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Iron–sulfur (Fe-S) cluster assembly in the cytosol relies on coordinated

transfer of [2Fe-2S] precursors to scaffold proteins of the cytosolic iron–
sulfur assembly (CIA) machinery. Human glutaredoxin 3 (GLRX3) func-

tions as a central [2Fe-2S] cluster donor and can form a heterotrimeric

complex with the BolA-like protein BOLA2, whose functional role in clus-

ter trafficking remains unclear. Here, we directly compare the cluster donor

properties of the GLRX3 homodimer with those of the GLRX3-BOLA2

heterotrimer in the maturation of the CIA scaffold nucleotide-binding pro-

tein 1 (NUBP1). Using a combination of UV–Vis spectroscopy, acid-labile

iron and sulfide quantification, circular dichroism kinetics, and paramag-

netic NMR, we show that both complexes support assembly of a canonical

[4Fe-4S] cluster on the N-terminal site of NUBP1. The structural and spec-

troscopic features of the assembled cluster are indistinguishable between

the two donor systems, and comparable levels of cluster incorporation are

observed. Kinetic analysis reveals that cluster transfer proceeds with similar

apparent rate constants for GLRX3 and GLRX3-BOLA2 under

glutathione-supported conditions. The presence of the physiological elec-

tron donor anamorsin accelerates the GLRX3-mediated transfer but does

not significantly affect the kinetics of the GLRX3-BOLA2 system, suggest-

ing a shift in the rate-limiting step upon BOLA2 association. Together,

these results show that GLRX3-BOLA2 is fully competent for [2Fe-2S]

cluster delivery to NUBP1 and supports the formation of the same final

[4Fe-4S] cluster observed upon GLRX3-mediated transfer. Rather than

enhancing transfer efficiency, BOLA2 association appears to play a nonki-

netic role, potentially related to cluster stabilization by modulating the elec-

tron transfer process under specific cellular conditions.

Introduction

Iron–sulfur (Fe-S) clusters are ancient and versatile

cofactors that support essential cellular processes,

including enzymatic catalysis, electron transfer, DNA

replication and repair, and the regulation of gene

expression and iron homeostasis [1–6]. Because of their

chemical reactivity, the assembly and delivery of Fe-S

clusters require dedicated and tightly regulated biosyn-

thetic pathways. In eukaryotic cells, de novo Fe-S
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cluster synthesis is initiated by the mitochondrial ISC

machinery, whose activity is required for the matura-

tion of cytosolic and nuclear Fe-S proteins by the CIA

machinery [7–10]. This mitochondrial contribution

requires a mitochondrial export step involving the

ABC transporter Atm1/ABCB7; however, the chemical

nature of the exported sulfur-containing species

remains debated [11–14]. Different models have been

proposed, including the export of glutathione-

associated sulfur species or glutathione-coordinated

Fe-S-related intermediates, but whether any of these

species represents the physiological substrate in vivo

remains unresolved [11–14]. Once this mitochondrial-

dependent input reaches the cytosolic compartment,

Fe-S precursors must be safely handled, protected

from degradation, and directed toward the appropriate

CIA components for subsequent assembly and transfer

to cytosolic and nuclear target proteins. Although the

core components of the CIA pathway have been

identified, several aspects of how Fe-S clusters are

dynamically trafficked, remodeled, and protected

in the cytosolic environment remain incompletely

understood.

Within this cytosolic network, monothiol glutare-

doxins and BolA-like proteins have emerged as key

players in iron and Fe-S cluster metabolism [15].

Monothiol CGFS glutaredoxins, including human glu-

taredoxin 3 (GLRX3), bind [2Fe-2S] clusters in a glu-

tathione (GSH)-dependent manner and function as

mobile cluster carriers [2,15–19]. BolA-like proteins,

characterized by a conserved BolA domain, frequently

associate with monothiol glutaredoxins to form hetero-

complexes capable of coordinating bridged [2Fe-2S]

clusters [20–22]. This interaction represents a con-

served strategy for integrating redox chemistry, iron

sensing, and Fe-S cluster trafficking.

In human cells, GLRX3 exists in two distinct

cluster-bound assemblies: a canonical GLRX3 homo-

dimer and a heterotrimeric complex formed with

BOLA2, in which two BOLA2 molecules associate

with the two Grx domains of GLRX3 [16]. Structural

and spectroscopic studies have shown that the

GLRX3-BOLA2 complex represents an alternative

cluster-binding architecture relative to the GLRX3

homodimeric form [16,20,23]. Importantly, interactions

between glutaredoxin-like and BolA-like proteins have

been proposed to stabilize bound [2Fe-2S] clusters and

modulate their reactivity, potentially linking Fe-S clus-

ter availability to cellular redox and iron status

[24–26]. Despite these insights, the functional implica-

tions of this alternative assembly mode within the CIA

pathway remain incompletely understood.

