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Abstract

The maturation pathway for the nickel-dependent enzyme urease utilizes the protein UreE as a metallochaperone to supply Ni(II)
ions. In Helicobacter pylori urease maturation also requires HypA and HypB, accessory proteins that are commonly associated with
hydrogenase maturation. Herein we report on the characterization of a protein complex formed between HypA and the UreE, dimer.
Nuclear magnetic resonance (NMR) coupled with molecular modelling show that the protein complex apo, Zn-HypAeUreE,, forms
between the rigorously conserved Met-His-Glu (MHE motif) Ni-binding N-terminal sequence of HypA and the two conserved His102A
and His102B located at the dimer interface of UreE,. This complex forms in the absence of Ni(II) and is supported by extensive protein
contacts that include the use of the C-terminal sequences of UreE, to form additional strands of g-sheet with the Ni-binding domain
of HypA. The Ni-binding properties of apo, Zn-HypAeUreE, and the component proteins were investigated by isothermal titration
calorimetry using a global fitting strategy that included all of the relevant equilibria, and show that the Ni,Zn-HypAeUreE, complex
contains a single Ni(II)-binding site with a sub-nanomolar Kp. The structural features of this novel Ni(II) site were elucidated using pro-
teins produced with specifically deuterated amino acids, protein point mutations, and the analyses of X-ray absorption spectroscopy,
hyperfine shifted NMR features, as well as molecular modeling coupled with quantum-mechanical calculations. The results show
that the complex contains a six-coordinate, high-spin Ni(II) site with ligands provided by both component proteins.
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Introduction lymphoid tissue lymphoma.*'*1> Its ability to survive the acidic
environment of the stomach depends on the activity of urease, a
nickel-dependent enzyme that catalyzes the hydrolysis of urea to
ammonia and CO; and thereby helps Hp maintain its internal pH
as well as modify the pH of its environment.'® Although [Ni,Fe]-
hydrogenase is not required for acidic survival,' it is involved in
utilization of H, as a source of energy and is associated with the
virulence of the organism in terms of its ability to colonize gastric
mucosa and to induce cancer.*181°

HypA is a monomeric metallochaperone that is generally asso-
ciated with Ni(II) incorporation into the large subunit of [Ni,Fe]-
hydrogenases,’ while the dimeric UreE, serves this nickel trans-
port function in bacteria that produce urease.*® In Helicobacter
pylori (Hp), HypA serves both functions in that HypA is also re-
quired for urease Ni(Il) incorporation under physiological condi-
tions.*1°-13 Hp is a human pathogen that infects the stomach and
is a major cause of ulcers, gastric cancers, and mucosa-associated
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The activity of urease is partly controlled by Ni(II) insertion, as
Hp expresses the urease protein under neutral conditions, but it
remains largely apo-protein until the organism experiences acid
shock, which results in rapid nickelation of the enzyme.'®-2° Nu-
merous studies have shown that mutations that lead to defec-
tive nickel trafficking to urease (HypA/B or UreE, deletion, or in-
terfere with the ability of HypA or UreE, to function as a nickel
metallochaperone) lead to strains of Hp that are unable to survive
acidic conditions,'-12.13.21-23 g5 well as to inactive Hyase.'” Thus,
interfering with urease nickel incorporation provides a novel an-
tibacterial strategy for treating Hp infections, including the grow-
ing number of clarithromycin-resistant infections.?*

Recent work has shown that HypA and UreE, form a 1:1 pro-
tein complex that contains a single high-affinity nickel-binding
site.?> The work described here is focused on characterizing the
Ni-binding properties of the HypAeUreE, complex and the struc-
ture of the novel Ni(Il) site. Isothermal titration calorimetry (ITC)
studies employing a global fitting strategy show that the affin-
ity of this site (Kp ~ 1071° M) is much tighter than typical for
metallochaperones (Kp ~ uM)?® and is more characteristic of Ni-
responsive transcriptional regulators, such as InrS (Kp ~ 10-1°
M)?” or NikR (Kp ~ 10~8 M).28 This tight Ni binding, as well as
the strong interactions between HypA and UreE,, allowed for the
isolation and characterization of the Ni,Zn-HypAeUreE, complex
and three protein mutants.

X-ray-absorption spectroscopy (XAS) performed on isolated
Ni-HypAeUreE, reveals a six-coordinate Ni(Il) center containing
three His residues. This six-coordinate Ni(II) site also gives rise to
well-defined hyperfine-shifted resonances in the 'H-NMR (nuclear
magnetic resonance) spectrum. Detailed analysis of this NMR
spectrum employing amino acid modifications of both UreE, and
HypA, as well as proteins produced with specifically deuterated
amino acids, reveals a structure that involves coordination of
Ni(Il) by His residues from both proteins (His102A and His102B
from UreE,, and His2 from HypA), provides evidence regarding
the remaining three ligands, proposes a model for the structure
of the HypAeUreE, complex, and suggests a mechanism for coor-
dination of Ni,Zn-HypA by UreE,. Density functional theory (DFT)-
based computational studies corroborate the experimental re-
sults, yielding experimentally supported models for the Ni site in
HypA as well as in the HypAeUreE, complex.

Materials and methods
Protein production

Wild-type (WT) HypA and its mutant L2*HypA, where a Leu
residue was inserted between the N-terminal Metl and the His2
residue, were produced by modifying a previously reported pro-
tocol (see Supplementary Information).”®> WT HypA containing
perdeuterated methionine or histidine was produced with the
same protocol, using a modified M9 medium (12 g/L Na;HPOy, 6
g/L KHyPOy4, 1 g/L NaCl); when ODggo = 0.6 was reached, 0.16 mM
of (2,3,3,4,4-D5, methyl-D3, 98%)-L-methionine (Cambridge Iso-
tope Laboratories, MA, USA) or (2,3,3-D3, ring-D2, 98%)-L-histidine
(Eurisotop, Saint Aubin, France) was added to the cellular growth
medium and incubated at 25 °C for 1 h before adding 10 uM ZnSO,
and IPTG (Isopropyl B-D-1-thiogalactopyranoside) as described in
the procedure provided in the Supplementary Information.

A cell-free expression protocol was applied to produce HypA
containing perdeuterated aspartate or glutamate. The sequence
corresponding to hypA was cloned into a pIVEX 2.3d vector; in par-
ticular, the pIVEX2.3d vector was PCR amplified using the primers
5’-gtcgactcgagegagetce-3’ and 5'-atgtgeatatgtatatctecttcttaaag-3/,
which contain the sequences (bold characters) for Xhol and Ndel,

respectively. The obtained sequence was digested with these re-
striction enzymes and ligated to the sequence of hypA obtained by
restriction of pET22b-hypA with the same endonucleases.?® Pos-
itive clones for pIVEX 2.3d-hypA were identified by colony PCR,
restriction tests and sequencing on both strands. The recombi-
nant plasmid was purified using the Nucleobond Xtra Maxi plus
kit (Macherey-Nagel). The protein was synthesized in vitro using a
cell-free expression system (ISBG, Grenoble). HypA was expressed
under RNAse-free conditions in dialysis mode, in a volume of 15
mL with a 1/10 ratio of reaction mixture to feeding mixture, for
16 h at 27 °C under gentle agitation. The cell-free mixture® con-
tained 16 pg/mL of pIVEX 2.3d-hypA, 1 mM of 19 essential pro-
tonated amino acids, 0.8 mM of each rNTPs (guanosine-, uracil-,
and cytidine-5'-triphosphate), 55 mM HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) (pH 7.5), 68 uM folinic acid, 0.64
mM cyclic adenosine monophosphate, 3.4 mM dithiothreitol, 27.5
mM ammonium acetate, 2 mM spermidine, 80 mM creatine phos-
phate, 200 mM potassium acetate, 18 mM magnesium acetate,
250 pg/mL creatine kinase, 27 ug/mL T7 RNA polymerase, 0.175
png/mL tRNA, 5 uM ZnSO,4 and 400 pL/mL S30 E. coli bacterial ex-
tract. The latter was previously treated with 20 mM NaBHy, 20 mM
D-malate and 20 mM amino-oxy-acetate to inhibit transaminase
activity. The HypA samples containing 2H-Glu and ?H-Asp were
prepared with the addition of 1 mM (2,3,3,4,4-D5, 98%)-L-glutamic
acid or (2,3,3-D3, 98%)-L-aspartic acid, respectively. In both cases,
the reaction mixture was clarified after incubation by centrifuga-
tion for 20 min at 15 000 xg and 4 °C. The supernatant was di-
luted to 45 mL in 20 mM TrisHCI buffer at pH 7.5 containing 20
mM NaCl and 1 mM TCEP, and then loaded onto a RESSOURCE-
Q 6 mL column (GE Healthcare) pre-equilibrated with 20 mM Tr-
isHCI buffer at pH 7.2, containing 20 mM NaCl and 1 mM TCEP
(tris(2-carboxyethyl)phosphine). The column was washed using a
flow rate of 4 mL min—! with the starting buffer until the base-
line was stable. A linear gradient of NaCl (220 mL, from 0.02 to
0.6 M) was applied to the column and the fractions containing
HypA were combined, concentrated using 3 kDa ultra-filtration
units (Millipore) to a final volume of 2 mL, and loaded onto a Su-
perdex 75 10/300GL column equilibrated with 20 mM HEPES at pH
7.2, containing 200 mM NaCl and 1 mM TCEP for a final purifica-
tion step. The fractions containing the purified protein, evaluated
using SDS-PAGE, were pooled together, concentrated with Amicon
Ultra concentrators (Millipore, GE) with a 3 kDa cutoff, and stored
at —80 °C until use.

The protein-protein complexes were prepared starting from
the single apo, Zn-HypA and UreE, or their mutants, mixing the
components in equimolar amounts. Following addition of one
equivalent of Ni(Il), the samples were kept at room temperature
for 2 h before loading the reaction mixture onto a Superdex S75
10/300 (GE Healthcare) size exclusion chromatographic column.
The fractions containing the purified complexes were pooled to-
gether, concentrated with Amicon Ultra concentrators (Millipore,
GE) with a 3 kDa cutoff, and stored at —80 °C until use.

The purity and integrity of UreE, and HypA containing
deuterated amino acids were tested using mass spectrometry
(EMBL Proteomics Core Facility, https://www.embl.de/proteomics/
proteomics_services/). The absence of Ni in the purified apo-
proteins was established using inductively coupled plasma optical
emission spectrometry (ICP-OES), as previously described.!

Size exclusion chromatography/multiple angle
light scattering

The oligomerization properties of the single HypA and UreE,
proteins and their complexes were investigated using size
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exclusion chromatography (SEC) coupled with multiple angle light
scattering (MALS). SEC-MALS measurements were performed us-
ing an Agilent HPLC with a Superdex 75 10/300 GL column (GE
Healthcare) connected downstream to a multi-angle laser light
scattering (MALS, at 690.0 nm) DAWN EOS (Wyatt Technology)
photometer and to a 90° angle quasi-elastic (dynamic) light scat-
tering (QELS) device (Wyatt Technology). The concentration of the
eluted protein was determined using a refractive index detector
(Optilab DSP, Wyatt). All experiments were performed at room
temperature, with the system equilibrated with 20 mM HEPES pH
7.2 and 200 mM NaCl at 0.6 mL/min. Single protein samples con-
sisted of 200 uL of 130 uM Ni,Zn-HypA, 130 uM Ni,Zn-L2*HypA,
45 uM Ni-UreE,, 45 uM Ni-H152A-UreE, and 45 pM Ni-H102K-
UreE,. The samples of protein complexes (100 L, 85 uM) were
prepared by mixing equimolar amounts of each protein prior to
injection into the SEC column. All data were analysed using the
ASTRA 4.90.07 software (Wyatt Technology), following the manu-
facturer’s instructions.

