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ABSTRACT: The type and properties of the 8 cluster in recombinariEscherichia colibiotin synthase

have been investigated in as-prepared and dithionite-reduced samples using the combination of UV
visible absorption and variable-temperature magnetic circular dichroism (VTMCD), EPR, and resonance
Raman spectroscopies. The results confirm the presence &sr&e[2Fe-2S3 cluster in each subunit

of the homodimer in aerobically purified samples, and the Eatretching frequencies suggest incomplete
cysteinyl-S coordination. However, absorption and resonance Raman studies show that anaerobic reduction
with dithionite in the presence of 60% (v/v) ethylene glycol or glycerol results in near-stoichiometric
conversion of two [2Fe-28} clusters to form oné& = 0 [4Fe-4S%" cluster with complete cysteinyl-S
coordination. The stoichiometry and ability to effect reductive cluster conversion without the addition of
iron or sulfide suggest that the [4Fe-4Sgluster is formed at the subunit interface via reductive dimerization

of [2Fe-2S}* clusters. EPR and VTMCD studies indicate that more than 50% of the Fe is present as
[4Fe-4SY clusters in samples treated with 60% (v/v) glycerol after prolonged dithionite reduction. The
[4Fe-4ST cluster exists as a mixed spin system Wik 1/, (g = 2.044, 1.944, 1.914) ani= 3/, (g =

5.6 resonance) ground states. Subunit-bridging [4F&t4SJusters, that can undergo oxidative degradation

to [2Fe-2S?T clusters during purification, are proposed to be a common feature of Fe-S enzymes that
require S-adenosylmethionine and function by radical mechanisms involving the homolytic cleavage of
C—H or C—C bonds, i.e., biotin synthase, anaerobic ribonucleotide reductase, pyruvate formate lyase,
lysine 2,3-aminomutase, and lipoic acid synthase. The most likely role for the [4Fe®4@iister lies

in initiating the radical mechanism by directly or indirectly facilitating reductive one-electron cleavage of
Sadenosylmethionine to form methionine and th&®&oxyadenosyl radical. It is further suggested that
oxidative cluster conversion to [2Fe-2Stlusters may play a physiological role in these radical enzymes,
by providing a method of regulating enzyme activity in response to oxidative stress, without irreversible
cluster degradation.

Biotin is an essential vitamin that is synthesized by Scheme 1

microorganisms (Eisenberg, 1987) and plants (Baldet et al., 0 0 0

1993). As a mobile carrier of activated g is the critical HN s O . o

cofactor for carboxylase-catalyzed reactions and hence plays o ~coon - UV\A

a crucial role in gluconeogenesis and maintaining the level s coon s coor

Dethiobiotin Thiol intermediate Biotin

of citric acid cycle intermediates. The final step of the

biosynthetic pathway is catalyzed by biotin synthase and ;5 ragical mechanisms with homolytic cleavage of atC
involves the insertion of sulfur into dethiobiotin via a thiol ;5,4 as the initial step (Marti, 1983; Jestin et al., 1996).
intermediate or some derivative thereof (Baxter et al., 1992; gimijar enzyme-catalyzed sulfur insertion reactions occur in
Marquet et al., 1993) (see Scheme 1). Little is known about e synthesis of isopenicilliN (Borovok et al., 1996), lipoic

the catalytic mechanism, and although there is accumulating ;g (Eisenberg, 1987: Reed & Cronan, 1993), and thiamine
evidence that the sulfur for this reaction is ultimately derived (DeMoll & Shive 199’5). ' '

from cysteine (Birch et al., 1995; Florentin et al., 1994), the
nature of the direct sulfur donor has yet to be determined
(Sanyal et al.,, 1996). However, stereochemical results
indicate that initial formation of the €S bond and possibly
the subsequent cyclization to form the thiophene ring proceed

Biotin synthases, or more specifically tidoB gene
product, have recently been purified to homogeneity from
recombinant strains d&scherichia col{Sanyal et al., 1994)
andBacillus sphaericugMéjean et al., 1995). Thg. coli
enzyme is a homodimer of 39-kDa subunits and, surprisingly,
; aerobically purified samples were found to contain one
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A redox role for the [2Fe-2%t cluster seemed unlikely, since

Duin et al.

synthase as well as other enzymes in this family. Possible

dithionite reduction appeared to be accompanied by clusterroles for the cluster in generating thé-deoxyadenosyl

degradation and<10% reduction to the& = 1/, [2Fe-2S}
state (Sanyal et al.,, 1994)In uitro activity requires
S-adenosyl--methionine (Ado-Met},NADPH, F&" or F&*,

an electron transport system [which appears to involve

flavodoxin and flavodoxin reductase vivo (Ifuku et al.,

radical from Ado-Met and/or regulating enzyme activity in
response to @exposure are discussed.

MATERIALS AND METHODS
Biotin synthase was purified aerobically and assayed as

1994; Sanyal et al., 1996)], and other proteins and/or described previously (Sanyal et al., 1994, 1996). Samples

cofactors in cell-free extracts dfioB™ strains ofE. coli
(Sanyal et al., 1994, 1996; Birch et al., 1995) or wild-type
strains ofB. sphaericugFlorentin et al., 1994; Mean et
al., 1995). Well-defined reaction mixtures involviig coli
biotin synthase, flavodoxin, flavodoxin reductase, NADPH,

were in 50 mM Tris/HCI buffer, pH 7.8, and protein
determinations were determined by the Bradford method
(Bradford, 1976) standardized against bovine serum albumin
and multiplied by a correction factor of 1.1 (Nozaki, 1986).
All sample concentrations and molar extinction coefficients

Ado-Met, Fé*, fructose 1,6-bisphosphate, cysteine, and are expressed per 39-kDa monomer.

dithiothreitol are maximally capable of generating 2 mol of

UV —visible absorption spectra were recorded under

biotin per biotin synthase monomer, indicating that one or anaerobic conditions in septum-sealed 1-mm cuvettes using

more hitherto unidentified factors are also required (Sanyal a Shimadzu UV-3101PC spectrophotometer.

et al., 1996).

Variable-
temperature MCD measurements were made on samples

The obligate requirement for Ado-Met and the presence containing 60% (v/v) ethylene glycol in 1-mm cuvettes using

of an Fe-S cluster has led to speculation (Florentin et al.,

a Jasco J-715 spectropolarimeter mated to an Oxford

1994; Mgean et al., 1995; Sanyal et al., 1994, 1996) that Instruments SM4000 split-coil superconducting magnet. The
biotin synthase is a member of a family of Fe-S enzymes experimental protocols for measuring MCD spectra of
with radical-based mechanisms that includes anaerobicoxygen-sensitive samples at fixed temperatures over the

ribonucleotide reductase (ARR) (Mulliez et al., 1993;

range 1.5-300 K with magnetic fields upot6 T have been

Reichard, 1993; Harder et al., 1992), pyruvate formate-lyasedescribed elsewhere (Johnson, 1988; Thomson et al., 1993).

