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Abstract

CISD3 is a mitochondrial protein that contains two [2Fe—2S] clusters. This protein is overexpressed in some types of cancer,
so it has emerged as a potential drug target. A detailed characterization of this protein is crucial to understand how CISD3
is involved in these physiopathologies. In this study, isotopically labeled human CISD3 was expressed in Escherichia coli.
A set of double and triple resonance experiments performed with standard parameters/datasets provided the assignment of
40% of the HN resonances, 47% of Ca, and 46% of C' resonances. Tailored paramagnetic HSQC, CON and CACO experi-
ments extended up to 59% for HN, 70% for Ca and 69% for C'. The TH, 13C and N NMR chemical shift assignment of
human CISD3 is reported here.
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Biological context

Iron—sulfur (Fe-S) clusters are essential protein cofactors
and are involved in a wide variety of cell functions, such
as catalysis, electron transport and environmental sensing.
The CISD3 protein (also known as MiNT or Miner2) has
127 amino acids and is present in the mitochondria, how-
ever its specific location inside the mitochondria remains
unknown. This protein has two 2Fe-2S clusters, and each
cluster is coordinated by 3Cys:1His in a conserved motif
domain (CDGSH). To date, there only exists one structure
of a mutant construct of CISD3 where the two 2Fe-2S
clusters are coordinated by 4Cys (PDB code 6AVJ) and the
N-terminus is removed (Lipper et al. 2018). The 1-14 resi-
dues N-terminal fragment contains the sequence for a signal
peptide to transport the protein to the mitochondria and is
predicted to be highly unstructured (Lipper et al. 2018).
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Human CISD3 protein has a single polypeptide chain
containing a four-stranded beta-cap that connects both
CDGSH domains followed by a short alpha helix segment.
The CDGSH domain is a loop region that contains the three
Cys residues responsible for coordinating the FeS centers
and the short alpha helix contains the FeS coordinating His
residues.

The function of CISD3 remains elusive, however previous
studies related this protein to cancer (Li et al. 2021; Lipper
et al. 2018). Furthermore, since CISD3 has homology to the
other two NEET proteins, it also may be involved in aging
(Chen et al. 2009), diabetes (Ferecatu et al. 2014; Kusminski
et al. 2012) and neurodegenerative diseases (He et al. 2016;
Mittler et al. 2019; Salameh et al. 2021). To investigate the
mechanism of action of this protein as well the potential
as a drug target, we took the challenge to assign the NMR
signals of this highly paramagnetic protein. We performed
the assignment of the WT form of the protein in which the
N-term fragment has been removed. The [2Fe-2S] clusters
shuttle between the +2/+1 oxidation states; the oxidized
forms contains two Fe>* ions that are antiferromagnetically
coupled while the reduced state contains one Fe** and one
Fe?* ion. We report here the study of the protein in its fully
reduced form, in which both clusters are in the reduced
[2Fe-2S]* state.
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Methods and experiments
Expression and purification protocol

The CISD3 gene (37-127 preceded by a methionine and
a glycine) was inserted into a pET28a(+) plasmid, result-
ing in a construct with 93 residues. The plasmid was used
to transform E. coli BL21 (DE3) gold competent cells.
Cell growth was performed in M9 (3.0 g '*C-p-glucose
and 1.2 g SNH,CI per litre) medium by adding 4 cm? of
Q solution and 500 pM Mohr’s Salt at 37 °C. When the
culture reached an OD 600 of 0.8-1, 0.1 mM IPTG was
added to induce protein overexpression, and the cells were
incubated at 18 °C overnight. All the purification steps
were performed in anaerobic environment. Cells were re-
suspended in 80 cm® of 20 mM Tris-HCI, pH 7.5 degassed
buffer and lysed by adding CelLytic Reagent (0.8 gx 1 L
culture) and it was incubated for 20 min. After incuba-
tion the lysate was diluted up to 200 cm?, filtered using
a 0.22 pm filter and then loaded in a HiTrap SP FF cati-
onic exchange column. The column was washed with a
step NaCl gradient until CISD3 protein solution eluted
with 20 mM Tris-HCI1 pH 7.5 and 300 mM NaCl. The
final NMR sample had a protein concentration of 500 pM
in 20 mM Tris-HCI, 300 mM NaCl, 2 mM dithiothreitol
(DTT) pH 7.5 and 10% (v/v) D,0.