Isothermal titration calorimetry

The thermodynamics of the interaction among HypA, UreE,,
and Ni(II) were investigated using isothermal titration calorime-
try (ITC). Titrations were performed using a high-sensitivity VP-
ITC microcalorimeter (MicroCal LLC, MA, USA)) at 25 °C in 20
mM HEPES, pH 7.2, 200 mM NacCl. The reference cell was filled
with MilliQ water. The solutions containing the single proteins
or their mutants (20-40 M) were loaded into the sample cell
(1.4093 mL). Solutions (0.250 to 1.5 mM) of NiCl,, apo, Zn-HypA,
apo, Zn-L2'HypA, Ni,Zn-HypA or Ni,Zn-L2*HypA in the same
buffer were added (60 injections of 5 uL) using a computer-
controlled microsyringe. Control experiments were carried out by
titrating the same solutions into buffer alone, under identical con-
ditions, verifying that the heat of dilution was negligible.

The integrated heat data obtained for each titration were fit-
ted using a nonlinear least-squares minimization algorithm to a
theoretical titration curve, using the AFFINImeter software and a
global fitting approach.®? The used fitting model initially involved
independent sites for simple equilibria, whereas the stoichiomet-
ric equilibria approach was used for the global fitting procedure.
The AH (reaction enthalpy change, cal mol~?!) and K, (binding
constant, M~') were the thermodynamic fitting parameters. The
parameters ry (scaling parameter for the protein concentration)
and Qg (heat of dilution, cal mol~—?*) were also adjusted as fitting
parameters. The reaction entropy was calculated using the rela-
tionships AG = —RTInK, (R = 1.9872 cal mol~* K=, T = 298 K) and
AG = AH — TAS. A global fitting analysis was performed for the
curves representing the titrations involving three species [HypA,
UreE, and Ni(II)]. The statistical GoF (goodness of fit) parameter
was used to obtain the best fit.

X-ray absorption spectroscopy

The coordination environment of Ni(Il) in the HypA-UreE, com-
plex was monitored using X-ray absorption spectroscopy (XAS).
Samples of each protein were rapidly buffer exchanged using a
Zeba Spin Desalting column, 7 kDa MWCO (molecular weight
cut-off, ThermoScientific) pre-equilibrated with NTP buffer
(20 mM HEPES, 100 mM NaCl, 100 mM KCl, 5 mM MgCl,, 1 mM
TCEP) at pH 7.2 or 6.3. Each protein was further diluted to work-
ing concentrations of 100-300 M in NTP buffer at the target pH
prior to metal additions. A nickel acetate [Ni(OAc),] stock solution
(500 mM) was prepared in distilled and deionized water, and then
further diluted to 9 mM working stock in NTP buffer at pH 7.2 or
6.3. The Ni(II) concentration in each stock solution was then ac-
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curately determined by ICP-OES as previously described.?® Ni,Zn-
HypAeUreE, complexes at pH 7.2 or 6.3 were prepared by mixing
equal molar equivalents of UreE, with Ni,Zn-HypA (after excess
metals were removed by Chelex treatment) at each respective pH.
Complexes were prepared with each protein at target concentra-
tions between 100 and 300 uM and equilibrated at room tempera-
ture for 30 minutes. Protein complexes were concentrated by spin
filtration to approximately 100 uL and then mixed with 400 L of
NTP buffer at target pH, and then concentrated to target protein
concentration of approximately 1 mM, and then mixed with 80%
glycerol to a final glycerol concentration of 12%. The final flow
through from spin filtration and a portion of each sample was re-
served for protein and metal analyses (by ICP-OES) and found to
contain nearly equal molar ratios of Ni and Zn. The sample pre-
pared at pH 7.2 was found to contain 0.90 mM Ni and 0.85 mM
Zn (Ni: Zn = 1: 0.94). The sample prepared at pH 6.3 was found to
contain 0.75 mM Ni and 0.77 mM Zn (Ni: Zn = 1:1.03). The Ni,Zn-
HypAeUreE, complexes were loaded into Kapton-taped polycar-
bonate sample holders and flash frozen with liquid N,. Samples
were stored at —80 °C prior to data collection.

XAS data on the frozen samples were collected at the Stan-
ford Synchrotron Radiation Lightsource (SSRL) at the SLAC Na-
tional Accelerator Laboratory using dedicated ring conditions
(3 GeV and 450-500 mA) on beamline 9-3 with a Si (220) dou-
ble crystal monochromator. The frozen samples in polycarbon-
ate holders with Kapton windows were immobilized on aluminum
prongs and cooled to ~10 K using a liquid helium cryostat (Oxford
Instruments). A 100 element Ge detector (Canberra) was used
for collecting X-ray fluorescence data. To minimize scattering, a
3 um Z-1 filter and Soller slits were installed between the detec-
tor and sample. X-ray fluorescence data on Ni K-edge of the Ni,Zn-
HypAseUreE, complex were energy calibrated by concurrently col-
lecting spectra of a Ni metal foil in transmission mode. Extended
X-ray absorption fine structure (EXAFS) data were collected to 15k
above the K-edge for both metals.

Data reduction and analyses were performed according to pre-
viously published procedures adjusted for Ni and Zn K-edge XAS
data (see Supplementary Information).?® The Artemis software
program?* with FEFF6 and IFEFFIT algorithm was used to gener-
ate and fit single and multiple-scattering paths for each data set
as described previously (see Supplementary Information).5233
To compare the different models fit to the data set, IFEFFIT uti-
lizes three goodness of fit parameters: x?, reduced x? and the R-
factor (see Supplementary Information). In comparing different
models, minimizing the R-factor and reduced x? parameter, and
reasonable values of o? were used to determine the models that
best fit the data. The R-factor will generally improve with increas-
ing number of adjustable parameters, while reduced x? will go
through a minimum and then increase, indicating that the model
is overfitting the data. The resolution of the data (7/2Ak) was de-
termined using Ak-values of 12.5 A=* and 10.5 A~ for Zn and Ni,
yielding resolution values of 0.13 A and 0.15 A, respectively.

Nuclear magnetic resonance spectroscopy

The interaction of HypA, UreE; and Ni(II) was monitored us-
ing nuclear magnetic resonance (NMR) spectroscopy. Protein
samples consisted of (i) 0.5 mM '>N-labeled apo, Zn-HypA, (ii)
0.3 mM apo, Zn-HypA(*>N)eUreE, (**N) complex, and (iii) the same
complex added with one equivalent of Ni(Il) in 20 mM HEPES
buffer at pH 7.2, containing 200 mM NacCl, in 90% H,0 and 10%
D,0, in the absence and in the presence of TCEP. NMR spec-
tra were obtained using a Bruker AVANCE 950 spectrometer, op-
erating at the proton nominal frequency of 950.2 MHz (22.3 T)
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and equipped with a 5 mm TCI-HCN z-gradient cryo-probe; the
temperature was calibrated at 298 K. Due to the high salt con-
centration, shaped NMR tubes (Bruker BioSpin AG) were used
to improve the signal-to-noise ratio during NMR data collec-
tion. The 'H chemical shifts were referenced to 2,2-dimethyl-
2-silapentane-5-sulfonic acid sodium salt (DSS), while the N
chemical shifts were referenced indirectly to DSS, using the ra-
tios of the gyromagnetic constants. The 'H->N HSQC spectra were
recorded using spectral widths of 13297.872 Hz (*H, 14.0 ppm) and
3852.080 Hz (**N, 40.0 ppm) with maximal evolution times of 57.7
ms ('H, 2048 points) and 16.6 ms (N, 256 points). All NMR spec-
tra were processed using NMRpipe.*® The original data were zero-
filled (2048 x 1024 points), a cosine-squared apodization function
was applied in both dimensions, and a linear prediction algorithm
was applied to the indirect dimension prior to Fourier transforma-
tion. The spectra were analysed using POKY.*

TH-NMR experiments tailored for the identification of hyperfine
shifted and fast relaxing signals®® were performed on an AVANCE
400 Bruker NMR spectrometer equipped with a 5 mm 'H selec-
tive probe and operating at 400.13 MHz 'H Larmor Frequency.
Spectra were collected with the superWEFT pulse sequence, using
52 ms, 20 ms and 62 ms as acquisition, recovery, and inter-pulse
delays, respectively. The spectral window was 156 kHz (390 ppm).
The number of acquired scans ranged from 400 K to 800 K, and
the experiment time was typically 1648 h. Prior to Fourier trans-
form, FIDs were multiplied by a cosine square weighting function
followed by a 20 Hz Lorentzian line broadening. Phase and base-
line correction were performed manually.

Modeling of the Ni,Zn-HypAeUreE, complex

An initial model for the apo,Zn-HypAeUreE, complex, devoid of
any metal ion, was calculated using ColabFold,* AlphaFold2,%°
and RoseTTAFold.*! The best model was selected on the basis
of predicted local-distance difference test (IDDT).*? The Ni(ll)-
binding site at the HypAeUreE, interface was modelled on the pro-
tein complex achieved in the previous modelling step through a
computational procedure already used to reconstruct the metal
binding site in other proteins,***> involving the use of the loop
optimization routines available in Modeller.*® The van der Waals
parameters for Ni(II) were derived from the Zn(II) parameters in-
cluded in the CHARMM?2? force field*” implemented in the Mod-
eller v9.18 package by applying a scale factor of 1.12 calculated on
the basis of the Ni(II) ionic radius. Constraints were imposed us-
ing a Gaussian-shaped energy potential for distances, angles and
dihedrals, in order to correctly position the Ni(II) ions with respect
to the experimentally identified ligated residues (see Results).
During the loop optimization procedure, 500 models were gen-
erated. The best model was selected on the basis of the lowest
value of the DOPE score included in Modeller*® Structural analy-
ses were conducted using ProCheck,*® UCSF Chimera,”® and UCSF
ChimeraX.>1>2

Modeling of the Ni-sites in Ni,Zn-HypA and in
the Ni,Zn-HypAeUreE, complex

The starting structural model for the coordination sphere of Ni(II)
in Ni,Zn-HypAeUreE, was built using the structure of the HypA-
UreE, apo-protein complex that resulted from the previously de-
scribed modelling stage. In particular, the N-terminal N atom of
Met1, the amide and side chain imidazole N§1 atoms of His2, and
the amide N and side chain carboxylate Os1 and Os2 atoms of
Glu3 from HypA, together with the Ne2 atoms of His102A and
His102B from the homodimeric UreE,, were included in the model.

These selected residues were capped with a -CHs and a -NH,
group at the N- and C-termini, respectively. A starting model of
the Ni(II) site in Ni,Zn-HypA was then derived by removing the two
histidine residues His102A and His102B from UreE,, and adding
the HypA Metl N-terminal N atom in the coordination sphere of
the metal ion through the rotation of the protein backbone us-
ing UCSF Chimera.*® A second starting model of the Ni(II) site in
Ni,Zn-HypA was generated in the same way, but with the addition
of a water molecule as the sixth ligand of the Ni(II) ion instead of
Glu3 Oe¢2. These three models were optimized using DFT compu-
tations, carried out using the program ORCA 4.0.1°% and the Becke
three-parameter hybrid functional combined with Lee-Yang-Parr
correlation functional (B3LYP/G)*** as defined in the Gaussian
software.*® All atoms except Ni(Il) were described by the Pople-
style 6-31(p, d) basis set with diffuse functions on all atoms.”” The
Ni(II) ion was described with the Los Alamos effective core poten-
tials (LANL2DZ ECP).*® TightSCF criteria for SCF [energy change
<1.0 x 10~% atomic unit (au)] and standard criteria for the ge-
ometry optimization (energy change <5 x 10~° au, RMS gradient
<1 x 10~* au, maximum element of gradient <3 x 10~* au, root
mean square deviation (RMSD) displacement <2 x 10~ au, max-
imum displacement <4 x 10~3 au) were used. Frequency com-
putations were executed to determine the nature of the critical
points. Supplementary Table SI-5 reports the Ni-ligand distances
obtained for the calculated models.

