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ABSTRACT: IscU from Escherichia coli, the scaffold protein for iron−sulfur
cluster biosynthesis and transfer, populates two conformational states with similar
free energies and with lifetimes on the order of 1 s that interconvert in an ap-
parent two-state reaction. One state (S) is structured, and the other (D) is largely
disordered; however, both play essential functional roles. We report here nuclear
magnetic resonance studies demonstrating that all four prolyl residues of apo-
IscU (P14, P35, P100, and P101) are trans in the S state but that two absolutely
conserved residues (P14 and P101) become cis in the D state. The peptidyl−prolyl
peptide bond configurations were determined by analyzing assigned chemical shifts and were confirmed by measurements of nuclear
Overhauser effects. We conclude that the S ⇄ D interconversion involves concerted trans−cis isomerization of the N13−P14 and
P100−P101 peptide bonds. Although the D state is largely disordered, we show that it contains an ordered domain that accounts for
the stabilization of two high-energy cis peptide bonds. Thus, IscU may be classified as a metamorphic protein.

I ron−sulfur (Fe−S) cluster proteins are central to many
cellular activities, including nitrogen fixation, metabolic

catalysis, regulation of gene expression, and electron transfer.1−3

The machinery that generates Fe−S clusters is highly conserved
across all species. Bacteria can contain three Fe−S cluster assembly
systems: Nif (nitrogen fixation), Isc (iron−sulfur cluster), and Suf
(sulfur formation). Of these, the Isc system is responsible for
assembling and delivering clusters for most iron−sulfur proteins in
bacteria and also is operational in the mitochondria of eukaryotes.1

Defects in the Isc machinery underlie aging processes and a number
of human diseases.4−7 IscU (Isu1 and Isu2 in yeast and ISCU in
human) is the scaffold protein on which the iron−sulfur cluster is
assembled and delivered to receiver apoproteins. IscU interacts with
most of the other proteins in the Isc pathway, including the cysteine
desulfurase that donates sulfur8−11 and the specialized DnaK/DnaJ-
type cochaperone pair that facilitates cluster transfer in vivo in an
ATP-dependent mechanism.12−14

IscU from Escherichia coli populates two interconverting
conformational states. One state (S) is structured and has yielded
an NMR structure (PDB entry 2L4X),15 and the other (D) is
dynamically disordered and lacks the secondary structural
elements found in the S state.16,17 At pH 8.0 and 25 °C, the
S→D rate is 0.77 s−1 and the D→ S rate is 2.0 s−1.17 Both states
have been shown to be functionally essential in that the D state is
the substrate for the cysteine desulfurase IscS17 and is the form
present in the HscA−IscU complex,18 whereas the S state binds
preferentially to the DnaJ-type cochaperone HscB16,18 and also is
the conformational state of the protein when it contains a [2Fe-2S]
cluster.19 Because residues observed by NMR spectroscopy exhibit
two separate peaks corresponding to the S and D states,16,17 the
interconversion appears to be a two-state process.
We suspected that a peptidyl−prolyl cis−trans isomerization

might account for the slow step in the interconversion. We report

here NMR studies showing that all four prolyl residues of apo-
IscU (P14, P35, P100, and P101) are trans in the S state but that
two (P14 and P101) become cis in the D state. The two prolyl
residues involved are strictly conserved in the sequences of all
IscU proteins (see Figure S1 of the Supporting Information).
Proline at position 101 has been shown to be essential for re-
cognition by theHsp70-type chaperoneHscA,20 and substitution
of the homologous proline for alanine in yeast Isu led to a slow
growth phenotype.21 These results imply that the D state, which
supports two high-energy cis peptide bonds, cannot be fully
disordered. This expectation is confirmed by heteronuclear NOE
results that show that the D state contains ordered and disordered
domains. We conclude that IscU has evolved to interconvert
between two conformational states that serve different functions in
the cycle of iron−sulfur cluster assembly and delivery.