A central step in cytosolic Fe-S protein maturation

is the assembly of [4Fe-4S] clusters on the essential

CIA scaffold protein NUBP1 (Nbp35 in yeast)

[27–30]. NUBP1 receives [2Fe-2S] clusters that are

reductively coupled to generate a [4Fe-4S] cluster, a

process that requires both a suitable cluster donor and

an electron source. GLRX3 has been firmly established

as a direct [2Fe-2S] cluster donor to NUBP1, acting in

cooperation with the electron transfer protein anamor-

sin [23,28]. In this context, the formation of alternative

GLRX3-containing assemblies raises the possibility

that distinct donor complexes may contribute differ-

ently to NUBP1 maturation.

Consistent with this view, several models have

been proposed to explain the physiological function

of BOLA2 in cytosolic Fe-S cluster trafficking. One

model suggests that association with BOLA2 stabi-

lizes GLRX3-bound clusters and protects them from

oxidative degradation, thereby preserving a transfer-

able pool of Fe-S cofactors under fluctuating cellular

conditions [15]. Other genetic and biochemical evi-

dence suggests that Fe-S cluster trafficking is sup-

ported by partially redundant protein systems, in

which multiple cluster carriers coexist and can con-

tribute to cluster delivery under different physiologi-

cal conditions [31]. This functional diversity is

further modulated by glutathione, which plays a

multifaceted role as a cluster ligand, redox buffer,

and potential electron donor, influencing both clus-

ter chirality and transfer chemistry [32–34]. Collec-

tively, these observations highlight the need to

directly assess how different GLRX3-based assem-

blies contribute to cluster delivery within the CIA

pathway.

In this study, we directly compare the cluster donor

properties of the GLRX3 homodimer and the

GLRX3-BOLA2 heterotrimer in the context of

NUBP1 maturation. Using complementary biochemi-

cal and spectroscopic approaches, we evaluate their

ability to support [4Fe-4S] cluster assembly and their

dependence on electron donation by anamorsin. By

defining the functional overlap and distinctions

between these two donor systems, our work contrib-

utes to better defining the mechanistic framework of

cytosolic Fe-S cluster biogenesis and provides insight

into how robustness and regulation are integrated

within the CIA machinery. Given the central impor-

tance of Fe-S cluster metabolism in human physiology

and their involvement in pathological conditions

[3,4,35,36], these findings advance our understanding

of the molecular principles governing cellular iron–
sulfur homeostasis.
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Results

GLRX3-BOLA22 heterotrimer and GLRX32
homodimer support comparable endpoint

[4Fe-4S] cluster assembly on NUBP1

We evaluated the ability of the GLRX3-BOLA22 com-

plex to donate [2Fe-2S] clusters to the scaffold protein

NUBP1, where [4Fe-4S]2+ clusters are assembled via

reductive coupling of two [2Fe-2S]2+ units. To restrict

cluster coordination to a single, defined site, we

employed a mutated form of NUBP1, hereafter

referred to as NUBP1-NT, in which the C-terminal

CPXC cluster-binding motif is inactivated by substitu-

tion of Cys235 and Cys238 with alanine residues. This

construct retains the N-terminal CX13CX2CX5C

cluster-binding motif and allows selective monitoring

of [4Fe-4S]2+ cluster formation at the N-terminal site

[27]. The NUBP1-C235A/C238A construct was previ-

ously characterized and shown to preserve protein

folding, as assessed by CD and NMR spectroscopy,

while retaining the spectroscopic features associated

with N-terminal [4Fe-4S] cluster coordination [27]. The

absence of the C-terminal site prevents formation of

the bridging cluster-associated dimeric architecture and

therefore allows the N-terminal cluster assembly event

to be monitored without contributions from the

C-terminal cluster-binding site.

Cluster transfer reactions were performed under

anaerobic conditions by incubating apo NUBP1-NT

with chemically reconstituted [2Fe-2S]2-GLRX32 or

[2Fe-2S]2-(GLRX3-BOLA22) complexes in a 1:2

acceptor-to-donor molar ratio. Incubations were car-

ried out for 1 h at room temperature in the presence

of 15 mM reduced glutathione (GSH), which acts as

both the coordinating and reducing cluster moiety and

as electron donor in the [4Fe-4S] cluster coupling. Fol-

lowing incubation, NUBP1 was separated from the

donor complexes by immobilized metal affinity chro-

matography using His GraviTrap columns, as

described in the Materials and Methods section.

