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ABSTRACT: The role of theAzotobacterVinelandiiHscA/HscB cochaperone system in ISC-mediated iron-
sulfur cluster biogenesis has been investigated in vitro by using CD and EPR spectrometry to monitor the
effect of HscA, HscB, MgATP, and MgADP on the time course of cluster transfer from [2Fe-2S]IscU to
apo-Isc ferredoxin. CD spectra indicate that both HscB and HscA interact with [2Fe-2S]IscU and the rate
of cluster transfer was stimulated more than 20-fold in the presence stoichiometric HscA and HscB and
excess MgATP. No stimulation was observed in the absence of either HscB or MgATP, and cluster transfer
was found to be an ATP-dependent reaction based on concomitant phosphate production and the enhanced
rates of cluster transfer in the presence of KCl which is known to stimulate HscA ATPase activity. The
results demonstrate a role of the ISC HscA/HscB cochaperone system in facilitating efficient [2Fe-2S]
cluster transfer from the IscU scaffold protein to acceptor proteins and that [2Fe-2S] cluster transfer from
IscU is an ATP-dependent process. The data are consistent with the proposed regulation of the HscA
ATPase cycle by HscB and IscU [Silberg, J. J., Tapley, T. L., Hoff, K. G., and Vickery, L. E. (2004)J.
Biol. Chem. 279, 53924-53931], and mechanistic proposals for coupling of the HscA ATPase cycle with
cluster transfer from [2Fe-2S]IscU to apo-IscFdx are discussed.

Iron-sulfur cluster biogenesis proteins in bacteria are
commonly encoded by a highly conservedisc (iron-sulfur
cluster) gene cluster,iscRSUA-hscBA-fdx(1). Moreover, with
the exception of the regulatory protein IscR, homologues of
each of these proteins have been shown to be involved in
Fe-S cluster biogenesis in eukaryotic organisms (2). Exten-
sive biochemical and genetic studies have established well-
defined roles for IscS and IscU, but specific roles for the
IscA, HscA,1 HscB, and Fdx proteins remain elusive. IscS
is a cysteine desulfurase that catalyzes the conversion of
cysteine to alanine (3, 4) and thereby provides the inorganic
sulfur for assembly of [2Fe-2S] or [4Fe-4S] clusters on the
IscU scaffold protein (5). In vitro studies have shown that
IscA has the ability to function as either an alternative
scaffold for IscS-mediated cluster assembly of [2Fe-2S] or
[4Fe-4S] clusters (6, 7) or as a specific Fe donor for cluster
assembly on IscU (8), but the physiologically relevant role
has yet to be determined. Likewise, the specific redox role
of the Isc [2Fe-2S]2+,+ Fdx (ferredoxin) in IscS-mediated
cluster assembly has yet to be identified, with reduction of
S0 to S2-, oxidation of Fe2+ to Fe3+ in the assembly of [2Fe-
2S]2+ clusters, and reductive coupling of two [2Fe-2S]2+

clusters on IscU to yield one [4Fe-4S]2+ cluster as the most
likely candidates (5, 9).

In vivo gene knockout studies have demonstrated that both
HscA (heatshock cognate 66 kDa; Hsc66) and HscB (heat
shockcognate 20 kDa; Hsc20), and their eukaryotic homo-
logues, Ssq1 and Jac1, have crucial roles in the maturation
of Fe-S proteins in both prokaryotic and eukaryotic organ-
isms (10-14). HscA and HscB function together as a
nucleotide-dependent molecular chaperone system that is
specific for IscU (15-17). HscA is a specialized member
of the ubiquitous 70 kDa heat shock protein (Hsp70 or DnaK)
family of molecular chaperones that facilitate protein folding,
(dis)assembly, and transport via nucleotide-dependent bind-
ing to unfolded, misfolded, or unstable polypeptides in order
to prevent nonspecific aggregation processes (18). The
biochemical and structural properties of HscA, including
distinct peptide- and nucleotide-binding domains, low in-
trinsic ATPase activity, and nucleotide-dependent peptide
binding, are similar to those of Hsp70s (17, 19, 20), but HscA
has distinct substrate and cochaperone specificity (15, 16,
21, 22). HscA is able to interact with either the cluster-loaded
or apo forms of IscU (21) and selectively binds to a highly
conserved LPPVK motif (16, 22) located adjacent to the
putative solvent-exposed cluster binding site on IscU (23,
24). Interestingly, recent structural characterization of the
HscA substrate-binding domain complexed with a small
peptide containing the LPPVK motif revealed that the peptide
binds with the opposite orientation to that observed in DnaK
peptide complexes (20). HscB is a specialized member of
the J-type cochaperone (Hsp20 or DnaJ) family that escorts
the IscU substrate to HscA and enhances the HscA-IscU
interaction by coupling ATP binding and hydrolysis with
conformational changes involving tense (T) and relaxed (R)
states of HscA (15, 17, 21). Accordingly, the low level of
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intrinsic ATPase activity exhibited by HscA is stimulated
by interaction with HscB and greatly stimulated by a
combination of HscB and IscU (21).