■ EXPERIMENTAL PROCEDURES

Protein Production and Purification. Labeled amino acids
were purchased fromCambridge Isotope Laboratories (Andover,
MA). [U-13C,15N-Pro]IscU and [U-13C,15N-Pro,U-15N-Ala]-
IscU were prepared according to a modification of a published
procedure.22 A colony of BL21 cells transformed with the pTrc 99A
plasmid containing the IscU gene was used to inoculate 5 mL of TB
liquid medium containing 100 μg/mL ampicillin. The cells were
grown overnight at 37 °C, and a 100 μL aliquot was used to
inoculate 250 mL of TB liquid medium containing 100 μg/mL
ampicillin. This culture was grown for 12 h at 37 °C. Cells
isolated from this 250 mL culture by centrifugation were used to
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inoculate 1000 mL of M9 medium containing 100 μg/mL am-
picillin and supplemented with 1 mL of a vitamin solution,22 1 g
of NH4Cl, and 4 g of glucose and a cocktail containing the labeled
amino acids to be incorporated along with unlabeled amino
acids.23 [U-15N]IscU and [U-13C,U-15N]IscU were prepared in a
similar fashion, except that the medium contained, as needed, 1 g
of [U-15N]NH4Cl, 3 g of [U-

13C]glucose, and no labeled amino
acids. The culture was induced when the OD600 reached ≈1 via
addition of IPTG to a final concentration of 0.4 mM. Protein was
purified as described previously.22,24 The elution buffer consisted
of 50 mM Tris-HCl (pH 8.0), 1 mM DTT, 0.5 mM EDTA, and
150 mMNaCl. Fractions were analyzed by gel electrophoresis, and
those appearing to be homogeneous were pooled, concentrated by
ultrafiltration, frozen in liquid nitrogen, and stored at−80 °C. The
isotopic labeling efficiency as determined bymass spectrometry was
∼92%. Zn2+-bound IscU was prepared by gradually adding aliquots
from a stock buffer containing 50 mM Tris-HCl (pH 8.0), 10 mM
ZnCl2, and 150 mM NaCl to a solution of apo-IscU.
NMR Spectroscopy and Data Analysis. DSS was used as

an internal reference for all NMR chemical shift measurements.
NMR data were collected at the National Magnetic Resonance
Facility at Madison (NMRFAM) on Varian VNMRS spectrom-
eters equipped with z-gradient cryogenic probes. NMRPipe25

was used to process the raw NMR data. SPARKY26 was used for
data analysis. The resonance assignments of apo-IscU were based
in part on previous results.16,17

Data Deposition. Assigned chemical shifts acquired at 45
and 25 °C in the presence of Zn2+ have been deposited in the
BioMagResBank as entries 18754 and 18750, respectively.

■ RESULTS

Proline NMR Peak Assignments. The two-dimensional
(2D) 1H−13C HSQC NMR spectrum of [U-13C,15N-Pro]IscU

(IscU produced biosynthetically with incorporation of proline
labeled with the stable isotopes 13C and 15N) recorded at pH 8.0
and 25 °C, where both the S andD states are populated at an [S]/
[D] ratio of ∼2.6, revealed a single set of peaks for P35, two sets
of peaks for P100 and P101, and three sets of peaks for P14
(Figure 1a). To observe peaks from the S state alone, we added
Zn2+, which constrains the protein to the S state,17 and collected
data at 25 °C (Figure 1c). To observe peaks from the D state
alone, we took advantage of the temperature dependence of the
S ⇄ D equilibrium, which shifts toward the D state at higher
temperatures so that at 45 °C only signals from the D state were
observed (Figure 1b). Plots of the same data at lower contour
levels did not reveal any additional signals from prolyl residues
(Figure S2 of the Supporting Information).
To assign signals to the four individual prolyl residues, we

