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The chemical roles of lanthanides in biology are increasingly recognized, yet remain largely unexplored.
Unlike most lanthanides, cerium is redox-active and readily adapted for chemical transformation. Herein,
we report a cerium-mediated oxidative thiol-ene coupling between cysteine-derived thiols and styrenes
under aqueous conditions, yielding B-hydroxysulfide products. Building on this reactivity, we developed

a site-selective cysteine modification strategy using a 17-amino acid cerium-binding sequence. Only
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Accepted 4th September 2025 cysteines optimally positioned near the vacant coordination site undergo efficient and rapid labeling,

particularly with electron-deficient styrene derivatives. This work demonstrates cerium-mediated

DOI: 10.1039/d55c04538] biological activity and highlights its potential as a reactive center for site-selective bioconjugation and
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Introduction

Lanthanides, despite the misnomer as rare-earth metals, are
relatively abundant in Earth's crust.™” For example, the natural
abundance of cerium (Ce) is comparable to that of first-row
transition metals, such as cobalt, nickel, and copper,® making
it a practical candidate for chemical applications. Lanthanides
exhibit minimal variations in ionic radius and a strong prefer-
ence for oxygen-donor ligands,* yet are distinguished by their
pronounced and tunable Lewis acidity.>® These properties have
enabled their incorporation into organometallic complexes,”®
facilitating selective and versatile transformations in organic
synthesis. In contrast, the biological roles of lanthanides have
been relatively unexplored—aside from a few known examples
such as bacterial methanol dehydrogenases®'*—although
recent studies have revealed their accumulation in plants and
microbes,” and identified several lanthanide-binding
proteins,"* including lanmodulin," lanpepsy* and LanD.'®
These findings suggest that lanthanides may act as previously
unrecognized metallocofactors in natural metalloproteins and
serve as versatile elements for both biological and chemical
transformations.

Among the lanthanides, Ce stands out for its unique chem-
ical properties, exhibiting two stable oxidation states: Ce(v) and
Ce(m) under mild conditions.”” Ce(wv) complexes have been
extensively investigated for their photocatalytic reactivities,'®
often involving light-induced radical generation followed by
diverse chemical transformations,”?* such as homolytic B-
scission, C-C and C-X (X = heteroatom, such as N, O, and CI)
bond formation and decarboxylative functionalization. Ce(),
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broader biochemical and synthetic applications.

on the other hand, displays catalytic activity as well, albeit
within more limited scope. A notable example is Ce(m)-medi-
ated oxidative C-C coupling,® where Ce(m)-dicarbonyl
complexes generate an a-carbon radical that reacts with styrene
and O, to produce B-hydroperoxide (Fig. 1a).2**” Although this
Ce(ur)-mediated reactivity proceeds under mild conditions, it
has not yet been explored in biological systems.

Herein, we present a Ce(m)-mediated strategy for site-
selective cysteine modification. Cysteine, a natural amino acid
with distinctive nucleophilicity, is widely utilized as a versatile
handle for bioconjugation.?®** However, achieving site selec-
tivity remains challenging in most native proteins, which often
contain multiple cysteine residues.*® Recent strategies have
aimed to selectively target a single cysteine within short peptide
tags using specific reagents, such as the m-clamp (FCPF) with
perfluoroaryl group,* the DBCO tag (LCYPWVY) with di-
benzocyclooctyne,* and the CX10R7 tag (VINQECCSIPM) with
2-cyanobenzothiazole.*® While these methods offer high selec-
tivity, their reliance on synthetic and bulky moieties limits
broader applicability in biochemical characterization, biomi-
metic modeling, and therapeutic development.

In this work, we demonstrated that Ce(m) complex can
mediate oxidative thiol-ene coupling under biochemically
compatible conditions. By incorporating a Ce(u)-binding motif
into a short peptide, we achieved high-yield, site-selective
cysteine labeling. Notably, only cysteine positioned adjacent
to and oriented toward the vacant site in the Ce(ur) coordination
sphere undergoes efficient coupling with styrene derivatives,
effectively preventing non-specific modifications of other
cysteine residues. The reaction yields a stable B-hydroxysulfide
adduct, enabling the precise introduction of small nonbiolog-
ical chemical moieties with negligible footprint. This reactivity
was further extended to proteins of greater molecular

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Ce(m)-mediated oxidative coupling. (a) Previously reported oxidative reaction of 1,3-dicarbonyl compounds with styrene. Adapted from
ref. 27. (b) Oxidative thiol-ene coupling of N-acetylcysteine (NAC) with styrene. (c) HPLC analysis. (d) LC-MS analysis of the products from the

reaction shown in b before TCEP treatment.

complexity, underscoring its broad applicability in selective
protein modification without compromising accuracy or
efficiency.

