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ARTICLE INFO ABSTRACT

Keywords: Helicobacter pylori (Hp) is a Gram-negative human pathogen that relies on the nickel enzymes urease and [Ni,
Helicobacter pylori Fe]-hydrogenase for gastric colonization. Delivery of Ni(II) to the active sites of these enzymes is mediated by the
HypA

metallochaperone HpHypA, which contains a high-affinity structural Zn(Il) site and a lower-affinity Ni(II) site, in
two distinct domains. Although the NMR solution structure of the apo form Zn-HpHypA is known, the impact of
Ni(II) binding on the structure remains unclear. Here, NMR '°N relaxation experiments have been applied to
probe the backbone internal dynamics and the rotational diffusion of Zn-HpHypA and Ni,Zn-HpHypA. Residue-
resolved model-free analysis revealed broadly similar ps-ns backbone motional amplitudes in the apo and holo
states. In contrast, Ni(Il) binding increased rotational diffusion, indicating a reduced hydrodynamic radius and a
shift toward a more compact conformational ensemble. These observations support a model in which Ni(II)
binding generates a delivery-competent protein structure by narrowing the accessible conformational distribu-
tion during partner recognition. Previously, calorimetric data reported on the interaction between HpHypA and
the urease metallochaperone homodimeric HpUreE;, which showed micromolar Ni(II) binding to HpHypA but
the emergence of a sub-nanomolar, strongly exothermic Ni site in the HypAeUreE; complex. The observed nickel-
induced ensemble compaction determined by solution NMR spectroscopy provides a plausible physical basis for
Ni-dependent conformational switching to promote high-affinity protein-protein recognition.

Nickel metallochaperone
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Protein dynamics
Model-free analysis
Rotational diffusion

1. Introduction

Nickel is an essential cofactor for several enzymes in Helicobacter
pylori (H. pylori, Hp) [1-5], most notably urease and [Ni,Fe]-hy-
drogenase, which are critical for the bacterial colonization and persis-
tence within the gastric mucosa [6-10]. The centrality of Ni(II) to these
pathways creates a stringent homeostatic challenge: intracellular free
nickel is both scarce and potentially toxic [11], so that H. pylori must
couple nickel acquisition to highly controlled intracellular trafficking,
buffering, and targeted delivery to enzyme maturation systems [12-25].
The logic of minimizing uncontrolled Ni(II) reactivity while ensuring
efficient transport to the correct proteins implies that nickel metabolism
in H. pylori is governed not only by thermodynamics, through the

protein-metal ion affinity, but also by kinetic control and regulation of
macromolecular interactions dynamics.

A central component of this metal-trafficking network is H. pylori
HypA (HpHypA), a nickel metallochaperone required for assembly of
both urease and [Ni,Fe]-hydrogenase [10,12-14,26-28]. In particular,
HpHypA interacts with the homodimeric nickel chaperone UreEy,
involved in the activation pathway of urease, and with the large subunit
HyhL of the hydrogenase heterodimer [10], and is thus placed at a
crossroad for the activation of key enzymes for H. pylori metabolism.

HpHypA contains two metal sites with distinct roles (Fig. 1): a high-
affinity structural Zn(II) site, made of four conserved cysteine residues
that stabilizes the protein fold, and a distinct, lower-affinity Ni(II) site
associated with nickel delivery to downstream maturation partners and
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Fig. 1. Structure of Zn-HpHypA. The protein is shown as a “sausage” repre-
sentation of the NMR ensemble (PDB code: 6G81), colored by secondary
structure elements (a-helices colored red, p-strands colored cyan, and loops/
turns in white/gray). Tube thickness is scaled to residue specific RMSD of the
Ca atoms. The structural Zn(II) ion is shown as a blue sphere and coordinating
Cys74, Cys77, Cys91, and Cys94; the Ni(I)-binding residues Met1, His2, Glu3,
and Asp40 are also shown (side chains shown as ball-and-stick and colored
according to the CPK code). The position of helix-1 and helix-2 is also indicated.
Figure made with Chimera [33]. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

eventually to the target enzymes [29-32]. While the solution structure
of wild-type apo Zn-HpHypA has been determined [31] the structural
and dynamic consequences of Ni(II) binding to obtain the holo form (Ni,
Zn-HpHypA) remain unclear. Therefore, understanding how Ni(II)
binding influences the structure and dynamics of HpHypA is crucial for
elucidating its mechanism of nickel delivery. Site-directed mutagenesis
experiments coupled with spectroscopic evidence indicate that the
amine N atom of Met1, the amide N atom of His2 and Glu3, as well as the
side chain imidazole N of His2 and the carboxylate O atoms of Glu3 and
Asp40 (the latter residue located on the beginning of helix-2 facing the
N-terminus), are the residues composing the Ni(II)-site in wild-type
HpHypA [13,27,28,31] (Fig. 1).

