-lysine. ‘
Reductie Titration Procedure.Spectroelectrochemical
titrations were run as previously describ@d)( Each titration
mixture contained 2 mg (3.5 nmol) of reconstituted LAM
(or reductively incubated LAM), 150 mM EPPS (pH 8.0),
200 mM KClI (as an electrolyte), 1QtM 4,4 -dimethyl-1,1-
trimethylene-2,2dipyridyl bromide, 100uM 1,1'-trimeth- | e
ylene-2,2-dipyridyl bromide, and the appropriate adenosyl 2000 3100 3300 3500 3700 3900
cofactor at 42«M. Each sample was reduced at an applied Gauss
voltage in the range 0f800 to—650 mV (vs Ag/AgCl) for
15 min. The potential was monitored to ensure stability, and
the sample was then transferred into an EPR tube and frozen ——
in cold isopentane (ca-56 °C). EPR samples were stored
in liquid nitrogen until they were analyzed. The Ag/AgCI
electrode was standardized against a saturated calomel
electrode E° = 241.5 mV) before and after each series of
reductions. Post-EPR analysis, protein concentrations were
quantitated by the BCA assay (Pierce Endogen) calibrated
to a standard curve generated from the original titration

mixture.
EPR Spectroscopfquipment used for EPR spectroscopy 0 0 pm,nﬂa|{:,5\?,s_ NHE) e o0

is the same as that described previou8ly EPR conditions  ggure 1: Titration of the [4Fe-4S} cluster in the presence of

for each sample are described in the figure legends. SAM. (A) 10 K EPR spectra from coulometric titration. Arrows
Data AnalysisBecause of the lack of an EPR signal from denote the two magnetic field values used for peak-to-peak intensity

the [4Fe-4S]" form of the enzyme, the data were fitted to determinations. Spectra were computed averages of four 2 min scans

a nonlinear form of the Nernst equation. includina onlv the with a time constant of 0.3 s. Spectra were recorded at 9.256 GHz,
q ’ g Yy with a modulation amplitude of 16 G, a power of 1 mW, and a

Peak-to-Peak Intensity

(3445 Gauss - 3560 Gauss)

intensity of the reduced form. gain of 8000. (B) Potential vs peak-to-peak intensity. The best fit
curve of the data to eq 1 is shown. Signal intensities were
| o= % e(Em—E)/v/[l + e(Em—E)/v] (1) normalized for protein concentrations by means of a BCA protein

red "max assay (see the text). The large, off-sogles 2.0 signal is radical

content due to the mediator.
whereleq is the signal intensitylmax is the maximal signal
intensity (for a completely reduced sampld&y, is the removal of all [4Fe-4S} signal was a minimum of 6 h.
midpoint potential of the clusteE is the measured potential  The specific activity of the resulting LAM was 690 [U/
of the system, and = RT/nF, which is 25.8 mV for a one-  mg, significantly higher than those previously report&d (
electron process at 28C. While v can be fitted with this 20).
equation, we have simplified the fitting by setting the value  Coulometric Titration in the Presence of SAM, SAH, and
t0 25.8 mV. AzaSAM[4Fe-43] clusters physiologically tend to traverse
one oxidative couple (either432+ or 2+/1+), and the
RESULTS second couple is generally not observed under physiological

