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Paraoxonase 1 (PON1) is a Ca’"-dependent enzyme involved in oxidative stress processes and is widely
studied for its protective roles in various diseases. Intermolecular sensitization of lanthanide ions was
implemented by replacing Ca®* ions from the recombinant PON1 (rePON1) catalytic site in the presence
of 2-hydroxyquinoline (2HQ) as an external antenna. Although the replacement of Ca?* ions with lantha-
nide ions indicates weaker binding affinity for the coordination of 2HQ in the protein milieu of the
rePON1 active site, it results in the formation of a highly emissive supramolecular complex in the case of
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Tb** ions. The architecture of the ternary rePON1: Tb** : 2HQ conjugate, which allows efficient terbium
sensitization and its specific long-wavelength metal phosphorescence emission, was resolved by X-ray
crystallography. These findings could establish a non-catalytic quantification strategy for PON1 and
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Introduction

Paraoxonases (PONs) are a family of mammalian calcium
(Ca**)-dependent hydrolases encoded by three genes (PON1,
PON2, and PON3)." These genes share approximately 70%
identity in nucleotide sequences and 60% identity in amino
acid sequences. Among them, PON2 is an intracellular enzyme
and evolutionarily the most ancient member of the PON
family." Although PON2 has been detected in various tissues,
PON1 and PON3 are primarily synthesized in the liver and sub-
sequently secreted into the bloodstream, where they associate
with high-density lipoproteins (HDLs)."”> PON1 is the most
studied among the paraoxonases and is anchored to HDLs
with hydrophobic regions located on its surface.’

Although PON1 was initially recognized for its ability to
hydrolyze phosphotriesters such as paraoxon, this organopho-
sphate hydrolysis most likely reflects its promiscuous activity
rather than its primary function. In addition to phosphotries-
terase activity, PON1 also acts as arylesterase and lactonase.’
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provide additional structural insights into lanthanide substitution in this Ca2+-dependent enzyme.

This versatility is attributed to the considerable plasticity of its
catalytic site.””” Conversely, PON2 and PON3 primarily exhibit
lactonase activity.® Notably, lactonase activity is also believed
to be the native activity of PON1, particularly with y- and
-lactones as substrates,” as the hydrolysis rates of aryl esters
and phosphotriesters by PON1 are significantly slower.

PON1 is responsible for the antioxidative properties of
HDLs," and it not only protects HDL particles from oxidation
but also inhibits lipid peroxidation."* Given its critical role
in both preventing lipid peroxidation during oxidative stress
and hydrolyzing oxidized lipids, PON1 is of particular interest
in clinical research, particularly in the pathophysiology
of cardiovascular,">"* neurological,”®'* pulmonary,'> and
chronic kidney'® diseases. Additionally, studies have reported
an association between PON1 activity and cancer,'” diabetes
mellitus,"® and non-alcoholic fatty liver disease,' although the
exact biochemical mechanism for the putative antioxidative
function of PON1 remains unclear.

Due to its hydrophobic properties, human PON1 cannot be
easily isolated, purified, and crystallized for 3D structure deter-
mination. To overcome this limitation, directed evolution has
been employed to shuffle various mammalian PON1 genes,
resulting in chimeric recombinant PON1 (rePON1) that can be
expressed in a soluble and active form in E. coli.*° Structural
studies of rePON1 revealed that it adopts a six-bladed
B-propeller with a centrally located active site.**"** Human
PON1 is well mimicked by rePON1, which shares nearly 90%
sequence identity and exhibits almost identical kinetic
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parameters across various substrates.”?° Two Ca>* ions are
chelated within the rePON1 protein milieu. The first (so-called
catalytic) Ca®" ion, positioned near the surface of the active
site, is believed to play a key catalytic role in orienting the sub-
strate and stabilizing the negative charge of the transition
state. The second (so-called structural) Ca®>" ion is embedded
at the bottom of the catalytic cavity, where it stabilizes the cata-
lytic conformation of the enzyme. This structural Ca** ion
exhibits an affinity for its binding site up to two orders of mag-
nitude higher than that of the catalytic Ca®>" ion and is essen-
tial for maintaining PON1 activity.?*>*

The dissociation of Ca** (influenced by chelating agents
such as EDTA) can inhibit the enzymatic activity of PON1.>
Divalent metal ions can also replace native Ca®" at the active
site of PON1. In vitro studies have shown that certain divalent
metal ions exhibit an inhibitory effect on PON1 activity.>**
The putative mechanism of PON1 inhibition by these metal
ions involves their binding to different amino acid residues.””
However, although most metal ions can inhibit PON1 activity,
reactivation of PON1 can typically be achieved by adding
excess Ca”".