Delivery of Ni(II) is necessarily a transient, multi-step process: Zn-
HpHypA must bind Ni(Il), avoid off-pathway sequestration, engage
specific partners, and promote metal transfer without globally destabi-
lizing its fold. This logic parallels the stepwise, intermediate-mediated
transfer mechanisms and enthalpy-entropy compensation described
for other metallochaperone systems such as, for example, involved in
copper trafficking [34-37] and nickel-dependent transcription regula-
tion [38,39]. These steps imply the existence of an ensemble-based
mechanism in which the protein samples multiple substates that differ
in metal coordination geometry, accessibility of ligands, and engaging of
interaction surfaces, with metal binding redistributing these populations
toward delivery-competent configurations while tuning the enthalpy/
entropy partitioning of subsequent recognition and transfer steps
[36,40-42]. Therefore, the relevant question is how Ni(II) binding re-
shapes the energy landscape of Zn-HpHypA to balance stability with the
controlled plasticity needed for protein-protein interactions, potentially
by modulating conformational populations and internal dynamics while
redistributing enthalpic and entropic contributions to binding
[36,40-48].

Solution NMR spectroscopy is uniquely positioned to address this
problem because it can explore proteins as dynamic molecules in solu-
tion, providing residue-specific observables that connect structural fin-
gerprints to motion over a wide range of timescales [43,49,50] and,
critically, enabling quantitative links between internal dynamics and
conformational entropy contributions to molecular recognition
[46-48,51]. Chemical shifts [52] and line shapes [50] sensitively detect
changes in local environments and population redistribution even when
the overall fold is largely maintained, whereas nuclear spin relaxation
measurements quantify the motional degrees of freedom that underlie
conformational selection, induced fit, and exchange between substates
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[40-42,44,46]. In particular, backbone 15N relaxation experiments (R;,
Ry, and 'H—'°N NOE) probe internal motions in the pico-to-
nanoseconds time scale through their dependence on the spectral den-
sity function, and can also detect micro-to-milliseconds conformational
exchange contributions that often accompany binding-competent in-
terconversions [50,53-55]; these relaxation-derived parameters provide
a practical route to mapping changes in internal flexibility and esti-
mating corresponding shifts in conformational entropy [46-48,51].
Moreover, these observables provide means for separating internal dy-
namics from overall tumbling and for defining global rotational diffu-
sion parameters, enabling a joint description of local flexibility and
molecular hydrodynamics [50,51,56,57]. Backbone 5N relaxation
probes motions across a broad range of timescales: R; predominantly
reflects molecular motions in the fast timescale (ps-ns), corresponding to
frequencies near the 1°N Larmor frequency (wy), whereas R is sensitive
to both fast motions and slow (ps-ms) processes, including chemical
exchange (R.,); steady-state heteronuclear NOEs are sensitive to very
fast motions and decrease in the presence of fast (nanosecond) dynamics
and even faster (picosecond) fluctuations [58,59]. The combined anal-
ysis of Rj, Ry, and NOE therefore provides a comprehensive view of
backbone mobility from picoseconds to milliseconds.

In this study, these strengths of NMR spectroscopy were used to
quantify how Ni(II) binding influences the conformational ensemble,
dynamics, and hydrodynamic properties of Zn-HpHypA. °N relaxation
data for both Zn-HpHypA and Ni,Zn-HpHypA were analyzed using the
extended Lipari-Szabo model-free formalism together with rotational
diffusion tensor optimization to obtain residue-specific order and global
tumbling parameters. By integrating residue-level dynamics information
with global rotational diffusion behavior, this approach revealed how Ni
(II) binding modulates the dynamics of HpHypA by inducing a more
compact protein conformational ensemble without altering the internal
dynamics. These observations support a model in which metal-induced
conformational selection enhances the specificity and efficiency of Ni
(ID) trafficking in H. pylori, thus providing a mechanistic framework for
understanding how H. pylori achieves specific and efficient Ni(II) de-
livery to urease and [Ni,Fe]-hydrogenase despite metal scarcity and
toxicity.

