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ABSTRACT. Biotin synthase (BS) is af-adenosylmethionine (AdoMet)-dependent radical enzyme that
catalyzes the addition of sulfur to dethiobiotin. Like other AdoMet radical enzymes, BS contains a [4Fe-

48] cluster that is coordinated by a highly conser

ved CxxxCxxC sequence motif and by the methionyl

amine and carboxylate of AdoMet. The close association of the [4Feel&ter with AdoMet facilitates
reductive cleavage of the sulfonium and the generation of transietgdxyadenosyl radicals, which are

then proposed to sequentially abstract hydrogen atoms from the substrate to produce carbon radicals at
C9 and C6 of dethiobiotin. BS also contains a [2Fe?28]uster located-4—5 A from dethiobiotin, and

we have proposed that a bridging sulfide of this cluster quenches the substrate radicals, leading to formation
of the thiophane ring of biotin. In BS fror&scherichia coli the [2Fe-2S]" cluster is coordinated by

cysteines 97, 128, and 188, and the atypical metal

ligand, arginine 260. The evolutionary conservation of

an arginine guanidinium as a metal ligand suggests a novel role for this residue in tuning the reactivity
or stability of the [2Fe-23} cluster. In this work, we explore the effects of mutagenesis of Arg260 to

Ala, Cys, His, and Met. Although perturbations in

a number of characteristics of the [2Fe-@Ster

and the proteins are noted, the reconstituted enzymes have in vitro single-turnover activities that are 30

120% of that of the wild type. Further, in vivo expre

ssion of each mutant enzyme was sufficient to sustain

growth of abioB- mutant strain on dethiobiotin-supplemented medium, suggesting the enzymes were
active and efficiently reconstituted by the in vivo iresulfur cluster (ISC) assembly system. Although

we cannot exclude an as-yet-unidentified in vivo role in cluster repair or retention, we can conclude that
Arg260 is not essential for the catalytic reaction of BS.

Biotin synthase is an ironsulfur enzyme that catalyzes
the formation of the biotin thiophane ring3). The enzyme
contains a cuboidal [4Fe-48]cluster that is coordinated at
a unique Fe atom by the methionyl carboxylate and amine
of AdoMet! (4, 5). This covalent interaction facilitates the
close association of the AdoMet sulfonium with the [4Fe-
4SJ+ cluster that is thought to be important for the one-
electron reductive cleavage of an AdoMet-8 bond,
generating methionine and a transieritdBoxyadenosyl
radical @). The substrate dethiobiotin lies in van der Waals
contact with the AdoMet ribose, and H-atom transfer from
C9 of dethiobiotin to the sdeoxyadenosyl radical would
generate the observed product;dg@oxyadenosine, and a
substrate-centered carbon radical. Formation of a nev@ C
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bond on the path to biotin presumably involves a reaction
of this substrate radical with a sulfur donor; the precise
identity of this sulfur donor remains the most significant
unanswered mechanistic question.

Biotin synthase belongs to the SAM radical superfamily,
which includes ca. 20 known AdoMet-dependent radical
enzymes and perhaps more than 600 unique unidentified
enzymes {). These enzymes share a-+® cluster binding
motif, CxxxCxxC, that is found within an extended loop
region and binds the [4Fe-43]" cluster (Cys53, Cys57, and
Cys60 in BS fromEscherichia coli (5, 8). These enzymes
also share somewhat weaker conservation of residues
involved in AdoMet binding, including a hydrophobic residue
at position 7 of the cluster motif (Tyr59 in BS) that forms a
portion of the adenine binding pocket, and Asp/Glu and Asn/
GIn residues (Asp155 and Asn153 in BS) that hydrogen bond
to the ribose hydroxyl groupsB). In addition to residues
shared with other AdoMet radical enzymes, BS sequences
share conserved residues involved in binding DTB that
includes the motif N(H/N)N(L/I)(D/E), where Asn151 and
Asn153 hydrogen bond to the ureido ring of dethiobiotin.
Finally, BS contains an essential [2Fe-2S¢luster that is
coordinated by Cys97, Cys128, Cys188, and Arg260; this
motif was initially not identified because it is spread
throughout the protein, with each residue originating from a
different 8 strand within the ¢f)s barrel that surrounds the
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active site §). Mutagenesis studies have suggested that Technologies) that overlap the Arg260 codon were mixed
Cys97, Cys128, and Cys188 are critical for binding to the with template, deoxyribonucleotidgsfu Turbo polymerase,

[2Fe-2St' cluster, since replacement of each residue with and buffer and subjected to 25 rounds of PCR with 5 min
Ser resulted in the generation of an inactive mutant apopro-extension times. Single-stranded DNA was digested with
tein (9). Although vibrational spectroscopy had indicated O/N Dpnl, and the resulting mutant plasmids were transformed

ligation at the fourth coordination position of this clust&@,

11), the identification of Arg260 was made only through
solution of the crystal structure of tHe. coli enzyme 9),

and we postulated that this unusual metal ligand must have
a unique catalytic or structural role.

