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ABSTRACT

The importance of cellular low molecular weight (LMW) ligands in metalloenzyme
maturation is largely unexplored. Maturation of NiSOD requires post-translational N-terminal
processing of the proenzyme, SodN, by its cognate protease, SodX. Here we provide evidence
for the participation of L-histidine in the protease-dependent maturation of Nickel-dependent
Superoxide Dismutase (NiSOD) from Streptomyces coelicolor. In vitro studies using purified
proteins cloned from S. coelicolor and overexpressed in E. coli support a model where a ternary
complex formed between the substrate (SodN), the protease (SodX) and L-Histidine-creates-a
novel Ni-binding site that is capable of the N-terminal processing of SodN and/(specifically
incorporates Ni into the apo-NiSOD product. Thus, L-Histidine serves many. of the functions
associated with a metallochaperone or, conversely, eliminates the need for a metallochaperone in

NiSOD maturation.
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INTRODUCTION

An emerging theme in bacterial cellular metal trafficking is the importance of the
cytosolic labile metal pool comprised of metals bound to low molecular weight species.[1, 2]
Metals bind small molecules, including amino acids, metabolites (e.g., citrate), and thiols, (e.g.,
glutathione), with speciation influenced by
concentration and metal preferences for
ligand identity and coordination geometry.
For example, upon lysis of anaerobically
grown E. coli, Ni(Il) is found distributed
between complexes with histidine,
aspartate, ATP, or oxidized glutathione.[3]

While low molecular weight complexes

can play a role in defense against metal Fig. 1. The nickel active site in NiSOD (PDB ID:
1T6U). The inset shows the hexameric enzyme
viewed down a 3-fold axis. Green spheres represent
nickel atoms. The oxidized enzyme is 50:50 mixture
of Ni(II) and Ni(IIl) where the latter is stabilized by
known.[4] In bacteria, metal regulators an additional Hisl coordination (dashed line).

stress, the roles of these species in metal

trafficking and homeostasis is less well

sense the abundance of these LMW ‘species, referred to as the buffer, and alter gene expression to
match metal supply with démand.[4-7] Precedence for protein recognition of specific complexes
of L-His, and not D-His, has been demonstrated in bacterial trans-membrane import of Ni(Il) via
the bacterial NikA(BCDE) transporter system.[8, 9] Evidence for the participation of the labile

metal pool in metalloenzyme maturation was heretofore unexamined.

Nickel Superoxide Dismutase (NiSOD) is the nickel-specific member of the SOD class of

enzymes that catalyze the disproportionation of toxic superoxide radical to oxygen and hydrogen
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peroxide.[10-13] NiSOD has been found in actinobacteria (e.g., Streptomyces sp.) and
cyanobacteria (e.g. Prochlorococcus sp.) and is expressed in response to Ni(Il) in Streptomyces
lividans.[14, 15] Its presence in cyanobacteria makes it the most abundant SOD in the ocean.[16]
The enzyme employs unique structural features at the N-terminus (e.g., Cys ligation, Fig. 1).[12,
17-20] Although the structural, spectroscopic, and enzymatic properties of NiSOD are well-

characterized, the maturation process that inserts nickel into this enzyme remains elusive.[19, 21]

NiSOD is the post-translationally modified product of sodN, which encodes an inactive
pro-enzyme that has a variable N-terminal leader sequence (14 residues in S. coelicolor*SodN)
upstream of the His residue (Fig. S1) that is the N-terminus of the mature enzyme22, 23] The
physiological function of the leader sequence is still unknown. Prior<toythe’identification of
SodX, the endopeptidase that removes the N-terminal extension in“wvivo, active NiSOD was
obtained in vitro using engineered constructs of SodN with a cleavable tag (such as Factor-Xa or
PelB cleavage sites) to effect N-terminal processingf42, 23] After processing, the resulting
recombinant apo-NiSOD was readily nickelated by Ni(Il) in vitro, consistent with
metallochaperone-independent maturation, and noycandidate for a metallochaperone has yet been
identified.[24] Proteolysis of the comserved Ala;s-His;s peptide bond (Fig. S1) in SodN is
performed by SodX (encoded by orfX)“and has been shown to be an absolute requirement for
active NiSOD formation when hetérologously co-expressed in E. coli, which naturally lacks both
sodN and orfX.[13;%22,, 25] These observations demonstrate that no species-specific
metallochaperone 1s" required for NiSOD assembly but do not illuminate how nickel is

incorporated into the processed protein in vivo.

For NiSOD, the lack of a specific nickel metallochaperone in the in vivo study supports

the notion that none is required for nickelation of apo-NiSOD under physiological conditions. In-
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gel SOD activity assays performed on the E. coli cell lysates showed increasing NiSOD activity
as a function of Ni(II) concentration.[25] Based on these in vivo results, as well as structural
studies of Met0-NiSOD (insertion of a Met residue before Hisl in the recombinant construct),
CN  treated apo-NiSOD, and analogy with the maturation of [NiFe]-hydrogenase, which requires
nickel insertion prior to proteolysis of the large subunit, maturation of SodN was proposed to
involve a nickel-dependent proteolysis by SodX. [12, 22, 25-27] It was postulated that chelation
of Ni(I) by Hisl5 and Cys16 in SodN (which becomes Hisl and Cys2 in NiSOD) promotes
proteolytic maturation followed by a tranms-cis isomerization of Pro5 (Prol9 in SodN) jthat
positions Cys6 so that the two thiols (Cys2 and Cys6) can bind nickel in a cis-orientation,
thereby completing the nickel site coordination and forming the ‘nickel-hoek’-feature of the

mature enzyme.[12]

Here, we show that SodN can be processed in vitro by SedX-in the absence of Ni(II) and
subsequently nickelated to give active NiSOD, .demonstrating the minimal molecular
requirements for the maturation and activation of NiSOD? The inclusion of metal ions (including
Ni(II)) in the proteolysis reaction mixture inkibits'\N-terminal processing by SodX. Critically, the
inclusion of L-His (but not D-His) in.théreaction mixture restores in vitro protein processing in
the presence of Ni(Il). The addition _of'His alone inhibits processing of SodN, indicating that
under cellular conditions beth histidine and Ni(II) are required for correct processing. The effect
of L-His was shown to,be Ni-specific, as Co(II) does not rescue SodN processing. XAS analysis
of Ni-SodN complexes ' with or without His reveal that a putative ternary complex, NiSodNe<His,
has a fouf-,or five-coordinate, low-spin Ni site with 1-2 S-donor ligands, and more closely
resembles _the Ni site in NiSOD. The Ni(II)»SodN complex has six-coordinate (N/O) high-spin

complex with a His imidazole ligand but no S-donor ligands. These observations indicate that
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SodN processing requires formation of a ternary complex of SodN, Ni(II), and histidine to ensure

the fidelity of nickel insertion into apo-NiSOD.

RESULTS

Biochemical, biophysical and spectroscopic characterization of SodN

While the mature enzyme (apo-NiSOD) has been previously purified using various
methods, the precursor, SodN has not been previously purified and characterized. Heterologously
overexpressed and purified recombinant SodN (Fig. S2, lane 4) had the expected amino acid
sequence (Fig. S1) and molecular weight (Table 1; Fig. S3a, top), and was, shown to be
hexameric (SEC-MALS) and largely a-helical (CD), as is apo-NiSOD (Fig. S3b,c).[12, 28] In
addition to the expected SodN monomers at 14,701 Da, the mass spectra“show the presence of
two N-terminally truncated species at 14,236 Da and 14,101, Da‘(denoted as NA4-SodN and
NAS5-SodN, that lack the first four and five residues,.respectively (Fig. S3a(top), d). These
species occur in all batches of purification and are‘also detected in a variant of SodN used in this
study (H15A-SodN; vide infra), and are likely to be an artifact of purification possibly arising via
autocleavage when changing pH from 8.8 to 7.0, as has been observed for other proteins with
unstable sequences.[29] A peak corresponding to a +32 modification of SodN was also observed
in some samples and is¢ tentatively assigned to the presence of sulfoxycysteine species

(disulfenate or sulfinate), as previously observed for a variant of NiSOD.[30]

To understand the intrinsic Ni(II)-binding properties of SodN prior to processing and to
compare them with those of the processed protein (NiSOD), Ni(II)-binding to apo-WT-SodN and
HISA-SodN was examined using isothermal titration calorimetry (ITC) (Fig. 2). The binding

1sotherm for SodN is consistent with a single Ni-binding event involving 1.03(2) nickel ions per
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subunit with an apparent K; of 21.1(1.7) uM. This contrasts with NiSOD, which shows two

binding processes that have been attributed to cis- and trans-conformers of Pro5, with the pre-

formed binding site (cis-Pro5) having the higher K4 = 25 nM.[31] The dissociation constant for

HI15A-SodN, K4 =20(2) uM (n = 0.5), is similar to SodN, but the nickel binding stoichiometry is

half, suggesting an interfacial site formed between two monomers. Analysis of the

thermodynamic parameters derived from the binding isotherms also show that the Ni-binding
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Fig. 2. Ni(Il)-binding results for SodN and
H15A-SodN  using  Isothermal  Titration
Calorimetry (ITC). ITC thermograms (top) and
binding isotherms (bottom) for titrations of (a) 0.15
mM of apo-SodN (blue) and (b) 0.15 mM apo
HI15A-SodN (cyan) with 2 mM Ni(Il) in buffer
containing 20 mM Tris, 200 mM NaCl, 1 mM
TCEP, pH 8.0. One-site binding models were used
to fit the isotherms in each case (solid black lines)
to give binding stoichiometries of 1.03(2) and
0.47(2) K, values of 21.1(1.7) uM and 20(2) uM,
respectively.

properties of the HISA variant have<been
altered from those of WT-SodN. by the
substitution of H15 by Ala,-Binding of Ni(II)
to HI5A-SodN is .associated with more
favorable enthalpy (AH = -21 kcal/mol) and
more unfavorable entropy (-TAS = 14.8
kcal/mol)\,compared to that of WT-SodN
(AH= -8.5 kcal/mol, -TAS = 2.3 kcal/mol) at
25 °C or NiSOD[31] ((AH;s = -9.0 kcal/mol,
-TAS.s = -0.9 kcal/mol AH,.,, = -4.1
kcal/mol, -TASuas = -4.8 kcal/mol; see
Table S3). Favorable enthalpy change arises

due to strong hydrogen bonding and/or Van

der Waals interactions, while favorable

entropy -changes are associated with desolvation of non-polar groups. The higher enthalpy

contributiens to nickel binding in HI5A-SodN are compensated by higher entropy that give rise

to a,Gibbs free energy, and hence nickel binding affinity, that is comparable with SodN. Thus,
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loss of Hisl5 in SodN perturbs the nickel binding energetics in H15A-SodN and reflects a

significant role of His15 in the nickel binding process of SodN.

