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ABSTRACT. lron—sulfur cluster biosynthesis in both prokaryotic and eukaryotic cells is known to be mediated

by two highly conserved proteins, termed IscS and IscU in prokaryotes. The homodimeric IscS protein
has been shown to be a cysteine desulfurase that catalyzes the reductive conversion of cysteine to alanine
and sulfide. In this work, the time course of IscS-mediated $Feluster assembly in IscU was monitored

via anaerobic anion exchange chromatography. The nature and properties of the clusters assembled in
discrete fractions were assessed via analytical studies together with absorption, resonance Raman, and
Mossbauer investigations. The results show sequential cluster assembly with the initial IscU product
containing one [2Fe-23%] cluster per dimer converting first to a form containing two [2Fe228]usters

per dimer and finally to a form that contains one [4Fe24SJuster per dimer. Both the [2Fe-2S]and
[4Fe-4St clusters in IscU are reductively labile and are degraded within minutes upon being exposed to
air. On the basis of sequence considerations and spectroscopic studies, the 2ZFdu8&]rs in IscU are

shown to have incomplete cysteinyl ligation. In addition, the resonance Raman spectrum of the [4Fe-
4SP* cluster in IscU is best interpreted in terms of noncysteinyl ligation at a unique Fe site. The ability

to assemble both [2Fe-2S]and [4Fe-4S}" clusters in IscU supports the proposal that this ubiquitous
protein provides a scaffold for IscS-mediated assembly of clusters that are subsequently used for maturation
of apo Fe-S proteins.

I[ron—sulfur clusters are ubiquitous in nature and exhibit ~ On the basis of sequence homology with thié genes
diverse functions which include mediating electron transport, that specifically target nitrogenase-+8 cluster biosynthesis,
providing the active sites of redox and nonredox enzymes, anisc (iron—sulfur cluster) gene cluster was identified in a
acting as sensors for regulatory processes, and generatingvide range of nitrogen-fixing and non-nitrogen-fixing prokary-

organic radicals to initiate radical reactions—4). While otes and proposed to be responsible for generaS~eluster
the past two decades have witnessed a proliferation of databiosynthesis12). Two of the nindisc genesjscSandiscU,
concerning the structurgfunction relationships of FeS encode homodimeric proteins whose sequences are homolo-

clusters, the detailed mechanism ofHf®cluster biosynthesis  gous to NifS and NifU, respectively. Furthermore, in

has remained elusive. Much of what is currently known stems common with NifU and NifS {1), the gene products IscU

from investigations into the function of specific genes and IscS have been shown to produce a heterotetrameric

involved with nltrogen fixation inAzotobactervinelandii. Comp|ex 0_2) IscS was purified fronEscherichia coliand

Two gene products, NifS and NifU, have been extensively A inelandii and shown to be a pyridoxal phosphate-

characterized and found to be essential for full activation gependent-cysteine desulfurase closely related to NitS,(

and cluster assembly in both nitrogenase component proteins; 4). Recently, X-ray crystal structures of two members of

(5-11). this general class of enzyme have appeaftds] 16), and

the active site structures are in good agreement with previous
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gene products have been shown to be involved in&e  Sabre 10-W argon ion laser. ldsbauer spectra in the
cluster assembly in eukaryotic organismig§<{21), on the presence of weak and strong applied magnetic fields were
basis of both biochemical and genetic evidence. Hence,recorded using the previously described instrumentaf8); (
understanding the function of the IscU and IscS proteins in and specific experimental conditions are given in the figure
prokaryotes is likely to provide insight into iron homeostasis legend. Analysis of the Vesbauer data was performed with
and Fe-S cluster assembly in mitochondria, with potential the program WMOSS (WEB Research).

relevance to iron-storage diseases and the control of cellular

iron uptake. RESULTS

The absence of a permanent [2Fe-2S] cluster in IscU and
the enhanced stability of transient clusters assembled in IscU
compared to the stability of those in NifU make IscU an
attractive system for investigating further the putative role
of this protein as a scaffold for F& cluster biosynthesis.
Support for this role has come from our recent studies whic
demonstrated IscS-mediated assembly of one reductively
labile [2Fe-2S7" cluster per dimer ir\. vinelandiilscU (12).

