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Enhancing protein—ligand affinity is crucial for regulating protein function; however, redesigning ligand
molecules often requires extensive trial and error. In this study, we demonstrate proximity-induced
ligand binding to a protein's active site by confining it within coordination cages, thereby enabling
precise control of protein activity. Co-encapsulation within the confined cavity of the cage brings
lysozyme and a low-affinity saccharide into close proximity, resulting in a 103-fold decrease in the
apparent dissociation constant of the monosaccharide. The significant enhancement of the saccharide

binding to the lysozyme active site effectively inhibited its enzymatic activity. NMR studies confirmed the
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Accepted 18th April 2025 formation of lysozyme—saccharide complexes through enhanced weak interactions, which are otherwise

unobservable, facilitated by the confined cavity. This cage confinement strategy thus offers a novel
DO 10.1039/d55c00782h approach for ligand-based functional control of native proteins, eliminating the need for elaborate ligand

rsc.li/chemical-science design and protein engineering.

Introduction

Ligand molecules are generally considered to require high
affinity to a protein's active site to regulate protein functions
through competitive binding.* Interestingly, low-affinity ligands
are also often effectively utilized for protein function regulation,
as observed in protein-sugar interactions.” In such cases, the
intracellular confined environment significantly increases the
local concentration of ligands, allowing weak protein-ligand
interactions with a dissociation constant (Ky) of =107 to be
utilized effectively.® In this study, we report that confinement in
coordination cages significantly enhances ligand binding to
a protein by proximity, allowing for the control of enzymatic ®)
activity (Fig. 1). Spherical M;,L,, coordination cages, self-
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Fig. 1 Enhanced ligand binding to protein’s active sites by confine-
ment in coordination cages. (a) Lysozyme-saccharide complex
encapsulated in a spherical My;L,4 coordination cage. (b) Top: Weak
ligand binding does not affect protein activities in bulk solutions.
Bottom: Proximity within the coordination cage induces the ligand
binding to control protein function.
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assembled from Pd*" ions (M) and an organic component (L),}*
can confine a protein within its well-defined cavity.>” The
proximity of a protein and its ligands co-encapsulated in the
confined cavity can be enforced by covalently linking the
saccharide ligand at the interior of the cages. By confining
lysozyme and a low-affinity saccharide in close proximity in the
cage, their effective molarity is significantly increased, thereby
enhancing the ligand affinity (Fig. 1b). We also show that the
weak lysozyme-saccharide complexation, which is otherwise
unobservable, can be analyzed by the NMR study thanks to the
proximity effect by the confined cavity.

Results and discussion
Proximity of lysozyme and saccharides in coordination cages

To demonstrate the proximity-induced binding within a confined
cavity, we encapsulated hen egg-white lysozyme and its low-
affinity saccharide ligands, N-acetylglucosamine (GlcNAc) or
N,N'-diacetylchitobiose ((GlcNAc),), in M;,L,4 coordination cages
(Fig. 2a and S17). Saccharide-conjugated organic components 2a
and 2b were prepared to confine the saccharides using our
protein encapsulation scheme® (Scheme S1 and Fig. S15-529%).
The N-terminus-selective condensation of lysozyme with the 2-
formylpyridyl group® of 1 followed by treating with saccharide
conjugate 2 and Pd*" ions resulted in the self-assembly of 3 co-
encapsulating the protein and saccharides. By this procedure,
a single lysozyme molecule can be accommodated along with the
saccharides in a well-defined 5.5 nm cavity, as established by our
previous studies.>® To achieve a high encapsulation yield, more
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than two cage equivalents were prepared and the mixture was
used directly, as the empty cage does not affect the properties of
the encapsulated lysozyme (Fig. S17).

Diffusion-ordered spectroscopy (DOSY) NMR showed the co-
encapsulation of lysozyme and the saccharides in a coordina-
tion cage (Fig. 2b, c, S2 and S3t). Upon complexation with Pd**
ions, the "H NMR spectrum displayed a set of broad signals
corresponding to the Mj,L,, cage, lysozyme, and (GlcNAc),
(Fig. 2b). The diffusion coefficients D for both the protein and
saccharide decreased to match that of an empty M;,L,, cage
(Fig. S2,# D = 1.0 x 10 *°* m* s7"). "F DOSY NMR selectively
detected sugar-conjugated component 2, indicating a decrease
in the D value of the saccharide (Fig. 2c, S2 and S37). These
results, together with the previous analytical ultracentrifugation
(AUC) measurements,” confirm that both lysozyme and
(GleNAc), were confined within the cage.

The statistical arrangement of the saccharide ligands within
the cage was demonstrated by electrospray ionization mass
spectrometry (ESI-MS, Fig. S51). When components 1 and 2
were mixed, heteroleptic M,L,, cages formed according to the
binomial distribution. Consequently, the average number of
saccharide ligands in the cage directly reflects the initial mixing
ratio (Fig. S17).