Rare earth metals are among the most potent metal inhibi-
tors of PON1; however, their binding interactions with
PON1 have rarely been studied.”®?® This is interesting because
several lanthanides are isomorphous with Ca®>*, making them
useful probes for Ca** binding to proteins in structural
studies.”® In addition to their role in structural analyses,
lanthanides owing to their privileged and uniquely specific
phosphorescence emissive properties have been used in the
formation of Dbiosensing lanthanide supramolecular
complexes.***' However, this phenomenon in the context of
PON1 has only been reported by Josse et al., who demonstrated
that the displacement of calcium (Ca®*) ions with terbium
(Tb**) ions resulted in the formation of a weakly emissive
PON1 : Th** complex with a specific characteristic metal spec-
trum profile.*

Therefore, we aimed to investigate the potential spectroscopic
properties of a ternary complex involving rePON1, its known aro-
matic competitive inhibitor (2-hydroxyquinoline - 2HQ), and
lanthanide ions (Ln*"). Various hydroxyquinolines are commonly
used as antenna molecules in photoluminescent Ln**
chelates.>*** These compounds exhibit two characteristic absor-
bance peaks (270 and 324 nm) in the UV spectrum, enabling
them to act as efficient UV light sensitizers at wavelengths
beyond the absorbance range of aromatic amino acid residues.
The characterization and detection of PON1 active sites through
intermolecular  sensitization of the ternary complex
PON1:Ln* :2HQ might also serve as a useful approach for
determining enzyme concentrations in biological samples.

Results and discussion
Experimental techniques

Expression and purification of rePON1 were performed as pre-
viously described,>®** with certain changes. Rosetta-gami
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B(DE3) E. coli pLysS cells, transformed with plasmid pET32b
(+)-rePON1-G2E6, were used for the rePON1 expression.
Protein precipitation, Ni affinity and ion-exchange chromato-
graphy were carried out for the purification of rePON1 from
cell lysates. Protein cleavage was performed afterwards due to
rePON1 expression as a fusion protein with thioredoxin, and
for crystallization, the protein was subjected to additional ion-
exchange and size-exclusion chromatography.

Most spectroscopic characterization studies for detecting
the formation of the ternary complexes rePON1 :Ln*":2HQ
were carried out in bis-tris-propane (BTP) buffer solutions (pH
7.4), supplemented with certain concentrations of metal ions
and 2HQ. Stability of the rePON1:Tb* :2HQ complex was
assessed under a series of various buffer and pH conditions.
Isothermal titration calorimetry (ITC) was used to investigate
the binding interaction between 2HQ and rePON1 in either its
Ca”*- or Tb*"-bound form in HEPES buffer (pH 8.0). The
thermal stabilities of rePON1:Ca”*":2HQ and rePON1:Tb*"
complexes were assessed using nano-differential scanning
fluorimetry in BTP (pH 7.4 and 8.0).

Crystals of the rePON1: Tb**: 2HQ complex were obtained
using the sitting-drop vapor diffusion method. When rod-
shaped crystals appeared, they were harvested, cryoprotected
and flash-frozen in liquid nitrogen. X-ray diffraction data were
collected at the XRD2 beamline of the Elettra Synchrotron
(Trieste, Italy).

All other details on experimental techniques and con-
ditions can be found in the ESL ¥

Spectra of the rePON1 : Ln** : 2HQ complexes

To establish the feasibility of using lanthanide metal-specific
phosphorescence spectroscopy for the quantification of
rePON1, we recorded the emission spectra of the ternary
rePON1 : Tb*": 2HQ complex and compared them to those of
other lanthanide ion (Ln®") complexes. The spectra were
recorded using an excitation wavelength of 351 nm and
measured over a wavelength range of 400-700 nm.

A variety of emission colors in the visible spectra can be
expected using different Ln*" complexes. Sm**, Eu’**, Dy*",
Tb*", and Tm*" tris(p-diketonates) emit in the orange, red,
yellow, green, and blue regions of visible light, respectively,*!
but other Ln*" complexes emit in the near-infrared region.

The Tb**-containing ternary complex exhibited the strongest
emission, characterized by distinct emission peaks at 491 nm,
545 nm, 588 nm, and 621 nm (Fig. 1, green solid line).

These peaks correspond to the characteristic f-f transitions
of Tb** (°D, — "Fg, °Dy; — “Fs, D, — 'F4, and °D, — ’F;,
respectively).>® Additionally, this emission profile confirms an
efficient antenna ligand-to-Tb** energy transfer within the
rePON1: Tb*": 2HQ complex. The most intense emission at
545 nm, corresponding to the °D, — ’F, transition of Tb>",
indicates the formation of a stable and well-coordinated phos-
phorescent complex.

In the remaining lanthanide ions, we expected to detect a
signal under our experimental conditions from those that emit
light in the visible spectrum, such as Sm**, Eu**, Dy*", and

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Phosphorescence emission spectra of the rePON1:Tb>*:2HQ
complex compared to those of other lanthanide (Ln**)-containing com-
plexes in 20 mM bis-tris-propane buffer at pH 7.4. Final concentrations
of rePON1 were 1 pM for Tb** ions and 2 uM for other Ln** ions, along
with a 50 pM concentration of lanthanide ions and 400 uM 2HQ. The
green solid line represents the emission spectra of the Tb**-containing
ternary complex, exhibiting distinct Tb>*-characteristic emission signal
peaks. The red dash-dotted line represents the emission spectra of the
Eu®*-containing ternary complex, exhibiting weak but distinct peaks at
591 nm and 615 nm. Complexes containing other Ln** ions (blue dotted
line) display negligible emission under the same experimental
conditions.