Results
Protein and Ni(ll) interactions by SEC-MALS

UreE, and HypA were expressed and purified as previously re-
ported.>?> Mass spectrometry, performed on protein samples,
confirmed that both proteins were purified as intact polypeptides,
and no evidence of C-terminal protein degradation, which was re-
ported in a previous work,?® was observed for UreE,, in the ab-
sence or in the presence of TCEP. This result is consistent with
SDS-PAGE under denaturing conditions, which presented a unique
band at ca. 20 kDa, corresponding to the UreE monomer. In ad-
dition to studying the native proteins, the L2*HypA mutant,?>?
as well as the H102K-UreE and H152A-UreE variants,” in which
residues known to be involved in Ni(II) binding were mutated, were
also analysed to dissect the role of each metal binding residue for
metal binding in the hetero-complex. The molecular mass of the
Ni(I) complexes of UreE,, HypA, and of their mutants in solution
was determined using a combination of SEC and MALS (Fig. 1).
The elution profile of the single proteins is consistent with
the presence of a monomer for Ni,Zn-HypA and Ni,Zn-L2*HypA
(MW = 14.4 and 14.8 kDa respectively, theoretical mass of the
monomer 13.2 kDa, Fig. 1A, B) and a dimer for Ni-UreE, and Ni-
H102K-UreE, (MW = 38.7 and 42.4 kDa, theoretical mass of the
monomer 19.5 kDa, Fig. 1A, C), confirming previously reported
data for the WT proteins and showing that the two protein mu-
tants possess the same oligomeric state in solution as the native
proteins.>?3:2559 In contrast, Ni-H152A-UreE; eluted in two peaks,
showing MW = 76.8 and 42.7 kDa (Fig. 1D). This indicates that, in
this case, the presence of Ni(II) drives a protein tetramerization
equilibrium in solution. SEC-MALS data obtained mixing equimo-
lar amounts of Ni,Zn-HypA and UreE; showed the formation of a
peak with a lower retention volume, corresponding to MW = 53.4
kDa, compatible with the interaction of one UreE, dimer with one
HypA monomer (theoretical mass 52 kDa) (Fig. 1A). Such a Ni,Zn-
HypAeUreE, complex is formed also when Ni,Zn-HypA is present
in solution together with H152A-UreE, (Fig. 1D) or when UreE; is
co-eluted in the presence of Ni,Zn-L2*HypA (Fig. 1B), indicating
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Fig. 1. Molar mass distribution plot for Ni,Zn-HypA, Ni-UreE, and Ni,Zn-HypAeUreE, (A) and their L2*HypA (B), H102K-UreE, (C), and H152A-UreE, (D)
mutants as derived from size exclusion chromatography (SEC) coupled with multiple angle light scattering (SEC-MALS). The solid lines indicate the
traces from the refractive index detector after elution from SEC, and the dots are the weight-average molecular weights for each slice (measured every

half second) as calculated from the MALS data.

that both mutants maintain the ability to interact as the native
proteins, in the presence of Ni(II). On the other hand, in the case of
Ni,Zn-HypA co-eluted with the H102K-UreE, mutant, a complex
chromatogram is observed (Fig. 1C) in which the prevalent species
in solution corresponds to the Ni,Zn-HypAeH102K-UreE, complex
(MW = 49.6 kDa), together with two additional peaks that corre-
spond to the separate proteins. This indicates that the complex
partially dissociates during elution, likely because of a decreased
affinity of the protein—protein interaction caused by the H102K
mutation.

Examination of protein and Ni(lI) interactions by
ITC

All thermodynamic parameters obtained from ITC titrations
are listed in Table 1. Ni(Il) titration of either apo,Zn-HypA
(Supplementary Fig. SI-1) or UreE, (Supplementary Fig. SI-2) pro-
duced an exothermic reaction, as indicated by negative peaks
following each injection of Ni(Il) (Supplementary Figs. SI-1A and
SI-24).

A fit of the integrated heat data (Supplementary Figs. SI-1B
and SI-2B) using a single set of independent binding sites (Eqns.
1, 2) indicated the interaction of one Ni(II) ion per apo,Zn-HypA
monomer (Kp = 0.90 uM) and one Ni(II) ion per UreE, dimer
(Kp = 0.29 uM). In both cases, the enthalpic contribution is favor-
able, while the entropic contribution is positive for apo,Zn-HypA

binding and negative for UreE, binding. These results largely con-
firm the previously obtained thermodynamic parameters for Ni(II)
titrations of apo,Zn-HypA? (Kp = 0.97 uM) while they contrast
with those obtained by Sun et al. on the same protein prepared
using a different protocol®® (Kp = 14 uM). In the case of UreE,,
the value obtained for the dissociation constant agrees with those
obtained by Bellucci et al.®> (Kp = 0.15 uM) and by Yang et al.>®
(Kp = 0.53 uM) while it differs by one order of magnitude with the
value reported by Hu et al.?®> (Kp = 0.067 uM), a discrepancy possi-
bly caused by the slow protein degradation reported in the latter
study.

apo.Zn-HypA + Ni(II) < Ni,Zn-HypA (1)

UreE, + Ni(Il) & UreE, @)

Interaction of UreE, and apo,Zn-HypA in the absence of Ni(II)
also occurs with an exothermic reaction (Supplementary Fig. SI-
3A) whose thermodynamic parameters were obtained from the
fit of the integrated heat to Eqn. 3 (Supplementary Fig. SI-3B,
Table 1). The dissociation constant of this apo,Zn-HypAeUreE,
complex (Kp = 0.84 uM) confirmed the values previously obtained
by Hu et al.?*?> (Kp = 0.90 uM) and Yang et al>® (Kp = 1.2 uM).

apo,Zn-HypA + UreE; EA apo,Zn-HypAeUreE, (3)
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Table 1. Data from isothermal titration calorimetry experiments

AS
Equilibrium? Complex formed Ka (x1079) Kp (M) AH (kcal/mol) [cal/(mol'K)]  AG (kcal/mol)
Apo,Zn-HypA + Ni (GoF = 90.2 %)
1 Ni,Zn-HypA 1.11 £ 0.04 0.90 + 0.04 —0.83 +0.02 24.9 —8.23 £ 0.03
UreE, + Ni (GoF = 57.4 %)
2 Ni-UreE, 34+0.1 0.294 + 0.009 —11.58 £ 0.03 —8.98 —8.91 £ 0.03
UreE; + Apo,Zn-HypA (GoF = 69.9 %)
3 Apo,Zn-HypAeUreE, 1.19 + 0.02 0.84 + 0.01 —6.33 £ 0.01 6.56 —8.28 £ 0.02
UreE; + Ni,Zn-HypA (GoF = 58.8 %)
1 Ni,Zn-HypA 1.07 £ 0.03 0.94 £+ 0.02 —0.83 £ 0.02 24.7 —8.22 £ 0.03
2 Ni-UreE, 2.30 + 0.02 0.435 + 0.004 —11.99 + 0.02 —-11.1 —8.67 +£0.01
3 Apo,Zn-HypAeUreE, 1.28 £ 0.04 0.78 £ 0.02 —5.98 + 0.05 7.87 —8.33 £ 0.03
4 Ni,Zn-HypAeUreE, 6500 + 400 0.000154 + 0.000 009 —12.42 £ 0.02 3.22 —13.38 £ 0.03
5 Ni,Ni,Zn-HypAeUreE, 7.7 £06 0.13 £0.01 —3.31+0.03 —9.40 —9.38 +£ 0.08
H102K-UreE, + Ni,Zn-HypA (GoF = 68.4 %)
1 Ni,Zn-HypA 2.23 +0.09 0.45 + 0.02 —0.787 + 0.002 26.4 —8.66 + 0.04
4 Ni,Zn-HypAeH102K-UreE, 169+ 0.9 0.060 £ 0.003 —4.686 + 0.003 17.3 —9.86 £+ 0.05
H152A-UreE; + Ni (GoF = 47.9 %)
2 Ni-H152A-UreE, 59+5 0.017 + 0.009 —5.88 +0.02 15.8 —10.59 + 0.08
6 Ni-H152A-UreE, 1.14+02 0.909 + 0.009 —0.80 + 0.02 25.1 —8.2+0.2
H152A-UreE, + Ni,Zn-HypA (GoF = 58.4 %)
1 Ni,Zn-HypAb 111 0.90 155+ 0.09 225 82
2 Ni-H152A-UreE,b 59 0.017 —6.01 £ 0.07 15.4 —10.59
4 Ni,Zn-HypAeH152A-UreE, 16.0+£0.3 0.063 £ 0.001 —2.69 +0.01 23.9 —9.82 +£0.02
6 Ni-H152A-UreE, 1.61 £ 0.04 0.62 £ 0.01 —0.61 4+ 0.08 26.3 —8.46 £ 0.02
UreE, + Ni,Zn-L2"HypA (GoF = 45.5 %)
1 Ni,Zn-L2*HypA 0.0014 + 0.0001 710 + 50 —66+3 —206 —4.289 + 0.007
2 Ni-UreE, 3.6 £0.1 0.278 + 0.008 —11.98 £ 0.07 —8.21 —8.94 £+ 0.03
3 Apo,Zn-L2"HypAseUreE, 0.59 £+ 0.03 1.69 +0.08 —14.06 + 0.03 —20.8 —7.87 £0.05
4 Ni,Zn-L2*HypAeUreE, 19+£2 0.053 £ 0.006 —-78+£3 —228 —-9.9+01

@The first column refers to the equilibria indicated in Egns. 1-8.

®The values for K, (and Kp) were fixed for this fit, as derived from the analogous constants obtained for the single proteins.

Titration of UreE, with Ni,Zn-HypA produced an exothermic
reaction (Fig. 2A) and a multipartite binding isotherm (Fig. 2B)
similar to the one previously reported.?® In prior work, these data
were interpreted using an independent sites approach, suggesting
the occurrence of two binding events with different affinities: one
in the sub-to-low nanomole range and another in the sub-to-low
micromole range.?> This approach led to the conclusion that the
apo,Zn-HypAeUreE, complex contains a new high-affinity Ni(II)-
binding site that does not exist for the two separate proteins. How-
ever, the complexity of the system, involving several equilibria
between the three species present in solution (i.e. Ni(II), apo,Zn-
HypA and Urek)), did not allow the multipartite binding isotherm
to be attributed solely to Ni(Il) binding ?®

In this work, the data were re-analysed by considering “all” the
equilibria among the diverse species in solution, using the “global

apo,Zn-HypA + Ni-UreE,
21

apo.Zn-HypA + UreE, + Ni(Il) = Ni,Zn-HypA + UreE, = Ni,Zn-HypA e UreE, <=
+

3
apo,Zn-HypA e UreE; + Ni(II)

fitting approach” available in the AFFINImeter software.*? Using
the model builder tool of AFFINImeter, a binding scheme was con-
structed, consisting of five equilibria (Eqn. 4): (1) Ni(II) binding
to apo,Zn-HypA, (2) Ni(Il) binding to UreE,, (3) UreE, interaction
with apo,Zn-HypA, (4) UreE, binding to Ni,Zn-HypaA, (5) additional
Ni(II) binding to the ternary Ni,Zn-HypAeUreE, complex. The lat-
ter reaction makes a small contribution to the thermodynamics
but was necessary to obtain a good fit of the data. Most notably,
this binding scheme was used to simultaneously fit the binding
isotherms representing the single equilibria illustrated in Eqns. 1-
3 (Supplementary Figs. SI-1, SI-2, and SI-3), as well as the isotherm
resulting from the titration of UreE, with Ni,Zn-HypA, resulting in
the formation of the ternary complex (Fig. 2B).

