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Herein we report for the first time the site-selective C-H bond
arylation of tryptophan and tryptophan residues in proteins in aqueous
media at room temperature by using a PANP bionanohybrid as a
heterogeneous catalyst. The reaction proceeds using a stable aryl-
diazonium salt without a base.

Tryptophan (Trp) is one of the rarest amino acids present in
proteins with a natural abundance of only 1.09%."

However, in most cases Trp has a very important role in the
biological activity of proteins and especially enzymes, affecting
not only activity but also in many cases the selectivity.>™®

Strategies for selective chemical modification of proteins have
been well developed in recent years.”"> The selective function-
alization of traditional groups such as N-terminal, Lys amino
residues, Asp or Glu carboxylic acid residues or side chain
cysteines has been successfully employed.”'® However, the
established location and number of functionalizable groups on
the protein makes this strategy limited, being in most cases
a non-specific modification. Thus, new elegant procedures —
combining chemical and biological techniques - through C-C
strategies (cycloadditions, Staudinger ligation, Michael addi-
tions, etc.)'**® have been developed for protein site-selective
modification. This has allowed modified proteins with enhanced
or altered biological properties to be obtained.'**?

Recently, the C(sp®)-H arylation reactions of o-amino acids
and peptide-like compounds have attracted attention, especially
in the indole unit of tryptophan."®® Over the years, several
protocols with different coupling partners and oxidation systems
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were developed for functionalization at the indole C2-position
using transition metal catalysis, in which palladium acetate has
been the most used catalyst.'”>> However, this protocol showed
some limitations in the extension to protein modification. The
conditions normally require the use of organic solvents, while
protein modifications must be performed in water to preserve
protein structure, and catalytic performance in enzymes.

Therefore, to overcome all these drawbacks the application
of a heterogeneous catalyst that works well in aqueous media
would be mandatory. An interesting alternative could be the
recently described Pd nanobiohybrids,*® a heterogeneous metal
biohybrid formed by very small dispersed nanoparticles of
Pd(0) in a protein network. This catalyst has been successfully
applied in C-C bonding or reduction processes.”®

In this work we present for the first time the site-selective
modification of tryptophan residues by C-H activation under mild
conditions (aqueous media and room temperature) catalyzed
by the heterogeneous PANP biohybrid. The concept was first
tested using a protected tryptophan and finally used success-
fully in the modification of tryptophan residues of a particular
enzyme (Fig. 1).

First, the Pd nanoparticle biohybrid (PdNPs-E) was synthe-
sized using the strategy previously described,>** scaling up the
synthesis five times. The characterization of the heterogeneous
biohybrid was performed, and Pd(0) nanoparticles of around
5 nm diameter size were obtained (Fig. S1, ESIT).

Our studies started by exploring the capacity of this Pd
biohybrid as a catalyst in the C-H activation reaction by selective
arylation of N-acetyl-L-tryptophan methyl ester (1) (Table 1).

OMe

y C-H Functionalization Q
W — NH
Sustainable Pd catalyst O

Mild conditions: aqueous media and rt
Heterogeneous catalysis
Site-selective strategy

Fig. 1 Pd biohybrid-catalysed C—H activation of tryptophan in proteins.
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Table1l Optimization of C—H arylation of Trp 1 catalysed by the PANPs-E
biohybrid®

N*BF,
CO,Me CO,Me
AcHN™ AcHN™
2 OMe

N>y —mm O N O OMe

N Pd catalyst N

H solvent, rt H

1 3

Entry Catalyst Solvent Time [h] Conversion® [%]
1 Pd(OAc),  EtOAc 16 >99
2 PANPs-E EtOAc 16 >99
3 PANPs-E Dioxane 16 87
4 PANPs-E THF 16 36
5 PdNPs-E MeOH 2 >99
6 PANPs-E MeOH : H,0” 2 >99
7 PANPs-E MeOH : H,0° 2 >99
8 PANPs-E EtOH 2 37
9 PANPs-E EtOH :H,0° 2 70
10 PANPs-E EtOH : H,0% 2 97
11 PANPs-E i-PrOH : H,0° 2 75

“ Conditions: 1 (0.192 mmol), 2 (0.192 mmol), solvent (5 mL), catalyst
(2 mg), r.t (ca. 20 °C). ® (70:30 v/v). © (50:50 v/v). ¢ (40: 60 v/v). © Con-
version of the product 3 was quantified by HPLC.