By confining a protein and its ligands within the cage cavity,
their proximity is considerably increased, enhancing their
effective molarity. Fluorescence resonance energy transfer
(FRET) experiments demonstrated this proximity within the
coordination cage (Fig. 2d and e). To measure the FRET
distance, we labeled lysozyme with the cyanine3 (Cy3) donor
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Fig. 2 Co-encapsulation of a protein and ligands in Mj,L,4 coordination cages and their proximity in the confined cavity. (a) Schematic
representation of co-encapsulation of lysozyme and saccharides GIcNAc or (GIcNAc), in the cage. The cage that does not encapsulate lysozyme
is omitted for clarity. See Fig. S1 for details. (b) *H and (c) *°F DOSY NMR spectra of the complex 3b ((b) 600 MHz, (c) 471 MHz, D,O/CDsCN =1:
1, 300 K). *Unreacted 1 and 2. (d) Fluorescence spectra of the Cy3-labeled lysozyme and Cy5 acceptor encapsulated in the cage (complex 5, red,
Aex = 530 nm). The spectra of the caged Cy3-lysozyme in the absence (gray) and presence (blue) of free Cy5-conjugate 4 are also shown. (e)
Modeling of complex 5. The FRET distance between Cy3 on lysozyme and Cy5, as well as the cavity diameter, is shown.
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and synthesized component 4, conjugated with the cyanine5
(Cy5) acceptor as a saccharide surrogate (Fig. S5, S30-S33 and
Scheme S21). The Cy3-labeled lysozyme and Cy5 were co-
encapsulated in cage 5 (Fig. S41), and the fluorescence spectra
were recorded under Cy3 excitation (Ax = 530 nm). This resul-
ted in a strong FRET signal from the Cy5 acceptor (A, = 681
nm), accompanied by a decrease in the fluorescence of the Cy3
donor (Aem = 570 nm) (Fig. 2d and S6, red linet). In contrast, no
FRET signal was observed when Cy5-conjugated component 4
was added to the caged lysozyme after encapsulation (blue line).

The FRET distance between the donor and acceptor was
calculated to be 4.2 £ 0.5 nm (Fig. 2e; see ESI Notest for details).
This measurement is consistent with the average distance from
the periphery of lysozyme to the saccharide ligand within the
5.5 nm diameter cavity. Accordingly, co-encapsulation in the
coordination cage facilitates the proximity of the protein and
ligands, promoting weak interactions. Due to the stochastic
arrangement of the protein and the ligand within the M;,L,,
cages (Fig. S47), the more ligands encapsulated, the more likely
the ligands are to be in close proximity to the protein binding site.

Lysozyme activity inhibition by enhanced saccharide binding
in the confined cavity

An inhibition assay of lysozyme activity demonstrated the
proximity-induced lysozyme-saccharide interactions (Fig. 3 and
S7t). Competitive binding with trisaccharide substrate 6 to the
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Fig. 3 Proximity-induced saccharide binding to the lysozyme active
site in coordination cages to inhibit its enzymatic activity. (a) Schematic
representation of the lysozyme activity inhibition assay. (b) Activities of
lysozyme co-encapsulated with saccharides ((i) GlcNAc and (ii)
(GlcNAc),), relative to the caged lysozyme without the sugars. The
relative activities of the caged lysozyme in the presence of (iii) free
(GlcNAc), or (iv) free (GIcNAc),-conjugate 2b are also shown.
[Substrate] = 200 uM, [lysozyme] = 4 uM, [saccharide] = 33 uM, n = 4.
Error bars indicate standard deviation. Unpaired two-tailed Student's t-
tests: *p = 0.02, **p = 0.008.
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lysozyme active site decreases its enzymatic activity, indicating
ligand affinity. Lysozyme activity was assessed by monitoring the
fluorescence of the hydrolysis product 4-methylumbelliferone 8
(Fig. 3a).

When GlcNAc or (GlcNAc), was added to the caged lysozyme
or the uncaged protein, no significant change in its enzymatic
activity was observed due to their weak affinities (Fig. 3b(iii) and
S71). Similarly, adding free 2b did not affect the activity
(Fig. 3b(iv)). In contrast, the enzymatic activity of the caged
lysozyme was significantly decreased when co-encapsulated
with GIeNAc (0.63 + 0.11) or (GleNAc), (0.59 + 0.09) (Fig. 3b(i)
and (ii), 3.3 saccharides per cage). Therefore, co-encapsulation
in the cage enhanced weak lysozyme-saccharide interactions
by increasing proximity within the confined cavity.

The apparent dissociation constants Kypp,q Of lysozyme-
saccharides within the cage were estimated from the observed
decrease in activity. The residual activity was taken to represent
the relative reaction rate of lysozyme co-encapsulated with
GlcNAc or (GleNAc), compared to that without the ligands. Based
on the competitive inhibition in Michaelis-Menten kinetics and
the affinity of substrate 6 (Kq = 2.3 x 10~° M),® the K,ppq values
for GIcNAc and (GIcNAc), with lysozyme were determined to be
6.0 x 107° M and 5.0 x 10~® M, respectively (see ESI Notest for
details). These values are significantly lower than the reported
dissociation constants of GlcNAc (Kq = 2.7 x 107° M)" and
(GleNAc), (Kq = 2.7 x 10~* M).*® In particular, the binding of the
monosaccharide GlcNAc in the cage was 4500 times greater than
in bulk solutions. The increase in affinity corresponds to the
effective molarities of the protein (19 mM) and the saccharide (63
mM) in the 5.5 nm cavity, which are 10° times higher than their
concentrations under the assay conditions.