2Ni,Zn-HypA e UreE
S 1,Zn-HypA e UreE,

()
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The fit derived from these equilibria reproduced the integrated
data well (Fig. 2B and Table 1). The dissociation constants of
the binary complexes derived using this global fit are consistent
with those obtained by fitting the single binding isotherms
(Table 1), and additionally indicate the formation of two binding
sites for Ni(II) in the protein complex, one with affinity in the sub-
nanomole range (Kp = 0.15 nM), which was not present in the sep-
arate proteins, and one with affinity in the sub-micromole range
(Kp = 0.13 uM). A plot of species distribution as a function of the
UreE,/apo,Zn-HypA molar ratio is reported in Fig. 2C.

To dissect the Ni(II) and protein binding events, and to investi-
gate the roles of Ni(Il) binding residues for the formation of the
Ni(II) ternary complex, titrations were replicated with forms of
UreE, and HypA in which known Ni(Il) binding residues (His102
and His152 for UreE,° and the N-terminus of HypA?®) were mu-
tated to obtain the H102K and H152A UreE, as well as the L2"HypA
(an insertion of Leu after the N-terminal Met residue) mutants. As
previously reported,” Ni(Il) titration of H102K-UreE, did not pro-
duce any heat of binding (Supplementary Fig. SI-4A), indicating of
the absence of reaction under the experimental conditions. Simi-
larly, apo,Zn-HypA titration of H102K-UreE, provided a very low
reaction heat that did not significantly change with increasing
molar ratio (Supplementary Fig. SI-4B), indicating that mutation
of His102 has a detrimental effect on the protein-protein interac-
tion when Ni(II) is not present in solution.

In contrast, Ni,Zn-HypA titration of the H102K-UreE, mutant
produced an exothermic event (Fig. 3A), indicating that the pres-
ence of the Ni(Il) ion in the system restores interactions between
the two proteins. A global fit of the data, obtained using the
AFFINImeter software as described earlier, was performed using
a modified scheme (Eqn. 5) that considers two binding equilibria:
(1) the apo,Zn-HypA interaction with Ni(II) and (4) the formation
of the ternary complex with H102K-UreE,, while it does not in-
clude the single equilibria for Ni(II) binding to H102K-UreE, or for
apo,Zn-HypA binding to H102K-UreE,, neither of which produced
significant heats of binding (Supplementary Fig. SI-4). The global
fitting procedure combined the isotherms for the interaction be-
tween HypA and Ni(II) (Supplementary Fig. SI-1) and that for the
formation of the ternary complex, resulting in the fit shown in
Fig. 3B.

apo,Zn-HypA + Ni(II) = Ni,Zn-HypA

& Ni,Zn-HypA e H102K-UreE, )
+H102K-UreE,

The dissociation constant of the Ni,Zn-HypA complex thus de-
rived is consistent with that obtained by fitting the single binding
isotherm (Table 1). This fit additionally provides a value for the
dissociation constant of the ternary complex (Kp = 60 nM), which
indicates that the H102K mutation decreases the affinity of the
ternary complex for Ni(Il) by ~400 times.

Similar experiments were conducted for the H152A-UreE, mu-
tant. Titration of this protein with Ni(II) provides an exothermic
binding (Supplementary Fig. SI-SA) as previously reported.” A fit

Ni-H152A-UreE4 + apo,Zn-HypA
6 1, +H152A-UreE,

Ni-H152A-UreE; + apo,Zn-HypA
21

using a single site binding model provided the thermodynamic pa-
rameters Kp = 640 + 20 nM, AHy1504.ni = —6.93 + 0.03 kcal mol—1,
ASuisoani = +5.09 cal mol—! K—1, confirming previous values.” As
this mutant was proven to undergo protein tetramerization upon
Ni(II) binding using SEC-MALS experiments (vide supra), the fit-
ting was performed including the dimer of dimer formation in the
model (Eqn. 6).

H152A-UreE; + Ni(II) 2 Ni-H152A-UreE,

& Ni-H152A-UreE, (6)
+H152A-UreE,

A fit performed using this approach (Supplementary Fig. SI-
SB) determined that Ni(Il) binding to the H152A-UreE, mutant
occurs (Table 1) with a dissociation constant Kp = 17 nM, while
protein dimerization features a dissociation constant one order of
magnitude lower affinity (Kp = 0.909 uM). Substitution of His152
with an alanine residue in the H152A-UreE, mutant strongly
decreases the protein affinity for apo,Zn-HypA (Supplementary
Fig. SI-6): indeed, injections of apo,Zn-HypA into a H152A-UreE,
solution generates a moderate thermal response that is observed
as negative peaks following each injection. This effect does not de-
crease with the progress of the titration, indicating either a low in-
teraction affinity (not sufficient to produce a binding isotherm) or
a non-specific effect. The titration of the H152A-UreE, with Ni,Zn-
HypA, on the other hand, revealed the restoration of protein-
protein interactions, occurring with an exothermic reaction
(Fig. 4A). A fit of the integrated heat data (Fig. 4B) was carried out
using a model that considers all equilibria present in this solu-
tion (Eqn. 7): (1) Ni(Il) binding to apo,Zn-HypA, (2) Ni(Il) binding
to H152A-UrekE,, (4) Ni(Il) binding to apo,Zn-HypAeH152A-UreE,
complex, and (6) formation of the Ni-H152A-UreE, complex.

A good fit could be obtained only by fixing the affinity constants
for the apo,Zn-HypA and of H152A-UreE, interactions with Ni(II)
to the values provided by the single isotherms (Table 1). Although
this procedure provides an interpolation curve (Fig. 4B) that is con-
sistent with the experimental data, this suggests that some other
event might occur during the titration, such as conformational
change or protein aggregation, that was not considered. The dis-
sociation constants obtained from the fit are Kp = 63 nM and
Kp = 0.62 uM for the Ni,Zn-HypAeH152A-UreE, and for the Ni-
H152A-UreE4 complexes, respectively. These values indicate that
the affinity of the high-affinity binding site for Ni(II) decreases by
two-orders of magnitude in the mutant ternary complex Ni,Zn-
HypAeH152A-UreE, relative to the WT, as also observed for the
analogous complex in the case of the H102K-UreE, mutant, the
latter featuring similar affinity for Ni(II) as the H152A-UreE; mu-
tant (Kp = 60 nM, Table 1). The value for the Ni-UreE, dissociation
constant is similar (0.62 vs. 0.91 uM) to that obtained by directly
titrating the H152A-UreE, mutant with Ni(II), indicating a good
consistency of the analysis. The concentration distribution of the
different species upon the increasing HypA/H152A-UreE, molar
ratio is shown in Fig. 3C.

H152A-UreE; + apo,Zn-HypA + Ni(II) N Ni,Zn-HypA + H152A-UreE, & Ni,Zn-HypA e H152A-UreE,

)



Titration of apo, Zn-L2*HypA with Ni(II) shows a small en-
dothermic effect indicative of the absence of metal binding or of
binding with low affinity (Supplementary Fig. SI-7A), analogous
with previous observations.?® Addition of Ni(II) to the syringe solu-
tion containing apo, Zn-L2*HypA in the titration of UreE, restores
protein-protein interactions. The exothermic peaks at the begin-
ning of the titration are initially negative, then progressively shift
to positive, indicating an ensemble of exothermic and endother-
mic effects (Fig. 5A).

Afitof theintegrated heat data (Fig. 5B) could be obtained using
a global fitting approach that contained all equilibria described in
Egn. 8, which included Ni(II) binding to either (1) apo, Zn-L2*HypA
or (2) UreE,, as well as protein-protein interaction (3) in the ab-
sence or (4) in the presence of Ni(II). The dissociation constants
obtained from the fit indicate that Ni(II) binding to the L2"HypA
mutant occurs with a three-orders of magnitude lower affinity as
compared to the WT protein. Moreover, the interaction of the two
proteins in the absence of Ni(Il) occurs with similar affinity for
the WT and the L2*HypA variant, as previously observed.”® On the
other hand, the stability of the ternary complex formed by Ni(II),
UreE; and L2"HypA is ~350 times lower as compared to that in-
volving the WT HypA.

Ni-UreE; + apo,Zn-L2*HypA
21
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the best fit model of the nickel site structure summarized in
Table 2. Single-scattering analysis of the EXAFS data of this com-
plex indicates a nickel site composed of N/O-donor atoms in a
six-coordinate geometry (Supplementary Table SI-1), which is also
consistent with the coordination number/geometry determined
from the XANES analysis (vide supra). Systematic splitting of the
single shell of six-coordinate N/O atoms into two different shells
corresponding to N/O atoms at two different distances did not im-
prove the fit (Supplementary Table SI-1).

Multiple-scattering pathways were then added to account for
the features in the FT-EXAFS spectra arising from second and
third coordination sphere scattering atoms of coordinated His
imidazole ligands using a rigid five-membered ring with a sin-
gle adjustable Ni-N distance, as previously described.®?3:3> Ad-
dition of multiple-scattering pathways from single shells of one
to five His imidazole ligands with o = 0°, 5° or 10°, along with
one shell of one to five N/O donors and totaling six ligands were
examined.

Fits that included three or four imidazole ligands resulted in
lower R-factors and reduced x? values and had acceptable Debye-
Waller factors (0?). However, none produced a fit with R < 5%,

UreE, + apo,Zn-L2*HypA + Ni(Il) = Ni,Zn-L2* HypA + UreE, — Ni,Zn-L2* HypAeUreE,

3l
UreE,eapo,Zn-L2*HypA + Ni(II) (8)

The concentration distribution of the different species that oc-
curs upon increasing the L2*HypA/UreE, molar ratio, shown in
Fig. 5C, indicates that the amount of the ternary complex in so-
lution remains minor, while the major species that forms is Ni-
UreE,, consistent with the much lower affinity of L2*HypA for
Ni(II) as compared to UreE,.

Ni(II)-protein interactions examined by XAS

NiK-edge XAS was used to probe the structure of the high-affinity
Ni(II) site in the Ni,Zn-HypAeUreE, complex at pH 7.2 and pH 6.3.
X-ray absorption near edge structure (XANES) analysis can pro-
vide information regarding the coordination number/geometry
and oxidation state of the metal-complexes.®® Ni(Il) complexes
show features associated with high-energy electronic transitions
in the pre-edge XANES region of XAS spectra.®® These transitions
involve the promotion of a Ni 1s electron to either the 3d manifold
(1s — 3d), which occurs near 8331 eV, or to a 4p, orbital (1s — 4p,),
which occurs near 8336 eV.°

XANES analysis on the nickel site of Ni,Zn-HypAeUreE, com-
plex at pH 7.2 show a small 1s — 3d feature at 8331.6 eV (Fig. 6)
with a peak area of 0.035(2) eV?. This peak area coupled with
the absence of any feature near 8336 eV is consistent with a six-
coordinate distorted octahedral geometry®° Similarly, the XANES
of the Ni(Il) site in the Ni,Zn-HypAeUreE, complex at pH 6.3 also
shows a small 1s — 3d feature at 8331.6 eV (Supplementary
Fig. SI-8) with a peak area of 0.036(2) eV?, and is also consistent
with a six-coordinate nickel site.