Reconstitution of LAMPrevious preparations of LAM  conditions 9-32). In LAM, the 2+/1+ transition is
contained iron and sulfur corresponding to approximately 2 associated with activation of the enzyn8). (
equiv of iron and sulfide per subuniB) EPR analysis The reconstituted LAM, with irorsulfur clusters in the
indicated that nearly all of the paramagnetic iron was in the form of [4Fe-4S}", was titrated coulometrically in the
form of [4Fe-4S] clusters 1). However, more recent presence of SAM, SAH, oazeSAM. In the titration with
preparations of hexahistidine-tagged recombinant LAM SAM, the potential range was from381 to—526 mV (vs
contained~3 equiv of iron and sulfide per subunit; this was NHE). The resulting EPR spectra recorded at 10 K are
attributed to improved growth and purification techniques overlaid in Figure 1A. Peak-to-peak differences computed
(28). These observations, coupled with the knowledge that between prominent features at 3455¢5< 1.91) and 3560
each subunit contains the appropriate three-cysteine motifG (g = 1.86) are plotted against the measured potentials and
for binding a [4Fe-4S] cluster2(), led us to believe that fitted to eq 1 in Figure 1B. The EPR spectra for the
each subunit of LAM contains one [4Fe-4S] cluster in vivo, coulometric titration of LAM in the presence SAH, within
with some of them having been lost during purification. the potential range of-428 to —528 mV, are shown in
Therefore, we reconstituted the clusters by a published Figure 2A. The peak-to-peak intensity differences computed

method. between 3415 Gg(= 1.94) and 3470 Gg = 1.91) are
The iron and sulfide content of the reconstituted enzyme plotted and fitted in Figure 2B as described above. The EPR
turned out to be 3.8t 0.4 Fe/subunit and 4.3 0.3 S/ spectra for the coulometric titration of LAM in the presence

subunit, respectively. In addition, reconstitution removed an of azeSAM within the potential range 0f433 to—520 mV
extraneous species tentatively assigned as [4F&-48]the are shown in Figure 3A. The peak-to-peak intensity differ-
basis of its EPR signal. The optimal time required for ences computed between 3410d5< 1.94) and 3575 Gg
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Potential (mV va. NHE) FiGURE 3: Titration of the [4Fe-4S] cluster in the presence of
FiGURE 2: Titration of the [4Fe-43F cluster in the presence of  aza&SAM. (A) 10 K EPR spectra from coulometric titration. Arrows
SAH. (A) 10 K EPR spectra from coulometric titration. Arrows  denote the two magnetic field values used for peak-to-peak intensity
denote the two magnetic field values used for peak-to-peak intensity determinations. Spectra were computed averages of four 2 min scans
determinations. Spectra were computed averages of four 2 min scansvith a time constant of 0.3 s. Spectra were recorded at 9.256 GHz,
with a time constant of 0.3 s. Spectra were recorded at 9.256 GHz,with a modulation amplitude of 16 G, a power of 1 mWw, and a
with a modulation amplitude of 16 G, a power of 1 mW, and a gain of 8000. (B) Potential vs peak-to-peak intensity. The best fit
gain of 8000. (B) Potential vs peak-to-peak intensity. The best fit curve of the data to eq 1 is shown. Signal intensities were
curve of the data to eq 1 is shown. Signal intensities were normalized for protein concentrations by means of a BCA protein
normalized for protein concentrations by means of a BCA protein assay (see the text).
assay (see the text).

3B. The midpoint potentials for the couples are included in " LySine 2.3-Aminomutase

Table 1. ; midpolint reduction
Figure 4A shows the coulometric titration results, within f”m potential (mV V: NHE)

the potential range of 475 to—600 mV, for LAM that had S?;[efggjéﬁﬁt,?d :ggig

not been reconstituted with iron and sulfide but had been cysteine reductioh 484+ 3

activated by reductive incubation with DHL, as described reconstituted plus SAM —4304+ 2

previously @). In panel B, the peak-to-peak intensity feconst!:ll:eg P:US S;QEM :Z‘ggi io

differences between 3415 @ & 1.94) and 3515 Gg = reconstiuted pluaz

1.88) are replotted and fitted to eq 1. The resulting midpoint _* Previously reported in re27. ® Reductively incubated with DHL
potential is entered in the second line of Table 1. (3). °Reductively incubated as described in @but with 50 mM
. . . . . . cysteine in place of DHL.

