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ABSTRACT: A highly eflicient protein bioconjuga-
tion method is described involving addition of anilines to
o-aminophenols in the presence of sodium periodate. The
reaction takes place in aqueous buffer at pH 6.5 and can reach
high conversion in 2—5 min. The major product was
characterized using X-ray crystallography, which revealed that
an unprecedented oxidative ring contraction occurs after the
coupling step. The compatibility of the reaction with protein
substrates has been demonstrated through attachment of
small molecules, polymer chains, and peptides to p-amino-
phenylalanine residues introduced into viral capsids through
amber stop codon suppression. Coupling of anilines to
o-aminophenol groups derived from tyrosine residues is also
described. The compatibility of this method with thiol
modification chemistry is shown through attachment of a
near-IR fluorescent chromophore to cysteine residues inside
the viral capsid shells, followed by attachment of integrin-
targeting RGD peptides to anilines on the exterior surface.

hemical modification of proteins' is crucial for the study

of biochemical function® and scalable synthesis of biomole-
cular materials,® targeted imaging agents,* and protein—drug
conjugates.’As applications of bioconjugates become ever more
complex, an expanded set of chemical strategies is needed to add
new functionality to specific locations with high chemoselectivity
and yield. In most cases to date, site-specific protein labeling has
been achieved by targeting cysteine residues,' taking advantage
of the highly nucleophilic character of thiolate anions and their
particularly low abundance on the surfaces of most proteins.
Useful as this chemistry is, however, many circumstances still
require additional chemical reactions to install a second set of
functional groups or to avoid alkylating native cysteine groups
that are required for protein function. We have previously used
cysteine-based strategies to install drug® and imaging cargo
inside genome-free viral capsids for applications in targeted
delivery. More difficult, however, is the installation of peptides®
and nucleic acid aptamers’ on the external surface that can bind to
specific receptors on tumor tissue. We and others'® have found
that “bioorthogonal” protein modification reactions'" are particu-
larly useful in these situations, targeting ketone,'? azide,' alkyne,14
and aniline’ groups specifically while ignoring native protein
functionality. The functional groups required for these reactions
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Figure 1. Oxidative coupling reactions involving aniline groups on
proteins. (a) The previously reported coupling between anilines and
phenylene diamines occurs within 30—60 min. (b) The coupling
between anilines and aminophenols occurs much faster, reaching high
levels of conversion in <2 min. (c) An unequal mixture of two products
(5a and 6a) is obtained, as indicated by reversed-phase HPLC analysis.
(d) Product 6a was characterized using X-ray diffraction.

can be introduced as unnatural amino acids'® or installed using
more traditional bioconjugation reactions. However, many
existing reactions proceed at low coupling rates or require high
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Figure 2. Targeting an artificial amino acid through oxidative coupling.
T19pAF MS2 (30 M) was reacted with 2-amino-4-methylphenol (100
uM) in the presence of sodium periodate (I mM). Aliquots were
removed at various time points and quenched by the addition of tris(2-
carboxyethyl)phosphine. Single protein modification was complete by
30 s. High-resolution ESI-MS analysis revealed that the major product
was 9, in addition to a minor amount of the addition product
corresponding to Sb. These signals do not resolve using MALDI-MS
(see SI Figure S10 for ESI spectra). No additional modification was
detected after 20 min. A negative control reaction using T19Y MS2
showed no modification under otherwise identical conditions.