In the work presented here, we report a detailed investigation
of the time course of IscS-mediated cluster assemb}y.in
vinelandiilscU using preparative FPLC to separate fractions
and the combination of analytical, absorption; $dbauer,
and resonance Raman studies to establish the number, typ
and properties of clusters in discrete fractions.

FPLC and UV-Visible Absorption Analysis of the Time
Course of IscS-Mediated Cluster Assembly in Is€ur
previous studies on IscS-mediated cluster assembly in IscU
under strictly anaerobic conditions revealed the progressive
h development of a [2Fe-28] chromophore over a period of
approximately 1 h. These experiments involved a reaction
mixture comprising IscU with 058 equiv of ferric am-
monium citrate, catalytic amounts of IscS (70:1 IscU:lscS
ratio), and excesg-mercaptoethanol, and initiating the
reaction by addition of excesscysteine. On the basis of
visible extinction coefficients and Fe quantitation of EDTA-
etreated samples, it was concluded that one [2F&i23ster
Was assembled per IscU dimer under these conditions.
However, monitoring cluster assembly in IscU by YV
MATERIALS AND METHODS visible absorption over longer time periods was impeded due

to the concomitant formation of iron sulfides. Consequently,

A. vinelandiilscS and IscU were heterologously produced a more detailed investigation of the time course of cluster
in E. coliand purified as previously describetP( 13). IscS- assembly in IscU was undertaken using anaerobic FPLC with
mediated cluster assembly experiments, including time-baseda mono-Q column and a 0.1 to 0.4 M NaCl gradient to
separation of discrete fractions using a Pharmacia FPLCseparate fractions contained in samples taken from the
system and the preparation of all spectroscopic samples, wergeaction mixture at discrete time intervals. Mono-Q columns
carried out under rigorously anaerobic conditions inside a are capable of separating fractions with small conformation
Vacuum Atmospheres glovebox under an Ar atmosphefie (  differences and have been shown to be effective in separating
ppm Q). Typical experiments involved initiating cluster fractions of specific FeS proteins that differ in terms of
biosynthesis by addition of 4 mM-cysteine to a reaction  cluster type or stoichiometry24). The results of two sets of
mixture containing 108400 uM IscU in the presence of FPLC experiments in which protein absorbance at 280 nm
0.5-5.0uM IscS, a 5-fold excess of freshly prepared ferric was monitored at selected times during IscS-mediated cluster
ammonium citrate (relative to the IscU concentration), and assembly in IscU are shown in Figure 1.
4 mM p-mercaptoethanol. The rate of cluster assembly was  |n the first FPLC experiment (Figure 1A), the IscU:IscS
controlled by varying the IscU:IscS ratio, affgFe-enriched  ratio was increased to 460:1 to slow the reaction and thereby
ferric ammonium citrate X95% enrichment) was used afford temporal resolution of IscU species that cannot be
whenever Mssbauer samples were to be prepared. At gbserved in 1:1 mixtures. The level of the IscU apoprotein
selected time intervals, samples were loaded onto an 8 mL(fraction 1) that dominates prior tocysteine addition (0 h)
mono-Q column (Pharmacia) and eluted with a shallow 0.1 progressively decreases as the reaction proceeds with a
to 0.4 M NaCl gradient. Individual fractions were concen- concomitant increase in the level of fraction 2 (2.5 h). No
trated and desalted via ultrafiltration prior to spectroscopic apoprotein is observed after 6.5 h, but a new fraction (fraction
studies. All SpeCtrOSCOpiC and cluster assembly studies WereS) starts to appear and is the dominant form of IscU after
carried out in 50 mM Tris-HCI buffer (pH 7.8). Concentra- 7.5 h. |ron and protein analyses indicated 1.2 and 1.9 Fe
tions are based on IscU monomer (M# 13 742 for the  mpolecules/IscU monomer, for fractions 2 and 3, respectively.
apoprotein) and were assessed by protein determinationsthese values are likely to be an overestimate for fraction 2
carried out after trichloroacetic acid precipitation and redis- and an underestimate for fraction 3 due to the difficulty in
solution using the BCA method2®). Iron analyses were  optaining baseline separation of fractions 2 and 3. The-UV
conducted COlOfimetrica”y on dithionite-treated Samples visible absorption spectra of fractions 2 and 3 are both
using the ferrous ion chelatar,o’-N-dipyridyl (es2o = 8.4 characteristic of [2Fe-28] centers (Figure 2), with the
mM~tem™). former corresponding to that reported previously for IscU

