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’ INTRODUCTION

The development of reliable, chemoselective reactions for
protein modification is an important pursuit in the field of
chemical biology, and these methods provide much-needed tools
for the creation of protein-based materials.1 Through the attach-
ment of syntheticmolecules to specific locations onprotein surfaces,
biomolecular structure and function can be both elucidated and
exploited in a diverse number of contexts. To be useful in most
cases, bioconjugation reactions must create precise, well-defined
linkages without the use of protecting groups. In addition to the
high degree of chemoselectivity, these reactions must proceed in
aqueous solution under mild pH and temperature conditions and
at low substrate concentrations. Although traditional bioconju-
gation strategies that target abundant amino acid side chains
(such as lysine and aspartic and glutamic acids) are useful for
nonspecific labeling, it is often difficult to control the number and
locations of the modifications introduced at these sites.1 When
site specificity is required, the most utilized and reliable biocon-
jugation strategies target cysteine residues. These are particularly
effective due to the low abundance2 and nucleophilic nature of
reduced thiolates on protein surfaces. However, there are many
cases in which the introduction of a unique cysteine is incon-
venient or difficult without disrupting protein function. Addi-
tionally, a growing number of protein-based materials require
modification in two distinct locations, establishing a need for
methods that can be combined with cysteine-targeting strategies
to introduce multiple synthetic groups.3 As one option, recent
work has addressed these needs by introducing artificial amino
acids and modifying the introduced functionalities with new
protein-compatible chemistry.4 While these approaches are
very promising, there are still advantages to targeting native

amino acids that can be introduced without specialized expres-
sion systems.

As an alternative solution to this problem, our group has
explored the development of site-selective bioconjugation reac-
tions that target the aromatic electron-rich amino acids tyrosine
and tryptophan.5�8 These amino acids occur with intermediate
to low frequency on native protein surfaces2 and are often partially
or completely buried due to the amphiphilic nature of the phenolic
and indole groups. Considering the complexities of these envir-
onments, it is therefore likely that individual, solvent-accessible
tyrosine and tryptophan residues could be targeted though careful
reagent design and selective optimization of reaction conditions.
These amino acids, like cysteine, could also provide sites for
selective modification when introduced on protein surfaces using
site-directed mutagenesis. Despite their potential utility, broadly
applicable, highly specific chemical reactions that target tyrosine
and tryptophan have traditionally been lacking. Recent work has
expanded the number of techniques for the modification of these
amino acids, including the utilization of rhodium carbenoids5,9,10

and malondialdehyde derivatives11�13 for the alkylation of try-
ptophan and the use of Mannich-type additions,7 π-allylpalla-
dium complexes,8 acyclic diazodicarboxamide reagents,14 and
diazonium salts6 for the alkylation of tyrosine. Although the
development of these techniques represents significant improve-
ments in tryptophan- and tyrosine-targeting bioconjugation
strategies, many of these methods would benefit from improved
yields and lower levels of cross-reactivity.
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ABSTRACT: A new protein modification strategy has been
developed that is based on an oxidative coupling reaction that
targets electron-rich amino acids. This strategy relies on cerium-
(IV) ammonium nitrate (CAN) as an oxidation reagent and
results in the coupling of tyrosine and tryptophan residues to
phenylene diamine and anisidine derivatives. The methodology
was first identified and characterized on peptides and small
molecules, and was subsequently adapted for protein modification by determining appropriate buffer conditions. Using the
optimized procedure, native and introduced solvent-accessible residues on proteins were selectively modified with polyethylene
glycol (PEG) and small peptides. This unprecedented bioconjugation strategy targets these under-utilized amino acids with
excellent chemoselectivity and affords good-to-high yields using low concentrations of the oxidant and coupling partners, short
reaction times, and mild conditions.
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In order to develop new bioconjugation strategies that target
these amino acids, our current studies have focused on taking
advantage of the chemical properties of the electron-rich aro-
matic rings and their susceptibility to oxidation. Tyrosine and
tryptophan residues have been shown to be preferred targets of
reactive oxygen species, and several studies have documented the
structures and consequences of oxidized residues in proteins.15�17