The closest bridging sulfide of the [2Fe-2Stluster lies
4.7 A from C9 of dethiobiotin §). Several experimental
results have suggested that a sulfide from this cluster is
incorporated as the thiophane sulfur of biotin. When biotin
synthase is purified from media supplemented wifiS|
cysteine, the enzyme contain®a-labeled [2Fe-23] cluster
and partial turnover results in formation §f$]biotin (12).
Likewise, when the purified enzyme is stripped of unlabeled
Fe—S clusters and reconstituted with?Feand **3?~, then
the biotin that is produced incorporate30% of the expected
heavy atom labell(3). More recently, partial turnover of BS
containing a [2Fe-2S¢] cluster, generated by reconstitution
with Fe™ and sodium selenide, produced biotin that con-
tained 45-70% selenium in place of sulfuld). Transfer
of sulfur from the [2Fe-2S} cluster is accompanied by

into library competent DH& and screened on LB/agar plates
with 50 ug/mL ampicillin. For each mutant, plasmid DNA
was reisolated and the sequence confirmed by sequencing
the entire BioB gene insert, and then the plasmids were
transformed into BL21(DE3)pLysS (Novagen) for protein
expression. The Arg260Cys mutant was poorly expressed
in this strain and was instead expressed in protease-deficient
strain BLR(DE3)pLysS (Novagen). Protein expression and
purification were performed as previously describéd)(
Determination of Extinction Coefficients and Fe and S
Content.Samples of WT and mutant proteins were diluted
to ~5 mg/mL in 25 mM Tris-HCI and 25 mM NaCl (pH
8.0), and accurate UVvisible absorbance spectra recorded
on a Varian Cary 50Bio spectrophotometer. Each sample was
then analyzed for protein content using the Bradford assay
with a commercial BSA standard (Bio-Rad). Protein con-
centrations were divided by the correction factor of 1.10,
previously determined by quantitative amino acid analysis
of the WT protein 18), and extinction coefficients were then
calculated from an average and standard deviation of 15

apparent destruction of the cluster, as detected in the optical@nalyses for each protein. The same samples were then

spectrum by a broad decrease in absorbance centeretbat
nm (15), and in the Masbauer spectrum by a decrease in
the narrow quadropole doublet associated with the [2F&-2S]
cluster ¢ = 0.29 mm/s;AEq = 0.51 mm/s) and an
appearance of much broader doublets associated with Fe
ion (06 = 0.73 and 0.86 mm/\Eq = 3.36 and 3.65 mm/s)
(16).

The conservation of the atypical guanidinium metal ligan
Arg260, together with the implication of the [2Fe-25]
cluster as the probable sulfur donor, suggested that this
residue played an important role in the enzyme. We
postulated several possible roles. (i) The potential positive
charge of the guanidinium could be important in modulating
the redox potential of the F€S cluster. (ii) The bidentate
nature of a guanidinium functional group could facilitate
liberation of sulfide from the cluster during turnover and
would therefore be catalytically important. (iii) The long
Arg260 side chain could be important for closjfigtrand 7
around the barrel-shaped active site and would thus be
structurally important%). (iv) Protonation of the guanidine
following turnover could facilitate opening the active site to
allow cluster assembly and/or repair by the endogenous
iron—sulfur cluster assembly system (ISC)Efcoli. To test

d

subjected to iron and sulfide analysis using previously
described method48), with ratios reported representing the
average and standard deviation for nine samples, and also
incorporate the uncertainty in the protein concentrations as
derived from the calculated extinction coefficients.

Activity AssaysBiotin synthase (2&M in a final volume
of 250uL, 0.26 mg of protein) was added to septum-covered
vials containing 50 mM Tris-HCI, 30 mM KCI, and 5 mM
DTT (pH 7.5) and degassed under argon. The [4Fé#4S]
cluster was reconstituted by being incubated with 0.4 mM
N&S and 0.4 mM FeGlfor 5 min. Flavodoxin (10«M),
ferredoxin (flavodoxin):NADP oxidoreductase (2uM),
NADPH (2 mM), and AdoMet (0.5 mM) were added while
the vials were continuously degassed. Turnover was initiated
by addition of DTB (0.25 mM), and the vials were incubated
in a 37 °C water bath for 5240 min. Potassium acetate
(pH 4.5) (25uL of a 4.5 M stock) was added to quench the
reaction and precipitate the protein. The vials were incubated
on ice to ensure full precipitation, and the precipitate was
removed by centrifugation for 10 min at 18@Ppand the
supernatant transferred to a HPLC autosampler vial. HPLC
analysis of biotin and DTB was performed on a Waters
Atlantis dGg reversed-phase column (3.0 mm150 mm, 5

these hypotheses, we mutated Arg260 to Ala, Cys, His and#m) with a 20 min linear gradient from 5 to 20% acetonitrile

Met and conducted a series of experiments designed to
examine changes in the properties of the [2Fe~28Listers,

the stability of the folded protein with and without the [2Fe-
2SP* cluster, and the importance of this residue for in vitro
and in vivo activity.

MATERIALS AND METHODS

Construction of MutantsAll mutants were constructed by
a modified Quickchange method (Stratagene) using wild-
type (WT) plasmid pJJ15-4A [based on pET21d){ as a
template. Forward and reverse PCR primers (Integrated DNA

in H,O containing 5 mM HPO, and UV detection at 205
nm. Fresh external standards containing biotin{280 M)
and DTB (16-250 uM) were prepared and analyzed prior
to and following each set of samples to ensure accurate
identification and quantitation of biotin.

