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Abstract

Iron-sulfur cluster biogenesis is a complex, but highly regulated process that involves de novo
cluster formation from iron and sulfide ions on a scaffold protein and delivery to final targets via a
series of Fe-S cluster binding carrier proteins. The process of cluster release from the scaffold/
carrier for transfer to the target proteins is mediated by a dedicated Fe-S cluster chaperone system.
In human cells, the chaperones include heat shock protein HSPA9 and the J-type chaperone
Hsc20. While the role of chaperones has been somewhat clarified in yeast and bacterial systems,
many questions remain over their functional roles in cluster delivery and interactions with a
variety of human Fe-S cluster proteins. One such protein, Nfu, has recently been recognized as a
potential interaction partner of the chaperone complex. Herein, we examined the ability of human
Nfu to function as a carrier by interacting with the human chaperone complex. Human Nfu is
shown to bind to both chaperone proteins with binding affinities similar to those observed for IscU
binding to the homologous HSPA9 and Hsc20, while Nfu can also stimulate the ATPase activity of
HSPA9. Additionally, the chaperone complex was able to promote Nfu function by enhancing the
second-order rate constants for Fe-S cluster transfer to target proteins and providing directionality
in cluster transfer from Nfu by eliminating promiscuous transfer reactions. Together, these data
support a hypothesis in which Nfu can serve as an alternative carrier protein for chaperone-
mediated cluster release and delivery in Fe-S cluster biogenesis and trafficking.
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Biosynthesis of iron-sulfur (Fe-S) clusters, a common metallocofactor, occurs in a highly regulated
process with the assistance of a dedicated chaperone system consisting of HSPA9 and Hsc20. The
complex role of these chaperones is currently unclear; however, we show that they can interact
with and regulate the activity of the Fe-S cluster protein Nfu in cellular cluster trafficking.
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Introduction

Studies of the /sc (iron-sulfur cluster) operon have revealed the presence of both DnaK and
DnaJ chaperones [4, 5], suggesting that the corresponding encoded products were potentially
involved in iron-sulfur (Fe-S) cluster biosynthesis [6]. The DnaK-type chaperone is
designated HscA in £.coli, Ssql in yeast and HSPA9 in humans, and belongs to the Hsp70
family of proteins that function to assist in protein folding or refolding through ATP
hydrolysis [7-9]. This family of chaperones typically consists of two domains: an N-
terminal nucleotide-binding domain that exhibits ATPase activity, and a C-terminal
substrate-binding domain [10, 11]. The K-type chaperones have been found to interact with
encoded J-type co-chaperones to facilitate function by stimulating the ATPase activity of the
chaperone and enhance substrate binding affinity [7, 9, 10, 12]. These J-type co-chaperones
are classified as ‘small Jac’s’ (small J-type accessory chaperones), and the Fe-S cluster
related protein is termed HscB in £. colj, Jacl in yeast, and Hsc20 in humans [9, 13]. Unlike
other J-type co-chaperones, Hsc20 lacks a cysteine-rich zinc finger, and the mass (~20 kD)
is different from the classic DnaJ chaperone (~45 kD) [12, 14, 15]. Moreover, HSPA9/Hsc20
could not functionally replace the bacterial DnaK/DnalJ system [16-18], such that disruption
of the AscA gene in E. coli did not produce gross phenotypic changes, in contrast to the
growth defect when DnaK was deleted [17, 19, 20]. Despite these functional differences,
recent work has implicated HSPA9 in relation to Myelodysplastic syndromes (MDS) [21,
22], where deficiency of HSPA9 results in ineffective hematopoiesis and delayed maturation
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of erythroid precursors [23, 24], suggesting that eukaryotic HSPA9 and its role in Fe-S
cluster biogenesis has important implications for downstream protein function.

The potential involvement of the chaperone complex in erythroid differentiation via Fe-S
cluster biogenesis has fueled interest in better understanding its specific role in cluster
biosynthesis. The HSPA9/Hsc20 system is highly conserved; as such, research on the
chaperone system incorporates studies in Azofobacter vinelandii, E. coli, yeast, and humans.
Current understanding suggests that the co-chaperone, Hsc20, binds to the iron-sulfur cluster
scaffold/carrier protein IscU via a conserved LVF motif [25] and recruits HSPA9, which can
bind to both Hsc20 and IscU [7, 9, 26]; however, the binding site for IscU may be blocked
depending on whether HSPA9 is bound to ATP or ADP. In this complex, IscU and Hsc20
can synergistically stimulate the ATPase activity of HSPA9 [27-29], with a proposed
subsequent change in HSPAQ structure that impacts the interaction with Hsc20. The
resulting Hsc20-IscU interaction shifts the conformation of IscU to the disordered (D) state,
thereby releasing the Fe-S cluster and allowing it to bind to HSPA9 [26, 30, 31]. The Fe-S
cluster is subsequently released in a process that delivers it to the target protein. Target
specificity is believed to be conferred by Hsc20, which has been found to bind to partners
such as succinate dehydrogenase (SDH) and glutaredoxin 5 (Grx5) via LYR motifs present
on the partner proteins [9, 32]. However, Grx5 has also been shown to interact with yeast
Ssql, suggesting that this transfer reaction is facilitated through interaction with both
proteins [33]. The LYR motif has allowed for identification of other potential targets by pull-
down experiments, but these need to be confirmed biochemically [9].

In the context of the co-chaperone complex, IscU and Hsc20 can stimulate the ATPase
activity of HSPA9, and in turn, the chaperone complex promotes Fe-S transfer from IscU to
downstream targets. In A. vinelandii, the presence of chaperones increases the rate constant
for Fe-S cluster transfer from IscU 22-fold for ferredoxin [34] and 670-fold for Grx5 [35];
whereas in E. coli, transfer from IscU to apo ferredoxin was increased on the scale of 5-10
fold [36, 37]. Although the components of the Fe-S cluster biosynthesis pathway and the
corresponding chaperones are highly conserved, these differences in rate enhancement
suggest organism-specific control over the process.

In addition to the Fe-S cluster targets mentioned above, the iron-sulfur cluster protein Nfu
contains a version of the LYR motif, specifically an I'YK motif in its N-terminal domain that
may permit an interaction with the chaperone system, particularly with Hsc20, as observed
for Grx5 and SDH [38, 39]. Furthermore, the Nfu protein has been found to interact with
HSPAQ9 in both the human [21, 39] and yeast [40] systems, based on pull-down assays and
genetic knockouts, respectively. The human Nfu protein plays a variety of functional cellular
roles, including histone cell cycle regulation [41], thioredoxin-like activity in the apo form
[42, 43], assembly and transfer of a [2Fe-2S] cluster [2], assembly of a [4Fe-4S] cluster [44,
45], and transfer of an Fe-S cluster into apo aconitase [38]. The role of Nfu in Fe-S cluster
binding and transfer is essential, as mutations on Nfu are implicated in causing Multiple
Mitochondrial Dysfunctions Syndrome 1 (MMDSL1) [46-48]. Structurally, Nfu consists of
two domains, an N- and a C-terminal domain [42—-44, 49], where the latter contains a highly
conserved CXXC motif [44] required for Fe-S cluster binding. The two protein domains can
be separately isolated, which has provided thermodynamic and structural insights into the
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system. The N-terminal domain (N-Nfu) exists in a highly ordered state, while the C-
terminal domain (C-Nfu) is molten globular [43, 49]. Bringing the two domains together
helps to stabilize the C-terminal domain and the full-length protein maintains a well-folded
structure [49].