The midpoint potentials in the first three lines of Table 1
are for LAM in the absence of SAM or an analogue. The  Spectrum D is the low-temperature EPR spectrum of the
first line is for reconstituted LAM, which contains DTPRT), [4Fe-4St cluster in LAM in which the cluster has been
and the second and third lines are for un-reconstituted LAM reconstituted in the presence of Fe()6, N&S, and DTT.
that has been activated by reductive incubation with either Spectra E and F are the low-temperature EPR spectra of the
DHL or cysteine, respectively. [4Fe-4S} cluster in LAM activated by reductive incubation

Cofactor Ligation of the Unique Iron: Effects onthe EPR with DHL and cysteine, respectively. The spectra are
Spectra Thea-amino and carboxylate groups of SAM ligate  significantly different from one another and from those
the unique iron in the [4Fe-4S] cluster of activated LAM obtained in the presence of SAM or its analogues. In the

(15). The same ligands are available in SAH @mSAM. simplest and most obvious interpretation of the spectral
The low-temperature EPR spectra of LAM reduced in the variations, the differences may be attributed to the different
presence of SAM, SAH, arazeSAM (shown in Figure 5A- ligands contributed by DTT in the reconstituted enzyme and

C, respectively) are similar but significantly different, by DHL or cysteine in the reductively activated samples.
because of structural differences among SAM and the
analogues. Thus, the EPR spectral envelope is very sensitivePlSCUSSlON

to the nature of the ligands to the unique iron in the [4Fe- Measurement of the midpoint reduction potential of the
4S] cluster. [4Fe-4SF* couple in LAM is a necessary first step toward
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Ficure 4: Titration of the [4Fe-4S} cluster in the presence of
DHL. (A) 10 K EPR spectra from coulometric titration. Arrows
denote the two magnetic field values used for peak-to-peak intensity
determinations. Spectra were computed from spectra collected a
described in preceding figure legends. (B) Potential vs peak-to-
peak intensity. The best fit curve of the data to eq 1 is shown.
Signal intensities were normalized for protein concentrations by
means of a BCA protein assay (see the text).

elucidating the mechanism of the reductive cleavage of SAM.
First, the apparent SAM dependence in the [4Fe-45]
transition seen previously indicates a SAM-dependent shift
in the reduction potential3( 16). Second, the energetic
requirements for the one-electron reductive cleavage of the
sulfonium group in SAM raise fundamental questions about
how a biological iror-sulfide center could function in this
capacity: The reduction potential of the [4Fe-4S] center
might be lowered, that of SAM might be elevated, or both
might be perturbed. These results verify that SAM and also
SAH elevate the midpoint potential for the [4Fe-&S}"
couple in the active site of LAM, explaining the early
observation of SAM dependence in this transition. Thus,
SAM facilitates the reduction of the irersulfur cluster.

The 50-86 mV positive elevation in midpoint potential
brought about by the presence of SAM might be attributed
to an electrostatic effect of the sulfonium group. Anions tend
to stabilize the ferric form of iron more than the ferrous form,
resulting in a more negative reduction potenti@3)(
Conversely, the presence of a cation in the proximity of the
iron center should elevate the reduction potential, as the
ferrous form would be thermodynamically less destabilized
than the ferric form. While SAM elevates the midpoint
potential for the iror-sulfur center in the case of LAM, this
effect cannot be attributed solely to the sulfonium group
because SAH also brings about a significant elevation while
lacking the positively charged sulfonium center. The reduc-
tion potential of the [4Fe-43]"*" couple brought about by
the presence of SAM is 30 mV more positive than that in
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C. [4Fe-4S] + Cys D. [4Fe-4S] + DHL
the presence of SAH, and 50 mV more positive than that
for the enzyme reconstituted in the presence of DTT.
Therefore, the positive charge may exert a modest effect;
however, both SAM and SAH elevate the reduction potential,
as shown by these results, and both facilitate reducan (
The 20 mV lowering of the midpoint potential in the
presence ofazeSAM highlights the complexities of the
effects of SAM analogues on the reduction of the iron
sulfide center. The tertiary amine groupaae&SAM would
not be ionized under the conditions of these experim@&&s (
soazé&SAM may be more analogous to SAH than to SAM

%rom an electrostatic standpoint. However, in contrast to

SAH, aze&5AM depresses the reduction potential. The effects
of SAM and its analogues on the reducing properties may
be more related to alterations in the-F& bonding within
the cluster than to electrostatics in the methionine side chain.

