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Hydrazide Reactive Peptide Tags for Site-Specific Protein
Labeling

Glenn M. Eldridge1 and Gregory A. Weiss1,2,*

1Department of Chemistry, University of California, Irvine 1102 Natural Sciences 2 Irvine, CA
92697-2025
2Department of Molecular Biology and Biochemistry, University of California Irvine University of
California, Irvine 1102 Natural Sciences 2 Irvine, CA 92697-2025

Abstract
New site-specific protein labeling (SSPL) reactions for targeting specific, short peptides could be
useful for the real time detection of proteins inside of living cells. One SSPL approach matches
bioorthogonal reagents with complementary peptides. Here, hydrazide reactive peptides were
selected from phage-displayed libraries using reaction-based selections. Selection conditions
included washes of varying pH and treatment with NaCNBH3 in order to specifically select
reactive carbonyl containing peptides. Selected peptides were fused to T4 lysozyme or synthesized
on filter paper for colorimetric assays of the peptide-hydrazide interaction. A peptide-lysozyme
protein fusion demonstrated specific, covalent labeling by the Hydrazide Reactive (HyRe)
peptides in crude bacterial cell lysates, sufficient for the specific detection of an over-expressed
protein fusion. Chemical synthesis of a short HyRe tag variant and subsequent reaction with two
structurally distinct hydrazide probes produced covalent adducts observable by MALDI-TOF MS
and MS/MS. Rather than isolating reactive carbonyl-containing peptides, we observed reaction
with the N–terminal His of HyRe tag 114, amino acid sequence HKSNHSSKNRE, which attacks
the hydrazide carbonyl at neutral pH. However, at the pH used during selection wash steps (<6.0),
an alternative imine-containing product is formed that can be reduced with sodium
cyanoborohydride. MSMS further reveals that this low pH product forms an adduct on Ser6.
Further optimization of the novel bimolecular reaction described here could provide a useful tool
for in vivo protein labeling and bioconjugate synthesis. The reported selection and screening
methods could be widely applicable to the identification of peptides capable of other site-specific
protein labeling reactions with bioorthogonal reagents.

INTRODUCTION
Site-specific protein labeling (SSPL) provides a powerful tool for the in vivo tracking of
protein localization, dynamics, and concentration.1,2 SSPL enables visualization of specific
proteins through conjugation to an appropriately functionalized probe. Genetically encoded
fluorescent protein fusions provide a facile route to site-specific protein labeling,3 and are
the current standard in labeling technology;4 however, the large size and limitation to a
fluorescent signal has stimulated a search for smaller and chemically flexible labeling
strategies. One route, enzymatic labeling of genetically encoded peptide substrates, is useful
in forming fluorescent conjugates in vivo, and has been reviewed recently.5,6 Another
powerful approach harnesses unique peptide sequences capable of forming covalent bonds
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with chemical probes. The latter approach does not require additional enzymes or reagents.
Here, for example, we describe the selection, screening, and characterization of hydrazide
reactive peptides (Figure 1).

Non-enzymatic SSPL reactions have revolutionized protein purification and visualization.
For example, short polyhistidine peptides (“His-tags”) selectively coordinate nickel (Ni2+),
or cobalt (Co2+) chelated to a solid support. A genetically encoded His6-tag enabled
purification of dihydrofolate reductase from crude, E. coli cell lysate under both native and
denaturing conditions.7 Since used by innumerable laboratories for protein purification, His-
tags also enable visualization via binding to a fluorescent, zinc-conjugated small molecule
(HisZiFiT).8 Another standalone, probe-reactive peptide, uses the tetracysteine motif (amino
acid sequence CCXXCC) to selectively react with fluorogenic bisarsenical probes in vitro
and in vivo.9-11 Other short peptides capable of modification with metal-based fluorescent
probes include labeling of tetraserine motifs by bis-boronic acids,12 polyaspartic acids by
zinc fluorophores,13 and lanthanide binding peptides with lanthanide ions.14,15

Discovery of new SSPL peptide-probe pairs requires both a modestly reactive small
molecule and a unique, complementary peptide. The small molecule must be stable to
physiological conditions, yet reactive upon peptide binding. The partnering reactive peptide
is ideally short enough to minimize misfolding and mislocalization of the fused protein, yet
sufficiently long to ensure unique representation in the proteome. Suited for the
identification of such complementary peptides, phage display enables the rapid sifting of
vast libraries to identify peptides with affinity for essentially any target, including
proteins16,17 small molecules,1 and inorganic materials.18 The filamentous bacteriophage
used in phage display links the encoding DNA sequence to the displayed peptide, providing
easy routes to both amplification and identification of the selected peptides.19,20