NMR spectroscopy for backbone assignment

All NMR experiments used for resonance assignment for
the reduced CISD3 were recorded on a Bruker AVANCE
700 MHz spectrometer on 0.5 mM *C-13N-labeled sam-
ples in a buffered solution with 20 mM Tris-HCI, 300
mM NaCl, 2 mM DTT, pH7.5 and 10% (v/v) D,0O. All
NMR spectra were collected at 298 K, processed using the
standard Bruker software Topspin and analyzed through
the CARA program (Keller 2004).For the backbone reso-
nance assignments of diamagnetic signals, we recorded 'H
detected '’N- and '*C-HSQC, HNCA, HNCO, HNCOCA,
CBCACONH and "°C detected CACO and CON. For this
set of experiments, radio frequency pulses, carrier fre-
quencies, acquisition and processing parameters were
taken as normally done in biomolecular NMR studies.
The CACO experiment was recorded using a 'H start
experiment with a CT evolution in the Ca dimension (Ber-
mel et al. 2008). Furthermore, to identify signals affected
by paramagnetic relaxation, we performed double and tri-
ple resonance experiments using parameters optimized to
identify signals with high R, and R, values (Trindade et al.
2021b). A >N HSQC-AP spectrum (Ciofi-Baffoni et al.
2014) was acquired, with 512 scans/fid, using INEPT and
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recycle delays of 714 us and 0.25 s, respectively. Acquisi-
tion times were shortened to 47 ms (t2) and 27 ms (t1).
CACO and CON experiments optimized to identify fast
relaxing signals were also recorded. For the CACO experi-
ment we recorded a paramagnetic version of the 'H start
CACO experiment using 0.7 ms for the Ha-Ca and 2.7 ms
for the Ca-CO INEPT transfer delays. 1024 experiments
were collected using acquisition times of 46 ms (t,) and
4 ms (t,), with a recycle delay of 0.4 s. During Ca evolu-
tion, the constant time period was removed, at variance
with the experiment optimized for the identification of dia-
magnetic signals. A 13C start experiment was also recorded
using a CACO-AP experiment (Bertini et al. 2005). 1024
scans for each fid were recorded with CACO INEPT delay
of 2.7 ms, a recycle delay of 0.3 s and acquisition times
of 24.6 ms (t,) and 7.6 ms (t;). For the paramagnetic ver-
sion of the CON experiment, we recorded 1024 scans over
128 increments, using acquisition times of 28 ms (t,) and
19.2 ms (t;), with a CO-N INEPT delay of 8 ms and a recy-
cle delay of 0.2 s. Proton resonances were calibrated with
respect to the signal of 2,2-dimethylsilapentane-5-sulfonic
acid (DSS). Nitrogen chemical shifts were referenced indi-
rectly to the 'H standard using a conversion factor derived
from the ratio of NMR frequencies. Carbon resonances
were calibrated using the signal of dioxane at 69.4 ppm
(298 K) as secondary reference.

'Hy-relaxation experiments

Measurements of 'HN R, and R, relaxation rates were car-
ried out using 11.7 T Bruker AVANCE 500 equipped with
a triple resonance, inverse detection, cryoprobe (TXI). 'Hy
relaxation measurements rates, both diamagnetic and par-
amagnetic, were recorded at 298 K at 500 MHz, using a
protein concentration of 0.5 mM. The In-Phase (IP) experi-
ments were acquired with recycle delays of 2 s, while the
Anti-Phase (AP) experiments were acquired with recycle
delays of 150 ms. Typically, R, values> 10 s~ and R, val-
ues > 50 s~! were taken from the AP experiments, lower
rates were measured with the IP experiments.