UV–Vis spectra of the eluted NUBP1 (Fig. 1A)

revealed the appearance of a broad absorption band

centered at 410 nm (Fig. 1A), consistent with [4Fe-

4S]2+ cluster coordination. Importantly, both the inten-

sity and shape of the absorption band were nearly

identical between the two donor systems, indicating

comparable endpoint levels of [4Fe-4S] cluster assem-

bly under the donor-normalized conditions used. Con-

sistent with effective cluster transfer, comparison of

the UV–Vis spectra of the donor complexes before and

after the reaction showed a concomitant decrease in

the characteristic [2Fe-2S]2+ absorbance features. In

the case of GLRX3-BOLA22, this reduction was

clearly observed at ~ 410 nm following incubation

with NUBP1 (Fig. 1B), while an analogous decrease

was detected for the GLRX32 homodimer at ~ 410 nm

(Fig. 1C), confirming partial consumption of the

donor-bound [2Fe-2S] clusters during the transfer

process.

To quantify the extent of cluster incorporation,

acid-labile iron and sulfide contents were determined

for both sets of samples (Table 1). NUBP1 samples

that received clusters from GLRX3-BOLA22 contained

2.5 � 0.2 mol of Fe and 2.7 � 0.3 mol of S per mol

of protein, and comparable values were obtained for

samples loaded via the GLRX32 homodimer

(2.5 � 0.1 mol Fe and 2.5 � 0.3 mol S). These values

correspond to approximately 0.6 equivalents of [4Fe-

4S] cluster per protein, indicating partial but signifi-

cant cluster incorporation under the in vitro conditions

used. The close agreement between the two donor sys-

tems further supports comparable endpoint [4Fe-4S]

cluster incorporation under the donor-normalized con-

ditions used.

To further characterize the kinetics of cluster trans-

fer, time-resolved circular dichroism (CD) spectra were

acquired during the incubation of donor and acceptor

proteins. The time-dependent variation of a character-

istic CD signal of the donor complex was monitored

to follow the progress of the cluster transfer reaction.

For both the GLRX3-BOLA22 complex and the

GLRX32 homodimer, the CD signals decreased pro-

gressively during the reaction and reached a plateau

within approximately 40 min. The kinetic traces were

fitted using a monoexponential decay model to obtain

apparent rate constants for the transfer process. Under

these conditions, the reaction performed by [2Fe-2S]2-

GLRX32 (Fig. 2B) displayed an apparent rate constant

of k = 1.24 � 0.31 9 10�3 s�1, whereas with the [2Fe-

2S]2-(GLRX3-BOLA22) system (Fig. 2A) it was

k = 1.47 � 0.15 9 10�3 s�1. The similar value of this

kinetic constant indicates that the presence of BOLA2

does not significantly influence the overall rate of clus-

ter transfer to NUBP1.

1D paramagnetic 1H NMR spectra of NUBP1 sam-

ples after incubation with either holo GLRX32 or holo

GLRX3-BOLA22 (Fig. 3) are very similar, featuring a

set of hyperfine-shifted resonances in the 18–11 ppm

region. These signals correspond to bCH2 protons of

the four cysteine residues that coordinate the [4Fe-4S]

cluster at the N-terminal site of NUBP1. The similarity

in chemical shift patterns and relative intensities con-

firmed that both donor systems result in equivalent

cluster assembly and that the iron–sulfur cluster has

the same coordination structure in the two samples.

3ª 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Together, these results demonstrate that the

GLRX3-BOLA22 complex is fully competent for [2Fe-

2S] cluster donation to NUBP1, and supports compa-

rable endpoint [4Fe-4S] cluster assembly to the

GLRX32 homodimer under the donor-normalized

reducing conditions used.

Role of anamorsin in [4Fe-4S] cluster assembly

Previous studies [23,28] have established that anamor-

sin functions as the physiological electron donor

required for reductive coupling in the [4Fe-4S] cluster

assembly on NUBP1. Building on this framework, we

sought to determine whether anamorsin similarly sup-

ports [4Fe-4S] cluster formation when the [2Fe-2S]

clusters are delivered by the GLRX3-BOLA2 heterotri-

mer instead of by the GLRX3 homodimer. To address

this question, we extended our in vitro reconstitution

assays to include anamorsin in cluster transfer reac-

tions between GLRX3-BOLA2 and NUBP1. By

directly comparing outcomes in the presence and

absence of anamorsin, we assessed whether electron

donation by anamorsin affects the reductive coupling

process when GLRX3-BOLA2 serves as the [2Fe-2S]

cluster donor.

Fig. 1. GLRX3-BOLA22 and GLRX32 support comparable [4Fe-4S] cluster assembly on NUBP1. (A) UV–Vis spectra of NUBP1 after

incubation with [2Fe-2S]2-GLRX32 and [2Fe-2S]2-(GLRX3-BOLA22); similar 410 nm absorbance intensity indicating [4Fe-4S] cluster formation.

(B) UV–Vis spectra of [2Fe-2S]2-(GLRX3-BOLA22) before (black) and after (red) reaction with NUBP1. (C) UV–Vis spectra of [2Fe-2S]2-GLRX32

before (black) and after (blue) reaction with NUBP1. Representative UV–Vis spectra from one of n = 3 independent experiments are shown;

all replicates gave comparable spectral features.