Two examples illustrate the utility of phage display to identify either non-covalent or
covalent SSPL peptide-probe pairs. First, conventional affinity-based phage display
identified tightly binding peptides that modulate the fluorescence of Texas red.21 After
many rounds of optimization, a 38-residue peptide tethered via an intramolecular
dimerization domain was developed that non-covalently bound a calcium-sensitive Texas
red derivative with a KD of 80 pM.22 Secondly, reaction-based phage display targeted a
diketone to isolate the 20-mer peptide rpf1368, which forms enaminones with various
diketone-containing probes.23 The reported peptides from the initial rounds of selection for
both of these examples proved functional yet inefficient. Further optimization of the
peptides through appending additional libraries to previously selected sequences and
performing more stringent selections ultimately yielded tighter binding or more reactive
peptides.22,23

Other functionalities could be amenable to the discovery of bioorthogonal peptide-probe
pairs using either affinity- or reaction-based phage display. Side chain modifying
electrophiles, such as iodoacetamide and N-hydroxy succinamide are exceptional modifying
agents for cysteine and lysine, respectively. These functionalities are insensitive to 3D
sequence space, and can modify exposed side chains. Therefore, these reagents are restricted
to use with purified proteins. Considering the nucleophilic nature of biopolymers,
nucleophlic probes should be vastly more discriminating towards specific amino acid
sequences. Thus, we focused on a nucleophilic functionality with known bioorthogonality
towards proteins. Hydrazides do not react with unmodified biopolymers, but are used to
label and isolate oxidized molecules with reactive carbonyls.24 Reactive carbonyl-containing
proteins, for example, can be purified from biological samples using biotin hydrazide and
surface-bound avidin for mass spectrometry identification.25,26
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Reactive carbonyls can also be introduced into protein sequences through enzymatic
labeling of peptide substrates. Ligation of a ketone-containing probe to an acceptor peptide
with biotin ligase generates a reactive carbonyl for modification with hydrazide probes.27

Similarly, formylglycine-generating enzyme modification of the cysteine in the sequence
LCTPSR also generates a reactive carbonyl for subsequent hydrazide labeling.28 These
peptides are easily genetically incorporated as a fusion to proteins of interest for labeling
proteins with either hydrazide- or aminooxy-derivatized compounds, after treatment with the
appropriate enzyme.28,29 Unnatural amino acid incorporation can also introduce ketone-
based amino acids.30,31

We sought to simplify protein labeling with hydrazide probes by identifying peptides with
affinity for hydrazide, thus eliminating the need for the co-expression of a modifying
enzyme. Hydrazides can interact with polypeptides in four different mechanisms (Figure 2).
First, hydrazides would form hydrazones with reactive carbonyls present in oxidized
peptides. A large number of spontaneous reactions introduce reactive carbonyls into protein
sequences including conjugation to oxidized lipids and oxidation of susceptible amino acids
(such as the side chains of arginine, histidine, lysine, or proline); both reactions occur during
some age- and disease-related stresses.32,33 In addition, peptides from a phage-displayed
library could act as substrates for carbonyl forming enzymes such as the formylglycine-
generating enzyme, described above.34 Therefore, peptides susceptible to either enzymatic
or atmospheric oxidation would react with hydrazide-based capture agents.

Alternatively, peptides could non-covalently bind to the probe, as was discovered for the
Texas red binding peptides. However, the small size of the hydrazide group might preclude
high affinity binding. Contrary to peptide oxidation, the hydrazide functional group could be
selectively oxidized, thereby presenting an electrophile for attack by a peptide nucleophile
before displacement of nitrogen. The enzyme tyrosinase oxidizes acylhydrazide to an acyl
diazene, to liberate nitrogen; and has been used as a chemical deprotection strategy.35 In the
fourth mechanism, a peptide nucleophile could attack the hydrazide carbonyl, exhibiting
similar reactivity as cysteine proteases such as cathepsin K inhibition by acylhydrazide
inhibitors. In this example, the active site cysteine attacks the carbonyl of the acylhydrazide
resulting in a stabilized tetrahedral intermediate.36

Thus, reaction-based phage selections for peptides interacting with the hydrazide functional
group could explore a number of different reaction possibilities to expand the palette of
bioorthogonal peptide-probe pairs (Figure 1). After five rounds of selection and DNA
sequencing of the selected phage to determine trends of the peptide interactions with the
hydrazide functionality, one sequence was chosen for further affinity maturation by
homolog shotgun scanning. The selected peptides were screened for interaction with
hydrazide probes through fusion to T4 lysozyme. After homolog affinity maturation, the
interaction of all selected peptides with biotin hydrazide was compared through peptide spot
synthesis and screening. The most promising short peptides identified by spot synthesis were
chemically re-synthesized, treated with hydrazide-containing probes, and analyzed by mass
spectrometry. Given the reactivity of hydrazides with ketones and aldehydes, we expected to
isolate oxidation-susceptible peptides. Instead, the isolated 20-mer peptides are nucleophilic
towards certain hydrazide derivatives.