Spectroscopic characterization of the Ni(II)-SodN complex clearly shows that the Ni(Il)
binding site in the pro-enzyme is distinct from that found in NiSOD, consistent with the observed
differences in affinity. The UV-vis spectra of NiSodN, as-isolated NiSOD, and dithionite-
reduced NiSOD are compared in Fig. 3a. The UV-vis spectrum of NiSodN is similar to ape-
SodN (Fig. S4) and lacks the S > Ni(III) LMCT absorption characteristic of as-isolated helo-
NiSOD (Amax = 372 nm, &= 7600 M'cm™) and the higher energy absorptions assoeiated with S
= Ni(Il) LMCT in dithionite-reduced NiSOD, consistent with a Ni(Il) formulation and the
absence of thiolate ligation, suggesting that N-terminal processing might be,required for thiolate

ligation.[32]
Biochemical properties of SodX

SodX is the protease involved in cleaving the N-terminal extension of SodN, and has not
previously been overexpressed and purified. The,sodX gene is found downstream of sodN (Fig.
S5a) in most organisms expressing NiSQD, including S. coelicolor, and encodes a polypeptide of
16,157 Da with 146 amino acids that was‘cloned and overexpressed in E. coli (Figs. S1, S2). [25,
33] The purified protein (Fig. S2,lane 2) has a +691 Da modification (ESI-MS; 16,848 Da; Fig.
S5b) that was traced to a likely O-linked-glycosylation (deoxyhexose(Sulf);), using mass
spectroscopic data (Methods) and is monomeric (Fig. S5¢, lane 2). The modification occurs in a
peptide containing residues 125-142 (likely at Serl128), using mass spectrometry on tryptic
peptides and the Expasy Glycomod web-based tool (Table S2, Fig. S5d-e). This result is

suppeorted by a modified periodic acid - Schiff (PAS) test and a DTNB (5, 5 — dithio — bis - (2-
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nitrobenzoic acid)) test that were both positive and consistent with this modification (Fig.
S5f).[34, 35] Despite the glycan modification, SodX showed the expected proteolytic activity at
the SodN Alal4-Hisl5 cleavage site (vide infra). Further, a sample equilibrated with Chelex

resin was found to have no
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Fig. 3. Spectroscopic characterization of nickel complexes of NiSodN and NiSodNeHis. (a)
Overlay of the UV-Vis spectra of 100 uM Ni(II)-SodN (blue), as-isolated recombinant NiSOD
(orange), dithionite-reduced recombinant NiSOD (wine) plotted vs. € and for XAS sample of
NiSodNeHis (green) plotted vs. absorbance. (b) Overlay of the normalized Ni K-edge XANES
region of the XAS spectra of Ni-SodN (blue) and NiSodNeHis (green) in 50 mM Tris, 200 mM
NaBr, pH 8.0 compared with dithionite-reduced NiSOD (orange, Ref.16). Inset: Enlargement of
the pre-edge region. (c) k*-weighted unfiltered EXAFS data for NiSodN (blue) and best fit model
from Table 2 (black). (d) Fourier-transformed EXAFS (k =2 - 12.5 A™") data for NiSodN (blue)
uncorrected for phase-shifts and the best fit model (black) from Table 2. (e) k’-weighted
unfiltered EXAFS data for NiSodNe<His (green) and best fit model from Table 2 (black). (f)
Fourier-transformed EXAFS (k = 2 - 12.5 A") data for NiSodNeHis (green) uncorrected for
phase-shifts and the best fit model (black) from Table 2.
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bound nickel (ICP-OES, Methods), thus excluding the possibility of SodX being a nickel source

for NiSOD.

SodX was identified as a serine-lysine protease and a member of the S26A class of

proteases based on sequence homology
(Fig. S6). Consistent  with  this
classification, the proteolysis of SodN is
not inhibited by EDTA, ruling out a
metalloprotease, (Fig. S5¢g), but is inhibited
by acid-denaturation and arylomycin (Fig.
S7a-b & Fig S9a), which is a specific
inhibitor of Ser-Lys proteases.[36-38] This
class of serine proteases is typically
involved in proteolytic processing of N-
terminal signal sequences, e.g., E. coli
SPasel, with which SodX has significant
sequence homology (Fig. S6).[39] Based
on the homology and an awvailable
structure of inhibitor bound E. coli SPasel
(PDB: 1T7D), a model for S. coelicolor

SodX (without‘glycan” modification) was

generated “in Pymol using the AlphaFold

Fig. 4. Homology Model of SodX bound to the
SodN peptide substrate. The SodX structure is
shown in tan, and represented as a surface. The
active site Ser28 nucleophile is colored magenta.
The site of the glycan modification (residues 125 —
142) is shown in slate (backside). The inhibitor
peptide bound to E. coli signal peptidase is shown
in grey sticks, with heteroatoms colored, and likely
corresponds to the position of the pro- peptide of
SodN. The Ni-hook peptide (AHCDLPC; running
vertically in the image in stick form, Ala — cyan,
His — blue, Cys — yellow, CPL (Cys6-Pro5-Leu4) —
green, with heteroatoms colored) was generated in
PyMol and manually positioned to highlight the
likely binding site with respect to Ser28.

structure (Q9F3L0) and a peptide (A-HCDLPC) corresponding to the Ni-hook region of SodN

(Fig. 4) manually positioned in the SodX active site.[40, 41] This model shows the positioning of
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the Alal4-Hisl15 cleavage site of SodN near Ser28, analogous to the catalytic Ser90 in E. coli

SPasel. This assignment is consistent with assays of a SodX protein variant, S28A- the glycan

modification, SodX showed the expected proteolytic activity at the SodN Alal4-His15 cleavage

site (vide infra). Further, a sample equilibrated with Chelex resin was found to have no bound

nickel (ICP-OES, Methods), thus excluding the possibility of SodX being a nickel source for

NiSOD. SodX, which lacks proteolytic activity (Fig. S7¢) and is also isolated with a similar,

glycan modification to the WT-SodX (Fig. S5).

Proteolytic Processing

SodX can cleave SodN yielding apo-
NiSOD. To determine the biochemical
requirements for proteolytic processing
and Ni insertion into SodN, SodX cleavage
of SodN was studied under a variety of
conditions (see Methods) and the reaction
products were determined by ESI-MS (Fig.
5). Reaction of a mixture containing 40
uM SodN and 40 uM SodX in assay-buffer
(50 mM Tris, pH 8.0) for46 h showed the
production of WT-apo=NiSOD (equivalent
to NA14-SodN);. consistent with cleavage
between~Alal4- and Hisl5 (Fig. 5). In

additionto the correct SodX -cleavage

WT-apo-NiSOD NA6 NA5 NA4  WT-SodN

| Lo
L. . L

| e
A VI
L

13:.2 13;.5 13:.8 14:.1 14‘1.4 14'.7
Mass (kDa)

Fig. 5. Deconvoluted ESI-MS spectra of
proteolytic reaction mixtures containing SodN,
SodX and free metals (Ni, Co, Zn). Reaction
mixtures in assay buffer (50 mM TriseHCI, pH 8.0)
containing (a) 40 uM apo-SodN + 40 uM SodX (b)
40 uM SodN incubated with 80 uM NiCl, (c) 40
uM SodX added to b (d) 40 uM SodX + 40 uM
SodN pre-incubated with 80 uM CoCl, (e) 40 uM
SodX + 40 uM SodN pre-incubated with 80 uM
ZnCl,. (f) 40 uM apo-H15A-SodN + 40 uM SodX.

Intensity
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product, an NA6-SodN species was also present in the SodN - SodX product mixture (Fig. 5),

which represents non-specific peptide bond hydrolysis at Phe6-Ala7 (Fig. S3a,d). Other protein

species observed in the SodN - SodX product mixtures were unprocessed SodN, NA4-SodN, and

NAS5-SodN (Fig. 5), which are all present in isolated samples of SodN (Fig. S3a,d) and

presumably represent auto-hydrolysis products formed during sample preparation (vide supra).

That the resulting apo-NiSOD is functional
was confirmed by first adding Ni(Il) to the cleavage
product mixture using a solution of NiCl, (150 uM
in assay buffer) followed by Chelex treatment to
remove loosely bound Ni(Il), and then
demonstrating activity in the sample using kinetic
analysis showing catalysis with pulse radiolytic

generation of superoxide

(Fig. 6)[42] (see
Experimental Section for details). Only samples
containing correctly processed SodN (apo-NiSOD)
by mass spectrometric analysis showed, significant
catalytic activity. The catalytic ‘wémoval of
superoxide by the reaction\ product mixtures
described gave reactio rates (3.7 x 10’ M™'s™, based
on [Ni]) that were \two-orders of magnitude above
the spontafieous disproportion of O," at the same pH

and-6imilar’O,” concentration (~ 10’ M'ls'l) [Note:

unlike in CuSOD, aquated Ni ions are not
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Fig. 6. Activity assessment of NiSOD in cleavage and
control experiments using pulse radiolysis. Kinetic
traces showing the disappearance of pulse-radiolytically
generated superoxide radical by monitoring optical
absorbance at 260 nm ( & = 4000 M"'cm™) for buffer (top
trace in all panels), which represents the rate for the
uncatalyzed bimolecular disproportionation of O,"),
NiSodN (panel A, *-+-¢) and catalytic curves (bottom trace
in all panels) for WT-NiSOD (Panel A), metal-free
cleavage reaction mixture (SodN+SodX) followed by
Ni(Il) addition (panel B) and cleavage reaction mixture
(SodN+Ni+SodX) containing 0.01 mM L-histidine (panel
C). The activity was assessed relative to Ni concentrations
in each experiment.
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catalytically active for the removal of O," but there is no way to confirm that all of the Ni
measured in the reaction product mixtures is properly bound exclusively to the apo-NiSOD

cleavage product, and therefore the rate is not directly comparable to pure NiSOD.][19]

Metal ions including Ni(Il), inhibit in vitro cleavage of SodN by SodX. To examine
the role of Ni(II) and other metal ions in the cleavage mechanism, the same proteolytic assays as
above were performed with Ni(Il), Co(II), or Zn(II) added to the cleavage reaction. The reaction
products were again detected using ESI-MS and the deconvoluted mass spectra are shownin Fig.
5. Addition of NiCl, (in assay buffer) up to a final concentration of 80 uM to-the\buffered
solution of SodN in the absence of SodX results in a reaction product spectrum (Kig. Sb) that is
essentially that of purified apo-SodN (Fig. S3a, top), indicating that adding\Ni(I]) alone does not
induce processing. Addition of SodX to preincubated solutions of SodN.+ NiCl, (80 uM), CoCl,
(80 uM) or ZnCl, (80 uM) produces a predominant peak at 133,954 Da that corresponds to the
NA6-SodN, a mis-cleaved product (Fig. Sc-e & Fig S9b)with only small amounts of the correct
NAT14 cleavage product. The intensities for the NAlJ4 cleavage products are only 8% for Ni- or
Co- and 24% for Zn-containing proteolytic assays relative to the metal-free samples.
Furthermore, SodN (MW: 14,701 Da) completely disappeared in the Zn-containing proteolytic
assay. (A plausible reason for this.is.the observation of a precipitate in the assay mixture with Zn
added. The precipitation ofia Zn-SodN complex under the assay conditions might also account
for the higher cleavage'tesults for this metal ion, which could result from a loss of Zn from the
reaction mixture:) Hence, these proteolytic assays indicate that the presence of metals (Ni, Co or

Zn) inhibit the proper proteolysis of the SodN leader sequence.