(PFL) (Knappe et al.,, 1984; Knappe & Sawers, 1990;
Broderick et al., 1997), and lysine 2,3-aminomutase (LAM)

X-band ¢~9.5 GHz) EPR spectra were recorded on a Bruker
ESP-300E EPR spectrometer equipped with a ER-4116 dual-

(Petrovich et al., 1992; Frey & Reed, 1993). Each of these mode cavity and an Oxford Instruments ESR-9 flow cryostat.

three enzymes catalyzes the homolytic cleavage-effi@r

Spin quantitations were carried out under nonsaturating

C—C bonds and uses Ado-Met as the source of the conditions using 1 mM CUEDTA as the standard. Resonance

5'-deoxyadenosyl radical to initiate the radical reaction. In

Raman spectra were recorded using an Instruments SA

the case of ARR and PFL, the Fe-S cluster is associated withRamanor U1000 spectrometer fitted with a cooled RCA

a dimeric activating enzyme (PFL-AE and ARR-AE) (OI-

31034 photomultiplier tube with 90scattering geometry.

langnier et al., 1996; Knappe & Sawers, 1990; Broderick et Spectra were recorded digitally using photon counting
al., 1997), and, in common with biotin synthase, these electronics, and improvements in signal-to-noise were achieved
enzymes also require flavodoxin, flavodoxin reductase, and by signal-averaging multiple scans. Band positions were

NADPH (Knappe & Sawers, 1990; Bianchi et al., 1993).

calibrated using the excitation frequency and C&id are

However, in contrast to biotin synthase, the original EPR accurate tot1 cnt®. Lines from a Coherent Innova 100
studies of ARR and LAM indicate that the Fe-S clusters are 10-W Argon lon Laser or Coherent Innova 200-K2 Krypton

cubane-type [4Fe-4S] or [3Fe-4S] centers (Mulliez et al.,
1993; Petrovich et al., 1992). For ARR-AE and PFL-AE,

lon Laser were used for excitation, and plasma lines were
removed using a Pellin Broca Prism premonochromator.

the most recent spectroscopic and analytical data have beetJsing a custom-designed sample cell (Drozdzewski &
interpreted in terms of a labile [4Fe-4S] cluster that bridges Johnson, 1988), samples under an Ar atmosphere were placed

the subunits (Ollangnier et al., 1996; Broderick et al., 1997).

In this work, we have used the combination of Uvisible

on the end of a cold finger of an Air Products Displex Model
CSA-202E closed cycle refrigerator. Scattering was col-

absorption and variable-temperature magnetic circular dichro-lected from the surface of a frozen Q- droplet. This
ism (VTMCD)’ EPR, and resonance Raman (RR) spec- enables the Samples to be cooled down to 17 K, which
troscopies to investigate the properties of the Fe-S center infacilitates improved spectral resolution and prevents laser-

biotin synthase. The results indicate one [2Fe228]uster
with incomplete cysteinyl cluster ligation in each subunit of
the aerobically purified recombinant biotin synthase. How-
ever, they also demonstrate that the [2Fe228Justers can

induced sample degradation.

RESULTS
UV-Visible Absorption Evidence for a [2Fe-23] cluster

be converted under anaerobic reducing conditions to form ain €ach subunit of aerobically purified recombinant biotin

[4Fe-4SPHt cluster at the subunit interface of the ho-
modimer. This raises the possibility that subunit-bridging
[4Fe-4SF™T clusters are present in active forms of biotin

1 Abbreviations: biotin synthas&. coli BioB gene product; Ado-
Met, S-adenosyk-methionine; ARR, anaerobic ribonucleotide reduc-
tase; ARR-AE, anaerobic ribonucleotide activating enzyme; PFL,
pyruvate formate-lyase; PFL-AE, pyruvate formate-lyase activating
enzyme; LAM, lysine 2,3-aminomutase; LAS, lipoic acid synthase;
Fd(s), ferredoxin(s); (VT)MCD, (variable-temperature) magnetic cir-
cular dichroism; RR, resonance Raman, I&idging or inorganic S;

S, terminal or cysteinyl-S.

synthase has thus far rested largely on the-Wigible
absorption spectrum and non-heme iron and acid-labile
sulfide analyses (Sanyal et al., 1994). As shown in Figure
1A, the samples used in this work exhibited identical
absorption spectra with extinction coefficients indicative of
a single [2Fe-23T cluster in each 39-kDa subunit (Dailey
et al., 1994), and RR studies (see below) have confirmed
the presence of [2Fe-28]clusters. During the course of
anaerobic reduction with excess sodium dithionite, different
changes in the absorption spectrum were observed depending
on whether or not the samples contained 60% (v/v) ethylene
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Ficure 1: Dithionite reduction of biotin synthase monitored by
UV —visible absorption. (A) Spectra for biotin synthase (1.3 mM
in anaerobic 50 mM Tris/HCI buffer, pH 7.8) recorded prior to
dithionite addition and at 5, 30, 60, 90, and 120 min after making
the solution 3.6 mM in sodium dithionite. (B) Spectra for biotin
synthase [0.5 mM in anaerobic 50 mM Tris/HCI buffer, pH 7.8,
with 60% (v/v) ethylene glycol] recorded & , 30, 90, 180, and
270 min after making the solution 3.0 mM in sodium dithionite.
The inset shows an expansion of the 3450 nm region. The
arrows indicate the direction of change in absorption at selected

700 800

wavelengths as the dithionite incubation time increases, and the

intense band centered at 314 nm arises from excess dithionite.

glycol or glycerol. This is illustrated for ethylene glycol in
Figure 1B, and the same results were obtained with glycerol.
In the absence of ethylene glycol or glycerol, dithionite
reduction results in a gradual decrease in the visible
absorption at all wavelengths350 nm over a period of
several hours (Figure 1A). In the presence of ethylene glycol
or glycerol, dithionite reduction also proceeds slowly over
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Ficure 2: Effect of air exposure on the UWisible absorption
spectrum of the [4Fe-48] form of biotin synthase. The [4Fe-43]
form of biotin synthase was prepared by anaerobic dithionite
reduction in the presence of 60% (v/v) ethylene glycol (solid line)
and was subsequently exposed to air Zch atroom temperature
(dashed line). The spectrum of the as-prepared [2F&-2&]m of
biotin synthase is shown to facilitate comparison (thin line).

800

form of biotin synthase was monitored after exposing the
sample to air (Figure 2). This resulted in gradual bleaching
of the visible absorption over a period of-102 h, indicating
cluster degradation. However, by comparing spectra taken
during the course of the process with that of the [2Fe-2S]
form of biotin synthase (Figure 2), it is evident that this
cluster degradation occurs with some formation of [2F&-2S]
clusters. Hence, the cluster conversiarvitro is at least
partially reversible on exposure to air, and it seems likely
that the presence of [2Fe-ZS]clusters in purified prepara-
tions of biotin synthase is a direct consequence of aerobic
isolation.

a period of several hours, but the absorbance decreases in EPR EPR spectra were recorded for four distinct types
the region between 430 and 620 nm and increases in theof biotin synthase samples: as-prepared, dithionite-reduced,

regions between 398430 and 636-800 nm (Figure 1B).

dithionite-reduced followed by addition of 60% (v/v) glyc-

The resulting spectrum has a pronounced shoulder at 410erol, and dithionite-reduced in the presence of 60% (v/v)

nm and is characteristic of proteins containing [4Fe?4S]

ethylene glycol. In each case, dithionite reduction was

clusters (Johnson et al., 1982). Moreover, on the basis of monitored by U\~visible absorption (see Figure 1), and

the visible molar extinction coefficients for well-characterized
[2Fe-2St and [4Fe-4S} clusters §460 ~ 8000 M cm?®
per [2Fe-2S]" cluster (Dailey et al., 1994) ardio~ 15 000
M~ cm ! per [4Fe-4S" cluster (Johnson et al., 1982)], the
observed extinction coefficients per 39-kDa monomggo[

A~ 8000 M1 cm prior to reduction an@s;0~ 8000 M1
cm! after reduction in the presence of 60% (v/v) ethylene
glycol or glycerol] are consistent with stoichiometric cluster
conversion of two [2Fe-23j clusters (one in each monomer)
to one [4Fe-4S] cluster per homodimer, i.e.:

2[2Fe-2St" + 26 — [4Fe-4SfH

Subsequent addition of a 10-fold excess of dithionite had
no effect on the absorption intensity at 410 nm. Additional
spectroscopic evidence for the formation of [4Fe-4S] clusters
under reducing conditions has come from EPR, VTMCD,
and RR studies (see below).