Tm?**. Among these, Eu®" is particularly well-known and fre-
quently used as a luminescent probe. As expected, no phos-
phorescence was observed with other Ln*" ions, which charac-
teristically emit in the near-infrared spectrum.

Only the Eu**-containing ternary complex (red dash-dotted
line in Fig. 1) exhibited weak emission, with two minor peaks
at 591 nm and 615 nm, corresponding to the °D, — F; and
°D, — 'F, transitions of Eu®", respectively.>® The faint emis-
sion of Eu®" suggests that its phosphorescence is limited
either by inefficient energy transfer from 2HQ to Eu** or by
weak and poorly coordinated complex formation with
rePON1.>” It should be noted that phosphorescent Ln**
probes, such as Tb®" and Eu’’, are highly sensitive to their
local environment, as their decay times depend on the number
of coordinated water molecules.*® Therefore, lifetime measure-
ments of Tb*'/Eu®" upon Ca®" replacement within protein
structures can serve as a proxy for determining the hydration
states of protein-bound metal ions. Another well-known phos-
phorescence deactivation pathway for the excited states of
lanthanide ions involves vibrational energy transfer of high-
energy oscillators, particularly OH (typically from bound water
molecules), NH (from amide and amine groups), and CH
bonds.’®**° Among these, water molecules are the most
efficient quenchers, both in the solid state and in solution.

It is known that compared to Tb>" transitions, Eu*" tran-
sitions couple more efficiently with the vibrational overtones
of nearby water OH oscillators, resulting in more effective
quenching. In addition, Eu** exhibits one of the slowest water
exchange rates of tetraamide complexes, up to 500-fold
slower®® than that of Tb*". Collectively, these factors may
explain the absence of detectable phosphorescence for several
lanthanide ions, including Eu®". They also emphasize the
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unique photophysical behavior of the rePON1:Tb*":2HQ
complex, particularly in terms of phosphorescence efficiency
and stability, when compared to other lanthanide ion-contain-
ing systems.

Photophysical properties of 2HQ and the rePON1 : Tb** : 2HQ
complex

The photophysical properties of the ternary
rePON1:Tb*": 2HQ complex were investigated by recording
excitation and emission spectra. Additionally, ligand binding
was assessed by comparing the absorption spectra of 2HQ and
the excitation spectra of the formed ternary complex.

The excitation spectrum of the rePON1 : Tb** : 2HQ complex
was recorded over a wavelength range of 250-400 nm, with
emission monitored at 545 nm (Fig. 24, green solid line). Two
major excitation peaks were observed at 288 nm and 351 nm,
indicating that 2HQ can effectively transfer energy to Tb**
within the rePON1:Tb*":2HQ complex, leading to the
observed emission. In contrast, the rePON1:Tb*" complex
alone exhibited a weak excitation peak at 280 nm (Fig. 24, blue
dotted line), suggesting that aromatic amino acids near the
bound Tb*" contribute to excitation under these conditions.""
However, the absence of a detectable emission signal at an
excitation wavelength of 351 nm indicates that intrinsic aro-
matic residues in rePON1 are inefficient antennas for accept-
ing and transferring energy to Tb*" without 2HQ.
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Fig. 2 Phosphorescence excitation and emission spectra of the
rePON1: Tb** : 2HQ complex in 20 mM bis-tris-propane buffer at pH 7.4
(IrePON1] = 1 pM, [Tb>*] = 50 pM, and [2HQ] = 400 pM), along with the
overlapping absorption spectra of 2HQ in 20 mM bis-tris-propane
buffer at pH 7.4. (A) Excitation spectrum (green solid line —
545 nm) showing major signal peaks at 288 nm and 351 nm.
Additionally, the excitation spectrum of rePON1: Tb** (blue dotted line
— Zem = 545 nm) shows a weak signal at approximately 280 nm. The
emission spectrum (green solid line — 1, = 351 nm) was recorded at an
excitation wavelength of 351 nm over a wavelength range of
400-700 nm, revealing distinct and Th>*-characteristic emission signal
peaks. Furthermore, the emission spectra (blue dotted line — Aex =
351 nm) of rePON1:Tb®*, rePON1:Ca?*, rePON1:Ca?":2HQ, and
Tb**: 2HQ were recorded under the same conditions, and no detectable
signal peaks were observed for these complexes. (B) The absorption
spectra of 50-250 pyM 2HQ (red dotted lines) overlaid with the exci-
tation spectrum of the rePON1: Tb®* : 2HQ complex (green solid line —
Aem = 545 nm). Although both spectra have a similar shape, the exci-
tation spectrum is shifted to the right relative to the absorption spectra,
indicating a change in the environment of 2HQ.

Aem =
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Furthermore, the control samples (rePON1:Ca®",
rePON1: Ca®": 2HQ, and Tb**:2HQ) did not produce detect-
able emission signals. This confirms that all three com-
ponents, rePON1, Tb*", and 2HQ, are essential for the for-
mation of a supramolecular phosphorescent complex with
efficient emission. These findings support our hypothesis
that 2HQ functions as an efficient external antenna ligand,
facilitating  ligand-to-Tb®*  energy transfer within the
rePON1: Tb*": 2HQ complex, ultimately leading to its charac-
teristic metal emission spectrum.

