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ABSTRACT: The interaction between IscU and HscB is critical for successful assembly of iron-sulfur
clusters. NMR experiments were performed on HscB to investigate which of its residues might be part of
the IscU binding surface. Residual dipolar couplings (1DHN and 1DCRHR) indicated that the crystal structure
of HscB [Cupp-Vickery, J. R., and Vickery, L. E. (2000) Crystal structure of Hsc20, a J-type cochaperone
from Escherichia coli, J. Mol. Biol. 304, 835-845] faithfully represents its solution state. NMR relaxation
rates (15N R1, R2) and 1H-15N heteronuclear NOE values indicated that HscB is rigid along its entire
backbone except for three short regions which exhibit flexibility on a fast time scale. Changes in the
NMR spectrum of HscB upon addition of IscU mapped to the J-domain/C-domain interface, the interdomain
linker, and the C-domain. Sequence conservation is low in the interface and in the linker, and NMR
changes observed for these residues likely result from indirect effects of IscU binding. NMR changes
observed in the conserved patch of residues in the C-domain (L92, M93, L96, E97, E100, E104, and
F153) were suggestive of a direct interaction with IscU. To test this, we replaced several of these residues
with alanine and assayed for the ability of HscB to interact with IscU and to stimulate HscA ATPase
activity. HscB(L92A,M93A,F153A) and HscB(E97A,E100A,E104A) both showed decreased binding
affinity for IscU; the (L92A,M93A,F153A) substitution also strongly perturbed the allosteric interaction
within the HscA · IscU ·HscB ternary complex. We propose that the conserved patch in the C-domain of
HscB is the principal binding site for IscU.

Proteins containing iron-sulfur clusters play essential roles
in important biochemical processes, such as electron transfer,
catalysis, and regulation of gene expression (1, 2). The
iron-sulfur clusters of some proteins can be assembled
spontaneously in Vitro (3–5), but in ViVo assembly is
generally mediated by a complex suite of proteins. In
eubacteria the Isc gene cluster, iscRSUA-hscBA-fdx,1 en-
codes several proteins with housekeeping biosynthetic func-
tions (6). The assembly process appears to be evolutionarily
conserved, because, with the exception of the regulatory
protein IscR, homologues of each of these proteins can also

be found in eukaryotes (7). Extensive biochemical and
genetic studies (4, 8–12) have shown that iron-sulfur cluster
biogenesis proceeds through the assembly of a cluster on
the scaffold protein IscU (Isu in yeast) followed by its
transfer to a recipient apoprotein. The efficiency of the second
step is greatly increased if a molecular chaperone system,
composed of HscA and HscB (Ssq1 and Jac1, respectively,
in yeast), is present during the process (13–15).

HscB (20 kDa) is a J-type cochaperone protein that
regulates the ATPase activity of HscA and helps to target
IscU to its substrate binding domain (16). Isothermal titration
calorimetry indicated that Escherichia coli HscB and IscU
interact directly with a 1:1 stoichiometry and modest affinity
(Kd of ∼10 µM for apo form) (16). The crystal structure of
E. coli HscB revealed that the protein consists of three
domains (17). The fold of the N-terminal J-domain (residues
1-75) is similar to those of other J-domain fragments (18–21).
The interdomain linker (residues 76-83) is very flexible and
lacks a well-defined secondary structure. The C-domain
(residues 84-171) adopts a compact three-helix bundle
structure. The J- and C-domains were found to interact over
a ∼650 Å2 surface that is, for the most part, inaccessible to
solvent. Analysis of conserved residues identified a cluster
of acidic residues on one face of the C-domain. The
possibility that this region might be important in target
protein binding was tested by mutating six of the residues
in this region of Saccharomyces cereVisiae Jac1 to alanines
(22). The hexa mutant showed reduced affinity for Isu1 in
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Vitro, consistent with this region participating in a binding
interaction. However, pairwise mutations of these residues
had only modest effect on the affinity; this suggested that
Jac1 and Isu1 may interact over a broad surface area. The
same study also showed that, under conditions where the in
ViVo function of Ssq1 is carried out by the more general
hsp70-type chaperone Ssc1, efficient interaction between Jac1
and Isu1 remains critical for successful completion of
iron-sulfur cluster biosynthesis.

To better understand the requirement for the interaction
between HscB and IscU, we used NMR spectroscopy to
investigate HscB in its free form and in the presence of apo-
IscU. In addition, we used ATPase assays to evaluate the
ability of select HscB mutants to bind IscU and target it to
HscA. Here we report our results on the solution structure
of free HscB and on the most likely binding site for IscU.

EXPERIMENTAL PROCEDURES

Chemicals, Bacterial Strains, and Alignment Media.
QuikChange site-directed mutagenesis kits were purchased
from Stratagene (La Jolla, CA). E. coli strain DH5R was
purchased from Invitrogen (Carlsbad, CA) and strain BL21
from Novagen (San Diego, CA). 15NH4Cl, [U-13C]-D-glucose,
and [15N]glycine were purchased from Cambridge Isotope
Laboratories (Andover, MA). Other chemicals, including
natural abundance amino acids, Tris ·HCl, and DTT, were
purchased from Sigma (St. Louis, MO). DE-52 resin was
purchased from Whatman Inc. (Florham Park, NJ). Precast
gels for electrophoresis, Mark12 Unstained Standard, and
EnzCheck kits were purchased from Invitrogen (Carlsbad,
CA). Filamentous phage Pf1 was purchased from Asla
Biotech (Riga, Latvia). Protein standards for gel filtration
were purchased from Sigma (St. Louis, MO).