Additionally, oxidized radical species of amino acids in biology
are not only common, but are also crucial for many significant
energy conversion processes.18�21 The one-electron oxidation
chemistry of tyrosine has been previously exploited by Kodadek
and co-workers to cross-link proteins using metal-catalyzed
oxidations.22�24 Although the majority of these coupling reac-
tions are hypothesized to occur through the addition of tyrosyl
radicals to adjacent tyrosine residues, oxidized tryptophan radi-
cals are also thought to play a role in some cases. One might
expect that similarly generated amino acid radicals could add to
electron-rich synthetic components, or conversely, the closed-
shell forms of the amino acids could couple to free radicals in
solution. Although the oxidation of other amino acids is well-
documented and could pose a potential selectivity problem, we
anticipated that reagents and conditions could be optimized for
controlled and selective modifications that are limited to tyrosine
and tryptophan residues.

In this article we describe an unprecedented oxidative cou-
pling strategy that can selectivelymodify tyrosine and tryptophan
residues using cerium(IV) ammonium nitrate (CAN) as a one-
electron oxidant. This oxidative method was found to couple
electron-rich aniline derivatives directly to tyrosine and trypto-
phan residues. This method was adapted for the chemoselective
modification of proteins and was optimized to proceed with high
yields at neutral pH and low substrate concentrations. The strategy
has been used to modify both native and introduced residues on
proteins with polyethylene glycol (PEG) and small peptides. The
reaction was also used in conjunction with cysteine alkylation
to doubly modify viral capsid proteins with both targeting and
imaging functionalities.

’RESULTS AND DISCUSSION

To determine compatible combinations of reactants and oxi-
dants, a variety of candidates was screened for the modification of
peptides in aqueous solution. To identify any reaction products
that had formed, the reaction mixtures were analyzed using
MALDI-TOFMS. The peptides used for screening were melittin
as a tryptophan-containing peptide and angiotensin as a tyrosine-
containing peptide, Figure 1a. These were combined with a series
of electron-rich aromatic compounds and oxidants, such as
ammonium persulfate,N-bromosuccinimide,N-chlorosuccinimide,
Oxone, sodium periodate, potassium ferricyanide, and cerium-
(IV) ammonium nitrate (CAN). Initial screens identified CAN
as a promising oxidant for the modification of these peptides, as
this oxidant was found to efficiently couple aniline derivatives to
one or both peptides. Anilines bearing additional electron-donating
substituents (such as methoxy- and acetamido- groups) led to the
highest levels of reactivity, while nitro- and halogen-substituted
anilines were unreactive. Primary anilines generally lead to over-
modification and complex product mixtures, likely due to the
self-condensation reactions that occur with these species under
oxidizing conditions. In contrast, N,N-dialkyl anilines bearing
additional electron-donating substituents resulted in single addi-
tions to the peptides. One of the most promising combinations

identified involvedN-acyl phenylene diamine derivative 1, which
was found to modify melittin and angiotensin a single time in the
presence of CAN, Figure 1c.25 MS/MS analysis of the modified
peptides confirmed the chemoselectivity of these conditions for
the modification of the tryptophan and tyrosine residues of
melittin and angiotensin, respectively (Figures S1 and S2 in the
Supporting Information [SI]). Alkylated anisidine 2 was also
found to modify angiotensin in the presence of CAN, but this
combination did not lead to product formation for melittin,
Figure 1d.26 This result was interpreted to indicate that the anisidine
addition was selective for tyrosine residues. MS/MS analysis
of the modified angiotensin was used to confirm this chemo-
selectivity (Figure S3 in the SI). In all cases, the mass changes
observed suggested an addition of the small molecules to the
indole and phenol rings with the loss of two hydrogen atoms.
As a result of the promising levels of modification and clean
reactivity observed with these reagents, the phenylene diamine
and anisidine derivatives were carried on for further study.

