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ABSTRACT: Chemical modification of proteins and
peptides represents a challenge of reaction design as well
as an important biological tool. In contrast to side-chain
modification, synthetic methods to alter backbone
structure are extremely limited. In this communication,
copper-mediated backbone N-alkenylation or N-arylation
of peptides and proteins by direct modification of natural
sequences is described. Histidine residues direct oxidative
coupling of boronic acids at the backbone NH of a
neighboring amino acid. The mild reaction conditions in
common physiological buffers, at ambient temperature, are
compatible with proteins and biological systems. This
simple reaction demonstrates the potential for directed
reactions in complex systems to allow modification of
N−H bonds that directly affect polypeptide structure,
stability, and function.

Chemical modification of polypeptide structures is
important for drug development, biomaterials design,

and biological probe construction. Protein modification
methods currently available target the side chain functional
group of amino acid(s) with unique reactivity.1,2 Direct
alteration of the backbone structure of as-produced peptides
and proteins, rather than conjugation to a side chain, is
relatively little explored,3,4 despite the important consequences
of backbone amide modification.5,6 Nonribosomal peptides use
backbone N-methylation and other modifications to modulate
folding, stability, and function, and backbone modification
methods could open new vistas for molecular design. For
chemists, backbone N-alkylation or N-arylation disrupts the
hydrogen bonding networks required for common folding
motifs, including α-helices and β-sheets, allowing for simple
ways to perturb folding, ligand bindings, and supramolecular
assembly.5,6

Accessing N-alkyl or N-aryl derivatives of complex peptides
or proteins remains a challenging problem. Though unnatural
side chain structure can be incorporated in biological
polypeptide synthesis through the use of unnatural amino-
acyl-tRNA synthetases,7 the use of amino acids with N-
substitution is rare.8 Solid-phase chemical synthesis is some-
times appropriate, but N-alkyl amino acids are sluggish coupling
partners, many interesting targets (e.g., N-alkenyl amino acids)
are incompatible with traditional peptide synthesis, and larger
sequences become increasingly difficult or impossible.9−12

Methods for direct backbone amide modification of poly-
peptides are extremely limited, such as oxidative scission with

RuO4.
13 General tools to alter backbone N−H bonds of as-

produced peptides or proteins are sorely lacking.
As part of a program examining metal-catalyzed reactions of

proteins,17−21 we examined reactions of boronic acids with
histidine-containing sequences in the presence of transition-
metals. Readily available thyrotropin-releasing hormone (TRH,
1) served as a convenient minimalist protein model. Treating
the tripeptide at ambient temperature in air with arylboronic
acid 2 (1 mM), in N-methylmorpholine (NMM) buffer (pH
7.4) in the presence of copper(II) salts (330 μM), led to the
incorporation of the aryl moiety into the peptide, as judged by
mass spectrometry (Figure 1c). Copper(II) was necessary for
this transformation; no reaction was observed in the absence of
copper nor in the presence of a variety of other metals.
Purification of the product (RP-HPLC) allowed character-

ization of the product 3 and identification of the modification
site: arylation of the pyroglutamic acid (Glp) backbone NH, the
residue immediately preceding histidine. A NOESY spectrum
displays clear crosspeaks for interaction of the pyroglutamic Hα

with both ortho protons on the aryl group (Figure 1b). In
addition, a COSY spectrum identified only a single NH−Hα

coupling (for histidine), confirming the disappearance of the
pyroglutamate NH. Finally, fragmentation of the product by
MS/MS confirmed this structural assignment (Supporting
Information).
The reactivity observed is similar to Chan−Lam coupling,

