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Abstract

Many iron-sulfur proteins involved in cluster trafficking form [2Fe-2S]-cluster-bridged complexes
that are often challenging to characterize because of the inherent instability of the cluster at the
interface. In this work, we illustrate the use of fast, online buffer exchange coupled to a native
mass spectrometry (OBE nMS) method to characterize [2Fe-2S]-cluster-bridged proteins and their
transient cluster-transfer reaction intermediates. The use of this mechanistic and protein
characterization tool is demonstrated with holo glutaredoxin 5 (GLRX5) homodimer and holo
GLRX5:BolA-like protein 3 (BOLA3) heterodimer. Using the OBE nMS method, cluster transfer
reactions between the holo-dimers and apo-ferredoxin (FDX2) are monitored, and intermediate
[2Fe-2S] species such as (FDX2:GLRX5:[2Fe-2S]:GSH) and (FDX2:BOLA3:GLRX5:[2Fe-2S]:
GSH) are detected. In summary, we demonstrate the OBE nMS method to be a robust technique
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for characterizing iron-sulfur cluster bridged protein complexes and transient iron-sulfur cluster
transfer intermediates.

Graphical Abstract

[2Fe-2S] cluster-bridged complexes are characterized by use of online buffer exchange coupled to
native mass spectrometry (OBE nMS). Cluster-transfer reactions between holo complexes and apo
ferredoxin (FDX2) are monitored by use of OBE nMS, and intermediate Fe-S species are detected.
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Iron-sulfur (Fe-S) cluster proteins are a versatile class of metalloproteins, being involved in
electron transfer, catalysis, regulation of gene expression, and DNA processing.[1-3] Iron-
sulfur cluster cofactors are often sensitive to oxygen and prone to decomposition, 4] making
characterization of cluster-bound proteins challenging. Typical identification and
characterization methods include UV-Vis, circular dichroism (CD), Mdssbauer, resonance
Raman, and electron paramagnetic resonance (EPR) spectroscopies.l>] However, there are
limitations of these techniques that include challenges in discriminating cluster types (often
inconclusive with UV and CD, while EPR often requires additional experiments such as
power saturation and temperature dependencel6]) and high concentration requirements
(Mbssbauer and Resonance Raman).[”-91 These techniques provide spectral data that are an
average of the whole ensemble and cannot distinguish between sub-populations. Notably, all
of these methods utilize unique properties of the metal cofactor and provide limited
information concerning the protein component. Therefore, a characterization tool that
requires smaller quantities of protein and provides insight into both protein and cluster
components is desirable. Native mass spectrometry (nMS), which preserves non-covalent
interactions during measurements, can overcome these challenges and serve as a robust
technique for the identification and characterization of protein-bound Fe-S cofactors.

Native mass spectrometry has been applied to the study of Fe-S proteins. For example,
Crack et al. first illustrated the application of nMS to study physiologically relevant cluster
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chemistry.[12-22] However, use of the application has been limited due to challenges from
cluster instability and from the additional sample preparation steps required to spray intact
cluster-bound proteins from mass spectrometric compatible buffers. The majority of such
proteins characterized by mass spectrometry have Fe-S clusters buried inside the protein
core and not at the protein-protein interface. Surface-accessible clusters that bridge protein
monomers are challenging to characterize in the native holo dimeric form. NsrR from
Streptomyces coelicolorbinds a [4Fe-4S] cluster as a homodimer, but the native dimeric
[4Fe-4S] species has not been characterized as the predominant product by MS.[22-24] The
solution dimer form is susceptible to dissociation into monomers during ionization.[22]
Herein, we attempted to overcome the challenges inherent to the characterization of such
cluster-bridged complexes. Accordingly, there is a need for a robust technique to
characterize them.