UV —visible absorption spectra were recorded under samples containing one [2Fe-2Skluster per IscU dimer
anaerobic conditions in septum-sealed 1 mm and 1 cm(12). In accord with the Fe analyses, comparison of the
cuvettes, using a Shimadzu 3101PC scanning spectrophovisible extinction coefficientsefse = 5.8 and 9.2 mM* cm
tometer fitted with a TCC-260 temperature controller. for fractions 2 and 3, respectively) and tAgsd/Aqzgo ratios
Resonance Raman spectra were recorded on droplets 0f0.31 and 0.44 for fractions 2 and 3, respectively) with well-
frozen protein solutions at 17 K using an Instruments SA characterized [2Fe-28}containing proteinss) (after cor-
Ramanor U1000 scanning spectrometer fitted with a cooled rection of the 280 nm absorbance for the one W and four Y
RCA 31034 photomultiplier tube and lines from a Coherent residues per IscU monomer) shows that fractions 2 and 3
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:Fracti°n3 Fraction 4 Ficure 2: UV-—visible absorption spectra of F& cluster-
containing IscU samples: (top) fraction 2 (dashed line), fraction 3

(thick line), and EDTA-treated sample (thin line) and (bottom)

fraction 4. The samples are described in the legend of Figure 1.

a concomitant increase in the level of a new fraction (fraction
4). The UV-visible absorption spectrum of fraction 4 (Figure
2) comprises a broad absorption centered-890 nm and
is characteristic of a [4Fe-48]cluster @5). Iron and protein
analyses for fraction 4 revealed 1.9 Fe molecules/IscU
s 28 32 35 40 monomer. Moreover, the visible extinction coefficient
mL (e300= 7.4 mM~*cm™1) and theAsgy/Azgo ratio (0.34), when
Ficure 1: Anaerobic FPLC analysis of the reaction mixture during compared to those of well-characterized [4Fe248bntain-
IscS-mediated cluster assembly in IscU. Samples taken at selectedng proteins 26, 27) after correction for the number of 280

time intervals after addition of 4 mN-cysteine to the_reaction nm-absorbing W and Y residues in IscU, are indicative of
mixture were loaded on a mono-Q column, eluted with a 0.1 to

0.4 M NacCl gradient, and monitored by absorption at 280 nm. Each one [4Fe-4$ﬂ+.cluster per IscU dimler. Subsequent FPLC
trace is aligned in a stack plot based on the conductivity of the €xperiments with a 1:1 IscU:lIscS ratio showed that the IscS-

eluting fraction. (A) Reaction mixture containing 3701 IscU, mediated cluster assembly reaction proceeds rapidly to yield

0.8 uM IscS, 1.85 mM ferric ammonium citrate, and 4 mM  only the [4Fe-4S] -containing fraction in less than 1 h.