Fig. 2B compares the absorption spectra of 2HQ at five
different concentrations (50, 100, 150, 200, and 250 pM) with
the excitation spectrum of the rePON1:Tb*":2HQ complex.
The absorption spectrum of free 2HQ displays two peaks at
270 nm and 324 nm, consistent with previously reported
values.*> A key observation is that the excitation spectrum of
the rePON1 : Tb**: 2HQ complex closely mirrors the shape of
the 2HQ absorption spectra but is red-shifted by 18 nm and
27 nm at the respective peaks. It is well established that the
absorption maxima shift to longer wavelengths as the electron
density around the ligand increases.”® Such shifts may result
from coordination to a metal ion or changes in solvent
polarity, such as upon protein binding. Therefore, the
observed red shift suggests that 2HQ effectively binds with the
complex, and the altered excitation profile reflects changes in
its electronic environment upon complex formation.

Additionally, the absence of emission in the other com-
plexes (rePON1:Ca”**, rePON1:Ca®* :2HQ, and Tb*':2HQ)
suggests that only the rePON1 active site provides a specific
protein milieu for conjugate formation that enables inter-
molecular sensitization of Tb®>" by the aromatic ligand 2HQ
acting as an external antenna.

2HQ- and Tb**-dependent formation of the
rePON1 : Tb*" : 2HQ complex

The binding interaction of 2HQ with rePON1:Ca®" and
rePON1 : Tb*" was assessed using ITC (Fig. SI1t). Binding iso-
therms were globally fitted using a 1:1 binding model in
SEDPHAT. For rePON1 : Ca®>" (Fig. SI1At), analysis of the ther-
mogram yielded a binding affinity of log;oK, = 5.657 (CIL:
5.551-5.763), corresponding to Kp = 2.20 puM (CL
1.73-2.81 puM). These values are consistent with previously
reported data.* The interaction was strongly exothermic (AH =
—7.382 kecal mol™") and accompanied by positive entropy (AS =
1.126 cal/molK), indicating an enthalpy-driven interaction (AG
= —7.718 kecal mol™"). In contrast, rePON1: Tb*>" (Fig. SI1BY)
exhibited significantly decreased affinity for 2HQ (estimated
for more than 20-fold decrease), and thus no clear transition
in the binding isotherm was observed.

Notably, phosphorescence spectroscopy conducted on the
same dialyzed sample confirmed that 2HQ binds to the
rePON1 : Tb** complex, forming an emissive
rePON1 : Tb*": 2HQ complex, as indicated by the characteristic
emission spectrum like the one presented in Fig. 1. This indi-
cates that 2HQ effectively binds to the rePON1 : Th*" complex,
albeit with decreased affinity compared to the rePON1:Ca**
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complex. However, the binding affinity experiments could not
be performed with high precision due to the limitations of the
ITC methodological approach. Accurate quantification of weak
binding would require higher concentrations of rePON1 and
Th**, which may lead to protein aggregation.

Following our ITC results, which indicated weaker binding
of 2HQ to the rePON1 : Thb*" complex, we further characterized
the interaction by performing phosphorescence titrations.
Specifically, a series of solutions were prepared with varying
2HQ concentrations (0.5-1000 pM), while maintaining fixed
concentrations of rePON1, Ca®>*, and Tb®" at 1 uM, 13.3 pM,
and 50 uM, respectively (Fig. 3A). The emission intensity was
monitored as a function of ligand concentration to assess
binding behavior. In a separate experiment, we examined the
effect of Tb*>" concentration on complex stability and phos-
phorescence efficiency by preparing a series of Tb*" concen-
trations (0.1-250 pM), while maintaining the rePON1, Ca*",
and 2HQ concentrations constant at 1 uM, 13.3 pM, and
400 puM, respectively (Fig. 3B).

Fig. 3A shows the emission intensity (peak area at 545 nm)
as a function of increasing 2HQ concentrations. The intensity
initially increases with increasing 2HQ concentrations, reach-
ing a maximum at approximately 250 pM 2HQ, and then
slightly decreases at higher 2HQ concentrations. A similar
trend, including phosphorescence quenching at elevated 2HQ
levels, was also observed at pH 8.0 (Fig. SI2At). Such complex
titration profiles are frequently observed with lanthanide com-
plexes. Thus, they are well-described by a fitted 1:1 P+ L = PL
and 1:2 PL + L = PL2 mixed binding model,** which assumes
sequential binding of two 2HQ molecules to the complex
(Table 1).