Table 1. Quantification of acid-labile Fe and S in NUBP1 after

cluster transfer. Values are reported as mean � SD from n = 3

independent experiments.

Donor

complex

Fe (mol/mol

NUBP1)

S (mol/mol

NUBP1)

[4Fe–4S]

equivalents

GLRX32 2.5 � 0.1 2.5 � 0.3 0.63 � 0.04

GLRX3-

BOLA22

2.5 � 0.2 2.7 � 0.3 0.65 � 0.05
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UV–Vis spectra of NUBP1 obtained after incuba-

tion with holo GLRX3-BOLA22 in the presence of

anamorsin displayed a well-defined absorption band

centered at ~ 410 nm (Fig. 4A, purple trace), consis-

tent with the formation of a [4Fe-4S]2+ cluster. Nota-

bly, the spectral features closely match those observed

under glutathione-supported conditions and with the

GLRX32 homodimer, indicating that neither the

nature of the electron donor nor the presence of

BOLA2 affects the structural properties of the assem-

bled cluster. These results indicate that reductive cou-

pling of the two [2Fe-2S] precursors can occur under

both conditions, yielding comparable endpoint levels

of NUBP1 cluster incorporation under the tested in

vitro conditions. Paramagnetic 1H NMR spectra of

NUBP1 isolated after the two modes of reactions

(B)(A)

Fig. 2. GLRX3-BOLA22 and GLRX32 display comparable cluster transfer kinetics under glutathione-supported conditions. Kinetic analysis of

[2Fe-2S] cluster transfer to NUBP1 was monitored by time-resolved circular dichroism (CD) spectroscopy. Time-resolved CD spectra were

recorded during the anaerobic incubation of apo NUBP1-NT with either the GLRX3-BOLA22 complex (A) or the GLRX3 homodimer (B) in the

presence of 15 mM GSH. The evolution of the CD signal at 560 nm was monitored over time to follow the transfer reaction and a

monoexponential fit of the kinetic traces was used to determine the apparent rate constants (ktr). Comparable values were obtained for the

two donor complexes, with k = 1.47 9 10�3 s�1 for GLRX3-BOLA22 and k = 10�3 s�1 for GLRX32, indicating similar transfer kinetics under

glutathione-supported conditions. Data points represent the mean of n = 2 independent experiments; error bars indicate SD. Reported k

values are mean � SD from the same independent experiments.

Fig. 3. Paramagnetic NMR confirms the same [4Fe-4S] cluster coordination on NUBP1. Paramagnetic NMR spectra of NUBP1 after

incubation with GLRX3-BOLA22 (A) and GLRX32 (B); the four hyperfine shifted peaks in the region of 10 to 20 ppm indicate [4Fe-4S]-bound

cysteinyl protons. Representative 1D paramagnetic 1H NMR spectra from one of n = 3 independent experiments are shown; all replicates

gave comparable hyperfine-shifted resonance patterns.

5ª 2026 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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supported this interpretation (Fig. 4B and Fig. 4C).

The spectra obtained after incubation with anamorsin

showed the well-defined set of hyperfine-shifted reso-

nances between 10 and 20 ppm, typical of [4Fe-4S]-

bound cysteinyl protons, as observed for the reaction

with GSH. Importantly, the chemical shift pattern was

nearly identical between GLRX32- and GLRX3-

BOLA2-derived samples, indicating that the coordina-

tion geometry of the final cluster is conserved.

To quantify the extent of cluster incorporation,

acid-labile Fe and S were determined for NUBP1 sam-

ples obtained under each condition (Table 2). NUBP1

loaded in the presence of anamorsin contained approx-

imately 2.5 � 0.1 mol Fe and 2.6 � 0.2 mol S per mol

of protein for both donor systems. No significant dif-

ferences were detected between the GLRX3-BOLA22
and GLRX32 donors in either condition.

The effect of the physiological electron donor ana-

morsin on the kinetics of cluster assembly was also

investigated by performing analogous CD experi-

ments in its presence. In reactions performed by

GLRX32, the addition of anamorsin led to an

increase in the apparent rate constant, yielding

k = 2.87 � 0.60 9 10�3 s�1 (Fig. 5B), approximately

twofold higher than that observed in the

Fig. 4. Anamorsin supports [4Fe-4S] cluster assembly without significantly altering the spectroscopic features of the assembled cluster.

(A) UV–Vis spectra of NUBP1 after incubation with GLRX3-BOLA2 and anamorsin (purple) or GLRX32 and anamorsin (green). Comparison of

410 nm absorbance intensities. (B) Paramagnetic NMR spectra of NUBP1 after transfer from holo GLRX3-BOLA22 plus anamorsin (purple).

(C) Paramagnetic NMR spectra of NUBP1 after transfer from holo GLRX32 plus anamorsin (green). Representative UV–Vis and 1D

paramagnetic 1H NMR spectra from one of n = 3 independent experiments are shown; all replicates gave comparable spectral features.