B-mercaptoethanol. Conductivity range of £5893 mM NaCl. The e ; ;
trace labeled EDTA-treated corresponds to a sample in which Uv—visible absorption studies showed that the-Ee

fractions 2 and 3 were combined and treated with a 20-fold excess Cromophores present in IscU fractions@were irreversibly

of EDTA for 10 min before being reloaded onto the column. (B) and completely degraded within minutes after exposure to
Reaction mixture containing 140M IscU, 5.0uM IscS, 0.7 mM air or immediately upon anaerobic addition of a 10-fold
ferric ammonium citrate, and 4 mfFmercaptoethanol. Conductiv-  excess of dithionite. Moreover, EPR spectra of samples
ity range of 131350 mM NaCl. frozen within 2 s of dithionite addition did not reveal any

: . resonances indicative of paramagnetic [2Fet2&] [4Fe-
contain one and two [2Fe-Z3] clusters per IscU dimer, 4SJ" clusters. Consequently, resonance Raman afgsMo

respectively. ) . bauer studies were carried out to confirm cluster type and
Because our previous studies showed that IscU sampleszssess cluster ligation.

containing one [2Fe-28] cluster per IscU dimer were stable  Resonance Raman Characterization of [2Fe22€Jenters

to EDTA treatment 12), fractions 2 and 3 were combined, Assembled in IsclUrhe resonance Raman spectra of fractions
treated with a 20-fold excess of EDTA for 10 min, and 2 and 3 in the Fe S stretching region (Figure 3) are identical
repurified by FPLC. The resulting sample contained only within experimental error and indicative of [2Fe-2S]
fraction 2 (Figure 1A), thereby providing homogeneous centers. Hence, the two [2Fe-2SElusters in fraction 3 and
samples of IscU containing one [2Fe-2S§luster per dimer  the single [2Fe-23F cluster in fraction 2 must all have very
for spectroscopic investigations. The absorption spectrum of simjlar environments. The spectra are in good agreement with
the EDTA-treated sample (Figure 2) hasead of 4.6 mM™ those previously reported and assigned for [2F&-2S]
cm™* and anAusd/Aggo Of 0.27, in good agreement with our  containing IscU using 457 nm excitation2j. The only
previous results1(2). We conclude that forms of IscU with  sjgnificant differences compared to previously published
two [2Fe-2S} clusters per dimer can be prepared, but that spectra are decreased intensity, improved resolution, and 3
one cluster is readily removed by Fe chelators. cm! downshifts for the bands in the 34870 nm region.

In the second FPLC experiment (Figure 1B), the IscU: Since the IscU samples in these initial resonance Raman
IscS ratio was decreased from 460:1 to 28:1. Under thesestudies were used without chromatographic separation of
conditions, IscU containing two [2Fe-ZS]clusters per dimer  discrete fractions, these differences are readily interpreted
(fraction 3) is the dominant species after 2.5 h. However, in terms of contributions from the [4Fe-#£Sjcontaining
over the next 10 h, the level of this fraction decreases with form of IscU (fraction 4).

Absorbance (280 nm)
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S Fraction 4 FIGURE 4: Mossbauer spectra of F& cluster-containing IscU
samples: fraction 2 (A and D), corresponding to the EDTA-treated
sample as described in the legend of Figure 1; fraction 3 (B); and
fraction 4 (C and E). The samples are described in the legend of
Figure 1 and were concentrated by anaerobic centricon ultrafiltration
at room temperature to 0.42.2 mM in IscU monomer, before
being loaded into Mssbauer sample holders. The spectra were
I | | T recorded at 4.2 K in a field of 50 mT (AC) or 4 T (D and E)
240 280 320 360 400 440 applied parallel to thg-beam. The dashed line in part B is spectrum
Raman Shift (cm) C normalized to 10% of the total absorption area of spectrum B.
FiIGURE 3: Low-temperature resonance Raman spectra efSe The solid lines are either least-squares fits or theoretical simulations,