Site-Directed Mutagenesis. Mutations in vectors for ex-
pressing mutants of HscB were generated using the
QuikChange technique and were confirmed by DNA
sequencing.

Expression and Purification of Proteins. IscU, HscA, and
unlabeled HscB proteins were produced and purified as
described previously (16). To produce [U-15N]HscB and
[U-13C,U-15N]HscB, colonies of E. coli strain DH5R, con-
taining the pTrcHsc20 plasmid (18), were selected and grown
for 9 h at 37 °C in 9 mL of LB broth containing 100 µg of
ampicillin/mL. This starter culture (100 µL) was then used
to inoculate 250 mL of LB broth containing 100 µg of
ampicillin/mL, and this was grown for 16 h at 37 °C. Cells
from the 250 mL culture were used to inoculate 1 L of M9
minimal medium supplemented with 100 µg of ampicillin/
mL, 1 mL of vitamin solution (23), 1 mL of trace minerals
solution (24), and 2 g of unlabeled glucose and 1 g of
15NH4Cl ([U-15N]HscB) or 4 g of [U-13C]-D-glucose and 2 g
of 15NH4Cl ([U-13C,U-15N]HscB). Gene expression was
induced at A600 ≈ 1 by adding IPTG to a final concentration
of 0.4 mM. Protein production was allowed to proceed for
∼16 h, after which cells were harvested and stored at -80
°C. Cells were thawed and lysed by sonication at 4 °C in
TED buffer (50 mM Tris ·HCl, pH 7.4, 1 mM DTT, 0.5 mM
EDTA) containing 0.4 mM PMSF to inhibit proteolysis. The
lysate was centrifuged at 29416g, and the soluble supernatant
was applied to a room temperature DE-52 column. HscB
was eluted using a linear gradient from 0 to 100 mM NaCl

followed by isocratic elution with 100 mM NaCl. Fractions
were analyzed by gel electrophoresis, pooled and concen-
trated by ultrafiltration, and subjected to size exclusion
chromatography using a HiPrep Sephacryl 26/60 S100
column (Amersham). Fractions were analyzed by gel elec-
trophoresis, and those appearing homogeneous were pooled,
concentrated by ultrafiltration, frozen in liquid nitrogen, and
stored at -80 °C.

Selectively reverse-labeled HscB samples were prepared
using the same protocol, with an additional step of adding a
single natural abundance amino acid (largely 14N) to the cell
culture immediately prior to induction of gene expression:
434 mg of L-arginine ·HCl, 400 mg of L-histidine ·HCl ·H2O,
250 mg of L-threonine, or 520 mg of DL-lysine. A sample
incorporating [15N]glycine was produced by adding 550 mg
of [15N]glycine to a growth medium in which natural
abundance NH4Cl was used in place of 15NH4Cl. Because
the host cell strain used for protein production was not
auxotrophic for glycine, partial metabolic scrambling of the
label occurred, yielding a sample with labeling pattern [15N-
glycine,15N-serine,15N-tryptophan]HscB.

NMR Samples. Samples used for NMR resonance assign-
ment typically contained 1 mM ([U-13C,U-15N] or selectively
reverse-labeled) HscB in 18-22 mM Tris ·HCl, pH 7.3-7.5,
9 mM DTT, 0.2 mM EDTA, and 7% D2O. In addition to
these components, certain samples used for RDC data
collection also contained 11 mg/mL Pf1 phage. The sample
used for 15N relaxation data collection contained 0.9 mM
[U-15N]HscB in 22 mM Tris ·HCl, pH 7.4, 9 mM DTT, and
7% D2O. Starting samples for chemical shift perturbation
studies contained 0.5 mM [U-15N]HscB in 20 mM Tris ·HCl,
pH 7.5, 10 mM DTT, and 9% D2O or 1.6 mM IscU in 18
mM Tris ·HCl, pH 7.5, 10 mM DTT, and 9% D2O. Samples
used for line broadening measurements contained 0.5 mM
[U-15N]HscB in 20 mM Tris ·HCl, pH 7.3, 10 mM DTT,
and 6% D2O and varying concentrations of IscU (0, 0.003,
0.005, 0.03, 0.05, or 0.125 mM). DSS was used as an internal
reference for all titration data.

NMR Data Collection and Assignment. Unless otherwise
specified, NMR spectra were recorded at 40 °C on Varian
600, 800, and 900 MHz Unity-Inova spectrometers equipped
with z-axis gradient cold probes. All spectra were processed
with NMRPipe (25) and analyzed with Sparky (26). Samples
of [U-13C,U-15N]HscB were used for acquiring data sets used
for sequence-specific assignments: 2D 15N-TROSY-HSQC,
3D TROSY-HNCO, 3D HNCACB, 3D CBCA(CO)NH,
and 15N-NOESY-TROSY (mixing time 100 ms). To help
resolve ambiguous assignments, 2D 15N-TROSY-HSQC
spectra were also recorded on 1 mM samples of [15N-
glycine,15N-serine,15N-tryptophan]HscB, [U-15N,14N-his-
tidine]HscB, [U-15N,14N-lysine]HscB, [U-15N,14N-arginine]-
HscB, and [U-15N,14N-threonine]HscB.