NMR study of lysozyme-saccharide complexes in coordination
cages

NMR spectroscopy shows the binding of saccharides to the
lysozyme active site (Fig. 4 and S8-S141). We employed "H-"*C
selective optimized flip-angle short-transient heteronuclear
multiple quantum coherence (SOFAST-HMQC) and hetero-
nuclear single quantum coherence (HSQC) NMR of non-
isotope-labeled lysozyme. The spectra, particularly in the
methyl and methylene regions, were analyzed to examine the
structural changes in lysozyme upon saccharide binding. The
caged lysozyme provided 'H-'C crosspeaks corresponding to
its native structure (Fig. S87).

When lysozyme was co-encapsulated with (GlcNAc),, minor
crosspeaks emerged for some methyl groups in residues at the
binding site (198 and A107), the adjacent helix (I88 and V92),
and the hydrophobic core (L17, 155, and M105) (Fig. 4a(i), (ii),
b and S9t). The result suggests the conformational alternations
in lysozyme upon binding to the saccharide. Notably, minor
peak changes were not observed in uncaged lysozyme when
(GleNAc), or saccharide-conjugate 2b was added (Fig. 4a(iii)-(v)
and S9%). Titration experiments determined the dissociation
constant of (GleNAc), for uncaged lysozyme to be 1.9 x 107> M
in the water/acetonitrile mixed solvent, requiring a significant
excess of the saccharide for its binding (Fig. S147). In addition,
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Fig. 4 NMR analysis of the lysozyme—saccharide complex confined in coordination cages. (a) *H-3C SOFAST-HMQC NMR spectra of non-
labeled lysozyme co-encapsulated with (GlcNAc), (800 MHz, D,O/CDsCN = 1:1, 300 K). (i) Caged lysozyme without saccharides, (ii) lysozyme
co-encapsulated with (GlcNAc), in the cage (3b), (iii—v) uncaged lysozyme in the (iii) absence and presence of (iv) (GlcNAc), or (v) (GlcNAc),-
conjugate 2b. [Lysozyme] = 200 puM, [(GlcNAc),] = 1.4 mM. (b) Residues showing a minor HMQC crosspeak by the co-encapsulation are
highlighted in magenta on the lysozyme—(GIlcNAc), structure (PDB 1LZG).

the encapsulation of (GlcNAc), led to a reduction in the inten-
sity of HMQC methylene crosspeaks of residues in the hydro-
phobic core, particularly aromatic residues (Fig. S12). These
results are consistent with the previous NMR studies on lyso-
zyme-saccharide complexes.*

"H-">C HMQC spectra also confirm the binding of GlcNAc to
lysozyme by encapsulating 12 molecules of the monosaccharide
in the cage (Fig. S10 and S117). The appearance of the minor
methyl peak was observed to be similar to the binding with
(GleNAc),. Without encapsulation in the cage, even the addition
of 300 eq. GlcNAc (180 mM), close to its saturation concentra-
tion, did not result in similar spectral changes (Fig. S147).
Accordingly, confinement in the coordination cages signifi-
cantly enhanced the binding of the saccharides to the lysozyme
active site, allowing the control of its enzymatic activity. In
addition, the NMR studies of lysozyme-saccharide complexes in
the cage suggest that the co-encapsulation can be utilized for
structural analysis of such transient protein-ligand complexes.

Conclusions

In summary, this study presents an approach to enhance ligand
affinity for regulating protein function by confinement in
coordination cages. When saccharides were co-encapsulated
with lysozyme in a confined cavity of M;,L,, spherical cages,
the enforced proximity induced the weak binding (Kq = 10~*) to
the protein active site, effectively competing with a higher
affinity substrate. The activity decrease corresponds to a 10’-
fold enhancement of the saccharide binding, consistent with
the increase in the effective molarity within the cage. NMR
analysis demonstrated the enhanced binding of saccharides to
the lysozyme catalytic site.

While such confinement effects in host cavities have been
widely discussed for complexes of small molecules,*? they have
never been investigated for protein-ligand complexes due to the
lack of suitable host matrices capable of arranging them in
nanometer-sized cavities.” A well-defined, designable cavity of

10552 | Chem. Sci, 2025, 16, 10549-10554

M;,L,4 coordination cages is ideal for the proximity-induced
ligand binding to control protein function, in contrast to the
heterogeneous cavities of conventional hosts.™

This confinement strategy can be applied directly to native
proteins without the need for mutations or elaborate ligand
modification. This approach also offers an advantage over
direct protein-ligand conjugation, which requires careful
control over linker design and conjugation sites.'> Weak natural
ligands, such as saccharides, can be repurposed as an effector
with over 1000 times greater affinity. This would enable not only
competitive binding but also allosteric regulation'® of proteins.
Consequently, confinement in the coordination cage can be
a practical strategy for modulating protein functions.
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