In spite of these major advances in understanding the
biochemistry of HscA and HscB, there is currently no direct
information concerning their specific function in the matura-
tion of Fe-S proteins. Indeed, there are conflicting reports
as to whether the role of the chaperone system is to facilitate
the assembly of clusters on IscU (25) or the transfer of
clusters preassembled on IscU to acceptor proteins (26).
Immunoprecipitation studies in yeast indicated that functional
depletion of the homologous Fe-S cluster assembly-associ-
ated chaperones resulted in increased accumulation of Fe
on Isu (eukaryotic IscU), which suggested a role in mediating
cluster transfer to acceptor proteins (26). In contrast, cluster
transfer fromThermotoga maritima[2Fe-2S]IscU and human
[2Fe-2S]Isu to apo human Fd was found to be inhibited by
the nonspecificT. maritimaDnaK/DnaJ chaperone system,
irrespective of the presence or absence of nucleotides (25).
Rather, on the basis of a modest increase in the stability of
the [2Fe-2S] cluster-bound form of IscU in the presence of
DnaK, the chaperone system was proposed to play a role in
facilitating cluster assembly on IscU (25). In order to address
the role of the ISC-specific HscA/HscB chaperone system
in cluster assembly, we report here the results of EPR- and
CD-monitored in vitro cluster transfer experiments between
[2Fe-2S]IscU and apo-IscFdx usingAzotobacterVinelandii
Isc proteins. The results indicate that the HscA/HscB
chaperone system greatly stimulates the rate of cluster
transfer in an ATP-dependent process.

MATERIALS AND METHODS

All chemicals were purchased from Sigma-Aldrich or
Fisher, unless otherwise stated. TheEscherichia coliC41-
[DE3] overexpression strain was provided by Professor John
E. Walker (Medical Research Council, Cambridge, U.K.).
The plasmids pDB1303 overexpressingA. Vinelandii HscA
and pDB1036 overexpressingA. VinelandiiHscB were a kind
gift from Professor Dennis Dean (Virginia Polytechnic
Institute and State University). Anaerobic experiments were
performed under Ar in a Vacuum Atmospheres glovebox at
oxygen levels of<1 ppm. Protein concentrations were
determined by theDC protein assay (Bio-Rad), using BSA
as a standard. Iron concentrations were determined colori-
metrically using bathophenanthroline under reducing condi-
tions, after digestion of the protein in 0.8% KMnO4/0.2 M
HCl (27).

Preparation of A.Vinelandii IscU and IscFdx Samples.
A. Vinelandii IscU containing 1.2 [2Fe-2S]2+ clusters/dimer
(A456/A280 ) 0.31) and holoA. Vinelandii IscFdx (FdIV) (1.0
[2Fe-2S]2+ cluster/monomer;A458/A280 ) 0.51) were prepared
as previously described (5, 28). The [2Fe-2S]2+ cluster
concentrations of theA. Vinelandii IscU and IscFdx samples
used in this work were based on experimentally determined
extinction coefficients (as assessed by Fe and protein
determinations) and are in excellent agreement with the
published values [ε456 ) 9.2 mM-1 cm-1 for IscU (5) and
ε458 ) 7.1 mM-1 cm-1 for IscFdx (28)]. Apo-IscFdx was
prepared by acid precipitation of the holoprotein with
trichloroacetic acid to a final concentration of 1.5%. The
precipitate was centrifuged, and the resulting protein pellet

was resolubilized inside the glovebox with 100 mM Tris-
HCl, pH 7.5, anaerobic buffer containing 1 mM DTT. The
apo-IscFdx was frozen and stored in liquid nitrogen.

OVerexpression and Purification of A.Vinelandii HscA and
HscB. The E. coli C41[DE3]pDB1303 and C41[DE3]-
pDB1036 strains were grown at 37°C in terrific broth
containing 100µg/mL carbenicillin. When the cultures
reached an OD600 between 0.9 and 1.2, isopropyl 1-thio-â-
D-galactopyranoside (IPTG) was added to a final concentra-
tion of 0.8 mM, and the bacterial cultures were further
cultivated at 28°C for 20 h. The cells were harvested by
centrifugation at 9000g for 5 min at 4°C and stored at-80
°C until further use.