Residual Dipolar Coupling Measurements. 1DHN and
1DCRHR residual dipolar couplings were obtained by compar-
ing coupled spectra in the absence and presence of orienting
medium. Coupled spectra were acquired at 40 °C on a Bruker
600 MHz DMX-Avance spectrometer and included a 3D HN-
coupled HNCO (27) and a 3D HR-coupled HN(CO)CA
experiment (28). Fitting of RDC data to the crystal structure
of HscB (PDB file 1FPO) (17) was carried out for each
domain of HscB separately as well as for the two domains
simultaneously. RDCs of highly flexible residues, i.e.,
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residues with crystallographic B-factors larger than the sum
of the average B-factor plus one standard deviation, were
not used in any of the calculations. The Q-factor (eq 1) (29)
was used to evaluate the quality of each fit.

Q) rms(Dcalc -Dobs)/rms(Dobs) (1)

Data were analyzed and fitted using NMRPipe (25) in
combination with in-house written scripts.

15N Relaxation and 1H-15N Heteronuclear NOE Measure-
ments. 15N relaxation data were measured using standard
pulse sequences (30, 31) on a Varian 600 MHz Unity-Inova
spectrometer equipped with a z-axis gradient cold probe at
40 °C. Longitudinal relaxation (R1) data were collected with
relaxation delays of 10, 120, 240, 400, 720, 1100, 1500, and
2200 ms; transverse relaxation (R2) data were measured with
relaxation delays of 10, 30, 50, 70, 90, 110, and 130 ms.
Peak intensities were subsequently determined as a function
of the relaxation delay and were fitted to a single exponential
using the peak height extension in Sparky (26). 1H-15N
heteronuclear NOE data were acquired with interleaved,
unenhanced and enhanced (3 s 1H excitation period) spectra.
1H-15N heteronuclear NOE values represent the ratio of peak
heights from the enhanced and unenhanced spectra. All data
sets were collected in duplicate.

Molecular Mass Determination. The molecular mass of
the IscU ·HscB complex was estimated by calibrated gel
filtration. Chromatography was carried out at 25 °C using a
Superdex 200 10/300 GL column connected to an ÄKTA-
purifier system (GE Healthcare). The column was first
equilibrated in 20 mM Tris ·HCl, pH 7.5, 0.1 mM EDTA, 1
mM DTT, and 203 mM NaCl; subsequently, a ∼100 µL
aliquot of sample was applied and eluted using the same
buffer. Total protein concentration for injected samples was
0.2 mM (HscB sample), 0.4 mM (IscU sample), or 0.2-0.8
mM (IscU ·HscB mixtures). IscU ·HscB samples contained
IscU and unlabeled HscB in a molar ratio of 1:4 or 3:1.
Standards used included catalase (232 kDa), albumin (69.2
kDa), ovalbumin (43 kDa), rhodanese (33.3 kDa), ribonu-
clease A (13.7 kDa), and cytochrome c (12.4 kDa). All
samples were prepared in equilibration buffer. Kave values
were calculated according to eq 2, where Vo is the column
void volume as determined with Blue Dextran, Vc is the
geometric column volume, and Ve is the elution volume of
the molecule under consideration.

Kave ) (Ve -Vo)/(Vc -Vo) (2)

Runs for standards and Blue Dextran were carried out in
duplicate, whereas runs for HscB, IscU, and IscU ·HscB were
carried out in triplicate. Selected fractions from these gel
filtration experiments were subsequently analyzed for IscU
and HscB content using SDS-PAGE.

Chemical Shift Perturbation Measurements. Apo-IscU was
titrated into a sample of [U-15N]HscB, and a 2D 15N-TROSY-
HSQC spectrum was recorded after the addition of each
aliquot. Titrations were performed at 40 °C with spectra
recorded on a Varian 800 MHz Unity-Inova spectrometer.
Unless otherwise noted, the final molar ratio of IscU:HscB
was 2.4. IscU-induced changes in amide peak position of
HscB, ∆δHN (in ppm), are reported as a combination of the
changes in the proton (∆δH) and nitrogen (∆δN) dimensions
according to eq 3 (32).

∆δHN ) [(∆δH)2 + (∆δN/6)2]1⁄2 (3)

Spectra were processed with NMRPipe (25) and analyzed
with Sparky (26).

Line Broadening Measurements. A 2D 15N-HSQC spec-
trum was recorded for each of six [U-15N]HscB · IscU
samples, identical in all respects except for the IscU
concentration. Peak widths (at half-peak height), in both
dimensions, were extracted from each spectrum for well-
resolved peaks. IscU-induced changes in amide peak width
of HscB, ∆LWHN (in Hz), are reported as a combination of
the changes in the proton (∆LWH) and nitrogen (∆LWN)
dimensions according to eq 4.

∆LWHN )∆LWH +∆LWN (4)

HSQC spectra were recorded at 40 °C on a Bruker 600 MHz
DMX-Avance spectrometer and were processed and analyzed
with NMRPipe (25). For selected residues, data for the
calculation of ∆LWHN were obtained from HSQC spectra
recorded during the IscU titration as described in the previous
section.