E-Histidine (but not D-Histidine) restores proper in vitro proteolysis in the presence

of Ni(II) but not for Co(II). Direct binding of Ni(Il) to SodN is unlikely to occur in vivo
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because of the presence of LMW Ni(Il) complexes. These complexes likely necessitate an
associative transfer of Ni(Il) via a ternary complex for correct enzyme metallation, and would
need to be present to explain the prior results from co-expression.[25] L-histidine (L-His) (a
known physiological Ni(Il) ligand in bacteria), binds Ni in 1:1 (K4 = 15 nM) and 2:1

stoichiometries (K4, = 0.214 uM), with the former-more stable than SodN (K; = 21uM), but
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comparable to apo-NiSOD (K4 = 25 nM).[31, 43] Thus, the N-terminally processed protein is
expected to be nickelated by the cellular buffered Ni(II) pool (cellular [Ni] < 102 M and [L-His]
=45 — 180 uM in the cytoplasm of E.coli and Synechocystis).[7, 8, 44-46] Apo-NiSOD must
therefore compete with the buffered Ni(II) pool and might become fully nickelated if Ni is

kinetically trapped via coordination of the 4-5

WT-apo-NiSOD NA6 NA5 WT-SodN  ligands in the active-site Ni hook motif
+32 ;16 . .
ll L following  N-terminal  cleavage. The

M43
I |

Intensity

C
132 135 138 141 144 147

Mass (kDa)
Fig. 7: Deconvoluted ESI- MS traces of

proteolysis reaction mixtures (40 uM SodX +
40 pM SodN) in assay buffer (50 mM Tris,
1mM TCEP, pH 8.0) containing L-histidine.
(a) with 0.1mM L-histidine, (b) + 80 uM NiCl,
with 0.01 mM L-histidine, (c) + 80 uM NiCl,
with 0.10 mM L-histidine, (d) + 80 uM NiCl, +
1.0 mM L-histidine, (¢) +80 uM NiCl, with
10.0 mM L-histidine, (f) + 80 uM CoCl, with
0.10 mM L-histidine.
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proteolytic assays were thus repeated with and without 80 uM Ni(II) or Co(II) in the presence of

a range of L-His concentrations (0.010, 0.100, 1.0 mM and 10 mM) based on speciation curves

(Fig. S8a) for a mixture of L-His, apo-SodN, and apo-NiSOD that span the physiological [L-His]

in bacterial cytosols (45 — 180 uM in E.coli and Synechocystis).[7, 8, 44] The results (Fig. 7 and

high resolution data for b-e shown in Fig. S9c-f) show that addition of L-His in the absence of

Ni(IT) inhibits N-terminal processing (Fig. 7a), but adding 0.010, 0.100 or 1.0 mM L-His

allowed NA14 processing to occur in the presence of 80 uM Ni(Il) (Fig. 7b-d & Fig. S9c-e),

which is inhibitory in the absence of L-His
(Fig 5b). The product mixtures from the
reactions conducted in the presence of L-
His show NiSOD activity that is
comparable with samples that were
processed in the absence of metals and
then nickelated (vide supra; specific
activity with respect to [Ni] = 1.3 — 3.3 x
10" M's™") (Fig. 6). Thus, preventing.the
formation of a Ni(II)-SodN complex that
occurs in the absence of L=His _enables
correct processing by.SodX, and indicates
that the processedw, product can be

concomitantly, nickelated by the buffered

Ni pool.

WT-apo-NiSOD NAS5-SodN WT-SodN

Intensity

13.2 135 138 141 144 147

Mass (kDa)
Fig. 8 High-resolution deconvoluted ESI- MS
traces of proteolytic reaction mixtures
containing SodN, SodX, and Ni at different
concentrations of D-histidine. Reaction mixtures
containing 40 uM SodX and 40 uM SodN pre-
incubated with 80 uM NiCl, in assay buffer (50
mM TriseHCI, ImM TCEP, pH 8.0) with (a) 0.010
mM D-histidine (b) 0.100 mM D-histidine (¢) 1.0
mM D-histidine.
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The processing assays showing formation of the NA14-SodN product with [L-His] =
0.010, 0.100, and 1.0 mM in the presence of 80 uM Ni(Il) were repeated using D-His. The
results are summarized in (Fig. 8) and show that NA14 processing is not observed in the
presence of 80 uM Ni(Il) and 0.010 and 0.100 mM D-His (Fig. 8a,b), and only a trace of the
apo-NiSOD product is observed at 1.0 mM D-His (Fig. 8c). This result indicates that the
stereochemistry of the Ni(L-His) complex is important in the reaction and is consistent with the
formation of a ternary complex between Ni(Il), one L-His and either SodN, or a SodN-SodX
complex, since SodX does not form a Ni(I[) complex by itself. Thus, a ternary complex likely

facilitates specific and concomitant nickel insertion into the pre-active site.

At 10 mM L-His and 80 uM Ni(II) the SodX cleavage reaction.is‘onee again inhibited
(Fig. 7e, Fig. S9f). Under this condition, essentially all the Ni(Il) is present as the Ni(L-His),
complex, thus promotion of SodN processing by simple chelation of Ni(Il) by histidine is
questionable. Instead, the apparent inability to processySodN in the presence of Ni(L-His),
suggests a possible role for a complex that musticompete with the stability of the Ni(L-His),,
e.g., NiSodN-His, a ternary complex, or a ‘quaternary Ni-His-SodN-SodX complex. Simulation
results for the formation of SodNeNi-His ternary complex with a hypothetical K; = 0.1uM,
tighter than K, for Ni(L-His), (Fig. S8b), further supports the possibility for the formation of
such a ternary complex at0:010 + 1 mM histidine that is present in negligible amounts at 10 mM

histidine.

Contrary-=to. the result with 80 uM Ni(Il) and 0.ImM L-His, NA14 processing is not
observed inithe presence of 80 uM Co(Il) and 0.1 mM L-His (Fig. 7f), indicating a degree of

nickel specificity for the proteolytic reaction in the presence of L-His.
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XAS structural characterization of the SodN Ni sites.

X-ray absorption spectroscopy was used to provide structural information regarding the
Ni(I)SodN complex and the same complex formed in the presence of L-His. The XAS reveals a
dramatic change in structure that occurs in the presence of L-His that is consistent with the

formation of a ternary complex, NiSodNe<His.

Ni K-edge XANES: XANES analysis revealed changes in coordination number .and
geometry of the SodN Ni site that depended on the presence of His in the buffer. The spectra are
compared with the spectrum from reduced NiSOD in Fig. 3b.[18] All three XANES spectra
reveal small pre-edge peaks near 8331 eV that involve promotion of the 1s‘eléction into the 3d
manifold (1s 2 3d). For NiSodN, the area under the 1s > 3d peak is'0.036(2) eV?, which is
consistent with a centrosymmetric distribution of ligands. The speettum of reduced Ni(I[)SOD
reveals a second strong and nearly resolved peak near 8336.eV that is attributed to a 1s = 4p,
transition that is diagnostic for four-coordinate plamar coordination.[47, 48] The spectrum of
NiSodN without addition of His shows no evidence’of this second feature and the XANES
spectrum is therefore characteristic of a six-coeordinate complex.[47] Upon addition of His, the
resulting NiSodN+His ternary complex»reveals a shoulder near 8336 eV that is most consistent

with a five-coordinate pyramidal coordination.[47, 49]

While the reduced NiSOD and NiSodN complexes are stable in the X-ray beam, the
NiSodNeHis complexiisnot, and reveals exposure-time dependent changes (Fig. S10a). First, the
edge energy of the Ni K-edge gradually decreases and then stabilizes after the fifth scan (the
spectrum shown in Fig. 3b is from the last scan of eight), indicating an increase in electron

density-at the Ni site with increased exposure. The total shift in the edge energy is 0.30 eV. Such
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a shift indicates and increase in electron density at the Ni site that is consistent with a reduction
of the Ni site (albeit smaller than the ~1eV shift expected for a metal-centered process), an
increase in the number of ligands, or a change in ligation of several hard donors for soft-donors
(e.g., N/O-donors to S-donors), or a combination of these changes.[47, 50] The presence of a
Amax near 380 nm in the UV-vis spectrum (Fig. 3a) that has been assigned to a Ni(Il[)>S LMCT
in Ni(IIT)SOD confirms the formation of some Ni(III)-SOD-like species in the NiSodN<His XAS
sample. Thus, the observed edge energy shift is consistent with photoreduction of

Ni(IIT)SodNeHis in the beam.