Cell paste (30 g) was thawed and resuspended in 90 mL
of buffer A [100 mM Tris-HCl buffer, pH 7.5, containing 1
mM dithiothreitol (DTT)]. Phenylmethanesulfonyl fluoride
(PMSF) (13 mg), 10µg/mL DNase I (Roche), and 10µg/
mL RNase A (Roche) were added to the mixture. The cells
were broken by intermittent sonication, and the cell debris
was removed by centrifugation at 39700g for 1 h at 4°C.
The cell-free extract containing HscA or HscB was purified
by anion-exchange chromatography with a 70 mL Q-
Sepharose column. The protein was eluted with a 0.0-1.0
M NaCl gradient using 100 mM Tris-HCl buffer, pH 7.5,
containing 1 mM dithiothreitol (DTT). The purest fractions,
as judged by SDS-PAGE analysis, were pooled and dialyzed
into 100 mM Tris-HCl, pH 7.5, containing 1 mM dithio-
threitol (DTT) and 1.0 M ammonium sulfate by ultrafiltration
using a YM30 (for HscA) or YM10 (for HscB) membrane.
The protein was then further purified by binding to a 50 mL
phenyl-Sepharose high-performance fast-flow column and
eluting with a 1.0-0.0 M ammonium sulfate gradient using
buffer A. Fractions containing HscA or HscB, as judged by
SDS-PAGE analysis, were combined, dialyzed into buffer
A by ultrafiltration using a YM30 or YM10 membrane, and
purified using size exclusion chromatography (Superdex 200
for HscA or Superdex 75 for HscB). The purified proteins
were exchanged into anaerobic buffer A inside the glovebox,
concentrated to>50 mg/mL via ultrafiltration, and stored
in liquid nitrogen until further use. The samples ofA.
Vinelandii HscA and HscB used in this work were>95%
pure as judged by SDS-PAGE analysis.

ATPase ActiVity Assays.The ATPase activity of HscA in
the presence and absence of excess HscB and/or apo-IscU
and in the cluster transfer reaction mixture was assessed at
23 °C by measuring the phosphate released via a coupled
enzyme assay with the EnzChek phosphate assay kit (Invit-
rogen).

Cluster Transfer Experiments.The time course of cluster
transfer fromA. Vinelandii [2Fe-2S]IscU to apo-IscFdx was
monitored under anaerobic conditions at 23°C using UV-
visible CD and EPR spectroscopy. Reactions were carried
in 100 mM Tris-HCl buffer, pH 7.5, containing 1 mM DTT,
and the reaction mixtures (0.2 mL for CD and 1.3 mL for
EPR) were 0.10 mM in apo-IscFdx (pretreated with 8 mM
DTT for 45 min prior to use in cluster transfer experiments)
and 0.30 mM in IscU monomer with 1.2 [2Fe-2S]2+ clusters/
IscU dimer to give a final IscU [2Fe-2S]2+ cluster concentra-
tion of 0.18 mM. Reactions were also carried out in the
presence of one or more (or all) of the following reagents:
A. Vinelandii HscA (final concentration 0.30 mM),A.
Vinelandii HscB (final concentration 0.30 mM), 2.0 mM
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ATP, 40 mM MgCl2, and 150 mM KCl. The zero time point
corresponds to the addition of ATP or the addition of [2Fe-
2S]IscU for reaction mixtures not containing ATP. CD
experiments were carried out in 0.1 cm cuvettes, and changes
in the CD spectra at 505 nm were used to assess concentra-
tion of holo-IscFdx as a function of time (see Results for
details). EPR experiments were carried out by withdrawing
240µL aliquots of the reaction mixture at various time points,
reducing anaerobically with 10µL of 50 mM sodium
dithionite (final concentration 2 mM), and freezing in liquid
nitrogen within 20 s of reduction. X-band EPR spectra of
the reaction mixture were recorded at 60 K with 0.1 mW
microwave power and 0.63 G modulation amplitude, and
the concentration of reduced holo-IscFdx was quantified by
double integration of theg ) 2.02, 1.94, and 1.93 resonance
versus a 1 mMCuEDTA standard recorded under the same
conditions. For both EPR and CD studies, the time course
of holo-IscFdx formation was analyzed by fitting to second-
order kinetics (initial concentration of IscU [2Fe-2S]2+

clusters) 0.18 mM and apo-IscFdx) 0.10 mM) using the
Chemical Kinetics Simulator software package (IBM).

Spectroscopic Measurements.UV-visible absorption and
CD spectra were obtained using a Shimadzu UV-3101PC
spectrophotometer and a Jasco J715 spectropolarimeter,
respectively. Resonance Raman spectra were recorded at 17
K as previously described (29), and X-band EPR spectra were
recorded using a Bruker ESP-300E spectrometer equipped
with an Oxford Instrument ESR-9 flow cryostat.

RESULTS

HscA ATPase ActiVity. A. Vinelandii HscA exhibits a low
basal level of ATPase activity corresponding to 0.035 mol
of ATP hydrolyzed (mol of HscA)-1 min-1. However, the
ATPase activity was enhanced 13-fold in the presence of a
100-fold excess of HscB and 25-fold in the presence of a
100-fold excess of both HscB and apo-IscU; see Figure 1.
These activities were measured in the absence of K+ ions
which are generally required for optimal ATPase activity of
Hsp70 molecular chaperones (30). Hence the activities were
repeated in the presence of 150 mM KCl, which ap-
proximates to the cytoplasmic concentration of K+ ions (30).

