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ABSTRACT: Computational investigations have implicated the amidate ligand in nickel superoxide dismutase (NiSOD) in stabi-
lizing Ni-centered redox catalysis and in preventing cysteine thiolate ligand oxidation. To test these predictions, we have used an
experimental approach utilizing a semisynthetic scheme that employs native chemical ligation of a pentapeptide (HCDLP) to re-
combinant S. coelicolor NiSOD lacking these N-terminal residues, NA5-NiSOD. Wild-type enzyme produced in this manner exhib-
its the characteristic spectral properties of recombinant NiSOD and is as catalytically active. The semi-synthetic scheme was also
employed to construct a variant where the amide ligand was converted to a secondary amine, H1*-NiSOD, a novel strategy that
retains a backbone N-donor atom. The H1*-NiSOD variant was found to have only ~1% of the catalytic activity of the recombinant
wild-type enzyme, and had altered spectroscopic properties. X-ray absorption spectroscopy reveals a four-coordinate planar site
with N,S,-donor ligands, consistent with electronic absorption spectroscopic results indicating that the Ni center in H1*-NiSOD is
mostly reduced in the as-isolated sample, as opposed to 50:50 Ni(ll) : Ni(lll) mixture that is typical for the recombinant wild-type
enzyme. The EPR spectrum of as-isolated H1*-NiSOD accounts for ~11% of the Ni in the sample and is similar to WT-NiSOD, but
more axial, with g, < gy, YN-hyperfine is observed on g,, confirming the addition of the apical histidine ligand in the Ni(lIl) com-
plex. The altered electronic properties and implications for redox catalysis are discussed in light of predictions based on synthetic

and computational

models.

INTRODUCTION

Superoxide dismutases (SODs) comprise a class of ubig-
uitous metalloenzymes that catalyze the disproportionation of
superoxide radical to molecular oxygen and hydrogen perox-
ide. It is estimated that about 1-2% of the molecular oxygen
consumed in the mitochondria is released as superoxide radi-
cal.® Thus, SODs are important regulators of free radicals and
reactive oxygen species in the cell.*

There are three families of SODs based on protein struc-
ture and metal content: CuzZnSOD, Fe/MnSOD and NiSOD.?
Of particular interest here is the nickel-dependent enzyme,
NiSOD, which is expressed by the sodN gene, and commonly
found in Streptomyces sp. and cyanobacteria. This gene en-
codes a pro-protein with an N-terminal extension that is
cleaved in the mature enzyme, a required step for enzymatic
activity.>® NiSOD is unique among the SODs in that aquated
Ni(ll) ions are redox inactive under physiological conditions
and do not catalyze superoxide disproportionation without the
protein environment, unlike Cu(ll), Fe(Il) and Mn(l1).” The
NiSOD protein environment is used to lower the redox poten-
tial of the Ni(11/111) couple in the enzyme to near 300 mV,® the
optimum value for SOD catalysis.” This is achieved in large
part by the use of cysteine ligands in NiSOD®** that are absent
in the active sites of Fe/Mn- and CuZn-SODs.” The two cyste-
ine thiolate ligands from Cys2 and Cys6 plus the N-terminal

amine, Hisl imidazole, and the Cys2 amide N-donor, consti-
tute the ligands in NiSOD active site. These ligands are used
to form a five coordinate pyramidal Ni(lll) site and a four-
coordinate planar Ni(ll) site that lacks the apical Hisl imidaz-
ole ligand.” Thus, all the ligands used in forming the Ni site
are derived from the first six amino acid residues, and four of
the five are provided by His1 and Cys2.

Herein, we describe a semisynthetic strategy employing
native chemical ligation (NCL) of a pentapeptide (HCDLP) to
recombinant Streptomyces coelicolor NiSOD that lacks these
five N-terminal residues and features an N-terminal Cys resi-
due (NA5-NiSOD) to produce a variant (H1*-NiSOD, figure
1) wherein the backbone Cys2 amide N-donor ligand is altered
to a secondary amine. Prior computational investigations of
the NiSOD active site'” as well as experimental and DFT cal-
culations on model complexes,"**® predicted that the amidate
ligand plays a role in the electronic structure of the Ni(lll) site
by keeping the oxidation product Ni-centered rather than S-
centered, in contrast to the oxidation products of planar Ni(ll)
complexes with amine and thiolate ligation.""® Characteriza-
tion of the variant by x-ray absorption, EPR, and electronic
absorption spectroscopyies, and by reaction Kinetics using
pulse-radiolytically generated superoxide show that the variant
has altered electronic structure and redox catalytic properties
that are consistent with the roles of amidate ligation predicted
by computations.
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Figure 1. The nickel site structures of WT-NiSOD (left) and
the H1*-NiSOD variant.