In an attempt to assess the reversibility of this reductive
cluster conversion, the absorption spectrum of the [4Fét4S]

samples were frozen for EPR only when no further changes
were apparent over a period of 30 min. Two of these
samples, as-prepared and dithionite-reduced in the presence
of 60% (v/v) ethylene glycol, did not exhibit any significant
X-band EPR signals (parallel- or perpendicular-mode) over
the temperature range-%0 K (data not shown), consistent
with the presence of Fe-S clusters w8kr 0 ground states,

i.e., [2Fe-2S7" or [4Fe-4S%" clusters.

Perpendicular-mode, X-band EPR spectra were recorded
at temperatures in the range 4200 K with microwave
powers between 0.002 and 200 mW for dithionite-reduced
samples with and without the subsequent addition of 60%
(v/v) glycerol. A less extensive series of experiments has
been conducted with ethylene glycol in place of the glycerol,
and the results were the same. Selected spectra that facilitate
direct comparisons and illustrate the resonances observed for
each sample are shown in Figure 3. In the absence of
glycerol, the dithionite-reduced sample exhibited two reso-
nances that are readily resolved based on differences in
relaxation behavior, i.e., a slow relaxing isotropic resonance
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Ficure 3: X-band EPR spectra of dithionite-reduced samples of
biotin synthase. (A and B) Biotin synthase, 0.90 mM, in 50 mM
Tris/HCI buffer, pH 7.8, anaerobically reduced with 5 mM sodium
dithionite for 120 min. (C-F). The sample is as described for (A)
and (B) except that 60% (v/v) glycerol was added anaerobically

and the sample (0.36 mM in biotin synthase) was incubated for an

additional 15 min prior to freezing. Conditions of measurement:

Duin et al.
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Ficure 4: X-band EPR spectrum of dithionite-reduced biotin
synthase. The sample is as used in Figure-BCConditions of
measurement: temperature, 10 K; microwave power, 50 mW;
microwave frequency, 9.612 GHz; modulation amplitude, 0.63 mT.
The expanded low-field region was recorded at 4.2 K with a
microwave power of 10 mW.

2.04 1.95 1.91

NIr

resonance from a slower relaxifg= 1/, speciesg = 1.967,
1.958, 1.939 (§ = 1.97" resonance). Thg = 1.97
resonance starts to saturate at microwave powér81 mwW

at 20 K and is barely observable at 20 mW (cf. Figure 3C,D).
The line shape of thg = 1.97 resonance is most clearly
apparent at 70 K, when tlhee= 2.04 resonance is too broad
to be observed, and the power dependence differentiates the
contributions fromg = 2.00 and 1.97 resonances (cf. Figure
3E,F). Spin quantitations at 35 K under nonsaturating
conditions indicate thg = 2.04 and 1.97 resonances together
account for 0.4 spin/monomer. By simulating the resonance
under nonsaturating conditions as the sum of two overlapping
resonances and quantifying the simulated spectra individu-

temperature and microwave powers, as indicated; microwave ally, we estimate that thg = 2.04 resonance accounts for

frequency, 9.612 GHz; modulation amplitude, 0.63 mT. The
multiplication factors indicate the relative spectrometer gains.

centered ag = 2.004 (‘g = 2.00” resonance) and a faster
relaxing rhombic resonance with= 2.044, 1.944, 1.914
(g = 2.04” resonance) (see Figure 3A,B). No other
resonances were observed for this sample. ke 2.00

0.3 spin/monomer which translates to &6 ¥/, [4Fe-4S}
cluster/homodimer and theg= 1.97 resonance accounts for
0.1 spin/monomer. Thg = 1.97 EPR signal is unique
among Fe-S proteins in terms of baftvalues and relaxation
behavior.

Additional evidence for the presence of [4Fe-48usters

resonance is still observable at 100 K and hence is attributedin the dithionite-reduced sample containing 60% (v/v)

to a minor organic radical species. Tépe= 2.04 resonance

glycerol comes from the observation of a low-field resonance

accounts for 0.1 spin/monomer, and a similar resonance withattributable to a component of [4Fe-4Sjlusters with arb

analogous principalg-values and spin quantitation was

= 3/, ground state (see Figure 4). Under conditions at which

reported in previous studies (Sanyal et al., 1994). On the the resonances in th& = /, region are strongly power

basis of theg,, value and thay-value anisotropy, it can be
attributed to either aB= 1/, [2Fe-2St or [4Fe-4Sf cluster.

saturated, 10 K and 50 mW, a weak low-field resonance is
clearly discernible agy = 5.6, in addition to the isotropig

The cluster type in this case is usually distinguished based= 4.3 resonance that is characteristic of adventitiously bound

on relaxation behavior, with [4Fe-4Sglusters having faster

Fe(lll) ion. Following the initial discovery in nitrogenase

relaxation such that they are only generally observable belowFe-protein (Lindahl et al., 1985; Hagen et al., 1985; Watt &

30 K and [2Fe-23] clusters having slower relaxation such

McDonald, 1985), there are now numerous examples of

that they can be observed without significant broadening at biological [4Fe-4S} clusters that exist in frozen solution as

70 K (Johnson, 1994). However, tlge= 2.04 resonance

mixed spin species wits = %, and®/, components (Onate

has relaxation behavior intermediate between these twoet al., 1989; Zambrano et al., 1989; Conover et al., 1990;
extremes; readily saturating at low temperatures (starts toFlint et al., 1993). Although it is difficult to estimate the

saturate at microwave power9.1 mW at 10 K,>10 mW

at 20 K, and>100 mW at 35 K) and observable at 50 K but
not 70 K. As discussed below, parallel EPR and VTMCD
studies of a dithionite-reduced sample containing glycerol
indicate that theg = 2.04 resonance arises fromSa= %/,
[4Fe-4St cluster.

spin guantitation of th&= %/, species (the resonance is very
broad, spanning at least 500 mT), comparison of the relative
intensities of the&s= 1/, andS = 3/, signals with other well-
characterized systems (Lindahl et al., 1985; Onate et al.,
1993) and the VTMCD data presented below indicates that
this is likely to be a minor component accounting fe0.1