Although Nfu and the chaperones have each been studied in depth, as separate entities, the
biochemical connection between them has not yet been examined. Herein, we have sought to
understand the thermodynamic and functional connections between these proteins (human
Nfu, human Hsc20, and human HSPA9) in the context of Fe-S cluster biosynthesis.

ATP concentration-dependent ATPase activity of human HSPA9

The ATPase activity of the human HSPA9 chaperone was monitored by use of the Molecular
Probe EnzChek kit [50]. A standard curve was generated by varying the concentration of
potassium phosphate from 2 to 100 uM (data not shown). To monitor the ATPase activity of
HSPAJ9, a 1 uM solution of human HSPA9 in HKM buffer was degassed and mixed with the
necessary components of the EnzChek reaction kit. Reaction was initiated by addition of
increasing concentrations of ATP (0~200 uM), and the absorbance at 360 nm was recorded
prior to conversion to the rate of ATP hydrolysis based on the standard curve. ATPase
activity was plotted against the ATP concentration and fit to the Michaelis-Menten equation
to obtain Ky, and Vs parameters (Fig. 1). The Ky, value of 12 uM is similar to the
previously reported K, for HscA, the HSPA9 homolog from Escherichia coli [51], while the
Vmax 0f 0.27 nM/min demonstrates that the protein is active and at levels consistent with a
previous characterization of this protein family [52]. This characterization also demonstrated
the concentration of ATP (1 mM) required to saturate HSPA9 in the stimulation experiments.

Stimulation of HSPA9 ATPase activity by human Nfu

To date, only the £. colilscU has been studied for its ability to stimulate the ATPase activity
of an HSPA9-type chaperone [26, 53, 54]. However, growing evidence suggests that Nfu can
interact with components of the chaperone system, with examples from yeast Ssql [40] and
human HSPA9 [21]. To better examine this potential interaction, we have analyzed the
functional properties of both HSPA9 and Nfu, and their mutual interdependence.

The relative stimulation of HSPA9 ATPase activity by human Nfu was plotted as a function
of Nfu concentration, for both the full length and the separate domains. ATPase activity was
observed to increase with increasing Nfu concentration, and the data was fit to a one site
binding function (1),

Vinax * [ Nfu] N
y=—max 7L
K, +[Nfy] A" 1)

where y describes the relative stimulation of HSPA9 ATPase activity and [Nfu] represents
the concentration of Nfu (or one of the truncated Nfu forms). Vmax represents the maximum
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ratio of stimulation, Kp is the apparent binding affinity for the interaction, and karp
represents the basal ATPase activity in the absence of Nfu.

Addition of Nfu was observed to stimulate the ATPase activity of HSPA9 up to 3.7 fold (Fig.
2a); while the C-Nfu form increased activity 2.4 fold (Fig. 2b). Binding affinities were also
obtained from the stimulation plots and yielded an apparent affinity of 50 uM for both full-
length Nfu (Fig. 2a) and C-Nfu (Fig. 2b) for interaction with human HSPA9. Moreover, N-
Nfu alone did not demonstrate any stimulation of the ATPase activity of HSPA9 (data not
shown). The fitting parameters determined from the stimulation assays are summarized in
Table 1.

Stimulation of the ATPase activity of HSPA9 by Nfu in the presence of Hsc20

Because HSPA9 and Hsc20 have been shown to function together in several key roles [9, 16,
53], we also investigated the impact of Nfu on ATPase activity from the HSPA9/Hsc20
complex. Human Hsc20 was overexpressed in E. coli with an N-terminal His-tag to facilitate
purification. Purification of Hsc20 by affinity chromatography was confirmed with SDS-
PAGE and its migration position was consistent with the predicted mass of 21.7 kD (data not
shown).

Another HSPA9 ATPase stimulation experiment was performed at a saturating concentration
of 50 uM Hsc20 [55], since 20 uM has been shown to saturate the ATPase activity of 2 uM
HSPAQ9 (data not shown). The experiments were carried out as described above, and data
analyzed relative to the basal activity of the HSPA9/Hsc20 complex. Full length Nfu was
able to stimulate HSPA9 ATPase activity in the complex from approximately 3-fold (Hsc20/
HSPA9 complex relative to HSPA9 alone) to 7-fold (Fig. 3a), while C-Nfu increased activity
from approximately 3-fold to 5-fold (Fig. 3b). Stimulation by either form of Nfu in the
presence of Hsc20, does not demonstrate the synergistic effect observed by IscU stimulation
of HscA in the presence of HscB [53], suggesting a different interaction mechanism for Nfu.
The apparent binding affinities were also determined from the fit, with full-length Nfu
displaying an apparent affinity of 17.9 pM (Fig. 3a) and C-Nfu of 15.7 uM (Fig. 3b). Similar
to the case of HSPA9 alone, N-Nfu was unable to stimulate the HSPA9/Hsc20 complex (data
not shown). Fitted parameters are summarized in Table 1.

Quantitation of human Nfu binding to human HSPA9 (ADP- or AMPPNP-bound form) by
isothermal titration calorimetry (ITC)

Given the stimulation of HSPAQ activity by both full-length and C-terminal truncated Nfu,
we examined these two proteins for a direct protein-protein interaction. By use of isothermal
titration calorimetry (ITC), human Nfu was titrated into a solution of HSPA9 in the presence
of ADP to prevent any conformational changes that may result from ATPase activity. In the
ADP-form, Nfu and HSPAQ interact in a 1:1 ratio with a binding affinity of 8.3 uM (Fig. 4a;
Table 2). Similarly, C-Nfu also binds HSPA9 at a single binding site, but with a lower
affinity of 18 pM (Fig. 4b; Table 2). Binding of N-Nfu to HSPA9 was also investigated;
however, no change in heat was observed, consistent with no direct binding interaction (data
not shown) and correlates with the lack of ATPase stimulation.
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Chaperones with ATPase activity alternate between high substrate-binding affinity in the
ADP form, and low substrate-binding affinity in the ATP form [56]. However, binding of
Nfu to the ATP-loaded form of HSPA9 cannot be measured directly as a result of the
intrinsic ATPase activity of HSPA9. Therefore, a non-hydrolyzable analog of ATP
(AMPPNP) was used in which the oxygen atom in ATP that connects the g and -y phosphate
is replaced by nitrogen. In the presence of AMPPNP, ITC experiments demonstrated the
binding affinity to increase from 8.3 uM and 18 pM, to 36.5 UM and 51 pM, respectively, for
human NFU and the truncated C-terminal domain (Table 2), indicating that both full length
Nfu and the C-terminal domain can bind the ADP form of HSPA9 3-fold more tightly than
HSPA9 in the presence of an ATP analog. These binding affinities are in line with prior
observations for the interaction of HscA with IscU, with a Kp of 39 uM in the absence of
HscB in the ATP-bound form measured via surface plasmon resonance (SPR) [29]. N-Nfu
was unable to interact directly with HSPA9 in the AMPPNP-bound form (data not shown).

Quantitation of human Nfu binding to human Hsc20 by ITC

As the co-chaperone of HSPA9, Hsc20 stimulates its activity and function [9, 16]. Because
the presence of Hsc20 in the ATPase assays promoted the stimulation of HSPA9 by Nfu and
increased the apparent binding affinity, we sought to characterize the binding interaction
between Nfu (or C-Nfu) and Hsc20. By use of ITC, both full length and C-Nfu were found
to interact with Hsc20 at 1:1 ratio with binding affinities of 10 uM and 11 pM, respectively
(Table 3). Although Nfu can bind to Hsc20 with a relatively low affinity, the binding is not
as tight as the interaction between IscU and HscB of 0.10 uM [29], which further supports
the notion that there is a different mode of interaction between Nfu and Hsc20. As before,
the N-terminal domain alone did not demonstrate binding to Hsc20.