Online buffer exchange coupled to native MS does not require any extra sample preparation
steps prior to MS analysis (Figure 1).[34:3%] |t can separate non-volatiles from proteins and/or
protein complexes in the sample within a short time-frame, resulting[22] in clean protein
and/or protein complex spectra generated directly from non-mass spectrometric compatible
buffers. This method has low sample requirements, typically requiring 5 uL of 10 uM
sample. Moreover, it minimizes the possibility of samples being exposed to oxygen and
thereby preserves the native holo iron-sulfur cluster-containing protein complexes prior to
detection. Using a home-packed PEEK tubing with P-6 Bio-Gel material as the stationary
phase,[34:35] the protein samples typically elute in the time range from 0.55 to 0.9 minutes at
a 100 pL/min flow rate (Figure S2a). This measurement time is faster than with commercial
SEC columns.[3%] The shorter time not only improves the efficiency of sample screening but
also minimizes oxidation of unstable analytes, such as iron-sulfur cluster proteins, allowing
rapid and robust characterization of these samples without a strict anaerobic environment.
OBE nMS can serve as a simple screening method for these oxygen-sensitive iron-sulfur
cluster samples without additional sample preparation steps.

Glutaredoxin 5 (GLRXS5), in its [2Fe-2S] bridged holo homodimeric form, is one of the core
components of the cellular iron-sulfur cluster assembly machinery and serves as an
intermediary cluster carrier, delivering cluster to several target proteins after synthesis of the
[2Fe-2S] cluster by the scaffold protein ISU in the mitochondria.[36] [2Fe-2S]-Bridged holo
heteromeric complexes of GLRX5 with other partner proteins have been implicated in
important functions in cellular pathways. For example, [2Fe-2S] bridged heterodimeric
complexes of GLRX5 with BolA type proteins BOLA1 and BOLA3 have been proposed to
play important roles in redox regulation and Fe-S cluster trafficking, respectively.[37]
Mutations in genes encoding the proteins mentioned above can result in disease conditions,
often leading to death.[28] Homozygous mutation in the GLRX5 gene causes splicing errors
and results in sideroblastic anemia and iron overload.[38] Genetic mutations in genes for
BOLA3 result in fatal Multiple Mitochondrial Disease Syndrome. Though the exact
molecular understanding has been lacking, these disease conditions are characterized by
defective Fe-S cluster maturation and cluster trafficking pathways that could involve
[2Fe-2S]-bridged heteromeric species. The [2Fe-2S]-bridged GLRX5 homodimer is a well-
characterized protein complex with a crystallographically-determined structure in the
Protein Data Bank (2WUL).[26] Mass spectra for GLRX5 were acquired using the OBE
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nMS method and deconvoluted using UniDec software[39]. The spectra of the holo GLRX5
(Figure 2a) show the 15,842 Da apo GLRX5 monomer and 32,471 Da holo GLRX5 dimers.
The experimental and theoretical masses match within 1 Da (Table S2). The mass of the
holo dimer contains two GLRX5, a 176 Da [2Fe-2S]2* cluster and two 306 Da GS™ ligands
as predicted.[49] In addition to these peaks, we also observed the GLRX5 peaks with a post-
translational modification of +178 Da, attributed to alpha-N-gluconoylation of the His tag
(Figure S1).[4142] Next we employed OBE nMS to characterize a [2Fe-2S]-bridged
GLRX5:BOLA3 complex whose structural model has been proposed based on NMR
experiments,[43] but there is no report of the complex being observed by MS. A mass of
27,925 Da is observed (Figure 2b). The experimental and theoretical masses match within 1
Da (Table S2). The mass of the holo heterodimer contains a GLRX5, a BOLA3, a 176 Da
[2Fe-2S]?* cluster and a 306 Da GS™ ligands as predicted. Apo GLRX5 monomers and apo
BOLA3 monomers and heterotetramers (Figure S2cd, Figure S3) are also observed.
Comparing these results with the data collected using offline nanoelectrospray ionization
(nESI) (Figure S4) and offline direct infusion with ESI (Figure S5), nESI shows that the
dominant peaks are apo monomers and direct infusion showed unexpected additional iron
and sulfur on the complex, indicating the advantage of the OBE nMS technique in properly
retaining the O,-labile cluster.