concentrations of reactants that are often in short supply. The growing
complexity of modern protein bioconjugates creates a need for addi-
tional reactions that can proceed with increased efficiency and yield.
To provide new opportunities for site-selective protein bio-
conjugation with highly functionalized substrates, we previously
explored oxidative couplings between aniline side chains and N-
acylphenylene diamine groups in the presence of sodium periodate,
Figure la."” This method yields hydrolytically stable “A+B” pro-
ducts with excellent chemoselectivity and has been used to attach
peptides,® nucleic acids,”® and porphyrins'® (as R* groups in 2)
to p-aminophenylalanine (pAF) side chains (1b) introduced
using amber stop codon suppression.'® After completing a series
of optimization studies, we now report a substantially more
efficient version of this reaction involving addition of anilines to
o-aminophenols under similar oxidizing conditions, Figure 1b.
This new reaction proceeds to very high levels of conversion in
well under 2 min, yielding stable protein bioconjugates with
equivalent chemoselectivity. We introduce the functional groups
required for this reaction either by modifying native tyrosine
residues or through direct incorporation of artificial amino acids.
The high speed of this coupling reaction makes it well-suited for
assembling multicomponent structures from building blocks at
low concentrations, or for achieving protein modification in situa-
tions that are particularly time-sensitive, such as radiolabeling.
The appropriate reaction conditions and product structure
of this new coupling method were determined through small-
molecule studies. It was found that 2-amino-4-methylphenol
(4) reacted with 1 equiv of p-toluidine (1a) in the presence of
10 equiv of sodium periodate'® in pH 6.5 phosphate buffer,
Figure 1b. In <5 min, a major product was obtained in 40%
isolated yield and a second product in lesser amounts, Figure Ilc.
The major product was identified as 6a using NMR and X-ray
diffraction analysis of an obtained crystal. The *C NMR
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Figure 3. A panel of reactants was exposed to the MS2 capsids listed in
(a), which presented phenol, o-aminophenol (0AY), or aniline (pAF)
groups in varying combinations. Each reaction contained 30 #M protein,
a coupling partner selected from (b) at 200—500 #M, and NalO, (1 mM
for lanes 1—7, 5 mM for lanes 8 and 9). Each reaction time was 2 min,
after which the samples were quenched with loading buffer and analyzed

via SDS-PAGE (c).

spectrum showed a clear nitrile signal at 115.6 ppm, and IR
analysis showed an absorption band at 2218 cm™'. The X-ray
data matched structure 6a with a goodness-of-fit of 1.0S, leaving
no doubt as to the nature of the product. We presume that this
structure was formed through oxidation of 4 to the o-iminoqui-
none species, although single-electron coupling pathways can
also be considered as plausible mechanisms.

Addition of aniline to the S-position of the iminoquinone,
followed by oxidation of this species by a second equivalent of
periodate, would yield the proposed intermediate shown in
Figure 1b. The formation of 6a can be rationalized by water
addition to the carbonyl, followed by cleavage of the resulting
imino alcohol by the periodate. This breaks the six-membered
ring and forms both a carboxylic acid and an acrylonitrile group,
which react to form the butenolide ring (see Supporting In-
formation (SI) Figure S1 for our current mechanistic hypotheses).
The minor reaction product (which cannot be converted into
6a with additional periodate) was assigned as Sa, resulting from the
competitive hydrolysis of the proposed imine intermediate in
Figure 1b. This species can be reduced to the corresponding
hydroquinone using tris(2-carboxyethyl)phosphine (TCEP).
Although several unidentified dyestuffs accompany the reaction
product in trace amounts, the combined “A+B” reaction products
(6a and Sa) are obtained with surprisingly high efficiency for such
complex reaction pathways. The low yield of isolated product was
attributed to incomplete extraction of the compound from the
dilute aqueous solution in which it was generated.

The ability of this reaction to reach high conversion under
mild conditions and at sub-mM concentrations in aqueous buffer
suggested that it would perform similarly well using protein
substrates. To evaluate this potential, we introduced aniline
groups on the external surface of genome-free MS2 capsids.®
To do this, we introduced p-aminophenylalanine (pAF) into
position 19 of each protein monomer using an amber stop codon
suppressor 'RNA/aminoacyl ‘/RNA synthetase pair developed in
the Schultz laboratory."> The small-molecule model reaction in
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Figure 1b was then repeated with T19pAF MS2 (7) as the aniline
component. 4 (100 M) was combined with 7 (30 uM in
monomer, 167 nM in capsid) in pH 6.5 phosphate buffer at
room temperature. A 50 mM solution of freshly prepared sodium
periodate was added to achieve a final concentration of 1 mM.
Aliquots were removed at various time points and quenched by
addition of TCEP. Subsequent analysis using MALDI-TOF MS
(following capsid disassembly during the sample preparation
process) indicated complete conversion in 30 s, with no additional
modification or degradation occurring during the next 20 min
of reaction time, Figure 2. As a negative control, the reaction was
repeated using an MS2 mutant bearing a tyrosine at position 19
(T19Y MS2, 8). This single atom change resulted in no observed
product after 20 min of reaction. High-resolution ESI-MS analysis
of the product mixture indicated that two adducts with a mass
difference of 15 Da were formed (these peaks did not resolve in
the MALDI spectra). The mass change corresponding to the major
product matched that of 6a, and the minor product corresponded
to Sa (see SI Figure S10). Thus, similar coupling efficiency and
chemoselectivity were observed on the complex protein substrate.