Results and discussion
Cerium-assisted oxidative thiol-ene coupling

To evaluate whether Ce(ui)-mediated oxidative thiol-ene reac-
tion occurs under aqueous conditions, we employed N-ace-
tylcysteine (NAC) as a cysteine surrogate, styrene as the coupling
reagent, and ethylenediaminetetraacetic acid (EDTA, log
Kp,ce(m) = —16.0)** as the supporting ligand (Fig. 1b). A reaction
mixture containing 1 mM CeCl;, 1 mM EDTA, 1 mM NAC, and
2 mM styrene, in 50 mM Tris-HCI, pH 7.4 buffer was incubated
for 24 h, resulting in the formation of two products, 1 and 2
(2.8% in total), with a slow conversion from 1 to 2. Treatment
with 1 mM tris(2-carboxyethyl)phosphine (TCEP) accelerated
this interconversion,® indicating that 2 is the reduced form of
1. Characterizations by 'H NMR, *C NMR, and LC-MS
demonstrated that 1 is a p-hydroperoxide-adduct while 2 is
a B-hydroxysulfide formed via the reduction of 1 (Fig. 1b-d, S1
and S2). Although the overall yield and reaction rate were low,
the formation of 1 and 2 demonstrates a sufficient basal level of
Ce(m)-mediated reactivity in this model system.

The conversion of NAC and formation of two products, 1 and
2, was detected only in the presence of Ce(m) and molecular
oxygen (Fig. 1c). Notably, no Michael addition between the thiol
and styrene occurred, regardless of the reaction components
present, consistent with the fact that styrene is generally
considered poor Michael acceptors.?® These data indicate that

© 2025 The Author(s). Published by the Royal Society of Chemistry

the observed products arise from an oxidative mechanism
rather than a classical nucleophilic addition. Removal of EDTA
ligand significantly reduced the product yield, necessitating an
ancillary ligand for Ce(mr) reactivity. Replacing EDTA with an
alternative multidentate ligand, ethylene glycol-bis(2-amino-
ethylether)-N,N,N',N'-tetraacetic acid (EGTA), which favors
a higher coordination number of eight*” compared to that of
EDTA with six,*® resulted in no detectable product formation.
These results suggest that the presence of a coordinatively
vacant site in the Ce(m) complex is critical for facilitating the
oxidative thiol-ene coupling.

Design of lanthanide-binding peptides for oxidative thiol-ene
coupling

Building on the basal level of activity observed with the
Ce(ur)(EDTA) complex, we designed a Ce(m)-binding peptide to
extend oxidative thiol-ene coupling reactivity. Two well-
characterized lanthanide-binding motifs were considered: the
three EF-hands (EF1-3) of lanmodulin from M. extorquens AM1
(Mex-LanM)* and a lanthanide-binding tag (LBT)* reported
previously (Fig. 2a and b). Both motifs are 12-amino acid
sequences, predominantly composed of acidic residues—
aspartate and glutamate—at the first, third, fifth, and twelfth
positions of the EF-hands, corresponding to D, D3, Ds, and E;,
in Mex-LanM EF3, respectively (subscript for the numbering
scheme in EF-hands).

Notable sequence differences between Mex-LanM and LBT
are observed at the second, third, and ninth positions of the EF-
motifs. In Mex-LanM, a proline at the second position induces
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Fig. 2 Design of Ce(i)-binding peptides for site-specific oxidative thiol-ene coupling. (a) Amino acid sequences of Mex-LanM EF3, LBT, and
CCMP mutants. EF-hand motifs are highlighted with a bold-bordered box. (b) A previously reported X-ray crystal structure of the 3rd EF-hand of
Mex-LanM (PDB code: 8fns). Metal (Nd(i) in this case) and metal-bound water molecules are shown with blue and red spheres, respectively. (c)
HPLC analysis of the reactions with 100 uM Ce()(CCMP) and 10 mM 4VBS in 50 mM Tris—HCL, pH 7.4, followed by 1 mM TCEP treatment and the
modified conditions. (d) Negative-ion mode MALDI-TOF/TOF analysis of CCMP-2 from the reactions with H,™®O or H,*®0. Vertical drop lines
indicate the calculated isotope mass distribution of CCMP-2 [M—H]". (e) Tandem mass spectrometry fragmentation analysis of CCMP-2.
Asterisks indicate the peptide fragments containing the modified cysteine.

a tight turn between the first and third coordinating residues
and is conserved across homologs with 65% sequence identity,
represented by the consensus sequence D;P,D;xDGTZDgxxE (x
= arbitrary, Z = hydrophobic amino acids) (Fig. S3). This feature
creates a coordinatively vacant site*>** (Fig. S4), analogous to
that observed in the Ce(m)(EDTA) complex. In contrast, the LBT
sequence, originally derived from the EF-hand superfamily—
formerly known as calcium-binding motifs—features the
distinct sequence D,x,B;xDGxZxoxXE (B = Asp or Asn), lacking
highly conserved residues at the second, third, and ninth
positions within EF-hands.*> More specifically, Eo acts as a bi-
dentate ligand, resulting in the formation of a coordinatively
saturated lanthanide complex, presumably similar to that
observed with Ce(ur)(EGTA).

