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The process of FeS cluster biogenesis is highly conserved in

nature and centers around two key proteins, termed IscS and IscU

in prokaryotes, which are found in almost all organisnscsS is
a homodimeric, pyridoxal phosphate-dependenysteine des-

ulfurase that catalyzes the conversion of cysteine to alanine and

elemental sulfur via the formation of a persulfide intermediate
on a conserved cysteine residu&he ubiquitous role of IscS-
like enzymes in sulfur trafficking, in generabnd Fe-S cluster
biosynthesis, in particuldrjs now firmly established. IscU is a
homodimeric protein that forms a 1:1 complex with 1$c&hd
gene knockout studies in ye&and bacteri# have demonstrated

a crucial role for IscU in general Fe&S cluster biosynthesis.
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Figure 1. Reconstructed ESI-quadrupole mass spectr&. efnelandii
IscU. (A) IscU, 0.16 mM. (B) Reaction mixture containing 0.16 mM
IscU, 0.16 mM IscS, and 3 mM cysteine. (C) Reaction mixture as in (B)
after addition of 10 mM DTT. (D) IscU, 0.16 mM, with 3 mM sodium
sulfide. (E) IscU, 0.16 mM with 10 mM potassium cyanide.
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Moreover, IscU contains three conserved cysteines and has beerand discrete fractions were introduced by an electrospray ioniza-
shown to provide a scaffold for IscS-directed sequential assembly tion (ESI) source for analysis using a single quadrupole mass

of [F&;S;]?" and [FeSy]?" clusters’ These clusters are likely to
be inserted, intact, into apo F& proteins in a process that has
yet to be fully characterized. In this communication, we address
the mechanism of IscS-directed 8 cluster assembly on the

spectometer (see Supporting Information for experimental de-
tails) & The conditions used for repurification are denaturing, and
the observed charged-state distributions, centered anoime
1000 amu, are characteristic of highly denatured proteins. Hence,

IscU scaffold. Mass spectrometry has been used to demonstratey| opserved molecular ions must be covalently associated.

direct transfer of sulfane sulfur®Srom the cysteine persulfide

on IscS to the cysteine residues on IscU. The available evidence

indicates that this reaction constitutes the first step in&eluster
biosynthesis on an IscU scaffold.

A comparison of the mass spectraAfotobactervinelandii
IscU obtained under a variety of reaction conditions is shown in
Figure 1. Reaction mixtures were purified by reverse-phase HPLC,

* Corresponding authors. Michael K. Johnson, Department of Chemistry,
University of Georgia, Athens, GA 30602. Telephone: 706-542-9378. Fax:
706-542-2353; E-mail: johnson@chem.uga.ddennis R. Dean, Department
of Biochemistry, Virginia Tech, Blacksburg, VA 24061. Telephone: 540-
231-5895. Fax: 540-231-7126. E-mail: deandr@vt.edu.

T University of Georgia.

*Virginia Tech.

(1) (@) Hwang, D. M.; Dempsey, A.; Tan, K. T.; Liew, C. €.Mol. Evol.
1996 43, 536-540. (b) Zheng, L.; Cash, V. L.; Flint, D. H.; Dean, D. R.
Biol. Chem.1998 273 13264-13272. (c) Lill, R.; Kispal, GTIBS200Q 25,
352—-356.

(2) () Zheng, L.; White, R. H.; Cash, V. L.; Jack, R. F.; Dean, D. R.
Proc. Natl. Acad. Sci. U.S.A993 90, 2754-2758. (b) Zheng, L.; White, R.

H.; Cash, V. L.; Dean, D. RBiochemistryl994 33, 4714-4720.

(3) (a) Kambampati, R.; Lauhon, C. Biochemistry1999 38, 16561
16568. (b) Kambampati, R.; Lauhon, C.J Biol. Chem200Q 275 10727
10730. (c) Palenchar, P. M.; Buck, C. J.; Cheng, H.; Larson, T. J.; Mueller,
E. G.J. Biol. Chem200Q 275, 8283-8286. (d) Mueller, E. G.; Palenchar,
P. M.; Buck, C. JJ. Biol. Chem2001, 276, 33588-33595.