No significant change in activity was observed for HscA
alone or in the presence of HscB (data not shown), but K+

ions produced an additional 4-fold enhancement of the
activity in the presence of HscB and apo-IscU; see Figure
1. Hence, in the presence of 150 mM KCl, the basal level
ATPase activity of HscA was enhanced approximately 100-
fold in the presence of a 100-fold excess of both HscB and
apo-IscU. Such behavior is typical of Hsp70 chaperones, in
general, and similar studies withE. coli Isc proteins reported
a 400-fold increase in the ATPase activity of HscA in the
presence of HscB and apo-IscU (21).

Spectroscopic Characterization of [2Fe-2S]IscU and
IscFdx.The effect of addition of stoichiometric amounts of
HscA, HscB, or HscA and HscB together, each in the
absence or presence of a 10-fold excess of MgATP or
MgADP, on the spectroscopic properties of [2Fe-2S]IscU
and IscFdx was evaluated to assess the viability of spectro-
scopic approaches for monitoring chaperone binding to both
proteins and cluster transfer from [2Fe-2S]IscU to apo-
IscFdx. The [2Fe-2S]2+,+ cluster environment in holo-IscFdx
is not perburbed by the chaperone system, as evidenced by
no changes in the UV-visible absorption/CD and resonance
Raman spectra of oxidized IscFdx and the EPR spectrum of
dithionite-reduced IscFdx [g ) 2.02, 1.94, and 1.93 (28)]
on stoichiometric addition of the chaperone system compo-
nents (data not shown). The UV-visible absorption and CD
spectra of the oxidized Fdx and the EPR spectrum of the
reduced protein were in excellent agreement with the
previously published data forA. Vinelandii IscFdx (FdIV)
(28).

A. Vinelandii IscU is a dimeric protein as evidenced by
gel filtration and chemical cross-linking studies (31). In
accord with previous studies (5), the [2Fe-2S]IscU used in
this work consistently contained 1.2( 0.1 [2Fe-2S]2+ clusters
per IscU dimer, and the cluster was rapidly degraded on
dithionite reduction, without generating an EPR-detectable
S) 1/2 [2Fe-2S]+ cluster. No significant changes in the UV-
visible absorption or resonance Raman spectra of the [2Fe-
2S]2+ center (5) were apparent on stoichiometric addition
of the chaperone components, individually or together,
indicating no significant perturbation in the electronic or
vibrational properties of the cluster. However, stoichiometric
addition of chaperone components, individually or combined,
does perturb the chirality of the cluster environment, as
evidenced by significant changes in the relative intensities
and energies of bands in the CD spectra; see Figure 2. Very
similar changes were observed on addition of HscA, HscB,
and HscA/HscB together (see Figure 2), and in each case,
no further changes in the CD spectra were apparent on
addition of a 7-fold excess of MgATP or MgADP or
increasing the HscA/HscB to IscU stoichiometry from 1:1
to 3:1. The lability of the IscU [2Fe-2S]2+ cluster in the
absence and presence of the chaperone system components
was assessed by monitoring the UV-visible absorption and
CD spectra of [2Fe-2S]IscU at room temperature under
strictly anaerobic conditions. No significant changes in either
the form or intensity of the UV-visible absorption and CD
spectra were observed over a period of 12 h for samples
with and without the chaperone system components, both
in the presence and in the absence of MgADP or MgATP.
We conclude that both HscA and HscB interact with [2Fe-
2S]IscU in a manner that leads to similar changes in the

FIGURE 1: ATPase activity ofA. Vinelandii HscA. Time course of
ATP hydrolysis at 23°C by 1.0µM HscA alone (green), in the
presence of 100µM A. Vinelandii HscB (blue), in the presence of
100 µM A. Vinelandii HscB and 100µM A. Vinelandii apo-IscU
(red), and in the presence of 100µM A. Vinelandii HscB, 100µM
A. Vinelandii apo-IscU, and 150 mM KCl (black).
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chirality of the [2Fe-2S]2+ cluster environment. However,
in the absence of an appropriate acceptor protein, neither
HscA nor HscB nor HscA/HscB together increase the lability
of the [2Fe-2S]2+ centers on IscU, even in the presence of
MgATP.