2. Materials and methods
2.1. Protein production and purification

Uniformly '°N-labeled Zn-HpHypA ([U—'°N] Zn-HpHypA) was
expressed and purified as previously described [31]. NMR samples
contained ca. 1 mM [U—'°N] Zn-HpHypA in 20 mM HEPES (pH 7.2),
200 mM NaCl, 1 mM TCEP, and 10% D50 (“NMR buffer”). For holo
samples, 1.1 equivalents of Ni(II) were added to Zn-HpHypA as a
concentrated NiSO4 solution in the same buffer. Samples were flash-
frozen in liquid nitrogen, stored at —80 °C, and thawed immediately
before measurement. Throughout this work, the term Zn-HpHypA (apo)
refers to the purified protein containing one equivalent of Zn(II) and no
other metal ions, as verified by inductively coupled plasma optical
emission spectroscopy (ICP-OES) using a previously described method
[60]. The term Ni,Zn-HpHypA (holo) denotes the protein additionally
bound to one Ni(II) equivalent.

2.2. Determination of 1°N relaxation parameters

Backbone N NMR relaxation experiments were performed to
determine longitudinal (R; = 1/T;) and transverse (Ry = 1/T2) relaxa-
tion rates, together with the steady-state heteronuclear 'H—!°N NOE
(denoted NOE hereafter). Data were acquired for both Zn-HpHypA and
Ni,Zn-HpHypA at 16.44 T (corresponding to a LArmor frequency of
700.13 MHz). All experiments employed phase-sensitive pulse se-
quences using gradient coherence selection (echo/antiecho-TPPI) with
proton decoupling during acquisition [54,58]. Specifically, R;, Rz, and
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Fig. 2. 'H,"N HSQC spectrum of apo-HpHypA at 900 MHz at pH 7.2. The spectrum shows the relative positions of the peaks, each representing a N—H pair of the
amides in the protein main chain. Assignments of individual peaks are shown as labels containing the single letter amino acid code and the corresponding residue
number. The peak positions are relative to the 'H and '°N chemical shift scales of the w1 and w2 dimensions, respectively (ppm scales). The pairs of signals cor-
responding to the amide groups of glutamine/asparagine residues are also shown, with lines linking the HD21/HE21 (left peak) and the HD22/HE22 (right peak)

proton signals.

NOE data were collected, respectively, using the Bruker pulse programs
hsqctletf3gpsi.2 (which employs 'H 180° pulses in place of continuous
wave composite pulse decoupling), hsqct2etf3gpsi.large (which allows
delays as short as 8.48 ms and further incorporates temperature
compensation blocks [61] to improve thermal stability and reproduc-
ibility by applying “no-load” CPMG-T: cycles for all delays shorter than
the longest one acquired, thereby equalizing the RF duty cycle across the
entire experiment set), and hsqcnoef3gpsi. R; rates were obtained using
ten relaxation delays from 10 to 1600 ms. R rates were measured using
Carr-Purcell-Meiboom-Gill (CPMG) spin-echo relaxation delays (ten
points) ranging from 8.48 and 169.60 ms. For both R; and R, experi-
ments, a recycle delay of 3.5 s was used. NOE values were obtained from
paired HSQC spectra recorded with and without 'H pre-saturation (3 s);
a 6 s recycle delay was applied.

All spectra were processed with TopSpin 4.5.0 (Bruker) using a
consistent set of parameters (window functions, zero-filling, apodization,
phasing, and referencing). Published assignments for both Zn-HpHypA
and Ni,Zn-HpHypA [31] were used. Peak intensities were extracted using
Dynamics Center 2.8.8 (Bruker). R; and R; rates were obtained by fitting
signal intensity decays to a two-parameter single-exponential model
using a combination of Simplex and Levenberg-Marquard algorithms.
Uncertainties were estimated by Monte Carlo simulations (95% confi-
dence level). NOE values were calculated as the ratio of saturated to non-
saturated spectral peak intensities; intensity uncertainties were derived
from the standard deviation of the baseline noise.

2.3. Model-free analysis of NMR relaxation data

A quantitative analysis of backbone dynamics was performed to
determine the amplitude and timescale of motions in both Zn-HpHypA
and Ni,Zn-HpHypA. The analysis used the extended Lipari-Szabo model-
free formalism [53,62,63] together with the Abragam-Redfield treat-
ment of 1°N relaxation [64] (Egs. 1-3). In this framework, the experi-
mental observables R;, Ry, and IH—15N NOE are expressed as linear
combinations of five spectral densities J(w;) (s), which quantify the in-
tensity of motion-induced magnetic field fluctuations at ® = 0, oy, wn,
and wy+wpy, and of an additional term R, (s™1) that contributes to Ryand
accounts for ps—ms conformational-exchange broadening (Egs. 1-3).