The first binding event, characterized by a dissociation con-
stant (Kp;) of approximately 77 uM, is associated with a strong
ligand-to-Tb®" energy transfer, thereby enhancing emission

A 17501 B 1750
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Fig. 3 The effects of 2HQ concentration (A) and the [Tb>*]: [Ca*] ratio
(B) on the emission intensity of the rePON1:Tb®*:2HQ complex in
20 mM bis-tris-propane buffer at pH 7.4. (A) The peak area of emission
signal intensity at 545 nm plotted against 2HQ concentrations (red
circles), while maintaining rePON1 (1 pM), Ca?* (13.3 uM), and Tb®*
(50 pM) concentrations fixed, along with a fitted curve (red solid line)
based onal:1and 1:2 mixed binding model. (B) The peak area of emis-
sion signal intensity at 545 nm plotted against [Tb*]:[Ca®*] ratios
(green squares), while maintaining rePON1 (1 uM), Ca®* (13.3 pM), and
2HQ (400 pM) concentrations fixed, along with a fitted curve (green
solid line) based ona 1:1and 1:2 mixed binding model.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Binding parameters obtained by fitting the mixed binding
model (1:1and 1:2) to the titration profiles shown in Fig. 3

Parameter Values for 2HQ values for Tb**
Kp: 76.9 uM (1 + 0.12) 8.3 UM (1 + 0.14)
Ko 1040 pM (1 +0.13) 47 uM (1 + 0.29)

intensity. This enhancement likely results from the effective
coordination of 2HQ to Tb*" within the rePON1:Tb*":2HQ
complex, which stabilizes the excited state of Tb** and facili-
tates efficient ligand-to-Tb*>" energy transfer. The evaluated
affinity of 2HQ for rePON1:Tb’" is consistent with the ITC
data, further supporting the observation that the binding of
2HQ to rePON1:Tb*" is weaker than that to rePON1:Ca>".
This also explains why the binding constant could not be accu-
rately determined using ITC, as the measured Ky value falls
within a range in which the heat change upon binding is too
low to be reliably detected by calorimetric methods. Instead,
the emission-based approach provides an indirect but effective
means of assessing ligand binding.

2HQ, a weak base in its electronic ground state, is known to
exist in two tautomeric forms: lactim (2-quinolinol) and
lactam (2-quinolinone). The solvated lactam form is stabilized
by a zwitterionic resonance structure. In this zwitterion, nitro-
gen carries a positive charge and single-bonded oxygen carries
a negative charge. Polar solvents such as water should stabilize
this zwitterionic resonance form and decrease the energy of
lactam relative to the lactim tautomer (the lactam form is con-
sidered more stable by ~5 kcal mol™" in aqueous solutions™?).
However, structural studies to date® have not yet revealed
which tautomeric form is bound to the metal ion in the cata-
lytic site of rePON1. All we know that the metal ion in rePON1
is coordinated by five amino acid residues (Glu53, Asn168,
Asn224, Asp269, and Asn270) along with the carbonyl oxygen
of 2HQ and a water molecule. However, the unique chemistry
of Ln*" includes the so-called labile capping bond
phenomenon,*®*” which is often used to explain unusual Ln**
coordination properties during complex formation. This is
why the stability and lability of Ln**-based complexes are extre-
mely dependent on the surrounding environment and geome-
try around the central trivalent ion, and why the affinities of
ion-ligand binding are very difficult to predict or design in
advance.

As 2HQ concentrations exceed 250 uM, the emission inten-
sity gradually decreases (Fig. 3A), suggesting a ligand-induced
quenching effect. Several possible mechanisms may contribute
to this quenching behavior. The fitted binding model indicates
the presence of a second, weaker binding event, with a dis-
sociation constant (Kp,) of approximately 1000 pM. This lower-
affinity interaction may promote non-radiative switch-off pro-
cesses, ultimately decreasing phosphorescence efficiency.**

Our findings demonstrate that varying the [Tb*']:[Ca*"]
ratio affects the emission intensity (Fig. 3B). A strong initial
increase in the signal occurs at low Tb*" concentrations, indi-
cating the successful formation of the rePON1:Tb*":2HQ

This journal is © The Royal Society of Chemistry 2025
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complex. However, as the [Tb**]:[Ca®] ratio increases beyond
5:1, the emission intensity decreases, suggesting that an
excess amount of Tb>" destabilizes the complex. This trend is
consistent with observations made at pH 8.0 (Fig. SI2BfY),
where similar quenching behavior was detected at elevated
Tb*" concentrations. To better understand this behavior, the
data were again fitted using the 1:1 and 1:2 mixed binding
model.**

This binding model explains the observed trend in emis-
sion intensity. The initial increase in intensity correlates with
the formation of the rePON1:Tb*":2HQ complex, during
which the first Tb®>" binding event facilitates efficient ligand-
to-metal energy transfer. However, the decreased intensity at
higher [Tb*"]:[Ca®'] ratios suggests that an excess amount of
Tb*" leads to unfavorable interactions, which could be attribu-
ted to three possibilities: (i) competition between Tb*" ions for
other binding sites on rePON1, leading to suboptimal coordi-
nation environments, as lanthanide ions can form complexes
with N- and S-containing donor-type ligands;*® (ii) precipi-
tation or aggregation of the rePON1 : Tb*" complex at high con-
centrations, which could result in non-emissive species; and
(iii) increased non-radiative relaxation pathways, which may
outcompete emission under these conditions.

rePON1-dependent formation of the rePON1 : Tb** : 2HQ
complex

Our working model for the formation of the phosphorescent
rePON1: Tb*": 2HQ complex is based on the specific intra-
molecular coordination of Tb*" and 2HQ within the active site
of rePONT1. It is possible that the observed signal could also be
the result of potential dimeric emissive species, such as
rePON1:Th,**: 2HQ (where a single 2HQ ligand transfers
energy to two Tb*" ions) or rePON1:Tb*":2HQ, (where two
2HQ ligands transfer energy to one Tb*" ion). In this case, the
phosphorescence would not be linearly dependent on the
rePON1 concentration due to a shift in equilibrium between
the monomeric and dimeric states.