Table 2. Quantification of acid-labile Fe and S in NUBP1 after

cluster transfer in the presence of anamorsin. Values are reported

as mean � SD from n = 3 independent experiments.

Donor

complex

Electron

donor

Fe (mol/mol

NUBP1)

S (mol/mol

NUBP1)

[4Fe–4S]

equivalents

GLRX32 anamorsin 2.5 � 0.1 2.5 � 0.2 0.63 � 0.03

GLRX32 GSH 2.5 � 0.1 2.5 � 0.3 0.63 � 0.04

GLRX3-

BOLA22

anamorsin 2.6 � 0.1 2.6 � 0.2 0.65 � 0.03

GLRX3-

BOLA22

GSH 2.5 � 0.2 2.7 � 0.3 0.65 � 0.05
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glutathione-containing system. This result is consis-

tent with the established role of anamorsin as the

physiological electron donor involved in the reduc-

tive coupling step during [4Fe-4S] cluster formation

on NUBP1. In contrast, when the GLRX3-BOLA22
complex was used as cluster donor (Fig. 5A), the

apparent rate constant obtained in the presence of

anamorsin (k = 1.52 � 0.13 9 10�3 s�1) was similar

to that measured in the absence of the protein elec-

tron donor. This observation indicates that the asso-

ciation of BOLA2 with GLRX3 in the presence of

anamorsin does not lead to a significant acceleration

of the overall transfer reaction.

Taken together, these kinetic measurements show

that, although anamorsin enhances the rate of

GLRX3-mediated cluster transfer, the GLRX3-

BOLA22 complex displays similar apparent rate con-

stants in the presence of either anamorsin or glutathi-

one. This suggests that electron transfer is not the

rate-limiting step when GLRX3-BOLA22 acts as the

[2Fe-2S] cluster donor.

Overall, these data show that the GLRX3-

BOLA22 complex provides the cluster precursors

required for NUBP1 maturation and supports forma-

tion of the same final [4Fe-4S] cluster observed with

GLRX3-mediated transfer. However, unlike the

GLRX3 homodimer, the GLRX3-BOLA22 complex

does not display anamorsin-dependent acceleration,

indicating a distinct kinetic dependence on the elec-

tron donor.

Discussion

Iron–sulfur cluster trafficking in the cytosol relies on a

coordinated network of carrier proteins that ensure the

safe delivery of highly reactive cofactors to their target

proteins. Within this network, the monothiol glutare-

doxin GLRX3 has been established as a central [2Fe-

2S] cluster donor for components of the cytosolic

iron–sulfur assembly (CIA) machinery [3,27]. The abil-

ity of GLRX3 to form a stable heterotrimeric complex

with BOLA2 raises the question of whether this alter-

native assembly simply preserves the canonical

GLRX3 donor function or instead modulates specific

steps of cluster trafficking, such as cluster stabilization,

electron dependence, or productive interaction with

downstream CIA components [20,23].

In this work, we directly compared the cluster donor

properties of the GLRX3 homodimer and the

GLRX3-BOLA2 heterotrimer in the context of

NUBP1 maturation. Multiple spectroscopic

approaches consistently show that both complexes sup-

port the formation of a canonical [4Fe-4S] cluster on

the N-terminal binding site of NUBP1. UV–Vis spec-

tra display the characteristic absorption feature at

~ 410 nm associated with [4Fe-4S]2+ cluster coordina-

tion, while paramagnetic NMR spectra show the

expected set of hyperfine-shifted resonances arising

from cysteinyl ligands of the cluster. The close similar-

ity between spectra obtained using GLRX32 and

GLRX3-BOLA22 indicates that the structural nature

(B)(A)

Fig. 5. Distinct kinetic effects of anamorsin on GLRX3- and GLRX3-BOLA2-mediated cluster transfer to NUBP1. Time-resolved CD

measurements monitoring the transfer of [2Fe-2S] clusters from GLRX3-BOLA22 (A) or GLRX32 (B) to apo NUBP1-NT in the presence of the

physiological electron donor anamorsin. Monoexponential fits of the kinetic data were used to determine the apparent rate constants. The

GLRX3-mediated reaction exhibits k = 2.87 9 10�3 s�1, approximately twofold higher than in the absence of anamorsin, consistent with its

role as a physiological electron donor. In contrast, the GLRX3-BOLA22 system shows a similar rate constant (k = 1.52 9 10�3 s�1),

indicating that the GLRX3-BOLA22 system does not display anamorsin-dependent acceleration. Data points represent the mean of n = 2

independent experiments; error bars indicate SD. Reported k values are mean � SD from the same independent experiments.
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of the cluster assembled on NUBP1 is conserved

regardless of the donor system. This conclusion is fur-

ther supported by iron and sulfide quantification,

which shows comparable incorporation of a [4Fe-4S]

cluster on NUBP1 under all tested conditions.