Kinetics of [2Fe-2S]IscU to Apo-IscFdx Cluster Transfer.
Two viable spectroscopic approaches for direct monitoring
of the time course of [2Fe-2S]2+ cluster transfer from [2Fe-
2S]IscU to apo-IscFdx are suggested by the spectroscopic

results reported above. The first uses the observation that
only holo-IscFdx exhibits an EPR signal on dithionite
reduction and involves taking samples from the reaction
mixture at various time periods, freezing in EPR tubes
immediately after dithionite reduction, and quantifying the
sharp, near-axial resonance from reduced holo-IscFdx (g )
2.02, 1.94, and 1.93). The second makes use of the
differences in the CD spectra of [2Fe-2S]IscU and holo-
IscFdx and involves monitoring changes in the CD spectrum
of the reaction mixture as a function of time. Both approaches
were used to monitor the kinetics of cluster transfer from
[2Fe-2S]IscU to apo-IscFdx under the same experimental
conditions in the presence and absence of components of
the HscA/HscB chaperone system. The observed rate con-
stants for cluster transfer using the EPR and CD experiments
agreed within experimental error of the measurements
((15% for EPR studies and ((5% for CD studies). Only
the results of the CD experiments are presented herein, as
this approach provides more precise rate constants by
facilitating continuous monitoring of both the [2Fe-2S]IscU
and holo-IscFdx concentrations in the reaction mixture and
avoiding reductive degradation of the cluster on [2Fe-2S]-
IscU prior to assessing the holo-IscFdx concentration.

UV-visible CD spectra of cluster transfer reaction mix-
tures that were initially 0.18 mM in IscU [2Fe-2S]2+ clusters
and 0.10 mM in apo-IscFdx are shown in Figures 3 and 4.
Spectra were recorded initially after 2 and 5 min of reaction
and subsequently at 5 min intervals up to 120 min. As the
CD spectrum of [2Fe-2S]IscU is perturbed by HscA/HscB
binding (Figure 2), Figure 3 shows data in the absence of
the chaperone system (Figure 3A) and Figure 4 shows data
in the presence of stoichiometric HscA/HscB (Figure 4C),
stoichiometric HscA/HscB plus 2 mM MgATP (Figure 4B),
and stoichiometric HscA/HscB plus 2 mM MgATP and 150
mM KCl (Figure 4A). Simulated CD data, based on weighted

FIGURE 2: UV-visible CD spectra ofA. Vinelandii IscFdx (FdIV)
(black) andA. Vinelandii [2Fe-2S]IscU in the absence (blue) and
presence of HscA (green), HscB (magenta), HscA/HscB (cyan),
and HscA/HscB/MgATP (red). The IscFdx sample was 0.10 mM
in both protein and [2Fe-2S]2+ clusters (1.0 [2Fe-2S]2+ cluster/
monomer), and the [2Fe-2S]IscU samples were 0.30 mM in IscU
monomer and 0.18 mM in [2Fe-2S]2+ clusters (1.2 [2Fe-2S]2+

clusters/IscU dimer). [2Fe-2S]IscU samples treated with HscA,
HscB, HscA/HscB, and HscA/HscB/MgATP were 0.30 mM HscA
and/or HscB, and the MgATP-containing sample was 2.0 mM ATP
and 40 mM MgCl2. ∆ε values are based on the [2Fe-2S]2+ cluster
concentration, and the path length was 0.1 cm.

FIGURE 3: Time course of cluster transfer fromA. Vinelandii [2Fe-2S]IscU to apo-IscFdx monitored by UV-visible CD spectroscopy at
23 °C. (A) CD spectra recorded at 2, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, and 120
min after adding [2Fe-2S]IscU (0.30 mM in IscU monomer with 1.2 [2Fe-2S]2+ clusters/IscU dimer to give a final [2Fe-2S]2+ cluster
concentration of 0.18 mM) to apo-IscFdx (0.10 mM final concentration). The arrows indicate the change in CD intensity with increasing
time. (B) Simulated CD spectra corresponding to quantitative [2Fe-2S]2+ cluster transfer from [2Fe-2S]IscU to apo-IscFdx resulting in 20%
(blue), 40% (green), 60% (magenta), 80% (cyan), and 100% (orange) reconstitution of holo-IscFdx for the reaction mixture used in (A).
The simulated CD spectra were constructed from weighted averages of the spectra for [2Fe-2S]IscU (red) and holo IscFdx (black).∆ε
values are based on the [2Fe-2S]2+ cluster concentration, and the path length was 0.1 cm.
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averages of the CD spectra for [2Fe-2S]IscU or HscA/HscB-
treated [2Fe-2S]IscU (red) and holo-IscFdx (black), corre-
sponding to quantitative [2Fe-2S]2+ cluster transfer from
[2Fe-2S]IscU to apo-IscFdx resulting in 20%, 40%, 60%,
80%, and 100% reconstitution of holo-IscFdx are shown in
Figures 3B and 4D, respectively. In all cases, the agreement
between the experimental and simulated data is excellent,
indicating [2Fe-2S]2+ cluster transfer without any significant
cluster degradation. Moreover, cursory inspection of the data
clearly demonstrates that the rate of cluster transfer from
[2Fe-2S]IscU to apo-IscFdx is not significantly enhanced by
the addition of HscA/HscB alone, with both samples achiev-
ing ∼50% reconstitution of holo-IscFdx after 120 min. In
contrast, the rate of cluster transfer is dramatically enhanced

by the presence of excess MgATP. Complete reconstitution
of holo-IscFdx is achieved after 120 min, and the rate of
cluster transfer is clearly further enhanced by the presence
of 150 mM KCl (cf. Figure 4A,B).