EXPERIMENTAL PROCEDURES
Selections for hydrazide binding peptides

To remove background-binding peptides, an anti-selection was performed by incubating a
previously described, phage-displayed peptide library37 with Boc-hydrazide Tentagel for 1 h
at room temperature in a peptide reaction vessel. The unbound phage were next subjected to
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a positive selection through incubation with a new aliquot of deprotected, hydrazide
Tentagel for 20-60 min with decreasing concentrations of resin in each round. The
hydrazide-bound phage were washed three to six times with increasing volumes of PBS
(from 10-50 mL) and times (from 2-20 min) for each subsequent round. Additional wash
steps to enhance the stringency of selections included two washes with HCl (0.1 M, 1.5 mL)
in rounds 1 and 2, and three to six washes of HCl (0.1 M, 50 mL) in rounds 4 and 5. The
phage-resin mixture was then re-buffered with a wash of PBS (50 mL, 10 min) before being
re-suspended in PBS (1.5 mL) for storage and propagation. Half of the phage-Tentagel
suspension was incubated with 10 mL of XL-1 blue E. coli (OD600 = 0.5-1.0) for 20 min
with shaking at 37 °C. A small aliquot of the infected cells were titered on LB-carbenicillin-
agar plates, and the remaining culture was transferred to 2YT (250 mL) supplemented with
M13-KO7 helper phage before overnight incubation at 37 °C with shaking. Individual
colonies from the titer plate were sequenced following PCR using M13 primers (Supporting
Information).

Bacterial subcloning and over-expression of HyRe-lysozyme fusion
The selected peptides were subcloned into a plasmid encoding each peptide fused through a
GGGSG linker to the N-terminus of T4 lysozyme (Supporting Materials and Methods).
Correctly ligated plasmids were transformed into heat shock competent BL21(DE3) E. coli.
An overnight 37 °C culture (10 mL LB, 40 μg/mL kanamycin) was added to 1 L of LB
media supplemented with kanamycin (40 μg/mL), and grown for an additional ≈2.5 h at 37
°C to an OD600 of 0.6. The addition of IPTG (1 mM) induced protein expression at 30 °C
for 4 h. Following centrifugation and sonication, the crude supernatant was purified using
cation exchange chromatography. Protein fusions were eluted with a gradient to 1 M NaCl
and fractions containing the protein fusion were then combined and concentrated. Gel
permeation chromatography further purified fusion proteins to >95% homogeneity (Figure
S2 A in Supporting Information).

Biotin hydrazide and rhodamine B hydrazide binding assay to HyRe 53-T4 lysozyme fusion
Following purification, the HyRe peptide 53-T4 lysozyme fusion, the proteolyzed peptide
53-T4 lysozyme fusion, or wild-type T4 lysozyme were treated with either biotin hydrazide
(1 mM in PBS for 1 h at room temperature) or an equivalent volume of buffer (negative
controls) before the addition of SDS loading dye (20% volume). The solution was then
incubated at 95 °C for 3 min to denature the proteins. The denatured protein samples were
added to two 15% SDS-page gels before electrophoresis at a voltage of 130 V for 90 min.
One protein gel was Coomassie-stained, and the other gel was transferred to a nitrocellulose
membrane via electrophoresis in transfer buffer (25 mM Tris base; 192 mM glycine; 20%
methanol; 0.02% SDS; pH 8.3) at 100 V for 100 min. This nitrocellulose membrane was
blocked with 1.0% Tween 20 in PBS overnight at 4 °C. Biotinylation was assessed by
incubating the membrane with SAV-AP at room temperature for 1 h. This membrane was
washed five times with PT before visualization by treatment with 4-chloro-1-naphthol and
3,3′-diaminobenzidine, tetrahydrochloride (Pierce). Rhodamine B hydrazide (final
concentration 1mM) was added to crude lysates for 1 h at room temperature, before SDS-
PAGE and electrophoretic transfer to nitrocellulose as before. The blot was then visualized
using a GE Typhoon scanner (532 nm laser, 580 bp 30 filter, 400 PMT voltage).