Circular Dichroism. Spectra were recorded on a Jasco
J-810 spectropolarimeter from 190 to 250 nm (far-UV) or
250 to 320 nm (near-UV). Far-UV measurements used 15
µM protein in 20 mM Tris ·HCl, pH 7.9, 1 mM DTT, 0.5
mM EDTA buffer and a 0.5 mm path length cuvette. Four
scans were averaged, and the buffer baseline was subtracted.
Near-UV measurements used 33 µM protein in 20 mM
Tris ·HCl, pH 7.9, 1 mM DTT, 0.5 mM EDTA buffer and a
10 mm path length cuvette. Twelve scans were averaged,
and the buffer baseline was subtracted. The temperature for
all measurements was 22 °C.

ATPase Assays. ATPase rates were determined at 23 °C
in HKM buffer (50 mM Hepes, pH 7.3, 150 mM KCl, 10
mM MgCl2) containing 1 mM ATP by measuring phosphate
released using the EnzCheck coupled enzyme phosphate
assay kit as described previously (16).

Sequence Alignment. Homologues of E. coli HscB were
identified using TBLASTN (BLASTP for γ-proteobacteria)
with the E. coli sequence as a query. Four separate searches
were performed, with each search limited to a subset of
organisms: R-proteobacteria, �-proteobacteria, γ-proteobac-
teria, and eukaryota. After discarding sequences with E-
values greater than 1, 187 sequences remained: 21 R-pro-
teobacteria, 48 �-proteobacteria, 69 γ-proteobacteria, and 49
eukaryotes [eukaryotic sequences were further subdivided
into fungi/metazoa (25), vertebrates (11), and other eukary-
otes (13)] (Tables S1-S6). Each group of sequences was
aligned with ClustalW2 (33) using default parameters. Each
result was analyzed separately, and residues were classified
as invariant (identical in all sequences within a group), highly
conserved (similar in g90% of sequences within a group),
semiconserved (similar in g80% of sequences within a
group), or nonconserved. A representative sequence was
chosen from each group (six sequences in total), and these
were also aligned using ClustalW2. Global sequence con-
servation among all 187 homologues was evaluated by
considering both the individual group alignments and the
alignment of representative sequences. Residues were clas-
sified as invariant (identical in all sequences), highly
conserved (similar in g90% of sequences), semiconserved
(similar in g80% of sequences), or nonconserved.
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RESULTS

Backbone Resonance Assignment of Free HscB. We began
backbone resonance assignment of free HscB at 25 °C, the
temperature at which most of the biochemical studies on this
protein were conducted (14, 16, 34, 35). The 15N-HSQC (data
not shown) showed a folded protein with many well-
dispersed peaks, although also with a large, overlapped region
(1H dimension, 7.5-8.5 ppm; 15N dimension, 118-122
ppm). The low signal-to-noise ratio of the 3D HNCACB
spectrum (in particular for peaks corresponding to interresi-
due 1HN-15N-13C� correlations) combined with peak over-
lap made the assignment process arduous. Because previous
studies (D. T. Ta and L. E. Vickery, unpublished results)
showed that HscB is stable to at least 45 °C, we collected a
3D HNCACB spectrum at 40 °C. The signal-to-noise ratio
was visibly higher than that at 25 °C; therefore, all remaining
data sets were collected at 40 °C. Final resonance assign-
ments for free HscB were based on information from 2D
15N-TROSY-HSQC, 3D HNCO, 3D CBCA(CO)NH, 3D
HNCACB experiments and a 3D 15N-NOESY-TROSY (τm

) 100 ms) experiment. Ambiguous assignments were
resolved using 2D 15N-TROSY-HSQC data collected from
selectively 15N-labeled or 14N-unlabeled HscB samples.
Complete or near-to-complete resonance assignments were
achieved for 162 out of 168 nonproline residues, namely,
D2-L15, T17-S40, A42-H63, A68-V86, and T89-F171.

Use of Residual Dipolar Coupling (RDC) Data to Com-
pare the Structure of HscB in Solution to That in the Crystal.
NMR RDCs contain information about the orientation of
atomic bond vectors in a protein and thus can be used to
test the validity of a particular structural model (36). We
measured one-bond RDCs for free HscB to compare its
structure in solution with that determined previously by X-ray
crystallography (17). The crystallographic asymmetric unit
contained three molecules, A, B, and C, but because residues
31-44 are not observed in the electron density of molecule
C, we used only molecules A and B for the analysis described
in the following section. We measured a total of 253
experimental RDCs (143 1DHN and 110 1DCRHR), and after
exclusion of those corresponding to residues in highly flexible
regions (residues 16-23, 26-28, 33-42, 78-85, and
165-171 for molecule A; residues 33-38, 76-87, and
167-171 for molecule B), approximately 220 remained for
use in the fitting procedure. Individual Q values for the J-
and C-domains were below ∼0.250 for both molecules
(Table 1), indicating good agreement between their crystal
(-170 °C) and solution (40 °C) structures. Fitting the J- and
C-domains together increased Q values only modestly with
both molecules (A and B) yielding Q values of ∼0.243
(Table 1, Figure 1). This indicates that the relative orientation
of the J- and C-domains is similar in the crystalline and
solution states. We conclude that the L-shaped topology of
the helical HscB structure is maintained in solution and,
moreover, that the crystal structure represents faithfully its
solution state.