MATERIALS AND METHODS

1.1 Mutagenesis

The deletion mutant, NA5-NiSOD, was expressed using
the pelB expression system." The pelB WT-NiSOD construct
was designed by isolating the WT-NiSOD gene previously
inserted in pET-30 Xa/LIC vector® and re-inserting the gene
into pET22b(+) upstream of the pelB sequence (Novagen pro-
tocol). This construct was then used as a template to construct
a plasmid containing the NA5-NiSOD deletion mutant using
the polymerase chain reaction (PCR). To delete the first five
amino acids of the WT-NiSOD sequence (see supporting in-
formation, figure S1) the following primers we’re used: 5’-
TGCGGCGTGTACGACCCTGC-3’ (forward primer) and 5’-
GGCCATCGCCGGCTGGGC-3’ (reverse primer) with melt-
ing temperatures of 74 °C and 77 °C, respectively. The PCR
was performed using Q5 high fidelity DNA polymerase (New
England Biolabs Inc., Ipswich, MA) and only 1 pg of the tem-
plate DNA. The denaturation temperature was 98 °C and the
annealing and extension temperature was 72 °C (NEB proto-
col). The PCR product was ligated without further purification
by first adjusting the buffer using 5 pl of the 10X T4PNK re-
action buffer (NEB) for every 45 ul of the PCR product. The
sample was then treated with T4 DNA kinase followed by T4
DNA ligase (NEB protocol). To isolate the NA5-NiSOD
plasmid, the ligated PCR product was transformed in Nova-
Blue cells and selection was performed using an LB agar plate
containing 100 pg/ml ampicillin. Single colonies were picked
and each colony was grown in 5 ml LB media with ampicillin
for 16 hours at 37 °C. The cultures were harvested, and plas-
mid preparation was performed using a Qiagen (Valencia, CA)
kit. The sample plasmids were then submitted to Genewiz
(South Plainfield, NJ) for sequencing. The plasmids with the
correct sequence were stored at -20 °C for future use.

1.2 NA5-NiSOD protein expression and purification

The pelB NAS5-NiSOD plasmid was transformed into
BL21 (DE3) and selected for ampicillin resistance on an LB
agar plate supplemented with ampicillin. Single colonies were
selected and grown in 5 ml LB media for 16 h at 37 °C @ 200
RPM and used to prepare frozen stocks by storing 1 ml ali-
quots in 50% glycerol at -80 °C. From a frozen stock, cultures
were prepared in 150 ml LB medium supplemented with am-
picillin and grown for 16 hours at 37 °C @ 200 RPM. Ali-
quots (20 ml) from the culture were used to inoculate flasks
containing 2 L of LB medium supplemented with ampicillin
(total of six) and grown at 25 °C until 0.5 OD is reached. At
this point, 200 pl of 1 M IPTG was added to each 2 L culture,

and they were incubated for another 12 hours at 25 °C. The
culture was then harvested by centrifugation.

To extract NA5-NiSOD, the cells were disrupted by os-
motic shock. This was done by re-suspending the cells in 30
mM Tris buffer at pH = 8.00 containing 20% sucrose (50 ml
total volume of per 2 L cell culture). After 10 min the cells
were centrifuged, the supernatant was discarded, and the cells
were re-suspended in water (50 ml total volume per 2 L cul-
ture) at 4 °C for another 10 min. The cells were again centri-
fuged, the pellet was discarded and 200 pl of 200 mM PMSF
was added per 50 ml of the supernatant. After 30 min, cysteine
was added to the supernatant to a final concentration of 100
mM and the solution was stored at 4 °C overnight to allow the
cysteine to form a disulfide bond with the cysteine N-terminus
of the NA5-NiSOD, thereby protecting the N-terminal cysteine
from oxidation.

The NAS5-NiSOD was purified using Q-sepharose resin
packed in XK 16 column with resin height of 41 cm. The
buffer used was 50 mM Tris at pH 8.50 and the NaCl concen-
tration was linearly increased from 0-200 mM over 1500 mL
at 3 ml/min. PAGE was performed to determine the fractions
that contain pure NA5-NiSOD. The purified protein was char-
acterized by mass spectroscopy (see supporting information,
figure S2), which showed the presence of NAS5-NiSOD
(12634 Da) and impurities that correspond to N-terminally
modified forms of NA5-NiSOD, principally the thiazolidine
modification resulting from reaction with acetaldehyde (12661
Da).

1.3 NA5-NiSOD chemical rescue

Almost half of the NA5-NiSOD isolated as described
above has the cysteine N-terminus reacted with endogenous
acetaldehyde forming a thiazolidine ring structure.?* To rescue
the modified N-terminal cysteine, the protein was incubated at
37 °C at a final concentration of 1 mM in a solution containing
100 mM semicarbazide in 6 M guanidine HCI with 30 mM
TCEP unbuffered at pH 4.00 for 1-2 hours.” This procedure
reverses the thiazolidine cyclization. The sample was then
added to an equivalent volume of 1 M cysteine in 50 mM Tris
buffer with 6 M guanidine hydrochloride at pH 7.50 and left
for 4 hours to overnight to allow the cysteine to replace the
bound aldehyde via nucleophilic substitution (see supporting
information, figure S3). This procedure was done twice to
remove most of the aldehyde. Prior to the native chemical
ligation, the cysteine bound at the N-terminus was removed by
buffer exchanging the sample with 50 mM Tris pH 7.50 con-
taining 30 mM TCEP at room temperature. The sample buffer
was then exchanged with the ligation buffer (section 1.5) and
stored at -20 °C for future use. The molecular weight of the
product was determined ESI-mass spectrometry: Found:
12634 Da. Calculated for NA5-NiSOD:12635 Da (see support-
ing information, figure S4). Yield: 50% of the protein from
step 1.2 is recovered.