Spot synthesis and assay of HyRe peptide variants
Peptides were synthesized as C-terminal adducts to filter paper, and deprotected as outlined
in reference 47. A background-binding assay was completed by incubating the sheets of spot
synthesized peptides with SAV-HRP, before visualization with BCIP/NBT. The AP
substrates, BCIP (135 mM in DMF) and NBT (61 mM in 70% DMF) were added to AP
buffer (100 mM Tris, 100 mM NaCl, 2 mM MgCl2, 0.05% Tween-20, pH 9.5) to a final
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concentration of 445 μM and 403 μM respectively. This buffer was added to the spot-
synthesized peptide cellulose sheets, and incubated for 5 min. After washing five times,
images of the sheets were captured by digital photography under white light illumination.
Peptides specifically binding to biotin hydrazide were then assayed by incubating biotin
hydrazide (0.17 mM) in PBS for 2 h. The sheet was then washed five times (50 mL, 2 min
each), before re-addition of SAV-HRP, re-visualization with BCIP/NBT, and re-imaging.

HyRe peptide synthesis and reaction with hydrazide derivatives
Peptides 103 and 114 were synthesized on a 0.2 mmol scale using standard solid phase
peptide synthesis with Fmoc-protected amino acids (Aroz technologies) on Rink amide resin
(Novabiochem). The synthesized peptides were cleaved, purified, and characterized, using
standard conditions (Figures S7 in Supporting Information). The purified peptides were
resuspended in water before dilution into PBS to a 1 mM final concentration. The
hydrazides dissolved in DMSO were then added to each peptide (1 mM final concentration),
and incubated at room temperature for 1-3 h before de-salting with C18 peptide desalting
Zip-Tips (Varian; Palo Alto, CA) and characterized by MALDI-TOF MS.

RESULTS
Selections of hydrazide ligands from a phage library

The naïve, M13 phage-displayed peptide library included ≈2.5 × 1010 unique sequences
fused to the major coat protein, P8. This collection of peptide sequences included 22
different configurations of disulfide-constrained peptide libraries and one linear peptide
library, ranging in length from 8- to 20-mers37,38 (Table S1 in Supporting Information).

Molecular display selections can sometimes fail due to deleterious amplification of
“background binding” peptides; such peptides are selected for binding to either the solid
support or blocking agents employed during selection, and do not specifically bind to the
target. Background binding peptides are removed from the phage library through anti-
selections using similar selection conditions without the target. Thus, before each round of
selection, an anti-selection with Boc-hydrazide Tentagel removed peptides with an affinity
for Tentagel. The anti-selected phage library was added to a second aliquot of deprotected
hydrazide Tentagel, and used to select phage-displayed peptides with affinity for hydrazide
(Figure 1A). This water miscible solid support enables stringent wash steps to remove non-
specific binding peptides during positive selections. Up to half a liter of different wash
buffers was applied to 20 mg of resin during each round of selection. Additionally, in an
effort to ensure capture of oxidized peptides, the phage library was subjected to treatment
with sodium cyanoborohydride (NaCNBH3), and washes of varying pH. The reactive
carbonyl-hydrazide reaction is reversible at low pH39, which in round 1 provided a route to
selectively elute bound phage from the Tentagel. Sodium cyanoborohydride will reduce
hydrazones, 40 permanently linking the selected phage to the Tentagel. After five rounds of
increasingly stringent selection conditions (including shorter reaction times, less
concentration of target resin, and increasing numbers of longer washes), the amino acid
sequences of 74 phage-displayed, hydrazide interacting peptides were determined by DNA
sequencing to yield 58 distinct sequences (Table S2 in Supporting Information).

In round one, 4.4×107 phage were isolated, but more stringent conditions in round 2 reduced
the phage titers to 6.6×105 plaque forming units, and 2.2×106 phage colonies in round 3.
The titers then equilibrated to 1×107 for the final two rounds of selection. More importantly,
30% of the first round of selection was identified as helper phage by sequencing, whereas
0% of the selectants in rounds 2-5 were helper phage. The reduced presence of helper phage
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in the selected pool demonstrates a successful selection for functional phage-displayed
peptides.

The success of molecular display selections can be gauged by sequence homology and other
trends in the sequences of selectants.41 In selections for binding to hydrazide Tentagel,
hydrophilic amino acid side chains were enriched during selections, and hydrophobic amino
acid side chains were almost entirely absent from the selected sequences. Furthermore, the
sequences from selection rounds three through five were entirely derived from two of the 23
peptide scaffolds, X7CX4CX7 and X6CX7CX5 (where X = any of the 20 naturally occurring
amino acids). Several peptides appeared in multiple rounds of selection, including peptide
25, identified in selection rounds two through five, and peptide 53, which accounted for
≈30% of the isolated sequences from the final two rounds of selection.