19660 | Chem. Sci, 2025, 16, 19658-19668

Therefore, we hypothesize that the EF-hand motifs from
Mex-LanM are more suitable for this work, and adopted their
sequential features, along with five flanking residues at the N-
and C-termini, as implemented in the LBT design® (Fig. 2a). A
tyrosine residue was added at the C-terminus to facilitate
quantification. The position for cysteine incorporation (C9) was
selected based on the structural analysis (Fig. 2b): crystal
structures of the LBT peptide and the EF loop of Mex-LanM-EF3
indicate that the seventh position (T), which corresponds to C9
in our design, is in close proximity and properly oriented toward
the open coordination site of lanthanide-bound Mex-
LanM,**% at an approximate distance of 4.3 A (Fig. S4). The
resulting 17-amino acid peptide was designated as the cerium-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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%100 uM CCMP, 100 uM CeCl;, 10 mM 4VBS in 50 mM Tris-HCI, pH 7.4 buffer, 1.5 h, followed by the addition of 1 mM TCEP. 510 nM CCMP, 10 M

CeCl; or [NH,],[Ce(NO3)s] (CAN), 1 mM 4VBS for 12 h. ¢

dependent cysteine-modifiable peptide (CCMP) and was sub-
jected to detect its oxidative thiol-ene reactivity (Table 1).

The Ce(m)-mediated reactivity of CCMP depends on its
lanthanide-binding affinity. We therefore first characterized the
coordination environment of CCMP. Terbium (Tb(im)) was used
as a spectroscopic surrogate for lanthanides,* and its lumi-
nescence at 545 nm was monitored upon the addition of TbCl;,
using Forster resonance energy transfer (FRET).* The dissoci-
ation constant (Kp) for Tb(m) was determined with a CCMP
mutant in which a tryptophan residue was introduced at the
ninth position (COW; CCMP-W). The measured Ky, for Th(in) was
0.26(5) uM, approximately four orders of magnitude higher than
that of EF1-3 in Mex-LanM (Kp = 2.1 x 10~ "' M)* (Fig. S5 and
Table S3). Subsequently, an intrinsic tryptophan fluorescence-
based assay was employed to assess binding affinities for
other lanthanides, including Ce(m), as reported previously*’
(Fig. S7 and Table S3). The K, value of CCMP-W for Ce(in) was
determined to be 0.32(14) uM (Table 2), indicating that CCMP
exhibits sufficient affinity for Ce(m) to facilitate peptide modi-
fication under micromolar conditions.

Irradiated with a 456 nm LED lamp for 12 h.

To further investigate the coordination geometry of CCMP,
we conducted time-resolved luminescence experiments using
Eu(m) as a surrogate metal ion, as it exhibits binding affinity
comparable to that of Ce(m) in other lanthanide-binding
peptides (Table S3). Lifetime measurements were used to esti-
mate the number of coordinated water molecules (g). CCMP
and CCMP-W exhibited g-values of 1.44 and 1.55, respectively
(Fig. S8 and Table 2), consistent with coordination geometries
similar to their parent construct, Mex-LanM, which typically
features two water-bound sites.*® These results suggest that the
mixing of Ce(mr) and CCMP spontaneously forms an in situ
complex with an unsaturated coordination sphere, thereby
fulfilling the structural prerequisite for mediating oxidative
thiol-ene coupling.

Oxidative thiol-ene coupling of CCMP with styrene

We selected 4-vinylbenzenesulfonate (4VBS), a styrene analog,
as the coupling partner due to its sulfonate group (pK, = —2.8),
which confers high water solubility (>100 mM) and compati-
bility with HPLC analysis (Fig. 2c and Table 1). A reaction

Table 2 Dissociation constants, kinetics constants, fluorescence lifetimes of Eu(i) and corresponding g-values of CCMP variants

CCMP variants Ko ce(m)” (M) k(M™'s™h a0 (18) Tp,0 (1S) q

cCMP nd 0.11(1) 469(7) 1900(100) 1.44(5)
CCMP-W 0.32(14) nd 392(5) 1190(70) 1.55(6)
CCMP-C10 nd 0.0083(6) 444(8) 1800(200) 1.53(9)
CCMP-C16 nd nd 515(3) 2100(100) 1.28(4)
CCMP-D11E 0.32(8) 0.079(6) 405(3) 1160(40) 1.44(4)
CCMP-D5N 5.0(22) 0.048(2) 234(2) 510(20) 2.23(7)
CCMP-PAT 0.36(11) 0.0049(5) 481(5) 2300(100) 1.48(3)
LBT-C 0.94(30) 0.0026(6) 1274(10) 2630(70) 0.11(1)