Theg = 2.04 and 2.00 resonances were also observed inspin/monomer.
samples reduced with dithionite and treated anaerobically VTMCD. EPR and VTMCD data together provide a

with 60% (v/v) glycerol prior to freezing (see Figure 3C

discriminating method for identifying cluster type in para-

F). However, these samples exhibit an additional near-axial magnetic Fe-S proteins (Johnson et al., 1982), and the initial
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250 (Johnson et al., 1982; Onate et al., 1993; Conover et al., 1990,
1991), and quite distinct from that expected ®r= 1,
200 - [2Fe-2ST clusters (Fu et al., 1992). The saturation behavior
da0 as a function of temperature (+:90 K at 4.5 T) is consistent
180 - with the transitions arising for the most part§0%) from a
S = 1, ground state (data not shown).
i The intensities of the low-temperature MCD spectra of
, paramagnetic Fe-S clusters, compared under equivalent
i conditions after normalizing for concentration and path length
by and correcting for sample depolarization (Johnson, 1988;
Thomson et al., 1993), provide a crude estimation of cluster
concentration. Synthetic and biologicgl= %, [4Fe-4S}
clusters haveé\e values for the positive band at520 nm in
100 ) the range 6690 M~! cm™ per cluster at 4.5 T and 2 K
(Johnson et al.,, 1982; Onate et al.,, 1993). Hence, the
150 | intensity of the low-temperature MCD spectrum of the
1/, [4Fe-4ST cluster in biotin synthase\e = 25 M~ cm™!
per monomer under analogous conditions, translates t6-0.27
o° 0.42 [4Fe-4S} clusters per monomer or 0.54.84
&e K42k [4Fe-4St cluster per homodimer, which is in good agree-
ment with theS = Y/, EPR spin quantitation for thg =
b0 05 10 2.04 resonance (0.6 spin/homodimer).
BB/2KT Both samples of dithionite-reduced biotin synthase used
0 S v for MCD measurements exhibited intense temperature-
dependent bands below 380 nm, i.e., a positive band at 340
nm and a negative band at 310 nm, with very different
L temperature-dependent behavior compared to the bands
200 ) 400 5(',0 - 6;0 ' 7(',0 ' 200 above 380 nm (see Figure 5). Very similar VTMCD bands
nm have been reported for reduced rubredoxin (Johnson et al.
FlGUEE 5: \(/Jg/lp%? psgr?é:lt)r% f{:lnr:1 gifgiﬂyﬂ%;?gg(Cﬁ?hsﬁnr?ﬁfﬁsngfﬁ’ggo 1982; Werth & Johnson, 1989), and they are attributed to
synthase. e -charge transfer transitions involvingSs= 2 Fe(ll)—thiolate
bically for 2 h followed by addition of 60% (v/v) glycerol. The : . : N
sampSI/e is as described in zigureee MCD spe(ctraz v%eyre recorded cent_er. This aSSIQnr_nent IS su_pported by MCD magnetization
with a magnetic field of 4.5 T at 1.97, 4.22, 9.1, and 50 K. All Studies at 340 nm (inset in Figure 5), which are nested and
bands increase in intensity with decreasing temperature. (Lower characteristic of & = 2 ground state with significant zero
panel) Sample incubated with dithionite anaerobically 3ch in field splitting, D > +5 cni?, leaving aMs = 0 singlet state

the presence of 60% (v/v) ethylene glycol. The sample is described |gyest in energy (Werth & Johnson, 1989; Thomson &

in Figure 1B. MCD spectra were recorded with a magnetic field of -
6 Tat1.70, 4.22, 10.3, and 35 K. The bands below 400 nm increase‘]Ohnson’ 1980). Since the VTMCD and EPR data for as-

in intensity with decreasing temperature. The inset shows MCD Purified biotin synthase show no evidence for a thiolate-
magnetization for the band at 340 nm. The MCD intensity was coordinated mononuclear Fe(ll) or Fe(lll) center and the
monitored as a function of increasing field-6 T, at 1.70 K (), VTMCD intensity is an order of magnitude less than for

4.22 K (») , and 10.3 K[Q) and plotted as percent magnetization yaqyced rubredoxins under comparable conditions, we con-

vs BBI2KT wheref is the Bohr-magnetorB is the magnetic flux, o . . .

k is Boltzmann’'s constant, ariflis the absolute temperature. clude tha}t this is a minor species resulting from cluster
degradation under reducing conditions.

rationale for adding 60% (v/v) ethylene glycol or glycerol Resonance RamarResonance Raman spectra in the Fe-S
to biotin synthase samples was the need to obtain opticalstretching region, 208450 cnt?!, provide a means of
quality glasses on freezing samples for VTMCD measure- identifying Fe-S cluster type. In particular, RR provides a
ments. In accord with the presence $f= 0 [2Fe-251t method for discriminating between clusters with diamagnetic
clusters, no temperature-dependent MCD bands were ob-ground states, such as [4Fe-#Sand [2Fe-2S]" clusters
served in the wavelength region 30800 nm for biotin (Spiro et al., 1982, 1988), and assessing the possibility of
synthase as purified over the temperature range 10D K partial noncysteinyl ligation for both [2Fe-2Z3}" clusters
(data not shown). VTMCD data for dithionite-reduced (Meyer et al., 1994; Crouse et al., 1996; Kuila et al., 1992)
samples in which ethylene glycol was present during the and [4Fe-4S} clusters (Conover et al., 1990). Resonance
reduction (identical to the resultant sample of the absorption Raman spectra for biotin synthase as purified obtained with
studies in Figure 1B) or glycerol was added subsequent to406.7-nm, 457.9-nm, 488.0-nm, and 514.5-nm laser excita-
anaerobic incubation with dithionite (identical to the sample tion are shown in Figure 6. The spectra identify the
used for EPR studies in Figures 3C-F and 4) are shown indiamagnetic Fe-S cluster as a [2Fe22S}luster, and the
Figure 5, lower and upper panels, respectively. Inthe former vibrational modes can be readily assigned under idealized
case, no temperature-dependent MCD bands were observe®,, symmetry by direct analogy with well-characterized
in the visible region above 400 nm, which is in accord with [2Fe-2S] ferredoxins which have been assigned via isotope
the assignment of the chromophore responsible for the broadshift and analog studies (Han et al., 1989a,b; Fu et al., 1992)
410-nm absorption feature assa= 0 [4Fe-4S}* cluster. In (see Table 1).

the latter case, temperature-dependent MCD bands are The RR spectra for biotin synthase are most similar to
observed throughout the 46800 nm region, and the pattern those recently reported for the [2Fe-2'Sgenter in human

of bands is uniquely indicative of &= 1/, [4Fe-4S} cluster ferrochelatase (see Table 1), which was tentatively interpreted
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Ficure 7: Comparison of the low-temperature resonance Raman
— T T T T T ! spectra (457-nm excitation) of the Fe-S clusters in biotin synthase
250 300 350 400 450 as-purified (A) and after dithionite reduction in the presence of
Raman Shift/cm 60% (v/v) ethylene glycol (B). The samples are as described in
FIGURE 6: Low-temperature resonance Raman spectra of biotin Figure 1, i.e., prior to addition of dithionite and 270 min after
synthase as prepared. The protein concentrationv2asiM, and addition of dithionite to a sample containing 60% (v/v) ethylene

the buffering medium was 100 mM Tris/HCI, pH 7.8. The spectra glycol. The conditions of measurement are as described in Figure
were obtained at 17 K using 406.7-nm, 457.9-nm, 488.0-nm, and 6, and spectra A and B are the sum of 20 and 90 scans, respectively.
514.5-nm laser excitation, and each is the sum of 20 scans. EachBands originating from ethylene glycol have been subtracted from
scan involved advancing the spectrometer in 0.2cimcrements (B) after normalizing the intensities of the ethylene glycol band at
and photon counting for 1 s/point with 6 cinspectral resolution. 482 nm.