cluster-containing IscU samples. The samples corresponding toaS described in the text.
fractions 2-4 are described in the legend of Figure 1 and were o
concentrated te~2 mM in IscU monomer prior to freezing a 10  histidyl ligation would be expected to decrease-B¢Cys)

uL droplet on the coldfinger of a Displex unit at 17 K. The spectra  stretching frequencies due to the larger effective mass of the
were recorded using 457 nm excitation with 100 mW of laser power jmidazole ring, and the characteristic3Fetyrosinate vi-

at the sample. Each spectrum is the sum of 100 scans, with eac . :
scan involving photon counting fd s at 1 cmt increments, with rbranonal modes31) are not observed. Water/Ofiserinate,

6 cmL resolution. Bands due to lattice modes of the frozen buffer @spartate, and glutamate are the best candidates for oxygenic
solution have been subtracted from all spectra. ligation, although nitrogenic ligation from lysine or the

N-terminal amino group cannot be ruled out.

As previously noted%2), the resonance Raman charac-  Mossbauer Characterization of the [2Fe-2S]Centers
teristics of the [2Fe-237 center in IscU can be interpreted Assembled in IscUDirect evidence for at least partial
in terms of either complete cysteinyl ligation or partial noncysteinyl ligation at one of the Fe sites of the [2Fe?2S]
noncysteinyl ligation. However, since the results presented clusters in IscU was provided by Msbauer spectroscopy.
herein show that two [2Fe-28]clusters can be assembled Parts A and B of Figure 4 show the 4.2 K'S&bauer spectra
per IscU dimer and each subunit contains only three cysteinerecorded in the presence of a weak magnetic field of 50 mT
residues, each cluster can maximally have three cysteinefor samples of IscS-reconstituted IscU corresponding to
ligands. The frequencies of thejAand B! predominantly fractions 2 and 3, respectively. The fraction 2 sample
Fe—S(Cys) stretching modes of biological [2Fe-2S}lusters corresponds to the EDTA-treated sample described above
generally provide an indication of cluster ligatio®8]. For and characterized by FPLC and absorption in Figures 1 and
the [2Fe-2S]" cluster in IscU, these bands occur at anoma- 2, respectively. The fraction 3 sample contained some
lously high frequencies (356 and 296 cthhrespectively) unresolved fraction 2, and FPLC analysis of the concentrated
compared to those of the all-cysteine-ligated [2Fe2S] sample used for Mesbauer analysis indicateeb0% of the
clusters in ferredoxins (281291 and 326-340 cn1?, two [2Fe-2S}t clusters per dimer form (fraction 3)y30%
respectively), but within the ranges established for [2F&2S] of the one [2Fe-2S] cluster per dimer form (fraction 2),
clusters with one serinate ligand introduced via site-directed and ~10% of the one [4Fe-43] cluster per dimer form
mutagenesis (332356 and 289302 cni?, respectively) (fraction 4). The latter presumably formed during the
(28). Currently, the only known exception is the all-cysteinyl- concentration step. The Mebauer spectra of both samples
ligated [2Fe-2S]" cluster in human ferrochelatase which has are very similar and comprise two partially resolved quad-
the Ay and B Fe—S(Cys) stretching modes at 350 and 295 rupole doublets.
cm 1, respectively 28). In this case, the recent X-ray crystal The spectrum of fraction 2 (Figure 4A) can be least-
structure indicates that the anomalous high frequencies ofsquares fitted with two quadrupole doublets of equal
these modes are a consequence of dramatic differences ifintensity, indicating the presence of two iron sites with equal
hydrogen-bonding interactions and cysteinyH%—Cs— concentration but different coordination environments. The
C, dihedral angles compared to those of ferredox28).( results of the fits are plotted as a solid line overlaid with the
The resonance Raman data provide only limited information experimental spectrum (Figure 4A). The parameters obtained