The midpoint potentials for LAM quoted in the first three
lines of Table 1 were obtained in the absence of SAM or a
SAM analogue. In the active enzyme, two ligands to the
[4Fe-4S] cluster are contributed by the carboxylate and amino
groups of the methionyl moiety of SAMLE), as illustrated
in Scheme 3A. In the absence of SAM or a SAM analogue,
the unique iron site in the [4Fe-4S] cluster must bind other
ligands. In principle, these may be internal protein ligands
or ligands from small molecules in the solution. If in the
absence of SAM or an analogue the ligands are internal
protein ligands, the low-temperature EPR spectra should be
characteristic of the internal protein ligands and independent
of the molecules in solution. However, in Figure 5, spectra
D—F demonstrate that the spectra are sensitive to the nature
of the thiol compounds in solution. The spectral differences
are not consistent with internal protein ligands. Reconstituted
LAM contains DTT, and the ligands are likely to be the thiol
groups of DTT, as shown in Scheme 3B. In LAM reductively
incubated with cysteine, the thiol, amino, and carboxylate
groups of cysteine are likely to be the ligands (Scheme 3C).
In the enzyme reductively incubated with DHL, the ligands
are likely to be the thiol groups of DHL (Scheme 3D). DTT,
DHL, and cysteine each contribute two negatively charged
ligands, yet the midpoint potential with DHL is significantly
more negative. Thus, as in the case of SAM and its analogues
contributing ligands, electrostatics alone does not seem to
determine the midpoint potentials in this series.

The earlier report of SAM dependence in the reduction
of the [4Fe-4SY" cluster can be explained by these results,
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low potential (1.6 V) needed for this reaction in solution
stands in stark contrast to the observed range of midpoint
reduction potentials for [4Fe-48]*" couples [from—300

A SAM to =700 mV 67)]

The midpoint potential for the cluster in LAM might have
been at the low end of the range for [4Fe-4S] clusters, or
alternatively, the midpoint reduction potential of the sulfo-
nium center in SAM might be elevated to the range of the
reduction potentials for ferredoxin-like clusters. These results
show that the midpoint potential for the complex of LAM
with SAM is in the midrange for [4Fe-48}'" transitions.
Therefore, the reductive cleavage of SAM is not explained
by a lowering of the reduction potential of the ireaulfur
cluster upon binding of SAM. Instead, SAM facilitates the
reduction of the iror-sulfur cluster by elevating the midpoint
potential. The difference of1.2 V between the midpoint
b, Reconstituted potential of the [4Fe-43}** couple and the half-wave

potential of the sulfonium center in SAM remains to be
explained in molecular terms. Presumably, binding energy
ﬂ\ between the enzyme and other components of the reaction
4 Vg ety plays a role in facilitating electron transfer.
Pt s ' I st I Biotin synthase is also a radical-SAM enzyme with a [4Fe-
A ' 4S] cluster that reductively cleaves SAM, and it is the only
other radical-SAM enzyme for which a midpoint potential
for the reduction of the ironsulfur center is available. The
purified protein is deficient in iron and sulfide, and recon-
stitution generates two irersulfur clusters with reduction
potentials of—440 and—505 mV @38). These values are in
the range quoted here for LAM in the absence of SAM.
Effects of SAM and SAM analogues have not been reported
for biotin synthase.

B. SAH

C. azaSAM

0L}

© © @ -3 ~
a ) a S a

S0
00C

g N
o =)

0zz

FIGURE5: Low-temperature EPR spectra of the [4Fel4S]uster
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