Backbone Dynamics of HscB. Crystallographic B-factors
can indicate which atoms in a protein have the most freedom
of movement and therefore provide some insights into the
dynamics of the protein. The B-factors reported for HscB
(17) suggest that overall the J-domain is less rigid than the
C-domain and that the interdomain linker is the most mobile

region of the protein (Figure 2). The degree of mobility in
other regions of the protein differed among the molecules
in the asymmetric unit. In particular, the largest differences
were seen for the N-terminal region of helix A, the loop
connecting helices D and E, and the C-terminus (Figure 2).

NMR relaxation studies can also provide detailed informa-
tion about the internal dynamics occurring in proteins (37).
We measured 15N R1 and R2 as well as 1H-15N heteronuclear

Table 1: Summary of RDC Fitting Results for HscBa

molecule A molecule B

domain J C both J C both

no. of residues 75 88 171 75 88 171
no. of RDCs 79 136 218 98 139 237
Q 0.224 0.205 0.244 0.196 0.172 0.242

a Fitting was performed for the J- (J) and C-domains (C) individually
as well as together (both). Molecules A and B refer to two of the three
HscB molecules found in the crystallographic asymmetric unit. “no. of
residues” refers to the total number of residues in the indicated domain;
“no. of RDCs” refers to the total number of RDCs used in the fitting
procedure. For each molecule, residues with crystallographic B-factors
greater than the average plus one standard deviation were excluded from
the fitting procedure. Q measures the quality of the correlation and is
calculated according to Q ) rms(Dcalc - Dobs)/rms(Dobs) (29). Lower
values of Q indicate greater correlation between the observed and
calculated RDCs.

FIGURE 1: Correlation between experimentally measured residual
dipolar couplings 1DHN and 1DCRHR (1Dobs) and values predicted
(1Dpred) from the crystal structure of HscB (17). The coordinates
of molecules A and B of the crystallographic asymmetric unit were
used in separate calculations. The quality factor for the correlation,
Q, was calculated from Q ) rms(Dcalc - Dobs)/rms(Dobs) (29). Both
molecules proved to be equally good models of the solution
structure of HscB as indicated by their low Q values.
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NOE values at 40 °C for free HscB to compare its dynamics
in solution with that in the crystal state (17). The mean R2/
R1 and NOE values for the protein were 24.5 ( 5.6 and 0.76
( 0.19, respectively. Larger than average R2/R1 values were
not observed for any part of the protein; this indicates that
HscB does not undergo internal motions on a slow (µs to
ms) time scale. Lower than average R2/R1 and NOE values
were obtained for three regions of the protein: the loops
connecting helices A and B as well as helices C and D,
residues adjacent to these loops, and residues at the extreme
C-terminus of the protein (Figure 2). This result indicates
that these regions show appreciable flexibility on a fast (ps
to ns) time scale, whereas the rest of the HscB backbone
remains quite rigid.

From comparison of the NMR relaxation data and the
crystallographic B-factors, we conclude that the internal
dynamics of HscB are qualitatively similar in solution and
in the crystal state. The agreement is better for molecule B
than for molecule A of the crystal.

Molecular Mass of the IscU ·HscB Complex. To ensure
that we were able to generate the IscU ·HscB complex
required for NMR studies, we first used analytical gel
filtration to study the hydrodynamic properties of samples
of IscU, HscB, and mixtures of IscU and HscB. The elution
profile of IscU consisted of a single peak at a calibrated value
of 24.3 ( 0.6 kDa (Figure 3A). This value is significantly
larger than expected for a 14 kDa monomeric protein but is
slightly smaller than expected for a dimer. Because both
EDTA and DTT were present in our elution buffer, it is
unlikely that the observed species corresponds to a metal-
or disulfide bond-mediated IscU dimer. The high apparent
molecular mass may result from the flexible and partly
unstructured nature of IscU (38–40). The elution profile of
HscB consisted of a single peak at 32.8 ( 0.5 kDa (Figure
3A). This value is also larger than expected for a 20 kDa
monomeric protein but is in good agreement with a previous
study (41) and is likely due to the highly asymmetric
structure of HscB (17). The elution profile of the IscU ·HscB
mixture (3:1 molar ratio) contained two overlapped peaks at

24 ( 1 and 40 ( 3 kDa (Figure 3A). SDS-PAGE suggested
that the 24 kDa peak corresponds to (excess) IscU and the =40
kDa peak to the IscU ·HscB complex (Figure 3B). The elution
profile of the IscU ·HscB mixture (1:4 molar ratio) also
contained two overlapped peaks at 34 ( 1 and 39 ( 2 kDa

FIGURE 2: Comparison of internal dynamics of HscB in the solution (this work) and crystal (17) states. Backbone B-factors (17) for molecules
A (×) and B (b) of the crystallographic asymmetric unit, 1H-15N heteronuclear NOE values, and 15N R2/R1 relaxation time ratios are
plotted against HscB sequence. Diffraction data were collected at -170 °C and NMR data were collected at 40 °C. For each NMR parameter,
two separate data sets were collected, analyzed, and incorporated into error calculations.