“ Dissociation constants were determined by adding the COW mutation. nd: not determined.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mixture containing 100 uM CCMP, 100 pM CeCl;, and 10 mM
4VBS in 50 mM Tris-HCl, pH 7.4 buffer under ambient condi-
tions resulted in complete CCMP conversion within 1.5 h. The
main product, CCMP-1, eluted at 15.8 min in the HPLC profile
(Fig. 2c) and exhibited a mass increase of 216 Da relative to
CCMP, as determined by LC-MS analysis. Over time, CCMP-1
gradually converted to CCMP-2, a product with a retention
time of 15.5 min (Fig. S9) and a mass increase of 200 Da to
CCMP (Fig. S10). Treatment with 1 mM TCEP for 1 h quanti-
tatively converted CCMP-1 to CCMP-2 (Fig. 2¢, and Table 1,
entry 1). Neither CCMP-1 nor CCMP-2 product formation was
observed in the absence of either O, or CeCl; (Fig. 2c and Table
1, entry 2-3). Isotope labeling experiments using H,"'®0 revealed
no incorporation of '®0 isotope into CCMP-2; the isotope
distribution was identical to that of the product obtained in
unlabeled water (H,'°0) (Fig. 2d and S11). These results indi-
cate that molecular oxygen from the ambient atmosphere,
rather than water, serves as the oxidant in the oxidative thiol-
ene coupling.

Characterization by 'H and C-NMR, FTIR, LC-MS, and
tandem mass spectrometry indicated CCMP-2 as a B-hydrox-
ysulfide adduct at the C9 position of CCMP, obtained in 93%
yield (Fig. 2e and S10-S14). A minor byproduct (7%), identified
as the sulfinic acid form (CCMP-SO, ), was also observed, likely
arising from air oxidation of cysteine. These results indicate
that Ce(ur)(CCMP) exhibits reactivity analogous to Ce(ur)(EDTA)
but with markedly higher yields and faster kinetics, likely due to
an intramolecular reaction facilitated by the spatial proximity of
the cysteine and Ce(m)-binding sites within the peptide.

The addition of a 10-fold excess of the chelators EDTA or
EGTA significantly suppressed the reaction, indicating that
Ce(ur) coordination to CCMP is essential for oxidative coupling
(Fig. 2c and Table 1, entry 4-5). Furthermore, when a tripeptide
lacking a Ce(m)-binding site (Gly-Cys-Phe; GCF) was used in
place of CCMP, no product formation was observed (Fig. S15),
and only trace amounts of coupling products (3.5% yield) were
detected after 72 h. These results further support the critical
role of Ce(m)-peptide coordination and the spatial proximity
between the metal center and cysteine residue in promoting the
reaction. Substituting Ce(m) with redox-inactive La(m), which
exhibits comparable binding affinity'> and Lewis acidity (Table
S3), resulted in no product formation (Table 1, entry 6), indi-
cating that the Lewis acidity of lanthanide ions alone is insuf-
ficient to promote the coupling reaction. In the absence of
4VBS, a 6% conversion of CCMP to oxidized forms—sulfinic
acid (CCMP-SO, ") and a CCMP dimer—was observed after 10 h
(Table 1, entry 7). Notably, these oxidized products were
observed only in the presence of Ce(m), implicating its direct
involvement in thiol oxidation (Fig. S16).

Ce(m)-dependent coupling reactivity was retained even at
CCMP concentrations reduced tenfold, albeit with slower
kinetics. A reaction containing 10 pM CeCl;, 10 uM CCMP, and
1 mM 4VBS yielded 75% CCMP-2 after 12 h (Table 1, entry 8).
Replacing Ce(m) with Ce(wv), which exhibits a comparable
affinity (Kp cew) = 0.32(9) uM; Table S3), suppressed the reac-
tion (Table 1, entry 9). However, upon exposure to blue light,
product formation was restored (Table 1, entry 10). UV-Vis

19662 | Chem. Sci., 2025, 16, 19658-19668
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spectra of the reaction mixture revealed that the characteristic
Ce(v) absorption band disappeared following irradiation, likely
due to its photoreduction to Ce(m) (Fig. S17). Upon switching to
green light irradiation, photoreduction was incomplete, with
only 26% of Ce(iv) reduced to Ce(ur) within 12 h, accompanied
by 38% conversion of CCMP to CCMP-2. These results indicate
that the photoinduced reduction proceeds via Ce(rv) LMCT
transitions occurring in the 300-450 nm range (Fig. S17). To
identify the reductants involved in photoreduction, we
compared the reactivity under different buffer conditions and
upon the introduction of amine-based reductants. Replacing
50 mM Tris-HCIl with 50 mM borate buffer, while maintaining
the pH at 8, markedly decreased both the rate and extent of
Ce(v) photoreduction, and no coupling product was detected
(Fig. S18). In contrast, adding 50 mM N,N-di-
isopropylethylamine (DIPEA) or 1 mM 4-(dimethylamino)ben-
zonitrile (DMABN) to the borate buffer restored Ce(u)-mediated
reactivity, consistent with their role as sacrificial electron
donors in Ce(v) photoreduction (Fig. S18).