Quantitative assessment of the rates of cluster transfer was
obtained by monitoring CD changes at 505 nm, the wave-
length associated with the maximum difference in CD
intensity between [2Fe-2S]IscU and holo-IscFdx; see Figure
2. In the presence of the chaperone components, [2Fe-2S]-
IscU has negligible CD intensity at 505 nm (see Figure 2),
enabling direct assessment of the holo-IscFdx concentration
as a function of time. In the absence of the chaperone system,
holo-IscFdx concentrations as a function of time were
assessed using a calibration curve constructed on the basis

FIGURE 4: Time course of cluster transfer fromA. Vinelandii [2Fe-2S]IscU to apo-IscFdx in the presence of HscA, HscB, MgATP, and KCl
monitored by UV-visible CD spectroscopy at 23°C. Conditions are the same as described in Figure 3 except for the presence of 0.30 mM
HscA, 0.30 mM HscB, 2.0 mM ATP, 40 mM MgCl2, and 150 mM KCl (A), 0.30 mM HscA, 0.30 mM HscB, 2.0 mM ATP, and 40 mM
MgCl2 (B), and 0.30 mM HscA and 0.30 mM HscB (C). The arrows indicate the change in CD intensity with increasing time. (D) Simulated
CD spectra corresponding to quantitative [2Fe-2S]2+ cluster transfer from HscA/HscB-treated [2Fe-2S]IscU to apo-IscFdx resulting in 20%
(blue), 40% (green), 60% (magenta), 80% (cyan), and 100% (orange) reconstitution of holo-IscFdx for the reaction mixtures used in (A),
(B), and (C). The simulated CD spectra were constructed from weighted averages of the spectra for HscA/HscB/MgATP-treated [2Fe-2S]-
IscU (red) and holo IscFdx (black).∆ε values are based on the [2Fe-2S]2+ cluster concentration, and the path length was 0.1 cm.
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of changes in the simulated data at 505 nm (see Figure 3B).
Figure 5 shows results for reaction mixtures containing no

chaperone components, HscA/HscB, HscA/HscB/MgADP,
HscA/HscB/MgATP, and HscA/HscB/MgATP/KCl, along
with parallel CD data for the time course of reconstitution
of apo-IscFdx using FeSO4 and Na2S in amounts equivalent
to the iron and sulfide content of the [2Fe-2S]IscU used in
cluster transfer experiments. In all cases the data are well
fit to second-order kinetics with the initial concentration of
[2Fe-2S] clusters on IscU) 0.18 mM and the initial
concentration of apo-IscFdx) 0.10 mM, and second-order
rate constants for these reaction mixtures and for parallel
reactions mixtures containing HscA and HscA/MgATP are
graphically compared in Figure 6. The data show that the
rate of IscFdx reconstitution is enhanced∼4-fold using [2Fe-
2S]IscU compared to equivalent amounts of Fe2+ and S2-.
Taken together with the CD evidence for no significant [2Fe-
2S]2+ cluster degradation in the reaction mixture, this is
consistent with intact cluster transfer from [2Fe-2S]IscU to
apo-IscFdx. However, the rate of cluster transfer is not
significantly enhanced by HscA alone, in the presence of
MgATP, or in the presence of HscA/HscB without concurrent
addition of MgADP or MgATP. In contrast, the rate of intact
cluster transfer from HscA/HscB-treated [2Fe-2S]IscU is
increased∼2-fold in the presence of MgADP and∼10-fold
in the presence of excess MgATP. Morever, the reaction
mixture containing MgATP exhibited a further∼3-fold rate
enhancement on addition of 150 mM KCl. No rate enhance-
ment was observed for the parallel MgADP sample. This
result is consistent with rate simulation by an ATP-dependent
reaction, as 150 mM KCl was found to induce a 4-fold
increase in the ATPase activity of HscA in the presence of
HscB and IscU; see Figure 1. In addition, phosphate assays
of samples taken from the reaction mixture without KCl at
selected time periods demonstrate that ATP hydrolysis is
occurring concomitant with cluster transfer; see solid tri-
angles in Figure 5. Unfortunately, the ATP requirement for
cluster transfer cannot be reliably assessed from these data,
because ATP hydrolysis by HscA, HscA/HscB, and HscA/
HscB/IscU can occur without cluster transfer; see Figure 1.
Nevertheless, the rate stimulation of cluster transfer in the
presence of HscA/HscB/MgATP, coupled with the additional