The reaction was performed using 4-methoxybenzene-
diazonium tetrafluoroborate (2), as an electrophilic arylating
coupling partner, firstly in ethyl acetate using Pd(OAc), or the
PdNPs-E biohybrid as a catalyst. In both cases, >99% of
arylated tryptophan 3 was obtained after 16 h incubation. In
particular, this result using Pd acetate (5 mol%) is in concordance
with reported results."’

However, our PANPs-E catalyst showed better performance
under these conditions, being at least two times more active.

Among a variety of solvents (Table 1, entries 3-5), an excellent
result was obtained in methanol, with full conversion of 1 after
2 h (Table 1, entry 5).

Based on the previous results with PdNPs-E catalysing
C-C bonding reaction in aqueous/solvent mixtures,> the C-H
activation of 1 was performed in a mixture of MeOH/water. The
PdNPs-E catalyst showed the same catalytic performance in the
mixtures 70/30 or 50/50 (v/v) as in pure methanol (Table 1,
entries 6 and 7). Although the full conversion was completed
at the same time in pure methanol or aqueous methanol,
evaluating the reaction profile we can observe great differences
(Fig. S2, ESIt). The conversion of 3 was very low (<20%) within
40 min using pure methanol as a reaction medium, while 90%
conversion was obtained at that time using the 50/50 mixture
(Fig. S2, ESIY).

Following these results, other pure or water-mixture alcohols
were tested as solvents (Table 1, entries 8-11, Fig. S2b and c, ESI¥).
More hydrophobic alcohols showed lower conversions, although in
the case of ethanol, 97% conversion of 3 was achieved in 2 hours
using a mixture of 40/60 (v/v) of ethanol/water as a reaction medium
(Table 1, entry 10). Isopropanol showed solubility problems of
substrates, but the 50/50 mixture with water gave the best results.

Some studies were conducted to evaluate the catalytic results
by decreasing the amount of Trp 1 with respect to compound 2
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(Fig. S3, ESIt). Performing the reaction in MeOH:water (1:1),
similar conversion value of 3 as before was obtained using five
times less amount of 1, while more than 40% decrease in catalytic
efficiency of PANPs-E was obtained using twenty times less of 1.

These results demonstrate the ability of this Pd nano-
biohybrid to perform the C-H arylation reaction under selective
and mild conditions.

This heterogeneous catalyst exhibited high stability while
maintaining complete activity without loss of Pd after several
recycling processes (Fig S4, ESIT).

Therefore, after these results we tried to modify tryptophan
through this strategy in a more complex environment, such as
in a protein structure. Taking into account that the problem of
the solubility of 1 did not allow us to reduce the amount of
MeOH in the reaction solution, in this case Trp residues
are included in the structure of the completely water soluble
protein. This could allow us to perform the C-H activation
reaction in pure water solution.

As a proof of concept, we selected the lipase from Candida
antarctica B (renamed as Pseudozyma antarctica) (Cal-B) as a
model protein. This is a well-known hydrolase, where its crystal
structure is solved.>* The protein sequence and tridimensional
structure of Cal-B show the presence of five tryptophan groups
(Trp52, Trp65, Trp104, Trp113, Trp155) (Fig. S5, ESIt). However,
only three of them are superficially accessible, two of them on
the protein surface (Trp65, Trp155) and another in the oxyanion
hole (Trp104) (Fig. S5b, ESIT).

The modification of Cal-B with 2 was performed in distilled
water (pH~6) at room temperature (Fig. 2). Two different
reaction protocols were used for C-H activation of Cal-B Trp
residues, modifying the amount of Pd catalyst added, 2 mg or
10 mg of PANPs-E biohybrid, respectively. After purification,
two different modified proteins, Cal-B-T1 and Cal-B-T2 were
obtained. Control experiments were also performed, where
Cal-B was incubated only in the presence of 2 without a catalyst
(protein called Cal-B*) or incubated only in the presence of
PdNPs biohybrid without 2 (protein called Cal-B**). Analysis of
the different proteins by MALDI-TOF mass spectrometry revealed
one Trp modification in the Cal-B-T1 whereas two modifications
were obtained in the Cal-B-T2 protein (Fig. 3a).