Together, these data establish that GLRX3-BOLA2 is

competent to supply the [2Fe-2S] precursors required

for reductive coupling on NUBP1.

The interpretation of this result is facilitated by the

use of the NUBP1-NT construct, which allows selective

monitoring of [4Fe-4S] cluster assembly at the N-

terminal site. This construct lacks the functional C-

terminal CPXC cluster-binding motif but has been previ-

ously shown to preserve the overall folding of NUBP1

and the spectroscopic features of the N-terminal [4Fe-

4S]-bound form [27]. It therefore provides a suitable

model to isolate the cluster assembly event addressed in

this study. At the same time, this simplified system does

not reproduce the full architecture of native NUBP1. In

the full-length protein, the C-terminal motif contributes

to the formation of a dimeric scaffold through coordina-

tion of a bridging cluster and may influence site occu-

pancy, donor recognition, or communication between

cluster-binding regions [27]. Thus, while our data dem-

onstrate that both GLRX3 and GLRX3-BOLA2 pro-

mote [4Fe-4S] cluster formation at the N-terminal site,

additional effects involving the C-terminal cluster and

the complete NUBP1/NUBP2 scaffold may occur in the

native system.

The extent of cluster incorporation observed in our

endpoint assays should also be considered within this

mechanistic framework. Under all tested conditions,

NUBP1 reaches partial but reproducible [4Fe-4S] clus-

ter loading. Substoichiometric Fe-S cluster incorpora-

tion is commonly observed in in vitro reconstitution

and transfer experiments, even under optimized anaer-

obic conditions. Studies of the yeast Cfd1-Nbp35 scaf-

fold further indicate that Fe-S cluster loading and

kinetic lability are strongly influenced by scaffold

architecture, nucleotide binding, and protein–protein
interactions [37,38]. Partial cluster incorporation has

also been reported for NUBP1, where the final cluster

occupancy depends on the cluster-binding site and on

the reducing conditions used [27,28]. More generally,

studies on cytosolic Fe-S cluster trafficking and CIA

scaffold proteins indicate that cluster transfer reactions

are governed by both kinetic and thermodynamic fac-

tors and may not proceed quantitatively in simplified

systems lacking the full set of physiological partners

[39–41].
In the case of NUBP1-NT, formation of a [4Fe-4S]

cluster requires two sequential [2Fe-2S] delivery events

followed by reductive coupling. Under the transfer

conditions used here, the isolated NUBP1 product dis-

plays spectroscopic signatures consistent with [4Fe-4S]

cluster formation, whereas no stable [2Fe-2S]-bound

NUBP1 intermediate is detected at the endpoint. The

partial occupancy therefore does not appear to reflect

accumulation of a half-converted NUBP1 intermedi-

ate, but rather the fraction of NUBP1 molecules in

which both [2Fe-2S] delivery events and reductive cou-

pling have proceeded to completion. In the isolated in

vitro system used here, this endpoint may reflect an

apparent equilibrium between donor-bound [2Fe-2S]

clusters and acceptor-bound [4Fe-4S] clusters. In vivo,

subsequent transfer of the newly assembled [4Fe-4S]

cluster to downstream CIA components or client pro-

teins could provide an additional thermodynamic and

kinetic drive for further cluster assembly.

The kinetic data further refine this picture by reveal-

ing a difference between the two donor systems in

their dependence on electron transfer. When GLRX3

serves as the donor, the presence of the physiological

electron donor anamorsin accelerates cluster transfer

relative to glutathione-supported conditions, in agree-

ment with the role of anamorsin in the CIA electron

transfer chain [23,28]. In contrast, GLRX3-BOLA2-

mediated transfer proceeds with similar apparent rate

constants in the presence of either anamorsin or gluta-

thione. Thus, BOLA2 association does not enhance

the overall rate of cluster transfer to NUBP1 under

the conditions tested. Rather, the lack of anamorsin-

dependent acceleration suggests that, in the GLRX3-

BOLA2 system, electron delivery is no longer the dom-

inant rate-limiting step, and that other processes, such

as cluster release or productive donor-acceptor recog-

nition, may become more relevant for the overall reac-

tion rate.