Bands arising from the frozen buffer solution have been subtracted

from each spectrum after normalizing the intensities of the ice lattice An intense RR band below 305 cicorresponding to this
modes at 230 crr out-of-phase symmetric FeS' stretching mode (due to
incomplete cancellation of two large polarization changes
as a result of cluster asymmetry) is the hallmark of biological

Table 1: Low-Temperature Resonance Raman F&tretching
Frequencies (crt) and Assignments for the [2Fe-ZS]Centers in

S. oleraceard, P. putidaFd, C. pasteurianun2Fe—Fd, Human [2Fe-2S}* ClU_SterS- Thgrefore, the anomf'?\'c_)us'y high frej
Ferrochelatase, arfd. coli Biotin Synthase qguency of this mode in as-prepared biotin synthase is

S, P. C. human  E. coli consistent with cluster coordination by one O or N (not
mode? oleracea putida pasteurianum ferro- biotin histidine) ligand.

Dan Fo Fd Fo chelatase synthase RR spectra were also recorded for samples reduced with
Ba 427 426 404 420 418 dithionite in the absence and presence of 60% (v/v) ethylene
Ag"b 395 400 387 398 395 glycol (identical to the resultant samples of the absorption
53“1 B, ! gg; gig ggg 367 367 studies in Figure 1A,B). No FeS stretching modes were
A;t“' 338 338 335 350 349 observed above background with excitation wavelengths in
Big® 329 320 313 320 331 the range 406568 nm for samples that were reduced with
Bay' 283 291 290 295 301 dithionite in the absence of ethylene glycol. This argues

a Symmetry labels under idealiz&, symmetry for a F&5,*S¢ unit. against the presence of significant amounts of [4Fe&#4S]

b Assignments taken from Fu et al. (1992Assignments taken from  [2Fe-2S}*, or [2Fe-2S] clusters since all three type of
Crouse et al. (1996). clusters would be expected to exhibit measurable enhance-

ment of Fe-S stretching modes under these conditions (Spiro
in terms of one oxygenic and three cysteinyl-S ligands for et al., 1988; Fu et al., 1992). However, [4Fe-48lusters
the cluster (Crouse et al., 1996). This interpretation was exhibit negligible RR spectra in the F& stretching region
based largely on the observation that the frequencies of the(Spiro et al., 1988), and the same is likely to be the case for
vibrational modes with dominant F&' stretching character,  the hypothetical all-ferrous clusters, [4Fe-24&jd [2Fe-23)
B/ and Ay, show a substantial upshift in mutant [2Fe-2S] since the enhancement of the-F@ stretching mode with
ferredoxins in which one of the four coordinating cysteinyl visible excitation requires-SFe(lll) charge transfer bands
residues has been mutated to a serine. The upshift isand hence correlates approximately with the percentage of
expected based on the8rsusO mass difference, whereas Fe(lll) character for the Fe in the cluster.
a downshift is expected and observed for histidyl-N coor-  For the biotin synthase sample reduced with dithionite in
dination due to the large effective mass of the imidazole ring the presence of ethylene glycol, Raman bands due to ethylene
(Kuila et al., 1992). For [2Fe-28] clusters with complete  glycol were subtracted by recording a spectrum of the
cysteinyl coordination, the 8 and A modes occur in the  equivalent ethylene glycol/buffer solution and subtracting
range 281291 and 326-340 cnT?, respectively, compared  after normalization of the intensities of the band at 483%tm
to 289-302 and 332351 cnt?, respectively, for clusters that is exclusively due to ethylene glycol. The resulting RR
in which one of the coordinating cysteines is mutated to spectrum in the FeS stretching region is compared to that
serine (Crouse et al., 1996). As in the case of the humanof the [2Fe-2S]" center in biotin synthase as-purified in
ferrochelatase, the assignment of thgmode in as-prepared ~ Figure 7. The complete loss of the 301-crband indicates
biotin synthase to the band at 349 ¢hmust be viewed as  the absence of [2Fe-28] clusters, and the resulting RR
tentative in the absence 8fS isotope shift data, but the spectrum is characteristic of a [4Fe-&S]cluster with
assignment of the £ mode at 301 cm! is unambiguous.  complete cysteinyl coordination. For example, RR spectra
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Table 2: Low-Temperature Resonance Raman $&tretching activity within the experimental error of the measurement

Frequencies (crt) and Assignments for the [4Fe-4S]Centers in (£20%).
[FesS4(SCHPh)]?~, C. pasteurianuniNitrogenase Fe Protein, and
E. coli Biotin Synthase DISCUSSION
mode, [FesSe- Fe biotin The combination of absorption, VTMCD, EPR, and RR
Té (SCHPh)]*~® proteirf synthase studies on biotin synthase has revealed the first example of
Art 389 301 392 a reductive X[2Fe-2S%" to [4Fe-4S} cluster conversion.
Tz:‘ 389 391 392 In accord with previous analytical and absorption data
Zzh ggg ggg ggg (Sanyal et al., 1994), the absorption and RR spectra reported
b 273 281 280 here indicate that recombinant biotin synthase as-purified has
TP 273 265 265 oneS= 0 [2Fe-2S?* cluster in each of the 39-kDa subunits
TP 244 248 252 of the homodimer. However, the F& stretching frequen-
aSymmetry labels under idealizéty symmetry for the Fg5°Sy cies are indicative of incomplete cysteinyl ligation. More-
unit. ® Frozen 90/5/5 water/DMA/Triton X-100 solution at 77 K. Taken over, in contrast to all known biological [2Fe-2Sjlusters,
from Czernuszewicz et al., 1987Taken from Fu et al., 1991. there is no spectroscopic evidence for the formation of a