To generate more useful bioconjugates, we used this oxidative
coupling reaction to attach larger molecules to MS2 capsids with
similar effectiveness. As one example, o-aminophenol-terminated
poly(ethylene glycol) chains (13 and 14) coupled readily to MS2
capsids bearing external pAF groups in 2 min, but not to proteins
bearing only tyrosines in the same positions (Figure 3c, lanes 1—3).
According to optical densitometry of the Coomassie-stained SDS-
PAGE gel, ~65% of the pAF-containing monomers were modified
when reacted with 13, and 75% were modified by 14. This cor-
responded to the installation of 117—13S$ copies of the PEG chains
on each capsid. The decrease in modification percentage with the
larger PEG chain is likely due to increased steric congestion as
high levels of modification are approached. As an initial test of
this reaction on another protein substrate, we have found that
aminophenol polymer 14 couples with similar efficiency to an
aniline-labeled sample of lysozyme (see SI Figure S8 for details).

Coupling of macromolecules to o-aminophenol-containing
MS2 was also investigated. In a previous study,® we found that
aminophenol groups introduced inside MS2 using a diazonium
coupling/dithionite reduction procedure could be oxidized in the
presence of sodium periodate to yield a species that coupled to
p-aminophenyl acrylamide. Using the information and protein
characterization methods available to us at that time, we originally
assigned this product as the hetero-Diels—Alder cycloaddition pro-
duct between the oxidized aminophenol group and the acrylamide
dienophile.*" It now appears that the reaction involved unanti-
cipated addition of the aniline group to the aminophenol as
described herein. However, the mass change reported in the pre-
vious paper corresponded more closely to an analogue of 5a, rather
than 6a. To verify this, the previously reported conditions (100 M
sodium periodate, pH 6.5, 2 h) were repeated on a peptide sub-
strate using p-toluidine as the coupling partner (see SI for synthetic
details). The mass difference of the product was indeed similar to
that of proposed adduct Sa (SI Figure S4f) but corresponded to
6a using the 1—5 mM periodate conditions reported in this work
(Figure S4e).

Capsids bearing aminophenol groups on the internal (11) or
internal and external (10) surfaces were generated as described in
the SI. For these experiments, S kDa and 2 kDa monomethoxy
PEG anilines 15 and 16 were synthesized, as well as peptide
aniline 17. Under identical reaction conditions, the peptide
aniline coupled to the internal surface of MS2-0-aminophenol-
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Figure 4. Attachment of a cyclic RGD peptide to TI9pAF MS2. (a)
Compound 18 (200 uM) was exposed toT19pAFMS2 (30 uM) in the
presence of sodium periodate (S mM) for 2 min. MS2 capsids were
disassembled into monomers for analysis via SDS-PAGE and MALDI-
TOF. Expected masses are m/z 13795 forT19pAFMS?2 and m/z 14 443
for 19. (b) MS2 capsids bearing internal cysteines (N87C, yellow) and
external pAF19 groups (red) were labeled with NIR dye 20. Following
disassembly, the samples were analyzed by SDS-PAGE (lanes 1 and 4).
Coomassie staining is shown on the left, and fluorescence imaging of 20
is shown on the right. Portions of the capsids were then externally
labeled with 18 (290 M, lanes 2 and 5) or 13 (220 uM, lanes 3 and 6)
upon exposure to S mM periodate for 5 min.

