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The broad utility of bioconjugates for the study of biological
systems and the construction of new materials1 creates an ever-
increasing need for new protein modification reactions. As a result,
many strategies have appeared that can modify native protein
functional groups (most commonly lysine and cysteine side chains)
in a chemoselective fashion.2 However, the high frequency of
lysines on protein surfaces severely limits the site selectivity of
reactions targeting this residue, typically leaving cysteine modifica-
tion as the only effective way to functionalize specific locations.3

To complement this technique, we have focused on the develop-
ment of new protein modification reactions that target aromatic
amino acids,4 as these residues are displayed with intermediate
frequency on protein surfaces and can be introduced genetically
without changing the overall charge state or redox sensitivity. Of
these, tyrosine residues provide particularly attractive targets, as
the reactivity of the phenolic side chains is largely orthogonal to
that of cysteine, lysine, and carboxylate-containing residues.
Furthermore, these residues are often partially “buried” in the
surface of the proteins because of the amphiphilic nature of the
phenolic group. This close association with the topography of
protein surfaces results in varying levels of accessibility for the
reactive sites, suggesting that one of several tyrosine residues could
be targeted selectively through proper reagent design.

Existing methods for tyrosine modification typically occur
through electrophilic aromatic substitution pathways, as exemplified
by iodination5 and diazonium coupling reactions.4a,6,7 In terms of
carbon-carbon bond-forming strategies, formaldehyde-based cross-
linking techniques have been reported to proceed through the
reaction of tyrosines with imines formed with lysine residues,8 albeit
with no control of site selectivity. These reactions are typically
carried out using high concentrations of formaldehyde or with
significant heating and thus are of limited utility for applications
that require preservation of secondary and tertiary protein structure.
As a more synthetically useful strategy, we have developed a new
method that can modify proteins using imines formed in situ from
aldehydes and electron-rich anilines (eq 1).9 This three-component
Mannich-type coupling reaction is highly selective for tyrosine side
chains and proceeds under mild conditions.

As an example of this reactivity, a 20µM solution of chymo-
trypsinogen A was exposed to 25 mM formaldehyde (1a) and 25
mM 210 for 18 h at room temperature (Figure 1a). Subsequent
analysis using ESI-MS indicated the formation of a new species
into which both reactive components were incorporated with equal
stoichiometry (Figure 1b). In an analogous experiment conducted
in the absence of the aniline component, no modification of the

protein was observed (Figure 1c). Optimization experiments
determined that maximum reactivity can be obtained in a pH range
of 5.5-6.5, with substantially lower product formation occurring
at pH values above 8. Following removal of unreacted chromophore
2 using dialysis, UV analysis indicated that 60% conversion was
achieved.

To determine the reaction chemoselectivity, the products of this
and analogous reactions employing 4-chloroaniline (3e) were
subjected to trypsin digestion. Through analysis of the resulting
peptide fragments by MALDI-MS, Y146 was determined to be the
primary site of modification. As Friedel-Crafts reactions have
rarely been demonstrated in aqueous solution,11 we confirmed the
product structure by carrying out an analogous reaction using
p-cresol as a small molecule tyrosine mimic.13

The fluorescent nature of2 allowed the use of an efficient gel-
based assay to screen additional aldehyde components and protein
targets (Figure 1d). In addition to formaldehyde, pyruvaldehyde

Figure 1. Modification of tyrosine residues with imine substrates. (a) A
20 µM solution of R-chymotrypsinogen A was exposed to1a and2 (both
at 25 mM) in aqueous buffer, pH 6.5, at room temperature for 18 h. (b)
Following removal of the small molecules via gel filtration, ESI-MS analysis
indicated the formation of the anticipated Mannich adduct (expectedm/z
) 26410). (c) In the absence of the aniline component, no reaction products
were observed. (d) A gel-based assay was used to screen for reactivity using
a variety of aldehyde and protein substrates. These reactions were carried
out as described above, but at 37°C. The top pane indicates the total protein
content by Coomassie blue staining, and the bottom pane indicates the
fluorescence of attached chromophore2.
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(1b), (E)-crotonaldehyde (1c), and 2-furaldehyde (1e) also yielded
appreciable levels of reactivity; however, reactions carried out with
glyoxylic acid (1d), benzaldehyde, and propionaldehyde did not
afford modification products. In all cases, no cross-linking of the
proteins was observed.