FIGURE 3: Gel filtration analysis of IscU, HscB, and IscU ·HscB
mixtures on a Superdex 200 column. (A) Representative elution
profiles of IscU (500 µg in 100 µL), HscB (400 µg in 100 µL),
IscU ·HscB (1:4 molar ratio; 69 µg of IscU and 400 µg of HscB in
100 µL), and IscU ·HscB (3:1 molar ratio; 825 µg of IscU and 400
µg of HscB in 100 µL). Fractions analyzed by SDS-PAGE are
indicated by gray shadowing and fraction labels on the top of the
graph. (B) SDS-PAGE analysis of the IscU, HscB, and IscU ·HscB
fractions indicated in panel A.
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(Figure 3A). SDS-PAGE suggested that the 34 kDa peak
corresponds to (excess) HscB and the =39 kDa peak to the
IscU ·HscB complex (Figure 3B). The apparent value of =40
kDa is slightly larger than the expected mass of a 1:1
IscU ·HscB complex (14 kDa + 20 kDa ) 34 kDa). These
results suggest that we are able to generate an IscU ·HscB
complex, that it contains one molecule each of IscU and HscB,
and that the shape of the complex is slightly asymmetric.

Chemical Shift Perturbation and Line Broadening Effects.
Chemical shift perturbation studies exploit the differences
in chemical shift between the free and substrate-bound forms
of a protein to identify regions that undergo changes as a
result of the binding event (42). We probed differences in
the chemical shift of free and IscU-bound HscB by recording
a series of 15N-HSQC spectra of [U-15N]HscB in the presence
of varying amounts of IscU. Many peaks, in particular those
from the J-domain, did not shift significantly (average ∆δHN

value of 0.004 ppm) (Figure 4; Figure 5, solid gray lines);
this suggests that IscU has a minimal effect on this region
of HscB.

Peaks corresponding to residues in other parts of HscB
showed pronounced chemical shift changes (Figure 4; Figure
5, solid black lines) indicative of appreciable environmental
changes in the presence of IscU (43, 44). These residues
were located in the interdomain linker (average ∆δHN values
of 0.137 ppm), near the J-domain/C-domain interface (aver-
age ∆δHN value of 0.049 ppm), and in the C-domain (average
∆δHN values of 0.058 ppm).

Some peaks showed small initial chemical shift changes
and severe line broadening at substoichiometric levels of IscU
(Figure 4, red ×; Figure 5, solid red lines). These peaks
disappeared from the HSQC spectrum at an IscU:HscB molar
ratio of =0.25, and therefore, subsequent changes (if any)
in their chemical shift positions could not be followed.
Residues showing this behavior were localized to the second
half of the interdomain linker and the C-domain (Figure 4,
red ×). Although the line broadening mechanism remains

to be determined, these residues appear to be affected by a
major environmental change.

FIGURE 4: Combined chemical shift changes (∆δHN) of HscB upon binding to IscU. ∆δHN was calculated according to ∆δHN ) [(∆δH)2 +
(∆δN/6)2]1/2 (32). Residues whose peaks disappear during the titration are marked with a red ×. Values are not shown for residues that lack
an observable 1HN-15N cross-peak in free HscB (M1, D2, D16, T17, S38, Q41, A42, L65-A68, D78, H84, T85, and R87-T89), have an
overlapped 1HN-15N cross-peak in free and/or bound HscB (Q44, Q83, M124, and M132), or are prolines (P10, P33, and P64). The
diagrams at the top of the figure show the location of the domains and secondary structural elements of HscB.

FIGURE 5: Representative NMR changes observed during titration of
[U-15N]HscB with IscU. (A) Combined chemical shift changes (∆δHN
) [(∆δH)2 + (∆δN/6)2]1/2; ref 32). Many peaks (e.g., A52) exhibited
very small shifts during the titration. Other peaks (e.g., T140) exhibited
more pronounced shifts that saturated at an IscU:HscB molar ratio of
2.4. A subset of peaks (e.g., S81) showed small initial shifts before
disappearing from the HSQC spectrum at an IscU:HscB molar ratio
of =0.25. A handful of peaks (e.g., X1) appeared at IscU:HscB molar
ratios greater than 1 and showed very small shifts. (B) Line broadening
changes (∆LWHN ) ∆LWH + ∆LWN). Many peaks (e.g., A52)
became slightly broader due to the higher mass of the IscU ·HscB
complex. Other peaks (e.g., T140) broadened and subsequently
resharpened during the titration. This type of behavior generally results
from intermediate (µs to ms lifetimes) association-dissociation kinetics
of a protein complex (43, 44). A subset of peaks (e.g., S81) showed
severe line broadening at substoichiometric levels of IscU, disappearing
from the HSQC spectrum at an IscU:HscB molar ratio of =0.25. The
source of this type of behavior is unknown. A handful of peaks (e.g.,
X1) appeared at IscU:HscB molar ratios greater than 1, sharpening as
the titration progressed. Attempts at assigning these peaks were
unsuccessful. Line broadening data for A52, T140, and X1 were
recorded at 800 MHz; line broadening data for S81 were recorded at
600 MHz.
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Several new peaks appeared in the HSQC spectrum at
IscU:HscB molar ratios greater than 1 (Table S7) and showed
small chemical shift changes during the remainder of the
titration (Figure 5, broken red lines). These peaks, which
have not yet been assigned, appear to correspond to residues
of HscB that experience large chemical shift changes upon
formation of the complex.