To rule out this possibility and assess the potential of phos-
phorescence spectroscopy for quantitative detection of
rePON1, emission spectra were obtained for a series of rePON1
dilutions in the presence of fixed concentrations of Tb>" and
2HQ. Fig. 4 presents the relationship between the emission
intensity (peak area and peak height of the emission signal
intensity at 545 nm) and the rePON1 concentration.

Both the peak area and the peak height of emission signal
intensity exhibit a strong linear relationship with the rePON1
concentration over the tested range. Fitted linear regression
demonstrated high accuracy and reproducibility of the emis-
sion signal for rePON1 quantification. Additionally, similar
linear relationships between the rePON1 concentration and
both the peak area and the peak height of emission signal
intensity were observed at pH 8.0 (Fig. SI3t). The linearity
observed in this concentration range suggests that under these
conditions, the formation of the rePON1: Tb*": 2HQ complex
follows a predictable stoichiometric relationship, with a direct
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Fig. 4 rePON1-dependent formation of the rePON1:Tb> :2HQ

complex. The peak areas (red circles) and peak heights (green squares)
of emission signal intensity at 545 nm were plotted against different
rePON1 concentrations (0.062-2.0 pM), while maintaining Tb** and
2HQ concentrations fixed at 50 yM and 400 pM, respectively. The data
exhibit a strong linear relationship, with goodness-of-fit R* values of
0.9993 for the peak area and 0.9994 for the peak height.

correlation between the rePON1 concentration and the emis-
sion intensity.

The high linearity of the calibration curve confirms the suit-
ability of this method for quantitative analysis of PON1. Using
the emission peak area provides higher sensitivity, as it inte-
grates the full emission spectrum, whereas the peak height
may be less susceptible to spectral broadening or minor fluctu-
ations in emission intensity. Additionally, the absence of
signal saturation within this concentration range indicates
that energy transfer from 2HQ to Tb*' is still efficient and
unaffected by self-quenching or non-radiative relaxation
pathways.

Stability of the rePON1 : Tb** : 2HQ complex under different
pH/buffer conditions

To evaluate the long-term stability of the rePON1 : Tb*": 2HQ
complex, the phosphorescence signal was monitored at
545 nm (emission) and 351 nm (excitation) for 600 min in
different buffer systems at different pH values. The results
(Fig. SI4T) demonstrate that both the buffer composition and
PH play a crucial role in complex stability, affecting both the
initial emission intensity and the rate of its decay over time.
The stability of the rePON1 : Tb*": 2HQ complex depended
on pH. The most rapid time-dependent decay in emission
intensity was observed in bis-tris-propane buffer at pH 6.5
(Fig. SI41), indicating that the rePON1: Tb*": 2HQ complex is
unstable under mildly acidic conditions. The sharp decrease
in emission intensity suggests that protein aggregation may
have occurred. This is consistent with the theoretically calcu-
lated isoelectric point of rePON1, i.e., approximately pH 5.0, as
approaching this point decreases protein solubility and pro-
motes aggregation. In contrast, bis-tris-propane at pH 7.4 and
pH 8.0 exhibited improved complex stability. Although the
complex initially displayed slightly higher emission intensity
at pH 7.4 compared to pH 8.0, a constant decrease in intensity
was observed over time. These observations suggest that
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although both pH conditions support complex formation, pH
8.0 offers a more favorable environment for maintaining emis-
sion intensity over extended periods.

The stability of the rePON1:Tb* :2HQ complex also
depends on buffer composition. When comparing different
buffer systems at neutral to basic pH, HEPES at pH 7.4 and pH
8.0 exhibited moderate stability, with signal intensity stabiliz-
ing after approximately 1 h (Fig. SI4}). This suggests that
HEPES may offer stabilizing interactions; however, the overall
emission intensity was lower than that observed in bis-tris-
propane buffer. The lowest initial emission intensity was
observed in tris buffer at pH 8.0, despite showing similar long-
term stability to HEPES. These results indicate that the buffer
composition affects both the initial emission signal and the
overall phosphorescence efficiency. As expected, no emission
was detected in phosphate buffer (data not shown), likely due
to the strong complexation of Th*" ions by phosphate groups,
which reduces the availability of free terbium ions for supra-
molecular rePON1 : Thb*" : 2HQ complex formation.

Several factors may have contributed to the observed pH-
and buffer-dependent stability. (i) Protonation effects at lower
pH may interfere with Tb** and 2HQ binding to rePONT1,
leading to a low initial intensity and rapid signal decay at pH
6.5. (ii) Structural rearrangements in rePON1 at different pH
levels may modify Tb** accessibility, influencing the efficiency
of ligand-to-metal energy transfer. (iii) The sharp decrease in
intensity suggests that protein aggregation may have occurred,
leading to the formation of non-emissive species.