We next monitored the time-dependent conversion of CCMP
during the Ce(m)-mediated oxidative coupling. The reaction
rates displayed a linear dependence on the initial concentra-
tions of Ce(i)(CCMP) and 4VBS, resulting in a second-order rate
constant of 0.11 M~ s~ ' (pH 7.4, 25 °C) (Fig. S19). These rates
are slower than those of previously reported cysteine modifi-
cation tags, ww-clamp (0.73 M~' s, pH 8, 37 °C),** DBCO tag
(0.81 M~ 57", pH 8, 37 °C)** and CX10R7 tag (17 M 's™", pH
7.4, 37 °C),* but remain suitable for biochemical applications.

Ce(m)-mediated oxidative thiol-ene coupling displayed
a bell-shaped pH dependence, with maximum reactivity
observed between pH 7.6 and 8.0 (Fig. S20). Two apparent pK,
values, 7.4(2) and 8.3(2), were identified, indicating the
involvement of at least one deprotonation and one protonation
step. One pK, likely corresponds to the protonation state of the
cysteine thiol, while the pH dependence may also be influenced
by protonation of Ce(ur)-bound water. Notably, at higher pH
conditions, CCMP dimerization is promoted, reducing the
effective concentration of monomeric CCMP available for thiol-
ene coupling.

Site-specificity of cysteine modification

To investigate whether Ce(m) catalyzes thiol-ene coupling in
a site-selective manner, we designed two additional CCMP
variants with cysteine residues positioned at alternative sites:
the 10th (CCMP-C10) or 16th positions (CCMP-C16) (Fig. 3a and
b). Based on simulated structures, the distances between the Cg
of the cysteine and the bound Ce(ur) ion were estimated to be 5.1
A, 5.8 A, and 12.6 A for CCMP, CCMP-C10, and CCMP-C16,
respectively, resulting in a 4.2 A, 5.9 A, and 13.0 A distance
between the metal ion and the cysteine sulfur atom, respectively
(Fig. S4). Assuming that cysteine repositioning does not
significantly affect the Ce(in)-coordination geometry or binding
affinity, we hypothesized that the primary difference between
CCMP and CCMP-C10 arises from the orientation of the thiol
groups relative to the Ce(m)-binding sites, whereas the cysteine
in CCMP-C16 is likely spatially separated from the metal center.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Oxidative thiol-ene coupling of other Ce(in)-binding peptides. (a) Amino acid sequences of CCMP variants. EF-hand motifs are highlighted
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The g-values, which reflect the availability of vacant coordi-
nation sites, for Ce(m)-bound CCMP-W, CCMP-C10, and CCMP-
C16 are comparable to that of CCMP (Table 2), indicating that
the sulfur atom of the ninth cysteine does not participate in
metal coordination. Instead, the backbone carbonyl oxygen at
the ninth position coordinates with the metal, a characteristic
feature of EF-hand proteins,** likely precluding direct coordi-
nation of the cysteine sulfur to the metal center. These results
also suggest that shifting the position of the cysteine residues
does not substantially perturb the primary coordination sphere.

However, CCMP-C10 reacted with 4VBS at a markedly
reduced rate, with a second-order rate constant of 0.008 M !
s~", approximately 15-fold lower than that of CCMP (Fig. 3¢ and
S21). Furthermore, CCMP-C16 exhibited considerably lower
reactivity and no dependence on 4VBS concentration. These
results indicate that Ce(ur)(CCMP) exhibits high site-selectivity
for cysteine residues, governed not only by the interatomic
distance to the metal ion but also by the specific orientation of
the thiol, likely favoring alignment toward the open coordina-
tion site of Ce(u)(CCMP).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Reactivity modulated by non-conserved sequence of CCMP

As a mechanistic probe and alternative Ce(ur)-binding peptide,
we introduced a cysteine at the ninth position of the LBT
sequence (LBT-C) to assess its thiol-ene reactivity. LBT-C differs
from CCMP at four positions: the fourth, fifth, eleventh, and
twelfth residues, where proline, aspartate, aspartate, and
alanine in CCMP are replaced by threonine, asparagine, gluta-
mate, and glycine, respectively, in LBT-C (Fig. 3a and d).