Concomitant with the edge energy shift, the pre-edge features undergo~changes in
intensity. The peak area associated with 1s=>3d feature near 8331 eV gradually decreases from
0.066(12) eV in first scan to 0.038(6) eV? in the last scan, while the peak area associated with s
- 4p, transition increases from 0.023(7) eV? in first scan to 0.133(5) eV? in the last scan (Fig.
S10b, inset). Assuming a Ni(II) complex, the 1s = 3d.peak area of 0.066 eV is characteristic of
a five coordinate complex, while the value of 0:038-is consistent with either a four-coordinate
planar or six-coordinate geometry.[S0] The“increase in absorption associated with the 1s = 4p,
transition also suggests that the complex, becomes more four-coordinate planar with increased
exposure (Fig. S10a). Taken together, the edge energy shift and changes in the pre-edge features
are consistent with a five-coordinate Ni(IIl) complex either retaining all the ligands and
undergoing a one-electrony photoreduction (thus decreasing the number of holes in the 3d
manifold), or the loss of a ligand from a five-coordinate pyramidal complex concomitant with a
photoreduction:, Because the loss of a ligand is inconsistent with a gain of electron density, a
simple ehange in coordination number/geometry of a Ni(II) complex is ruled out. However, it is

reasonable that the edge energy shift due to increased electron density upon Ni(II)
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photoreduction is moderated by the loss of a ligand. It is noteworthy that the Ni site in NiSOD is
five-coordinate in the Ni(Ill) oxidation state and four-coordinate planar in the Ni(II) complex,
consistent with the latter interpretation, however, the Ni site in the enzyme does not undergo a

photoreduction in the X-ray beam.[12, 17]

EXAFS: The Ni K-edge EXAFS spectra of NiSodN and NiSodN<His are summarized in
Table 2, Fig. 3c-f and Fig. S10b-d with details of the analysis summarized in Supporting
information and Tables S5-7. Analysis of the EXAFS spectrum of NiSodN shows no evidence
of S-coordination (max. intensity at k =6 A™") and can be fit by six-coordinate models thatdo not
contain S-donor ligands in the primary coordination sphere of the Ni(Il) center (Table SS). The
Fourier-transformed spectrum does have features that arise from scattering atoms outside the
primary coordination sphere that can be fit by including multiplesscattering from histidine
imidazole ligands and from ordered C atoms that arise from chelate rings formed by coordination
of backbone N-donors, like those found in NiSOD.[18,-51] The best fit (Fig. 3¢-d), as judged by
R < 5%, decreasing red. y” and acceptable values.of c"y'was obtained for a model that features
six N/O-donor ligands and includes one imidazole-ligand (likely from His15, vide infra). Thus,
the Ni(Il) site differs from that~ in, the reduced enzyme in terms of coordination
number/geometry, the ligand environment, and consequently, the spin state of Ni(Il), which is

low-spin for NiSOD but high-spin here because of the six-coordinate site.

In contrast to_the'EXAFS obtained for NiSodN, the EXAFS for the NiSodN<His samples
show a clear.beat pattern maximizing at a k = 6 A™, and cannot be modeled without including at

least one S-domor ligand (Table 2 and Fig. 3e, f). Because of the photosensitivity in the beam
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(Fig. S10a), the EXAFS for NiSodNe<His corresponding to the first and last of these scans were
analyzed separately (Table S6, S7). Since these are single scans, the analysis is more limited
relative to NiSodN because of poorer signal:noise. The best fit models for the EXAFS of the
NiSodNeHis complex in the final scan are consistent with four- or five- coordinate nickel sites
with 2-3N/O-donors at ~2.0 A, 1 imidazole at ~2.0 A, and at least one S-donor at ~2.2 A (Fig.
3e-f): [Ni(N/O),.3(Im)S]. These Ni-donor atom distances are systematically shorter than for
NiSodN (Table 2), and are typical of low-spin Ni(Il) complexes, particularly the ~2.2 ANi-S
distance.[47, 52] Thus, the change in geometry also results in a large change in/electronic

structure, as all octahedral Ni(II) complexes are high-spin.

Inclusion of a second long S-donor at 2.6 A (Fig. S10b) to give< five-coordinate model
that is more consistent with the XANES analysis, [Ni(N/O),(Im)S,], leads to a highly disordered
long S scattering atom. However, the weakness of a long bondymight give rise to considerable
disorder, so this model remains a possibility. Cys16 and/er Cys20 are the likely candidates for S-
coordination, while the imidazole ligand could beé HisI%; or provided by the L-Histidine in the

medium.

Similar to the final scan, thetbest fit' model for the EXAFS of NiSodN<His complex for
the first scan is also either a four-"orfive- coordinate low spin Ni(II) site with 2-3 N/O- donors at
2.04 A, 1 imidazole at 1.96"A and at least one S-donor at 2.20-2.23 A. Again, the addition of a
second long and disordered S-donor at ~2.6 A is a possibility (Fig. S10c-d, Table S7). That the
coordination environment of the nickel center in the first and last scans of the ternary complex of
NiSodNeHis ‘remains similar at He temperatures is more consistent with a photoreduction

without an accompanying ligand change, but the EXAFS data could be dominated by a single
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Ni(II) site that is not affected on average by the photoreduction of a smaller amount Ni(III) that

produces the same Ni(Il) center.

DISCUSSION

This work addresses several facets of the mechanism of the maturation of NiSOD
(Scheme 1). The cleavage of SodN by SodX in the absence of nickel and the inhibition of the
proteolysis observed upon the addition of Ni(Il) ions contrast with the results obtained from co#
expression of SodN and SodX in vivo that showed increased NiSOD activity with increasing
Ni(Il) concentration.[25] The inhibition by Ni(Il) in the in vitro reaction was overcome-by the
addition of L-His, a known component of the LMW cytoplasmic labile Ni@l) pool[3],
demonstrating a role for this cytoplasmic ligand at physiologically relevant,concentrations in the
maturation of NiSOD from SodN in the presence of Ni(Il), and providing an explanation for the

difference for the role of Ni in in-vivo and in vitro maturation.

L-His-dependent processing was shown to be Ni(II)-specific. Further, L-His was found to
inhibit the metal-free cleavage of SodN by SodX. Thus, under cellular conditions (45 — 180 uM
histidine), cleavage would only proceed in-the,presence of Ni(Il), linking the in vitro processing

of SodN with the in vivo experiment{25]
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In vivo, cytosolic nickel is buffered to 102 M.[45] The importance of competition with

LMW Ni complexes, specifically L-His, has
been demonstrated for Ni(Il)-responsive
bacterial metalloregulators, such as InrS, which
have much tighter Ni(II) binding (InrS K4 ~ 0.5
nM) than reported here for SodN (K; =21 uM)
and apo-NiSOD (K; = ~25 nM for the
conformer with cis-Pro5.[7, 31] Taking the
Ni(Il) affinities of SodN and apo-NiSOD at
face value, the thermodynamic competition
between Ni(Il) in the buffered cellular nickel
pool and SodN is negligible, and the formation
of the His-free complex, NiSodN, is an artifact
of the in vitro preparation. While apo-NiSOD
could effectively compete for Ni with the

LMW Ni(I)His pool after N-terminal

NiSOD

L Ni(l)
’% SodX
: B % b
D S0
APO-NISOD. X —— ApoSodN & gyN
“His ert Ni(ll), SodX, L-His ‘
SodX ¥ Ni-hook
S c
Apo-NiSOD A
lNi(II)
)
XL
I A 5“\» )

L P

¥ Ni-hook

\\ ~
>

Scheme 1: Scheme summarizing the in vitro N-
terminal processing of SodN by SodX. Pathway
A indicates that cleavage of SodN by SodX
produces apo-NiSOD that can subsequently be
nickelated to give active NiSOD. Pathway B
indicates that in the presence of Ni(I) SodX does
not cleave SodN to give NiSOD, likely due to the
formation of a Ni(Il)
coordination of Hisl5 at the cleavage site (see
text). Pathway C indicates that the addition of L-
His allows SodX cleavage of SodN in the
presence of Ni(Il), which occurs via a unique
SodNeSodX-L-His ternary Ni complex (see text).
Pathway D illustrates that cleavage in the
absence of Ni(II) is inhibited by L-His.

complex involving

processing, and kinetically trapping the metal through Ni-hook formation, a simple competition

between SodN and a buffered poel of Ni(II) cannot be responsible for both restoring N-terminal

processing and nickelation. Our observations support a process in which SodX recognizes a

specific ternary complex, NiSodNe<L-His, that enables site-specific cleavage of Alal4-Hisl5.

Precedence forprotein recognition of specific complexes of L-His, and not D-His, has been

demonstratéd in bacterial trans-membrane import of Ni(II) via the bacterial NikA(BCDE)

ttansporter system.[8, 9, 53]
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Ternary complex formation has important effects on Ni-binding to SodN. In the absence
of L-His, SodN forms a high-spin, six-coordinate Ni(Il) complex (from XAS). This site is
distinct from that found in NiSOD, particularly in regards to the coordination number (six) and
absence of thiolate coordination in the nickel site. In NiSOD, binding of sulfurs (from Cys2 and
Cys6) is an ‘all or none’ phenomenon, meaning that both sulfurs are required to support the
native low-spin Ni(Il) configuration.[54] High-spin, six-coordinate mono-thiolate nickel
complexes are rare and feature very long (weak) Ni-S bonds (2.46-2.54 A), such as those found
in Ni(tren)(1,3-dtsq)(H,0), Ni(tren)(1,3-dtsq)(H,O), and Ni-RcnR.[54-56] In fact, prior to
forming the ‘Ni-hook’ feature, it is not sterically possible to coordinate Ni(II) to both Cys
residues and to His15.[12] Thus, SodN seems to have evolved to prevent Cys ¢eordination in any

complex employing His15 as a ligand.

Ternary complex formation also provides insights into the jcleavage mechanism and its
inhibition by Ni(II) in the absence of L-His. With the exeeption of the N-terminal amine, the Ni-
hook ligands in apo-NiSOD (HCXXC) are available-in SodN and lie in the protein binding site
of SodX (Fig. 4). Nonetheless, EXAFS analysis of NiSodN shows that Cys16 and Cys20 are not
Ni ligands and is consistent with theybinding of Hisl5 (Table S5, Fig. 3b,c). The His
coordination in NiSodN (EXAFS) and-the requirement for Hisl5 in both SodX cleavage and
coordination of Ni(Il), suggests ‘that binding Ni at His15 might interfere with the proper
recognition of the cleavage, site, or with cleavage by SodX. One possible role for L-His in N-
terminal processingby'SodX is to compete for Ni(Il) coordination with His15, thus allowing a
ternary complex to form with L-His, Cys16 and/or Cys20 as ligands. Indeed, the analysis of XAS
data‘for.the’NiSodNe<His ternary complex is consistent with a four- or five-coordinate low-spin

Ni(II) complex with histidine and cysteine ligation. This complex is also consistent with 1:1
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Ni(Il): L-His stoichiometry and places Ni(Il) in the nascent binding site, but away from the
Alal4-His15 cleavage site in SodN, eliminating interference with SodX. The complex may also
assist in ‘Ni-hook’ formation after processing and supply Ni(II) for the formation of the NiSOD
active site via displacement of the L-His ligand by the chelate formed with the N-terminal amine
and Hisl imidazole. Further, the formation of NiSodNeHis is important to recognition of the
SodN cleavage site by SodX, since a D-His complex inhibits N-terminal processing and

processing in the presence of Co(Il) is not rescued by L-His.