To be broadly applicable for protein modification, bioconju-
gation reactions must proceed using buffered conditions that are
close to neutral pH. However, the simple addition of CAN to
unbuffered aqueous solution leads to significant acidification,27

with a 1.5 mM solution of CAN in unbuffered H2O reaching pH
∼2�3. To counteract this unfavorable pH change, a series of
buffers was screened, with the goal of maintaining neutral pH
without precipitating or deactivating the Ce(IV) reagent.28 These
screens were performed in triplicate on melittin and angiotensin,
and the relative product yields were determined using MALDI-
TOF MS (see Figure S5 in the SI for response curves for
quantitation by MALDI-TOF MS). The results are tabulated

Figure 1. Modification of aromatic residues (W and Y) on (a) peptides
using (b) phenylene diamine (1) and anisidine (2) derivatives in the
presence of cerium(IV) ammonium nitrate (CAN). Reaction condi-
tions: 1.5 mM CAN, 500 μM 1 or 2, 100 μM peptide, 10 mM HEPES
buffer, pH 4.5, 1 h. The reaction mixtures in (c) and (d) were analyzed
using MALDI-TOF MS.
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in Figure 2. Although a number of buffers were found to be
compatible with the reaction, reactivity was typically lost as the
strength of the buffers was increased to maintain mild pH condi-
tions. For example, angiotensin could be modified in near-quan-
titative yield in 10 mMTRIS buffer (entry 10). However, the pH
dropped to ∼4 when the CAN was added at 1.5 mM (for
representativeMALDI-TOFMS spectra, see Figure S6 in the SI).
Although most peptides can withstand these acidic conditions,
proteins are more likely to denature at pH 4. For protein sub-
strates, 50 mM bis(TRIS) was likely to be the optimal buffer, as it
was able to maintain a pH of 6.0 with a minimal loss in reactivity
(entry 14). In this buffer, a 100 μM solution of melittin was
modified with a 50% conversion in 1 h using 1.5 mM CAN and
500 μM1. Similarly, a 100 μM solution of angiotensin was modi-
fied with 60�80% conversion using 1.5 mM CAN and 500 μM
1 or 2 and the same reaction time (for representative MALDI-
TOF MS spectra, see Figure S7 in the SI).

In order to characterize the reactivity observed on peptides,
the structures of the modified amino acids were determined. To
identify these modification products, we designed water-soluble,
small-molecule tryptophan and tyrosine analogs that could be
exposed to the reactive conditions used on peptides. The syn-
thesized amino acid analogs (3 and 5) were subjected to the
oxidative conditions in 50 mM bis(TRIS) buffer, pH 6.0. Any
possible products were purified by flash chromatography and
were analyzed by one-dimensional and two-dimensional NMR,
as well as high-resolution mass spectrometry.

The coupling of 3 to 1 in the presence of CAN resulted in a
single product (4) that could be isolated by flash chromatogra-
phy. Two dimensional (2D) NMR analyses indicated that this
compound resulted from an alkylation of the amide nitrogen of
the phenylene diamine coupling partner, forming a carbon�nitrogen

bond on C-2 of the indole ring (Figure 3a; for 2D NMR spectra,
see Figures S8 and S9 in the SI). High-resolution MS confirmed
that the mass of the isolated small molecule corresponded to the
structure that was identified using NMR, as well as to the mass
change seen for melittin under analogous reaction conditions.

The reaction of 5 with 1 in the presence of CAN resulted in a
60:40 ratio of two isomeric products that could be separated by
flash chromatography. High-resolution MS confirmed that the
mass of both products corresponded to the mass changes observed
for angiotensin under similar reactive conditions. Two-dimen-
sional NMR analyses were used to identify the structural differences
between these two products. The major product (6) was found
to contain a bond between the tyrosine oxygen and an aromatic
carbon on the phenylene diamine coupling partner. This bond
was found to be ortho to the alkylated nitrogen on the phenylene
diamine ring despite the steric demands of this substitution
pattern. The minor product (7) was determined to be the result
of carbon�carbon bond formation ortho to the phenolic oxygen
of the tyrosine. This bond was also found to be located ortho to
the alkylated nitrogen on the aromatic ring of the phenylene
diamine coupling partner (Figure 3b; for 2D NMR spectra, see
Figures S10�S13 in the SI).