Previous work has demonstrated [2Fe-2S] cluster from both GLRX5 homodimer and
GLRX5:BOLA3 heterodimer to be transferred to ferredoxin 2 (FDX2).[37:441 However, due
to the challenge of characterizing the accurate stoichiometry of transient protein complexes
in the reaction mixture by other techniques, the mechanistic details remain unclear. We
monitored cluster transfer reactions using the OBE nMS method by mixing apo H. sapiens
FDX2 with either holo GLRX5 or GLRX5:BOLA3 dimers in an approximately 1:1 molar
ratio in reaction buffer (SI Cluster transfer reaction) and injected 5 pL aliquots into the OBE
nMS at various reaction time points. Cluster transfer from holo GLRX5 homodimer to apo
FDX2 was clearly observed (Figure 3, Figure S6). The relative ratio of holo GLRX5
homodimer to apo GLRX5 decreased over a period of 150 s of reaction time, while a peak
for holo FDX2 emerged (Figure 3a). Spectra at intermediate times reveal the intermediate
[2Fe-2S]-bridged cluster species that has not previously been observed. In the transfer from
the GLRX5 homodimer, an intermediate complex of (FDX2:GLRX5:[2Fe-2S]:GSH) is
captured at 150 s (Figure 3a). This intermediate loses the GSH molecule with longer
reaction time and forms (FDX2:GLRX5:[2Fe-2S]) (Figure 3b). Formation of FDX2 holo
dimer (2FDX2:2[2Fe-2S]) with increasing time may reflect non-specific dimerization due to
increasing holo FDX2 concentration.

The observation of (FDX2:GLRX5:[2Fe-2S]:GSH) provides mechanistic insight into the
cluster transfer process. Cluster transfer requires the cleavage of Fe-cysteinyl bonds in the
cluster-bound form of the homodimeric GLRXS5 donor, accompanied by the formation of
new Fe-cysteinyl bonds in the FDX2 acceptor with the release of two glutathione molecules.
The detection of the (FDX2:GLRX5:[2Fe-2S]) species by mass spectroscopy suggests that
during the reaction, one GLRX5 monomer is replaced by FDX2 in the complex as the
reaction progresses, thereby allowing us to obtain an unprecedented mechanistic
understanding of the individual steps in the cluster transfer process (Scheme 1).
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A similar cluster transfer reaction from holo heterodimer GLRX5:BOLAS3 to the apo FDX2
was also monitored using OBE nMS (Figure 4, Figure S7). In the transfer reaction,
intermediate complexes of (FDX2:BOLA3:[2Fe-2S]), (FDX2: GLRX5:BOLAS3:
[2Fe-2S]:GSH), and (FDX2:GLRX5:[2Fe-2S]) are observed. The formation of apo
[FDX2:BOLA3] and the holo trimeric intermediate (FDX2: GLRX5:BOLA3:
[2Fe-2S]:GSH) at the beginning of the reaction (Figure 4a), suggests that there are non-
covalent interactions between FDX2 and BOLAS, bringing FDX2 to the holo
GLRX5:BOLA3 heterodimer to form a trimeric intermediate. This initiates the cluster
transfer process. The results indicate that there is no preference in cysteinyl bond cleavages
from BOLA3 or GLRX5 in the holo BOLA3:GLRX5 heterocomplex when exposed to apo
FDX2, as the formation of both intermediates (FDX2:BOLA3:[2Fe-2S]) and
(FDX2:GLRX5:[2Fe-2S]) were detected (Figure 4b). Based on the MS data, a mechanism
that demonstrates the steps in the cluster transfer from the holo BOLA3-GLRX5
heterodimer to apo FDX2 is shown in Scheme 2. The formation of [FDX2:GLRX5] after
2400 seconds most likely reflects slower kinetics of transfer in comparison to the transfer
from the GLRX5 homodimer, which also resulted in detection of minor [FDX2:GLRX5].