Analysis of the EXAFS region of the XAS spectra of metal-
complexes provides information on the identity of ligand-donor
atoms (Z + 1) around the metal center, the M-L distances (+0.024A),
as well as a second measure of coordination number (+ ~20%).°!
The Ni K-edge EXAFS spectrum of the Ni(II) site in the Ni,Zn-
HypAeUreE, complex is shown in Fig. 6, with the fits leading to

a criterion for a good model. Splitting the single shell of N/O scat-
terers in models with three to four His ligands resulted in mod-
est improvements in R-factor but produced negative values of o
for N/O shells (Supplementary Table SI-1). In contrast, splitting
the shell of imidazoles into shells with different « angles dra-
matically improved the fits and produced fits with acceptable R-
factors (<5%) and Debye-Waller values. The fit containing three
N/O donors and three His ligands produced the best fit: three His
imidazole ligands (one with a Ni-N distance of 2.07 A and « =
0° and two with Ni-N = 2.09 A and « = 10°) and three other N/O-
donor ligands with an ave. Ni-N/O distance of 2.03 A. The progres-
sion leading to this fit is shown in Table 2. Similar attempts to split
the single shell of four imidazoles into two or three different shells
resulted in an alternative fit that has a slightly better R-factor but
features a less acceptable Debye-Waller factor. (Table 2). Attempts
to add additional second-coordination sphere C-scattering atoms,
as might be ordered by backbone amide N-coordination and the
formation of five-membered chelate rings, led to poorer fits (R-
factor).

The Ni K-edge XAS spectrum of the Ni(II) site in the Ni,Zn-
HypAeUreE, complex at pH 6.3 (Supplementary Fig. SI-8) is nearly
superimposable with that obtained at pH 7.2 (Supplementary
Fig. SI-9), indicating that the structure of the site is not greatly
altered by this pH change. The analysis of the EXAFS for the Ni-
site in the Ni,Zn-HypAeUreE, complex at pH 6.3 (Supplementary
Fig. SI-8) was performed as described for the pH 7.2 sample (vide
supra) and also reveals six N/O-donor ligands (Supplementary Ta-
ble SI-2) and leads to a best fit model featuring three N/O scat-
terers and three imidazole ligands at similar distances. However,
unlike the fits to the spectra obtained at pH 7.2, splitting the shell
of three imidazoles did not improve the fit and resulted in neg-
ative Debye-Waller factors (Supplementary Table SI-2). The best
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Fig. 5. Ni,Zn-L2*HypA titration of UreE,. (A) Heat response for injections
of 0.412 mM apo, Zn-L2*HypA into 27.5 uM UreE,. (B) Integrated heat
data of the titration as a function of apo, Zn-L2*HypA/UreE, molar ratio.
The continuous line represents the best fit (GoF = 45.5%) obtained with
a model involving a global fit according to Eqn. 8. (C) Concentration
distribution of the different species occurring during the titration
described in (B), calculated using the thermodynamic parameters
obtained from the fit and the binding model described by Eqn. 8.

Fig. 4. Ni,Zn-HypaA titration of H152A-UreE,. (A) Heat response for
injections of 0.45 mM Ni,Zn-HypA into 30 uM H152A-UreE,. (B)
Integrated heat data of the titration as a function of
Ni,Zn-HypA/H152A-UreE, molar ratio. The continuous line represents
the best fit (GoF = 58.4%) obtained with a model involving a global fit
according to Eqn. 7. (C) Concentration distribution of the different
species occurring during the titration described in B), calculated using
the thermodynamic parameters obtained from the fit and the binding
model described in Eqn. 7.
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Fig. 6. Ni K-edge XAS of the Ni,Zn-HypAeUreE, complex at pH 7.2. Top:
XANES spectrum Inset: Pre-edge feature associated with a 1s — 3d
electronic transition (The baseline for area calculation is shown by the
red dotted line.) Bottom: The Fourier-transformed (FT window = 2.0-12.5
A—1) EXAFS spectrum (black line) and best fit from Table 2 (red line).
Inset: Unfiltered k3-weighted EXAFS spectrum and calculated best fit
model.

model featured three N/O scatterers at 2.04 A and a single shell of
three imidazole ligands with average Ni-N bond distance of 2.13
A at an a-angle 10°, and R = 4.9%.

Zn K-edge XAS was used to characterize the Zn(Il)-site of HypA
in the Ni,Zn-HypAeUreE, complex at pH 7.2 (Supplementary Fig.
SI-10; Supplementary Table SI-3) and 6.3 (Supplementary Fig. SI-
11; Supplementary Table SI-4). The EXAFS analysis on the Zn-site
is consistent with four S-donor ligands with average Zn-S dis-
tances of 2.32(2) A at both pH 7.2 and 6.3.
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Table 2. Selected EXAFS fits for the Ni-site in the Ni,Zn-
HypAeUreE, complex at pH 7.22

Shell r (4) 02(x1073A-2) AE, R-factor Red. x>
6 N/O 2.08 (1) 4(0) 1) 172 214.18
5 N/O 2.08 (1) 6(1) 0(1) 102 144.00
1Im0° 2.09 (1) neg

4N/O 2.07 (1) 5(2) 1(1) 81 114.11
2 Im0° 2.09 (1) 2(2)

3N/O 2.08 (1) 2(1) 1(1) 66 93.18
31mo° 2.09 (2) 6(2)

2 N/O 2.08 (1) 0(1) 0(1) 54 76.39
41mo° 2.08 (2) 8 (1)

1N/O 2.08 (1) neg 0(1) 53 76.04
5 Im0° 2.08 (1) 8 (1)

3N/O 2.06 (1) 2(1) 0(1) 65 91.57
31m5° 2.10 (2) 5(2)

3N/O 2.04 (1) 4 (1) 0(1) 53 74.76
31m10° 2.10 (1) 2(0)

3N/O 2.03 (1) 7 2) 2(1) 3.6 59.44
1Im0° 2.07 (1) 1(2)

2 Im10° 2.09 (1) 1(1)

2N/O 2.03 (2) 3(2) 01) 34 55.9

2 Imo° 2.09 (3) 7 (3)

2 1m10° 2.09 (1) 0(1)

2The best fit is shown in bold.

neg = a negative value; parameters shown in red are unacceptable.

Errors indicated by numbers in parentheses represent uncertainties estimated
by Artemis and are the changes in variables required to generate an increase in
x?2 of the value of reduced x?.

Protein and Ni(lI) interactions by NMR
spectroscopy

The 950 MHz *H,"> N HSQC spectrum of apo,Zn-HypA (Fig. 7A), re-
porting the previously published assignment,®? is not perturbed
by the presence of 1 mM TCEP, so that all the following discus-
sion refers to spectra obtained in its absence. In this spectrum,
the signals of Metl and His2 are not visible: the N-terminal NHs*+
group of Met1 disappears because of fast exchange with the wa-
ter signal, while the NH signal of His2 might undergo conforma-
tional exchange phenomena that broaden its line width beyond
detection.

The spectrum of the apo,Zn-HypAeUreE, complex, containing
>N-labeled HypA and unlabeled UreE, and pre-purified by SEC,
is shown in Fig. 7B and reveals three main types of modifications
as compared to the spectrum of isolated apo,Zn-HypA: some sig-
nals are not perturbed, some are only slightly shifted, and others
are completely erased. Mapping the three types of signals on the
NMR structure of apo,Zn-HypA®? allowed us to conclude that the
Zn-binding domain of HypA (residues 72-103), whose signals are
not affected upon complex formation, is not involved in the inter-
action of HypA with UreE,, while essentially all of the Ni-binding
domain (residues 1-68 and 107-117) features either a small recog-
nizable shift or a large change in the H-N peak frequency. These
perturbations are not localized on a distinct surface patch of the
Ni-binding domain, but are generally spread throughout the do-
main, suggesting that significant structural perturbations are gen-
erated upon complex formation, which, even though likely involv-
ing a specific region, are allosterically transmitted to the whole
domain.

Addition of one equivalent of Ni(II) to the preformed apo,Zn-
HypAeUreE, complex (Fig. 7B) has the effect of making the
amide NH signals of Ser9, Met39, and Glu103 as well as the side
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Fig. 7. 950 MHz 'H,">N HSQC spectra of apo,Zn-HypA (A, blue) and of the purified apo,Zn-HypAeUreE, complex (B, red). In panel A, the labels refer to
the signals of residues of HypA that disappear in the spectrum of the complex with UreE,, while in panel B the labels indicate the residues of HypA
that are unperturbed or only slightly shifted upon interaction with UreE,. In panel B, the spectrum of the Ni,Zn-HypAeUreE, complex is also shown in

green.

chain -NH, signals of Asn105, disappear. These residues are lo-
cated well within 10 A of the N-terminal Ni-binding site on HypA,
so that this effect can be attributed to the paramagnetism of the
Ni(II) ion. The concomitant disappearance of Gly89, located on a
loop in the Zn-binding domain and far from the Ni-binding site,
could be caused by some undefined long distance allosteric mod-

ification, although mutation of Gly89 to Ala did not affect the de-
livery of Ni to urease, nor was it found to affect acidic viability in
Hp.62

The interaction between Ni,Zn-HypA and UreE, was then in-
vestigated using 'H NMR spectra tailored for the observation of
signals of residues bound to the Ni(II) center and affected by its
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Fig. 8. 'H NMR spectra (400 MHz) of (A) Ni,Zn-HypA in H,O (red) and D,0 (gray), together with the *H NMR spectra of the corresponding selectively
deuterated forms (°H Met in orange, ?H Asp in blue, H His in green and ?H Glu in purple). The assignment of signals belonging to His2 is shown.
Panel B shows the 'H NMR spectrum of Ni,Zn-HypA in the presence (red) and absence (black) of excess Ni.

paramagnetism. The spectrum of Ni,Zn-HypA (Fig. 8A) contains
eight hyperfine-shifted signals (A-H) in the range from +80 to
—20 ppm, arising primarily from contact and pseudo-contact
shifts involving a single high spin (S = 1) Ni(II) center coordi-
nated to the N-terminal Metl N atom, the amide N atoms of
His2 and Glu3, and to an imidazole N atom of His2, with addi-
tional ligands filling the octahedral coordination environment of
the metal ion coming from the side chain carboxylate of Glu3 and
possibly a water molecule.?®-%? These signals have previously been
tentatively assigned based on their chemical shift, linewidths,
longitudinal relaxation times, temperature dependence, field de-
pendence, solvent-exchange phenomena, and mono-dimensional
NOE (Nuclear Overhauser Effect) experiments.®?

In order to resolve some ambiguous assignments, we recorded
the spectra of samples in which the putative Ni-binding amino

acids had been selectively deuterated. No change in the para-
magnetic 'H NMR spectra of Ni,Zn-HypA containing deuterated
methionine or aspartate residues could be observed (Fig. 8A), thus
excluding Asp40 from the coordination sphere of Ni(II), in contrast
to previous hypotheses,®>% as well as excluding any contribu-
tion of Met1 nuclei to the spectrum. On the other hand, the spec-
trum of HypA containing selectively deuterated histidines (Fig. 8A)
shows that signals B, D, and G are essentially obliterated, indicat-
ing unequivocally that these signals belong to non-exchangeable
protons of His2; concomitantly, the D,O-exchangeable signal A is
assigned to either H81 or He?2 of the side chain imidazole of the Ni-
bound His2. Considering the relatively larger linewidth of signal B
as compared to that of signal D, and the fact that signal D features
a significant NOE with signal A2 it can be concluded unambigu-
ously that His2 must be bound to Ni(II) through its imidazole N§1
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Fig. 9. 'H NMR spectra (400 MHz) of Ni,Zn-HypA in H,O (red), Ni-UreE, (orange), Ni,Zn-HypAeUreE, (cyan), Ni,Zn-HypAeH102K-UreE, (green),
Ni,Zn-HypAeH152A-UreE, (blue), and Ni,Zn-L2*HypAeUreE, (brown). The corresponding spectra of the same proteins in D,0O are shown in dark gray.

atom (Fig. 8A). In this way, signal A is assigned to He2, signal B to
the ortho-like He1, broadened by dipolar interactions because of
its proximity to Ni(II), and signal D to the meta-like Hé2, which
experiences a smaller dipolar broadening because of its relatively
larger distance from Ni(Il). This assignment can be extended to
signal G: the previously described lack of NOEs between signal G
and any other signal assigned to His2%? indicates that it belongs
to either Ha or a HB of the side chain of His2.