Quantitation of full-length human Nfu binding to the human HSPA9/Hsc20 complex by ITC

ATPase stimulation experiments described herein suggest that the binding affinity between
NFU and HSPAQ is enhanced in the presence of Hsc20. ITC was again used to analyze the
interaction of Nfu with the HSPA9/Hsc20 complex by titration with Nfu in the presence of
ADP. The HSPA9/Hsc20 complex was pre-formed via overnight dialysis at concentrations
sufficient to enable complex formation. Addition of Nfu yielded a binding affinity of 0.3 uM
(Fig. 5a; Table 4), which is significantly tighter than the affinity of 8.3 uM obtained for Nfu
binding to HSPA9 alone. When AMPPNP was present with the HSPA9/Hsc20 complex, Nfu
was seen to bind with an affinity of 9.4 uM (Fig. 5b; Table 4), resulting in an increased
binding affinity of approximately 4-fold compared to Nfu binding to HSPA9 alone (Table 2).
This was consistent with the ATPase activity results and demonstrates thermodynamically
that Nfu can bind more tightly to the HSPA9/Hsc20 complex than to HSPA9 alone. Again
these affinities correlate well with those obtained for IscU interacting with the HscA/HscB
complex [29]. While the interaction with Hsc20 is weaker, Nfu can interact with HSPA9 as
strongly as IscU can bind to HscA.

Interaction of a mixture of N- and C-Nfu with HSPA9 and the HSPA9/Hsc20 complex

Although N-Nfu alone did not demonstrate any stimulation of HSPA9, or binding to either
of the chaperones under investigation, it may serve a specific function when present with the
C-terminal domain. This notion is further supported by previous research demonstrating that
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a mixture of the two domains results in structural conformational changes similar to those
found with the full-length protein [49], which are likely required for proper function. Thus,
the ATPase stimulation assay and ITC experiments were performed with a mixture of the
separately purified N- and C-Nfu domains (Fig. 6 and 7) at a concentration that would
promote formation of the full-length protein as a complex of the two separate domains [49];
however, both the kinetic and thermodynamic results matched those obtained with the C-
terminal domain alone (Tables 1-3, 5-6). These data suggest that either the N-terminal
domain is only required in the context of the full length protein, or that the two domains can
only come together functionally via the linker region that is missing from the separate
constructs, thereby preventing proper formation of the full length protein. In either case, the
mixture of the two separate domains is unable to functionally match the full-length protein
in these experiments.

Stimulation of the transfer activity of full-length Nfu by the HSPA9/Hsc20 complex

Since Nfu stimulates the ATPase activity of HSPA9 and directly interacts with both HSPA9
and Hsc20, we investigated the impact of the chaperones on the functional properties of full-
length Nfu. Our laboratory has previously reported the chemical reconstitution of a [2Fe-2S]
cluster on human Nfu and shown that this iron-sulfur cluster can be quantitatively delivered
to downstream target proteins, such as ferredoxins and glutaredoxins, with robust second-
order rate constants obtained by monitoring the reaction by use of circular dichroism [1-3].
The HSPA9/Hsc20 chaperone system has been previously shown to stimulate the transfer of
a [2Fe-2S] cluster from the scaffold/carrier protein IscU to various targets [9, 26], with the
range of increase from 5-10 fold in £. coli[36, 37] to 22—670 fold in A. vinelandii[34, 35].
Given the proposed role for Nfu as an alternative scaffold/carrier [46, 57, 58], and our
demonstrated functional and thermodynamic connections, we also examined the ability of
the chaperones to increase the rate of Fe-S cluster transfer from Nfu.

Cluster transfer reactions were performed anaerobically using a 1:1 ratio of holo:apo protein
with the chaperone complex, MgATP and DTT present. Reactions were carried out ata 1:1
ratio, due to limitations of detection sensitivity and protein solubility. Although these values
were not obtained under pseudo first-order kinetic conditions, we have developed a method
to provide estimates for second-order rate constants in cluster transfer reactions that are
consistent with previously published literature values [34, 59, 60]. Our previous work
provides test cases that demonstrate the apparent second-order rate constant obtained in this
manner to agree with the actual rate constant determined from more traditional
concentration dependence measurements [2, 61]. Prior studies of HscA/HscB complex
formation with the scaffold/carrier protein IscU have indicated that substoichiometric
chaperone complex can maximally stimulate of cluster transfer [36, 37]; as such, prior
kinetic CD experiments have utilized between 2- and 4-fold excess of cluster-bound IscU to
HscA/HscB complex [35]. Similar ratios were utilized in this work to examine cluster
transfer from Nfu. Likewise, the concentrations of MgATP were adapted from earlier
experiments that monitored the kinetics of cluster transfer with the chaperone system using
CD [34-37, 62]. However, varying the concentration of chaperones outside of this ratio
cannot drive a reaction to occur that did not already work at the optimal ratio [63], consistent
with these being saturating concentrations.
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As such, transfer from holo human Nfu to apo ferredoxin 1 (Fdx1) was monitored every 2
min for a total of 90 min and the increase in CD signal at 445 nm (Fig. 8a), indicative of
formation of holo Fdx1, was measured and converted to percent cluster transfer (Fig. 8b).
The second-order rate constant was determined by use of DynaFit based on the
concentration of [2Fe-2S] cluster initially present in holo Nfu to yield a second-order rate
constant of 8800 + 720 M~Imin~1 (Table 7), which is almost 2-fold faster than transfer in the
absence of chaperones [2]. Transfer to apo ferredoxin 2 (Fdx2) was monitored in the same
way, but at the Fdx2 specific wavelength of 440 nm (Fig. 8c), to yield a second-order rate
constant of 6050 + 2700 M~min~1 (Table 7), slightly increasing the second-order rate
constant observed in the absence of chaperones [2]; however, the increase is negligible when
considering the error values on the measurements (Table 7).

Interestingly, the clear stimulation pattern that was observed in the transfer from holo Nfu to
the apo Fdx1 was not present for transfer to apo glutaredoxins. Initially, the transfer of a
[2Fe-2S] cluster from holo Nfu to apo glutaredoxin 5 (Grx5) was examined in the absence of
chaperones, as this reaction has not yet been characterized. Transfer was relatively fast, such
that after the first 2 min, the spectra demonstrated complete formation of holo Grx5 (Fig.
9a). Therefore, the reaction was monitored at 10 s intervals at 460 nm to yield a second-
order rate constant of 35100 + 2000 M~Imin~1 (Fig. 9), which is in line with the rate-
constant for transfer to the yeast glutaredoxin 3 homolog (Table 7) [3].