Next, peptides with potentially higher affinity for hydrazide were selected using homolog
shotgun scanning. This method applies a protein-based, medicinal chemistry approach with
a library composed of either the wild-type or closely homologous amino acid.42,43 This
library strategy focuses peptide diversity space, and selects for subtle side chain
substitutions that can collectively contribute large effects to binding affinity. Additionally,
conserved residues during these selections can indicate functionally important side chains.

Chosen for its high frequency amongst the initial selectants, peptide 53 formed the basis for
a homolog shotgun-scanning library. Unlike previous homolog shotgun scanning libraries,
each amino acid position encoding His, Arg, or Lys was substituted with a library codon
encoding His, Lys, Arg, Asn, Ser, Pro, or Gln. These additional amino acid residues were
included due to their observed importance for hydrazide binding from the initial library
selectants. Reaction-based selections analogous to those described above isolated an
additional 23 hydrazide interacting peptides (Table S2 in Supporting Information). Peptide
61 was identified in homolog shotgun scanning rounds two through four, and peptide 78
dominated round 4, accounting for 60% of the selectants. Additionally, valine at position 17
and glutamic acid at positions 11 and 13 were highly conserved, suggesting the importance
of those residues for hydrazide binding (Figure S1C in Supporting Information).

Notably, highly enriched peptides, 61 and 78, include only one cysteine residue. Thus, the
intramolecular disulfide bonds engineered into the naïve libraries appeared unnecessary for
hydrazide binding. This result contrasts with previous studies in which intramolecular
disulfide bonds in peptides selected from phage-displayed peptide libraries contribute
critical stability to peptide structure for target binding.44,45 This observation presented the
opportunity, explored below, to eliminate cysteine residues in chemically synthesized
versions of the selected peptides.

Typically, screens examining the functionality of individual phage-displayed selectants
quantify the relative binding abilities of selectants from a library. Conventional screens for
hydrazide binding with phage-displayed peptides proved problematic due to cross-reactivity
between biotin hydrazide and contaminants remaining in the phage solutions, likely oxidized
proteins. Two screening approaches explored the capabilities of the selected hydrazide
interacting peptides. First, the gene for peptide 53 was fused to a test protein T4 lysozyme
for colorimetric assays. Second, peptides and peptide variants from both the original
selections and the homolog shotgun scanning selections were spot-synthesized on filter
paper.

Hydrazide binding to peptide-T4 lysozyme fusions
To test the reaction specificity of the selected peptides, the frequently selected peptide 53
was subcloned into an expression plasmid (pET-28c, Invitrogen) as a N-terminal fusion to
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the enzyme T4 lysozyme. The purified fusion protein was then treated with biotin hydrazide
(1 mM) for two hours at room temperature in aqueous buffer (PBS at pH 7.2). SDS-PAGE
and subsequent binding assay of the lysozyme fusions, either treated or untreated with biotin
hydrazide, demonstrated that fusion to peptide 53 conferred biotin-hydrazide binding ability
(Figure 3, lanes 1-2). Sustained affinity during the denaturing conditions required for SDS-
PAGE (95 °C in SDS) can provide evidence for covalent labeling of peptide-probe
interactions (e.g., the bis-arsenical tetracysteine peptide reaction).10 Therefore, additional
mass spectrometry-based experiments were performed to identify the covalent adducts
formed by Hydrazide Reactive (HyRe) peptide 53 and its variants reacting with hydrazide
derivatives.

As might be expected for fusions to a well-folded protein separated by a glycine linker
(amino acid sequence of GGGSG), the peptide lysozyme fusions are susceptible to
proteolysis (Figure 3, lanes 1-2). HyRe peptide 53 is completely removed from the N-
terminus of lysozyme by proteolysis (Figure 3, lanes 3-4), as confirmed by MALDI-TOF
mass spectrometry (Figure S2 C in the Supporting Information). Proteolytic removal of the
HyRe tag prevents reaction with biotin hydrazide (Figure 3B, lane 3), and no signal is
observed in the biotin-binding assay. Comparable results are observed for the negative
control, treatment of wild-type lysozyme with biotin hydrazide (Figure 3B, lanes 5-6).
Selective proteolysis from the N-terminus of lysozyme demonstrates that biotin hydrazide
reacts site-specifically with the HyRe tag and not with the other amino acids of lysozyme.