The intensities of signals C, E, and H show a significantly
decreased intensity in the NMR spectrum of HypA containing
deuterated glutamate residues (Fig. 8A), indicating that they be-
long to the Ni-bound Glu3. This assignment is consistent with
the observation of significant NOEs among signals C, E, and H in
the NMR spectrum of WT Ni,Zn-HypA %2 confirming that they be-
long to the same residue. The fact that they are not completely
abolished is interpreted as an indication that the cell-free pro-
tocol used to produce this deuterated sample did not fully in-
hibit the transaminase activity, yielding only a partially, and not
fully, deuterated sample as confirmed by mass spectrometry anal-
ysis (Supplementary Fig. SI-19). This is evidenced by the coexis-
tence of several species, distributed broadly between two main
peaks (13 242 and 13 268 Da) corresponding to partially deuter-
ated samples (—35 and —9 Da as compared to the theoretical
mass for the sample with fully deuterated glutamate residues,
that is 13 277 Da), suggesting that there are multiple species par-
tially deuterated. The relatively higher NOE intensities between
signals C and H as compared to the NOEs involving signal E®? sug-
gests that signals C and H belong to the two Hy geminal methy-
lene proton pairs of the Glu3 side chain, while the much sharper
and less shifted signal E can be safely assigned to a vicinal HB
of Glu3, respectively. The different linewidth of the signals of the
two geminal protons could be explained by a conformation of the
side chain of Glu3 that brings one of the two protons closer to

the Ni(II) center with respect to the other proton. These experi-
ments showed also that signal F is not affected by deuteration of
residues located in the coordination environment of Ni(II) in the
Met-His-Glu (MHE) N-terminal motif of HypA. Considering that
the intensity of signal F positively correlates with a broad signal
A’ found at 115.6 ppm, belonging to a non-exchangeable proton
and observable only when an excess of Ni(Il) is added to the pro-
tein (Fig. 8B), it can be concluded that signals A’ and F are related
to protons belonging to Cys14 and Cys58, found closely spaced in
the Ni-binding domain. These residues are potentially able to bind
an additional Ni(II) ion using their thiolate side chains. Indeed, HB
signals of Ni(II)-bound cysteines are typically broad and observed
above 100 ppm®% consistent with signal A’, while the sharper
and upfield-shifted signal F might be assigned to a cysteine Ha
proton.

The 'H NMR spectra of Ni,Zn-HypA, Ni-UreE,, the Ni,
Zn-HypAeUreE, protein complex, and of the complexes formed
between Ni,Zn-HypA and H102K-UreE, or H152A-UreE,, or be-
tween Ni-L2*HypA and UreE, (Fig. 9) were essential to investi-
gate the interaction of Ni,Zn-HypA with UreE,. In contrast to
the well-defined hyperfine-shifted *H-NMR spectrum observed
for Ni,Zn-HypA (Fig. 9), the Ni-UreE, dimer reveals only a broad
solvent-exchangeable envelope centered near 63 ppm and a very
broad overlapping envelope of non-exchangeable resonances cen-
tered near 55 ppm (Fig. 9). These signals have been assigned to
the exchangeable H-N§1 and non-exchangeable H§2 and He1 res-
onances of the two Ni-bound His102A and His102B imidazole
rings.®” At variance with Ni,Zn-HypA, the absence of another rel-
atively sharp non-exchangeable resonance is consistent with the
coordination of Ni(II) by the imidazole Ne atom, in agreement with
crystallography and XAS results.®

The spectrum of the Ni,Zn-HypAeUreE, WT protein complex
(Fig. 9) exhibits a broad peak centered at ca. 67 ppm consisting of



exchangeable histidine imidazole H-N§1 or H-Ne2, in addition to
underlying non-exchangeable resonances (H§2 or He1). The inten-
sity of the exchangeable resonances indicates coordination of the
Ni(II) center in the protein complex by several His imidazole side
chains, and is consistent with the EXAFS analysis that estimates
the presence of three-four imidazole ligands (vide supra).

In addition, two non-exchangeable resonances are observed at
38 and —19 ppm, which are absent in the spectrum of Ni-UreE,
and correspond well to Ni,Zn-HypA signals D and H, assigned to
His2 Hé2 (signal D) and to a Hy of Glu3 (signal H) in Ni,Zn-HypA.
The concomitant absence of a signal corresponding to resonance
Cin Ni,Zn-HypA, assigned to the geminal Hy partner of signal H,
poses the question of the substantial larger broadening that af-
fects signal C in the complex so that it is no longer visible, while
signal H is slightly sharper than in the H102K-UreE, mutant com-
plex above (from 970 to 900 Hz). This could be attributed to a mod-
ification of the metal-to-proton distances of the two Glu3 Hy pro-
tons, which in turn could be caused by a variation of the Chi3
dihedral angle of the side chain of Glu3 (i.e. the dihedral angle
Ni-Cs-Cy-Hy, see Discussion).

The hyperfine shifted 'H-NMR spectrum of Ni,Zn-
HypAeH102K-UreE, mutant (Fig. 9) is very similar to that
obtained for the Ni,Zn-HypA protein, indicating that the coordi-
nation of the Ni(Il) ion in HypA is not modified upon formation
of the mutant complex, and that the presence of the pairs of
His102A, B in the UreE, dimer is crucial for the formation of
the Ni-binding site in the WT complex. The linewidths of the
resonances observed in the Ni,Zn-HypAeH102K-UreE, complex
are however significantly larger than in HypA alone (Fig. 9). The
mere increase of the rotational correlation time of the larger
protein complex (from 8 to 30 ns) is not sufficient to justify the
ca. two-fold increase of the observed linewidths (see the quanti-
tative treatment of the paramagnetic effects on relaxation in the
Supplementary Information), while the data can be reasonably
fitted by considering an electronic correlation time of 8 x 10-1!
s, slightly larger than that in Ni,Zn-HypA complex (5 x 10-1!
s). Such an increase of the electronic relaxation rate could be
explained with a slight change in the coordination geometry of
Ni(IT) without significantly affecting the chemical shifts because
the hyperfine constants are not modified.

The hyperfine-shifted 'H-NMR spectrum obtained for the
Ni,Zn-HypAeH152A-UreE, complex does not closely resemble the
spectra obtained from either the HypA or UreE, Ni(Il) complexes
(Fig. 9). At least four solvent exchangeable imidazole HN reso-
nances are observed for a protein complex that has only three
of the original imidazole residues (a pair of His102 residues from
UreE, and the His2 residue from HypA). Based on the species dis-
tribution obtained by the analysis of the ITC data (Fig. 4C), we
suggest that these signals might arise from a mixture of Ni,Zn-
HypAeH152A-UreE,, Ni-H152A-UreE, and Ni-H152A-UreE,, possi-
bly coordinated to a mixture of Ne and Né imidazole atoms, with
some residual Ni,Zn-HypA.

The insertion variant L2*HypA was also used to form a complex
with UreE, and examined by NMR (Fig. 9). The fact that L2*HypA
forms a Ni,Zn-L2*HypAeUreE, protein complex is confirmed by
SEC-MALS, and that the protein complex binds Ni(Il) is estab-
lished by ITC (Table 1 and in Hu et al.?®). However, the hyperfine
spectrum obtained for this complex contains none of the non-
exchangeable proton resonances associated with HypA, and the
remaining broad resonances resemble those of the Ni(II) complex
of UreE,. This result indicates that Ni(II) is bound solely to UreE,
in the complex formed between L2*HypA, and is consistent with
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the large decrease in Ni(Il) binding affinity in the L2*HypA variant
(vide supra).

Computation of the structural model of the
Ni,Zn-HypAeUreE, complex

Based on all the available experimental evidence, a viable struc-
tural model of the Ni,Zn-HypAeUreE, protein complex was calcu-
lated. The structural modelling procedure consisted of two steps:
an initial model of the apo,Zn-HypAeUreE, protein complex was
generated by using a procedure that takes advantage of two state-
of-the-art approaches, namely AlphaFold2*? and RoseTTAFold*;
these algorithms yielded excellent results in the most recent
CASP14 experiment® and were also applied to model proteins in-
volved in the import/export of Ni(II) ions through cellular mem-
branes.®’ Subsequently, a model of the Ni-binding site located at
the interface between HypA and UreE, was constructed through
a data-driven procedure already used in the case of other metal-
loproteins involved in the activation of urease*® or nickel binding
transcriptional regulators. *4:4°

The best model structure of the apo,Zn-HypAeUreE, complex
is reported in Fig. 10A (see Supplementary Figs. SI-12-15 for more
details on the generated models). Both HypA and UreE, are well-
modelled and show structures nearly identical to the available
experimental NMR and X-ray crystal structures, respectively (see
Supplementary Fig. SI-16 for a comparison). The main differences
are the presence, in the UreE, model, of the C-terminal regions
that were not observed in the crystal structure because of disorder
in the solid state, and a slightly different orientation of the HypA
Zn-binding domain caused by the flexible unstructured linker re-
gion between the Zn- and the Ni-binding domains. In this model,
HypA interacts with the UreE, dimer in two regions: (i) the N-
terminal a-helix that is in close contact with the Ni(II) binding re-
gion of UreE,, specifically with the His102A and His102B from both
UreE monomers, and (ii) the g-sheet located in the Ni-binding do-
main, which is found to interact with one of the C-terminal tails
of UreE, and results in an extended B-sheet. Such an extended
intermolecular B-sheet is also present in all the other apo,Zn-
HypAeUreE, model structures (see Supplementary Figs. SI-12-15),
even though the involved UreE, C-terminus is different in each
model (in one case, both C-terminals of UreE, are engaged in the
interaction with HypA). This result suggests an unanticipated role
for the UreE, C-terminal regions in stabilizing the protein—protein
complex. In agreement with the 'H,">N HSQC NMR spectrum dis-
cussed earlier (Fig. 7), the HypA Zn-domain does not appear to
be involved in the formation of the complex with the UreE, dimer.
Interestingly, the calculation of the model structure of the apo,Zn-
HypAeUreE, complex without including the C-terminal regions of
UreE, (residues 152-170) results in a completely different struc-
ture thatis inconsistent with the experimental NMR observations.
This model features larger portions of HypA, including the Zn-
domain, involved in the protein—protein interaction, and the N-
terminal region of HypA no longer poised to build a Ni(II)-binding
site in correspondence to the His102A and His102B residues on
UreE, (Supplementary Fig. SI-17), highlighting the importance of
the elongated C-termini.

In the modelling of the Ni-binding site in the Ni,Zn-HypAeUreE,
complex, the metal ion was restrained to binding the Ne atoms
of His102A and His102B from both UreE, monomers, in agree-
ment with the crystal structure of the Ni-bound UreE,®, in ad-
dition to the backbone N atoms of His2 and Glu3, the imidazole
N§ of His2 and the carboxylate Oe1 atom of Glu3 on the HypA
side, with distances taken from the XAS data analysis (Table 3),
while no restraints were added to constrain a specific coordina-
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His102B

Fig. 10. (A) Ribbon diagram and molecular surface of the apo,Zn-HypAeUreE, complex model structure. HypA is in light blue, while UreE, monomers
are in yellow and orange. Residues involved in Ni(II) binding are in sticks, colored according to the atom type. (B) Data-based model of the
Ni(Il)-binding site located at the interface between HypA and UreE,. The Ni(II) ion is shown as a green sphere, while the coordination bonds are

indicated with yellow dashed lines.