about the number or nature of the noncysteinyl [2Fe-2S] for both Fe sites (Table 1) are typical for high-spin ferric
cluster ligands in IscU. However, the Raman spectra argueions. The smaller isomer shift, 0.26 mm/s, determined for
against ligation by the side chains of a histidyl and tyrosyl site 1 is indicative of tetrahedral sulfur coordinatid@),
residues. On the basis of studies of a Rieske pro®d) (  while the larger isomer shift, 0.32 mm/s, obtained for site 2
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Table 1: Mtssbauer Parameters at 4.2 K for the-lSeClusters 4B is the spectrum of the [4Fe-4S]cluster in fraction 4
Assembled in IscU normalized to 10% absorption of the experimental spectrum.
sample  clustertype Fesite 6 (mm/s) AEq (mm/s) 7 Removal of thi_s contribution of the [4Fe—éF$]cIu_ster frqm
fracion2 [2Fe-2Sf 1 0262003 064005 10 the raw data yielded a spectrgm tha_lt can bg fitted Wlth two
032+003 091L005 07 guadrupole doublets of equal intensity. Within experimental
fraction ¥ [2Fe-2SF 1 027+ 0.02 066+004 1.0 errors, the parameters obtained from the fit (listed in Table
0.32+£0.02 0.94+0.04 0.7 1) are identical to those of the [2Fe-2Stluster in fraction
fraction4  [4Fe-4S}" pairl® 0.44+0.02 0.98+0.04 0.3 2. The solid line plotted over spectrum B is generated by
pairZ 0.45+0.02 123004 07 addition of the [4Fe-43] spectrum (10%) to the least-
compms ot o oo a5 a0 oot e © S9uares it of he [2Fe-251specirum,
the basis of FPpLC and Misbauer analysis of this sample, fractions 3, Resonance Rama.n Characterization of the [4FeS]
2, and 4 contribute 71, 18, and 11% to the totaldsloauer absorption, ~ CENter Assembled in IsclBoth resonance Raman and
respectively. See the text for further detafi§4Fe-4S}" clusters may Md&ssbauer studies confirm the characterization of fraction
be considered to comprise two valence-delocalized Fe(ll)Fe(lll) pairs. 4 as a homogeneous [4Fe-ZStontaining form of IscU.
The resonance Raman spectrum (Figure 3) is uniquely
suggests the presence of non-sulfur ligar@).(The fact indicative of a [4Fe-43T center 86) and is dominated by
that these two high-spin ferric sites exhibit quadrupole- the totally symmetric breathing mode of the [4Fe-4S] core
doublet spectra at 4.2 K suggests that either they areat 343 cnT’. Since the resonance enhancement of theSe
associated with an integer-spin system or their electronic stretching modes in the Raman spectra of [2Fe&-2&nters
relaxations are fast in comparison with th#e nuclear is approximately 5-fold greater than for [4Fe-aStlusters
Larmor precession. The latter is rare for high-spin ferric ions with 457 nm excitation3g), the absence of bands indicative
at 4.2 K. To distinguish these two situations, we have of the [2Fe-2S}* centers in IscU shows that fraction 4 is a
recorded the spectrum of fraction 2 at 4.2 K in a parallel homogeneous [4Fe-4S}containing form of IscU. Moreover,
applied field ¢ 4 T (Figure 4D). The solid line plotted over  all the observed bands can be rationally assigned by direct
the experimental spectrum is a theoretical simulation using analogy with the detailed vibrational assignments that have
the parameters determined for the two doublets and assumindeen made for model complexes and ferredoxins on the basis
diamagnetism. The agreement between the simulation andof extensive isotope shift data and normal mode calculations
experiment indicates that the two iron sites are indeed (36, 37). The frequency of the totally symmetric breathing
associated with a diamagnetic system. For the all-ferrie3e ~ mode of the [4Fe-4S] core has been found to be a useful
clusters, diamagnetism is unique to the [2Fe?2S]uster, indicator of coordination by a noncysteinyl ligand at a unique
of which the two ferric ions are antiferromagnetically coupled Fe site of a [4Fe-43} cluster @7, 38). The currently