Recognition of a nickel complex of a pro-protein by its cognate protease is a feature of [Ni,
Fe]-H,ase maturation.[26] The heterometallic active site of [Ni, Fe]-Hase is buried inside the
large subunit, which is also expressed as a pro-protein and requires C-terminal processing[27].
The proteolytic processing of [Ni, Fe]-H,ase large subunit is_dependent on the sequential
insertion of active site metals — Fe insertion first, along with the non-protein CN™ and CO
ligands, involving the HypCDEF accessory proteins;=followed Ni insertion by HypA and
HypB.[26, 27] Once the metals are inserted 4nte th¢ pre-active site, a cognate aspartyl
endopeptidase (e.g., Hycl, for the hydrogenase 3 large subunit, HycE) recognizes the C-terminal
extension and cleaves it, which then facilitates the docking of a small subunit containing Fe-S
clusters and completes the maturation of [Ni,Fe]-Hjase.[26, 27, 57] Metal specificity is conferred
by the sequential incorporation of the ligands. Ni(II) cannot be bound to the pro-enzyme prior to
the construction of the\Fe site, and substitution of other metals (e.g., Zn(II)) for Ni(Il) prevents
C-terminal proeessing.[58-60] In the case of NiSOD, a ternary complex formed between SodN,

L-His, and Ni(H) provides specificity.
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CONCLUSION

The mechanism of NiSOD maturation discussed here raises the possibility that the role of
the N-terminal extension in SodN is to ensure fidelity of the Ni site formation in conjunction
with cleavage by SodX. The LMW His complexes work to fulfill many of the functions of a
metallochaperone, such as preventing the formation of off-pathway protein complexes and
facilitating high-fidelity nickel insertion in the active site. Further, by forming a ternary complex
with SodN that is potentially recognized by SodX, such a complex also provides a potential
mechanism for selective incorporation of Ni(Il) in to apo-NiSOD, in analogy with the maturation

of Ni,Fe-Hyase.

EXPERIMENTAL SECTION

Gene Cloning, Mutagenesis and SodN, SodX Protein"Expression, and Purification

The WT-sodN gene from S. coelicolor (Fig. S1) in the pET3a plasmid carrying resistance
gene for ampicillin for selection was generously provided by J. H. Roe from Seoul National
University. The pET3a-SodN plasmid was used to transform BL21(DE3) plysS cells carrying
resistance gene for chloramphenicol. The transformed cells were grown in 0.5 mL Luria Bertini
(LB) media in 5 ml tubes at 37°C for 1 hour and aliquots were plated on agar plates containing
the chloramphenicel.and ‘ampicillin antibiotics. A single colony was picked and grown overnight
in LB media«(200 mL) supplemented with chloramphenicol and ampicillin at 37°C with shaking
at 200 rpm,.A»10 mL aliquot of the overnight culture was added to 1 L of the pre-warmed fresh

LBiymedia, grown to an ODg of 0.6-0.8, and then induced with 0.8 mM of isopropyl — f-D-1-

£20Z Jaqueldes @1 uo Jesn weylng Jo AlsieAiun Aq £099/2//4SOPBIW/SOWOIW/EE0 | "0 /10P/a[01B-80UBAPE/SOILIO|[B}oW /W00 dno olwepeode//:sdiy Woly papeojumod



thiogalactopyranoside for 3-4 hours at 37°C. Cells were harvested by centrifugation at 8000 rpm
for 15 min and frozen at -80°C.

Site-directed mutagenesis was used to introduce Ala substitutions at His15 of SodN. The
pET3a-SodN vector was used as the template DNA for the single point mutations using
polymerase chain reaction (PCR) and PCR primers (listed in Table S1) were designed to
incorporate the desired mutations. For each 50 pL volume of PCR reaction mixture, 0.5 pM (25
picomoles) of each primer was used for 2 ng of template DNA. Successful PCR amplifications
were determined using 0.8% agarose gel and the amplicons were subsequently digested with
Dpnl for 1 h at 37°C to remove any methylated template DNA. The digested PCR mixture was
then used to transform DHS5a competent cells carrying no resistance gene for selection, and the
cells were plated on LB-agar media supplemented with 100 mg/mL ampicillin (Fisher
Scientific), followed by incubation at 37°C for 12-16 hours. Single colonies from the plates were
grown to saturation in Sml LB-miller broth supplemented with ampicillin at 37°C. Cells were
pelleted at 13,000 g for 5 minutes and the plasmids-were isolated using GeneJET plasmid
miniprep kit (Thermo Fisher Scientific). Genesequencing (Genewiz, Inc.) confirmed the
successful mutations.

The harvested cells were thawed at 37°C and re-suspended in Buffer A (50 mM Tris*HCI,
ImM TCEP, pH 8.8). DNase I'solution (100 pL of 10 mg/ml DNase, 10 mM MgCl,, 20 mM
Tris, pH 7.5 and 40%-glycerol) and 380 pL of 0.2 M PMSF were added and incubated at 37°C
until the viscosity ofthe solution was sufficiently reduced. The cells were then sonicated using
SONICS (Vibracell) using 3s pulses at 40% power with a 12 s interval to further lyse the cells.
Lysed cells were centrifuged at 10,000 rpm for 45 minutes at 4°C, and the clear supernatant was

usedfor protein purification.
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All chromatographic purification steps were carried out using AKTA-FPLC system
(Amersham Biosciences). The supernatant was loaded onto a pre-equilibrated Q-Sepharose
column (GE Health Sciences) at a rate of 2.00 ml/min with buffer A. Once the absorbance
returned to baseline value, the protein was eluted with a linear gradient of Buffer B (50 mM Tris,
1 mM TCEP, 1 M NaCl, pH 8.8). All the fractions containing protein were collected and
analyzed using SDS-PAGE. Fractions containing SodN (MW 14,702 kDa) were pooled and
buffer-exchanged against Buffer C (50 mM HEPES, 1 mM TCEP, pH 7.0) using a PD-10
column (GE Healthcare) and loaded on a pre-equilibrated SP-Sepharose column at a rate of 2;00
ml/min. The column was washed with five column volumes of Buffer C and protein wag eluted
with Buffer C containing 1 M NaCl. The purity of collected protein fractions were-analyzed by
SDS-PAGE and the fractions containing SodN were pooled and concentrated (Fig. S2, lane 4).
The yield of protein using this purification method was 5-7 mg/L as.determined from the protein
concentrations using the absorbance at 280 nm and a theoretical*extinction coefficient of 17,085
Mem™ obtained from web-based Expasy Protein Parameters tool. EDTA (up to a final
concentration of 1 mM) and 10 % glycerol wereiadded to the concentrated protein stock, which
was stored frozen at -20°C until needed, The protein expression for HI5A SodN was found

similar to that of WT-SodN and was purified as described for SodN.

sodX from genomictDNA of S. coelicolor (obtained from Wellcome Sanger Institute,
United Kingdom) was‘amplified using PCR with forward and reverse primers (sodX-1) given in
Table S1. The purified PCR product was obtained from a 1% agarose gel and digested with
BspEI and Xhol to create overhangs complementary to the pET23bSUMO vector. The insert was
ligated to pET23bSUMO vector using Quick Ligase (New England Biolabs) and the ligated

DNA was used to transform GC10 cells, which were then plated on LB-agar media containing
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100 mg/ml ampicillin for selection, and incubated overnight at 37°C. Single colonies were
picked and grown overnight in 2 mL LB-Amp media at 37°C and the pET23bSUMO-SodX
plasmid was then extracted using Thermo Scientific miniprep Kit. The plasmid was further
digested using Xmal, Aval, Bstll, Nhel, and ApaLl to confirm the insertion of sodX at the
correct position of the vector. The gene sequence was confirmed by DNA sequencing (IDT,

Inc.).

The pET23bSUMO-SodX plasmid containing chloramphenicol and ampicillin resistance
genes for selection was used to transform BL21(DE3) plysS cells. A single colony was picked
and grown overnight in LB media supplemented with both antibiotics at 37°C with.Shaking at
200 rpm. A 10 mL aliquot of the overnight culture was added to per liter.of'the pre-warmed fresh
LB media, and then grown to an ODg of 0.6-0.8, followed by induction with 0.95 mM of
isopropyl — B-D-1-thiogalactopyranoside solution and incubation.for.additional 3 hours at 37°C.
Cells were harvested by centrifugation at 8000 rpm for J5,minjand frozen at -80 °C. However,
the protein overexpressed from this construct failed to. bind to the His-trap column and hence
could not be purified using nickel affinity chtomatoegraphy. Therefore, sodX was sub-cloned onto

the pET22b vector as follows.

The sodX gene from M108 forward was cloned out of the pET23bSUMO plasmid using
PCR amplification with forward/and reverse primers (sodX-2) as given in Table S1. The purified
PCR product was obtainedfrom an 0.8% agarose gel. The product was digested with Ndel and
Xhol to create overhangs complementary to the pET22b vector. The insert was ligated to the
pET-22b vector using ligase, and DH5a E. coli cells were transformed with the pET-22b vector
containing the SodX gene (pET-22b/SodX). The DH5a cells were grown in 0.5 mL LB media at

37°C for 1 hour and aliquots of the culture were plated on LB media containing 100 mg/ml of
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ampicillin and incubated overnight at 37°C. Single colonies were picked and grown overnight in
5mL LB-Amp media at 37°C for pET22b-SodX plasmid extraction using the GeneJET plasmid
miniprep Kit (Thermo Fisher). The gene sequence was confirmed by Genewiz, Inc. (Fig. S1).
The pET22b-SodX plasmid was then used to transform BL21 (DE3) plysS cells. The
transformed cells were grown in 0.5 mL LB media in 5 ml tubes at 37°C for 1 hour and aliquots
were plated on agar plates containing the chloramphenicol and ampicillin antibiotics. A 10 mL
aliquot per liter of media of the overnight culture was added to pre-warmed fresh LB media,
grown to an ODggo of 0.6-0.8 and then induced with 0.95 mM of isopropyl — B-D-1-
thiogalactopyranoside for 3 hours at 37°C. Cells were harvested by centrifugation at 8000 rpm

for 15 min and frozen at -80°C for storage.