The Ce(m)-binding affinity of the LBT sequence was evalu-
ated by introducing a tryptophan residue at the ninth position
(LBT-W) and performing an intrinsic tryptophan fluorescence-
based assay with Ce(m), as described above (Fig. 3e and Table
2). LBT-W showed a Kp, value of 0.94(30) uM for Ce(ur), indi-
cating that the four sequence differences from CCMP had
minimal impact on Ce(m)-binding affinity. Time-resolved
luminescence experiments using Eu(m) revealed that LBT-C
exhibits a g-value of 0.11 (Fig. S8 and Table 2), consistent with
a coordination geometry similar to its parent constructs, LBT*®
(Fig. S23). Finally, the oxidative coupling reactivity of LBT-C
with 4VBS was significantly suppressed, with a 44-fold
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decrease in the rate constant compared to CCMP (Fig. 3f and
Table 2). These results suggest that variations in non-
coordinating residues, even at less conserved positions, can
strongly affect reactivity, likely by altering the spatial orienta-
tion or local environment around the metal center.

To further investigate the influence of the CCMP sequence,
we designed additional peptide analogs with single-site
substitutions at the fourth, fifth, and eleventh positions of
LBT-C: CCMP-P4T, CCMP-D5N, and CCMP-D11E (Fig. 3a).
Ce(u)-binding affinities of these variants were re-evaluated by
introducing a tryptophan residue at the ninth position. The
D11E and PAT variants exhibited Ky, values comparable to that
of CCMP (Table 2), whereas the D5N variant showed a reduced
binding affinity, though still sufficient for experiments at sub-
millimolar concentrations. The g-values of the D11E and P4T
variants closely matches that of CCMP, indicating that substi-
tution at position 11 or 4 does not alter the metal-ligation mode.
In contrast, the g-value of the D5N mutant was increased to
2.23, implicating substantial structural perturbations in the
primary coordination spheres.

Kinetic analysis of the CCMP variants revealed that both
D11E and D5N mutations affect the reaction rate, leading to
moderately reduced CCMP-2 product yields and increased
dimer formation. The P4T mutation significantly impaired
reactivity, reducing it to a level comparable to that of LBT-C
(Fig. 3f, S22 and Table 2). The reduced reactivity of CCMP-
D11E is therefore likely attributed to steric hindrance intro-
duced by the elongated side chain of glutamate (D11E), which
may obstruct access of 4VBS or dioxygen to the vacant site
within the Ce(m) coordination sphere. The D5N variant incor-
porated an additional water molecule into the coordination
sphere, and more direct perturbation at the coordination
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geometry may have altered the reactivity. Furthermore, the
removal of proline upon PAT mutation may alter the spatial
orientation of the Ce(m) center relative to the cysteine residue.
Notably, the X-ray crystal structure of Gd(ur)-bound LBT-tagged
ubiquitin (xq-dSE3-Ub), which shares a similar sequence with
CCMP-PAT and possesses either none or one water-binding
site* (Fig. S23), supports that the presence or absence of
proline at this position likely affects backbone distortion. These
studies of CCMP mutants indicate that efficient oxidative thiol-
ene coupling requires a precise orientation and distance
between the vacant site of the Ce(m) coordination sphere and
the reactive cysteine.

Mechanistic studies of Ce(m)-dependent oxidative thiol-ene
coupling

Previously reported oxidative thiol-ene coupling reactions
typically proceed via thiyl radical intermediates, initiated by UV
irradiation,® excess peroxides,®* transition metals,*** such as
Fe, Cu, Ag, and Au, and occur with specific solvents, or addi-
tives.”® Similarly, Ce(m)-mediated oxidative C-C coupling has
been proposed to involve radical intermediates.®

To evaluate whether the Ce(m)-mediated oxidative thiol-ene
coupling is also operative via radical mechanism, radical trap-
ping agents, such as 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
and a-phenyl N-tertiary-butyl nitrone (PBN), were added to the
Ce(CCMP). No formation of any CCMP-adducts was observed
(Fig. 4a and S24). Furthermore, the addition of excess radical
quenchers, such as DMPO, PBN, and 2,6-di-tert-butyl-4-
methylphenol (BHT), under standard reaction conditions,
failed to suppress the oxidative coupling. Collectively, these
results suggest that the Ce(ur)(CCMP) complex is unlikely to
form a radical species.