Since we have previously characterized transfer to other glutaredoxin homologs [1, 3], we
also examined their kinetic properties in the presence of chaperones. Holo Nfu was first
added to apo glutaredoxin 2 (Grx2) with chaperones present; however, no change in CD
signal was observed that would suggest a transfer reaction to occur, at least not within the
time frame of 2 h (data not shown). Addition of holo Nfu to apo glutaredoxin 3 (Grx3) in the
presence of the HSPA9/Hsc20 complex did result in a change in CD signal (Fig. 10a), but
the second-order rate constant was the same as that observed in the absence of chaperones,
within error limits, with a value of 34400 + 4500 M~Imin~1 (Fig. 10b, Table 7).
Interestingly, CD spectra obtained for holo Grx3, following cluster delivery in the presence
of chaperones, looks slightly different than the holo spectra obtained in the absence of
chaperones (Fig. 10a) [3, 61]. The signature peak at 353 nm is enhanced, while the feature at
460 nm is lower in intensity, which may indicate either an interaction between Grx3 and Nfu
that is chaperone mediated, or a minimal modification to the cluster coordination
environment. Likewise, transfer to apo Grx5 was monitored in the same way to yield a
second-order rate constant that agreed with the value obtained in the absence of chaperones,
when considering the errors involved; however, no spectral changes were observed (Fig.
10c—d; Table 7).

Discussion

In recent years the involvement of chaperones in the catalytic cycle of Fe-S cluster
biogenesis has been of increasing interest, but has primarily focused on the bacterial or yeast
homologs of the iron-sulfur cluster scaffold/carrier IscU and a limited number of
downstream targets. Herein, we have analyzed a second Fe-S cluster binding protein, Nfu,
that can not only stimulate the ATPase activity of HSPA9, but also binds to both chaperone
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components and displays accelerated second-order cluster transfer rate constants. These
interactions can serve to delineate Fe-S cluster delivery pathways from holo Nfu.

Both full-length Nfu, and the two truncated forms representing the separate N- and C-
terminal domains [43, 49], were examined for ATPase stimulation and partner binding to
better understand the role of chaperones in promoting Nfu cluster transfer reactivity. Both
full-length and C-terminal Nfu were able to stimulate the ATPase activity of HSPA9 (Fig. 2),
and the full-length construct stimulated the activity to almost the same level as IscU (Table
1) [29]. However, unlike IscU, addition of the co-chaperone in the ATPase assay did not
show a synergistic increase in stimulation (Fig. 3; Table 1) [29], where the addition of IscU
and HscB increased the activity 100-fold over the stimulation of either HscB or IscU alone;
this suggests that there is a difference between the two mechanisms. N-terminal Nfu was
unable to either stimulate HSPA9 activity, or bind to either of the chaperones, indicating that
the C-terminal domain is the functional domain for chaperone interaction and stimulation.
The structural properties of human Nfu may explain the apparent lack of any contribution
from the N-terminal domain. The latter is well-structured, while the C-terminal domain
displays molten globule-like characteristics [43, 49], even in the context of the full-length
protein, which suggests that the inherent flexibility of this C-terminal domain promotes
interaction with the chaperone protein(s) [8, 10]. However, in a 1:1 mixture of the N- and C-
terminal domains, the presence of the N-terminal domain enhances the stability of the C-
terminal domain [43, 49]. Therefore, we postulate that the modest enhancement in ATPase
activity of HSPA9 and the modest increase in binding affinity for the interaction between
HSPAQ9 and full-length Nfu, when compared to the C-terminal domain alone (Tables 1 and
3), can be attributed to the stabilized conformation of the C-terminal domain. Structural
stabilization of the C-terminal domain of Nfu in the presence of the N-terminal domain
likely alters the structural conformation of HSPA9 to promote ATPase activity and enhance
binding affinity, which in turn promotes cluster trafficking.

This hypothesis is further supported by the measured binding affinities. Full-length Nfu was
able to bind to HSPA9 with tighter affinities under every condition examined (Table 3).
Furthermore, the affinities determined by use of ITC for the full-length protein correlate well
with the previously determined affinities for IscU binding to HscA [29]. As such Nfu may
function in a catalytic cycle similar to what has been identified for IscU [9, 10, 26, 64].

However, postulating a mechanism of a catalytic cycle for Nfu and the chaperones is
challenging, since the binding locations for the HSPA9, Hsc20 and Nfu interactions are
currently unknown. For IscU, the conserved sequence for interaction with HSPA9 has been
identified as LPPVK [54, 65], which lies close to the Fe-S cluster binding site [9]. However,
Nfu does not contain an LPPVK motif, and while there are a total of 15 proline residues in
human Nfu, there are no adjacent proline residues. Moreover, the NMR solution structure of
the C-terminal domain [38] does not shown any prolines in close proximity, confirming that
Nfu binding to HSPA9 must arise via a different motif. IscU binding to Hsc20 is promoted
by an LVF motif [25], but again, Nfu does not possess such a motif in either the primary
protein sequence or in the tertiary structure of the C-terminal domain [38]. An L(I)YR motif
has been identified for Hsc20 binding to targets for cluster delivery [32], and Nfu does show
a similar motif in the N-terminal domain with an I'YK motif [38]. However, the N-terminal
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domain does not appear to promote the binding interaction with Hsc20, since both the full
length protein and C-Nfu demonstrated the same binding affinity for Hsc20 (Table 3).
Therefore, additional work must be completed to determine the molecular mechanism of
binding between Nfu and HSPA9 and Hsc20, in order to develop a catalytic cycle for cluster
assembly and transfer involving Nfu. Furthermore, the dimeric nature of Nfu [2, 38] will
also need to be considered to accurately compare and contrast the Fe-S cluster chemistry of
Nfu with that of IscU.

Although the molecular details remain incomplete, it is clear that Nfu can functionally
complement IscU as a scaffold/carrier protein to complete Fe-S cluster transfer to target
proteins. Addition of the chaperones only served to modestly stimulate transfer from holo
Nfu to apo Fdx1 (Fig. 8a—b; Table 7), increasing the second-order rate constant
approximately 2-fold. In transfer reactions to apo targets Fdx2, Grx3 and Grx5, the HSPAY/
Hsc20 complex maintained the second-order rate constants obtained previously (Table 7),
with a slight increase in the average value for Fdx2. The HSPA9/Hsc20 complex appears to
be driving the specificity of cluster transfer reactions. By enhancing the rate of transfer to
Fdx1 approximately 2-fold, the co-chaperone system is defining a preferred kinetic pathway
for Fe-S cluster transfer from holo Nfu. Likewise, there is now a preferred pathway for Fe-S
cluster transfer when examining mitochondrial glutaredoxins. Transfer from holo Nfu to apo
Grx2, which is observed in the absence of chaperones [1], no longer occurs when they are
present. Although transfer to apo Grx5 is not kinetically enhanced in the presence of
chaperones (Fig. 9; Table 7), there is a preferred pathway from holo Nfu, since the
alternative route is blocked by the chaperone interaction. A similar trend is observed for
transfer to Grx3, in that there is no kinetic rate enhancement in the presence of the Hsc
chaperones (Fig. 10; Table 7). While recognizing that this transfer is occurring between
isolated proteins from two different organisms, and that Grx3 is primarily a cytosolic protein
[66], nevertheless it speaks to the evolutionary conservation of the monothiol glutaredoxins
and their interaction networks for Fe-S cluster transfer [67—70], because similar second-
order rate constants and trends were observed (Table 7). Nevertheless, these interaction
networks will need to be confirmed through additional /n vitroand in vivo characterization

Since Nfu interaction with the chaperones primarily dictates preferred interaction networks,
these results stand in contrast to the IscU-chaperone interaction. Kinetic experiments,
conducted in A. vinelandii, demonstrated that addition of HscA/HscB stimulated cluster
transfer from IscU to the homologous Fdx from 36 M~Imin~1 to 800 M~Imin~1 [34].
Similarly, in the Azotobacter system the second-order rate constant for transfer to Grx5 from
IscU increased from 30 to 20,000 M~*min~1 [35]. However, it is significant that our second-
order rate constants were much higher prior to addition of the chaperones, suggesting that
they may not need to contribute much enhancement to transfer an Fe-S cluster from holo
human Nfu to partner proteins. These differences may simply reflect the nature of the cluster
scaffold/carrier and the molecular mechanism of Fe-S cluster transfer. Nfu is primarily a
dimeric protein when an Fe-S cluster is bound (Fig. 11a) [2, 38, 71]; while IscU exists in a
monomer state in the holo form (Fig. 11b) [72, 73]. Since these two scaffold/carrier-type
proteins are in different oligomeric states, their mechanisms of transfer must differ to allow
efficient cluster delivery. Likewise, the transfer process may also depend on the particular
target protein. A monomeric target protein, such as a ferredoxin [74], may receive cluster via
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one pathway, while a dimer, such as a glutaredoxin [75-77], may prefer a transient mixed
dimer intermediate. In depth structural characterization is required to delineate the precise
pathway and the role of the chaperones therein.