1.4 His-Cys(o-NBn)-Asp-Leu-Pro-Nbz (protected unmodi-
fied HCDLP)

1.4.1 Synthesis of Alloc-Cys(o-NBn)-OH

Cys(0-NBn)-OH was first synthesized by dissolving 15
mmol cysteine in de-aerated aqueous solution of 10 mmol
potassium carbonate in 20 ml water 10 ml dioxane and treated
with 10 mmol o-nitrobenzyl chloride. Formation of a crystal-
line product was observed after 30 min and after 4 hrs, the pH



of the reaction mixture was adjusted to 5.9 with acetic acid.
The product was collected by filtration and washed with water,
isopropanol and ether. The solids were dried under vacuum
and a yield of 2.06 g (79%) of the product was obtained at
99% purity.

Alloc-Cys(0-NBn)-OH was then synthesized as previous-
ly described.” About 100 mmol of cysteine was dissolved in
2ml of 4 N NaOH. The solution was cooled in an ice-bath and
treated with 10.6 ml of allyl chloroformate and 25 ml of 4 N
sodium hydroxide, added in eight equal portions with vigorous
shaking for a few minutes after each addition,, and intermittent
cooling. The reaction mixture was kept alkaline to phenol-
phthalein throughout. After the last addition, the mixture was
shaken vigorously, allowed to stand for fifteen minutes at
room temperature, extracted with ether, and then acidified to
congo red with concentrated hydrochloric acid. After cooling
for several hours, the product that crystallized was collected,
dried and re- crystallized.

1.4.2 His-Cys(o-NBn)-Asp-Leu-Pro-Nbz SPPS assembly

The pentapeptide His-Cys(o-NBn)-Asp-Leu-Pro-Nbz was
assembled by Fmoc SPPS using 0.2 mmol of the commercially
available Dawson Dbz AM resin. The C-terminal Pro was
loaded onto the resin via two 1-hr couplings using 1.2 mmol of
Fmoc-Pro with activation via 1.2 mmol HATU and 1.8 mmol
DIEA in DMF. Subsequent residues, Leu, Asp(OtBu) and
Alloc-Cys(o-NBn) were coupled similarly using HBTU in
place of HATU. The peptidoresin was protected from light
after incorporation of the Alloc-Cys(o-NBn) residue. The Al-
loc protective group was removed by adding (PPhs),Pd(0)
with 1,3-dimethylbarbituric acid (scavenger) to the peptide
under neutral conditions. The final residue was incorporated
using Boc-His(Trt)-OH.

After chain assembly, the resin was gently agitated with 2
mmol of p-nitrophenylchloroformate in DCM for 1 hr to con-
vert the resin to the N-acyl-benzimidazolinone (Nbz) form,
which was then washed with DCM. The resin was agitiated
with 0.5 M DIEA in DMF for two 30-min treatments, then
rinsed with the same solution until no further yellow colora-
tion (from p-nitrophenol release) was observed. The pepti-
doresin was washed with DMF, MeOH, DCM then dried
overnight in vacuo. The peptide was cleaved from the resin
with  trifluoroacetic  acid/water/triisopropylsilane  (90:5:5,
25ml, 3 hr) then precipitated in ice-cold ether. The crude pep-
tide was purified by RP-HPLC to yield the final product (120

mg).

1.5 His-y-Cys(0-NBn)-Asp-Leu-Pro-SBn synthesis (modi-
fied H1*-CDLP)

1.5.1 Boc-His(N"-Adom)-H synthesis

Protected histidinal, Boc-His(N™Adom)-H, was prepared
by first synthesizing Boc-His(N"-Adom)-OMe. This was ac-
complished by reacting 2-adamantyloxymethyl chloride with
Boc-His(N™-Boc)-OMe as described by Okada et al.** The
product (Boc-His(N"-Adom)-OMe) was then converted to
Boc-His(N"™-Adom)-ol by first dissolving 10 mmol Boc-
His(N™-Adom)-OMe in 100 ml THF containing 60 mmol so-
dium borohydride. Methanol (16 ml) was then added dropwise
followed by heating the solution at 40 °C. The progress of the
reaction was monitored by HPLC on a C18 column. When the
reaction was completed, excess sodium borohydride was re-
moved by the addition of aqueous solution of citric acid. The

resulting solution was concentrated until most of the organic
solvent had been evaporated. The pH was then adjusted to 9
using potassium carbonate and the product (Boc-His(N"-
Adom)-ol) was extracted using dichloromethane. The product
was obtained as white foam (3.4 g) with 98% purity (HPLC).