Table 3. Distances, angles, and dihedral constraints used in the
modelling of Ni-HypAeUreE,. All constraints in the form mean + 1
standard deviation

Constrained atoms Distance (A)

Ni(II)-His2(HypA,N) 2.00 £+ 0.05
Ni(II)-His2(HypA, Né) 2.10 £ 0.05
Ni(II)-Glu3(HypA,N) 2.00 + 0.05
Ni(1I)-Glu3(HypA,Oe1) 2.00 + 0.05
Ni(II)-His102(UreE,Ne) 2.10 £+ 0.05

Bonded atoms Constrained atoms Angle (degrees)

Ni(II)-His2(HypA,N) Ni(II) His2(N)-Met1(C) 120 £ 10
Ni(IT)-His2(N)-His2(Ca) 120 + 10
Ni(Il)-His2(HypA, N§)  Ni(II)-His2(Ns)-His2(Cy) 120 + 10
Ni(II)-His2(Ns)- HlsZ(Cs) 120 + 10
Ni(IT)-Glu3(HypA,N) Ni(IT)-Glu3(N)-His2(C 120 £ 10
Ni(1I)-Glu3(N)- GluB(Ca) 120 + 10
Ni(I)-Glu3(HypA,Oe1)  Ni(Il)-Glu3(Oe1)-Glu3(Cs) 109 + 5
Ni(II)-His102(UreE,Ne)  Ni(II)-His(Ne)-His(C8) 120 + 10
Ni(1I)-His (Ne)-His(Ce) 120 + 10
Bonded atoms Constrained atoms Dihedral (degrees)
Ni(II)-His2(HypA,N) Ni(II) His2(N)-Met1(C)-Met1(O) 180 + 10
Ni(II)-His2(HypA, Né) Ni(IT)-His(Né)-His(Ce)-His(Ne) 180 + 10
Ni(II)-His(N$)-His(Cy)-His(Cs) 180 + 10
Ni(II)-Glu3(HypA,N) Ni(II)-Glu3(N)-His2(C)-His2(0) 180 + 10
Ni(1l)-His102(UreE,Ne)  Ni(Il)-His(Ne)-His(Ce)-His(Ns) 180 + 10
Ni(I)—His(Ne)-His(C8)-His(Cy) 180 + 10

tion geometry around the metal ion. In Fig. 10B the result of the
metal site modelling procedure is shown: the Ni(II) is coordinated
to the six ligands, spontaneously assuming a slightly distorted
octahedral coordination geometry (root mean square deviation
with respect to an ideal coordination geometry = 0.336 A). The
Ni(II) ion is bound to the HypA His2 imidazole ring N§ atom, and
to the Ne atoms of the imidazoles of the UreE, His102 residues,
consistent with the hyperfine-shifted NMR results (vide supra). The
remaining ligands are provided by the His2 and Glu3 amide N-
donors, and the Glu3 sidechain carboxylate. The Ni-bound His
imidazole ligands are in a fac configuration with the His2 imida-
zole ring trans to the side chain of HypA Glu3, which in turn is cis
with respect to the amide N atoms of HypA His2 and Glu3. The
analysis of the structure did not reveal any distortion from the

ideal geometries for the residues involved in the metal binding.
With respect to the model structure of the apo,Zn-HypAeUreE,
complex previously calculated, a slight unfolding of the HypA
N-terminal helix is observed, possibly to allow the formation of
the Ni(I)-binding site. Indeed, the flexibility of the N-terminal he-
lix had already been described by atomistic molecular dynamics
calculations carried out on apo,Zn-HypA.5?

An alternative model of the Ni(Il)-binding site in the Ni,Zn-
HypAeUreE, complex, generated by including the N-terminal ni-
trogen atom from HypA Met1 as a nickel ligand and excluding the
backbone N atoms from HypA Glu3, resulted in steric clashes in-
volving several atoms of Glu3 (see Supplementary Fig. SI-18 in the
Supplementary Information). The latter clashes can be removed
only through the denaturation of the initial ten HypA residues, a
result that is not supported by experimental evidence or molecu-
lar dynamics simulations.®?

Computation of the Ni-site in the
Ni,Zn-HypAeUreE, complex and in Ni,Zn-HypA
On the basis of the previously achieved model of the Ni,
Zn-HypAeUreE, complex, derived on the basis of restrained
molecular mechanics calculations, a computational model of the
Ni-site was derived and geometry optimized by using DFT com-
putations. The geometry of the optimized model (Fig. 11A) does
not change significantly from the more approximate model ob-
tained through homology modelling, confirming the reliability
of the present prediction. The Ni(Il) coordination geometry is
octahedral with only small distortions (RMSD from an ideal oc-
tahedral geometry = 0.150 A).

From this model of the Ni-site in the Ni,Zn-HypAeUreE, com-
plex, two tentative model structures of the nickel-binding site of
HypA were generated. In the first model, the two histidine residues
from the UreE dimer were removed and the conformation of HypA
Met1 was changed manually in order to bring the N-terminal ni-
trogen in the vicinity of the Ni(II) ion. The optimized structure of
such a model (Fig. 11B) resulted in a quite distorted octahedral
Ni(Il) coordination geometry (RMSD = 0.341 A) where the Glu3
carboxylate is bound in a bidentate fashion to the Ni(II) ion.



(A)
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Fig. 11. B3LYP/G 6-31(p, d) with diffuse functions on all atoms optimized
geometries of the Ni-site in the Ni,Zn-HypAeUreE, complex (A) and in
Ni,Zn-HypA (B and C). Atoms are colored according to atom type and
coordination bonds are reported using dashed yellow lines.

Finally, we considered an alternative model for the Ni(II) site in
HypA, which included the presence of a water molecule as Ni(II)
ion sixth ligand. The result of the geometry optimization of this
HypA Ni-site model are reported in Fig. 11C. In this model, the
Ni(II) coordination geometry is less distorted than in the model
involving a bidentate Glu3 carboxylate group (RMSD = 0.196 A).

These models were then used to explain some features of the
paramagnetically shifted NMR signals. The spectrum of Ni-HypA
(Figs. 8 and 9) features signals C and H, assigned to a geminal Hy
pair of Glu3, displaying different linewidths, suggesting two differ-
ent nickel-proton distances. In the DFT-optimized model of holo-
HypA containing a bidentate mode for Ni(II) coordination by Glu3
these distances are 4.2 and 4.4 A, while in the model featuring a
bound solvent molecule, the distances are 4.6 and 4.7 A. A quan-
titative analysis of the paramagnetic transverse relaxation (see
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Supplementary Information and Supplementary Fig. SI-21) sug-
gests that a slight variation of the Chi3 dihedral angle for Glu3
with respect to the model calculated in vacuo is sufficient to bring
the yCH, protons at distances from Ni(II) compatible with the ob-
served linewidths. Similarly, the linewidths of signals C and H in
the Ni,Zn-HypA-(H102K)UreE, mutant complex (Fig. 9), in which
Ni(Il) is retained by HypA because of the mutation of the nickel-
binding residues on UreE,, a similar treatment suggests again that
a minor rotation of Chi3, together with an minor increase of the
electronic relaxation time, allows the reproduction of the experi-
mental linewidths. Finally, in the NMR spectrum of Ni,Zn-HypA-
UreE, (Fig. 9), signal C disappears while signal H is still visible and
actually decreases its linewidth. Assuming 3 kHz as a threshold
limit for signal detection, using the same quantitative treatment
of the nuclear relaxation as mentioned earlier, these observations
support a rotation of the Chi3 angle by ca. 40° with respect to the
model calculated in vacuo. In all these cases, the difference of this
geometric parameter between the theoretical model and the ex-
perimental data can be justified by the presence of the protein
scaffold surrounding the Ni(II)-binding site.

Discussion

A unique feature of nickel trafficking in Hp is the use of the met-
allochaperone HypA to mediate Ni incorporation in two distinct
enzymes, urease and hydrogenase.'®-'! In general, metallochaper-
ones are able to transfer the specific metals required for enzyme
active sites via formation of specific protein-protein complexes.*
In the case of [NiFe]-hydrogenase, a complex formed between
HypA and the apo-large subunit of the hydrogenase heterodimer
appears to be involved in Ni incorporation®. For urease, the analo-
gous transfer is mediated by UreE,.8’° The requirement of a sec-
ond metallochaperone in the delivery of Ni to urease suggests the
involvement of additional protein complexes, as well as perhaps
implying a higher degree of control over the process. Indeed, an
interaction between HypA and UreE, has been shown to be re-
quired for maturation of urease'? and a protein-protein complex
was previously described as consisting of one HypA molecule and
one UreE, dimer.?> This complex was found to bind Ni(II) many or-
ders of magnitude tighter than either the HypA or UreE, proteins,
implying the existence of a unique Ni(Il)-binding site formed in
the protein complex.? The focus of this work is to more fully char-
acterize and elaborate the structure of the HypAeUreE, complex
and the novel high-affinity Ni(II) site in the protein complex and
elucidate mechanistic details of Ni binding.

The protein-protein interactions and the Ni-binding affinities
of the complexes formed between WT- and L2*-HypA proteins and
UreE, protein and His102/152 UreE, variants were assessed by a
combination of SEC-MALS and ITC experiments that were inter-
preted using a global fitting model that takes into account five
equilibria (Eqn. 4). This method allowed each equilibrium involved
in processes of forming Ni,Zn-HypAeUreE, to be examined and
the effects of protein modifications on individual equilibria to be
assessed. The results shown in Table 1 allow several observations
to be made:

(i) The SEC-MALS data show that the protein complexes form
regardless of mutations in the Ni(Il)-binding site (Fig. 1),
although the affinity of the proteins (Table 1) is weakened
in the Nisite variants (e.g. apo, Zn-L2*HypAeUreE, (Kp = 1.7
uM) vs. apo,Zn-HypAeUreE, (Kp = 0.8 uM). Therefore, the
Ni ligands are not critical for protein complex formation.
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(ii) Apo, Zn-HypAeUreE, contains a novel high-affinity Ni-
binding site with a Kp of about 0.15 nM that is not present
in either component protein. The sub-nanomole Kp indi-
cates that the apo,Zn-HypAeUreE, protein complex binds
Ni much tighter than either of the component proteins
(Kp = 0.9 and 0.3 mM for HypA and UreE,, respectively).
The values of Kp obtained for HypA and UreE, are char-
acteristic of metallochaperones in general, which typically
feature values of Kp in the uM range.?® The sub-nanomole
value Kp observed for Ni,Zn-HypAeUreE, is more charac-
teristic of Ni-responsive transcriptional regulators, such as
InrS (Kp ~ 10~ M)?” and suggests a different function for
the protein complex.

(iii) Mutations involving metal-binding ligands in the compo-
nent proteins (the HypA N-terminal amine in L2¥, His102
and His152 in UrekE,) significantly weaken the Ni affinity of
the novel Ni-binding site in the protein complex (Table 1).
This result shows that ligands from both component pro-
teins are involved in forming the high-affinity binding site
in apo,Zn-HypAeUreE,; and indicates that the high-affinity
site forms at a protein—protein interface.