prepared a selectively labeled sample of IscU by biosynthetic

Figure 1. Aliphatic regions of 2D 1H−13C HSQC spectra of 1 mM [U-13C,15N-Pro]IscU acquired at 600 MHz (1H) under the conditions specified.
(a) Spectrum of apo-IscU acquired at pH 8.0 and 25 °C, where the protein is a mixture of the S andD states. (b) Spectrum of apo-IscU acquired at 45 °C,
where the protein is in the D state. (c) Spectrum of the Zn-bound form of IscU acquired at pH 8.0 and 25 °C, where the protein is in the S state.
Assignments to individual prolyl residues were determined as described in the text. Each NMR sample for panels a and b contained 1 mM [U-13C,15N-
Pro]IscU, 50 mM Tris-HCl (pH 8.0), 0.5 mM EDTA, 5 mM DTT, 150 mM NaCl, 50 μMDSS, and 50 μMNaN3 in 10% D2O. The NMR sample for
panel c contained 1mM [U-13C,15N-Pro]IscU:Zn2+, 50mMTris-HCl (pH 8.0), 5 mMDTT, 150mMNaCl, 50 μMDSS, and 50 μMNaN3 in 10%D2O.

Table 1. Signals Observed in the 3D HACAN Spectrum
of ([U-13C,15N]Pro,[15N]Ala)IscU:Zn2+ That Led to the
Assignment of Signals to the Four Prolyl Residues in
the S State

residuea
15N signal visible from

1Hα−13Cα peaks

1Hα−13Cα peaks
visible from 15N signals

Pro14 Hα
P14−Cα

P14−NP14 Hα
P14−Cα

P14−NP14

Pro35 Hα
P35−Cα

P35−NP35 Hα
P35−Cα

P35−NP35

Hα
P35−Cα

P35−NA36

Ala36 none Hα
P35−Cα

P35−NA36

Pro100 Hα
P100−Cα

P100−NP100 Hα
P100−Cα

P100−NP101

Hα
P100−Cα

P100−NP101

Pro101 Hα
P101−Cα

P101−NP101 Hα
P100−Cα

P100−NP101

Hα
P101−Cα

P101−NP101

aThe strict conservation of these residues is illustrated in Figure S1 of
the Supporting Information.
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incorporation of [U-13C,15N]Pro and [15N]Ala. This labeling
pattern allowed us to identify the spin system of P35 from the
P35 13Cα−A36 15N connectivity, the spin systems of P100 and
P101 from the P100 13Cα−P101 15N connectivity, and the spin
system of P14 by exclusion. To identify these connectivities in
the S state, we collected a three-dimensional (3D) HACAN
spectrum27 of the Zn2+ complex, which allowed the observation
of signals from the 1Hα−13Cα signal of residue i to its own
nitrogen (1Hα

i−13Cα
i−15Ni) and to the nitrogen of the adjacent

residue i + 1 (1Hα
i−13Cα

i−15Ni+1) (Table 1). Because the prolyl
residues were the only ones labeled uniformly with 13C and 15N
and because P100 and P101 constitute the sole P-P sequence in
IscU, P101 is the only residue whose nitrogen yielded two sets
of prolyl 1Hα−13Cα signals. We were thus able to unambiguously
identify signals from P101 from the 1Hα

P100−13Cα
P100−15NP101

connectivity (Table 1). Moreover, because the sample con-
tained [15N]Ala, we assigned signals to P35 from the ob-
served 1Hα

P35−13Cα
P35−15NA36 connectivity in the 3D HACAN

spectrum (Table 1). The remaining 1Hα−13Cα−15N peak in the
spectrum was assigned to P14 (1Hα

P14−13Cα
P14−15NP14).