The alcohol (Boc-His(N™Adom)-ol) was then converted
to the aldehyde, Boc-His(N"-Adom)-H. This was done by dis-
solving 3.6 mmol Boc-His(N™Adom)-ol in 100 ml dichloro-
methane followed by dropwise addition of 1.7 eq Dess-Martin
reagent. The progress of the reaction was monitored by HPLC
and when the reaction was completed, the solution was treated
with 10 mmol thiosulfate in 25 ml 10% bicarbonate buffer.
The solution was concentrated until most of the organic sol-
vent was removed and the material was used without any fur-
ther purification.

1.5.2 His-y-Cys(0-NBn)-Asp-Leu-Pro-SBn SPPS assembly

The pentapeptide benzylthioester, His-y-Cys(o-NBn)-
Asp-Leu-Pro-SBn, was assembled by first synthesizing Alloc-
Cys(0-NBn)-Asp(OtBu)-Leu-Pro by standard SPPS on 2-
chlorotrityl resin. The cysteine N-terminal allyl carbamate
(Alloc) protective group was then removed as before (section
1.4). The resulting peptide, Cys(o-NBn)-Asp(OtBu)-Leu-Pro,
was then cleaved from the resin using acetic acid-
trifluoroethanol-dichloromethane (1:2:7, v/v).

Reductive alkylation was then performed in solution to
synthesize Boc-His(N™-Adom)-y-Cys(o-NBn)-Asp(OtBu)-
Leu-Pro-OH. This was done by dissolving 1.7 mmol Cys(o-
NBn)-Asp(OtBu)-Leu-Pro and 1.6 equivalents of Boc-His(N"-
Adom)-H in 30 ml methanol containing 0.3 ml acetic acid.
The resulting solution was then treated with 4 eq sodium cya-
noborohydride in portions. The reaction went to 90% comple-
tion (HPLC) after which methanol and acetic acid were then
removed by evaporation under vacuum. The product, (Boc-
His(N"™Adom)-y-Cys(o-NBn)-Asp(OtBu)-Leu-Pro-OH), was
then suspended in citric acid solution and extracted with di-
chloromethane, and then concentrated without further purifica-
tion.

To the crude 1.68 mmol Boc-His(N"-Adom)-y-Cys(o-
NBn)-Asp(OtBu)-Leu-Pro-OH solution, 9 mmol benzyl mer-
captan was added together with 0.2 mmol DMAP hydrochlo-
ride and 0.26 eq DMAP in 30 ml dichloromethane. The result-
ing solution was treated with 2.14 mmol EDC for 1 hour after
which the reaction was quenched with phosphate buffer at pH
6. The solution was then concentrated and the excess benzyl
mercaptan was removed by washing the residue with heptane.
The remaining material was then dissolved in dichloromethane
and washed with phosphate buffer. The crude peptide was
further purified using FC silica gel yielding 0.94 g material
with ~80% purity. Treatment of the product with TFA-water
(95:5) for an hour cleanly removed acid-sensitive protecting
groups, Boc, tBu, and Adom. The target peptide was finally
purified on reverse phase column in TFA-containing gradient
of water and acetonitrile and then lyophilized.

1.6 Native chemical ligation and product purification

The native chemical ligation was performed by combin-
ing 6 mM pentapeptide and 3 mM NA5-NiSOD in 100 mM
phosphate buffer with 6 M guanidine hydrochloride, 15 mM
TCEP and 250 mM 4-mercaptophenylacetic (MPAA) acid at
pH = 7.00 for 24 hours at room temperature in an anaerobic
chamber (Coy Laboratories Inc., Grass Lake, MI). The ligation
product is a mixture of properly ligated H1*-NiSOD as well as



NA5-NiSOD oxidized at the N-terminal Cys residue, and
NA5-NiSOD that had been desulfurized by reaction with
TCEP® (figure S5). The properly ligated protein was purified
from the oxidized and desulfurized NA5-NiSOD, which both
lack a thiol group, by using activated thiol sepharose affinity
column chromatography. First, the NCL buffer was exchanged
with a binding buffer consisting of 100 mM Tris, 8 M guani-
dine hydrochloride, 500 mM NaCl and 1 mM EDTA at pH =
7.50. This step also removes the excess MPAA that might
interfere with the purification process. Next, the protein was
loaded on to a column containing 1 ml of activated thiol se-
pharose resin and incubated at room temperature for at least 2
hours. The column was then washed with 30 ml of the binding
buffer to remove unbound proteins. The bound protein was
then eluted with 10 mM Tris containing 50 mM B-
mercaptoethanol at pH= 7.50 (figure S6).