[2Fe-2St cluster on reduction by dithionite. Rather, dithion-
with very similar relative band intensities and frequencies ite reduction proceeds slowly over a period of several hours
are observed for the [4Fe-£S]clusters in nitrogenase Fe and leads to the medium-dependent formation of [4F&#4S]
protein (Fu et al., 1991) and the synthetic analog complexesor [4Fe-4S} clusters.
with benzyl thiolate ligands (Czernuszewicz et al., 1987).  The absorption and RR studies of the product of dithionite
The vibrational modes of the synthetic analog complex have reduction in the presence of ethylene glycol or glycerol
been rigorously assigned under idealizRdsymmetry via indicate near-stoichiometric conversion of two [2FeZ2S]
345 and®¥Fe isotope shifts, IR studies, and normal mode clusters to yield one [4Fe-48] cluster with complete
calculations (Czernuszewicz et al., 1987), and the spectracysteinyl-S ligation. However, further addition of dithionite
for the [4Fe-4SY" clusters in reduced biotin synthase and does not effect reduction to the [4Fe-4%3rm, as evidenced
nitrogenase Fe protein can be assigned by direct analogy (sedéy EPR, VTMCD, and absorption studies. In contrast, EPR
Table 2). The frequency of the most intense band, which and VTMCD results show substantial formationQ.5 spin/
corresponds to the symmetric breathing mode of theé§fFe  homodimer) of &8= Y/, [4Fe-4S} cluster ¢ = 2.044, 1.944,
cubane, has been found to be a useful indicator of non-1.914) on addition of glycerol after prolonged incubation with
cysteinyl coordination at a specific Fe (Conover et al., 1990). dithionite. TheS = Y/, spin quantitation is likely to be an
This band occurs at 338 crhfor the [4Fe-4S]t cluster in underestimation of the [4Fe-4S¢luster concentration, since
biotin synthase, which is in the range established for clustersa weakg = 5.6 feature in the low field EPR spectra indicates
with complete cysteinyl coordination [33339 cnt?! (Conover a mixture ofS= %, and®, ground states in frozen solutions.
etal., 1990)]. The decreased signal-to-noise level comparedin addition, there is a slow relaxin§= */, resonanceg =
to the as-purified sample of biotin synthase is a consequencel.968, 1.958, 1.939, accounting for 0.2 spin/fhomodimer. The
of several factors: the lower sample concentration and glassorigin of this resonance is unknown at present, but it is
formation that result from dilution with ethylene glycol; the tentatively attributed to a paramagnetic cluster with anoma-
subtraction of an ethylene glycol spectrum; and the inherently lous properties or a radical species in close proximity to the
lower (~5-fold less) resonant enhancement of-Bestretch- paramagnetic [4Fe-4S]cluster. We do not as yet have a
ing modes for [4Fe-43} centers compared to [2Fe-2S] satisfactory explanation for the observation that the redox
centers with 457-nm excitation (Spiro et al., 1982, 1988; Fu properties of the [4Fe-4S] cluster in biotin synthase are
et al., 1991). Nevertheless, these RR data, combined withdependent on the method of formation. The implication is
the absorption data presented above, leave little doubt thatthat the dimerization process is critically dependent on
dithionite reduction of biotin synthase in the presence of medium effects.
ethylene glycol results in near-stoichiometric conversion of  The only logical rationalization for the near-stoichiometric,
two [2Fe-2S%" clusters to yield one [4Fe-48]cluster. reductive cluster conversion in biotin synthase is that a

Activity Assays Since the spectroscopic studies reported [4Fe-4S] cluster is formed at the interface of the two subunits
above show that biotin synthase samples can be preparedia dimerization of two [2Fe-2S] clusters. Moreover, the
with [2Fe-2S}", [4Fe-4SF, or [4Fe-4S] centers as the  only other well-documented example of cluster conversion
major cluster species, it was clearly of interest to determine involving [4Fe-4S] and [2Fe-2S] clusters is provided by the
the effects of cluster type on the enzymatic activity.vitro nitrogenase Fe protein (Anderson & Howard, 1984; Fu et
activity studies were carried out under anaerobic conditions al. 1991), which has a [4Fe-4S] cluster that bridges identical
as described previously (Sanyal et al., 1996) using a definedsubunits with two equivalent cysteines in each subunit
assay mixture involving biotin synthase, dethiobiotin, KCI, providing the cluster ligands (Georgiadis et al., 1992). As
NADPH, Fe(NH)2(SQy),, fructose 1,6-biphosphate, dithio- purified under anaerobic conditions in the presence of
threitol, L-cysteine, Ado-Met, flavodoxin, and flavodoxin dithionite, the Fe-protein contains a [4Fe-4S§luster.
reductase. Three different preparations of biotin synthaseHowever, absorption, analytical, and RR studies have shown
were used, i.e., as-prepared under aerobic conditions ([2Fe+that the cluster can be converted to a single [2Fé*2S{ister
2SP+-containing biotin synthase), reduced with dithionite in  upon oxidation in the presence of MgATP and an Fe-chelator
the presence of 60% (v/v) ethylene glycol ([4Fe#4S] (Anderson & Howard, 1984; Fu et al., 1991), and RR results
containing biotin synthase), and reduced with dithionite indicate that this cluster conversion occurs to a limited extent
followed by addition of 60% (v/v) glycerol ([4Fe-45] even in the absence of the Fe-chelator. Although not
containing biotin synthase). However, the type of biotin considered previously, reductive [2Fe-2Sto [4Fe-4St*
synthase preparation used in the assay did not affect thecluster conversion could account for the anomalous reduction
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properties of the [2Fe-23]form of the Fe protein (Anderson Biotin synthase +K+G.C-EdC-.C-Qs
& Howard, 1984; Ryle et al., 1996), and this possibility is LAS .LG++CTR-C+-FC.V.
discussed in more detail below. ARR-AE LFV:GC+-H+C+-GCYN «

One puzzling aspect of the dithionite reduction results is PELAE “F.QGC.+RC-YCHN +

the low spin quantitation for th8= Y/, [4Fe-4S} resonance
(~0.2 spin/homodimer) prior to addition of glycerol. This

Ficure 8: Comparison of consensus sequences for biotin synthase,
lipoic acid synthase, anaerobic ribonucleotide reductase activating

result is essentially the same as that obtained in previousenzyme, and pyruvate formate-lyase activating enzyme in the region
work, although in the absence of any spectroscopic evidenceof conserved cysteine residues. Nonconserved residues are indicated
for reductive [2Fe-2S] to [4Fe-4S] cluster conversion, the by dots, and the lower case letters in the biotin synthase consensus
EPR signal was erroneously attributed to Sa= %/, igqlijence indicate that the residue is conserved in all but 1 of the
i ; . nown sequences.
[2Fe-2ST cluster, albeit with anomalous relaxation properties
(Sanyal et al., 1994). Absorption and RR studies clearly cluster in a ferredoxin using a Cr(ll) macrocycle has also
demonstrate that the low spin quantitation is not a conse-been interpreted in terms of two-electron reduction to a
guence of the majority of the Fe being presentSas 0 [2Fe-2S] state (Im et al., 1995). However, in light of the
[4Fe-4Stt clusters, as is the case for reduction in the changes in visible absorption on reduction of the [2Fe-2S]
presence of ethylene glycol. In the previous studies, this containing Fe-protein to an “EPR-silent” state (Ryle et al.,
EPR and absorption behavior was attributed to reductive 1996), it seems more likely that a reductive [2Fe?2Sp
cluster degradation since 60% of the total Fe could be [4Fe-4S}" cluster conversion of the type reported herein is
removed by anaerobic gel filtration following dithionite responsible for the anomalous reduction properties in this
reduction (Sanyal et al., 1994). Although some cluster instance. Hence, there is no well-documented precedent for
degradation may also be occurring in this work during the invoking [2Fe-2S] clusters in dithionite-reduced samples of
course of dithionite reduction, absorption and EPR studies biotin synthase. The evidence for a [4FeH#8luster in
indicate that at least 50% of the Fe is still present in the samples of Fe protein at biologically relevant potentials is
form of reduced [4Fe-4S] clusters. First, air-oxidation results more persuasive (Watt & Reddy, 1994), but clearly requires

in an initial 20% increase in the [4Fe-4S]absorption at
410 nm, which subsequently decays as a resulteéhQuced

confirmation by M@sbauer spectroscopy. Although the
presence of such clusters with medium-dependent midpoint

cluster degradation. Second, the total concentration of EPR-potentials would provide an alternative explanation for the
detectable [4Fe-4S]clusters increases at least 3-fold on increase in the concentration 8f= Y/, [4Fe-4S} clusters
addition of glycerol, suggesting that intact clusters are presenton addition of glycerol, we view this as a remote possibility

or at least can be rapidly re-formed on glycerol addition.

at the present time.