When reacted with 2 in the presence of CAN, tyrosine
analog 5 formed a 85:15 ratio of two isomeric products that
could be separated by flash chromotography. These products
were found to be structurally analogous to those identified in the

Figure 2. Effects of buffer composition on pH stability and product
formation. Reaction conditions: 1.5 mM CAN, 500 μM 1 or 2, 100 μM
peptide, RT, 1 h. Each reaction was repeated in triplicate and product
ratios were determined using MALDI-TOF MS. Average product ratios
are reported.

Figure 3. Reaction products obtained for small molecule (a) trypto-
phan and (b, c) tyrosine analogs. Product structures were determined
using NOESY and HMBC NMR analyses (for spectra see SI).



16973 dx.doi.org/10.1021/ja206324q |J. Am. Chem. Soc. 2011, 133, 16970–16976

Journal of the American Chemical Society ARTICLE

phenylene diamine reaction. The major product resulted from
the formation of a similar carbon�oxygen bond, while the minor
product resulted from the formation of an aromatic carbon�
carbon bond (Figure 3c; for 2D NMR spectra see Figures S14�17
in the SI). As was the case for phenylene diamine 1, each bond
was formed at the position ortho to the alkylated nitrogen of the
anisidine derivative. Additionally, the mass of the products cor-
responded to the identified structures and to the mass changes
observed for angiotensin. Although the mechanisms for these
modifications are currently under investigation, the formation of
the observed products can be rationalized through radical coupling
pathways (see Figure S18 in the SI for our current mechanistic
hypotheses).

In order to evaluate the identified reactions on protein sub-
strates, new tyrosine and tryptophan residues were introduced to
the external surface of genome-free MS2 capsids. Composed of
180 monomers, MS2 is a porous, hollow structure with icosahe-
dral symmetry.29 After expression in Escherichia coli, the coat
protein monomers spontaneously self-assemble into noninfec-
tious capsids with 32 pores that allow access to the interior cavity.
Although the sequence of wild-type MS2 includes a number of
native tyrosine and tryptophan residues, the majority of these
residues are not solvent-accessible and unlikely to modify with
our coupling conditions. An exception is tyrosine 85, a residue on
the interior surface of MS2 that has been successfully modified
using alternative tyrosine modification strategies.7 Although the
presence of this internal tyrosine could result in double mod-
ification, we expected that an introduced tyrosine on the exterior
surface could be selectively modified using a large molecular
weight coupling partner (such as a modified PEG chain) that
could not diffuse through the∼2 nm pores. Additionally, if there
were any difference in the solvent accessibilities of the two
tyrosine residues, we might expect that the reaction conditions
could be altered to achieve the selective modification of only the
most solvent-accessible site.

Using site-selective mutagenesis, tyrosine and tryptophan
residues were introduced into the external positions 19 and 15
of the MS2 monomer (Figure 4a). A non-natural p-aminophenol
introduced at position 19 has been previously modified with high
yields and selectivity with an alternative oxidative modification
strategy.4f We therefore expected an introduced tyrosine or
tryptophan at that position to be solvent-accessible and to be
modified with similar success using the new Ce(IV)-based reaction.
In addition, we chose to add the new amino acids at position 15,
which has previously been shown to tolerate the introduction of a
cysteine residue for use in subsequent alkylation reactions.30

Located on the turn of a loop that extended from the external
surface (Figure 4a), a tryptophan or tyrosine residue located at
position 15 was likely to be solvent-accessible and might be
expected to modify more readily than a tyrosine or tryptophan
residue at position 19. Using the previously reported protocol for
the purification of recombinantly expressed MS2 capsids,4f

60�90 mg of assembled protein could be obtained for each liter
of cultured media. Although modestly lower than those obtained
for wild-type MS2 (∼100 mg/L), these yields were significantly
higher than those obtained when a non-natural residue is
introduced to the same position (10�20 mg/L).