1.7 Cys2 protective group removal, folding and meta-

lation

To remove the 2-nitrobenzyl protecting group, 50 pM
protein in a buffer consisting of 100 mM sodium acetate, 20
mM TCEP and 10 mM semicarbazide at pH 5.80 was placed
in an ice bath and irradiated with UV light at 365 nm. The
extent of the reaction was monitored by mass spectrometry
and the reaction is complete after 4 hours of irradiation. The
sample was then dialyzed at 4 °C against 20 mM Tris buffer
containing 5 mM TCEP and 5 mM NiCl, at pH 8.00 overnight.
The sample was then dialyzed at 4 °C against 20 mM Tris at
pH 8.00 for 12 hours, twice. Finally the sample was treated
with Chelex™ to remove any unbound nickel by adding a
small amount of chelex resin and incubated at room tempera-
ture for 30 min and agitated occasionally. The Ni:protein ratio
was determined by analyzing the nickel and sulfur content of
the sample by ICP-OES. The ICP-OES determination of the
enzyme concentration was done by first making a standard
curve using 2, 5, 10, 20, and 50 ppm sulfur standards prepared
from a 1000 ppm sulfur ICP standard (Sigma Aldrich). The
concentration of sulfur in each sample was then determined
using the standard curve (machine automated determination).
The protein concentration was calculated by dividing the sul-
fur concentration by 3 (since NiSOD has two cysteines and
one methionine). Yield: 600 pg protein from 10 mg prior to
native chemical ligation.

1.8 X-ray absorption spectroscopy

A 50-pl sample containing 3 mM enzyme (per nickel ba-
sis) in 20 mM Tris buffer at pH = 8.00 was treated with 10 pl
of 180 mM dithionite for 1-2 minutes in a coy chamber (Coy
Laboratory Products Inc., Grass Lake, MI). The sample was
then added to 10 pl of glycerol (~15% final concentration) and
loaded into a polycarbonate XAS holder wrapped in kapton
tape and slowly frozen in liquid nitrogen.

Ni K-edge XAS data was collected as previously de-
scribed® at 10 K using a liquid helium cryostat (Oxford In-
struments) on beam line 7-3 at the Stanford Synchrotron Radi-
ation Laboratory (SSRL). The data was collected at ~10 K
using a liquid helium cryostat (Oxford Instruments) under ring
conditions of 3 GeV and 495-500 mA. Beam line optics con-
sisted of a Si(220) double-crystal monochromator and a flat
rhodium-coated mirror before the monochromator for harmon-
ic rejection and vertical collimation. X-ray fluorescence was
collected using a 30-element germanium detector (Canberra).
Scattering was minimized by placing a set of Soller slits with a

Z-1 element filter between the sample chamber and the detec-
tor. Internal energy calibration was performed by collecting
spectra simultaneously in transition mode on nickel foil to
determine the first inflection point on the edge, which was set
to 8331.6 eV.

Sixpack software was used to remove bad detector sig-
nals, and calibrate the edge energy of Ni foil, and finally to
average the data. Athena software was used for data reduction
and normalization. This was done by setting E, = 8340 eV,
Rug to 1.0 and spline range from k = 0 A to k = 16.166 A.
Background subtraction and edge normalization was per-
formed by setting the pre-edge range from -200 - -30 eV rela-
tive to Eq and the post-edge was set from 200 - 896 eV rela-
tive to E,.

EXAFS data was analyzed using the Artemis software as
previously described.” The k’-weighted data was fitted by
setting the FT-window to 2.0 - 12.5 A and fitting from r = 1.25
- 2.3 A in r-space with an S, value of 0.9. Fits of first-
coordination sphere scattering atoms were obtained with the
following combinations of first-shell scatterers: 4N; 3N, 1S;
2N, 2S; 1N, 3S; and 4S. The 2N, 2S combination afforded the
best fit, judged by minimizing the values of the R-factor and
reduced y°, with the 2N-scattering and 2S-scattering atoms
each averaged in single shells. When it became apparent that
the H1*-NiSOD active site is structurally similar to WT-
NiSOD, second shell carbon atoms from the five-membered
chelate rings formed by Hisl and Cys2 were added to the fit,
and the fitting range was extended to r = 1.25 — 45 A. The
WT-NiSOD active site crystal structure (PDB: 1Q0G) was
used as model for calculating theoretical phase and amplitude
parameters using FEFF 6.0 including multiple-scattering for
second coordination sphere C atoms.

XANES analysis was performed in the energy range from
8325-8340 eV using an error function centered at 8340 eV to
fit a portion of the edge background, and gaussian functions
centered at 8331 eV to fit the 1s->3d transition and at 8336 eV
to fit the 1s->4p, transition (see supporting information, figure
S7).

1.9 UV-Vis spectroscopy

UV-Vis absorption spectra of the as-isolated WT-NiSOD,
dithionite-reduced WT-NiSOD, semisynthetic WT-NiSOD
and H1*-NiSOD were obtained using a NanoDrop 2000c
spectrophotometer. The absorption coefficients were calculat-
ed using the enzyme concentration calculated based on the
sulfur content of the sample as determined by ICP-OES (vide
supra).