Site-directed mutagenesis was used to introduce Ala substitutions at Ser28 of SodX. The
pET 22b-sodX plasmid was used as the template DNA for the single.point mutations using
polymerase chain reaction (PCR) and PCR primers (listed,in Table S1) were designed to
incorporate the desired mutations. Ser28 ASodX plasmidwas obtained using the PCR protocol
for His15ASodN as described above. Gene sequencing (Genewiz, Inc.) confirmed the successful

mutations. The protein expression for,S28A-SodX was found similar to WT-SodX,

The harvested cells weréthawed at 37°C and re-suspended in Buffer A (50 mM HEPES,
pH 8.5). 100 uL of DNase I solution (containing 10 mg/ml DNase, 10 mM MgCl,, 20 mM Tris,
pH 7.5 and 40 % glycerol)was added and the mixture was incubated at 37°C until the viscosity
of the solution was sufficiently reduced. The cells were then sonicated with SONICS (Vibracell)
using 3s pulses-at 40 % power with a 12s interval to further lyse the cells. Lysed cells were then
centrifuged at 10,000 rpm for 45 minutes at 4°C and the supernatant was filtered using a 0.22 uM

syringe filter. The clear filtrate was used for protein purification.
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All chromatographic purification steps were carried out using AKTA-FPLC system
(Amersham Biosciences). The filtrate was loaded onto an SP-Sepharose column (GE Health
Sciences) at a rate of 3.00 ml/min with buffer A. Once the absorbance returned to baseline value,
the protein was eluted with a linear gradient of Buffer B (50 mM HEPES, 1 M NaCl, pH 8.5).
All the fractions containing protein were collected and analyzed using SDS-PAGE. Fractions
containing pure SodX (MW 16,157 Da) were pooled (Fig. S2, lane 2), and the protein
concentration was determined using its theoretical molar extinction coefficient value of 24,960
M ecm™ determined using web-based Expasy Protein Parameters tool
(https://web.expasy.org/protparam/). Portions (200 ul) of the 150 uM purified protein solution
were aliquoted and frozen at -20°C until used for experiments. S28 A-SodX variant‘was purified

similarly to that of WT-SodX as described here.

Mass Spectrometry for Protein Characterizations

Molecular weights of all purified proteins, were determined using LC-MS, where the
purified protein samples were passed througha C-8 BioBasic column (Thermo Scientific) that
was pre-equilibrated with solution A (0:1%, formic acid in water). The protein samples were
eluted using 95% of solution B (0,1% formic acid in acetonitrile) and injected into an AB Sciex

QStar XL ESI-Q- TOF mass speetrometer, which was previously calibrated with PfHA.

SodX — MS/MS: For Collision Induced Dissociation (CID) on SodX, the protein was
diluted in 50% MeOH solution and then directly injected into Synapt G2Si HDMS. The parent
peak with-in/z of 1296 was used for MS/MS. Collision-Induced-Dissociation (CID)-MS (Fig.
S5d) performed on SodX confirmed the absence of any extra residues at the C- or N-terminus

and‘eliminated the possibility of modification at the terminals.
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SodX - LC/MS/MS: Purified SodX was buffer exchanged in 50 mM NH4HCO;. A
portion of this sample was diluted to a final concentration of 25 uM which was digested with 20
pg trypsin (Sigma Aldrich) in 50 mM NH4HCO; and incubated for 16 h at 37°C. The reaction
was stopped by addition of 10% formic acid. The tryptic digest was passed through nano-LC
(Easy nLC 1000) pre-equilibrated with solution A (0.1% formic acid in water) and eluted using
95% solution B (0.1% formic acid in acetonitrile). The m/z of peptides obtained after LC-
MS/MS of the tryptic digest of SodX are shown in Table S2. MS/MS spectra (Fig. S5e)(with
high intensity in each peptide of the protein were selected from 800 — 6000 m/z and fed into-the
Expasy GlycoMod tool(https://web.expasy.org/glycomod/), which generated theoretical O-
glycosylated modification of varying masses. One such predicted modification eerresponded to

the difference in mass observed for SodX (Am =+ 691.5 Da).

SEC-MALS

A stock of purified protein samples (apo-NiSOD-and apo-SodN or WT-SodX) was buffer
exchanged in gel filtration (GF) buffer (50 mM Trisy” 200 mM NaCl, pH 8.0). A TSKgel
G2000SWxL column (Tosoh Bioscience)<was “attached to Agilent HPLC system that was
coupled to DAWN HELEOS II light scattering detector (Wyatt Technology) and the Optilab T-
rEX refractometer (Wyatt Technolegy). The system was equilibrated with GF buffer at 0.5
mL/min and experiments were performed at 25°C. 25 pL aliquots of 50 uM apo-NiSOD, apo-
SodN protein solution, were injected for SEC-MALS analysis at a flow rate of 1.5 mL/min.
Eluted proteins“were monitored by multiple components of the instrument: UV at 280 nm, light
scattering at, 664 nm with detectors at multiple angles (13 - 157.8°) and refractive index at 658
nm.“Each chromatogram was processed using Astra 6 software package (Wyatt Technology) as

described previously.[61] The absolute mass of Bovine Serum Albumin (BSA, expected 66.5
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kDa, SEC-MALS 64.7 kDa) was used to calibrate the system and the software. Based on the
MALS data, the apparent molecular masses of apo-SodN, apo-SOD and WT-SodX were
calculated to be 95.38 = 0.04 kDa, 89.69 £ 0.05 kDa, and 16.8 + 0.1 kDa respectively (Fig. S3b

and Fig. SSc¢), values that are consistent with a homohexameric quaternary structure for SodN.

Circular Dichroism

The purified proteins (apo-NiSOD and apo-SodN) were buffer exchanged in CD buffet
(25 mM Tris, 100 mM NaCl, pH 8.0). The protein stock solutions were transferred to,’an
anaerobic chamber (Coy), reduced with 5 equivalents of DTT and incubated for 1 hour‘at-room
temperature. The reduced protein samples were then buffer exchanged in CD buffer,followed by
the addition of three equivalents of NiCl, and incubation for an additional three hours. Chelex
beads were added to remove excess metal, and the metallated proteins (holo-NiSOD and holo-
SodN) were buffer exchanged for an additional three times withhCD buffer. The metal content of
the samples were checked using ICP-OES. 20 uM of each these protein samples (apo-NiSOD,
holo-NiSOD, apo-SodN, holo-SodN) was used to/obtain-their CD spectrum (Fig. S3¢) on Jasco

J-1500 Circular Dichroism Spectrophotometer.

Isothermal Titration Calorimetry

Isothermal titration calotimetry (ITC) was used to measure the heat released by Ni-
binding to apo-SodN (WT- or H15A-) proteins using an Auto-ITC200 model microcalorimeter
(Microcal/Malvern). Theynstrument has a cell volume of 200 uL and a syringe volume of 40 uL,
which were filled\by robotic arms from plates stored at 4 C prior to the start of the experiment.
All titrations were performed in ITC Buffer (20 mM Tris, 1 mM TCEP, 200 mM NacCl, pH 8.0)
at*25 € _with the reference cell filled with water. A stock of purified proteins (SodN or its

variants) were buffer exchanged in ITC buffer (20 mM Tris, 1 mM TCEP, 200 mM NaCl, pH
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8.0) using Amicon Ultra — 0.5 mL centrifugal filters with 3-kDa MWCO pre-equilibrated with
ITC Buffer and then diluted to 150 uM for titration immediately before the ITC experiments.
NiCl, was dissolved in MilliQ water from a 10 mM stock solution and its exact concentration

was checked by ICP-OES. An aliquot of this solution was diluted in ITC Buffer to a final

concentration of 2.0 mM and was used for titrations.

For each ITC experiment, 20 injections were made from the syringe into the cell and.the
change in heat was monitored by the instrument. The initial injection contained only 0.4 pL and
was used to minimize the equilibration artifacts sometimes observed with the first injection and
was not included in fitting the data. All subsequent injections at 2.0 pL eachwyer€ used for fitting
the titration curve in each experiment. For titration of SodN (WT- or variants) with NiCl,, the
spacing between injections were set to 300 sec. Experimental titrations were accompanied by
corresponding reference/control titrations of NiCl, into ITC Bufferin the cell, the resulting heats
of which were used to establish the corresponding baseline corrections used for fitting the AH
data. Experimental titrations were performed thricedising separately prepared proteins, and each

replicate produced similar results.

The resulting data were fitted using the MicroCal analysis module in Origin7.0. First, the
heat released from titration experiments were baseline corrected and then integrated to produce
the corresponding AHcurve. The AH curve for each experiment was corrected by subtracting the
average AH from the reference titration. The AH curve was fitted with the OneSites model to

find the apparent Ky (multiple fitting models were attempted for each set of experimental data

2
and“in“each case the OneSites model produced the best y value). The apparent kq values

reported are the inverse of the k3 values obtained from each fit.
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UV-Vis Spectroscopy

A stock solution of purified SodN was buffer exchanged in buffer C (containing 50 mM
Tris, 1 mM TCEP, 200 mM NaCl, pH 8.0). A 120 pL sample of 100 uM apo-SodN in Buffer C
was scanned from 250 nm to 1100 nm using an Agilent 8453 Diode-array spectrophotometer.
For nickel-bound SodN, the purified and buffered exchanged apo-protein solutions were

incubated with an equivalent amount of nickel for 15 minutes and scanned similarly.

For characterization of the XAS sample. 20 pL of the sample of NiSodN<His was diluted
to 110 pL in Buffer X (50 mM Tris, 200 mM NaBr, 0.1 mM L-Histidine, pH 8.0) and the'sample

was scanned from 200 nm to 800 nm using a Cary-UV-Visible spectrophotometer.

SodX Characterization

1. PAS test: A periodic acid Schiff test with slightimodification from the microtiter-
based protocols was done on SodX or S28A-SodX. Bfiefly, 25 pL of 59.35 uM (1 mg/mL) of
SodX or S28A-SodX, was oxidized with 120 uL0f0.06% periodate solution made in 7% acetic
acid, and the mixture was incubated for 1.5 heurs.”100 pL of the Schiff’s reagent was then added
to the mixture and incubated for additional /30 minutes.[34, 62] Absorbance for these samples
were recorded from 350 — 750nm.(Fig. S5f).

2. Sulthydryl ‘assay: A sulthydryl assay with 5,5’-Dithiobis-(2-Nitrobenzoic acid)
(DTNB) was performed, on' SodX (WT and S28A variant) using the standard protocol (Thermo
Scientific). Briefly,\a stock of DTNB solution was made by dissolving 26.34 mg in 1 mL
reaction-buffer (0.1 mM sodium phosphate, ImM EDTA, pH 8.0). A set of cysteine standard
solutiens=(0 mM - 1.5 mM) were made using Cysteine hydrochloride in reaction buffer. The

protein stock samples were diluted to 50 uM. 250 pl of cysteine standard or protein sample was
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added to a solution containing 50 ul DTNB solution and 2.5 mL reaction buffer. The mixture
was incubated at room temperature for 15 minutes and the absorbance of each solution was
measured at 412 nm using Agilent 8453 Diode-array spectrophotometer. A standard curve was
made using the absorbance values of the standards and the concentration of the protein sample
was obtained from this curve.