No modification was observed by MALDI in the Cal-B* and
Cal-B** control proteins (Fig. S6, ESIT).

Near-circular dichroism (CD) and fluorescence assays were
performed on the native and the two modified Cal-B proteins to
evaluate the effect of the modifications on the tertiary structure
of the protein (Fig. 3b and c). Near-CD spectra show signal loss
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Fig. 2 Site-selective modification of Trp in Cal-B by 2 catalysed by the
Pd biohybrid.
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Fig. 3 Characterization of the different conjugates Cal-B-T1 and Cal-B-T2.
(@) MALDI-TOF spectra, (b) near-UV CD spectra, and (c) fluorescence spectra.

in the Trp area (around 295 nm), stronger in Cal-B-T2 (Fig. 3b).
Fluorescence spectra show a shift of the peak in both modified
proteins to wavelengths <330 nm (Fig. 3c), which is related to a
less polar environment of Trp.>> Therefore, these structural
analyses suggested that the Trp modification alters the tertiary
structure of the enzyme.

Trypsin hydrolysis of the different modified proteins was
performed to determine which Trp was modified (Fig. S7, ESIT).
After the hydrolysis, a peptide profile from MALDI-TOF (MS/MS)
was obtained for Cal-B, Cal-B-T1 and Cal-B-T2 and clear differ-
ences in peptide sequence were found. However, the peptide
GTVLAGPLDALAVSAPSVWQQTTGSALTTALR was found in both
modified proteins, which contain Trp155, indicating that Trp155
was not modified although this is a highly exposed amino acid in
the Cal-B structure (Fig. 4).

The possible reason why this Trp was not modified could be
due to an anion-rn interaction®® between Trp155 and Asp145
(Fig. 4b and Fig. S8, ESIT).
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Fig. 4 (a) Three-dimensional surface structure of Cal-B marking Trp
residues exposed on the surface. (b) Representation of the anion-=n
interaction between Trpl55 and Aspl45. (c) Representation of the
Trpl04 and catalytic Serl05. Tryptophan (green), serine (purple). The 3D
structure was obtained from the Protein Data Bank (PDB) using Pymol vs
2.0.5. The pdb code for Cal-B is TCA.
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Fig. 5 Enzymatic activity of the different conjugate Cal-B proteins against
p-nitro-phenyl propionate hydrolysis. Cal-B* refers to Cal-B after the
reaction only in the presence of 2, Cal-B** refers to Cal-B after reaction
only in the presence of the PANP biohybrid.

From these results, we can suggest that Trp65 was modi-
fied in both Cal-B proteins (Cal-B-T1 and Cal-B-T2). The
Trp104 residue is the other that could be more accessible for
C-H modification. This amino acid shows an important role
in the catalytic activity of this enzyme because it is close to
the catalytic serine (Fig. 4c and Fig. S9, ESI}); therefore
enzymatic hydrolysis of p-nitro-phenyl propionate (pNPP) was
evaluated with all Cal-B proteins (Fig. 5). Native, control and
Cal-B-T1 enzymes showed a similar activity, while the activity of
Cal-B-T2 decreased approximately 40% of the initial enzymatic
activity (Fig. 5). Also the trypsin digestion of Cal-B-T2 showed
a peptide sequence with observed mass of 2808.2366 [Modified
CAL-B + Na] corresponding to the peptide sequence LPVLTW/(104)SQ
GGLVAQW(113)GLTFFPSIRS including the modification of
one Trp residue (Fig. S7, ESIf). Therefore, considering all
results, we suggest that Trp104 is the second Trp modified
in Cal-B-T2.

In conclusion, we have described for the first time the site-
selective C-H bond arylation of protected-tryptophan, with the
best conditions in an aqueous solution containing methanol,
and more interestingly, tryptophan residues in proteins in
aqueous media at room temperature by the use of a PANP
bionanohybrid as a heterogeneous catalyst. It was possible to
selectively modify one or two Trp residues in the Cal-B protein
by controlling the amount of Pd catalyst used. The structural
characterization allowed the identification of the modified Trp
in each case. These results open the door to the application of this
strategy for the selective and mild modification of biologically
relevant proteins.
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