Additionally, rhodamine B hydrazide reacts exclusively with the 53-lysozyme fusion protein
in crude E. coli lysate (Figure 3D). Following SDS-PAGE and electrophoretic transfer to
nitrocellulose of the crude lysate reaction mixture, the fluorescent probe labels only the
fusion protein. Taken together, the experiments with lysozyme fusions show that two
different hydrazide derivatives selectively label HyRe peptide 53. Therefore, further
characterization of the interaction between HyRe peptide tags and hydrazide-containing
probes focused on a covalent reaction.

Spot synthesis of hydrazide-interacting peptides
Peptides 61, 78, and 53, and variants of all three were chemically re-synthesized using spot
synthesis. In this technique, each peptide is covalently attached as a C-terminal fusion to
spatially segregated positions on a cellulose membrane.46,47 Spot synthesis allows for the
simultaneous fabrication and screening of hundreds of different peptides in a format free
from biological contaminants such as post-translational modifications by enzymes (e.g.,
formylglycine-generating enzyme)34 or reactive carbonyl-containing metabolites (e.g.,
pyridoxal phosphate).48,49 The synthesized analogs of peptides 61 and 78 included
sequential 10-mers and single-site alanine substitutions. Scanning sequential 10-residue
peptides could identify smaller active sequence of the HyRe tag. The spot-synthesized
variants of peptide 53 included all 1, 2, 3, and 4 contiguous amino acid deletions.
Additionally, the homolog shotgun scanning results suggested substitution of serine for
cysteine in the HyRe peptide tags. Three different spot synthesis cellulose sheets containing
over 350 different variants were synthesized and screened for binding to biotin hydrazide
(Figures S3-S5 in Supporting Information).

Following deprotection of the spot-synthesized peptides, the relative binding affinity for
biotin hydrazide was assayed by treatment with streptavidin conjugated to alkaline
phosphatase (SAV-AP) and developed through addition of the AP substrates 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) and nitrotetrazolium blue (NBT). The levels of SAV-AP
activity in each spot can provide an estimate of the efficiency of each peptide in the reaction
with biotin hydrazide. However, many factors can influence the signal intensity at individual
spots including peptide synthesis failure and purity.50 Additionally, identical sequences in
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different locations on the filter paper produced slightly variant levels of reactivity with
hydrazide (see HyRe tag 53 in Figure 4). Thus, the qualitative analysis of spot synthesis
reported here focuses on trends and requirements for hydrazide-peptide reactivity.

Testing all possible contiguous 10-mers from both HyRe tags 61 (peptides 80-90) and 78
(peptides 91-101) revealed the importance of the N-terminal amino acids for reactivity with
biotin hydrazide (Figure S6 in Supporting Information). The 10-residues at the N-terminus
of peptide 78, labeled peptide 80, resulted in the highest overall signal intensity for reaction
with biotin hydrazide on spot synthesis sheet 1, a result confirmed through duplicated
synthesis and screens (Figure 4). However, peptide 80 also exhibited high background signal
in the SAV-AP assay. This independent assay for background included all steps except
treatment with biotin hydrazide, and measures peptide interaction with SAV-AP or the
ability of the peptides to dephosphorylate BCIP.

The spot synthesis screens guided the synthesis of HyRe tags with both reactivity towards
biotin hydrazide and reduced background binding. For example, HyRe peptide 91, the N-
terminal 10 residues of HyRe tag 61, reacted efficiently with biotin hydrazide, but also had
high background binding to SAV-AP. Further minimization via spot synthesis and screening
identified HyRe peptide 102, an 8-mer peptide derived from HyRe tag 61, which resulted in
the highest specific reactivity with biotin hydrazide relative to background levels. HyRe tag
102 includes one cysteine residue; therefore, the Cys7Ser substitution, peptide 103, was also
spot-synthesized. This cysteine-free 8-mer peptide produced a signal equivalent to peptide
102, and also exhibited little background in the SAV-AP assay (Figure 4). Thus, as observed
by homolog shotgun scanning, cysteine residues from the original selected HyRe tags can be
omitted in homolog variants of peptide 53 without drastically reducing reactivity with biotin
hydrazide.