1.10 Electron paramagnetic resonance spectroscopy

The EPR spectra were obtained using a Bruker Elexsys
E500 cw-X-band EPR spectrometer. About 100 pl of a 200 —
1000 uM solution of each sample were loaded in EPR tubes
and frozen using liquid nitrogen. The magnetic field is cen-
tered at 3200 G with a sweep width set to 1500 G. The modu-
lation frequency was set to 100 kHz while the modulation
amplitude was set to 2 G. The receiver gain of 60 dB and at-
tenuation of 10 db were applied and a time constant and con-
version time of 0.64 ms and 655 ms were used, respectively.

Spin integration of the EPR signal from H1*-NiSOD was
performed by comparing the double integration of the first
derivateive signal vs. a Cu(ll) standard (1.0 mM CuSQO,4in2 M
NaClO, and 10 mM HCI), where the Cu content was deter-
mined by ICP-OES.



1.11 Pulse radiolysis

The catalytic activities of the semisynthetic WT-NiSOD
and H1*-NiSOD were determined by pulse radiolysis using a
2.0 MeV van de Graaff accelerator at Brookhaven National
Laboratory, as previously described.® Micromolar concentra-
tions of the semisynthetic enzymes were exposed to short
pulses (100-600 ns) of highly accelerated electrons producing
2-10 uM of superoxide radical. The catalytic activity was
measured by monitoring the rate of disappearance of superox-
ide radical absorption at 260 nm in a buffered solution con-
taining 2 uM protein (per nickel basis), 10 mM phosphate, 30
mM formate and 5 uM EDTA at pH 7.50. Rates of reaction
are reported on a per Ni basis and assume that all of the Ni in
the sample is catalytically active. All quoted rates represent
the average of at least three individual measurements and the
system error is approximately 10%.

RESULTS

Semisynthesis. A semisynthetic approach (Figure 2) was
used to produce a variant of NiSOD in which the backbone
amidate ligand provided by Cys2 is altered to a secondary
amine. The semisynthesis of WT-NiSOD was carried out as a
control using NCL to couple a pentapeptide comprised of the
five N-terminal amino acids to a truncated NiSOD with an N-
terminal Cys residue, NA5-NiSOD, which was produced re-
combinantly. A key feature of the approach is the use of a
photolabile thiol protecting group (2-nitrobenzyl) that was
used to protect Cys2 in order to keep it protected during NCL
after acid deprotection of other residues, and also distinguish it
from the N-terminal Cys of NA5-NiSOD. Following NCL and
purification of the product, the 2-nitrobenzyl protecting group
was removed photochemically by exposing the sample with
UV light at 365 nm. The production of the WT-NiSOD protein
was confirmed by ESI-MS performed under denaturing condi-
tions (Figure 3A). The sample was then folded and
nickelalated. Nickel and protein (sulfur) content were deter-
mined by ICP-OES and gave a nickel loading of 84% (see
supporting information). The resulting enzyme was found to
be a fully active catalyst (vide infra) and was hexameric ac-
cording to size exclusion chromatography (Figure S8).

The synthesis of the H1*-NiSOD variant was accom-
plished in an analogous manner to the semisynthesis of WT-
NiSOD. The pentapeptide benzylthioester was prepared by
using SPPS and Alloc-S-o-nitrobenzyl cysteine, as before. The
desired amide = amine modification was introduced in solu-
tion after cleavage of the tetrapeptide (CDLP) from the resin
by using the aldehyde, histidinal, instead of the natural amino
acid histidine to produce an imine linkage that was then con-
verted to secondary amine by reduction with Na[(CN)BH;]
(Figure 2C). The synthesis of &-N-adamantyl-O- and Boc-
protected histidinal from the corresponding protected histidine
was achieved by reduction of the amino acid to the alcohol
followed by Dess-Martin oxidation®’ to the diprotected histidi-
nal (Figure 2A). The synthesis of histidinal in significant
quantities and high purity was a significant component of the
research and was achieved here by protecting the imidazole
amine with an adamantyl group prior to reduction of the amino
acid and oxidation of the alcohol. Following the removal of
the acid-labile protecting groups, NCL was performed as for
the semisynthetic WT-NiSOD, except starting with the ben-
zylthioester of the modified pentapeptide. The use of the

poorer leaving group® led to extensive oxidation or desulfuri-
zation of the NA5-NiSOD N-terminal cysteine when large
excesses of TCEP were used,” (Figure S5) necessitating sepa-
ration of the desired protein from the impurities that do not
contain a thiol by chromatography on activated thiol se-
pharose. The resulting NA5-NiSOD is > 80% pure by mass
spectral deconvolution. The only remaining impurity is an N-
terminally modified NA5-NiSOD that does not undergo NCL
(Figure S6). This species does not affect the characterization
of the enzyme because it lacks the high-affinity nickel binding
site.