a b c
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Fig. 4 Mechanistic studies of Ce()-mediated oxidative thiol-ene coupling. (a) HPLC analysis of the standard reaction products (0.1 mM
Ce((CCMP), 10 mM 4VBS in 50 mM Tris—HCL, pH 7.4) with DMPO (10 mM). (b) UV-Vis spectra of 0.1 mM CCMP complexed with 0.1 mM Ce(n) or
Ce(iv) in 50 mM Tris—HCL, pH 7.4. (insert): Subtracted spectrum of 0.1 mM Ce(i)(CCMP) compared to metal-free CCMP. (c) Hammett plot analysis

with para-substituted styrene derivatives in 50 mM Tris—HCl buffer with
molecular oxygen and 4VBS.
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10% (v/v) DMSO at pH 7.4. (d) A proposed mechanism of Ce(CCMP) with
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We measured the UV-Vis spectra of Ce(CCMP) complexes to
investigate where molecular oxygen binds to the vacant site of
the Ce(m) complex. Ce(m)(CCMP) prepared under an argon
atmosphere exhibited a characteristic absorption band in the
250-350 nm range (Fig. 4b, insert and Fig. $25), attributed to the
4f to 5d electronic transition of Ce(ur). The UV-Vis spectrum of
Ce(m)(CCMP) exposed to air was indistinguishable from that
obtained under argon. Because Ce(iv)(CCMP) exhibits a distinct
absorption feature in the 300-450 nm region, these data suggest
that Ce(ur)(CCMP) either does not readily react with dioxygen or
accumulate any oxygenated intermediates under the experi-
mental conditions.

We also measured the cyclic voltammetry (CV) of
Ce(m)(CCMP) in 50 mM Tris-HCl, 150 mM NaCl, pH 7.4,
revealing a quasi-reversible Ce(m)/Ce(iv) redox potential of
0.34 V vs. Ag/AgCl (3 M NaCl) (Fig. S26). This potential may not
be sufficiently low to directly reduce molecular dioxygen,
consistent with the absence of detectible superoxide or singlet
oxygen (Fig. S27 and S28). Moreover, no correlation was
observed between the Ce(ur)/Ce(v) redox potentials and the
oxidative thiol-ene coupling reactivity of CCMP-PAT and LBT-C
(Fig. S26). These results suggest that Ce(m) does not directly
facilitate molecular oxygen reduction or induce spin state
transitions associated with singlet oxygen formation.

In contrast, mixing Ce(v)(CCMP) with an equimolar amount
of potassium superoxide (KO,) under anaerobic conditions led
to the formation of Ce(m)(CCMP) species. Notably, CCMP, with
a coordinatively unsaturated site, facilitated a substantially
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faster reduction of Ce(wv) compared to LBT-C (Fig. S29). This
observation suggests that reductive dioxygen activation by Ce(ur)
is thermodynamically unfavorable, whereas single-electron
transfer from superoxide to Ce(wv) occurs more readily when
a vacant coordination site is available.

We conducted a Hammett plot analysis using para-
substituted styrene derivatives in 50 mM Tris-HCI buffer, 10%
(v/v) DMSO at pH 7.4. A linear correlation with a positive slope
of p = 1.0(1) (Fig. 4c and S30) indicates that the reaction is
facilitated by electron-withdrawing groups. In conjunction with
the negative results from radical trapping and quenching
experiments, the reaction is likely to proceed via a nucleophilic
mechanism, in which a delocalized benzylic carbanion-like
species, formed through the nucleophilic attack of a thiolate
on styrene, reacts with molecular oxygen in a concerted manner
(Fig. 4d). Dioxygen may participate in the reaction via the
transient interaction with the vacant coordination site of the
Ce(m) complex. While additional mechanistic or computational
investigations are needed, the proposed mechanism may be
analogous to that of tryptophan 2,3-dioxygenase,””"* wherein
direct electrophilic addition of heme-bound dioxygen to the
indole ring of r-tryptophan occurs without a change in the
oxidation state of iron or involvement of superoxide.

Site-specific cysteine modification on CCMP-tagged ubiquitin

We expanded the reactivity of Ce(ur)(CCMP)-mediated oxidative
thiol-ene coupling to the protein level, targeting systems with
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Fig.5 Cysteine modification with 4VBS on CCMP-tagged ubiquitin. (a) A reaction scheme and LC-MS analysis. The reaction was conducted with
10 uM CeClz, 10 uM Ub-CCMP (3), and 1 mM 4VBS in 50 mM Tris—HCL, pH 7.4 at 25 °C for 12 h, followed by treatment with 1 mM TCEP. HPLC
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higher molecular complexity. We designed a chimeric protein
(Ub-CCMP), consisting of ubiquitin (Ub)—a cysteine-free, 8.6
kDa regulatory protein found in most eukaryotic organisms—
fused to the 17-amino acid CCMP. We created a spectroscopic
analog protein (Ub-CCMP-W) by introducing a tryptophan at the
9th position of CCMP, as described above. The dissociation
constant (Kp ce() = 0.32(7) uM) was similar to those of CCMP-W
(Fig. S7 and Table S3), indicating that the coordination geom-
etry of Ce(m) remains largely unaltered upon the genetic fusion
with ubiquitin.