3. Homology Model: The S. coelicolor SodX model structure coordinates (Q9F3L0)
were downloaded from uniprot.org. The model structure was aligned in Pymol to the E{ coli
signal peptidase (1T7D[40]) using all atoms. A heptapeptide (A-HCDLPC) corresponding to-the
N-terminus of apo-SodN (and including the last residue of the pro-sequence) was'builtin Pymol
and manually positioned in the active site of SodX.

4. Inactivation of SodX: Inhibition of proteolytic activity=ef.SodX was tested with
EDTA, acid denaturation and an SPasel inhibitor compound 9, Arylomycin[38] obtained from
The Scripps Research Institute. To rule out metalloprotease, DTT-reduced SodN (40 pM) in 5
mM EDTA containing assay buffer M1 (50 mM Tris, pH 8.0) was incubated with WT-SodX (40
uM) at 30 °C for 16 hours. The sample was then\passed through a C-8 BioBasic column (Thermo
Scientific) that was pre-equilibrated with solution A (0.1% formic acid in water). The protein
samples were eluted using 95% ofsoldtion B (0.1% formic acid in acetonitrile) and injected into
an AB Sciex QStar XL ESI-Q- TOF mass spectrometer, which was previously calibrated with

PfHA.

Similarly, for acid-denaturation, a stock of purified WT-SodX was diluted to 100 uM in
assay buffer, M2 containing 1M HCI and incubated for at least 15 minutes prior to setting up the

protéolytic.assay described above.
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For inhibition with Arylomycin (stock concentration, 10 mg/ml), a stock of purified WT-
SodX (1.8 mg/ml) was diluted to 1mg/ml and incubated with the inhibitor (Img/ml final
concentration). An aliquot from this sample was then used to conduct the proteolytic assay where

the final concentration of SodX used was 0.674 mg/ml (or 40 uM).

In Vitro Processing assays

All metal stock solutions were made in deionized water obtained from a Milli-Q (EMD
Millipore) water purifier, and the metal content was quantified using ICP-OES (Perkin, Elmer).
For metal-dependent processing assays, these metal solutions were diluted in buffer X (50 mM
Tris, pH 7.0) to 1.3 mM. SodN was reduced with a 3-fold excess of DTIT*under anaerobic
conditions and then buffer exchanged using Amicon Ultra — 0.5 mL centrifugal filters with 3-
kDa MWCO pre-equilibrated with assay buffer M1 (50 mM Tris, pH.8.0). Metal-dependence of
processing assays of SodN by SodX was carried out by mixing DTT-reduced SodN with purified
SodX in absence or presence of metals in buffer selutions under anaerobic conditions. DTT-
reduced SodN (40 uM) was incubated with 804tMimetals (Ni, Co, and Zn) in assay buffer M1
for 15 minutes. SodX (40 M) was finallysadded to the reaction mixture and the samples were
incubated at 30 °C for 12 hours. For{protein’composition analysis in the mixture by ESI-MS,100
pL of each of the metal-dependent processing assay samples was buffer exchanged in 5 mM
ammonium acetate. These samples were then directly injected into AB Sciex QStar XL ESI-Q-
TOF mass spectrometer,'which was previously calibrated with PfHA. Analyst Software was then
used to deconvolute 'the mass spectrum of each sample. The assay was also done in presence of
ImM TCEP in‘assay buffer M1 which yielded same results suggesting addition of TCEP does

net,change the cleavage outcome.
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For L-Histidine or D-Histidine dependent processing assays in presence of nickel or
cobalt, varying concentrations of L-His or D-His (0.01, 0.1, 1.0 and 10.0 mM) in assay buffer
M2 (50 mM Tris, | mM TCEP, pH 8.0) were made. A stock solution of SodN was buffer
exchanged in assay buffer M2 and diluted to 40 pM in each L-His containing buffer. A stock
solution of NiCl, and CoCl, was also made in assay buffer M2. An aliquot of this nickel or cobalt
solution was added to 40 uM SodN so that the final concentration of the metal is 80 uM and the
assay mixture was incubated for 15 minutes. Then, an aliquot of SodX from its stock wasthen
added to the assay mixture to produce a final concentration of 40 uM and incubated at 30 °G-for
12 hours. As control, a sample with no metal was made similarly with 40 uM SodN and 40 uM
SodX in assay buffer M2 containing 0.1 mM L-His. 100 pL of each of the\L-His (or D-His)
dependent processing assay samples were buffer exchanged in 5 mMrammonium acetate. These
samples were then directly injected into pre-calibrated Thermo Orbitrap Fusion Tribrid. The data

was deconvoluted using ThermoX Calibur Software from Thermo scientific.

Activity Assay

Kinetic measurements using pulse-radiolytic production of superoxide.

For the negative (SodN) and positive (NiSOD) controls respectively, 150 uM of each of the
protein in assay buffer M2 (50 mM-Tris, 1 mM TCEP, pH 8.0) was mixed with 150 uM NiCl,
(final concentration; made in assay buffer M2) and incubated for 16 h at 4 °C followed by
addition of Chelex beads to remove excess nickel. For proteolytic mixtures, a 1:1 mixture of
DTT-reduced SodN (150 uM) and SodX in assay buffer M2 (50 mM Tris, 1 mM TCEP, pH 8.0)
or L<Histidine (0.01 mM, 0.1 mM, 1.0 mM) containing assay buffer M2 was incubated for 16 h

at'30°C. Similar to controls, 150 uM NiCl, (made in assay buffer M2) was then added to the
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assay samples followed by addition of Chelex to remove excess nickel. All samples (holo-
NiSOD, Ni-SodN, and the nickel containing proteolytic mixtures (SodN + SodX with or without
L-histidine) were then buffer exchanged in buffer P containing 10 mM phosphate, 30 mM
formate, pH 7.5 using Amicon Ultra — 0.5 mL centrifugal filters with 3-kDa MWCO (at least 10-
12 rounds were done to ensure efficient buffer exchange). The nickel content of each of these
samples was determined using [CP-MS (Table S4). The catalytic removal of superoxide radicals
(0,") by the various species described above was measured directly using pulse radiolysis at
Brookhaven National Laboratory. The disappearance of O," was followed optically at260 nm.
The solutions were diluted ten times relative to Ni concentration and all contained micromolar
concentrations of nickel in NiSOD, SodN, or mixtures thereof. All rate constants are given
relative to the concentration of Ni determined by ICP in the buffer-exchanged sample. EDTA
was added a few minutes prior to generation of O, and sequential pulses generating different
amounts of O,"” were administered for 5-10 minutes. Although the catalytic activity of the
cleavage product mixture is small (specific activity with\wespect to [Ni]=3.7 x 10’ M's™)
relative to the activity of purified NiSOD (0.7 x 10° M 's)[18], it is much greater than observed
for the spontaneous bimolecular disproportionation of O,* at uM concentrations (~10° s™) or
reaction mixtures that did not contain SodX. (Fig. 6). There was no significant change in rate
from the initial to the final.pulse; This procedure was used to ensure that EDTA was not

removing Ni from an-active, site in SodN or SodX during the time of the experiment.
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X-ray Absorption Spectroscopy (XAS)

1. Sample Preparation

NiSodN: A stock solution of 300 uM SodN protein was reduced with 3-fold excess of
DTT under anaerobic conditions for three hours and then buffer exchanged in Buffer D (50 mM
Tris, 200 mM NaBr, pH 8.0) using an Amicon Ultra — 0.5 mL centrifugal filters with 3<kDa
MWCO pre-equilibrated with Buffer D. Aliquots of a NiCl, solution from stock49.34_mM)
were added to the SodN sample at an interval of 15 minutes until a 3-fold exgess\of nickel was
reached, and then incubated for an additional 1 hour. Excess nickel Arom"this sample was
removed using Chelex beads (Sigma) and the sample was then concentrated to 100 pl. An
aliquot from this sample was used to determine the nickel content using ICP-OES and protein
concentration using UV-vis. The ratio of nickel bound per SodN protein was found to be 0.8.
The remaining sample of Ni-SodN was mixed glycerol'to 11% by volume and loaded into

kapton-taped polycarbonate holders and then fapidly frozen in liquid nitrogen.

NiSodNeHis: A stock solutiofi of,purified WT-SodN (0.72 mM in Buffer C (50 mM
HEPES, 1 mM TCEP, pH 7.0).containing ~ 200 mM NaCl,I1 mM EDTA and 10% glycerol) was
buffer exchanged in Buffer'X (50 mM Tris, 200 mM NaBr, 0.1 mM L-Histidine, pH 8.0) using
Amicon Ultra — 0.5 mL centrifugal filters with 3-kDa MWCO that was pre-equilibrated with
Buffer X. An aliquot of aqueous NiCl, solution (stock concentration 9.34 mM) was added to the
diluted sample of WT-SodN (150 uM) in Buffer X in five-minute intervals on ice so that the
final ‘coneentration of nickel in the sample is ~93.4 uM, and the sample mixture was incubated

foryl6 hours at 4 °C. To remove any unbound nickel, Chelex beads (Sigma) were added to the
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sample and incubated for ten minutes at room temperature. The solution was then concentrated
to ~70 uL using Amicon Ultra — 0.5 mL centrifugal filters with 3-kDa MWCO. An aliquot of
this sample was used to determine the nickel content using ICP-MS and protein monomer
concentration using UV-vis (¢ = 17, 085 M"'cm™). The final concentration of WT-SodN and
nickel in the concentrated sample was found to be 0.9 mM and 0.134 mM, respectively. To the
remaining sample of NiSodNeHis, glycerol was added up to a final concentration of 10%, and
the sample was loaded into the kapton-taped polycarbonate holders and then rapidly frozen in

liquid nitrogen.
2. Data collection and reduction

XAS data on frozen samples of NiSodN and NiSodNeHis immebilized on aluminum
prongs and cooled to ~10K using a liquid helium cryostat (Oxford \Insttuments) were collected at
the Stanford Synchrotron Radiation Lightsource (SSRL) using dedicated ring conditions (3 GeV
and 450-500 mA) and Si(220) monochromators. “-The data on NiSodN were collected on
beamline 9-3 using a Rh mirror left flat for harmonic rejection, while data for NiSodN<His was
collected in remote operation mode on beamline 7-3, where harmonic rejection was achieved by
detuning the monochromator by 50%. X-ray fluorescence data were collected using a 30-element
Ge detector (Canberra). To minumize scattering, a 3 um Z-1 filter and Soller slits were installed
between the detector and sample. X-ray fluorescence data on the Ni K-edge of NiSodN and
NiSodNe<His were ¢ollected concurrently with spectra of Ni metal foil in transmission mode for
energy calibration; Extended X-ray Absorption Fine Structure (EXAFS) were collected to 15k

above the K-edge.
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Data reduction and analyses were performed according to previously published
procedures for Ni K-edge XAS data.[30, 51, 54, 63] The output of each channel of the 30-
elelment Ge detector was evaluated. For NiSodN the spectra obtained from individual scans were
summations from 23 elements. For NiSodNeHis, the spectra utilized 29 channels. Each scan was
calibrated to the first inflection point of the Ni-foil spectrum. Examination of the XANES data
from individual scans for NiSodN showed that the sample was stable in the x-ray beam, and the
analyzed spectrum (shown in Fig. 3b-d) was the sum of 8 scans. A similar examination of the
XANES data from NiSodN+His revealed that the sample was unstable in the beam and exhibited
an edge energy shift and changes in XANES features for the first 5 scans (Fig..S10a), For this
reason, the data from the first and last scans (of eight) were analyzed sepatately. Analysis of

individual scans was more limited by signal:noise in the case of NiSodNeHis.