Table 2. NMR Assignments for the Prolyl Residues of the S and D States of IscU

chemical shift (ppm)

IscU state residue 13Cα 1Hα 13Cβ 13Cγ δ13Cβ − δ13Cγ (ppm) peptide bond configuration

structured (S) Pro14 64.79 4.226 31.98 27.35 4.63 trans
Pro35 63.06 4.410 32.05 27.40 4.65 trans
Pro100 61.16 4.845 30.91 27.08 3.83 trans
Pro101 66.13 4.204 32.03 27.45 4.58 trans

disordered (D) Pro14a 62.95 4.743 34.45 24.82 9.63 cis
Pro14b 62.91 4.597 34.34 24.73 9.61 cis
Pro35 63.06 4.410 32.05 27.40 4.65 trans
Pro100 61.36 4.667 30.88 27.36 3.52 trans
Pro101 61.50 4.848 33.07 24.74 8.33 cis

Figure 2. 2D strip plots from 3D (H)CCH-TOCSY spectra of IscU acquired at 600 MHz (1H). The NMR sample contained 1 mM [U-13C,15N-Pro]IscU,
50 mMTris-HCl (pH 8.0), 5 mMDTT, 150 mMNaCl, 50 μMDSS, and 50 μMNaN3 in 10% D2O. 2D strips were taken at the chemical shifts of the prolyl
1Hα, shown at the topof each strip. (a) Spectrumof the S state of IscU stabilized as theZn2+ complex at 25 °C. (b) Spectra of theD state of IscU acquired at 45 °C.

Table 3. Predictions of cis Xaa−Pro Bond Likelihood for E.
coli IscU by the Promega Server31 from Amino Acid Sequence
and Chemical Shift Data

state residue
likelihood for
Pro to be cis

normalized likelihood
for Pro to be cis

structured (S) Pro14 0.000 0.000
Pro35 0.000 0.000
Pro100 0.000 0.000
Pro101 0.000 0.000

disordered (D) Pro14a 1.000 0.998
Pro14b 1.000 0.998
Pro35 0.001 0.000
Pro100 0.001 0.000
Pro101 0.999 0.988
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The same strategy was used to assign the proline signals of the
D state, except that the IscU sample contained no Zn2+ and data
were collected at 45 °C. Although a single set of peaks was ob-
served for P14 in the S state (1Hα at 4.226 ppm and 13Cα at
64.79 ppm), two sets of peaks corresponding to P14 in the D
state were found: onewith 1Hα at 4.743 ppm and 13Cα at 62.94 ppm
and the other with 1Hα at 4.597 ppm and 13Cα at 62.91 ppm.
We refer to these two sets of peaks as P14a and P14b, respectively
(see Figure 1b). The origin of this local structural heterogeneity
remains to be determined.

Prolyl Peptide Bond Configurations from NMR Chem-
ical Shifts. Previous studies of peptidyl−prolyl cis−trans
isomerization have shown that prolyl residues with cis peptide
bonds typically have 13Cβ signals around 25 ppm and 13Cγ signals
near 35 ppm, where δ13Cγ − δ13Cβ ≈ 10 ppm; conversely, prolyl
residues with trans peptide bonds typically have 13Cβ signals
around 27 ppm and 13Cγ signals near 32 ppm, where δ13Cγ −
δ13Cβ ≈ 5 ppm.28−32 We determined the chemical shifts of the
13C atoms of each prolyl residue from 3D (H)CCH TOCSY
spectra (Table 2). When the protein was in the S state, the chemical
shift difference (δ13Cγ − δ13Cβ) for all four prolyl residues was
∼5 ppm, indicating that they are all trans (Figure 2a). However,
when the protein was in the D state, the chemical shift difference
was ∼5 ppm for P35 and P100, showing that they remain trans,
but ∼10 ppm for P14a, P14b, and P101, indicating that they have
become cis (Figure 2b).
An algorithm has been developed (implemented in the Promega

program) for calculation of the statistical probability of a trans or cis

Figure 3. 3D 13C-edited 900MHz (1H)NOESYdata acquired at 45 °Cat a
mixing time of 125 ms, which confirm that the P100−P101 and N13−P14
peptide bonds of IscU are in the cis form in the D state. The sample
contained 1mM[U-13C,15N-Pro]IscU, 50mMTris-HCl (pH8.0), 0.5mM
EDTA, 5 mMDTT, 150mMNaCl, 50 μMDSS, and 50 μMNaN3 in 10%
D2O. Peaks labeled with an x are diagonal peaks; peaks labeled with an
asterisk are NOE peaks. (a) 2D strip at the 1Hα chemical shift of P14a; the
NOE peak is from (N13)1Hα···1Hα−13Cα(P14a). (b) 2D strip at the 1Hα