8S capsids (11) in high yield, as determined by MALDI-MS and
SDS-PAGE (Figure 3c, lane 8, and SI Figure S2). Interestingly,
neither of the PEG anilines coupled to 11 (shown for 2k-PEG
substrate 16 in lane 7), likely because they were too large to pass
through the 1.8 nm pores™ and access the 0-aminophenol at posi-
tion 85 on the inner surface of the capsids. However, coupling of
PEG-aniline to the bis(o-aminophenol)-MS2 capsids (10) showed
significant conversion to the single polymer conjugate (lanes 4
and S). Optical densitometry of the Coomassie-stained gel indicated
a conversion of 40% with 15 and 50% with 16. These numbers were
lower than the above case, presumably because chemical modifica-
tion of tyrosine to o-aminophenol does not proceed to completion,
while the genetically introduced p-aminophenylalanine groups
are present in all monomers. It was further observed that small
amounts of MS2 dimers were obtained when the aminophenol
groups were present on the protein component (see faint upper
bands in lanes 4, S, and 8). This minor pathway could occur
through addition of adjacent protein nucleophiles under the high
local concentration condition, or dimerization of the aminophe-
nol groups. Though this corresponds to <10% of the protein
monomers, it still seems more practical to include the aniline
group on the protein component.

We have also used this reaction to create a protein conjugate
with practical applications. Cyclic RGD is a widely used peptide
for the binding of integrin ayf5.>> A five amino acid version of
cyclic RGD was converted to the corresponding o-aminophenol
(18) via reaction with tetranitromethane and subsequent reduc-
tion with sodium dithionite (see SI Scheme S1). 18 (120 uM)
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was then coupled to T19pAF MS2 (7, 30 M in monomer) in
the presence of S mM sodium periodate at pH 6.5. SDS-PAGE
and MALDI-TOF analysis of the MS2 coat protein mono-
mers showed excellent conversion to the peptide conjugate
(Figure 4a), with densitometry analysis indicating that 65% of
the monomers had been modified.

We believe the chemoselectivity of this reaction stems from the
lack of potent nucleophiles at neutral pH on most proteins, in
combination with the short reaction times that are required. Free
thiols would be an exception to this, and therefore we recommend
first labeling cysteine residues with a desired functional group
before carrying out the oxidative coupling step. As with any reac-
tion involving sodium periodate, there is a possibility of N-terminal
serine cleavage, carbohydrate oxidation, and methionine oxidation.

As an example of the compatibility of this chemistry with cysteine
labeling, we have prepared MS2 capsids bearing near-IR dyes on the
internal surface and cRGD peptides or PEG on the exterior. MS2
capsids bearing cysteine residues in position 87 and pAF residues in
position 19 were prepared using the amber codon suppression
technique and exposed to maleimide chromophore 20 in pH 6.5
phosphate buffer.” SDS-PAGE analysis indicated that 20% of the
interior cysteine residues had been modified with the bulky group
(previous studies in our laboratory have shown that pAF19 MS2
capsids lacking the cys87 groups are unreactive toward maleimide
reagents under these conditions’). Separate samples of the chro-
mophore-labeled capsids were then exposed to cRGD-aminophenol
18 and Sk-PEG-aminophenol 13 for 5 min in the presence of
periodate. SDS-PAGE and fluorescence imaging clearly indicated
the presence of monomers labeled with both the chromophores and
the external groups, Figure 4b. Analysis of the resulting capsids using
SEC indicated intact capsids (see SI Figure S5).

Through these studies we have developed a rapid, chemo-
selective reaction for the coupling of anilines to aminophenols.
We demonstrated that the reaction conditions are mild enough
to modify proteins under non-denaturing conditions and showed
its capability to attach cancer-targeting groups to viral capsids
that contain optical imaging cargo. The efficiency of this coupling
technique has great promise for building a number of complex
protein-based materials, and it is currently being explored for this
purpose. We are also working to elucidate the mechanism of this
unprecedented coupling reaction.
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