In order to apply our methodology toward the synthesis of
useful bioconjugates and to evaluate the site-selectivity and bio-
compatibility of our modification strategy, we synthesized a series
of modified PEGs (Figure 4b). In the presence of CAN, the PEG-
substituted phenylene diamines led to the single modification of

T15W (10), T19W (11), T15Y (12), and T19Y (13) MS2
capsids with high yields and short reaction times (Figure 4c).
Wild-type MS2 was not modified under identical conditions,
confirming that these modifications were dependent on the
presence of the solvent-accessible, exterior tyrosine or trypto-
phan residues. Similarly, treatment of the MS2 mutants with the
PEG-substituted anisidines resulted only in appreciable modification

Figure 4. Oxidative coupling of PEG polymers to aromatic residues on
protein substrates. (a) Six MS2 viral capsids were generated with
tryptophan and tyrosine residues on the exterior surface of each
monomer. Two of these capsids were also expressed with a solvent-
accessible cysteine on the interior surface. (b) PEG-substituted pheny-
lene diamine (16, 17) and anisidine (18, 19) derivatives were synthe-
sized and exposed to each viral capsid in the presence of CAN. Reaction
conditions: 1.5 mM CAN, 500 μM PEG, 25 μM protein, 50 mM
bis(TRIS) buffer, pH 6, RT, 1 h. (c) Following capsid disassembly, the
extent of modification for each reaction was determined using SDS-
PAGE with Coomassie staining. (d) Native tyrosine residues (shown in
green) were targeted on chymotrypsinogen under analogous conditions.
(e) The extent of modification for chymotrypsinogen was determined
using SDS-PAGE.
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of T15Y (12) and T19Y (13) MS2. Little to no modification of
wild-type, T15W (10) or T19W (11) MS2 was observed. As was
the case above, the selective modification of the tyrosine mutants
with 18 and 19 occurred with high yields, short reaction times,
and low concentrations of PEG coupling partners (500 μM).
Additionally, analysis by size exclusion chromatography indi-
cated that the capsids remained fully assembled during the
modification process. Up to 77% conversion was observed (on
the basis of densitometry analysis of the Coomassie-stained SDS
PAGE gel), corresponding to the attachment of 138 polymer
chains to each capsid.

Both the PEG-substituted phenylene diamine and anisidine
reagents were also used to modify chymotrypsinogen, a protein
with native, solvent-accessible tyrosine residues (Figure 4d).
Analogous conditions resulted in high yields of modifications
with all PEG substrates (Figure 4e), demonstrating the applic-
ability of our modification strategy to a different protein sub-
strate. In order to confirm the tyrosine selectivity of the reaction,
chymotrypsinogen was reacted with small-molecule reagents 1
and 2. The resulting protein was subjected to trypsin digestion
and analysis by LC�MS/MS. Only peptides fragments contain-
ing tyrosines were found to contain modifications (Figures S22
and S23 in the SI).

To explore the utility of our reaction for the double modification
of proteins and, in particular, to investigate the compatibility of our
reaction with cysteine alkylation, MS2 double mutants T15YN87C
(14) and T19Y N87C (15) were generated (Figure 4a). An
introduced cysteine at position 87 has been found to be very
reactive in previous work, and the internal surface of N87CMS2
capsids has been successfully modified with 100�180 copies of
several different maleimide substrates.4d,31�34 Although the
oxidation of unprotected solvent-accessible cysteines and methio-
nines has been observed in the presence of CAN (resulting in +16
amu adducts), we expected that the alkylation of the cysteines
before exposure to the oxidative conditions could allow for the
dual modification of the capsid. This would avoid oxidative deac-
tivation of these introduced cysteine residues toward further
modification with alkylation reagents. New cysteine residues were
therefore introduced on the interior surface of capsids 12 and 13
at position 87, and the double mutants (14 and 15, respectively)
were isolated with similar yields. To label the proteins with
fluorescent dyes, the introduced cysteines in these capsids were

modified using Oregon Green 488 maleimide (20, Figure 5a).
MALDI-TOF MS of the modified proteins (21 and 22) showed
near-quantitative conversion to a single product (Figure S21 in
the SI).