chemical shift of P14b; the NOE peak is from (N13)1Hα···1Hα−13Cα-
(P14b). (c) 2D strip at the 1Hα chemical shift of P100; the NOE peak is
from (P101)1Hα···1Hα−13Cα(P100). The peaks at 1H chemical shifts of 3.6
and 3.8 ppm arise from NOEs from (P100)1Hα to 1Hδ2 and 1Hδ3 of P100
and/or P101. (d) 2D strip at the 1Hα chemical shift of P101; the NOE peak
is from (P100)1Hα···1Hα−13Cα(P101).

Figure 4.NMR spectra collected at 900 MHz (1H) and 45 °C where the protein is in the D state. The NMR samples contained 1 mM protein, 50 mM
Tris-HCl (pH 8.0), 0.5 mM EDTA, 5 mM DTT, 150 mMNaCl, 50 μMDSS, and 50 μMNaN3 in 10% D2O. Diagonal peaks are marked with an x and
NOE peaks with an asterisk. (a) Strip at the P14a 1Hα chemical shift from a 3D 13C-edited 1H−1H NOESY spectrum (mixing time of 125 ms) of
[U-13C,15N-Pro]IscU. (b) Strip at the P14a 1Hα chemical shift from a 3DH(C)CH-TOCSY spectrum of [U-13C,15N-Pro]IscU. The cross-peak matches
the 1Hα−13Cα position of the diagonal in panel A. (c) Strip at the P14a 1Hα chemical shift from a 3D 13C-edited 1H−1H NOESY spectrum (mixing time
of 125 ms) of [U-13C,15N]IscU. The uniformly labeled sample exhibits cross-peaks at the same positions as those from the selectively labeled sample
(panel a). (d) Strip at the N13 1Hα chemical shift from a 3D 13C-edited 1H−1H NOESY spectrum (mixing time of 125 ms) of [U-13C,15N]IscU. Both
P14a 1Hα and P14b 1Hα exhibit NOEs with N13 1Hα.
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Xaa−Pro peptide bond from the sequence of the protein and the
prolyl chemical shifts and backbone chemical shifts of neighboring
residues.31 Analysis of our data by this program confirmed the
configurations for the prolyl peptide bonds reported above at
normalized likelihood values of ≥0.998 (Table 3).

Prolyl Peptide Bond Configurations from Nuclear
Overhauser Effect (NOE) Measurements. Another standard
way to determine the Xaa−Pro peptide bond configuration is
to measure the relative distances between hydrogen atoms on
adjacent residues by means of the nuclear Overhauser effect

Figure 5.NMR spectra collected at 900 MHz (1H) and 45 °C where the protein is in the D state. The NMR samples contained 1 mM protein, 50 mM
Tris-HCl (pH 8.0), 0.5 mM EDTA, 5 mM DTT, 150 mMNaCl, 50 μMDSS, and 50 μMNaN3 in 10% D2O. Diagonal peaks are marked with an x and
NOE peaks with an asterisk. (a) Strip at the P14b 1Hα chemical shift from a 3D 13C-edited 1H−1H NOESY spectrum (mixing time of 125 ms) of
[U-13C,15N-Pro]IscU. (b) Strip at the P14b 1Hα chemical shift from a 3DH(C)CH-TOCSY spectrum of [U-13C,15N-Pro]IscU. The cross-peak matches
the 1Hα−13Cα position of the diagonal in panel a. (c) Strip at the P14b 1Hα chemical shift from a 3D 13C-edited 1H−1H NOESY spectrum (mixing time
of 125 ms) of [U-13C,15N]IscU. The uniformly labeled sample exhibits cross-peaks at the same positions as those from the selectively labeled sample
(panel a). (d) Same spectrum as panel d in Figure S2 of the Supporting Information. Strip at the N13 1Hα chemical shift from a 3D 13C-edited 1H−1H
NOESY spectrum of [U-13C,15N]IscU. Both P14a 1Hα and P14b 1Hα exhibit NOEs with N13 1Hα.