the oxidative combination of boronate reagents with a variety of
X−H bonds, using O2 or other species as the stoichiometric
oxidant.22−24 Coupling of boronates with amide N−H bonds
has been observed.25,26 However, the reported reactions for
simple small-molecule substrates require basic conditions in
anhydrous solvent, sometimes at elevated temperature.
Aqueous reaction conditions are rare since hydroxylation of
the boronate is facile in the presence of water.27 In our
reactions with peptide substrates, further studies revealed that a
histidine residue is absolutely required for the observed
reactivity. For example, laminin 925−933, containing a cysteine
residue in addition to a variety of backbone amides, did not give
appreciable modification products. The specificity for mod-
ification of the backbone N−H bond in the i − 1 position (i.e.,
one residue before histidine) has similarities to the known
propensity of copper to bind histidine-containing sequences,
such as the ATCUN motif14−16,28 (Figure 1d), in which copper
coordinates to the imidazole side chain and to deprotonated
backbone nitrogen atoms at the i and i − 1 positions. The
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observed chemoselectivity may well be related to this histidine-
directed activation of i − 1 N−H bonds through copper
amidate formation.
The modification reaction exhibits significant scope with

respect to the boronate reagent (Table 1). Leuprolide (4) is a
histidine-containing peptide containing an N-terminal pyroglu-
tamate (Glp) residue. Modification of 4 provides a single
modified product with efficiency similar to TRH (1) and
couples effectively with a broad range of arylboronates and
alkenylboronates as well. The success of a broad range of
arylboronates suggests that electronic effects do not signifi-
cantly affect the efficiency of the process (entry 1−6). Only 2-
carboxyphenyl- and 2-thienyl-substituted boronates resulted in
minimal coupling products (entry 1, 10). To distinguish among
boronate reagents, we also considered reactions of angiotensin I
(5), which we found to be a significantly more sluggish peptide.
Though arylboronate reactivity is limited, alkenylboronates are
significantly more reactive toward 5, possibly due to the
decreased steric demand of the alkenyl reagent relative to aryl
reagents (entry 7−9). The increased efficiency of alkenylbor-
onate reactivity also allows leuprolide modification at
significantly lower concentrations (entry 8). Conversion of
99% was observed at significantly lower concentrations of all
reagents (peptide, 20 μM; Cu(OAc)2, 33 μM; boronic acid, 100
μM).
Analysis of modification reactions by MS/MS verifies that

copper-mediated modification occurs consistently at i − 1
residues neighboring histidine for both aryl- and alkenyl-
boronates. For neuromedin B modification with alkenylboro-
nate 12, we observed clean modification to a singly modified
product (Figure 2a). The secondary ion spectrum of the

modified peptide is shown in Figure 2c. A series of y- and b-ions
confirms Gly7, which immediately precedes His8, as the site of
modification. In the same manner, MS/MS data of leuprolide
(4) modified with 2 displayed a similar series of y-ions and b-
ions consistent with modification at Glp, together with a
modified a1 fragment ion. Modified fragments exhibit the
telltale isotopic signature of the chlorine atom in the boronic
acid (Supporting Information). Finally, luteinizing hormone-
releasing hormone (LHRH) and the tripeptide N-Hippuryl-
His-Leu were also modified (Figure 2d,e), and MS/MS spectra

Figure 1. (a) Modification of TRH tripeptide 1 with boronate 2.
Conditions: peptide 1 (400 μM), boronic acid 2 (1 mM), and
copper(II) acetate (330 μM) in N-methylmorpholine buffer (5 mM,
pH 7.4) at rt overnight. For preparative synthesis of 3, HEPES buffer/
methanol (3:2) was used as solvent to increase solubility of the
boronic acid. (b) Partial NOESY spectrum of modified product 3. (c)
ESI-mass spectrum of TRH (1, top) and the crude modification
reaction (bottom). (d) Depiction of a copper-bound ATCUN (amino
terminal copper and nickel) motif, illustrating activation of amide
backbone NH neighboring a histidine residue.14−16