The Sixpack software package was used to process and normalize the XAS data.[64] For
normalization and background correction, the K-edge energyof Ni was set to 8340 eV with an
Rykg of 1. A Gaussian function was used for fitting. the”pre-edge range of -200 to -50eV and
quadratic polynomial functions with 7-8 spline points were used to fit the post-edge range of
+100 to +975 eV relative to Ey. The edgeyjump was normalized by setting the difference between
the corrected pre-edge and post-edge baselines to 1. The EXAFS data were converted to k-space
using the relationship [2mg (E-Eo)/hz]l/ 2 where m, is the mass of an electron and h is the Plank’s
constant divided by 21k, The k*-weighted EXAFS data were Fourier-transformed over the k-range
2-12.5 A using a Hanning window and fit in r-space using an S, value of 0.9. The r-space data

shown in the figures was not corrected for phase shifts.
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3. Data analysis

XANES analysis of the background-corrected and normalized spectra were performed
using in Origin 9.1 by fitting Exponential Growth Functionl to fit the rising edge in the pre-edge
region and integrate the peak areas to account for pre-edge XANES features. The fitting was
performed in triplicate to obtain the errors. These features are associated with electronic
transitions that involve the promotion of the core 1s electron to either the 3d manifold (ls = 3d),
which occurs near 8331 eV, or to a 4p, orbital (1s = 4p,), which occurs near/8336 eV. The
intensities of these features provide information about the coordination numberand geometry of

the Ni site.[47]

The Artemis software program[64] was used for EXAFS analysis with parameters for
scattering atoms generated by FEFF6. Multiple-scattering paths for histidine imidazole and
backbone amide (BBAm) ligands were generated as'previously described.[61] The EXAFS

fitting equation used was:

/7 —2k2¢rl2 .
(k) = SRS S sinl 2k + 5,(0] (1)

where f(k) is the scattering. amplitude, d(k) is the phase-shift, N is the number of neighboring
atoms, 7 is the distancé,to the neighboring atoms, and o7 is a Debye-Waller factor reflecting the

mean square deviation in the distance to the nearest neighbor (thermal and static disorder).

To compare the different models fit to the data set, ifeffit utilizes three goodness of fit

parameters: x°, reduced x*, and the R-factor. * is given by equation 2, where Nigp 1s the number
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ofindependent data points, N, is the number of uncertainties to minimize, Re(fi) is the real part

of EXAFS function and Im(fi) is the imaginary part of the EXAFS fitting function.
=R {[Re(fD)2] + [Im(fO)2]) @)

Reduced y” represents the degree of freedom in the fit and is given by equation (3),

XZ

Nidp_Nvar

red.y? = (3)

where Ny, is the number of refining parameters and Ny, is the number of adjustable parameters.
Additionally, ifeffit calculates the R-factor for the fit, which is given by equation.(4) and is

scaled to the magnitude of the data making it proportional to .

_ S (ReU) U]
R YN {[Re(xdatay)]2+[Im(xdata;)]?} (4)

In comparing different models, the R-factor and reduced y* parameter were used to
determine the model that was the best fit for the data. A'good fit corresponds to an R-factor <5%.
The R-factor will generally improve with an increasing number of adjustable parameters, while
reduced xz will go through a minimum and then increase, indicating that the model is overfitting

the data. The resolution of the data was'détermined by equation (5).

ion =
Resolution = —— %)

Tables S6 -8 summarize the development of models used to generate the best fits to the
Fourier-transformed EXAFS data over the r-range of 1.0 - 4.0 A of NiSodN, and the first and last

scan.of NiSodNeHis, respectively (Fig. S10, Table S5-7).
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For NiSodN, single-scattering analysis of EXAFS data employing a single shell of
scattering atoms is consistent with a five- or six-coordinate Ni(Il) site composed of N/O-donor
ligands (Table S5). A six-coordinate nickel site is consistent with the coordination
number/geometry determined from the XANES analysis. Including one or two S-donor shells in
the fits improves the R-factor but gives unacceptable values of o (disorder) for the S shells.
Splitting the single shell of six N/O-donors into two shells of N/O-donors with 5 N/O-donors at
2.08 A and 1 N/O-donor at 2.28 A improved the values of o” and also lowered the R-factor.
Substituting the long N/O ligand with 1 imidazole ligand further improves the R-factor by
accounting for scattering in the second and third coordination sphere of the Ni cénter, but
increases the values of o for the remaining shell of 5 N/O-donors. Modeling two of the N/O
ligands as a bidentate amidate ligand (BBAm), a known feature of Ni'coordination in NiSOD, as
has been done for other complexes where backbone N coordination leads to the formation of a
five-membered chelate ring[61], further improved the fit and gave acceptable values for o°.
Finally, adjusting the single imidazole ligand to adilt angle of o= 5° in the model with bidentate
amidate coordination further lowers the R-factorsto 4.1% with acceptable value of o® for each
shell, and hence was the best fit model (Fig. 3c-d). Attempts to Include S-donors in this model
again resulted in better R-factors but had unacceptable values of o” for these donors.
Incorporation of two imidazole ligands in the model further improved the R-factor, but results in
higher a o % value for the long N/O ligand. The best fit model is consistent with the absence of S-
donors (e.g., thiolates from cysteines, Cys 16 or 20 in the Sc¢ SodN amino acid sequence) and with
one of the six N/O-donor ligands contributed by an imidazole from histidine, most likely the

His15.1n*SodN.
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Because of the photosensitivity in the beam (Fig. S10a), the EXAFS for NiSodN<His
corresponding to the first and last of these scans were analyzed separately (Table S6, S7).
Single-scattering analysis of the EXAFS data of the final scan of NiSodN<His complex (Fig. 3e-
f) indicates that the nickel site in this complex is better fit by a model containing four- or five- S-
donors than a corresponding single N/O-donor shell (Table S6). A four- or five- coordinate
mixed shell consisting of 1-2 S- donors at 2.18-2.22 A with 2-4 N/O- donors at 1.96-2.06 A
improved the fits by lowering the R-factor and reducing XZ. Splitting the N/O- shell improved the
fitting parameters but also introduced unacceptable values of o” for either the long N- or S-
donors or both in some fits. Substituting the longer N/O-donor with one imidazele ligand in these
fits resulted in four or five-coordinate fits, [Ni(N/O),.3(Im)S] with acceptable &7 Values for each
shell of N- and S-donors and an R-factor below 5% and are among the best fits (Fig. 3e,f).
Addition of a shell containing a S-donor at 2.58 A (Fig. S10b)\improves the fit slightly, but has
large values of o (disorder). Since a weakly bound ligand might be very disordered, it cannot be
ruled out and remains a possibility. Cysl6 and/or €ys20 are the likely candidates for S-
coordination, while the imidazole ligand could be His15 or provided by the L-Histidine in the
medium. These models are also consistent with the XANES analysis showing a 4- or 5-
coordinate Ni site. A similar analysis of the first scan of the data from NiSodN<His, gave similar

best fit models (Table S7),
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Table 1. SodN characterization parameters determined using mass spectrometry, ITC and UV=
visible spectroscopy.

* Monomer masses determined using mass spectrometry under denaturing conditions.
® Nickel binding parameters obtained using Isothermal Titration Calorimetry.

Protein Theoretical *Observed  "Ni-binding parameters ‘LMCT *Processing
Monomer  Monomer S=>Ni(TII)
Mass (Da)  Mass (Da) Ky (uM) n

0.025(20)°  0.38@3)"

. d
Apo-NiSOD  13,200.1 13,1991 5060 0.68(6" Yes NA
SodN 14,702.8 14,701.8 21.1(2) 1.03(2) No Yes®
HI5A-SodN  14,636.8 14,635.3 208(2) 0.47(2) No No

¢ Spectral features obtained from UV-Visible spectroscopy.

YNA = Not applicable

¢ Cleavage product with correct mass (13,199, Da) detected by mass spectrometry.

" Binding parameters of apo-NiSOD,were, adapted from Ref.2 and represent the values assigned
to cis- and trans-conformations of Pro3.
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Table 2: Comparison of the best fit models of Ni K-edge EXAFS for NiSodN and NiSodN *His.

Shell R (A) 6° (x107 A?) AE, R-factor(%)
NiSodN

2 N/O 2.08(2) 12)

1 N/O 2.25(4) 13)

1 Im(5°) 2.13(2) 12)

1BBAm (2 N) 1.99(3), 2.04(3)  4(3) 3(1) 4.1
NiSodN+His
(Last scan)

2 N/O 2.03(2) 3(1)

1 Im 1.98(4) 6(4)

1S 2.22(1) 4(1) 0(2) 3.9

3 N/O 2.06(2) 7(3)

1 Im 2.01(3) 6(3)

1S 2.21(3) 5(2) 2(1) 3.3

2 N/O 2.03(2) 3(1)

1 Im 2.02(4) 6(4)

1S 2.25(1) 4(1)

1S 2.58(1) 14(1) 0(2) 2.3
NiSodN+*His
(First scan)

2 N/O 2.01(2) 4(2)

1 Im 2.00(3) 4(3)

1S 2.23(1) 2(1) 1(1) 3.6

3 N/O 2.03(2) 9(2)

1 Im 2.02(2) 3(2)

1S 222(1) 3(1) 2(1) 2.9

2 N/O 2.01(1) 4(1)

1 Im 2.02(2) 3(4)

1S 2.24(1) 2(2)

1S 2.55(3) 15(6) 3(1) 2.3

*BBAm implies Backbone amidate ligand that include coordination of two N atoms in the fit
(se€ Methods for details)
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