Figure 6. 900MHz (1H) spectra of [U-13C,15N-Pro]IscU at 25 °C in the presence of Zn2+ where the protein is in the S state. TheNMR sample contained
1mM protein, 1 mMZnCl2, 50 mMTris-HCl (pH 8.0), 5 mMDTT, 150 mMNaCl, 50 μMDSS, and 50 μMNaN3 in 10%D2O. (a) 2D strip from a 3D
13C-edited 1H−1HNOESY spectrumwithout filtration (mixing time of 125 ms). (b) 3D 13C-filtered, 13C-edited 1H−1HNOESY spectrum (mixing time
of 125 ms) showing only NOE cross-peaks between protons attached to 13C and protons attached to 12C (12Cα−1Hα···1Hδ−13Cδ NOEs survive;
13Cα−1Hα···1Hδ−13CδNOEs, such as those within the same or between the two prolyl residues, are filtered out). 1Hα···1Hδ2/δ3 NOE signals from N13−
P14, A34−P35, and L99−P100 residue pairs (b) confirm that these peptide bonds are trans. The same peaks are observed in the unfiltered spectrum (a).
Panel a contains an additional resolved 1Hα···1Hδ NOE peak assigned to the P100−P101 residue pair, which confirms that the peptide bond is trans.
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Figure 7. 800MHz 1H−15NHSQC spectra of [U-15N]IscU at pH 8.0 and different temperatures, with positive peaks colored orange and negative peaks
colored green: (a) 45 °C without heteronuclear NOE, (b) 45 °C with heteronuclear NOE, (c) 70 °C without heteronuclear NOE, and (d) 70 °C with
heteronuclear NOE.

Figure 8.Working model for the mechanism of iron−sulfur cluster assembly and transfer. (1) Free IscU in DS equilibrium. (2) Complex of the cysteine
desulfurase (IscS) and the D state of IscU. (3) Addition of sulfur to Cys residues of IscU. (4) Addition of iron to form a [2Fe-2S] cluster stabilized by the
S state of IscU. (5) Transfer of holo-IscU to the cochaperone (HscB). (6) Docking of holo-IscU to the HscA−ATP complex. (7) Approach of an
acceptor apoprotein. (8) Transfer of the Fe−S cluster to the acceptor protein, release of HscB, and binding of the D state of IscU to HscA-ADP. (1)
Return to the starting state by exchange of HscA-bound ADP with ATP and release of IscU.
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(NOE). In a trans peptide bond, the Hα atom of the preceding
residue is close to the prolyl Hδ2 and Hδ3 atoms, whereas in a cis
peptide bond, theHα atom of the preceding residue is close to the
prolyl Hα atom (see Figure S3 of the Supporting Information).
The 3D 13C-edited 1H−1HNOESY spectrum of [U-13C,15N-Pro]-
IscU, at 45 °C where the protein is in the D state, exhibited two
NOE signals between P100 and P101 indicative of a cis peptide
bond (Figure 3a): Hα

P101···H
α
P100−Cα

P100 and Hα
P100···H

α
P101−

Cα
P101. The same spectrum exhibited an Hα

N13···H
α
P14a−Cα

P14a
NOE signal between N13 and P14a indicative of a cis peptide
bond (Figure 3b). Similarly, the Hα

