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Magnetic affinity beads functionalized with lactose and ruthenium/
dcbpy complexes were developed. Using MAUTra, a catalyst-proximity
labelling reagent, the catalytic labeling of lactose-binding proteins
was achieved with high selectivity on the beads. The first unbiased
identification of cellular endogenous lectins bound to lactose
(galectin-1 and galectin-3) was achieved with chemical labelling
on the affinity beads.

Techniques for identifying proteins bound to ligands are important
for elucidating the mechanisms underlying biological pathways
and identifying the interactions between proteins and ligands.
Most of the studies on protein-ligand interactions focus on high
affinity interactions (Kp < 10 ° M). Because many conventional
approaches fail to apply weak interactions (Kp, > 10 * M), informa-
tion about weak protein-ligand complexes is still scarce. Weak and
transient protein-protein interactions (Kp > 10~* M),"* such as
lectin—carbohydrate interactions (Kp = ~10~* M), are exploited for
cell differentiation, adhesion, and rapid turnover cell signaling, and
are one of the key factors to understating rapid responses of cellular
systems.? Although NMR, isothermal titration calorimetry (ITC)
and surface plasmon resonance (SPR) have been applied to
analyze such weakly bound proteins, these methods require
purified target proteins. Therefore it is difficult to utilize them
for the identification of an unknown protein binding to a
ligand,* and thus, development of technology for the detec-
tion/identification of weak protein-ligand interactions is still
an urgent requirement in molecular biology.
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Catalyst-proximity protein chemical labelling on
affinity beads targeting endogenous lectinsy
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Selective chemical labelling of ligand-binding proteins with
covalent bond formation enables the detection of proteins
weakly bound to ligands, and photoaffinity probes have been
developed and widely used for detecting target proteins with weak
affinity.”® In the case of lectins, the affinity can be increased by
using carbohydrate dendrimers due to the multivalent binding
effect between lectin oligomers and carbodydrates.” Utilizing
this property, multivalent carbohydrate photoaffinity probes were
developed (Fig. 1a).*™"® For example, Pieters and co-workers
achieved the labelling of targets that were added in a sufficient
amount into cell lysate using multivalent carbohydrate photo-
affinity probes.'® However, the applications of these methods are
limited to purified lectin or protein mixture systems containing
artificially added lectins, and the selectivity to lectins is not
sufficient. In fact, labelling of cellular endogenous lectins has
not been reported so far. This limitation is generally caused by
the low efficiency of the photoaffinity crosslinking reaction
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Fig. 1 Concept of this work. (a) Photoaffinity probe containing multivalent
carbohydrate ligands. (b) Catalyst-proximity tyrosine residue labelling using
a ligand-conjugated Ru(bpy)s photocatalyst. (c) This work: lectin labelling on
catalyst-functionalized affinity beads.
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(less than 10%).">"® On the other hand, we developed a catalytic
tyrosine residue labelling technique that uses Ru(bpy);>" as the
photocatalyst.”*® In this method, a tyrosine residue is oxidized
by single-electron transfer (SET) of a ruthenium photocatalyst
and a tyrosyl radical is generated to react with a labelling
reagent. Using a ligand-conjugated catalyst, target protein selec-
tive labelling was achieved due to the proximity property of the
SET reaction (Fig. 1b). Recently, we discovered that 1-methyl-4-
arylurazole (MAUra) efficiently labels tyrosine located a few
nanometers from Ru(bpy);>*."° We also performed target protein
purification and labelling simultaneously using Ru-photocatalyst-
functionalized beads.”® We thought that MAUra could selectively
label bead-binding proteins located in close proximity to the
photocatalyst functionalized on the beads. Using this system,
weak and transient ligand binding proteins, which cannot be
pulled down by conventional affinity chromatography, can be
labelled on the beads. In this communication, we achieved
the first chemical labelling and highly sensitive detection of
endogenous carbohydrate-binding proteins through proximity-
dependent labelling using MAUra on ruthenium/dcbpy complex
functionalized beads (Fig. 1c).