Additionally, the thermal stability of rePON1 in the pres-
ence of increasing Tb*>" concentrations was assessed using
nano-differential scanning fluorimetry in 20 mM bis-tris-
propane at pH 7.4 and 8.0. The inflection temperature (T3)
decreased with increasing Tb*" concentrations, indicating
destabilization of the protein (Fig. SI5Af). The most pro-
nounced shift in T; occurred between 0 and 100 pM Tb**, with
smaller changes at higher concentrations, suggesting a satur-
able, destabilizing effect. Similar trends were observed at pH
8.0 (Fig. SI5Bf). Although one might expect that the replace-
ment of divalent Ca** by trivalent Tb** would result in stronger
coordination and increased protein stability, the opposite
effect was observed. The destabilization of rePON1 in the pres-
ence of Tb*" likely reflects the disruption of the structural
integrity of one or both Ca**-binding sites (catalytic and struc-
tural). Given the strong coordination properties of Tb*', its
substitution with Ca®>" may induce localized rigidity or confor-
mational strain, ultimately compromising the global folding of
the protein.

Crystal structure of the rePON1 : Tb*" : 2HQ complex

We utilized the recombinant rePON1-G2E6 variant, as its
crystal structure has previously been determined in a complex
with the well-characterized competitive inhibitor 2HQ (PDB
3SRG)." We aimed to determine whether Tb®* can substitute
Ca®* ions and whether this substitution affects the overall
structure of rePON1. The crystal structure of the
rePON1 : Tb®": 2HQ complex (PDB 9R0Q) was determined at a
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resolution of 2.35 A using molecular replacement with the
1V04 structure as a search model. The crystals belonged to the
space group C422, containing one molecule per asymmetric
unit, such as the 1v04 structure.>'

Positions of Tb*" were determined using an anomalous
difference map (Fig. 5A, magenta mesh contoured at 4.9 o),
and it revealed the partial substitution of Ca** by Tb** at both
Ca**-binding sites. The refined occupancy of Tb** was esti-
mated at ~47% and ~5% at the catalytic and structural sites,
respectively, which are separated by ~7.6 A. The remaining
occupancy is attributed to residual Ca®', which was present in
the crystallization solution.

At the catalytic site, metal ions are coordinated by five
protein residues (Glu53, Asn168, Asn224, Asp269, and Asn270)
along with a water molecule and an oxygen atom from 2HQ
(Fig. 5B), forming a slightly distorted pentagonal bipyramidal
geometry typical of Ca**-binding proteins. In contrast, the Tb**
ion at the structural site is coordinated by Asp54, Asp169, the
backbone carbonyl of Ile117, and three water molecules, which
are stabilized by hydrogen bonding to surrounding residues.

Structural comparisons (Fig. 5B) between the Tb**- (PDB
9R0Q) and Ca®"-bound (PDB 3SRG) structures revealed high
overall similarity, with C, RMSD values of 0.335 A and 0.352 A
for backbone atoms and 0.646 A when all fully modelled resi-
dues were included. These values are consistent with the
expected RMSD values for independently determined structures
of the same protein.’® The geometries at both the catalytic (C)
and structural (S) metal-binding sites were nearly identical.*
This indicates that Tb>" incorporation at the catalytic site does
not cause significant structural rearrangement and the overall
protein fold is preserved upon partial Ca** substitution.

However, the negligible occupancy of Tb*" at the structural
site highlights distinct differences in accessibility and substi-
tution dynamics between the two sites. Although the structural
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Fig. 5 (A) Ribbon representation of rePON1 (PDB 9R0Q) showing the
bound ligand 2-hydroxyquinoline (2HQ, orange) and two metal-binding
sites, catalytic (C) and structural (S), each occupied by a green sphere
(representing Ca®* or Tb**). The anomalous signal for Tb** is shown as a
magenta mesh (contoured at 4.9 ). (B) Structural alignment between
Tb**-bound rePON1 (PDB 9ROQ, teal) and Ca®*-bound rePON1 (PDB
3SRG, coral), highlighting conservation in the active site architecture.
Close-up view of the catalytic binding site (C), illustrating key residues
involved in metal coordination (Glu53, Asn168, Asn224, Asp269, and
Asn270) and ligand stabilization (His115, Phe222, and Phe292). Catalytic
(C) and structural (S) metal-binding sites are indicated as spheres.
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site is believed to have a higher affinity for Ca>* than the cata-
Iytic site, this alone does not account for its resistance to sub-
stitution. Two major factors likely contribute to the limited
substitution of Ca®>" by Tb*" at the structural binding site.
First, Ca®* was present in excess (~1.8 molar equivalents)
during crystallization, favoring its re-binding to the high-
affinity site during equilibration. Second, the local coordi-
nation environment (comprising two aspartate residues, a
backbone carbonyl, and three tightly bound water molecules)
is in a narrow cleft of the six-bladed p-propeller (Fig. SI6T).
This geometrically constrained and inaccessible pocket likely
restricts ion exchange, effectively “trapping” native Ca®>" and
limiting displacement by Tb>".