Ry (s") = dlJ(on — wn) + 3J(wn) + 6J(wy + on) | + c[J(on) ] (€))

Ry(s7™") :g [4J(0) + J(wy — wn) + 3J(wn) + 6J(wy) + 6J(wg + o) | @
+é [4J(0) + 3J(wn) ] + Rex

lzn:NOE: l+7—H%;UNH:d[6J(wH+wN)7J(wH7wN)] 3

Iy v R

In these expressions, d and ¢ are the dipolar (*H-°N) and N
chemical shift anisotropy (CSA) interaction constants, respectively:
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Fig. 3. Backbone 15N relaxation parameters (NOE, R;, R, and R,/R;) for Zn-
HpHypA (red dots) and Ni,Zn-HpHypA (blue dots), measured at 16.4 T. Values
are plotted along the HpHypA sequence for assigned backbone amides. Error
bars represent 95% confidence intervals from Monte Carlo analysis. Missing
values correspond to unassigned or undetected resonances, including Ni(II)-
proximal sites broadened in the holo state. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

-2 _1 Ho 27H27N2h2
a7 =5 (Ge) " @

Journal of Inorganic Biochemistry 282 (2026) 113350

1.0 - ey . r ’. o ® o* . .
w'et> l. & F '.‘. . K ®
L% ..’...\..'. B ~~' Y 0'#."- ‘.'.‘..\.”.|~
. ” - >~ 0 . P e ¢ ‘a.
- ) " o ]
t(\b . . . .:. F 4
0.5 Se
- d
0.0 T T T T T T T
40
304 .
L
)
= 20
x
[
= :
10~ .
. . . :
4 ° s e .o e . :
ot \'
. ‘ ""' v‘ * e ". 0.‘ fv e "-._
5,000
4,000
D 3,000
=
= 2,000
1,000 S * L ’.o.f' H LN - ®e
“ A
.-...o Q.’. ... .:.\ ‘..dih }“::.\./.
0 'x Is T T § eeae T 7 -
10 20 30 40 50 60 70 80 20 100 110

Residue Number

Fig. 4. Model-free parameters for Zn-HpHypA (red) and Ni,Zn-HpHypA (blue).
Top: residue-wise backbone order parameters (S?) reporting the amplitude of
ps—ns internal motions. Middle: exchange contributions to transverse relaxation
(Rex, 5 1) reporting ps-ms dynamics Bottom: internal correlation times (z,, ps)
for residues where inclusion of a fast internal timescale was supported by model
selection. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

2np 2

c(s?) = v 20 20 303 ad® (5)

Constants used in the relaxation calculations were: pp = vacuum
magnetic permeability = 41 x 10”7 T; 7 = reduced Planck constant =
1.0545718 x 1034 Js; yyy = 'H gyromagnetic ratio = 2.675221-10% T~!
s’l; YN = 15N gyromagnetic ratio = —2.71262-107 T! sil; vy = N-H
bond length = 1.02:107!° m; A0 = axially symmetric >N CSA = —172
ppm. The heteronuclear cross-correlation rate oy (s’l) depends only on
d and J(wy + wn) and therefore provides sensitivity to fast (ps—ns) N—H
vector motions through the steady-state NOE: reduced ony associated
with increased ps—ns mobility yields lower NOE enhancements. The
parameter that is normally used to report the heteronuclear “NOE” is
actually (1 —-NOE): if the N—H bond is rigid, the cross correlation rate oy
is more efficient, resulting in higher NOE values (I<ly, I/Ily<1 and
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Fig. 5. Ribbon diagram of the NMR ensemble of Zn-HpHypA (PDB code 6G81)
colored according to the relaxation parameters (red: residues affected by a low
!H—'°N HOE, orange: residues affected by conformational exchange and
measurable Ry; cyan: residues affected by low S? values). The position of the N-
and C-terms, as well as the Zn atoms are indicated. Figure made with PyMol
2.6.2 (The PyMOL Molecular Graphics System, Schrodinger, LLC). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

“NOE’$1); if the N—H bond features mobility in the ps-ns timescale, the
cross correlation rate oyy is less efficient, leading to a lower NOE value
(I < Ip,I/I, < 1and “NOE" < 1); if the N—H bond is highly flexible in this
timescale, the NOE is further reduced (I > I, I/I, > 1, and “NOE " < 0).