To demonstrate the concept, we chose peanut agglutinin
(PNA, Kp = 770 uM>! for lactose), a lectin that is derived from
Arachis hypogaea fruit and recognizes the P(1-4)-galactoside
group, and B-p-lactose as the model target protein and ligand,
respectively. Sakurai and co-workers reported that the binding
affinity between PNA and B-p-lactose was drastically increased
by the immobilization of B-p-lactose on nanoparticles.> We
synthesized beads 1 and 2, on which the Ru(bpy); complex
(bead 1) and Ru/dcbpy complex (bead 2) were immobilized,
respectively, with B-p-lactose (see the ESI, Section S2-S9, for
details on bead preparation). In order to evaluate the labelling
efficiency and the PNA selectivity for each catalyst or the reaction
field on beads, PNA labelling with MAUra-azide (3) was per-
formed in PNA-containing HeLa cell lysate using bead 1, bead 2,
or lactose-conjugated Ru photocatalyst 4. When 4 was used as
the catalyst, much lactose-independent labelling was observed
(lane 3, Fig. 2b). This may be due to the weak affinity of the
ligand and the fact that most of the ligand-conjugated catalysts
did not bind to PNA selectively. Improved labelling selectivity
was observed in the case of bead 1 (lane 5, Fig. 2b). We have
reported that nonspecific protein binding on beads is sup-
pressed by changing the catalyst from the Ru(bpy); to Ru/dcbpy
complex.”® By using bead 2, we succeeded in the selective
labelling of PNA in the protein complex mixture (lane 7,
Fig. 2b).>> PNA labelling was hardly observed in the presence
of an excess amount of B-b-lactose, suggesting that the PNA-
selective labelling was lactose-dependent (lane 8, Fig. 2b and
Fig. S2, ESIf). Under the conditions where other labelling
reagents were used instead of 3, both the labelling efficiency
and selectivity were insufficient (Fig. S3, ESIt). These results
suggest that the labelling radius of the radical species of MAUra is
suitable for proximity labelling of bead-binding proteins on bead 2.
Not only when targeting PNA but also in model experiments
targeting carbonic anhydrase, the ligand- and Ru/dcbpy-complex-
functionalized beads labelled target proteins in protein
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Fig. 2 PNA-selective labelling in PNA-containing Hela cell lysate using
a lactose-conjugated photocatalyst or photocatalyst-functionalized affi-
nity beads. (a) Structures of the ligand, photocatalyst, and labelling
reagents. (b) PNA-selective labelling using bead 1, bead 2 or lactose-
conjugated Ru photocatalyst 4. A mixture of PNA (1 puM) and Hela
cell lysate (1.0 mg mL™ protein) in lysis buffer (pH 7.4) was photo-
irradiated (455 nm LED) in the presence of 3 (500 uM) at 0 °C for 5 min.
Azide-labelled proteins were visualized by a copper-free click reaction with
DBCO-Cy3. *Input: PNA (1 uM) containing Hela cell lysate (1.0 mg mL™*
protein). ** PNA control (1 uM).

mixtures more selectively than the ligand-conjugated Ru(bpy);
complex (Fig. S4, ESIT).

As another type of labelling reagent, we previously reported
desthiobiotin-conjugated MAUra (MAUra-DTB, 5, Fig. 2a)."°
Using the binding property of desthiobiotin to streptavidin,
labelled proteins can be enriched with streptavidin beads.
Adopting the enrichment system, we evaluated the labelling
efficiency of PNA on bead 2. PNA was labelled by 5 and the
enriched proteins were quantified by SDS-PAGE and silver
staining, compared with PNA of known concentrations. As a
result, 22% labelling efficiency was achieved (Fig. S5, ESIT).
This value is higher than the general efficiencies of conven-
tional photoaffinity labelling methods targeting lectins (less
than 10%).">'® In addition, in order to identify the labelled site,
PNA was labelled with MAUra-N; (3), and the labelled PNA was
reacted with DBCO-Cy3, in-gel tryptic-digested, and analyzed
by LC-MS. In a control experiment using Ru(bpy);Cl,, many
peaks were visible on the fluorescence spectrum because of the
random site tyrosine labelling on PNA (Fig. S6d, ESIt). On the
other hand, in the case of bead 2, limited peaks were observed
on the fluorescence spectrum, suggesting that the labelling
proceeded site-selectively. We could identify the labelled
peptide fragment by MS measurement of the labelled peak
separated by HPLC. The identified peptide fragment contains
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two tyrosines (Y124 and Y129) in its sequence (Fig. S6b and e,
ESIY). Although we could not identify which tyrosine is labelled
selectively by LC-MS/MS analysis, the topological positions of both
Y124 and Y129 were in close proximity to the lactose binding site
according to the X-ray structure of PNA (PDB: 2pel, Fig. S7, ESI{).>*
This result suggested that PNA bound to beads via lactose binding,
and was selectively labelled with tyrosine residue(s) around the
binding site. This result also suggested that catalyst-proximity label-
ling on the beads enabled site-selective labelling in the ligand
binding site of target proteins as well as target protein selective
labelling in the protein mixture.