(4) (a) Li, J.; Kogan, M.; Knight, S. A. B.; Pain, D.; Dancis, A. Biol.
Chem.1999 274, 33025-33034. (b) Kispal, G.; Csere, P.; Prohl, C; Lill, R.
EMBO J.1999 18, 3981-3989. (c) Schwartz, C. J.; Djaman, O.; Imlay, J.
A.; Kiley, P. J.Proc. Natl. Acad. Sci. U.S.A2000 97, 9009-9014. (d)
Tokumoto, U.; Takahashi, Y. Biochem2001 130, 63—71.

(5) Agar, J. N.; Zheng, L.; Cash, V. L.; Dean, D. R.; Johnson, MJK.
Am. Chem. So@00Q 122, 2136-2137.

(6) (a) Garland, S. A.; Hoff, K.; Vickery, L. E.; Culotta, V. . Mol.
Biol. 1999 294, 897—907. (b) Schilke, B.; Voisine, C.; Beinert, H.; Craig, E.
Proc. Natl. Acad. Sci. U.S.A999 96, 10206-10211.

(7) Agar, J. N.; Krebs, B.; Frazzon, J.; Huynh, B. H.; Dean, D. R.; Johnson,
M. K. Biochemistry200Q 39, 7856-7862.

10.1021/ja016757n CCC: $20.00

The mass spectrum of IscU after DTT treatment (Figure 1A)
comprises the monomer molecular ion peak at 13744 Da
(theoretical mass based on primary sequence, 13 875 Da, minus
131 Da, corresponding to cleavage of the N-terminal methionine),
and features at 13 774 and 13 805 Da. Since the two higher mass
components occur at30 and+61 Da, respectively, and are
dramatically decreased in intensity on addition of excess potas-
sium cyanide (Figure 1E), they are attributed to the addition of
one and two sulfur atoms, respectively, in DTT-inaccessible
polysulfides or persulfides. Direct evidence for multiple sulfur
transfers from IscS to IscU is provided by the mass spectrum of
IscU in a reaction mixture involving stoichiometric IscS and IscU
with an excess of the substrate, cysteine (Figure 1B). The major
peaks at 13 805 and 13 836 Da correspond to the addition of two
and three sulfur atoms, respectively, and peaks corresponding to
the addition of one sulfur (13 774 Da), four sulfurs (13 868 Da),
five sulfurs (13 898 Da), and six sulfurs (13 930 Da) are also
clearly observed. These peaks are attributed to IscU with
covalently attached polysulfides or a mixture of polysulfides and
persulfides, since the addition of DTT to the reaction mixture
converts IscU back to the as prepared form (Figure 1C). Moreover,
since covalently attached polysulfides or persulfides are not
generated on IscU by the addition of excess sulfide (Figure 1D),
we conclude that they are generated by transferdf@n the
cysteine persulfide intermediate located on IscS. In summary, the
mass spectrometry results demonstrate IscS-mediated assembly