The treatment of fluorescently labeled proteins 21 (T15Y
N87C) and 22 (T19Y N87C) with the PEG-substituted anisi-
dine derivatives in the presence of CAN resulted in levels of
modification that were comparable to the those observed pre-
viously. In these cases, the cysteine modifications appeared to be
unperturbed by the oxidative conditions, as the PEG-modified
proteins retained their fluorescence (Figure 5b). Reversing the
reaction order for the dual modification of these proteins was also
found to result in the differential modification of the tyrosine and
cysteine groups, but lower yields of both reactions were observed.
Presumably this was a result of the consumption of CAN by the
oxidation of cysteines during the oxidative coupling step, and
the resistance of any oxidized cysteines to modification with
alkylation reagents. Therefore, as expected, in order to use this
chemistry in combination with cysteine modification, it is best

Figure 5. Double modification of MS2 viral capsids. (a) The cysteine
residues located on the interior surface of capsids 14 and 15 were
modified with Oregon Green maleimide 488 (20). (b) Fluorescently
labeled proteins 21 and 22 were exposed to PEG-substituted anisidine
derivatives (18, 19) under reaction conditions analogous to those shown
in Figure 4. Following capsid disassembly, the extent of modification for
each reaction was determined using SDS-PAGE and visualization with
fluorescent imaging and Coomassie staining.

Figure 6. Oxidative coupling of a cell-targeting RGD peptide to
tyrosine residues on the exterior surface of MS2 viral capsids. (a) An
RGD-substituted anisidine derivative (23) was synthesized and exposed
to each viral capsid in the presence of CAN. Reaction conditions:
1.25 mM CAN, 125 μM 23, 25 μM protein, 50 mM bis(TRIS) buffer,
pH 6, 1 h. (b, c) Following capsid disassembly, the extent of modification
for each reaction was determined using SDS-PAGE and MALDI-TOF
MS. (d, e) Fluorescently labeled MS2 was found to undergo modifica-
tion with the RGD derivative under similar conditions. The extent of
modification for each reaction was determined using SDS-PAGE and
visualization with fluorescent imaging and Coomassie staining.
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to alkylate the thiol group before effecting the oxidative coupling
method.

To install potential cancer targeting groups on the surface of
MS2 capsids, small cell-targeting peptides were coupled to the
introduced tyrosine residues using the oxidative coupling strat-
egy. Cyclic RGD is a widely used peptide for the binding of
integrin αvβ3.

35�37 A five-amino acid RGD-substituted anisdine
(23, Figure 6a) was synthesized and was shown to couple to
T15Y (12) and T19Y (13) MS2 with high yields and selectivity
(Figure 6b,c). Little to no modification was observed for wild-
typeMS2, indicating that the solvent-accessible, exterior tyrosine
was needed for the reaction to occur. Exposure of fluorescently
labeled capsids 21 and 22 to the RGD-substituted anisidine
using analogous reaction conditions also resulted in modifica-
tion, generating assemblies that were functionalized with both
an internal imaging group and an exterior targeting group
(Figure 6d,e). Although the application of this methodology
for the attachment of peptides to proteins will be limited to
sequences without tyrosine residues, the ability of this unprece-
dented reaction to reach appreciable levels of conversion despite
the significant amount of steric hindrance suggests that it will find
use in many circumstances.

’CONCLUSION

This work introduces several new oxidative coupling methods
for the chemoselective modification of aromatic amino acids in
proteins. These reactions have not been reported previously, and
thus add to the important and growing list of useful bioconjuga-
tion techniques. The ability of these reactions to target natural
amino acids provides a useful complement to strategies that
require the use of artificial amino acids. Similar levels of chemo-
selectivity and yield can be achieved, provided that there are few
surface-accessible tyrosines and tryptophans in the protein
substrate. Although not the focus of this work, the new
tryptophan reactivity provides very important design leads for
future reactions, as there are few existing bioconjugation
methods for this residue.5,9�13 In comparison to other tyrosine
modification strategies, the anisidine coupling reaction pro-
ceeds with excellent chemoselectivity and moderate to low
concentrations of simple reagents. It avoids the elevated pH
required for diazonium coupling reactions and does not modify
histidine residues.1 Futhermore, it generally reaches higher levels
of conversion in shorter time periods than previously reported
Mannich-type couplings7 and π-allylpalladium alkylations.8 We
therefore envision these new oxidative coupling reactions to be
useful in many situations that require bioconjugation reactions to
be run on large scale, such as the creation of new protein-based
materials.
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