The oxidative coupling was carried out under standard
conditions with 10 pM CeClz, 10 pM Ub-CCMP (3) and 1 mM
4VBS. HPLC analysis demonstrated that Ub-CCMP (3) was
completely consumed within 12 h, resulting in the formation of
two primary products: Ub-CCMP-1 (3a) and Ub-CCMP-2 (3b),
identified as a P-hydroperoxide and a B-hydroxy adduct,
respectively. Additionally, sulfinate (Ub-CCMP-SO, ) and
sulfonate (Ub-CCMP-SO;" ), were observed as minor products
(Fig. 5a and S31). Following treatment with TCEP, Ub-CCMP-2
(3b) was isolated as the major product, along with a small
amount of unmodified protein, presumably regenerated
through the reduction of sulfinate groups.

We also examined the photoinduced reactivity of Ce(v)(Ub-
CCMP) at the protein level. Blue light irradiation (456 nm) led
to complete conversion, whereas no conversion of Ub-CCMP
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was observed in the absence of irradiation (Fig. 5b and S32),
consistent with the results observed for peptides (Table 1, entry
9-10). Site-specificity was further explored by shifting the
cysteine residue to the 10th (Ub-CCMP-C10) or 16th positions
(Ub-CCMP-C16). Neither mutant underwent protein modifica-
tion with Ce(ir) or Ce(wv) under blue-light irradiation (Fig. 5c, d,
S33 and S34). These data highlight that Ce(u)-mediated site-
specific cysteine modification is applicable to macromolecular
systems with increased complexity while retaining its specificity
and reactivity.

Next, we investigated the site-selectivity of Ce(m)-mediated
oxidative thiol-ene coupling in proteins containing multiple
cysteine residues. We introduced an additional cysteine at
position K63 of ubiquitin in Ub-CCMP. To facilitate analysis,
a TEV protease (TEVp) cleavage site (ENLYFQG) was also
inserted between the Ubge;c and CCMP sequences, resulting in
the construct Ubge;c-ENLYFQG-CCMP (4) (Fig. 6). The coupling
reaction was performed with 10 pM CeClz, 10 pM Ubgesc-
ENLYFQG-CCMP (4), and 10 mM 4VBS in 50 mM Tris-HCl, pH
7.4 at 25 °C for 2 h, followed by treatment with 1 mM TCEP.
Nearly complete conversion of the protein to 4b was observed,
as determined by HPLC and a 200 Da mass increase in LC-MS
analysis. Subsequent TEV treatment for 5 h, followed by HPLC
and LC-MS analysis, revealed a 200 Da mass increase in the
cleaved peptide G-CCMP-2 (4f), while no modification was
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Fig. 6 One-pot dual labeling of CCMP-tagged ubiquitin with multiple cysteines. (a) A reaction scheme and LC-MS analysis. The reaction was
performed by mixing with 10 uM CeCls, 10 uM 4, and 10 mM 4VBS in 50 mM Tris—HCL, pH 7.4 at 25 °C for 2 h, followed by treatment with 1 mM
TCEP. The resulting protein (4b) was further modified using 1 mM N-[2-(dansylamino)ethyllmaleimide. All reaction products were digested with
TEV protease for analysis. (b) HPLC analysis of the modified proteins in each step.
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detected in Ubggsc-ENLYFQ (4¢). These results indicate that the
modification occurred specifically on the CCMP tag.

The modified protein 4b was subsequently treated with
1 mM N-[2-(dansylamino)ethyljmaleimide (dansyl-maleimide)
without purification steps. HPLC and LC-MS analysis before
and after TEV protease treatment demonstrated that the dansyl
adduct was introduced exclusively at the K63C position of
ubiquitin (4e) (Fig. 6 and S35). These results demonstrate that
Ce(m)-mediated thiol-ene coupling can differentiate between
distinct cysteine residues within a macromolecule with high
regioselectivity and precision.

Conclusions

We present the chemical reactivity of a Ce(ur)-binding 17-amino
acid peptide that enables site-selective cysteine modification,
forming a stable B-hydroxysulfide adduct with minimal linkers
and reagents. The Ce(m)-mediated oxidative thiol-ene coupling
is highly dependent on both primary and secondary coordina-
tion spheres, particularly the spatial orientation and proximity
of the thiol group to the metal center. Incorporation of styrene
derivatives as labeling moieties expands the scope of protein
modification, with potential applications in protein engi-
neering, biosensor development, and therapeutic design.
Notably, this study provides a rare demonstration of Ce()-
mediated activity in biological systems, establishing cerium as
a promising candidate for bioinspired catalysis. Furthermore,
Ce(v) enables light-controlled protein modifications, offering
a versatile platform for photocrosslinking, spatiotemporal
control, and optogenetic regulation.
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