Alanine-Substituted HscBs. The fact that a number of the
residues showing extreme NMR line broadening are highly
conserved among HscB homologues suggested that they
might comprise part of the IscU binding site (see Discussion).
To test this possibility, we investigated the effect of alanine
substitutions on the ability of HscB to interact with IscU
and stimulate the ATPase activity of HscA. Previous studies
have shown that IscU and HscB individually enhance HscA
ATPase activity modestly (=4-8-fold) but together can
synergistically stimulate activity up to =400-fold (16, 41).
Furthermore, HscB synergistically reduces the concentration
of IscU required for half-maximal stimulation from =30 µM
to =2 µM IscU (16). We reasoned that if the alanine
mutations modify the IscU ·HscB interaction, the synergism
between the two proteins might also be affected. A change
in the maximum level of HscA ATPase stimulation would
suggest a change in the allosteric coupling between IscU and
HscB within the HscA · IscU ·HscB ternary complex, whereas
a change in the concentration of IscU required for half-
maximal stimulation of HscA would suggest a change in the
affinity of HscB for IscU.

Alanine substitutions in HscB were made either in a cluster
of charged residues, HscB(E97A,E100A,E104A), or in a
nearby hydrophobic patch, HscB(L92A,M93A,F153A). The
far- and near-UV CD spectra of each mutant were identical
to those of wild-type HscB (data not shown), indicating that
the alanine substitutions did not alter the secondary or tertiary
structure of HscB. Wild-type HscB elicited a =4-fold
maximal stimulation of HscA ATPase activity, with half-
maximal stimulation occurring at =6 µM HscB (Figure 6A,
solid line and filled circles). HscB(E97A,E100A,E104A)
elicited a =4-fold maximal stimulation of HscA ATPase
activity, with half-maximal stimulation occurring at =5 µM
HscB (Figure 6A, dashed line and open squares). HscB(L92A,
M93A,F153A) elicited a =4-fold maximal stimulation of

HscA ATPase activity, with half-maximal stimulation oc-
curring at =4 µM HscB (Figure 6A, dotted line and open
triangles). The close agreement between results obtained for
the mutants and wild-type HscB suggests that all three pro-
teins have similar affinities and allosteric interactions with
HscA.

Next we examined the effect of the triple alanine substitu-
tions on the synergism between IscU and HscB. IscU and
wild-type HscB elicited a =470-fold maximal stimulation
of HscA ATPase activity, with half-maximal stimulation
occurring at =3 µM IscU (Figure 6B, solid line and filled
circles). The maximal stimulation elicited by IscU and
HscB(E97A,E100A,E104A) decreased to =400-fold, with
the concentration of IscU required for half-maximal stimula-
tion increasing to =7 µM (Figure 6B, dashed line and
open squares). Given that HscB(E97A,E100A,E104A) inter-
acts normally with HscA, these results suggest that the
(E97A,E100A,E104A) triple substitution perturbs the affinity
of HscB for IscU and also slightly affects the allosteric
communication within the HscA · IscU ·HscB ternary com-
plex. The maximal stimulation of HscA ATPase activity
elicited by IscU and HscB(L92A,M93A,F153A) decreased
to =97-fold, with the concentration of IscU required for half-
maximal stimulation increasing to =24 µM (Figure 6B, dot-
ted line and open triangles). Given that HscB(L92A,M93A,F153A)
also interacts normally with HscA, these results suggest that
the (L92A,M93A,F153A) triple substitution not only perturbs
the affinity of HscB for IscU but also considerably affects
allosteric communication within the HscA · IscU ·HscB ter-
nary complex.

Taken together, these results confirm that some of the
residues showing severe line broadening in the NMR
titrations are important for the IscU ·HscB interaction. In
addition, these results suggest that L92, M93, and/or F153
are more critical for this interaction than residues E97, E100,
and/or E104.

DISCUSSION

The crystal structure of HscB (17) revealed an L-shaped
protein, consisting of two all-R-helical domains whose
relative orientation is fixed through an extensive apolar

FIGURE 6: Effect of HscB mutants on the ATPase activity of HscA. Results are reported as the increase in basal ATPase rates at 23 °C;
curves represent best fits to the data using the following values for maximal stimulation and concentration of HscB (panel A) or IscU (panel
B) giving half-maximal stimulation. (A) In the absence of IscU: wild-type HscB (b), 4.4-fold, 5.8 µM; HscB(E97A, E100A, E104A) (0),
4.3-fold, 4.9 µM; HscB(L92A, M93A, F153A) (∆), 3.8-fold, 3.9 µM. (B) In the presence of IscU: wild-type HscB (b), 468-fold, 2.8 µM;
HscB(E97A, E100A, E104A) (0), 404-fold, 6.9 µM; HscB(L92A, M93A, F153A) (∆), 97-fold, 24 µM.
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interdomain interface. Our residual dipolar coupling and 15N
relaxation NMR data indicate that HscB retains in solution
the fold and associated dynamics observed in the crystal.

Moreover, this all-R-helical, L-shaped structure is very stable
in solution at 40 °C as indicated by our ability to collect
NMR data over periods of weeks.