Then, we performed labelling of an endogenous lactose-binding
protein in A431 cell lysate using bead 2. The bead-binding protein
was labelled by MAUra-DTB (5), and the labelled protein was
enriched with streptavidin beads. The enriched protein was
digested with trypsin and identified by LC-MS/MS. To distinguish
lactose-independent labelling via non-specific bead binding, we
performed a control experiment. In the presence of an excess
amount of free lactose, only lactose-mediated binding on beads
should be inhibited, resulting in the labelling inhibition of lactose-
binding proteins (Fig. 3a). We obtained a list of enriched proteins
in both experiments by LC-MS/MS analysis in the absence or
presence of an excess amount of free lactose. From this list, we
extracted proteins that were efficiently labelled in the absence of
free lactose, and whose labelling was suppressed in the presence of
free lactose (see the ESIt Table S1, for details on extraction
conditions). Fig. 3b shows the list of extracted proteins. In this list,
we focused on galectin-1 and galectin-3 (shown in red), which are
proteins that bind specifically to B-galactoside. The results were
also confirmed by Western blot analysis of enriched proteins using
anti-galectin-1 and anti-galectin-3 antibodies (Fig. S8, ESIt). The
results are reasonable because lactose is a typical B-galactoside and

labelling on bead

(b) Descrint MW [Calculat| NUmber
escription (kDa) | edpl

Putative keratin-87 protein 29.1 5.8 112
Nucleoprotein TPR 267.1 | 5.0 48
Galectin-1 14.7 5.5 37
RuvB-like 2 51.1 5.6 33
ine-protein kinase 1183 1.1 26

AE of Integrin beta-4 106.7 6.3 24
Isoform 2 of Cystathionine gamma-lyase 39.5 6.9 24
Fatty acid-binding protein, epidermal 15.2 7.0 23
Keratin, type | cytoskeletal 18 48.0 55 22
Galectin-3 26.1 8.6 22

Heterogeneous nuclear ribonucleoprotein K 50.9 55 22
26S protease regulatory subunit 108 44.1 7:5 21
Tumor protein D54 222 5.4 20