This interpretation is consistent with the known sta-

bilizing effect of BOLA2 on GLRX3-bound [2Fe-2S]

clusters [16,20]. Stabilization of the donor-bound clus-

ter may preserve a transferable cluster pool, but it may

also modify the energetic balance of the transfer reac-

tion and the extent to which electron delivery acceler-

ates the process. Cluster transfer itself is expected to

involve ligand exchange, as cysteine residues from

NUBP1 must replace donor ligands in the [2Fe-2S]

coordination sphere. Therefore, some reorganization

of the donor coordination environment is an intrinsic

part of the transfer mechanism. The present data show

that GLRX3-BOLA2 preparations are competent

donors for NUBP1 maturation, but they do not define

whether BOLA2 remains associated with GLRX3

throughout the entire transfer event or whether tran-

sient dissociation or rearrangement occurs during clus-

ter delivery.
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Taken together, these findings indicate that

GLRX3-BOLA2 functions as an alternative GLRX3-

containing [2Fe-2S] donor complex that converges on

the same NUBP1 maturation outcome as GLRX3

alone, while displaying a distinct kinetic dependence

on the electron donor. Rather than acting primarily by

increasing transfer efficiency, BOLA2 appears to mod-

ulate the properties of the GLRX3-bound cluster,

potentially balancing cluster stabilization with transfer

competence. This behavior may provide a functional

advantage in the cytosolic Fe-S trafficking network,

where cluster donors must both protect labile cofactors

and release them efficiently to appropriate acceptors.

In the cellular context, NUBP1 is not an endpoint

for Fe-S cluster trafficking, but part of a broader CIA

network in which newly assembled [4Fe-4S] clusters

are transferred to downstream maturation factors and

ultimately to client proteins. Therefore, NUBP1 cluster

occupancy is expected to reflect a dynamic steady state

determined by upstream cluster supply, donor-to-

acceptor transfer equilibria, electron availability, and

downstream cluster consumption. This view is consis-

tent with studies in yeast and mammalian systems

showing that cytosolic Fe-S cluster trafficking depends

on coordinated interactions between Grx/BolA-type

carriers, the Nbp35/Cfd1 or NUBP1/NUBP2 scaffold,

and downstream CIA targeting factors [39,40,42–44].
Accordingly, when downstream demand is low,

NUBP1 occupancy may be governed mainly by donor-

to-acceptor equilibria. Conversely, when cellular

demand for Fe-S clusters increases, continuous removal

of NUBP1-bound [4Fe-4S] clusters by downstream

acceptors could shift the apparent equilibrium and pro-

mote further cluster delivery from upstream donor sys-

tems. In this framework, the coexistence of GLRX3

homodimers and GLRX3-BOLA2 heterotrimers may

contribute to the robustness of cytosolic Fe-S trafficking

by providing alternative donor assemblies whose relative

contribution depends on cluster availability, electron-

transfer conditions, and downstream demand.

While these findings provide a consistent in vitro

framework, further studies will be required to establish

how GLRX3 and GLRX3-BOLA2 contribute to Fe-S

cluster trafficking in the cellular context and how the

balance between these donor assemblies is regulated in

response to changing cellular conditions.

Materials and methods

Protein expression and purification

The proteins used in this study were obtained through het-

erologous expression in E. coli, using different cell lines

and vectors. GLRX3 and BOLA2 were produced according

to previously published procedures [20,27,28]. To selectively

probe [4Fe-4S] cluster assembly at the N-terminal site of

NUBP1, we employed the NUBP1-C235A/C238A variant,

hereafter referred to as NUBP1-NT, in which the C-

terminal CPXC cluster-binding motif was inactivated.

Based on our previous finding that GLRX3 donates [2Fe-

2S] clusters exclusively to the N-terminal domain of

NUBP1, cysteine residues Cys235 and Cys238 were

substituted with alanine, thereby abolishing coordination of

the C-terminal [4Fe-4S] cluster that normally bridges two

NUBP1 subunits. This modification results in a monomeric

form of NUBP1 retaining only the N-terminal [4Fe-4S]

cluster-binding site. The mutant protein was expressed and

purified following established protocols described previ-

ously [27]. BL21(DE3)-RIPL CodonPlus competent cells

(Agilent Technologies, Santa Clara, CA, USA) were trans-

formed with pETG20A (Novagen, Madison, WI, USA)

plasmid containing N-terminal His6-TRX-tagged GLRX3

gene. Native BOLA2 was expressed in BL21(DE3)-Gold

(Agilent Technologies, USA) competent cells, which were

transformed with pET21A plasmid (Novagen), while His6-

tagged NUBP1_NT was obtained by transforming BL21

(DE3) competent cells (Agilent Technologies, USA) with a

pDUET plasmid (Novagen).

All cells were cultivated at 37 °C in Luria–Bertani (LB)

medium supplemented with the appropriate antibiotics, shak-

ing at 180 rpm. Protein expression was induced at OD600 =
0.6–0.8, by adding isopropyl b-D-1-thiogalactopyranoside

(IPTG, Sigma-Aldrich, St. Louis, MO, USA) and FeCl3 when

needed and then shaking at 120 rpm for different durations

and at different temperatures (Table 3).

The cell pellets were resuspended in the respective bind-

ing buffers and cell lysis was performed by sonication. All

the proteins were purified by fast protein liquid chromatog-

raphy (FPLC), using a HisTrap FF column (Cytiva, Marl-

borough, MA, USA) or HiTrap cation exchange resin

column (Cytiva, USA) for BOLA2, following previously

reported protocols [20,27,28]. The cleavage of the tags was

performed by adding tobacco etch virus protease (TEV),

produced in-house, overnight at room temperature, and

then the tag was separated from the cleaved protein using a

HisTrap FF column (Cytiva, USA).