(8) A. vinelandiilscU and IscS were overexpressed, purified, and assayed
as previously describedAll samples were prepared in a glovebox under argon
(<1 ppm Q), and IscU was treated with 10 mM dithiothreitol (DTT) and
then repurified by gel filtration prior to use.
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of cysteine-ligated polysulfides or persulfides on IscU via multiple residues on the IscU scaffold protein constitutes the first step in
transfers of Sfrom the cysteine persulfide intermediate located Fe—S cluster biosynthesis. As discussed below, this proposal is
on IscS. supported by several lines of evidence and affords the ability to
Analysis of the mass spectrometry data for reaction mixtures synthesize FeS clusters without generating high cellular con-
containing 1:1 IscU:IscS with excess cysteine also provides centrations of free sulfide. The concept dft@ansfer from IscS
evidence for a covalent complex between IscU and IscS mono-to some type of “carrier protein” as an early step in the-Be
mers involving a disulfide or polysulfide linkage. This complex cluster biosynthetic pathway, was first suggested by Hit.
is distinct from the noncovalent,3, complex between homo-  addition, the ability of apo FeS proteins to accumulate’ n
dimeric IscS and IscU that has been demonstrated via gel filtration cysteine residues destined for cluster ligation has previously been
and chemical cross-linking studiegnd has important implica-  demonstrated by the finding of up to thre@ &oms bound to
tions for the catalytic mechanism of 8ansfer. Samples treated aconitase after oxidative cluster degradafibn.
with DTT eluted from the HPLC as two resolved bands (based |n principle, IscS-directed FeS cluster assembly on the IscU
on both UV absorption and total ion chromatographs), corre- scaffold can be initiated by either Fe or S binding to the cysteines
sponding to monomeric IscU (Figure 1C) and monomeric IscS residues on IscU. However, we have been unable to elicit any
with a molecular ion peak at 44666 Da (see Supporting evidence for F& or F&* ion binding to IscU, with stoichiometric
Information, Figure S1j.Samples not treated with DTT eluted  excesses up to 10-fold, using the combination of-tiisible
as three resolved bands corresponding to monomeric IscU (Figureabsorption, variable temperature magnetic circular dichroism, and
1B), monomeric IscS (47 453 Da) and a covalently associated Mgssbauer spectroscopies3Féinding to the IscU domain of
IscU/IscS dimer (58 530 Da) (see Supporting Information, Figure the NifU protein in a rubredoxin-like coordination environment
$2). The monomeric IscS band corresponds to the mass in thehas been observed at low temperatdfadowever, subsequent
DTT-treated sample with zero to five S atoms, and the IscU/IscS studies have indicated that this is associated with the ability of
dimer band corresponds to the DTT-treated IscU and IscS NifU and IscU to rapidly reduce Eéion and that F& ion rather
molecular ions with zero to six S atoms. Since the covalently than F&" ion is used exclusively for cluster assembly on IscU
associated IscU/IscS complex is cleaved by DTT, it is attributed and NifU scaffold protein® Moreover, studies of IscS-mediated
to IscS bound to IscU via a disulfide or polysulfide linkage cluster assembly on IscU and on IscA, an alternative scaffold
between the active site cysteine on IscS and one of the threeprotein for Fe-S cluster biosynthesi§,have shown that P&
cysteine residues on IscU. The observation of this complex jon provides reducing equivalents for the reduction oS>~ 16
provides evidence for direct transfer of 8om the cysteine  Taken together with the results presented herein, this leads to a
persulfide intermediate on IscS to a cysteine residue on IscU. working hypothesis for IscS-directed assembly of the initial
Although no structural data is available for the IscU family of [Fe,S,]2* cluster product on IscU. The initial step involves transfer
proteins, direct transfer of°Srom IscS to the cluster assembly  of S from the cysteine persulfide on IscS to one or more of the
site on IscU is consistent with the recent crystallographic data cysteine residues on IscU. The resultant cysteine persulfides or
for three IscS homologué8™ The active-site cysteine residue polysulfides on IscU are then reduced by two2Fdons,
in the IscS-like protein fromThermotoga maritimaand the concomitant with the oxidation of two cysteine thiols to yield a
putative selenocysteine lyase frdascherichia coli(CsdB) are  disulfide and a bound [;8,]2" cluster. Although the mechanistic
both located on flexible loops that are capable of deliverifig S details, as well as the subunit location and ligation of the initial
to regions remote from the proteihThe cystine C-S lyase from [Fe,S;]2* cluster, remain to be elucidated, the results of this work
Synechocystithat is involved with assembly of [E8;] clusters provide strong support for the hypothesis thatti@nsfer from

in plant-type ferredoxins provides an interesting variation on the |scS is the initial step in FeS cluster biosynthesis.
general cysteine desulfurase mechanisithe cysteine persulfide
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that functions via a cysteine persulfide intermedfate.

On the basis of the mass spectrometry results presented hereinJA016757N
it is proposed that direct transfer of 8om IscS to the cysteine
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