Circular Dichroism SpectroscopyApoprotein samples
(100uM) were prepared by adding EDTA (5 mM), sodium
dithionite (1 mM), and methyl viologen (5«M) and
incubating the samplesifd h under nitrogen. As-isolated
[2Fe-2St" protein and apoprotein were exchanged into
anaerobic 10 mM MOPS and 25 mM NaF (pH 7.5) on a
Sephadex G-25 column and then diluted o\6 in the same
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buffer. Samples were transferred to a sealed cuvette undethough this strain is unpublished, the preparation method and
nitrogen and CD spectra collected with a Jasco J-810 circularproperties are identical to those of strain 310 as described
dichroism spectrometer with a Peltier temperature controller. by Rolfe and Eisenberg2®); however, strain 364 is more
Each spectrum is an average of three scans from 260 to 190esistant to spontaneous reversion (M. Gottesmann, personal
nm with a scanning speed of 20 nm/min, a response time of communication). This strain was lysogenized WIilbE3 to

2 s, and a bandwidth of 1 nm. Temperature melts were generatebio364(DE3), which was then complemented by
recorded from O to 98C at 222 nm with a data pitch of 2  transformation with either pJJ15-4A (WT BioB), plasmids
°C, aresponse time of 2 s, and a bandwidth of 1 nm. Thermal containing each R260 mutant gene, or, for a negative control,

melts were fit to the GibbsHelmholtz equation as previ-
ously described1(9).

Electrochemical Analysis of the [2Fe-2S]Cluster.The
electrochemical potential for reduction of the [2Fe?22S]
cluster was determined by titration with sodium dithionite
in the presence of methyl viologen (MV) by a modification
of the method of Drummond and Matthew®0]. BS [50
uM in 50 mM Tris and 200 mM NacCl (pH 8.0)] and methyl
viologen (50uM) were placed in an anaerobic cuvette (1.6
mL total volume) under argon, and for each spectrum,
dithionite (2uL of a 6 mM stock) was added with a syringe
through a rubber septum, the solution mixed by brief
mechanical stirring and allowed to equilibrate for 2 min, and

pET21d, by electroporation on a Bio-Rad Gene Pulser Il at
2009, 25uF, and 1.8 V with a 0.1 cm cuvette. Cells were
initially grown on LB/agar plates containing ampicillin (50
ug/mL). One colony was transferred to a 20 mL culture
containing 0.4% glucose, 0.4% vitamin-free casamino acids,
M9 salts, 10uM FeCk, an essential metal supplement,
ampicillin (50 ug/mL), and DTB (5uM) and grown
overnight to partially deplete the endogenous biotin levels.
The overnight cultures were diluted to an initial @pof
0.05 in 35 mL of the same medium containing IPTG (1 mM)
and either no DTB or biotin, DTB (&M), or biotin (5uM).
Cultures were grown at 37C with gentle agitation, and
samples were removed at intervals for the determination of

a spectrum collected from 300 to 800 nm. Spectra were the ODy0 Samples were also removed at an »f 0.8

separately collected for oxidized and fully reduced protein,
and for oxidized and 50% reduced MV. The change in

absorbance at 620 nm is largely due to the reduced MV

radical cation §g20= 12 135 Mt cm™?), and these data were
used to calculate the ratio [MM/[MV o] and the cell
potential Ep, using a midpoint potentiak,) for MV of —440

for Western blot analysis of BioB and biotinylated AccB
content (Supporting Information).

RESULTS

Choice of MutantsThe role of Arg260 as a metal ligand
to the [2Fe-2S]" cluster in BS is unique and unconventional.

mV (21). The change in absorbance at 454 nm is largely More common coordination motifs for [2Fe-2S] clusters
due to changes in the protein spectrum, with a minor include all-cysteine coordination, as observed in the [2Fe-

contribution from MVfes. This minor MV,eg cOMmponent was

2S] ferredoxins, and two-histidine and two-cysteine coordi-

subtracted from the data; the remaining absorbance changeation, as observed in Rieske iresulfur proteins. Thus,

was normalized by dividing by the initial absorbance, and

we chose to explore whether substitution with these more

the resulting data were fit to the Nernst equation to obtain common Fe-S cluster ligands would affect the role of the

the apparent potential for reduction of the [2Fe22$]uster.

[2Fe-2St cluster in catalysis by characterizing the mutants

For these fits, the extrapolated final protein absorbance wasArg260Cys and Arg260His. However, an examination of the
based upon spectra of fully reduced protein obtained in the structure of BS suggested that the Arg260Cys thiolate would

absence of M

EPR SpectroscopyVT and R260 mutant proteins (200
uM in a final volume of 320uL) were diluted in 50 mM
Tris-HCI (pH 8.0) under argon. Sodium dithionite (1 mM)
and methyl viologen (kM) were added and the samples
incubated in a 15C water bath. At 5 or 60 min, samples
were transferred to EPR tubes, frozen in a hexane/liquid N
slurry, and stored in a liquid Ndewar until spectra could

probably not extend to coordinate the [2FeZ2Sgluster
without a major structural rearrangement, and so we also
generated an Arg260Met mutant, where although the thio-
ether of Met is not a strong metal ligand, the length of the
amino acid might potentially allow for a more isosteric
substitution for Arg and for metal coordination. Finally, we
eliminated the protein-derived metal ligand altogether through
generation of an Arg260Ala mutant, most likely leaving a

be collected. X-Band EPR spectra were collected with a pocket in the protein that could be filled with one or more
Bruker ESP300E spectrometer over the temperature rangevater molecules that might substitute as metal ligands.

of 4—50 K, with 12 K chosen as the optimal temperature
for observing the reduced F& cluster signal. Temperature

All Arg260 Mutant Proteins Contain a [2Fe-25]Cluster.
The presence of an air-stable [2Fe2Skluster is a

was regulated with a liquid He transfer system (Oxford ESR distinctive feature of active WT BS. This cluster has been

model 900) with a cryostat positioned in a jpEcavity. The
parameters for high-field spectra were as follovis= 16
mW, modulation amplitude= 16 G, time constant 163
ms, conversion time= 81.98 ms, modulation frequeney

observed in vivo by Mesbauer spectroscopd3d) and is the
dominant spectroscopic feature of the aerobically purified
enzyme R4). Further, mutagenesis of [2Fe-2S]cluster
ligand Cys97, Cys128, or Cys188 to Ser or Ala has been

100 kHz, and each spectrum being the sum of three scansreported to result in aerobically purified protein that does

The parameters for low-field spectra were identical with the
following exceptions: P = 50 mW, time constant 655
ms, and each spectrum being the sum of six scans.