This interpretation is further supported by differences in
desolvation kinetics between the two ions.>**" Trivalent ions
such as Tb*" exhibit significantly slower desolvation rates com-
pared to the almost instantaneous desolvation of Ca**. For
Tbh*" to occupy the structural site, Ca** must first vacate the
pocket, and Tb*" must shed its hydration shell—a process that
is energetically unfavorable for trivalent lanthanide ions.
Moreover, the desolvation and binding of Tb*" must occur
faster than the re-binding of Ca®*, which is unlikely given the
rapid water exchange kinetics and favorable coordination of
Ca”®* within this high-affinity site. In addition, the relatively
lower molar ratio of Tb®>" and its potential complexation with
bis-tris-propane®® in the crystallization buffer may further
diminish the pool of free Tb** ions available for substitution.
Thus, under these conditions, the probability of a single Tb>*
ion outcompeting the Ca** ion for access to the buried site is
low, explaining the low Tb>" occupancy observed.

Interestingly, the detection of low but measurable Tb**
occupancy at the structural binding site (~5%) suggests that
occasional conformational fluctuations or transient breathing
motions may briefly expose the site to solvent, thereby permit-
ting rare substitution events.” This observation may highlight
a dynamic interplay between thermodynamic favorability and
kinetic accessibility, where the stronger coordination potential
of Tb®" is counterbalanced by the limited accessibility of the
structural binding site and the kinetic advantage of Ca**
under the given conditions.

In attempts to increase Tb*" occupancy, rePON1 was dia-
lyzed into Tb**-only buffer (20 mM HEPES, pH 8.0, 0.03%
n-dodecyl B-p-maltoside); however, this led to poor crystalliza-
tion or crystals with inadequate diffraction quality. It is also
possible that full substitution of Ca®*" with Tb*" compromises
crystallization by destabilizing the protein and/or altering
crystal contacts. These experimental observations suggest that
complete metal ion substitution may disrupt proper protein
folding or packing, highlighting the delicate balance between
functional metal coordination and structural integrity.

In contrast, the catalytic site is more solvent exposed, with a
more dynamic coordination environment that includes
both protein ligands and solvent-accessible components
(e.g., water and 2HQ)." These features likely promote more
efficient exchange, as reflected in the higher Tb®>" occupancy at
this site.
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Finally, the 2HQ ligand was resolved in the electron
density, with an estimated occupancy of 82%, and bound at
the same site observed in the Ca**-bound structure (PDB ID:
3SRG). Notably, residues 71-81, which form the so-called
“active-site loop”, were well-ordered and adopted the closed
conformation characteristic of ligand-bound states, consistent
with the 3SRG structure. These findings indicate that 2HQ
binding (although with lower affinity) is not perturbed by Tb**
substitution at the catalytic site and the overall ligand-binding
mode and catalytic-site conformation are preserved in the
Tb**-substituted complex.

Conclusions

Luminescent lanthanide ions exhibit unique spectroscopic
properties, including long-lived excited states that allow phos-
phorescence experiments, and the elimination of background
fluorescence associated with biological media, as well as
metal-specific and characteristic narrow emission bands in
comparison with typical organic fluorophores, which make
them attractive for various bioluminescence assays.>® In this
study, we investigated the potential of a self-assembled phos-
phorescent ternary complex rePON1:Tb* :2HQ for PON1
detection. Specifically, we examined whether substituting
native Ca*>" with Tb*" in rePONT1 alters the enzyme’s structure
and ligand-binding capacity and whether this can be utilized
for phosphorescence-based quantification of PON1 or other
metallo-enzymes.

Our results reveal that 2HQ forms a highly emissive ternary
complex with rePON1 : Tb**, exhibiting Tb**-dependent phos-
phorescence. The emission intensity of this complex correlated
linearly with rePON1 concentration, providing proof of concept
for metallo-enzyme quantification independent of its catalytic
function. Crystallographic data of the rePON1:Tb*":2HQ
complex at 2.35 A resolution demonstrated that Tb*" substi-
tutes Ca®" at the catalytic site without inducing major struc-
tural rearrangements, although negligible Tb** occupancy was
observed at the structural Ca*" site.

Collectively, these findings establish a structural and
mechanistic foundation for the use of photoluminescent
lanthanide ion complexes in biosensing and quantification of
PON1. Future efforts should focus on identifying higher-
affinity aromatic ligands for the rePON1 : Tb** complex, as low-
affinity ligands require elevated concentrations that increase
the risk of self-quenching and decrease signal reliability.
Additional structural work targeting complete metal substi-
tution, perhaps through protein engineering or site-directed
mutagenesis to modify metal accessibility, could further eluci-
date the conformational dynamics involved. Finally, adapting
this system for the detection of endogenous PON1 in complex
biological matrices such as human serum represents a critical
step toward clinical translation and real-world diagnostic
applications, especially for independent PON1 concentration
quantification which would upgrade the usual PON1 activity
measurements.
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Altogether, this work not only advances our understanding
of metal ion modulation in rePON1 but also establishes a
novel, phosphorescence-based platform for selective, activity-
independent detection of this and other clinically important
metallo-enzymes, laying the groundwork for future biosensing
and diagnostic innovations.
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