Each spectral density J(w) was modeled using Lorentzian terms
describing overall tumbling and internal motion. This treatment yields
the overall rotational correlation time z,,, the effective correlation time
7, for ps-ns internal motions, and the generalized order parameter 9,
which reports the spatial restriction of the N—H bond vector. S? ranges
from 1 for a rigid vector to O for complete disorder; in the cone model,
S = 1(3cos’0 —1). The relationships between the spectral density
functions and the 7, 7., and S? parameters depend on the symmetry of
the diffusion tensor (isotropic, axially symmetric or semi-isotropic, or
anisotropic). For isotropic tumbling, the spectral density function is
given by Eq. 6:

%1, N (1-8%r,
{1 ¥ (wif,,,)z] [1 n (wmf]

J(w;) = % (6)

with 77! = 7'+ 7. L. This expression can be extended [63] to include fast
and slow internal motions with order parameters Sy and S; (with s? =
Sfosf, Eq. 7). For isotropic rotation, 7, is related to the isotropic rota-
tional diffusion coefficient D, ) by 7, = 1/(6D;).

S2 - SZ T 2 2
( f )2 :75}2 SsT"l 2+
1+ (wr) 5 1+ (0tm)

2 S1,
J(w) ==
(@) 5 1+ (wzn)?

¢ —sz>1>

1+ (wr)?
)

Most proteins are not isotropic, and they tumble anisotropically by
rotating along each axis with different correlation times. This behavior
can be described by a diffusion tensor (a symmetric 3 x 3 matrix) with
principal components Dyy, Dyy, and D, (with Dyx < Dyy < Dy,) as di-
agonal elements [65]. In the fully anisotropic case, the spectral densities
become weighted sums over five correlation times 7; with weights A;:

sy (1-8)s

(8)
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where T'j’l = Tfl—&- 75 land the 7j and A;j are combinations of Dyy, Dy,
D;; [65]. The values of Dyy, Dyy, and D, determine the anisotropy and
the rhombicity of the ellipsoid, so that if Dy, ~ Dy, < D,;, the tensor is
axially symmetric, in which case the spectral density functions reduce to
a sum over three terms:

£ (-8
1+ (wiTj)2 1+ (am'})z

3
(o) = %s}- 34 ©)
=

The diffusion tensor is additionally defined by the orientation of its
principal axes (Euler angles) relative to a molecular reference frame,
typically taken from an atomic structure [66]. Accordingly, extraction of
Tm» Te, and S2, and Rey from Ry, Rz and NOE data requires determination
of the rotational diffusion model and its tensor parameters.

Model-free analysis was performed in Dynamics Center 2.8.8
(Bruker) using the NOE/T;/T2 model-free module in a stepwise pro-
cedure. Rigid N—H vectors were first identified by excluding residues
with NOE < 0.65 (fast local motions), residues showing evidence of
conformational exchange (characterized by T, < T, — o, where ¢ is the
standard deviation), and residues affected by anisotropic tumbling (as
diagnosed by (Tz —T3)/T2 > (T1 —T1)/T1) [56,66]. This selection
yielded 56 and 41 residues for Zn-HpHypA and Ni,Zn-HpHypA, respec-
tively. An initial isotropic 7, value was then estimated by fitting R2/R;
ratios for these residues using simplified forms of the relaxation equa-
tions, neglecting R,y and assuming that J(w;) depend only on isotropic
tumbling [58]. The resulting isotropic 7, values were 9.71 + 0.77 ns for
Zn-HpHypA and 8.38 + 0.61 ns for Ni,Zn-HpHypA. These values were
used as starting guesses for fitting the diffusion tensor, which requires
knowledge of N—H bond orientations; these were derived from the
medoid NMR structure of Zn-HpHypA [31]. The tensor parameters (Dyy,
Dyy, D;; and Euler angles) were optimized by minimizing the discrep-
ancy between observed and predicted Rz/R+ ratios. The principal diffu-
sion components and derived quantities are reported in Table 1 and
indicate a prolate diffusion tensor for both protein forms, consistent with
the solution structure [31].