In Vivo Activity of Mutant Biotin Synthasestrain 364 is
a bioB- derivative ofE. coli K12 originally isolated by M.
Eisenberg (Columbia University, New York, NY) and kindly
provided by M. Gottesmann (Columbia University). Al-

not contain this cluster and is inactive, 5). To ascertain

the cluster content of the Arg260 mutant proteins, we relied
on UV—visible spectra and Fe and S content, as compared
to those of the WT enzyme. UWisible spectra of the WT
and each mutant (Figure 1) display characteristic bands at
322, 415, and 452 nm, with WT, Arg260Ala, and Arg260His
exhibiting nearly indistinguishable spectra and comparable
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Ficure 1: UV—uvisible spectra of WT and Arg260 mutants of biotin
synthase: from top to bottom, R260M), R260A @), WT (@),
R260M (—), R260C ). Spectra have been scaled according to
extinction coefficients determined by the Bradford protein assay.

extinction coefficients (Table 1). Fe and S analysis also
confirms comparable levels of the [2Fe-2S}luster for these
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catalysis, the low reduction potential may be an important
property that prevents noncatalytic reduction of the cluster
and subsequent inactivation of the protein.

In this study, we employed an electrode-independent
method for determining electrochemical midpoint potentials
in which methyl viologen (MV) is used as an internal redox
indicator dye. This method allows calculation of the cell
potential, E,, based on the concentration of reduced MV
observed in the UVvisible spectrum as a sharp peak at 400
nm and a broad peak centerec~&00 nm (Figure 2A), and
using the Nernst equation and a midpoint potential for MV
of —440 mV @Q1). MV 4 has a spectral window at 430
480 nm that allows observation of changes in the spectrum
of the [2Fe-2S]" cluster at 454 nm. Minor corrections are
necessary to account for dilution of the sample and for a
slight increase in absorbance at 454 nm due tod¥\énd
we chose protein and MV concentrations (8@ each) that
ensured that this correction wa20% of the total spectral
change. Electrochemical titration is accomplished by the
addition of substoichiometric amounts of sodium dithionite,
which reduces methyl viologen rapidly, and then allowing

mutants as compared to that of WT (Table 1). The Arg260Cys the methyl viologen to reduce the [2Fe-2Stluster for~2

mutant exhibits an UV visible spectrum similar to that of
WT, but with an extinction coefficient that is onty75% of

min after each addition. In principle, this method allows a
determination of the midpoint potential more rapid than that

that for the WT protein, and the Fe analysis also suggests aof standard electrode-based methods, where equilibration

decreased total cluster contentq0% Fe content as com-
pared to that of WT). Since we did not observe further

with the electrode limits the speed of the experiment.
Data derived from titration of WT BS and each Arg260

degradation of the cluster in the purified protein, we conclude mutant are shown in Figure 2B. During titration of the WT

that the [2Fe-2S3F cluster in the Arg260Cys mutant is not

[2Fe-2St' cluster, we observed formation of significant

inherently unstable, but rather the protein is not obtaining a amounts of MV,q (600 nm) prior to any reduction of the

full complement of [2Fe-23F cluster in vivo during induced

Fe—S cluster (454 nm), suggesting the protein reduction

protein expression. Since protein overexpression levels arepotential was lower than that for MV. Using an extinction

similar for all mutants, this effect is more likely due to a
problem with recognition by or cluster transfer from the in
vivo Fe—S cluster assembly system. The Arg260Met mutant
also does not obtain a full complement of-F& cluster, as

coefficient for the reduced proteirss) of 2800 (based on
separate reduction of the protein in the absence of MV), we
calculate a reduction potential 6502+ 30 mV (based on
three titrations). This value is significantly lower than we

indicated by the somewhat low Fe content and extinction had previously reported on the basis of Ag/AgCI electrode
coefficient. In addition, the UVvisible spectrum of the = methods, and we can only speculate that in those prior
Arg260Met mutant exhibits an increased absorbance at 415experiments, protein reduction was much more rapid than
nm relative to that of the 452 nm band such that the ratio of electrode equilibration, leading to erroneously high values
these bandsef;gesss) goes from 0.93 in the WT proteinto  for the reduction potentials. Titrations of Arg260Ala,
1.09 in the Arg260Met mutant. In this respect, the spectrum Arg260His, and Arg260Cys gave reduction potentials that
becomes more like the that of tetrathiolate-coordinated [2Fe- are identical to that of WT, within the error of the experiment.
2SF* ferredoxins, with aregioesso of 1.14 @6), which we In contrast, mutation of Arg260 to Met resulted in an increase
interpret as indicating that the thioether of the Arg260Met in the reduction potential te-460 + 15 mV. As noted in
mutant is contributing to the ligand-to-metal charge-transfer the previous section, the spectral properties of the Arg260Cys
bands of the [2Fe-23] cluster and is therefore a covalent mutant indicate that the thiol does not coordinate the e
ligand to the cluster. In contrast, the spectrum of the cluster, and we speculate that both the Arg260Cys and
Arg260Cys mutant is shaped like that of WT, and we Arg260Ala mutants retain a bound hydroxide or water in
therefore conclude that there is no covalent interaction the coordination position normally occupied by Arg. Thus,
between the newly introduced Cys thiolate and the [2Fe- our interpretation is that all of the mutant proteins with O/N
2SP* cluster. ligands retain approximately the same low midpoint potential.
Electrochemical Analysis of the Reduction of the [2Fe- On the other hand, Met is a neutral sulfur ligand that likely
2SP* Cluster.In WT BS, the [2Fe-2S] cluster exhibits fills the space of Arg and excludes water, and in this mutant,
unusual electrochemical properties. The cluster is sequesteresive observe a destabilization of the oxidized [2Fe?2S]ate
away from solvent within theo(5)s barrel of the protein and, by ~45 mV.
in the presence of the strong chemical reductant sodium Electron Paramagnetic Resonance Analysis of the Reduced
dithionite, is slowly reduced over several minutes with a Proteins.Reduction of the [2Fe-23] cluster does not lead
previously reported reduction potential 6430 mV (18). to the formation of a stable reduced cluster in WT BS.
However, the reduced [2Fe-2Stluster is not stable and  Instead, we have previously observed#& in the buffer
rapidly dissociates from the protein. Since the oxidized [2Fe- immediately following reduction, and we observe slow
2SP* cluster is proposed to be a necessary starting point for formation of a substoichiometric amount of the reduced [4Fe-
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Table 1: Properties of WT and Arg260 Mutants of Biotin Synthase
Tm (°C)