In summary, we have begun to elucidate and characterize the molecular mechanisms and
involvement of various partner proteins in the complex mechanisms of Fe-S cluster
biosynthesis and trafficking. The interaction between Nfu and the Hsc chaperones was
identified previously [21, 40], and in this work, we have analyzed the functional implications
of this interaction. In this paper, we have shown that Nfu can interact with the chaperones to
stimulate the ATPase activity of HSPA9, in a manner that serves to regulate cluster transfer
from Nfu [9, 26] to enhance or inhibit Fe-S cluster transfer to various targets, and provide
preferential pathways for cluster delivery.

Materials and Methods

Materials

BL21 (DE3) cells and pET 28 vectors were obtained from Novagen (Madison, WI).
EnzChek phosphate kit was obtained from Invitrogen (Carlsbad, CA). ATP and ADP were
obtained from Sigma (St. Louis, MO). PD10 desalting columns were purchased from GE
Healthcare (Wauwatosa, WI). Ferric chloride, sodium sulfide, DTT (Dithiothreitol), TCEP
(Tris (2-carboxy-ethyl) phosphine) and L-cysteine were purchased from Fisher (Waltham,
MA). The gene for Homo sapiens glutaredoxin 5 (Grx5) located in the pET28b(+) vector
between the Ndel and HindlII restriction sites and lacking the first 31 amino acids (A1-31)
that correspond to the mitochondrial targeting sequence [78], was ordered from GenScript
(Piscataway, NJ).

Cloning of human Hsc20

Human Hsc20 was cloned into an appropriate expression vector as follows. Restriction sites
Ndel and Xhol were introduced into the pET-28b(+) plasmid for ligation via the following
primers, which were also utilized to amplify the coding region of Asc20 without the
mitochondrial targeting sequence (residues 1-71): 5’-GGA AGG CCA TAT GGA CTACTT
CAG CCTTAT GGA CTG CAA CC-3’ and 5’-ACC GCT CGA GCC ACA ATT AAA GGG
GAA TCT TCT TTA ACT T-3’. After amplifying the gene /Asc20from the human cDNA
library by PCR, both PCR product and pET-28 plasmid were digested with Ndel and Xhol
(Invitrogen, Waltham, MA) at 37°C. The digested products were cleaned on 0.8% agarose
gel and extracted by use of a Qiagen gel extraction kit. Subsequently, both digested products
were mixed and ligated by T4 ligase. The entire ligation product was used to transform the
competent DH5a cells and sequencing was confirmed by the Plant Microbe Genomics
Facility at the Ohio State University.

Overexpression of human Hsc20

The Hsc20 construct in pE28b(+) was transformed into a BL21 (DE3) £. colicells. The
transformed cells were grown in 10 mL of Luria Bertani (LB) broth media containing
kanamycin (50 pM), and incubated at 37 °C overnight. Subsequently, the cell culture was
transferred to 3 L of fresh LB media containing kanamycin, and incubated at 37 °C until the
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ODgqg reached 0.8. Subsequently, 1 mM of isopropyl B-D-1-thiogalactopyranoside (IPTG)
was added for human Hsc20 induction. The cells were cultured for another 10 h at 30 °C
before harvesting by centrifugation at 4330 g for 15 min. Cell pellets were frozen at —80 °C
for future use.

Purification of human Hsc20

The cell pellet was resuspended in 50 mM HEPES, 100 mM NaCl, 1 mM PMSF, pH 7.5 and
incubated with 1 mg/mL lysozyme at 4 °C for 30 min. The cells were lysed by sonication,
and the lysate was centrifuged at 28,928 g for 30 min to remove all cell debris. The cleared
supernatant was loaded onto a Ni-NTA column, equilibrated with 50 mM HEPES, 100 mM
NaCl and washed with the equilibration buffer plus 50 mM imidazole, before elution with
the same buffer plus 250 mM imidazole. Human Hsc20 was concentrated by ultrafiltration
(Amicon, Billerica, MA) and analyzed for purity on a 12% SDS-PAGE gel. Concentrated
protein was dialyzed at 4 °C against 50 mM HEPES and 100 mM NaCl, pH 7.5. The
concentration of Hsc20 was determined from the calculated extinction eygg = 7680 M~1ecm™1
and the protein stored at —80°C for future use.

Additional protein expression and purification protocols

Human HSPA9 was expressed and purified as previously described [52]. Purification of
human IscU (Hs IscU) and Thermatoga maritima ( Tm Nifs) were also performed as
previously reported [79-81]. The expression vector for human ferredoxin-1 (Hs Fdx1) was
kindly provided by J. Markley and protein was expressed and purified according to literature
procedures [74]. Purification for human ferredoxin-2 (Hs Fdx2) was performed as
previously reported [82]. The ferredoxins were purified as holo proteins and were then
subsequently converted to apo forms by treatment with 100 mM EDTA, 5 mM DTT and 8 M
urea in a buffered solution, pH 7.5. To isolate the apo ferredoxins, the colorless solution was
passed through a PD-10 column to remove EDTA, DTT and urea. Apo protein concentration
was determined by use of the Bradford assay, and absorbance at 280 nm by use of calculated
extinction coefficients.

A construct of human Grx2 (comprising residues 56-161) with a tobacco etch virus
cleavable N-terminal Hisg-tag in expression vector pNic-Bsa4 was kindly provided by Drs.
Kavanagh, Muller-Knapp, and Oppermann, and protein was expressed and purified as
previously reported [83]. Expression and purification of full-length human Nfu, the N-
terminal domain construct, and the C-terminal domain construct were performed from BL21
(DE3) competent cells as previously described [42, 43]. Yeast Grx3 (A1-35)[84] in
pET28b(+) was expressed in Escherichia coliBL21 (DE3) and purified as described [61].
Human Grx5 (Q86SX6, residues 32-157) with an open reading frame containing the Grx
domain, but lacking the first 31 amino acids (A1-31) [78] was cloned into pET28b(+)
between Ndel and Hindlll restriction sites and expressed in Escherichia coliBL21 (DE3).
The transformed cells were grown in 10 mL of Luria Bertani (LB) broth media containing
kanamycin (50 uM) overnight at 37 °C, transferred to 3 L of fresh LB media containing
kanamycin, and incubated at 37 °C until the ODgqg reached 0.8.
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Protein expression was induced by addition of isopropyl p-D-1-thiogalactopyranoside
(IPTG) (300 uM) and the cell culture incubated at 30 °C for 10 h. Cell pellets were collected
by centrifugation at 4330 g for 15 min, suspended in 30 mL of buffer containing 50 mM
Hepes, 100 mM NaCl, pH 7.5, and lysed by use of a dismembranator. The lysate was
centrifuged at 28,928 g for 30 min, the supernatant subsequently applied to a Ni-NTA
column, and the protein eluted with buffer containing 50 mM Hepes, 100 mM NaCl, 0.25 M
imidazole, pH 7.5, prior to analysis on a 12% SDS-PAGE gel that was then visualized by
Coomassie Blue staining. Dialysis was carried out at 4 °C against 50 mM Hepes, 100 mM
NaCl, pH 7.5. Protein concentration was determined by use of the Bradford assay and
absorbance at 280 nm, using calculated extinction coefficients.