FIGURE 5: Kinetic analysis of [2Fe-2S]IscU-mediated reconstitution
of apo-IscFdx monitored by CD spectroscopy. The conditions are
described in Figures 3 and 4, and data points corresponding to the
extent of IscFdx reconstitution as a function of time are shown as
solid circles with solid lines corresponding to best fits to second-
order kinetics with the initial concentration of [2Fe-2S] clusters
on IscU) 0.18 mM and the initial concentration of apo-IscFdx)
0.10 mM. Black: [2Fe-2S]IscU-mediated reconstitution in the
presence of HscA, HscB, MgATP, and KCl (rate constant) 800
M-1 min-1). Red: [2Fe-2S]IscU-mediated reconstitution in the
presence of HscA, HscB, and MgATP (rate constant) 280 M-1

min-1). Cyan: [2Fe-2S]IscU-mediated reconstitution in the presence
of HscA, HscB, and MgADP (rate constant) 65 M-1 min-1).
Blue: [2Fe-2S]IscU-mediated reconstitution in the presence of
HscA and HscB (rate constant) 31 M-1 min-1). Magenta: [2Fe-
2S]IscU-mediated reconstitution (rate constant) 36 M-1 min-1).
Green: Anaerobic reconstitution of 0.10 mM apo-IscFdx using 0.36
mM Fe2+ and 0.36 mM S2- (rate constant) 9 M-1 min-1). The
solid red triangles indicate the extent of ATP hydrolysis (right axis)
during [2Fe-2S]IscU-mediated reconstitution of apo-IscFdx in the
presence of HscA, HscB, and MgATP, as determined by phosphate
assays of samples taken from the reaction mixture at selected time
intervals.

FIGURE 6: Summary of the effect of chaperone components on the rate of [2Fe-2S]IscU to apo-IscFdx cluster transfer. The conditions are
described in Figures 3-5.
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stimulation by KCl and the observation of concurrent ATP
hydrolysis, makes a compelling case for HscA/HscB together
enhancing the rate of [2Fe-2S] cluster transfer via an ATP-
dependent reaction.

DISCUSSION

A plethora of genetic and biochemical studies have
established that the HscA/HscB cochaperones and their
eukaryotic homologues, Ssp1/Jac1, are essential for efficient
maturation of Fe-S proteins using the ISC assembly ma-
chinery (10-14, 32-34), but their specific role in the
biogenesis of Fe-S clusters has remained elusive. In this
work, we have presented direct, in vitro evidence that HscA/
HscB facilitate [2Fe-2S] cluster transfer from the IscU
scaffold protein to apo-IscFdx and provided the first evidence
that cluster transfer involving IscU is an ATP-dependent
process. Both results are in accord with in vivo and in vitro
studies of the ISC assembly machinery in yeast mitochondria.
In vivo evidence that Ssq1 and Jac1 are involved in a step
after cluster assembly on the Isu1 scaffold protein was
provided by55Fe immunoprecipation studies which revealed
that Fe accumulation on Isu1 accompanies depletion of Ssq1
and Jac1 (26). Furthermore, recent in vitro studies indicated
that Ssq1 and Jac1 are not important for Fe-S cluster
synthesis on Isu1 (35). An ATP requirement for efficient
assembly of Fe-S clusters was previously demonstrated by
in vitro studies of detergent extracts from yeast mitochondria
(36).

In contrast, the role demonstrated for HscA/HscB in this
work is not in accord with a previous in vitro study of the
effect of the homologousT. maritimaDnaK/DnaJ chaperone
system on cluster transfer fromT. maritima [2Fe-2S]IscU
and human [2Fe-2S]Isu to apo human Fdx (25). In this case
cluster transfer was found to be inhibited by the nonspecific
T. maritimaDnaK/DnaJ chaperone system, irrespective of
the presence or absence of nucleotides (25). Consequently,
the chaperone system was proposed to play a role in
facilitating cluster assembly on IscU, based on a modest
increase in the stability of the [2Fe-2S] cluster-bound form

of IscU in the presence of DnaK (25). However, our results
clearly demonstrate that it is not appropriate to extrapolate
results obtained with a nonspecific DnaK/DnaJ chaperone
system in assessing the role of the ISC-specific HscA/HscB
chaperone system. As discussed below, this assertion is
further supported by several other lines of argument. The
DnaK/DnaJ chaperone system facilitates protein folding,
(dis)assembly, and transport and has broad substrate specific-
ity (18), whereas HscA/HscB are specific for IscU, with
HscA binding to the highly conserved LPPVK motif adjacent
to the putative cluster binding site. Moreover, recent
structural characterization of the HscA substrate-binding
domain has shown that peptides bind with the opposite
orientation to that observed in DnaK peptide complexes (20).
T. maritimaIscU is also unlikely to use a chaperone system
to facilitate cluster transfer as it is part of a SUF (sulfur-
mobilization) operon and is homologous with other SufU
proteins (1). SUF operons do not encode homologues of the
HscA/HscB molecular chaperones, and SufU proteins lack
the signature LPPVK motif required for the interaction of
IscU with HscA (1). Hence we conclude that the results of
previous studies using SufU/IscU with the nonspecific DnaK/
DnaJ chaperone system cannot be used to infer conclusions
concerning the role of the HscA/HscB chaperone system in
ISC-directed cluster assembly.