extinction initial

coefficient activity yield doubling
protein Fe/monomer S/monomerlM~tcml) [2Fe-2S] apoprotein En(mV)  (nmol mimtmg?) (nmol/nmol of BS) time (min)
WT 1.6+0.2 2.9+ 0.6 7000+400 58+2 46+2  —502+ 30 0.18 0.50 83
R260A  1.8+0.2 3.3+ 0.6 8000+ 500 63 49 —504+ 10 0.15 0.40 83
R260H 2.0+ 0.2 3.8+ 0.6 9300+ 500 61 49 —502+ 30 0.22 0.54 86
R260M 1.3+ 0.1 2.6+ 0.5 6100+ 300 51 53 —460+ 15 0.17 0.27 89
R260C 1.1+ 01 25+ 0.5 5400+ 400 50 47 —509+ 30 0.062 0.25 88

4S]" cluster over +2 h (17). This [4Fe-4S¥ cluster is not
coordinated to the same site as the original [2F&+28lister,

folded structures. The WT protein containing a [2Fe22S]

cluster unfolds at 58C, while the apoprotein unfolds at 46

but rather to the conserved CxxxCxxC motif that coordinates °C, suggesting that the [2Fe-2Skluster assists in binding

a [4Fe-4S] cluster in the active enzyn®y). We thought it

together and stabilizing the protein structure. The Arg260Ala

might be possible that the loss of the cluster upon reduction and Arg260His mutants behave in a similar manner, although

is due to weak coordination of the Arg ligand, and therefore,

we might expect that one or more Arg260 mutants would
retain the reduced [2Fe-2Stluster.

these mutations appear to stabilize both forms of the protein
by ~3—5 °C. In contrast, the Arg260Met and Arg260Cys
mutants destabilize the protein containing a [2Fe*2S]

We reduced each protein with dithionite, in the presence cluster so that it has a stability approximately equivalent to

of a catalytic amount of MV to speed delivery of the electron

that of the apoprotein. In the case of Arg260Met, this could

to the buried cluster, and observed bleaching of the distinctive be due to the hydrophobic nature of the side chain, which is

brown color of the protein over -25 min, suggesting
reduction of the [2Fe-23] cluster. Samples were frozen at

unable to hydrogen bond to other hydrophilic groups within
the 5g barrel (Arg95, Ser43, Ser218, and Ser283). The case

5 and 60 min and analyzed by EPR spectroscopy (Figurefor Arg260Cys is less obvious, since it behaves in other

3). The WT protein develops a signal after 60 min that is
identical to previously reported spectra, exhibiting an axial
spectrum withg values of 2.04 and 1.93 and relaxation
properties that indicate a fast-relaxing [4Fe-48lister Tmax

= 12 K). All of the mutant proteins gave identical spectra
after incubation for 60 min (Arg260His and Arg260Cys are
shown for comparison), witg values and relaxation proper-
ties that were indistinguishable from those of WT. The only
significant differences were in the yield of the [4Fe-4S]

respects like the Arg260Ala mutant. One possibility is that
at higher temperatures, the propensity for coordination of
the Arg260Cys thiolate to Fe might actually trigger unfolding

of the protein since this coordination probably cannot be
satisfied within the native fold.

All of the Arg260 Mutants Are Acte for in Vitro Biotin
SynthesisAlthough we had observed various changes in the
properties of the [2Fe-28] cluster as a result of each Arg260
mutation, evolutionary conservation is concerned only with