In vitro cluster transfer reactions have been routinely used to complement /7 vivo studies,
and directionality of cluster transfer is often unique and well defined[4046-48]. Many such
reactions were demonstrated first in vitro and are now accepted as components of the current
model for iron-sulfur cluster biosynthesis[28:49501. Though complexes between cluster donor
and cluster acceptor proteins have been invoked as transient intermediates in mechanistic
models of cluster delivery and assembly, 3051521 none of them have previously been
observed experimentally. To our knowledge, this technique is currently the only method that
can detect these intermediates as it provides information concerning both the cluster and
protein components, thereby elucidating mechanistic details. The results confirm that this
method is fast, robust, and of low sample consumption. OBE nMS has broad potential for
characterizing iron-sulfur cluster-bridged protein complexes and transient iron-sulfur cluster
intermediates.
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Figure 1.
Experimental setup for OBE MS. The sample is injected and separated from non-volatile

salts by a gel-filtration (OBE) column. The mobile phase is 200 mM ammonium acetate de-
oxygenated by a constant stream of argon. The injection valve, sample syringe, and samples
are kept inside a glove bag flushed with argon.
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Figure2.
Deconvoluted OBE mass spectra of a) holo GLRX5 and b) holo GLRX5:BOLA3. The

empty symbols indicate apo proteins, and the yellow filled symbols indicate holo proteins
with a [2Fe-2S] cluster. The stoichiometry of 2GLRX5:[2Fe-2S5]:2GSH and
GLRX5:BOLA3:[2Fe-2S]:GSH are observed. Insets are deconvoluted spectra in the holo
dimer region with holo 2GLRX5:[2Fe-2S]:2GSH at 32,471 Da and GLRX5:BOLAS3:
[2Fe-2S]:GSH at 27,924 Da.
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Figure 3.
Deconvoluted OBE mass spectra of the holo GLRXS5 and apo FDX2 reaction mixture at a)

150 seconds and b) 720 seconds after mixing are shown. The empty symbols indicate apo
proteins, and the yellow filled symbols indicate holo proteins with a [2Fe-2S] cluster. The
[2Fe-2S] cluster transfers from the holo GLRX5 dimer to the apo FDX2 monomer.
Intermediates (FDX2:GLRX5:[2Fe-2S]:GSH) and (FDX2:GLRX5:[2Fe-2S]) are observed.
Insets are the zoom-in of the FDX2 and dimer regions.
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Figure 4.
Deconvoluted OBE mass spectra of the holo GLRX5:BOLA3 and apo FDX2 reaction

mixture at a) 480 seconds and b) 2400 seconds are shown. The empty symbols indicate apo
proteins, and the yellow filled symbols indicate holo proteins with a [2Fe-2S] cluster. The
[2Fe-2S] cluster transfers from the holo GLRX5:BOLA3 heterodimer to the apo FDX2
monomer. Intermediates [FDX2:BOLA3], (FDX2:BOLA3:[2Fe-2S]), (FDX2:BOLAS3:
GLRX5:[2Fe-2S]:GSH), [FDX2:GLRX5], and (FDX2:GLRX5:[2Fe-2S]) are observed.
Insets are the zoom-in of the FDX2, dimer, and trimer regions.
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Scheme 1.

The individual steps in the cluster transfer reaction from the holo GLRX5 homodimer to apo
FDX2. Intermediates (FDX2:GLRX5:[2Fe-2S]:GSH) and (FDX2:GLRX5:[2Fe-2S]) are
formed.
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Scheme 2.
The individual steps in the cluster transfer from the holo GLRX5:BOLAS3 heterodimer to

apo FDX2. Intermediates (FDX2:BOLA3:GLRX5:[2Fe-2S]:GSH), (FDX2:BOLA3:
[2Fe-2S]), and (FDX2: GLRX5:[2Fe-2S]:GSH), (FDX2:GLRX5) are formed.
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