The diffusion tensor parameters thus obtained were used to perform
residue-specific fits to R;, Ry, and NOE using the tensor model-free
models implemented in Dynamics Center (TM1-TM5), which differ in
the internal motions terms included: TM1 fits S* only; TM2 fits s%and Te;
TM3 fits S% and Rey; TM4 uses S2, 7, and Rey; TM5 is an extended model in
which internal motion is represented by a fast component (Sf, with ¢
approximated to zero) and a slower component described by $? and 7.
Because the correlation times 7; are linear combinations of the diffusion
tensor components, these residue-specific fits also refine the diffusion
tensor. For each residue, Dynamics Center attempted all TM1-TMS5 fits
and rejected failed optimizations or non-physical solutions (e.g., 0 < S? <
1, non-negative Ry, or violations of constraints such as S? > S2 for TM5).
Dynamics Center thus reported a residue-specific Akaike Information
Criterion (AIC) value for each candidate model; however, because AIC
can be strongly influenced by experimental uncertainties (particularly by
errors in NOE values), a conservative model-selection procedure was
applied that combined the AIC with Dynamics Center's asterisk fit-quality
indicator. Specifically, when one or more models were marked with an
asterisk (indicating that the fitted R; and Rz values reproduced experi-
mental values within 2% error) the selected model was the simplest
among the starred solutions (i.e., TM1 preferred over TM2/TM3, and
TM2/TM3 preferred over TM4/TM5); ties were resolved by choosing the
lower AIC within that subset. If no starred model was available, the
minimum-AIC model was identified, and the final choice was taken as the
simplest model within AAIC <2 of that minimum. Model-free parameters
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were extracted from the selected model for each residue; S was obtained
for all successful fits, whereas R, and 7, were available only when
included in the selected model (TM3/TM4 for R,,; TM2/TM4 for z,). The
resulting residue-wise parameters were assembled for Zn-HpHypA and
Ni,Zn-HpHypA and plotted as functions of residue number to visualize
changes in backbone dynamics upon Ni(II) binding (Fig. 4).

3. Results

The availability of the assignments of *H,'®>N HSQC spectra for both
Zn-HpHypA (Fig. 2) and its holo-form Ni,Zn-HpHypA [31] enabled a
residue-specific comparison of the backbone dynamics in the two met-
alation states. Backbone °N R;, R,, and NOE values at 16.4 T for
Zn-HpHypA and Ni,Zn-HpHypA are shown in Fig. 3. Relaxation pa-
rameters were determined for 114 residues in the apo-protein and 102
residues in the holo-protein. Resonances near the Ni(I) site in the holo-
protein were broadened beyond detection, consistent with paramagnetic
relaxation enhancement as previously reported [31].

A qualitative inspection of the relaxation profiles (Fig. 3) allowed the
identification of global trends and localized dynamic features (Fig. 5).
For Zn-HpHypA, the mean NOE values 0.70 + 0.09 indicate a largely
rigid backbone on the ps-ns timescale. As expected, substantially
reduced NOEs are observed at the C-terminal tail, consistent with
enhanced flexibility. Additional regions of reduced NOEs include resi-
dues 55-60 (connecting helix a2 to strand p2), and residues 81-93 (the
long loop between strand 4 and strand (5), suggesting localized fast
dynamics in these segments. These flexible regions are also present in Ni,
Zn-HpHypA, which displays essentially invariant mean NOEs (0.70 +
0.10), indicating that Ni(II) binding does not significantly affect fast
backbone mobility. Across most of the sequence, R; values are relatively
uniform in both metalation states, consistent with a dominant contri-
bution from overall tumbling. In Zn-HpHypA (mean R; = 1.22 + 0.13
s1), helix a2 (residues 41-54) shows slightly reduced R values relative
to the mean, suggestive of a locally more restricted backbone; this region
is not observable in Ni,Zn-HpHypA (mean R; = 1.29 + 0.12 s7!) due to
Ni-induced line broadening. R, values (mean R; = 15.4 + 3.6 and 13.3
+ 4.1 s7! for apo and holo protein) are similarly broadly uniform across
the protein sequence in both Zn- and Ni,Zn-HpHypA. Consistently, most
residues display relatively uniform values of the Ry/Rj ratio along the
sequence (mean Ry/R; = 12.8 + 3.4 and 10.4 + 3.4 for apo and holo
HpHypA, respectively), again indicative of relaxation dominated by
overall tumbling and local fast motions. However, the region spanning
residues 58-60, linking helix a2 and strand p2 (Fig. 5), displays signif-
icantly high values of Ry and Rz/R; in both metalation states, indicating
the presence of significant exchange contributions on the ps-ms time-
scale to R,. Remarkably, residues 68-71 and 102-106, which connect
the nickel-binding and zinc-binding domains, do not show anomalies in
the relaxation parameters, suggesting the absence of large-amplitude
interdomain motions within the sensitivity of these experiments. Over-
all, the qualitative relaxation profiles show similar average fast back-
bone mobility on the ps—ns timescale; the slightly higher mean R; as well
as lower mean Rz and Ry/R; in the holo protein suggest that Ni,Zn-
HpHypA experiences less slow conformational exchange and/or faster
overall rotational diffusion than the apo state.