Following photochemical deprotection of Cys2, the re-
sulting product was analyzed by ESI-MS under denaturing
conditions, which confirmed the expected MW for the protein
(Figure 3B). The sample was then folded, metalated, and ana-
lyzed for Ni content, as described for semisynthetic WT-
NiSOD. The sample after chelex treatment was found to be
48% nickel loaded. Like the WT enzyme, H1*-NiSOD was
also found to be hexameric by size exclusion chromatography
(figure S8).
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Figure 3. ESI-mass spectra of the semisynthetic WT-NiSOD
(A) and H1*NiSOD (B) after the removal of the 2-nitrobenzyl
Cys2 protective group by UV irradiation. Peaks under the red
dots in figure B correspond to a modified NA5-NiSOD that
does not contain a high-affinity nickel binding site.
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Figure 2. Semisynthetic approach for constructing H1*-NiSOD.

Structural characterization of the Ni site in H1*-NiSOD. of the recombinant WT-NiSOD and features the transition
XAS analysis was used to characterize the structure of the Ni near 380 nm that has
site in H1*-NiSOD (Figure 4). The XANES spectrum shows a
resolved maximum near 8336 eV that is associated with a 1s
- 4p, electronic transition that is diagnostic for four-
coordinate planar coordination, and is also observed for dithi-
onite-reduced WT-NiSOD**® The expected peak associated
with a 1s - 3d transition was not observed, however it has
very low intensity in many 4-coordinate complexes, include
some where it is not detected.* EXAFS arising from first-
coordination sphere scattering atoms was best fit with 2 N-
donor atoms @ 1.98(2) A and 2 S-donor atoms @ 2.14(2) A
(see supporting information) and is similar to dithionite-
reduced WT-NiSOD (Ni-N = 1.91(1) A; Ni-S = 2.160(4) A),°
only with a slightly longer ave. Ni-N distance, and to the dis-
tances found in planar NiN,S, complexes (Ni-N = 1.90 — 1.99
A; Ni-S =2.14 - 2.20 A).**

Electronic structure UV-Vis absorption spectra of the
H1*-NiSOD and semisynthetic WT-NiSOD are compared to
spectra obtained for recombinant WT-NiSOD in Figure 5.
The semisynthetic WT-NiSOD spectrum closely matches that
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been assigned to CysS - Ni(lll) ligand-to-metal charge trans-
fer (LMCT)." This LMCT transition is absent in the spectrum
for H1*-NiSOD, which resembles the spectrum obtained for
reduced WT-NiSOD, consistent with the sample being mostly
reduced, i.e., Ni(ll). EPR spectra obtained on an as-isolated
sample of H1*-NiSOD revealed a weak nearly axial signal
that accounts for ~ 11 % of the nickel in the sample by spin
integration. Thus, the resting sample in air contains both Ni(ll)
and Ni(ll) centers, but at a lower Ni(ll1):Ni(ll) ration than the
WT enzyme where 50% of the Ni in the aerobic resting en-
zyme is Ni(lll).* The signal has g, = 2.26, g, = 2.22 and g, =
2.02, with hyperfine attributed to the apical His1 imidazole N-
donor ligand resolved on g,, A,, = 24.2 G (Figure 5). This
signal is distinct from the rhombic spectrum observed for re-
combinant WT-NiSOD and semisynthetic WT-NiSOD (g-
values = 2.30, 2.23, 2.01; A,, = 24.9 G)°.
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Figure 5. Spectral characterization of semi-synthetic NiSODs.
UV-Vis spectra for as-isolated recombinant WT-NiSOD
(green), dithionite-reduced recombinant WT-NiSOD (orange),
as-isolated semisynthetic WT-NiSOD (blue), and as-isolated
semi-synthetic H1*-NiSOD (magenta). Inset: X-band EPR
spectra obtained at 77K for as-isolated samples of recombi-
nant WT-NiSOD, semisynthetic WT-NiSOD and H1*-
NiSOD.

Redox catalysis. In contrast to the relatively small struc-
tural and electronic perturbations, the effect of substitution of
the backbone amidate ligand by a secondary amine is dra-
matic. Using pulse-radiolytically generated superoxide, the
catalytic rate constant determined by monitoring the disap-
pearance of the superoxide radical at 260 nm were only ~ 1%
of those observed for WT-NiSOD. The semisynthetic WT-
NiSOD has a catalytic rate constant ke, = 9.4 +1.6 x 10° M''s™
at pH = 7.5 and a pH dependence that is experimentally indis-
tinguishable from the catalytic rate constant observed for re-
combinant WT-NiSOD (Figure 6% In contrast, the H1*-
NiSOD has a catalytic rate constant ke = 5.6 + 0.5 x 10° M''s™
at pH = 7.5. Nonetheless, this residual activity is due to en-
zyme catalysis, and not the uncatalyzed bimolecular dispro-
portionation reaction, since doubling the concentration of
H1*-NiSOD doubled the rate of reaction (see supporting in-
formation).
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thetic WT-NiSOD (red circle). The catalytic activity of
H1*NiSOD at pH= 7.50 is shown as a blue triangle.