A series of thirteen 'HN-R, >N-HSQC-IP experiments
were recorded using a transfer INEPT period of 0.001 s,
0.015s,0.025,0.055,0.085s,0.125,0.165,0.25,0.35s,0.5s,
0.7 s, 1 s and 1.8 s. For each experiment, 32 scans were col-
lected over 128 increments.

A series of thirteen '"HN-R,-weighted ’N-HSQC-AP
experiments was recorded, using INEPT transfer periods of
2 ms, 4 ms, 6 ms, 10 ms, 15 ms, 20 ms, 25 ms, 30 ms, 40 ms,
50 ms, 80 ms, 120 ms and 200 ms. For each experiment, 512
scans were collected over 128 increments.

A series of sixteen 'HN-R, '"N-HSQC-IP experiments
were recorded using a transfer INEPT period of 1.8 ms,
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2.3 ms, 3 ms, 3.6 ms, 4.8 ms, 6 ms, 7.2 ms, 8.4 ms, 10.8 ms,
11.6 ms, 13.2 ms, 16 ms, 18 ms, 23.2 ms, 25.6 ms and
30.2 ms. For each experiment, 64 scans were collected over
156 increments.

A series of twelve '"HN-R,-weighted '"'N-HSQC-AP
experiments was recorded, using INEPT transfer periods
of 0.1 ms, 0.2 ms, 0.3 ms, 0.6 ms, 0.7 ms, 1.0 ms, 1.2 ms,
1.6 ms, 2.0 ms, 2.8 ms, 4.0 ms, 5.0 ms. For each experiment,
768 scans were collected over 128 increments.

Peaks were integrated using CARA software and the dif-
ferent relaxation rates were calculated using EXCEL/ORI-
GIN software.

Extent of assignment and data deposition
Paramagnetic relaxation

Standard NMR experiments allowed us the identification
and the assignment of several sequential protein frag-
ments: 37-39, 41-42, 48-58, 85-96, 116-117 and 120-127
(C-term). In the >N HSQC, this corresponded to only 37
HN signals out of 87 non-proline residues. Therefore, 59%
of residues remained unassigned due the presence of two
[Fe,S,]" clusters, which enhance the relaxation rates of
spins nearby. The dipolar coupling between nuclear and
electron spins gives a contribution to nuclear relaxation
that is dependent on r=%, where r is the distance between
the two spins (Trindade et al. 2022). For a [FezSz]Jr cluster,
the assumption that the electron spins can be considered as

o ("H) [ppm]

fully localized on the Fe ions is a reasonable approxima-
tion (Banci et al. 2018; Invernici et al. 2022; Machonkin
et al. 2005; Trindade et al. 2021a). As a consequence, signals
close to at least one of the four iron ions escape from sequen-
tial assignment. Predicting the extent of the radius of such
“blind” sphere around an iron ion paramagnetic center is not
straightforward (Trindade et al. 2020, 2021c); [Fe,S,]" is an
antiferromagnetically coupled system in which the magnetic
coupling gives rise to a new electron spin energy ladder and
gives electronic correlation times that are different from
that of the isolated ions (Bertini et al. 2016). In the case of
CISD3, a sequential assignment shows that no signal can be
assigned with standard experiments within a sphere of 9 A
from the closest iron ion (Lipper et al. 2018).

However, triple and double resonance, 13C detected and
also "H homonuclear experiments (Camponeschi et al. 2019)
can be customized to minimize the loss of signal intensity
and to optimize the efficiency of coherence transfer wherever
the latter “competes” with relaxation (Invernici et al. 2020).
Moreover, coherence transfer pathways and experiments
may be re-designed according to the relaxation properties in
order to make them more “robust” vis-a-vis with paramag-
netic induced relaxation (Piccioli 2020). In CISD3, a °N
HSQC-AP experiment showed eighteen more resonances,
that were missing or very barely detectable in “routine” >N
HSQC spectra as shown in Fig. 1.