To define the effects of Ni(II) binding on the solution backbone dy-
namics of HpHypaA, the '°N relaxation data were quantitatively analyzed
by expressing the relaxation rates within the Abragam-Redfield treat-
ment of '°N relaxation [64] and modeling bond-vector dynamics with the
Lipari-Szabo model-free formalism [53,62,63]. The obtained parameters
are shown in Fig. 4. For both metalation states, the protein remains
globally well-ordered on the ps—ns timescale, as shown by the predomi-
nantly high backbone order parameters S? values across most of the

Journal of Inorganic Biochemistry 282 (2026) 113350

sequence (0.81 + 0.13 for both apo and holo HpHypA). The two states
display broadly similar dynamic profiles, with mobility confined to a few
localized regions. Reduced S? values are observed in selected segments,
particularly around residues ~30-40, ~80-90, and at the C-terminus,
describing enhanced local flexibility in both states (Fig. 5). The corre-
sponding internal correlation times, 7, are generally in the few-hundred-
picoseconds range, consistent with restricted fast internal motions rather
than extensive disorder. A distinct feature of the model-free analysis is
the presence of conformational exchange contributions in the ps-ms
regime in a region centered around residue ~60 in both forms (Fig. 5).

These results indicate that the effect of Ni(II) binding on ps-ns
backbone flexibility is limited. On the other hand, the refined rota-
tional diffusion tensor parameters derived from this analysis, reported in
Table 1, indicate that Ni,Zn-HpHypA tumbles significantly faster than
Zn-HpHypA. In particular, all the principal components of the diffusion
tensor increase upon Ni(II) binding and, accordingly, the isotropic
average diffusion coefficient increases concomitantly with a decrease of
the overall correlation time. The effective hydrodynamic volume and
radius derived from the tensor consequently decrease in the holo state.
By contrast, the diffusion anisotropy remains essentially invariant, while
the rhombicity increases, indicating that Ni(II) binding affects the
detailed distribution of mass and/or shape without substantially altering
the overall degree of anisotropy. These data suggest that Ni(II) binding
shifts Zn-HpHypA to a faster tumbling and more compact solution state,
while preserving the overall backbone internal dynamic behavior.

The ca. 15% estimated increase of the rotational diffusion coefficient
of Zn-HpHypA upon Ni(II) binding, and the corresponding decrease in
Tm, suggests a reduced effective hydrodynamic radius Ry for the holo
state. As a first approximation, a ratio Rf° /Ri?° ~ 0.96 can be inferred
from D, using the Stokes-Einstein-Debye eq. [67]:

D, = kpT/8nR;, an

This value is consistent with the ratio of the hydrodynamic radii
(0.94) reported in Table 1.

Table 1
Diffusion tensor parameters for apo and holo HpHypA.

Zn-HpHypA Zn,Ni-HpHypA
Dy (MHz) 14.8 +0.1 16.6 + 0.2
Dy, (MHz) 15.8 + 0.1 18.3 + 0.2
D,; MHz) 20.5 + 0.1 23.7 £ 0.2
Anisotropy” 1.34 1.36
Rhombicity” 0.29 0.41
D, (MHz)* 17.0 19.5
Ty (05)? 9.80 8.55
Volume (V, s*%)° 6.05 x 107! 4.94 x 1071
Radius (R, 5'/2)" 2.43 x 1074 2.28 x 107*
2D,
2 Anisotropy = — =,
PY = D+ Dy,
3
. (D — D)
Rhombicity = —
Dy — E (Dxx + Dyy)
¢ p, = Dot Dy + D
" 3
1
d
Tm =
™ 6D,
4 1 1 1
CV=cn [— 3
3" \/Dxx \/Dyy Dz
3V
f 3
R =/>=
4
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4. Discussion

Nickel trafficking in Helicobacter pylori must satisfy competing con-
straints: Ni(II) must be bound strongly enough to avoid adventitious
sequestration or toxicity, yet the carrier must remain sufficiently dy-
namic to exchange partners and deliver the metal ion to the maturation
pathways of urease and [Ni,Fe]-hydrogenase. HpHypA operates at the
intersection of these requirements, coupling metal binding to protein-
protein recognition to direct Ni(II) toward downstream partner chap-
erones such as the urease chaperone UreE; or the [Ni,Fe]-hydrogenase
large subunit HyhL, which ultimately support activation of the respec-
tive enzymes [10]. The central conclusion of this work is that Ni(II)
binding shifts the conformational ensemble of Zn-HpHypA toward a
measurably more compact solution state, as indicated by the increase in
the rotational diffusion coefficients. In contrast, residue-resolved model-
free parameters are overall similar in the apo and holo forms, indicating
that Ni loading does not broadly reorganize ps-ns internal backbone
dynamics.