We have considered two explanations both with precedents The finding that biotin synthase can exist in a form with
in nitrogenase Fe protein for the presence of reduced buta [4Fe-4S] cluster at the subunit interface of the homodimer

“EPR-silent” clusters. The first is that the bulk of the Fe is

present asS = 3/, [4Fe-4St clusters in the absence of
glycerol. The [4Fe-4S]cluster in the nitrogenase Fe protein
exists in frozen solution as a medium-dependgnt /,/S

= 3/, spin mixture, with the addition of 50% (v/v) glycerol
increasing theS = 1/, component at least 3-fold so that it
accounts for 86:90% of the total Fe (Lindahl et al., 1985;

Hagen et al., 1985; Watt & McDonald, 1985; Onate et al.,

suggests a correspondence to ARR-AE and PFL-AE (Ol-
langnier et al., 1996; Broderick et al., 1997) and other Ado-
Met-dependent enzymes that are known, or at least suspected,
to contain a Fe-S cluster, i.e., LAS (Sanyal et al., 1994) and
LAM (Petrovich et al., 1992; Frey & Reed, 1993). More-
over, primary sequences are available for two or more
representatives of each type of enzyme, except for LAM,
and it is interesting to note that the consensus sequences each

1993). Thus far, we have been unable to detect a significantcontain a C-%-C-X,-C motif (see Figure 8). Although no
S = %/, resonance on dithionite reduction in the absence of other residues are conserved in the region of these three

glycerol or ethylene glycol. However, heterogene&us

closely spaced conserved cysteines, it may be important to

3/, species could exhibit resonances that are too broad to benote that the third cysteine always has an adjacent aromatic

detected. Hence, a medium-dependent mixtur& ef 3/,
andS= 1/, [4Fe-4SF clusters is currently our best explana-

tion for the lowS = 1/, spin concentration in the absence of

glycerol.
The second explanation is that all-ferrous [2Fe%28id/

or [4Fe-4S] clusters are present in dithionite-reduced

residue, since Tyr or Phe always precedes this cysteine in
the biotin synthase sequences. There are now 12 biotin
synthase sequences in the SWISS-PROT data base, repre-
senting organisms as diverse as plants, yeast, bacteria, and
archaea, and 4 cysteines are conserved in all cases, Cys53,
Cys57, Cys60, and Cys188, using tke coli numbering

samples in the absence of glycerol. Both types of all-ferrous system. In view of the RR results which are best interpreted
cluster have been reported in the nitrogenase Fe proteinin terms of three cysteine ligands for the [2Fe-2S] cluster

(Anderson & Howard, 1984; Ryle et al., 1996; Watt &
Reddy, 1994). AS=1/, EPR signalg = 2.00, 1.94, 1.92)
with relaxation properties indicative of a [2Fe-2Sluster

and the X-ray structures for plant-type [2Fe-2S] ferredoxins
which show that the cluster is coordinated by a GE&¢X5-
C-X,o-C arrangement of cysteines (Johnson, 1994), it seems

was observed on reduction of the [2Fe-2S]-containing form likely that all three of the cysteines in the G-&-X,-C motif

of the Fe protein with substoichiometric amounts of dithionite of biotin synthase are involved with coordinating the
(Anderson & Howard, 1984). The observation that this [2Fe-2S] cluster. The fourth ligand is presumably water or
resonance is lost on addition of excess dithionite, coupled some other protein ligand. Unless a major rearrangement
with reversible changes in the absorption and CD spectrainvolving cluster breakdown and reassembly occurs on

(Ryle et al., 1996), has led to speculation that the [2F&:2S]

formation of the [4Fe-4S] cluster at the subunit interface,

cluster in this case can be reduced by two electrons to anwhich seems unlikely in view of the stoichiometry, two of

all-ferrous [2Fe-29]cluster (Anderson & Howard, 1984;
Ryle et al., 1996). Recently, reduction of the [2FeZ2S]

these cysteines are likely to be involved in coordinating the
[4Fe-4S] cluster. The consensus sequences for LAS, ARR-
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AE, and PFL-AE are based on more limited data (2, 3, and medium-dependent, and reduction in the presence of 10%
3 sequences, respectively, in the SWISS-PROT data base)(v/v) glycerol resulted in the appearance of a slower-relaxing
but the observation that each has a €&<X,-C motif more axial resonancg(= 2.03,g; = 1.92). Although the
suggests that a [4Fe-4S] cluster at the subunit interface thatauthors interpret both resonances in terms of [4F€-4S]
is capable of [4Fe-4S]/[2Fe-2S] cluster conversion may be clusters, the line shape and relaxation properties of the 10%
common to all three enzymes. glycerol sample could equally well be interpreted in terms

This hypothesis was subsequently tested in the case ofof @ mixture of [2Fe-2S] and [4Fe-4S] clusters. Moreover,
PFL-AE using the combination of UWvisible absorption, ~ the absorption spectrum of the protein as-prepared and prior
EPR, and resonance Raman spectroscopies (Broderick et al {0 reconstitution clearly resembles that of a [2Fe228gnter,
1997). As prepared, the enzyme was found to contain a@s opposed to a [4Fe-4S]center, or a mixture thereof.
mixture of [2Fe-2S]" and [4Fe-4S}" clusters. Dithionite While more detailed spectroscopic studies are required with
reduction resulted in a homogeneous form containing only @ Wider range of techniques, the available evidence suggests
[4Fe-4S} clusters, and reduction to the [4Fe-4S}ate 6 that the [4Fe-4St-* cluster bridges the subunits of ARR-
= 1/2, g — 201’ 189, 188) was 0n|y possib|e in the presence AE and that this protein is also Susceptible to [2Fe-28]/
Ado-Met. The presence of [2Fe-2S[clusters was consid- ~ [4Fe-4S] cluster conversions.
ered to be a consequence of incomplete anaerobicity during BY comparison with the other Fe-S enzymes requiring
purification, and the analytical data were consistent with Ado-Met, the results presented here suggest that the
approxima’[e|y one [4|:e_4gj-+ cluster per homodimer in [4Fe-4S]—containing form of biotin Synthase is responsible
reduced samples. While it has yet to be determined if Ado- for catalytic activity. All indications are that the [2Fe-2S]-
Met is required for the reduction of the [4Fe-45jn biotin containing form is a direct consequence of aerobic isolation
synthase, these results add strong support for [4Fe-4S)/and that conversion to the [4Fe-4S] form occurs under

[2Fe-2S] cluster conversion being a unifying property among reducing conditions. Since the enzymatic; assays are carried
this class of Fe-S enzymes. out anaerobically in the presence of physiological reductants