cluster, which can be rationalized on the basis of the Fe the end result: can this particular mutant protein make
content of the original oxidized protein (Table 1). Interest- sufficient biotin for survival of the organism? We assayed
ingly, this axial signal is in low abundance after 5 min despite WT and mutant proteins using our in vitro assay system that
the fact that the brown color of the [2Fe-2Skluster has involves in situ reconstitution of the [4Fe-4Skluster under
been lost. Temperature and power saturation studies indicateargon and reduction of the system using the naBveoli
that no observable paramagnetic species are present, and wedox proteins, followed by addition of AdoMet and DTB
would suggest that after 5 min most of the Fe is present asto trigger turnover. We monitored the time dependence of
high-spin Fé" (S= 2) that is not detected by perpendicular- biotin formation (Figure 5), fit the data to a single-
mode EPR spectroscopy as used in this study. We concludeaxponential function, and report the “initial rate” of this single
that neither WT nor any one of the Arg260 mutants retains turnover derived from the initial slope {0 min) and the
a tightly bound and stable [2Fe-2S§luster. yield of biotin after 180 min (Table 1). We observe that all
Arg260Met and Arg260Cys Mutations Decrease the of the mutants can make biotin and that the yield of biotin
Thermal Stability.One proposed role for a long Arg metal is approximately correlated with the fractional [2Fe-ZS]
ligand is to facilitate binding of a small [2Fe-ZS]cluster cluster content of the original protein. The initial rate of biotin
within a geometrically larger of5)s barrel, potentially  synthesis is, within the error of the data, identical for the
stabilizing both the bound cluster and the folded protein. If WT and all of the mutants~}0.2 4 0.05 nmol min* (mg of
this were the case, one might expect that mutation of Arg260 BS) 1], except for the Arg260Cys mutant, which turns over
would result in either weak binding of the cluster, which ~3-fold slower than WT. However, none of these mutations
was not observed, or destabilization of the protein fold. We is significantly defective for in vitro biotin synthesis.
examined the stability of the folded protein using CD  All of the Arg260 Mutants Can Supply Biotin inJdi
spectroscopy, both in the presence and in the absence of th&ince Arg260 is apparently conserved yet was not required
[2Fe-2SF" cluster. The WT and mutant proteins exhibit a for biotin formation in vitro, we initially suspected that our
CD spectrum with negative bands at 208 and 222 nm, typical assay might not sufficiently replicate in vivo conditions such
of proteins with a highu-helical content. When the temper- that the Arg260 mutants could possibly not be active enough
ature is increased, each protein undergoes a cooperativéo complement biotin biosynthesis in vivo. We had previously
transition to an unfolded state with a positive band at 195 obtained a strain defective in the biotin synthase-catalyzed
nm and some negative intensity-a210—220 nm, suggesting  step of the biotin biosynthetic pathwal.(coli K12 strain
predominantly random coil but with retention of some minor 364 from M. Eisenberg, Columbia University). Although this
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Ficure 3: EPR spectra of reduced WT, R260H, and R260C indicate
formation of a [4Fe-43] cluster. Each protein (200M in 320

uL) was mixed with methyl viologen (M) in anaerobic 50 mM
Tris-HCI (pH 8.0), reduced with sodium dithionite (1 mM) for the
indicated times at 18C, and then flash-frozen in an EPR tube.
The small, shar = 2 signal in all samples is due to reduced
methyl viologen. Spectra of oxidized proteins exhibited no EPR
signals.

E, (mV) contained the empty pET21d plasmid, were grown under
) ) ) three conditions: glucose/casamino acids/M9 medium only,
FiIGURE 2: Electrochemical reduction potentials of the [2Fe22S] glucose/casamino acids/M9 medium with DTB, and glucose/

gwjtemré,fﬁ)a,?,?;gggrw (esrg”(/(la)cionrdseg %ﬂlr]%igtﬁg?r;gévggé&n?)'w casamino acids/M9 medium with biotin. All media also

NaCl (pH 8.0) with 6 mM sodium dithionite (2L per addition). contained ampicillin, IPTG to induce protein expression, and
(B) Reduction of the [2Fe-28] cluster in WT and Arg260 mutants ~ FeCk to facilitate cluster assembly. The control strain that
as detected by the decrease in absorbance at 454 nm. For eacfpes not contain a plasmid-borne copy of BioB grows very
sample, the increase in absorbance at 620 nm was used to CalCU|at§I0WIy in the absence of exogenous biotin [Figure 6, doubling

the concentration of reduced methyl viologen radical and the cell . . . .
potential E;) as described in Materials and Methods. Each data time (o) of 240 min], suggesting that the defective chro-

point shows an average and standard deviation for three titrations,mosomal copy of BioB is capable of extremely limited biotin
and data were normalized by dividing by the initial absorbance production. When plasmids expressing either WT or Arg260
°f5t(;129 r?]ﬂdLé?dcg:r?tiﬂé;]hivi\{ﬁrgﬁle:ir::ir?/relgwfn mgnﬁa; o Mutants are introduced, the strains grow slightly faster in
arbitrarily offset aloﬁg the vertical axis to allow comparison with the abs_ence of added DTB or biotitty (z. 175 mln),
WT data. suggesting that the chromosontzb operon is producing
small amounts of DTB that is then converted to biotin by
strain has not been fully characterized, we do not observethe overexpressed proteins. When DTB is added to the
BS by Western blot analysis and suspect the strain carries anedium, we see growth of WT and mutant BioB-overex-
mutation that affects the expression or stability of the pressing strains at rates that are experimentally indistinguish-
enzyme. Phenotypically, this strain grows extremely slowly able from each other or from controls grown in the presence
on glucose/M9 media, and the growth is not stimulated by of biotin (tp = 85 min). These data indicate that the
addition of DTB; however, the strain regains WT growth overexpressed Arg260 mutants can carry out sufficient biotin
rates in the presence of biotin. production in vivo to sustain maximal growth rates in
We transformed our WT and mutant plasmids (derivatives glucose/M9 media. It should be noted, however, that expres-
of pET21d) into strain 364 that had been lysogenized with sion of protein from pET plasmids produces artificially high
ADE3 (Novagen). These strains, along with a control that enzyme levels{100-fold higher than that of endogenous
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Ficure 5: Time-dependent activity of WT and R260 mutants: WT
(@), Arg260Ala (), Arg260His (), Arg260Met @), and Arg260Cys
(©). Each protein (25«M) was incubated with DTB, AdoMet,
flavodoxin, ferredoxin (flavodoxin):NADP oxidoreductase, and
NADPH as described in Materials and Methods. At intervals,
aliquots were removed, quenched with sodium acetate (pH 4.5),
and analyzed for biotin content by HPLC. Curves are fit to a single-