Single point alanine substitutions of every residue in HyRe 61 and 78 had little effect on the
qualitative reactivity of HyRe peptides with biotin hydrazide. Given the relative insensitivity
for single point alanine substitutions, we next examined contributions made by each type of
amino acid side chain to HyRe tag function by substituting all occurrences of each amino
acid with alanine (Figure 4). For example, peptide 104 substituted all four threonines of
peptide 53 with alanine. Subsequent reaction with biotin hydrazide and assay of the ten spot-
synthesized peptides demonstrated the critical importance of arginine, histidine, and lysine
side chains. Conversely, HyRe peptide 110 substituted Ala in place of both Glu residues,
and resulted in increased background binding to SAV-AP. The importance of glutamic acid
in position 11 also correlates to the conserved glutamic acids observed in homolog affinity
selections (Figure S1 in Supporting Information). The spot-synthesis results guided the
choice of peptides for large-scale synthesis.

Synthesis and mass spectrometry analysis of HyRe peptides
Two peptides identified initially from phage selections with hydrazide Tentagel and then
minimized by screening spot-synthesized peptides were chosen for additional analysis:
peptide 114, the N-terminal 11-residues from peptide 78 including the specificity
determining Glu11, and peptide 103, residues 2 through 9 with the Cys7Ser substitution of
HyRe peptide 61. After conventional solid-phase peptide synthesis, HPLC purification, and
MALDI-TOF MS confirmation (Figure S7 in the Supporting Information), the synthesized
HyRe peptides were treated with twelve different hydrazide-containing small molecules
(structures shown in Figure S8) at equimolar concentrations (1 mM) in PBS, pH 7.2. The
reactions were monitored by MALDI-TOF mass spectrometry (Figure 5). Interestingly, only
AMCA hydrazide (aminomethylcoumarin acetate hydrazide) and rhodamine B hydrazide
produced new mass adducts with either peptide.
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At pH 7.2, both HyRe peptides reacted with AMCA hydrazide to produce adducts with
identical additional mass. The discussion here focuses on peptide 114, though similar results
were observed for reactions of AMCA hydrazide with HyRe peptide 103 (Figures S7 in
Supporting Information). Treatment of HyRe peptide 114 with AMCA hydrazide, followed
by analysis with MALDI-TOF mass spectrometry, identified a new compound with an
additional mass of 215 amu (Figure 5). Similarly, treatment of peptide 114 with rhodamine
B hydrazide produced a new compound with an additional mass of 412. Both probes yield
products with masses 32 amu less than the sums of the peptides and probes. The observation
of new probe-specific higher molecular weight adducts is evidence for a single, covalent
bond forming reaction between the selected peptide and hydrazide reagents. Furthermore,
the difference in mass provides insight into the reaction mechanism.

MSMS analysis of the neutral pH peptide 114-AMCA hydrazide reaction reveals that the
modification was restricted to daughter ions containing His1 and was absent from fragments
lacking this residue. For example, a modified b-ion of the first residue (m/z = 481.2) was
observed, while the y”-ion corresponding to residues 2-11 (lacking His1) possessed zero
modifications (m/z = 1185.6). Additionally, both modified and unmodified b ions are
observed for every residue, while no modified y” ions were observed. Therefore the
modification resides on the N-terminal Histidine and the bond between AMCA hydrazide
and the peptide is labile to MSMS conditions. This result was also observed in the analysis
of the reaction product between 114 and rhodamine B hydrazide.

Addition of the hydrazide derivatives to HyRe peptide 114 followed by loss of hydrazine
(32 amu) could account for the observed mass of the product (Scheme 1). In this proposed
mechanism, the imidazole of the N-terminal His attacks the hydrazide carbonyl. Subsequent
collapse of the tetrahedral intermediate displaces hydrazine. Additionally, since the leaving
group hydrazine has not been directly observed, oxidation of the hydrazine, prior to
displacement could contribute to the mechanism.

Notably, the HyRe peptide-hydrazide reaction takes place under mild conditions. The
reaction occurs in aqueous buffer, at room temperature and physiological pH. No transition
metal ions, organic solvents, and other proteins or co-factors are required. A peak
corresponding to the adduct can be observed in the MALDI-TOF mass spectrum essentially
immediately after the peptide and AMCA hydrazide are mixed, desalted, and applied to the
mass spectrometer.

The reaction product could not be detected by reverse-phase HPLC and pH-neutral, ion-
exchange chromatography. The reaction produces sufficient product for detection by
fluorescence (peptide 53 fused to lysozyme in Figure 3), spot synthesis assays (Figure 4),
and MS (peptide 114 in Figure 5). However, insufficient product is obtained for
spectroscopic analysis, including HPLC detection. The MS analysis benefits from
concentration by the de-salting Zip-Tips for sample preparation. Furthermore, the Zip-Tips
appear to enrich for the product of the reaction with hydrazide, as the very hydrophilic HyRe
peptide 114 is incompletely retained by C18 ZipTips (data not shown). However, after
modification with either of the hydrophobic hydrazide fluorophores, the peptides could be
preferentially retained on the Zip-Tips. Alternatively, the covalent products from the
hydrazide reaction could be initiated by the MS conditions; however, MS is typically used to
characterize covalent bonding. Despite these caveats, the interaction between the HyRe
peptides and hydrazide derivatives is sufficiently strong for various assays.