Thus far. the Fe-S clusters in LAM and ARR-AE have (i.e., NADPH, flavodoxin, and flavodoxin reductase), reduc-
only been investigated by absorption and EPR spectroscopieé've c_l_uster conversion may well _be occurring under assay
(Petrovich et al., 1992; Ollangnier et al., 1996). While this conditions, and experiments are in progress to address this

leaves some uncertainty concerning cluster type, it is clearly dUestion. This would provide an explanation for the absence

of interest to compare these results with those reported hereinOf a significant difference in thén vitro catalytic activ-

for biotin synthase. LAM is a hexameric enzyme, and since ities for +biotin synthase samples conta_\ining_ [2Fe22,_S]
the analytical and EPR data, taken together, are consisten 4Fe-4St", anrc]zl [4Fe-4$f| CIUStErS lz(ijsbthe!r ma(jjor _sr|]3e<:|es_.
with one [4Fe-4S] cluster per dimeric unit, it seems likely owever, such comparisons should be viewed with caution

that the cluster bridges subunits (Petrovich et al., 1992). In light of the _\Ifﬁ.ry !owl'gurn_overpuhmt?ers observed in H:)e
However, the EPR properties of the cluster are quite different vitro assay. This Implication of the low turnover numbers
from those of biotin synthase. The anaerobically purified 'S that @ physiologically significant factor is not present in
enzyme exhibits a resonance from variable amounts of alhe assay mixture (Sanyal et al., 1996). Until a fully
stable radical specieg & 2.006) and a fast-relaxing Fe-S optimizedin vitro assay is available, it is difficult to draw
resonanceg = 2.027, 2.007, 1.99, accounting fe0.1 spin/ meaningful conclusions concerning the relationship between
[4Fe-4S] cluster. Hence, the majority of the clusters appear CIUSte type and activity in biotin synthase. _
to be in a diamagnetic state (presumably [4Fe248lLsters), Th(_a above discussion |nd|cate§ the presence of a supunlt—
and the EPR signal has been attributed to a trac®-ofY, bridging [4Fe-4S]"" cluster that is capable of undergoing

: : ible oxidative conversion to [2Fe-2S]clusters in
[4Fe-4S} clusters which are reduced to an EPR-silent form "€VErs! .
by dithionite. The main evidence for the presence of biotin synthase, PFL-AE, ARR-AE, and possibly LAM. In

[4Fe-4S] clusters comes from the observation that the clusterthe latter case, there is_ as yet no evidence for [4Fe-4S)
t[2Fe—28] cluster conversion. Although the present work does

can be almost stoichiometrically converted to a species tha . N

gives an EPR signab(= 2.032, 2.015, 2.0125) suggestive not address the catalytic role of the [4Fe-4S] cluster in biotin

of a S = Y, [3Fe-4S] cluster, on oxidation with air or synthase, studies of PFL-AE, ARR-AE, and LAM implicate
arole for the [4Fe-43] " couple in effecting the one electron

ferricyanide. Neither of the Fe-S EPR signals observed in Sl
LAM have been observed in EPR studies of biotin synthase, ©f Ado-Met to form methionine and the-Beoxyadenosyl
radical (Broderick et al., 1997; Ollangnier et al., 1996; Frey

and EPR or VTMCD evidence for oxidative degradation to ) . L
yield a [3Fe-4S} cluster has not been forthcoming. How- & Perry, 1993). The mechanism of this novel reaction is
ever. more recent EPR studies of LAM have shown that the ¢l€arly of great interest and is under active investigation by
[AFe-4S}+ cluster can be reduced to [4Fe-4Sh the  SE€Veral groups including our own.

presence of Ado-Met,and it was this observation that Finally we turn to the question of whether or not the
prompted Ado-Met mediated reduction of PFL-AE. [2Fe-2S]/[4Fe-4S] cluster conversion in this class of enzymes

. . . has any physiological significance. While we are still in
¢ th(:‘A(\eglt:za:EoerOSFand ';ZI; stutf;e; Ethhe fully reconst- the process of optimizing conditions for [4Fe-4S]to
tute - (e., 2Fe an per17.5-kDa monomer) were [2Fe-2S%" cluster conversion in biotin synthase, the absorp-
interpreted in terms of one [4Fe-4S] cluster per ho-

modimer (Ollangnier et al., 1996). The assignment of the tion studies presented herein demonstrate that some
.y . _ + _ o _
dithionite-reduced EPR signaj & 2.02, 1.92, and 1.88) to [2Fe-2SF" clusters are re-formed during;@hduced degra

a [AFe-4S] cluster was based largely on relaxation proper- dation of the [4Fe-437 clusters. Coupled with the observa-

i H h laxati . dal tion of [2Fe-2S%" clusters in aerobic or semi-anaerobic
Ies. However, the relaxation properties arualues were preparations of biotin synthase and PFL-AE (Broderick et

al., 1997), this indicates the likelihood of [4Fe-4'S}> [2Fe-
2p. A. Frey, personal communication. 2SP* cluster interconversions and raises the possibility that
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this process may be us@udvivo to regulate enzyme activity

in response to oxidative stress. A specific mechanism to
turn off enzyme activity on exposure to @ order to avoid
the formation of superoxide radicals, without irreversible
degradation of the active site cluster, would clearly be

Duin et al.

Han, S., Czernuszewicz, R. S., & Spiro, T. G. (1982Am. Chem.
Soc. 1113496-3504.

Harder, J., Eliasson, R., Pontis, E., Ballinger, M. D., & Reichard,
P. (1992)J. Biol. Chem. 26;725548-25552.

Ifuku, O., Koga, N., Haze, S.-I., Kishimoto, J., & Wachi, Y. (1994)
Eur. J. Biochem. 224173-178.

particularly advantageous for Fe-S enzymes that function by Im, S.-C., Lam, K.-Y., Lim, M.-C., Ooi, B.-L., & Sykes, A. G.

radical mechanisms. It remains to be determined if the [2Fe-

2SP* clusters in these enzymes are oxidative artifacts or
integral components of a novel{Protection mechanism.

NOTE ADDED IN PROOF

Since submission of this paper {duced degradation
of the [4Fe-4S]" cluster in theE. coli transcription factor

FNR (fumarate nitrate reduction) has been shown to occur

via a [2Fe-2S]" cluster (Khoroshilova et al., 1997). This
raises the possibility that [4Fe-4S} [2Fe-2S] cluster

(1995)J. Am. Chem. Soc. 113635-3636.

Jestin, E., Moreau, F., Florentin, D., & Marquet, A. (1986)org.
Med. Chem. 41065-1075.

Johnson, M. K. (1988) iMetal Clusters in ProteingQue, L., Jr.,
Ed.) pp 326-342, ACS, Washington, D.C.

Johnson, M. K. (1994) irEncyclopedia of Inorganic Chemistry
(King, R. B., Ed.) pp 18961915, John Wiley & Sons,
Chichester.

Johnson, M. K., Robinson, A. E., & Thomson, A. J. (1982ran—
sulfur Proteins(Spiro, T. G., Ed.) pp 367406, Wiley-Inter-
science, New York.

Khoroshilova, N., Popescu, C., Mok, E., Beinert, H., & Kiley,
P. J. (1997Proc. Natl. Acad. Sci. U.S.A. 96087-6092.

interconversion is involved in the oxygen sensing mechanism iim ;. 'g Rees, D. C. (1992%cience 2571677—1682.

of FNR.
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