exponential function assuming no more than one turnover per
monomer. Activities reported in Table 1 are based on the initial
rate of the early linear portion of each curve.
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FiGure 4: Protein stability determined by thermal denaturation in
a circular dichroism spectrophotometer. Each proteinu(is in
anaerobic 10 mM MOPS and 25 mM NaF (pH 7.5)] either contained
the original complement of [2Fe-28]cluster or was reductively
stripped of this cluster as described in Materials and Methods. (A) 0.0 1
Initial CD spectrum of WT [2Fe-23] BS recorded at 26C (O) . . . . .
and final melted spectrum recorded at°@8(d). (B) WT and R260 0 150 300 450 600
mutant proteins containing a [2Fe-2SEluster were subjected to ) .
a thermal melt from 0 to 98C monitored at 222 nm: WTQ), Time (min)
Arg260Ala (v), Arg260His (), Arg260Met (J), and Arg260Cys  Figure 6: Growth of thebio364(DE3) mutant strainb{oB-) in
(©). (C) WT and R260 mutant apoproteins were subjected to a the absence of biotin, with and without complementation with a
thermal melt from O to 98C monitored at 222 nm: WTQ), pET21d-derived plasmid expressing WT or R260 mutant BS.
Arg260Ala (v), Arg260His (), Arg260Met (J), and Arg260Cys Growth occurs at 37C in glucose (0.4%), casamino acids (0.4%),
(<>) Melt .data are fitto a t\_NO-St{:l'[e COOpel’atlve Unf0|d|ng model M9 sa|tsy microbi0|ogica| metal supp|ement, amp|c|"|n wml_)’
to determine thé, values listed in Table 1. and IPTG (1 mM) supplemented with either biotin.(§l) or DTB

. . . . (5uM): -bioBwithout DTB and biotin W), -bioB with biotin (@),
biotin synthgsc_a) that may swamp out minor d|ffere_nces in W‘T’t with DTB (00), R260A with DTB (8), R260H with DTB ().
the rate of biotin synthesis. Therefore, we can only interpret Rogom with DTB ©), R260C with DTB (), and R260A without
these results qualitatively: mutation of Arg260 does not DTB (a).

abolish catalysis in vivo.

ODGOOnm

0.5 1

cot l

that this chemistry occurred within the conserved CxxxCxxC
sequence motif. However, subsequent mutagene®is (

Although the presence of a [2Fe-2Stluster was one of electrochemical analysi4 ), selective isotopic substitution
the first features noted in recombinant biotin synthas®,( (10, 27), and X-ray crystallography5f indicated that the
the chemical properties and catalytic role of this cluster have initial [2Fe-2SF* cluster and resulting [4Fe-43] cluster
been subjects of considerable debate. Most AdoMet radicalreside in distinct sites. Resonance Raman spectroscopy had
enzymes contain an air-sensitive [4Fe8]cluster in their ~ provided evidence that the [2Fe-2Skluster was coordi-
active forms, and it was initially believed that the observed nhated by three cysteine thiolate ligands and one unidentified
[2Fe-2S} cluster in BS was a stable oxidative degradation O/N ligand (L0, 11); the ligands to the [2Fe-25] cluster
product of the essential [4Fe-4S] cluster. Consistent with this were definitively assigned as Cys97, Cys128, Cys188, and
proposal, reduction of the [2Fe-ZS]cluster results in  Arg260 upon determination of the crystal structur&otoli
formation of a [4Fe-4S{'* cluster (1), and it was presumed  BS (5).

DISCUSSION
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The finding that the O/N ligand to the [2Fe-2STluster [4Fe-4s] €97  cl28  C188  R260
was an arginine guanidinium was unprecedented in the consensus G-C-E-C--C-Q =mmm=  =mmm- -€-G  --R-—-
biochemical literature. Guanidine species have been em-x. sphaeroides GGCPEDCGYCSQ RFCMG ETCMT KVCCG  VVRLS
ployed as ligands in transition metal complexes and have p, .eruginosa GACPEDCKYCPQ RFCMG ETCMT KICSG  HVRLS
been observed to ligate various metals in aqueous solution,

) N ) . vinelandii GACPEDCKYCSQ RFCMG ETCMT KICSG HVRLS
but have not been observed in proteins. One might expect ,
. .. E. coli GACPEDCKYCPQ RFCMG EACMT KVCSG YVRLS
that the high K, of arginine (K, = 12.5) would present a
H. influenzae GGCPEDCGYCPQ RFCMG ETCGT KVCCG YVRLS

formidable energetic barrier to guanidinium deprotonation
and metal coordination, although this could be partially #- thaliana GGCSEDCSYCPQ  RFCMG  EVCCT  NVCSG  MVRLS
compensated via formation of the ligand-to-metal bond and s- cerevisiae GGCSEDCKYCAQ ~ RFCLG ~ ETCVT  KACTG  IIRLA
steric encapsulation within the protein fold. In light of these ». tuberculosis GecPEDCHFCSQ ~EFCIV ~ NIACS ~ EVCCG  MLRFA
potential energetic problems, the apparent evolutionary s. fiavum GGCPEDCHFCSQ ~EFDFV  EVAAS EVCSG  MLRFA
conservation of Arg260 in BS suggested that this residue 5, suptizis GLCPENCGYCSQ TYCIV KVCAC  SPESG  EIRIS
played an important structural or catalytic role. From a
structural viewpoint, arginine has a long side chain that can