The thermodynamic behavior of the HpHypA-UreE, system provides
a complementary framework for interpreting these observations [32].
Calorimetric measurements (Table 2) show that Ni(II) binding to Zn-
HpHypA is relatively weak and associated with a modest enthalpic term
and a large favorable entropy term, whereas Ni(II) binding to HpUreE; is
strongly enthalpy-driven and entropically disfavored. Zn-HpHypA and
HpUreE; form a micromolar Zn-HpHypAeHpUreE, complex in the
absence of Ni(II), while Ni(II) enables a much tighter ternary Ni,Zn-
HpHypAeHpUreE; complex whose stabilization is dominated by a large
favorable enthalpy and accompanied by a reduced favorable entropy
contribution. The entropy term from ITC reflects the net balance of
translational/rotational, solvation, and conformational components.
Within this context, the NMR evidence is consistent with a scenario in
which Ni(II) modifies the ensemble toward more compact states and
facilitates a recognition geometry that, upon complex formation, can
yield a large enthalpic gain, particularly if Ni(II) participates in a shared
coordination environment at the interface as previously proposed [32];
concomitantly, the overall entropy term becomes less favorable because
the ternary complex imposes stricter geometric constraints and reduces
the number of accessible interfacial microstates.

This interpretation corroborates the rotational diffusion and calo-
rimetry data: if Ni(II) shifts Zn-HpHypA toward more compact con-
formers, partner encounters may occur from a narrower set of starting
geometries, increasing the probability of productive complex formation
without requiring large changes in ps—ns backbone mobility. At the same
time, once the metal-bridged complex forms, the directional and highly
constrained coordination chemistry can optimize packing and electro-
statics at the interface, driving a large negative AH. The same constraints
that improve enthalpy, namely tight coordination and optimized contact
geometry, can reduce configurational freedom at the interface and
decrease solvent-entropy gains, producing the characteristic enthalpy/
entropy repartitioning often observed for metal-locked complexes. In
this view, Ni(II) provides specificity and directionality not merely
through affinity gradients between isolated sites, but by stabilizing a
distinct intermediate state with a large enthalpic payoff.
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[34-37]. Although Ni(II) and Cu(I) coordination chemistry differs, the
shared principle is that the metal participates directly in assembling a
productive interprotein state rather than behaving as a freely diffusing
ligand exchanged between independent sites. Notably, a closely analo-
gous Ni(I)-triggered allosteric response has been recently described for
the H. pylori Ni(I)-responsive transcription factor NikR: °F NMR
spectroscopic evidence [38] and follow-up mechanistic work [39]
showed that Ni(II) binding to apo-HpNikR induces an allosteric effect
that quenches protein mobility and shifts a conformational equilibrium
toward a DNA-binding and more rigid competent state, mirroring the Ni
(II)-dependent ensemble narrowing observed here for HypA samples.

A plausible structural basis for the increased compactness in the
holo-state of HpHypA may lie in the architecture of the Ni(II)-binding
site: the metal coordination sphere involves the N-terminal amine N
atom of Metl, the deprotonated backbone amide N atoms of His2 and
Glu3, the imidazole N6 atom of His2, one carboxylate O atom of Glu3,
and therefore the so-called MHE motif. Critically, coordination also in-
cludes one O3 atom from the sidechain carboxylate of Asp40 [31], which
is positioned at the C-terminal end of helix a2 and faces helix a1 (Fig. 1).
This latter interaction could be responsible for a tighter packing of he-
lices al and a2, providing a structural rationale for the reduced hy-
drodynamic radius and volume observed for the holo protein. The
finding that global compaction occurs with only modest changes in
residue-level ps-ns dynamics is consistent with a packing effect that
alters inter-helical geometry and overall shape rather than suppressing
fast backbone fluctuations.

These results have implications for the handoff mechanism within
the HpHypAeHpUreE; network. This mechanism must involve breaking
the metal-bridge between HpHypA and HpUreE,, reported to include the
two conserved His102A and His102B on adjacent monomers of HpUreE,
[32] in addition to the MHE motif of HpHypA, and shifting Ni(II) to a
HpUreEy-only coordination mode, which has been shown to include
His102A and His102B as well as His152A and His152B, positioned on
the long C-terminal tails of the homodimer [68]. This process might
freeze the latter in a conformation that disfavors binding to HypA, while
at the same time increase conformational flexibility in HpHypA, with
consequent entropy increase that would support the release of apo-
HpHypA. The large stability of the Ni-HpHypAeHpUreE, ternary com-
plex suggests that nickel transfer is unlikely to be governed by simple
dissociation from HpHypA followed by capture by HpUreE,. Instead,
transfer may require coupling to additional events that move the
pathway forward, such as engagement of HpUreE,; with downstream
components (e.g., HpUreG) that effectively pull Ni(II) toward the next
maturation step [10,23].
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