FIGURE 7: Amino acid conservation among HscB proteins. A previous sequence alignment of HscB homologues analyzed nine sequences
(17). We generated a new alignment using 187 sequences divided into six groups. The results are projected onto a representative sequence
from each group. Invariant residues (identical in all sequences within a group) are highlighted in black, highly conserved residues (similar
in g90% of sequences within a group) are highlighted in blue, and semiconserved residues (similar in g80% of sequences within a group)
are highlighted in yellow. Global sequence conservation was evaluated by comparing the individual group alignments. “*” indicates invariant
residues (identical in all sequences), “:” indicates highly conserved residues (similar in g90% of sequences), and “.” indicates semiconserved
residues (similar in g80% of sequences). The diagrams at the top of the figure show the location of the secondary structural elements of
E. coli HscB.
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The interaction between IscU and HscB is critical for
successful assembly of iron-sulfur clusters, but our under-
standing of this interaction has been limited by the lack of
structural information. The NMR titration results reported
here indicate that three regions of HscB are affected by IscU:
the interdomain linker, the J-domain/C-domain interface, and
the C-domain. Because sequence conservation in the inter-
domain linker is low (Figure 7), we suggest that the observed
NMR changes in this region are due to indirect effects of
IscU binding. The most likely mechanism would be a local
induced change in conformation. Sequence conservation in
the J-domain/C-domain interface is also low (Figure 7), and
in addition, this extensive surface is largely buried in the
free form of HscB (17). Therefore, the NMR changes in this
region are also likely due to indirect effects of IscU and may
reflect a small change in the relative orientation of the two
domains.

Overall sequence conservation is higher in the C-domain
than in the interdomain linker or the J-domain/C-domain
interface (Figure 7). In particular, a prominent conserved
patch, consisting of residues L92, M93, L96, E97, E100,
E104, and F153, is located on one face of the domain (Figure
8A). NMR signals from all of these residues, as well as from
some of their nonconserved neighbors, undergo large changes
upon addition of IscU (Figure 4, red ×). Therefore, we
propose that this region of HscB contacts IscU in the complex

(Figure 8B). Previous work on S. cereVisiae Jac1 identified
six residues that, when mutated together to alanine, reduced
the affinity of the cochaperone for Isu1 in Vitro (22). The
six Jac1 residues correspond to HscB residues L96, R99,
E100, D103, E104, and Q107. In our NMR titration data,
neither Q107 nor nearby residues (I105 and E106) undergo
line broadening of the type observed for residues L96, R99,
E100, D103, and E104 (Figure 4). For this reason we propose
that HscB residues I105-Q107, located at the C-terminal
region of helix D, are not part of the IscU binding site.

Although protein-protein interfaces vary to a large extent
in their size, shape, and amino acid composition, they exhibit
some common properties. Almost all interfaces bury at least
600 Å2 of total surface area (47), and a large part of this
buried surface is hydrophobic (48). The energetic contribu-
tions of individual residues across the interface vary widely,
with a few key residues contributing significantly to the
binding free energy of the complex (a hot spot) (48). The
proposed contact site on HscB conforms well to these rules.
Together, R87, D88, T89, L92, M93, Q95, L96, E97, R99,
E100, D103, E104, R149, R152, F153, D155, K156, and
L157 form a surface of area =430 Å2 that could become
buried upon contact with IscU. If the surface buried on IscU
is of similar size, the total surface buried by the IscU ·HscB
interface will be well above the suggested 600 Å2 threshold.
Notably, the size of the proposed contact site may also

FIGURE 8: Surface properties of HscB. (A) Conserved residues in the C-domain of HscB based on the alignment of 187 sequences (cf.
Figure 7 and the text for details). Highly conserved residues are highlighted in blue, and semiconserved residues are highlighted in yellow.
(B) The proposed interaction site for IscU. HscB surface residues showing dramatic NMR changes in the presence of IscU are clustered on
one side of the protein (red coloring). Residues for which NMR data do not exist, but which might also be part of this binding site, are
shaded dark gray. (C) Surface electrostatic potential of HscB. White represents neutral potential, blue represents positive potential, and red
represents negative potential. The proposed binding site for IscU shown in panel B is circled with a dashed line. Coordinates for the HscB
structure are from PDB file 1FPO (17); images were prepared with PyMol (49).
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explain why pairwise mutations of S. cereVisiae Jac1 residues
had only modest effects on the cochaperone’s affinity for
Isu1 (22). The chemical character of the proposed contact
site on HscB is best described by a hydrophobic patch (L92,
M93, L96, and F153) that is bordered by an acidic region
on one side (E97, E100, D103, and E104) and a predomi-
nantly basic region on the other side (R87, R99, R152, and
K156) (Figure 8C). It is possible that whereas the hydro-
phobic patch provides stability to the complex, the charged
areas surrounding it provide specificity and direct the
orientation of HscB and IscU. Several of the residues within
the proposed contact site correspond to types commonly
found in hot spots (48); these include M93, E97, R99, E100,
D103, E104, R152, and F153.

The results of the HscA ATPase assays reported here
support the binding site identified by NMR spectroscopy.
Both of the triple alanine substitutions decreased the affinity
of HscB for IscU, but the substitutions in the hydrophobic
patch (L92A,M93A,F153A) had a more profound effect than
those in the acidic region (E97A,E100A,E104A). This result
suggests that hydrophobic interactions provide most of the
stability to the IscU ·HscB complex. Unexpectedly, the
(L92A,M93A,F153A) substitution also strongly perturbed the
allosteric interaction within the HscA · IscU ·HscB ternary
complex. This finding offers clues regarding the allosteric
mechanism and suggests that future analysis of the effects
of single site HscB mutants could lead to a better under-
standing of the contributions of individual interface residues
to the enzymatic activity of the ternary complex.
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