extend across thés barrel and_aIIOW t-he [2Fe-_2§] cluster F;GURE 7: Alignment of the Fe-S cluster ligands from selected
to t_)e bqund in an_gsymmetrlc 'O.C?“.O” within the Enzyme pg protein sequences. The residues numbered at the top refer to
active site. In addition, the guanidinium could potentially the E. coli protein. The consensus sequence shows the residues
tune the physicochemical properties of the cluster through absolutely conserved among all 186 annotated BS sequences (see
hydrogen bonds or electrostatic effects. Alternatively, from the Supporting Information for a full alignment).
a catalytic viewpoint, the bidentate nature of guanidine could
allow Arg260 to play a catalytic role, perhaps in facilitating
release of sulfur from the FeS cluster for subsequent sequences. Only one of the sequences has non-cysteinyl
incorporation into biotin. In light of these proposals, we chose ligands simultaneously at both positions. However, Arg260
to explore whether the substitution of arginine with other is absolutely conserved in all organisms, from plants to yeast
potential metal ligands would have a significant effect on to anaerobic thermophilic bacteria. Given our finding that
the properties of the cluster or the enzyme. the Arg260His mutant appears to offer an optimal combina-
We noted only one mutation that affected the properties tion of stability and activity, one might question why histidine
of the [2Fe-2S]" cluster, Arg260Met. Methionine is ap- does not appear naturally at this position. Assuming that the
proximately isosteric with arginine, and the optical spectrum primordial residue was arginine, then two of the six Arg
shows a perturbation in electronic transitions that suggestscodons (CGU and CGC) could be converted to His (CAU
coordination of the FeS cluster by the methionine thioether. and CAC) by a single-base transversion of G to A. However,
This coordination appears to destabilize the oxidized cluster, virtually all known mutagenic outcomes for guanine damage
resulting in an increase in the apparent reduction potential generate a G> T transversion, resulting in an Arg- Leu
of the [2Fe-2S]" cluster by~45 mV. We also noted two  mutation @8). Clearly, Leu would not be capable of
mutations that adversely affect the stability of the [2Fe22S]  functioning as a metal ligand, probably resulting in either
cluster-containing protein: Arg260Met and Arg260Cys. misfolded protein or poor binding of the F& cluster, and
While the WT protein is~12 °C more stable with the [2Fe-  therefore, we would expect that a6 T transversion would
2SF* cluster bound than the apoprotein, both of these mutantnot be tolerated at the Arg260 codon. In the absence of this
proteins show no stabilization upon binding of the [2Fe22S]  direct mutagenic path, the evolutionary conversion of argi-
cluster. These same mutant proteins have a low3-eluster nine to histidine through single-base mutations would neces-
content of ~60—70% when purified under conditions sitate a less probable process with several intervening
comparable to those of the WT protein. Together, these mutations.
observations indicate that binding of the [2Fe2S]luster The finding that the ligand set that coordinates the [2Fe-
to the apoprotein is less favorable for the Arg260Met and 2SP* cluster has little affect on activity is puzzling if one
Arg260Cys mutants than for WT. In contrast, the Arg260Ala thinks of this Fe-S cluster as a catalytic cofactor. The
and Arg260His mutants show no dysfunction. In fact, the primary and secondary coordination shells often play a
Arg260His mutant appears to have a higher cluster content,significant role in tuning the properties of an-F8 cluster,

a higher thermal stability, and a marginally higher activity and in particular the electrochemical behavi#®)( and one
than the WT enzyme. might assume that evolutionary pressure has resulted in an
Although at the time this work was initiated the available optimal ligand set that tunes the cluster for the desired
microbial sequence databases indicated that the ligands taeaction. In the case of biotin synthase, we have observed

the [2Fe-2S]" cluster were absolutely conserved, sequencesthat all of the Arg260 mutants contain a [2Fe-2Stluster
from more diverse species have since become available thathat is assembled in vivo and that the observed in vitro
suggest some tolerance in these residues. A sequencactivity primarily correlates with the amount of cluster
alignment of 186 annotated BS sequences (excluding onlypresent. Likewise, in contrast with results from other labs
those missing the DTB binding motif that we therefore (9, 25), we have observed that mutations at Cys97, Cys128,
assume are misannotated) is available as Supporting Infor-and Cys188 that preserve a stable [2Fe*28luster are also
mation and is abbreviated in Figure 7. Some variation appearsactive, while double and triple mutants that lack this cluster
to be tolerated at Cys97 and Cys128. At Cys97, serine orare inactive (J. Jarrett, unpublished results). Perhaps it would
aspartate appears as the probable cluster ligand in 5% of théve better to think of these protein residues as forming the
sequences, while at Cys128, alanine appears in 4% of thebinding pocket for the third “substrate”, a [2Fe-2S¢luster.

C. acetobutylicum GNCSEDCAFCAQ HCDIA KLCAC EVCSG IIRYA

M. jannaschii GKCKEDCIFCSQ RFSIV KVCCS EVCSG EIRLA
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When one mutates a residue in the substrate binding pocket
of an enzyme, one expects to affect ygand/orK for the

substrate, but not necessarily tkg; for catalysis. In this 12.

case, the [2Fe-28] cluster binds with such high affinity to
the WT and mutant enzymes that we are unable to detect
significant differences in binding or activity with an in vitro
assay. In vivo, BS must compete with all otherf&proteins

for binding the [2Fe-2S] cluster substrate. Since BS is
present at much lower concentrations in vivo and the [2Fe-
2SP* cluster is likely delivered through the actions of the
ISC system, one possibility is that the ligand set may be
tuned to facilitate this sensitive cluster handoff in the complex

and competitive cellular environment. 15.
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