Reconstitution of full-length human Nfu

NifS-mediated /n vitro reconstitution of Nfu [85] was completed as previously described.
Briefly, argon purged ferric chloride and L-cysteine were added to an anaerobic mixture of
approximately 200 uM purified Nfu, 2 pM 7m NifS, and 5 mM DTT to final concentrations
of 1.6 mM FeCls and 3.2 mM L-cysteine. The final solution was incubated for 1 h with
stirring at room temperature, before separation of excess iron and sulfide through a PD-10
column that was equilibrated with an argon-purged solution of 50 mM HEPES, 100 mM
NaCl, pH 7.5. Reconstituted protein was eluted with 3.5 ml of the equilibration buffer. The
protein concentration was determined via the Bradford assay and reconstitution of protein
was confirmed by absorbance at 330 nm and 420 nm on a Cary WinUV Spectrophotometer.

Iron quantification

A solution of holo protein at 50 uM in 200 L was acidified by concentrated HCI (60 uL)
and heated to 100 °C for 15 min. The resulting suspension was centrifuged at 14,000 rpm for
2 min and the supernatant (100 pL) was diluted with Tris-HCI (0.5 M, 1.3 mL, pH 8.5).
Solutions of sodium ascorbate (0.1 mL, 5%) and bathophenanthroline-disulfonate (0.4 mL,
0.1%) were sequentially added to the neutralized reaction solution with mixing between
each addition. The solution was incubated at 25 °C for 1 h and iron was quantified by
measuring the absorbance at 535 nm on a UV-vis spectrophotometer and calculated from a
calibration curve made with 0.01-0.2 mM FeCls standard solutions [86, 87].

ATP concentration-dependent ATPase activity of human HSPA9

The intrinsic ATPase activity of human HSPA9 with different concentrations of ATP was
measured by use of the Molecular Probe EnzChek phosphate kit (Invitrogen) as previously
reported [50]. This colorimetric assay monitors ATP hydrolysis via the formation of 2-
amino-6-mercapto-7-methylpurine, which results the coupling of inorganic phosphate with
the enzyme purine nucleoside phosphorylase (PNP) and its substrate 2-amino-6-mercapto-7-
methylpurine riboside (MESG). The mixture for the measurement contained 1 uM HSPA9,
MESG (2-amino-6-mercapto-7-methyl purine riboside) substrate, 1 mM DTT, and PNP
(purine nucleoside phosphorylase) in HKM buffer (50 mM HEPES buffer, 150 mM KClI, 10
mM MgCl, pH 7.5). ATP at different concentrations (0-200 pM) was injected to initiate the
reaction. The UV-Visible signal at 360 nm was monitored at 25 °C on a Cary Win-UV
spectrophotometer and correlated to phosphate concentration by use of a standard curve
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generated from different concentrations of potassium phosphate buffer (0~100 uM). Data
was fit to the Michaelis-Menten equation by use of Origin 7.0 (Northampton, MA).

Stimulation of the ATPase activity of HSPA9 by human Nfu

Based on previous HSPA9 stimulation assays [50, 53], the ATP hydrolysis rates were
measured at 25°C in HKM buffer by use the Molecular Probe EnzChek phosphate assay kit
(Invitrogen). Full length Nfu, C-Nfu and N-Nfu were all monitored for their ability to
stimulate the ATPase activity of HSPA9 in a reaction consisting of 1 pM HSPA9, MESG (2-
amino-6-mercapto-7 -methylpurine riboside), substrate PNP (purine nucleoside
phosphorylase), 1 mM DTT. The concentration of human Nfu (all forms) was added at
different concentrations (0~150 uM). To initiate the reaction, 1 mM ATP was added and the
absorbance at 360 nm was monitored at 25 °C over time on a Cary Win-UV
spectrophotometer. The rate of ATP hydrolysis in the presence of either full length or
truncated Nfu was converted to the fold of stimulation based on the basal intrinsic ATPase
activity of human HSPAS9. Binding affinities were obtained by plotting the amount of
stimulation against the concentration of Nfu and fitting the data using Origin 7.0.

To monitor the stimulation of HSPA9Q ATPase activity in the presence of Hsc20 and Nfu, the
ATPase assay was carried out as described above by varying the concentration of Nfu (C-
Nfu or full length), but in the presence of 50 pM Hsc20 in the cuvette and mixed with the
other components before the addition of ATP. For N-Nfu, 150 uM Hsc20 was present, and
the remaining conditions were the same. Stimulation of ATPase activity was based on the
measurement of HSPA9 ATPase activity in the presence of Hsc20 (specified above), but in
the absence of any forms of Nfu. Since the N-terminal domain has been shown to stabilize
the C-terminal domain [49], the stimulation of HSPA9 ATPase activity by the C-terminal
domain was performed as described earlier, following pre-incubation of 1 uM HSPA9 with
150 uM N-Nfu. The ATPase hydrolysis rate was converted with reference to the basal
activity of HSPA9 in the presence of N-Nfu. The extent of stimulation was plotted against
the concentration of the C-terminal domain of NFU, and the impact of the N- and C-terminal
Nfu mix in the presence of Hsc20 was also examined. The reaction mixture contained the
above components and included 150 uM N-Nfu and 150 pM Hsc20. The concentration of C-
Nfu was varied and data analyzed as described above.

Quantitation of human Nfu binding to human HSPA9 by isothermal titration calorimetry

(ITC)

All binding affinity measurements were carried out on VP-ITC (MicroCal, Northampton,
MA) system at 25°C. Nfu and HSPAQ were dialyzed at 4 °C against HKM buffer (50 mM
HEPES buffer, 150 mM KCI, 10 mM MgCl, pH 7.5) in the presence of an ATP analog (see
below). All reagents and solutions were thoroughly argon-purged before loading of either
the syringe or the sample cell. Both Nfu and HSPA9 were treated with 1 mM TCEP
(triscarboxyehthylphosphine) to reduce any disulfide bonds.

To determine the affinity in the ADP-bound state of HSPAJY, either full length Nfu at 650 uM
or truncated Nfu at 680 uM was titrated in 10 pL increments and a 300 sec interval into the
sample cell at 25 °C, which contained 11 pM HSPAQ in the presence of 1 mM ADP in the
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HKM buffer from dialysis. The titration continued until the signal reached saturation. The
heat of dilution was subtracted as background and the data were fit to a one site binding
model using Origin 7.0.

In order to examine the affinity in the ATP bound state, the non-hydrolyzable analog
AMPPNP was used at 1 mM in HKM buffer. Both Nfu and HSPA9 were incubated with 1
mM TCEP and argon-purged before loading the instrument. Full length Nfu (1 mM) or
truncated Nfu (1.5 mM) was titrated into 20 pM HSPA9 using the same conditions as for the
ADP-bound form. Data were again fit to a one-site binding model using Origin 7.0.