Current understanding of biochemical and structural
properties of the ISC HscA/HscB molecular chaperone
system is largely the result of the pioneering studies of
Vickery and co-workers (15-17, 19-22, 37, 38). This body
of work has recently led to a detailed kinetic analysis of the
regulation of the HscA ATPase reaction cycle by HscB and
apo-IscU (17). ATP binding to HscA leads to a tense (T)
state with decreased substrate-binding affinity. HscB binds
and escorts IscU to HscA and enhances HscA binding of
IscU in the ATP-bound T-state, leading to a transient HscA/
ATP/HscB/IscU complex which undergoes ATP hydrolysis
and loss of HscB to yield an ADP-bound relaxed (R) state
with increased affinity for IscU. The IscU substrate is
subsequently released after ADP/ATP exchange and the

FIGURE 7: Possible mechanistic schemes for how the HscA/HscB/IscU chaperone cycle stimulates cluster transfer from [2Fe-2S]IscU to
apo-IscFdx. The HscA chaperone cycle proposed by Silberg et al. (17) has been modified to incorporate the cluster transfer results reported
in this work.
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R f T transition that occurs following ATP binding to HscA.
Kinetic studies in the presence of saturating amounts of HscB
and apo-IscU indicated that ATP hydrolysis and Tf R
conversion constitute the rate-determining step in the steady-
state reaction cycle. As discussed below, the results presented
here are consistent with this overall scheme and suggest two
plausible mechanisms for coupling of the HscA ATPase cycle
with cluster transfer from [2Fe-2S]IscU to apo-IscFdx; see
Figure 7.

Our results demonstrate a crucial role for HscB in
mediating ATP-dependent cluster transfer by HscA. CD data
clearly demonstrate interaction between HscB and [2Fe-2S]-
IscU, and kinetic data indicate that the presence of HscB in
the reaction mixture is essential for optimal ATP-dependent
HscA-mediated cluster transfer. Interestingly, on the basis
of changes in the CD spectra of the [2Fe-2S] chromophore,
it is likely that both HscB and HscA interact with [2Fe-2S]-
IscU in a similar way with respect to the cluster environment.
Overall, the in vitro cluster transfer data are in accord with
the proposed role of HscB in delivering IscU to HscA and
stimulating the ATPase activity of the resulting HscA/ATP/
HscB/IscU ternary complex (17). Moreover, surface plasmon
resonance measurements indicate that HscB interacts only
with the ATP complex of HscA, indicating a specific role
in recruiting IscU to the low substrate affinity T-state of
HscA, and that HscB dissociates following ATP hydrolysis
(17); see Figure 7.

The rate stimulation of cluster transfer in the presence of
HscA/HscB/MgATP, coupled with the additional stimulation
by KCl and evidence for concurrent phosphate production,
indicates that the rate of [2Fe-2S] cluster transfer from IscU
to apo-Fdx is kinetically dependent on ATP hydrolysis.
Taken together with the evidence for high-affinity binding
of IscU to the R-state HscA/ADP complex (17) and the
observation that ADP binding to the R-state HscA/IscU
complex does result in a modest (∼2-fold) increase in the
rate of the cluster transfer leads us to propose two possibili-
ties for the interaction with apo-Fdx and the mechanism of
ATP-dependent cluster transfer; see Figure 7. The first
involves direct coupling between ATP hydrolysis and cluster
transfer and requires interaction between apo-Fdx and the
T-state HscA/ATP/HscB/IscU ternary complex. In this
model, ATP hydrolysis and the concurrent Tf R HscA
conversion result in a conformational change in bound [2Fe-
2S]IscU that facilitates cluster transfer to an acceptor protein
and release of HscB; see Figure 7A. The second involves
ATP hydrolysis preceding cluster transfer and involves
interaction between apo-Fdx and the R-state HscA/ADP/IscU
complex; see Figure 7B. In this model, cluster transfer is
kinetically dependent on ATP hydrolysis or dependent on
ATP for efficient interaction with HscB and therefore
dependent on hydrolysis to reach the ADP state. The modest
enhancement of the rate of cluster transfer on addition of
ADP to the R-state HscA/[2Fe-2S]IscU complex is readily
rationalized in terms of slower formation and recycling of
the HscA/[2Fe-2S]IscU complex in the presence of ADP.
The current data do not permit discrimination between these
two alternative mechanistic proposals. Studies to address the
detailed molecular mechanism of chaperone-assisted cluster
transfer and to assess if chaperone-facilitated cluster transfer
also occurs with [4Fe-4S]IscU are currently in progress.
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