DISCUSSION

Synthetic strategy. The synthetic strategy detailed above
provides a method employing aldehydes derived from amino
acids that can be adapted to solid phase peptide synthesis to
alter any backbone amide to a secondary amine. This approach
differs from previous backbone alterations reported in the lit-
erature in that it preserves the backbone N-atom in the protein,
while altering its chemical properties including deprotonation
(charge) and ability to engage in m-bonding. Prior work on
amide backbone modification involved altering the amide to
an ester linkage. This can be achieved in several ways includ-
ing the wuse of preactivated (L)-lactic acid or (S)-
hydroxymethylbutyric acid in solid phase peptide synthesis or
the use of o-hydroxyacids in tRNA suppression strategies.**
These amide —> ester modifications enabled investigations
probing the effect of altering hydrogen bonding interactions
involving the amide, but are less applicable to amides that are
metal ligands in metalloproteins, since ester O atoms are poor
metal ligands. Although rare, metalloenzymes featuring active
site metal amidate ligands include nitrile hydratase*! and thio-
cyanate hydrolase,” in addition to NiSOD studied here. The
use of histidinal to modify the peptide bond is specifically
applicable to proteins that feature the amino terminal Cu(ll)-
and Ni(l1)- binding (ATCUN) motif,*® which binds in a tetra-
dentate planar fashion utilizing the N-terminal amine, a histi-
dine residue in position 3, and two intervening amide N-
atoms. The ATCUN motif is a common feature of albumins,
and 95% of serum Ni(ll) is bound to albumin.** The ATCUN
motif is also found in histatins, neuromedins C and K, and
human sperm protamine P2a, and is also a component of pro-
teins engineered for DNA cleavage.* N-terminal ATCUN-like
binding sites are also features of a number of proteins involved
in Ni trafficking, including NmtR,* RcnR,* and HypA,*
where the His residue is second residue and the resulting
Ni(Il) complexes are all six-coordinate.

NiSOD. The Ni-dependent superoxide dismutases are a
large class of superoxide dismutases that are encoded by the

sodN gene. The sodN gene encodes a highly conserved
(HCXXPCXXY) N-terminal “nickel hook” motif that binds Ni
using the N-terminal amine and the side chain imidazole of
Hisl, the amide N-atom and side chain thiolate of Cys2, and
the side chain of Cys6 (Figure 1). The N-terminal location of
the binding site made synthesis of model peptides an approach
that has been extensively exploited for studying the NiSOD
active site,"*'**"*® and the role of the Cys6 residue as the only
ligand not derived from Hisl or Cys2 makes semisynthesis of
the protein employing NCL very attractive, particularly for a
study modifying the backbone amide ligand, for which no
point mutation is possible. Using the synthetic strategy de-
tailed above, histidinal was incorporated into a synthetic pen-
tapeptide in order to produce a variant nickel hook motif,
where the amidate ligand of the nickel center in WT-NiSOD
was altered to a secondary amine. NCL was then employed to
ligate the peptide to the remainder of the enzyme that was
produced recombinantly and featured an N-terminal Cys resi-
due.

Taken together, the spectroscopic characterization of
H1*-NiSOD suggests that the nickel site in the variant is struc-
turally very similar to those in WT-NiSOD. The Ni(ll) sites
are four-coordinate and planar with a N,S, ligand donor-atom
set, and the Ni(lll) sites are five coordinate and pyramidal
with the addition of an apical imidazole ligand from Hisl.
Even the electronic structure of the site seems little perturbed
in the H1*-NiSOD variant. The EPR spectrum of H1*-NiSOD
(0x=2.26, gy = 2.22 and g, = 2.02, A, = 24.2 G, Figure 5) is
consistent with a low-spin d’ electronic structure with the un-
paired electron residing in a d,’ orbital, similar to WT-NiSOD,
but is more axial signal than the rhombic signal observed for
WT- enzyme. This arises mostly from a shift of g, from 2.30
to 2.26 in the variant. This can be rationalized in terms of the
interaction of the N-donors with n-symmetry orbitals on the
Ni(Il1) center. An amidate N-donor is expected to raise the
energy of a m-symmetry Ni 3d orbital through a filled n-x in-
teraction that is not present for an amine N-donor (Figure 7).
Thus asymmetric amidate-amine ligation would affect interac-
tions with d,, and d, differently, and is reflected in a rhombic
EPR signal.
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Figure 7. NiSOD active site diagrams illustrating the different
interactions between the N-donor ligands and a Ni m-
symmetry 3d orbital in WT-NiSOD with a Cys2 amidate lig-
and (left), and in H1*-NiSOD with a Cys2 2° amine (right).

Despite the minor structural and electronic perturbations,
the alteration of the Cys2 amidate ligand to a secondary in
H1*-NiSOD has a dramatic effect on the redox catalytic prop-



erties of the active site. Alteration of the amidate ligand found
in WT-NiSOD to a secondary amine apparently results in rais-
ing the redox potential of the nickel site to a value that is less
accessible to air oxidation, resulting in lower amounts of
Ni(Il1) in as-isolated samples of H1*-NiSOD (11%) relative to
WT-NiSOD (50%), and in lower catalytic activity. A detailed
comparison of the electronic structures and redox properties of
the variant and WT-enzyme await the results of DFT computa-
tions currently in progress.
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