The N- and C-terminal Nfu mix was also examined by ITC. The experimental method was
as described above, but 150 uM N-Nfu was pre-incubated with HSPA9 and the specific
nucleotide in the ITC sample cell before C-Nfu was injected.

Quantitation of human Nfu binding to human Hsc20 by ITC

The experiments were carried out on VP-ITC (MicroCal) at 25 °C with all buffers and
protein samples thoroughly argon-purged. Both proteins were dialyzed in the same buffer
(50 mM HEPES buffer, 150 mM KCI, 10 mM MgCl, pH 7.5) and incubated with 1 mM
TCEP for disulfide bond reduction. Human Nfu at 0.62 mM was titrated in 10 pL increments
with a 300 sec interval into 0.022 mM Hsc20 at 25 °C. More than 4 equivalents of Nfu were
titrated into the cell to guarantee the complete formation of Nfu-Hsc20 complex. The heat of
dilution was subtracted as background and the integrated and baseline corrected data was
then fit to a one site binding model using Origin 7. Truncated Nfu containing the C-terminal
domain only (1.1 mM) was titrated in to human Hsc20 (0.03 mM) while all other conditions
were maintained.

The N- and C-terminal Nfu mix was also examined by ITC. The experimental method was
as described above, but 150 uM N-Nfu was pre-incubated with HSPA9 and Hsc20 in the ITC
sample cell before the C-Nfu was injected.

Quantitation of human Nfu binding to human HSPA9/Hsc20 complex by ITC

Binding affinities were measured by use of a VP-ITC (MicroCal) instrument at 25 °C as
described above. All proteins were dialyzed in HKM buffer in the presence of either 1 mM
ADP or 1 mM AMPPNP. Both HSPA9 and Hsc20, at 9 uM, were pre-incubated overnight at
4 °C at concentrations sufficient to allow for complex formation. Prior to loading the
instrument, all proteins were incubated with 1 mM TCEP and argon-purged.

To monitor binding in the presence of ADP, 354 uM full length Nfu was titrated into the
HSPA9/Hsc20 mixture in 10 pL injections with a 300 sec interval at 25 °C. The heat of
dilution was subtracted as the background and the data fit to a one-site binding model using
Origin 7.0. The same conditions were used in the presence of 1 mM AMPPNP to monitor
binding of Nfu to the complex.

Likewise, the N- and C-Nfu mix was also examined. The experimental method was as
described earlier, but 150 uM N-Nfu was pre-incubated with HSPA9, Hsc20, and the specific
nucleotide in the ITC sample cell before C-Nfu was injected.
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Cluster transfer monitored by circular dichroism (CD)

CD spectra were recorded using a Jasco J815 spectropolarimeter (Easton, MD). The time
course for cluster transfer from holo iron-sulfur cluster proteins to apo proteins was
monitored under anaerobic conditions at 25°C by use of UV-vis CD spectroscopy in small
volume 1-cm quartz cuvettes. CD scans from 300 to 600 nm were collected to identify
signature peaks from cluster-bound protein at a scan rate of 200 nm/min with a 2 min
interval between acquisitions. Transfer reactions occurring over faster time scales were
monitored with a 10 sec interval over a 10 nm range (see specific wavelengths below).
Reactions were carried out in 50 mM HEPES, 100 mM NacCl, pH 7.5 and were prepared by
degassing a mixture of apo protein in 5 mM DTT with 22 pM HSPA9 and 22 pM Hsc20.
The reaction was transferred to an anaerobic cuvette via a gas tight syringe and was initiated
via the addition of degassed MgCl, and ATP, to final concentrations of 40 mM and 2 mM
respectively, and degassed holo protein. The concentration of [2Fe-2S] cluster for each holo
protein was determined via iron quantitation following reconstitution. Reactions were
carried out in 1:1 ratio of holo to apo protein, with each at 45 uM. Data were processed by
use of JASCO Spectramanager Il Analysis software and analyzed by use of the DynaFit
chemical kinetics and equilibria program by BioKin (Watertown, MA) [88]. The
deconvolution function from Spectramanager Il analysis software was used for analysis of
bands in the spectra that contained overlapping Lorentzian curves having the same full width
at half maximum value that accurately distinguishes the peak positions for each band.

A second-order rate constant for cluster transfer was obtained via a method similar to the
iron-sulfur cluster transfer method of Johnson and colleagues [59, 60]. Proteins were mixed
ina 1:1 ratio (20-100 pM) and the peaks at 330 nm for IscU, 365 nm for Grx2, 455 nm for
Grx3, 460 for Grx5, 445 nm for Fdx1 and 440 nm for Fdx2 were monitored by CD. Data
were subsequently converted to percent cluster transfer, which was determined from a set of
control spectra of the holo proteins at a series of known concentrations recorded after
reconstitution. The subsequent plot of percent cluster transfer versus time was analyzed
using the DynaFit program [88] to determine second-order rate constants for the various
reactions by best-fit simulation to second-order kinetics.
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Abbreviations

GSH Glutathione

IscU Iron-sulfur cluster scaffold protein
CD Circular Dichroism

Fdx Ferredoxin

Grx Glutaredoxin
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Figure 1.
ATP concentration-dependent ATPase activity of human HSPAO. Fitting to the Michaelis-

Menten equation (solid red curve) yielded a Ky, = 12 uM, and a maximum ATP hydrolysis
rate of 0.272 nM/min. Error bars represent the standard deviation, where n=3.
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Figure 2.
ATPase activity of HSPA9 when stimulated by different concentrations of full-length human

Nfu (A) or C-Nfu (B). Data were reported based on the ratio of stimulation over basal
ATPase activity. Solid red curves represent fitting to equation 1. The fitting parameters are
shown in Table 1. Error bars represent the standard deviation, where n=3.
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Figure 3.
ATPase activity of HSPA9 when stimulated with different concentrations of (A) full-length

human Nfu or (B) C-Nfu, in the presence of Hsc20. Data were reported based on the fold of
stimulation over basal ATPase activity. Solid red curves represent fitting to equation 1. The
fitting parameters are shown in Table 1. Error bars represent the standard deviation, where
n=3.
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Figure 4.
Representative calorimetric analysis of the binding of HSPA9 (ADP-bound) with (A) full-

length NFU and (B) C-Nfu. The heat of binding was integrated and fit to a one-site binding
model to yield the parameters described in Table 2.
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Figure 5.
Calorimetric analysis of the binding of full-length Nfu to the HSPA9/Hsc20 complex in the

presence of 1 mM ADP (A) or 1 mM AMPPNP (B). The binding enthalpy was integrated
and fit to a one-site binding model (solid red curve) to yield the parameters described in
Table 4.
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Figure 6.
ATPase activity of HSPA9 with N-Nfu when stimulated by different concentrations of C-Nfu

(A) and with Hsc20 present in (B). Data were reported based on the fold of stimulation over
basal ATPase activity. The fitting parameters are detailed in Table 5. Error bars represent the
standard deviation, where n=3.
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Figure 7.
Calorimetric analysis of the binding of a mixture of N- and C-Nfu to (A) HSPA9 with 1 mM