The robust formation of the Ni,Zn-HypAeUreE, allowed for
isolation and characterization of Ni,Zn-HypAeUreE,. HypA is a
small, elongated protein that contains an intrinsic Zn-binding
site associated with two CXXC sequences near the C-terminus
and a Ni-binding site located at the N-terminus.®? The Zn-binding
domain is composed of a B-structure and is connected to the
larger Ni-binding domain by a flexible linker®? The Ni-binding
domain is composed of two «-helices and a three-stranded par-
allel/antiparallel g-sheet.®? 'H,”>N HSQC spectra at 950 MHz of
labeled HypA protein in the apo,Zn-HypAeUreE, complex (Fig. 7)
show that the Zn binding domain is not involved in forming the
protein complex. In contrast, many perturbations are found in
the Ni-binding domain. This result is consistent with analogous
experiments carried out using a form of HypA mutated at the
N-terminus and containing a Gly-Ser extension,” demonstrat-
ing that the protein-protein interaction does not depend greatly
on the N-terminus of the HypA polypeptide. This observation is
also consistent with the studies of the L2*-HypA variant (involving
an insertion of Leu between Metl and His2) that greatly weak-
ens Ni(Il) binding to HypA (by a factor of > 700, Table 1) and
the HypAeUreE, complex (by a factor of ~400),% but affects the
protein-protein interaction to a much smaller extent (Table 1
and reference®). A potential explanation for the global structural
changes in the Ni-binding domain of HypA in apo,Zn-HypAeUreE,
observed by NMR, as well as for the insensitivity of the protein-
protein interaction to the HypA N-terminal sequence, was ob-
tained from computational modelling of the apo,Zn-HypAeUreE,
complex with AlphaFold2*° and RoseTTAFold.** The resulting
models show that the N-terminal Ni-binding site of HypA con-
tacts the dimer interface of UreE, near to the known Ni-binding
ligands—a pair of His102 residues—and that the rest of the protein
is locked in the embrace of the UreE, C-terminal sequence, which
forms additional strands of B-sheet with the HypA Ni-binding do-
main three-stranded B-sheet (Fig. 10A).

Structural characterizations of the metal sites were performed
on the isolated Ni,Zn-HypAeUreE, protein complex by XAS. These
studies revealed that the Zn site in Ni,Zn-HypAeUreE, is a
Zn(SCys)y site that is unperturbed from that found in HypA pro-
tein alone? in agreement with the NMR results and computa-
tional models that show that the Zn-binding domain is not in-
volved in the formation of the complex (vide supra). The interfacial

Nisite in Ni,Zn-HypAeUreE, was shown to be a six-coordinate dis-
torted octahedral site composed of three or four His imidazole lig-
ands and totaling six O, N-donor ligands (Table 2 and Fig. 6). Given
the odd number of His ligands available in the metal-binding sites
of the two component proteins, the data are most consistent with
three His imidazole ligands, His2 from HypA and a pair of His imi-
dazole ligands from the UreE, dimer that are assigned to a pair of
His102 ligands on the basis of the ITC and NMR results (vide infra).

Further structural details regarding the Ni site in NiZn-
HypAeUreE, were obtained by NMR. The HypA protein exhibits
eight hyperfine-shifted signals (A-H) in the range from +80 to
—20 ppm (Fig. 8). These signals had previously been assigned to
amino acid residues based on their chemical shift, linewidths, lon-
gitudinal relaxation times, temperature dependence, field depen-
dence, solvent-exchange phenomena and NOEs, that left some
assignments ambiguous, particularly those that might be due to
Met1, Glu3, or Asp40 «- or methylene-protons.®? The spectrum of
Ni,Zn-HypA was re-examined using HypA samples that contained
selectively deuterated amino acids. This confirmed the assign-
ments of signals A, B, D and G to His2 protons, and allowed the un-
ambiguous assignment of signals C, E, and H to Glu3 (Fig. 8A). No
signals were found to be associated with Met1 or with Asp40. This
is not surprising for Met1 bound by the N-terminal amine,?* con-
sidering that the paramagnetism of the bound Ni(Il) is expected
to obliterate the signals of both the terminal amine protons as
well as the Ha proton of Metl, broadened beyond detection be-
cause of decreased relaxation time; moreover, this also indicates
that Asp40 is not a ligand for Ni(II). The consideration of Asp40
as a ligand derives from its inclusion as a carboxylate O-donor
in the Ni site based on NMR studies of a HypA complex modi-
fied with an N-terminal Gly-Ser extension ®® This extension of the
N-terminus in HypA induces the formation of an artefactual pla-
nar and diamagnetic Ni(II) site, instead of a now well-established
pseudo-octahedral metal-binding site in the WT protein, which
causes the Ni(Il) ion to be paramagnetic.?®%2 Thus, the involve-
ment of Asp40, while consistent with the disappearance of NMR
signals near Asp40,%? is likely an artifact of the structural alter-
ation of the Ni site in the N-terminally modified HypA protein. The
combination of XAS structural information and this NMR data
lead to a structure for the Ni complex in HypA that involves liga-
tion by the N-terminal amine of Met1, the imidazole N§ and amide
N of His2, the side-chain carboxylate and amide N of Glu3, and
one O/N-donor lacking any hyperfine-shifted *H-NMR resonances
that is consistent with a water-derived ligand or the presence of a
bidentate Glu3 carboxylate.

The hyperfine-shifted *H-NMR of the Ni,Zn-HypAeUreE, com-
plex (Fig. 9) reveals several resonances that are analogous to those
assigned to His imidazole ligands in HypA and UreE,, including
signal D. The observation of signal D confirms that the HypA
His2 ligand is present in the high-affinity Ni-binding site of the
complex and that its coordination mode is unaltered from the
HypA site. The increase in the intensity of the envelope of reso-
nances corresponding to solvent-exchangeable protons assigned
to N-H protons of His imidazole ligands relative to signal D is
consistent with the presence of three His imidazole ligands found
in the EXAFS analysis (vide supra). The identity of the two ad-
ditional His imidazole ligands in Ni,Zn-HypAeUreE, was con-
firmed by the hyperfine-shifted NMR spectrum of the Ni,Zn-
HypAeH102K-UreE, variant, which exhibits resonances only from
HypA ligands.

Notably absent from the spectrum of HypAeH102K-UreE, is
signal C, assigned to a methylene proton in the Glu3 side chain.
At first glance, the absence of signal C might suggest that the



Glu3 carboxylate has been lost as a Ni ligand in the protein com-
plex. This would be consistent with the substitution of this lig-
and and the putative water-derived ligand by the pair of UreE,
His102 residues and the retention of all other HypA ligands,
including the N-terminal amine, which cannot be detected by
NMR nor unambiguously assigned by EXAFS analysis. However,
signal H is still present in the hyperfine-shifted NMR spectrum of
Ni,Zn-HypAeUreE, and has been assigned to a methylene proton
on Glu3 that is geminal to the proton giving rise to signal C on the
basis of an NOE measurement.®? This fact argues for retention of
the Glu3 carboxylate in the HypAeUreE, complex. The disappear-
ance of signal C can be explained as arising from a reorientation of
the methylene protons (as might accompany a bidentate to mon-
odentate conversion) such that the proton giving rise to signal C
is much closer to the Ni center in the HypAeUreE, complex than
in HypA, leading to dipolar line broadening to the extent thatitis
no longer detected.

The inclusion of the Glu3 carboxylate in the Ni,Zn-HypAeUreE,
complex requires that some other ligand is lost in addition to sub-
stitution of water (or change in carboxylate coordination). This
ligand must lack any observable hyperfine-shifted *H-NMR sig-
nal. Based on the structure of the Ni(II) site in the HypA protein,
three possibilities exist: the Met1 amine, the His2 amide N atom,
or the Glu3 amide N-atom. The lack of perturbation of any reso-
nances associated with His2 in Ni,Zn-HypAeUreE, relative to the
HypA complex argues for retention of the His2 amide N-donor,
which enforces the N§ coordination of the His2 imidazole. The
fact that Ni-binding affinities are greatly reduced and the struc-
tures of the Ni sites are altered in both the L2*-HypA complex and
in Ni, Zn-L2*-HypAeUreE, argues for retention of the Metl amine
in Ni,Zn-HypAeUreE,. In the case of HypA, the L2* insertion de-
creases Ni binding affinity (Table 1), prevents nickelation of ure-
ase in vivo, and causes the structure to become five-coordinate
and adopt a low-spin (diamagnetic) electronic configuration.?? In
Ni, Zn-L2*-HypAeUreE,, the affinity of the Ni site is also decreased,
and the hyperfine-shifted NMR resembles that of Ni-UreE,, con-
sistent with the loss of coordination of HypA ligands and the com-
plete transfer of Ni(II) from HypA to UreE, in the protein complex.
However, inclusion of the N-terminal amine in Ni,Zn-HypAeUreE,
and dissociation of the Glu3 amide N atom is not compatible with
the modelling results, given the attendant constraints (vide supra),
which support only the dissociation of the N-terminal amine in
Ni,Zn-HypAeUreE,.

The details of how of Ni,Zn-HypAeUreE, functions in the mat-
uration of Hp urease remain incomplete. In other organisms, the
presence of UreE, is sufficient to provide Ni(II) to the urease matu-
ration pathway by delivering Ni to UreG (a soluble GTPase involved
in the urease maturation process) via the heterodimeric Ure(GE),,
forming a UreG dimer with an interfacial Ni(Il) site.>#” Ni-UreG,
then completes nickelation of apo-urease via a ternary Ure(DFG),
protein complex.”?”3 In Hp, while UreE;, is a requirement for ure-
ase maturation, the process also requires HypA under physio-
logical conditions.* NMR-based results show that no complex
is formed between Ni,Zn-HypAeUreE, and UreG (Supplementary
Fig. SI-20), suggesting that UreE, can interact with either HypA
or UreG, but not both simultaneously, presumably because both
complexes involve the same UreE, interface that comprises the
conserved His102A, B on the homodimer surface. HypA is known
to acquire Ni(Il) from HypB, which in turn acquires the metal ion
from a complex formed by the ABC-importer NiuBDE and SlyD.474
It is possible that Ni(II) acquired by this specific uptake pathway
is unavailable to UreE, until HypA acquires Ni(II) from HypB and
performs a handoff to deliver Ni(II) to UreE,. However, the very
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tight binding of nickel in the HypAeUreE, complex would require
a specific mechanism to either transfer Ni(II) to UreE, and release
HypA, or somehow decrease the affinity of the complex so that
Ni(Il) is available to the urease maturation pathway. It is possible
that Ni,Zn-HypAeUreE, plays a role in inhibiting nickelation of the
large amount of apo-urease present under neutral conditions un-
til the other urease chaperones are ready for correct Ni(II) incorpo-
ration. In addition, the HypAeUreE, complex might also provide a
targeted pool of Ni(II) for rapid urease activation under acid stress,
when all the urease apparatus is ready for Ni(II) delivery.

Conclusions

The results presented here characterize a protein complex formed
between HypA and UreE, that contains a single high-affinity (sub-
nanomolar Kp) Ni(II)-binding site and presumably represents the
key interaction between UreE; and HypA that is required for mat-
uration of urease in Hp. This novel Ni(II) site is located at the inter-
section of the UreE, dimer interface and the rigorously conserved
MHE N-terminus of HypA, and is supported by extensive inter-
actions between the component proteins in the absence of Ni(II).
The Ni(II) complex is hexa-coordinated and therefore high spin
(S = 1), and draws on ligands from both component proteins. Di-
rect evidence for the inclusion of the HypA His2 imidazole, Glu3
carboxylate and a pair of His102 imidazole ligands from UreE, was
obtained from XAS and hyperfine-shifted NMR studies. The ad-
dition of the two His ligands from UreE, requires substitution of
two ligands from the HypA complex. Biochemical studies are most
consistent with retention of the N-terminal amine of Met1, sug-
gesting the loss of the Glu3 amide N-donor.?*:2> However, molec-
ular modelling indicates that the N-donors from both His2 and
Glu3 are retained, and that the Metl N-terminal amine present
in Ni,Zn-HypA dissociates in forming the Ni,Zn-HypAeUreE,
complex.

Supplementary material

Supplementary data are available at Metallomics online.
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