The relative orientation of each backbone fragment with
respect to the iron ions is such that a specific coherence
transfer pathway may be marginally affected by paramag-
netic relaxation while another one is affected more severely
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Fig.2 Secondary structure pre-
diction of CISD3 using TALOS
(Shen et al. 2009). The black
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(Trindade et al. 2020, 2021c). Therefore, to assign the eight-
een HN resonances which are strongly affected by the para-
magnetic centers, we had to devise a nonsystematic approach
strategy. To extend the assignment of CISD3, we used R,
and R, relaxation rates of the unassigned signals. Indeed,
according to the =6 relationship discussed above, paramag-
netic relaxation rates can be converted into distances from
the closest iron ion, like conventional '"H-'H NOEs (Bertini
et al. 1997). Such distances were used, together with the
scalar connectivities available from tailored experiments, to
obtain the assignment. In turn, this procedure has also per-
mitted to extend the assignment of '*C signals that have been
observed in the paramagnetic CON and CACO spectra but
which could not be assigned due to the absence of sequential
connectivities with assigned residues.

Overall, we identified the HN amide signals of residues
36, 44-45, 59, 66-68, 70, 80-81, 97, 105, 108, 115, 119,
the two-proton sidechain belong to Q78 and Q119 and we
extended the '*C assignment for 65 residues. The blind
region around the iron ions, that was initially 9 A has been
decreased to 7 A. The data deposited in BMRB cover the
assignment of 51 HN backbone residues out of 87 non-pro-
line resides, 65 Ca and 66 CO out of 93 expected resonances.
Out of these, 15 HN-backbone, 21 Ca and 21 CO resonances
arise from this approach. The protein’s assignment has been
deposited in the Biological Magnetic Resonance Data Bank
(http://www.bmrb.wisc.edu) under the accession number
51439. The raw data of the experiments, both conventional
triple resonance experiments and experiments optimized for
the detection of fast relaxing signals, have also been depos-
ited in BMRBig with the code: bmrbig82.
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Residue number

Secondary structure/paramagnetic shift

The hyperfine shift arises from the contact shift (scalar) and
the pseudocontact shift (dipolar). FeS clusters have a very
weak, if any, magnetic anisotropy, therefore the pseudoc-
ontact shifts do not contribute to the chemical shift of the
nuclei. The contact shift is due to the electron delocalization
from the metal ion via chemical bonds which is quenched
by a few chemical bonds. As a consequence, in the case of
[Fe,S,]* clusters, all signals affected by paramagnetic shifts
fall within the blind sphere and are not detectable. Therefore,
although incomplete, the analysis of the observed chemi-
cal shift is not affected by paramagnetism. Chemical shift
values were hence used to predict the secondary structure
using TALOS (Shen et al. 2009) and the data compared with
the available X-ray structure (PDB code: 6AVJ) as shown
in Fig. 2, with a good agreement for the assigned regions.

In the predicted secondary structure, two small f-strands
and two small a-helices are missing. These features corre-
spond to the missing assignments due to relaxation enhance-
ment. The extra N-terminal p-strand is only present in the
predicted secondary structure; however, a close inspection
of the X-ray structure show that there are hints of -strand
propensity.

Conclusion

The partial assignment of this highly paramagnetic protein is
an important step in the full characterization of CISD3. The
presence of two Fe-S centers proved to be a challenge for the
assignment. Future studies are necessary to understand the
effect of histidine in the protein structure and to use NMR
observables to refine the crystallographic structure of mutant
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CISD3. However, although largely incomplete, this assign-
ment offers the opportunity to monitor the protein structure/
conformation and to address the interaction of CISD3 with
small molecules or with protein partners, like its homolo-
gous protein CISD1 (Hou et al. 2007). In perspective, this
may help to elucidate the possible role of CISD3 in cancer,
diabetes and neurodegenerative diseases.
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