In addition to chymotrypsinogen A, other proteins bearing
surface-accessible tyrosine residues have been modified, including
lysozome and RNase A (Figure 1d). In contrast, no reactivity has
been observed for horse heart myoglobin, a protein that lacks
surface-accessible tyrosine residues.

In terms of reagent scope, successful reactions have been
achieved with a range of electron-rich anilines (Table 1). As
determined for the modification of chymotrypsinogen A, 4-alkyl-
substituted anilines (3a-c) generally afforded high levels of
reactivity and yielded both singly and doubly modified protein
products. Chymotrypsinogen A bears three potentially reactive
tyrosine residues on its surface (Figure 2a),12 which can account
for its overmodification. Efforts to quantify the reactivity levels at
each site are underway. Aniline3b is of particular interest, as the
aliphatic amine of this substrate can readily be coupled to NHS-
esters, effectively converting the large number of commercially
available lysine-reactive compounds into reagents for tyrosine
modification. Other para-functionalized anilines (3d-f) also par-
ticipated in the reaction, although lower levels of conversion were
obtained. To date, reactions employing electron-deficient anilines
and aliphatic amines have not been successful. This is significant,
as the amino groups of lysine residues also do not participate in
the reaction under these conditions.

To demonstrate that this bioconjugation method preserves the
native function of biological targets, the catalytic activity of
chymotrypsinogen A was evaluated after modification with1aand
3a. It was found that little if any reactivity was lost even though
80% of the protein had been functionalized (Figure 2b).13

One feature of this reaction that stands in contrast to other
tyrosine modification strategies is the relatively low pH at which
it takes place. We hypothesize that at pH 6.5, a cyclic transition
state occurs in which the phenolic group donates a hydrogen bond
to the imine nitrogen (Scheme 1). This would serve to increase the
electrophilicity of the imine group while simultaneously activating
the aromatic ring as a nucleophile. It is also possible that
hydrophobic attractions between the imine substrate and the tyrosine
ring accelerate the reaction by increasing the effective concentration.
However, it should be noted that imine formation in water involves
numerous equilibrating species, and thus the reaction could proceed
through a more complex pathway.

As a result of these studies, an efficient new tyrosine modification
method has emerged. The reaction is operationally simple to effect,
and the mild conditions under which it proceeds ensure compat-
ibility with a wide range of protein targets. The three-component
nature of the reaction allows for the installation of multiple
functional groups, and the selectivity of the reaction for tyrosine
residues provides a complementary strategy to cysteine- and lysine-
based methods. Current efforts are focused on the full exploration
of the substrate scope as well as the elucidation of the mechanistic
aspects. Experiments examining the ability of the reaction com-
ponents to select between multiple tyrosines on a single protein
surface are also underway.
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Figure 2. Modification sites and activity assay for chymotrypsinogen A.
(a) Of the accessible tyrosines (green), Y146 was identified as the primary
modification site. (b) Reaction profile for proteolysis of Suc-Gly-Gly-Phe-
NHC6H4NO2 for unmodified chymotrypsinogen (red) and the bioconjugate
prepared from1a and 3a (blue) after both enzymes were activated with
trypsin.

Table 1. Modification of Tyrosine Residues on
Chymotrypsinogena

aniline X-substituent unmod(%) +1modb +2modb +3modb

2 -rhodamine dye 34 66 0 0
3a -CH2CH2OH 20 45 35 0
3b -CH2CH2NH2 27 47 26 0
3c -CH3 38 46 16 0
3d -OCH3 57 43 0 0
3e -Cl 53 36 11 0
3f -CO2H 57 33 10 0
3g -F 91 9 0 0
3h -NO2 100 0 0 0

a Conditions: 200µM R-chymotrypsinogen A, 25 mM formaldehyde,
and 25 mM aniline in 100 mM phosphate buffer, pH 6.5, room temperature,
18 h. The X-substituents refer to the 4-position of the anilines, as indicated
in eq 1. Product distributions were determined from ESI-MS analyses.b In
percent.

Scheme 1
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