N13···H
α
P14b−Cα

P14b NOE
signal observed between N13 and P14b confirmed a cis peptide
bond (Figure 3c). Peak assignments were confirmed by refer-
ence to data from the 3DH(C)CH TOCSY spectrum of [U-13C,
15N-Pro]IscU and 3D 13C-edited 1H−1H NOESY spectrum of
[U-13C,15N]IscU (Figures 4 and 5). Comparison of 13C-edited
1H−1H NOESY and 13C-filtered, 13C-edited 1H−1H NOESY
spectra of IscU in the Zn2+-bound S state confirmed the presence
of 1Hα

i−1···prolyl
1Hδ

iNOEs indicative of trans peptide bonds for
all four prolyl residues (Figure 6).
Evidence of Partial Order in the D State. The 800 MHz

1H−15N HSQC spectrum of [U-15N]IscU recorded at pH 8.0
and 45 °C, where the protein is predominantly in the D state,
exhibited a set of overlapped, nondispersed peaks and a set of dis-
persed peaks (Figure 7a). The signals from nondispersed amide
side chains exhibited negative heteronuclear NOEs, whereas
the other nondispersed and dispersed signals exhibited positive
heteronuclear NOEs (Figure 7b). We attribute the nondispersed
peaks to residues in disordered regions of the protein and the
dispersed peaks to residues in the fold that stabilizes the two cis
prolyl peptide bonds. Corresponding spectra recorded at 70 °C
(Figure 7c,d) showed only nondispersed peaks with negative
heteronuclear NOE values as expected for a fully unfolded protein.

■ DISCUSSION

Studies of model peptides have shown that the trans configura-
tion of a peptidyl−prolyl peptide bond is favored over the cis
form by approximately 0.5−1.3 kcal/mol.33 Thus, the energy
required to stabilize two cis peptide bonds by at least 95% (to
explain the observation of NMR signals from only the cis state
when IscU is in the D state) is≥4.5 kcal/mol, and the stabilization
energy may be a major factor in increasing the free energy of the
D state so that it is close to that of the S state. NMR spectra
collected at 45 °C, where the protein is predominantly in the D
state (Figure 7a,b), show that the protein contains regions of
both disorder and order. The protein becomes fully unfolded only at
higher temperatures (Figure 7c,d). These results show that the D
state of IscU is not fully disordered but rather contains an ordered
domain that stabilizes two high-energy cis peptide bonds.
Thus, IscU can be categorized as a metamorphic protein, one

that populates two different conformations with similar free
energies that are capable of interconversion under physiological
conditions.34 Prior examples of metamorphic proteins, Mad235

and lymphotactin,36,37 are monomeric in one state and dimeric
in the other. By contrast, IscU is monomeric in both states. IscU
appears to have evolved to be metamorphic, with the two states
playing alternate roles in the cycle of iron−sulfur cluster formation
and delivery.
Figure 8 illustrates our working model for the steps in Fe−S

cluster formation and delivery, along with schematic representa-
tions of states of the peptidyl−prolyl peptide bonds of IscU that
undergo changes in configuration. The D state, which is the initial

substrate for the cysteine desulfurase,17 does not bindmetals, leaving
the cysteine residues free to accept sulfur to form persulfides. After
the delivery of iron, the atoms rearrange to form a [2Fe-2S] cluster
ligated by four side chains of IscU in its S state (three Cys residues
and oneHis residue).19 Product inhibition is minimized because the
S state of IscU binds less strongly to the cysteine desulfurase than
the D state. HscB binds more tightly to the S state than the D
state,16,18 which ensures its selective binding to holo-IscU. HscB
targets the HscB−holo-IscU complex to the ATP-bound form
of the chaperone protein HscA. Following ATP hydrolysis,
HscA in its R state preferentially binds and stabilizes the D
state of IscU,18 leading to irreversible cluster release. Finally,
when the ADP bound to HscA is replaced with ATP, HscA
reverts to its T state, and apo-IscU is released.18 The conformational
changes of the scaffold protein IscU accompanied by peptidyl−
prolyl bond cis−trans isomerizations thus serve to increase the
efficiency of iron−sulfur cluster formation and delivery. Because the
free energies of the S and D states are similar, very little of the
binding energy is required to shift the equilibrium.
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