Table 1. Scope of Boronate Reagentsa

aModification of peptides 4 and 5 with boronate reagents. Conditions:
peptide (100 μM), boronic acid (1 mM), and copper(II) acetate (1
mM) in HEPES buffer (0.1 M, pH 7.4) at rt overnight. bRelative
reactivity, as judged by conversion (MALDI−MS of the crude
reaction). MS/MS analysis for leuprolide indicates modification at
Glp1 (Supporting Information). For angiotensin I, the presence of two
histidines (H6 and H9) complicates analysis; MS/MS supports F8
(neighboring H9) as a major site of modification, though a mixture of
two products is possible (see Supporting Information for details).
cReaction conducted at decreased concentration: peptide (20 μM),
Cu(OAc)2 (33 μM), and boronic acid (100 μM).
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for these peptides are also consistent with modification adjacent
to histidine, at Glp and glycine, respectively.
Finally, we turned our attention to lysozyme (∼14 kDa) to

assess the potential for modification of proteins. In this case,
modification was conducted with trifluoroborate salts 15, 16, or
17, which enabled subsequent elaboration or affinity-based
separation (Figure 3). Copper-dependent modification with all
three reagents 15, 16, or 17 was readily visualized on a blot
membrane (Figure 3c).29 Modification proceeded with partial
conversion (∼25%), and pure lysozyme modified with
desthiobiotin-BF3K 17 could be obtained after dialysis and
affinity purification using the introduced desthiobiotin handle
(Figure 3b). Mass spectrometry confirmed modification and
verified that a single modification had taken place, consistent

with the lysozyme sequence that has only a single histidine
residue (His15, Figure 3a).
These studies demonstrate selective modification of back-

bone N−H bonds with aryl- or alkenyl-boronate reagents,
directed by a neighboring histidine residue. The chemistry
provides a reactivity site unique from side-chain-based
conjugation techniques. The product structures, most notably
N-alkenyl derivatives, have unique reactivity, but would be
difficult or impossible to obtain by other methods. The reaction
conditions, aqueous solutions at neutral pH and ambient
temperature in common physiological buffers, are noteworthy.
These studies indicate that modification is selective, at least
some sequences are highly efficient, and even a large protein is
a suitable substrate. As histidine often plays a crucial role in the
active sites of enzymes and the metal-binding motifs of
metalloproteins, this reactivity could prove useful as a tool to
understand, perturb, or inactivate biological function of these
proteins.
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Figure 2. (a) MALDI-MS spectrum of crude modification reaction
with neuromedin B and 12. Conditions: neuromedin B (100 μM),
boronic acid 13 (1 mM), and copper(II) acetate (400 μM) in NMM
buffer (5 mM, pH 7.4) at rt overnight. (b) Sequence and
fragmentation ladder of neuromedin B modified with 12 at Gly7.
Observed b ions and y ions are shown in color. Fragments with a
modification are noted with “*”. (c) MALDI−MS/MS spectrum of
neuromedin B modified with 12 with selected peaks annotated. (d)
MALDI−MS of crude modification reaction with luteinizing hormone-
releasing hormone (LHRH) and 12. Conditions: LHRH (100 μM),
boronic acid 12 (1 mM), and copper(II) acetate (1 mM) in HEPES
buffer (0.1 M, pH 7.4) at rt overnight. (e) ESI−MS of crude
modification reaction with N-Hippuryl-His-Leu and boronate 12.
Conditions: N-Hippuryl-His-Leu (100 μM), boronic acid 12 (1 mM),
and copper(II) acetate (330 μM) in NMM buffer (5 mM, pH 7.4) at
rt overnight.

Figure 3. Modification of lysozyme with borates 15−17. Conditions:
lysozyme (20 μM), boronic acid 15−17 (1 mM), and copper(II)
acetate (1 mM) in HEPES buffer (0.1 M, pH 7.4) at rt overnight. (a)
Structure of lysozyme (PDB code: 1HEL) with its solitary histidine
residue (His15) and neighboring Arg14 depicted explicitly. (b)
MALDI−MS of lysozyme (top) and lysozyme modified with 17
after dialysis and affinity purification to remove unmodified lysozyme
(bottom). (c) Blotting analysis of lysozyme modification with borate
reagents 15−17. Reaction mixture was analyzed by chemical blotting29

(15 and 16) or Western blotting (17). (d) Structure of borate reagents
with affinity handles.
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