Integrin alpha-2 129.2 5.3 20

Fig. 3 Identification of a bead-binding protein by labelling with 5,
desthiobiotin affinity enrichment, and LC-MS/MS detection. (a) Scheme
of bead-binding protein labelling in the absence and presence of excess
free ligand. Labelling was performed using beads 2 (5.0 mg mL™%) and 5
(500 pM) in A431 cell lysate (3.0 mg mL™Y. (b) Data-extracted list of
labelled proteins in the absence of a free ligand. * Peptide spectrum
matches in LC-MS/MS of enriched proteins.
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the binding between lactose and galectins is well studied. However,
to our knowledge, this is the first report of lectin identification
from the cellular protein mixture without any bias. Previous
lectin-labelling studies were based on model experiments in
which purified lectins or lectin-added protein mixtures are used.
In this communication, the combination of the multivalent
effect on the beads and the labelling of bead-binding proteins
enabled us to identify the binding of cellular endogenous lectins
and lactose. Furthermore, integrin, inactive tyrosine protein
kinase, and heterogeneous nuclear ribonucleoprotein (hnRNP)
were also detected by LC-MS/MS analysis (shown in blue
in Fig. 3b and Fig. S9-11). It was reported that these proteins
form protein complexes via interactions between galectin-3 and
glycans on the protein surface.>*>® Thus, this result suggests
that not only proteins that bind to lactose but also protein-
protein interaction partners were labelled on the beads. The
binding affinity between lactose and galectin-1 or galectin-3 is
weak (Kp: millimolar order).””?® According to a previously
reported procedure,>® we observed the inhibition of His-tagged
galectin-3 binding to asialofetuin (ASF) on an ELISA plate on
incubation with monomeric lactose or bead 2. In the case of
monomeric lactose, the ICs, value was 3.87 mM. On the other
hand, in the case of bead 2, the ICs, value was 0.398 uM,
suggesting that the binding affinity was improved by 10000-
fold by lactose functionalization on the beads (Fig. S12, ESIf).
Although the binding affinity was improved by the multivalent
binding effect on the beads, the purification by the conventional
affinity purification method was unsuccessful because the binding
affinity is not sufficient to pull down galectin-1 and -3 (Fig. S13,
ESIT). These results indicate that the proximity labelling of bead-
binding proteins is useful for detection and identification, and
would be applicable to weak affinity targets that cannot be detected
by the conventional affinity purification method.

We also applied this labelling method to two-dimensional
fluorescence difference gel electrophoresis (2D-DIGE). Bead-
binding proteins were labelled by MAUra-azide (3) and the
azide-labelled proteins were visualized by copper-free click
chemistry with dibenzocyclooctyne-conjugated Cy5 (DBCO-Cy5).
To distinguish from lactose-independent labelling, we performed
the same experiment in the presence of an excess amount of free
lactose, and the labelled proteins were visualized by DBCO-Cy3.
The Cy3- and Cy5-labelled samples were mixed, and the proteins
were separated by two-dimensional electrophoresis (Fig. 4). The
use of two fluorophores facilitated the distinction between
lactose-dependent labelling and lactose-independent labelling.
Galectin-1 and galectin-3 could be detected as spots that were
selectively labelled with Cy5.

In conclusion, we have developed proximity-dependent
labelling of affinity-bead-binding proteins. We labelled lectin
in cell lysate using lactose- and ruthenium-photocatalyst-
functionalized beads. We succeeded in the selective labelling
of PNA in PNA-containing HeLa cell lysate using the beads. The
labelling on the beads showed higher efficiency and selectivity
than when using a lactose-conjugated ruthenium photocatalyst.
We carried out the labelling of endogenous lactose-binding
proteins in A431 cell lysate. The first unbiased labelling and
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Fig. 4 2D-DIGE analysis of labelled proteins. After labelling with 3
(500 uM), azide-labelled proteins were visualized by the copper-free
click reaction with DBCO-Cy5 or DBCO-Cy3. Cy5-labelled proteins are
shown in red and Cy3-labelled proteins are shown in green. Identified
lactose-binding proteins (galectin-1 and galectin-3) by LC-MS/MS analysis
as indicated by white circles. *Green bands on the left are molecular
weight makers (140 kDa and 35 kDa). **A spot (MW ~ 15 kDa, pl ~ 4)
labelled efficiently with Cy5 could not be identified by trypsin digestion and
LC-MS/MS.

identification of cellular endogenous lectins were achieved.
Endogenous galectin-1 and -3 (10> M Kp, values with lactose)
were labelled and identified as cellular endogenous lactose-
binding proteins by LC-MS/MS and Western blot. Furthermore,
the protein-protein interaction partners of galectin-3 were also
labelled and identified. These results suggest that the proximity
labelling of bead-binding proteins enables the detection
of ligand-binding proteins with weak affinity. Not only the
direct ligand-binding proteins, but also protein complex con-
taining ligand-binding proteins could be labelled on the bead
surface. This technique can be used to identify ligand-binding
proteins that are difficult to analyze by other conventional
affinity purification methods. Applications are not limited to
the identification of carbohydrate-binding proteins. By chan-
ging the ligand part, various protein-ligand interactions can be
identified. We are now in a position to identify ligand-binding
proteins with weak affinity by this technique.
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