ADP, (B) HSPA9 with 1 mM AMPPNP, or (C) the HSPA9/Hsc20 complex. The heat of
binding was integrated and fit to a one binding site model yielding the parameters described
in Table 6.
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Time course for cluster transfer from holo Nfu to apo ferredoxin 1 (Fdx1) (A) or apo
ferredoxin 2 (Fdx2) (C) in the presence of 22 uM HspAS9, 22 pM Hsc20, 40 mM MgCI2 and
2 mM ATP. Reactions were monitored by UV-vis CD spectroscopy under anaerobic
conditions in a semi-micro 1 cm cuvette at room temperature. MgATP and the holo protein
were added last to initiate reaction and CD spectra were recorded every 2 min for a total of
90 min. The change in extinction, based on the initial concentration of holo Nfu-bound
[2Fe-2S] cluster, was monitored over time and conversion to percent cluster transfer for
determination of cluster transfer kinetics. Fitting with DynaFit [88] (solid red curve) yielded
second-order rated constants of 8800 + 720 M~Imin=1 for transfer to Fdx1 (B) and 6050

+ 2700 M~Imin~1 for Fdx2 (D).
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Figure 9.
Time course for cluster transfer from holo to apo glutaredoxin 5 (Grx5) (A) in the absence of

the chaperone complex. The reaction was monitored by UV-vis CD spectroscopy under
anaerobic conditions in a semi-micro 1 cm cuvette at room temperature. Holo Nfu was
added to initiate the reaction and CD spectra were recorded every 2 min for a total of 60
min. The CD spectra resembled Grx5 within the first 2 min, so data was collected only for
10 nm around the 460 nm peak. The change in extinction, based on the initial concentration
of holo Nfu-bound [2Fe-2S] cluster, was monitored over time and conversion to percent
cluster transfer (B) for determination of cluster transfer kinetics. Fitting with DynaFit [88]
(solid red curve) yielded a second-order rated constant of 35100 + 2000 M~1min=1,
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Figure 10.
Time course for cluster transfer from holo Nfu to apo glutaredoxin 3 (Grx3) (A) and apo

glutaredoxin 5 (Grx5) (C) in the presence of in the presence of 22 uM HspA9, 22 uM
Hsc20, 40 mM MgCI2 and 2 mM ATP. Reactions were monitored by UV-vis CD
spectroscopy under anaerobic conditions in a semi-micro 1 cm cuvette at room temperature.
MgATP and the holo protein were added last to initiate the reaction and CD spectra were
recorded every 2 min for a total of 90 min. The change in extinction, based on the initial
concentration of holo Nfu-bound [2Fe-2S] cluster, was monitored over time and conversion
to percent cluster transfer for determination of cluster transfer kinetics. Fitting with DynaFit
[88] (solid red curve) yielded second-order rated constants of 34400 + 4500 M~min~1 for
Grx3 (B) and 28500 + 7500 M~1min~1 for Grx5 (D).
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Figure 11.
Representative models for cluster transfer from scaffold proteins. The chaperone proteins are

not shown for simplicity. (A) Dimeric holo Nfu can transfer a [2Fe-2S] cluster to monomeric
apo Grx5 with a bound GSH. Together, they form a transient mixed dimer intermediate that
disappears when a second Grx5 molecule with a GSH displaces the Nfu monomer to form
the dimeric holo Grx5. (B) Monomeric holo IscU can transfer a [2Fe-2S] cluster to apo Grx5
with a bound GSH. Additional GSH molecules can bind to the cluster to stabilize the bound
cluster until a second Grx5 molecule can bind and form the dimeric holo form with two
exogenous GSH ligands.
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Table 1

Summary of parameters obtained for HSPA9 ATPase activity following stimulation by Nfu in the presence or
absence of Hsc20 at 25 °C. The parameters are based on equation (1).

Vmax (fold) | Kp (uM) | Karp (fold)

Full-length Nfu/HSPA9 3.78+0.31 | 50.1+12.2 | 0.91+0.14

Full-length Nfu with Hsc20/HSPA9 | 3.67 +£0.16 | 17.9+2.62 | 3.30£0.11

C-Nfu/HSPA9 244 +0.21 | 50.7+12.7 | 1.00+0.08

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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C-Nfu with Hsc20/HSPA9

1.64 +0.09

15.7+2.79

3.20 £ 0.06
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ITC parameters for Nfu binding to HSPA9 in the presence of 1 mM ADP or 1 mM AMPPNP at 25 °C.

Table 2

binding sites | Kp (uM) | AH (kcal/mol) | AS (cal/mol K)
Full-length Nfu/HSPA9 (ADP) 09+0.1 83+14 -6.3+0.7 2.3
Full-length Nfu / HSPA9 (AMPPNP) 09+0.2 36+4 -49+0.1 3.7
C-Nfu/HSPA9 (ADP) 1.0+0.2 18+2 -73+13 2.8
C-Nfu / HSPA9 (AMPPNP) 1.0+04 51+6 -32+0.2 8.9
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Table 3

ITC parameters for Nfu binding to Hsc20 at 25 °C.

binding sites | Kp (uM) | AH (kcal/mol) | AS (cal/mol K)
Full-length Nfu/Hsc20 | 0.93 +0.06 10+£1 -09+0.1 20
C-Nfu/Hsc20 0.94 + 0.06 11+2 -17+0.1 17.1
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Table 4
ITC parameters obtained for full-length Nfu binding to the HSPA9/Hsc20 complex in the presence of either
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ADP or AMPPNP at 25 °C.

binding sites Kp (UM) AH (kcal/mol) | AS (cal/mol K)
full-length Nfu/HSPA9/Hsc20 (ADP) 0.95 +0.02 0.3+0.1 -3.4+0.1 18.3
full-length Nfu/HSPA9/Hsc20 (AMPPNP) | 0.985+0.04 | 9.43+0.07 -1.7+01 174
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Table 5

Summary of the parameters for HSPA9 ATPase activity following stimulation by C-Nfu in the presence of N-
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Nfu.

Vmax (fold) | Kp (UM) | Karp (fold)
C-Nfu stimulation of HSPA9 with N-Nfu present 230+0.24 | 353+11.7 | 0.96+0.13
C-Nfu stimulation of HSPA9 with N-Nfu and Hsc20 present | 1.77 £0.07 | 13.9+1.85 | 3.10 +£0.05
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ITC parameters for C-Nfu binding to HSPA9, or Hsc20, in the presence of N-Nfu.

Table 6

binding sites Kp (UM) AH AS (cal/mol
(kcal/mol) K)
C-Nfu/N-Nfu/HSPA9 (ADP) 0.88+0.14 149+1.67 | -3.82%0.67 9.28
C-Nfu/N-Nfu/HSPA9 (AMPPNP) | 0.907 £0.05 | 30.3+2.82 | -2.00+0.13 141
C-Nfu/N-Nfu/Hsc20 0.79+0.03 10.0+1.22 | -0.57+0.03 21.0
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Comparison of second-order rate constants determined for transfer from holo Nfu to apo targets in the

Table 7

presence and absence of the HSPA9/Hsc20 complex [1-3].

second-order rate constant
without chaperones (M~tmin1)

second-order rate constant
with chaperones (M~tmin~1)

human Nfu to human IscU

No Transfer

No Transfer

human Nfu to human Fdx1 4700 * 820 8800 + 720
human Nfu to human Fdx2 3850 + 1240 6050 = 2700
human Nfu to human Grx2 3700 £ 77 No Transfer
human Nfu to S. cerevisiae Grx3 36200 + 7700 34400 + 4500
human Nfu to human Grx5 35100 + 2000 28500 + 7500
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