Table 3. Conditions for protein expression induction.

Protein Expression induction Temperature Time

GLRX3 0.5 mM IPTG;

0.25 mM FeCl3

17 °C overnight

BOLA2 0.5 mM IPTG 25 °C 5 h

His6-tagged

NUBP1_NT

0.5 mM IPTG;

0.25 mM FeCl3

21 °C overnight

Anamorsin 0.2 mM IPTG;

0.25 mM FeCl3

25 °C 4 h
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Chemical reconstitution

Holo protein complexes were chemically reconstituted over-

night at room temperature under strictly anaerobic condi-

tions in a glovebox (O2 < 1 ppm), using thoroughly

deoxygenated buffers and reagents. Reconstitution was car-

ried out at a protein concentration of ~ 50 lM in 50 mM

Tris–HCl buffer (pH 8.0), 150 mM NaCl, supplemented

with 5 mM glutathione (GSH), and 5 mM dithiothreitol

(DTT), by stepwise addition of FeCl3 and Na2S. Excess

reagents were removed anaerobically using PD-10 desalting

columns (Cytiva, USA). Unless otherwise stated, all subse-

quent experiments were performed in degassed 50 mM Tris–
HCl (pH 8.0), 150 mM NaCl.

Cluster transfer reactions from GLRX32 and

GLRX3-BOLA22 complex to apo NUBP1

Cluster transfer reactions were carried out under strictly

anaerobic conditions inside a glovebox (O2 < 1 ppm), using

deoxygenated buffers. Apo NUBP1-NT was incubated with

chemically reconstituted holo donor complexes in phos-

phate buffer (50 mM sodium phosphate, pH 8.0, 300 mM

NaCl) for 1 h at room temperature, in a 1 : 2 acceptor-to-

donor molar ratio. Prior to transfer assays, holo GLRX3

and GLRX3-BOLA2 donor preparations were normalized

according to their cluster content, estimated from the inten-

sity of the characteristic [2Fe-2S] absorption band at

410 nm. This ensured that comparable amounts of spectro-

scopically detectable donor-bound [2Fe-2S] cluster were

added to the reactions performed with the two donor sys-

tems. Typical protein concentrations ranged from 80 to

100 lM for NUBP1-NT. Reactions were performed in the

presence of 15 mM reduced glutathione (GSH) or, when

indicated, with anamorsin added in equimolar ratio relative

to the donor complex. Following incubation, NUBP1-NT

was separated from donor proteins by immobilized metal

affinity chromatography using a HisTrap column (Cytiva,

USA) and eluted with phosphate buffer containing a high

concentration of imidazole. The eluted protein was subse-

quently subjected to buffer exchange into 50 mM Tris–HCl

(pH 8.0), 150 mM NaCl using a PD-10 desalting column to

remove imidazole and restore conditions suitable for spec-

troscopic analyses.

Biochemical and spectroscopic studies

UV–Vis spectroscopy and 1H 1D paramagnetic NMR

experiments were performed to assess [4Fe-4S] cluster

assembly on NUBP1. UV–Vis spectra were recorded at

room temperature using a Cary 50 spectrophotometer (Agi-

lent Technologies, USA) in quartz cuvettes with 1-cm path

length.

Time-resolved circular dichroism (CD) spectroscopy was

performed on a JASCO J-810 spectropolarimeter (JASCO

Inc., Tokyo, Japan) to monitor cluster transfer kinetics.

Measurements were carried out under the same buffer con-

ditions used for the cluster transfer reactions (50 mM

sodium phosphate buffer, pH 8.0, 300 mM NaCl), supple-

mented with either 15 mM GSH or anamorsin. The CD sig-

nal at 560 nm, characteristic of the [2Fe-2S]2+ cluster

environment, was monitored over time. Kinetic traces were

fitted to a monoexponential decay model using OriginPro

software to obtain apparent rate constants (k). Reported

values represent the mean � standard deviation of at least

two independent experiments.

1H 1D paramagnetic NMR spectra were acquired on a

Bruker Avance spectrometer (Bruker BioSpin, Billerica,

MA, USA) operating at 400 MHz 1H Larmor frequency,

at 298 K. Samples were prepared in 50 mM Tris–HCl

buffer (pH 8.0), 150 mM NaCl, supplemented with 10%

(v/v) D2O, 5 mM GSH, and 5 mM DTT. Water suppression

was achieved using fast repetition experiments with selec-

tive irradiation. Spectra were processed using standard pro-

cedures. Acid-labile iron and sulfide contents were

quantified using standard colorimetric assays based on fer-

rozine and methylene blue methods, respectively, as previ-

ously described [27]. All measurements were performed on

at least two independent samples and showed consistent

results.
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