to form a diamagnetic ground stat®4). Consequently, the  observed ranges are 33339 cn1? for complete cysteinyl
Mossbauer data presented above confirm that the EDTA-ligation and 346-343 cnt? for clusters with OH, serinate,
treated IscU sample contains only [2FeZS}lusters and  or aspartate ligation at a unique Fe sR&)( By this criterion,
indicate the presence of noncysteinyl ligation at one of the the single [4Fe-43} cluster in IscU is likely to have
iron sites. The only crystallographically defined biological noncysteinyl ligation at one Fe site, and therefore could be
[2Fe-2S}" center with noncysteinyl ligation that has been located exclusively within one subunit or bridging subunits
characterized by Mssbauer spectroscopy is the Rieske using ligands from both subunits.
protein which has two histidyl ligands on one Fe si88,( Mossbauer Characterization of the [4Fe-4S]Center
35). Within experimental uncertainties, the "Bkbauer  Assembled in IsclUThe M&ssbauer spectrum of fraction 4
parameters obtained for the [2Fe-2Stluster in IscU are  recorded at 4.2 K in a parallel magnetic field of 50 mT
identical to those of the [2Fe-28] cluster of the Rieske  exhibits a slightly asymmetric quadrupole doublet (Figure
protein @3). However, the Mesbauer parameters for the 4C). The solid line plotted over the data is the result of a
noncysteinyl ligated site are not expected to be sensitive toleast-squares fit to the data assuming two unresolved
O or N ligation. Hence, although the resonance Raman dataquadrupole doublets of equal intensity. The parameters
and the lack of two conserved histidine residues in Ist®) ( obtained are listed in Table 1 and are typical for [4Fe?4S]
argue strongly against a histidyl-ligated Rieske-type center, clusters 84, 39, 40). Studies of [4Fe-43} model compounds
the Mssbauer data dictate one or two noncysteinyl ligands with tetrahedral coordinate Fe sites having mixed terminal
at one Fe site of the [2Fe-ZS]cluster in IscU. ligands (thiophenolate and/or phenolate) indicate that the
Comparison of panels A and B of Figure 4 shows that the MOssbauer parameters are relatively insensitive to the nature
Méssbauer spectra of the forms of IscU with one and two of the ligand type41). Figure 4E shows a spectrum of this
[2Fe-2St clusters per dimer are the same within experi- sample recorded at 4.2 K in a parallel field of 4 T. The solid
mental error. The only significant difference in the"$4e line plotted over the experimental spectrum is a theoretical
bauer spectra of these samples is a shoulder ARmm/s in simulation using the parameters obtained from the least-
the predominantly fraction 3 sample (Figure 4B). The squares fit of the weak-field spectrum and assuming dia-
position of this shoulder coincides with that of the high- magnetism. The agreement between the experiment and
energy line of the [4Fe-4%] cluster that is present in fraction ~ simulation indicates that the cluster has a diamagnetic ground
4 (Figure 4C; see below). Therefore, in accord with the FPLC state as expected for a [4Fe-4Stluster.
data, analysis of the Msbauer spectrum indicates that
approximately 10% of the iron absorption can be attributed DISCUSSION
to a [4Fe-4Sf" cluster that must have formed during Our working hypothesis for FeS cluster biosynthesis is
concentration of the sample. The dashed line plotted in Figurethat the IscU protein provides a scaffold for IscS-directed

N
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assembly of clusters that can be inserted intact into apo formshere provides the first evidence that this type of chemistry
of Fe—S cluster-containing proteins, possibly via other might be used in a general pathway of [4Fe24Sjluster
associated carrier proteind1; 12). While intact cluster biosynthesis.

transfer from IscU has yet to be demonstrated, this hypothesis
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