The sensitivity of using MALDI-TOF mass spectrometry provided a method to investigate
the basis for the selection of these peptides from the phage-displayed peptide libraries. As
described above, the selections featured both washes with pH 5 buffer and the addition of
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NaCNBH3 in an attempt to select reactive carbonyl containing peptides. However, the
electrophilic modification of the N-terminal His complicates interpretation of the selection
conditions. Specifically, the imidazole side chain should be largely protonated at pH values
<6, thus preventing modification on this side chain.

MS screening of conditions between pH 3 and 11 identified a new product formed at low pH
values. For pH values ≤6, a different product resulted from the treatment of peptide 114 with
AMCA and rhodamine B hydrazide. AMCA hydrazide added 227 and rhodamine B
hydrazide added 424 amu (Figure 5). Both modifications result from the loss of 20 amu
following addition of the probe to the peptide. Such conjugates could result from a
condensation (−18 amu) accompanied by an additional oxidation (−2 amu). Additionally,
these products from the low pH reaction, unlike the analogous neutral pH products, are
reducible upon addition of NaCNBH3, producing new adducts with +2 additional mass units
(Figure 5 and Scheme 1).

MSMS of the products from the low pH reaction of peptide 114 with AMCA hydrazide
reveals that the fluorescent probe covalently attaches to a different amino acid, than was
observed for neutral pH (Figure 6). MSMS analysis of the products from the AMCA
hydrazide reaction demonstrates modification of the Ser6 side chain. Thus, the modification
has switched residues from His1 at neutral pH to Ser6 at pH 5. This observation suggests a
different mechanism for the selection of HyRe peptides from the phage-displayed peptide
libraries. Consistent with the NaCNBH3 reduction, a diazo compound or other isomer could
be formed.

In conclusion, as shown by the results in Figures 3 through 5 the selected peptides can react
with hydrazide derivatives at a range of different pH values and with sufficient efficiency
for detection by MS, spot synthesis, and fluorescence blot assays.

DISCUSSION
The identification of short, standalone peptides capable of directing SSPL reactions remains
a major challenge in modern chemical biology. The HyRe peptides offer an important step
towards the goal of short peptides composed of naturally occurring amino acids that can
react with hydrazide-based probes without requiring additional enzymes or reagents. The
short sequence length of the peptides identified here and the availability of hydrazide-
containing chemical probes suggest that HyRe tags could be used in a large number of
applications with minimal perturbation, if the sequences are further optimized. As
demonstrated here, HyRe peptide tags are capable of selectively detecting fusions in crude
cell lysates on Western blots (Figure 3).

Selection and screens required careful planning to minimize false positives. To avoid the
selection of streptavidin-binding peptides, streptavidin was omitted from the selection
protocols. Thus, no sequences commonly associated with streptavidin binding were
observed (e.g., HPQ-based sequences).41 Thus, any background binding in the spot
synthesis results reflects non-specific interactions with SAV-AP or other components of the
binding assay. Furthermore, the spot synthesis results clearly demonstrate the importance of
20-mer peptides for high specificity interactions between HyRe peptides and hydrazide
derivatives. Shorter peptides resulted in higher background assay levels.

Though the HyRe peptides react with different hydrazide bearing probes, the results reaffirm
the adage “you get what you screen [and select] for.”51 The selection conditions targeted
hydrazide-derivatized Tentagel, which includes a linker between the PEG and the surface-
exposed hydrazides. The resultant HyRe peptides also required an additional carbonyl at the
γ-carbon of the hydrazide, found in both AMCA and rhodamine B hydrazide, for the
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covalent reaction observed by MS. Thus, the selection conditions isolated peptides requiring
a functionality analogous to the linker of the targeted Tentagel. Interestingly, amide linkers
have been found to participate in other examples of reaction discovery.52,53 Though
designed to specifically capture reactive carbonyl containing peptides, the selection
conditions identified peptides that react with hydrazide derivatives at neutral and low pH
values, and subsequently with NaCNBH3.

Contrary to expectations, the selected peptides provide a nucleophile to react with the
carbonyl of the hydrazide functionality. The HyRe tag-hydrazide reactivity reported here is
analogous to acylhydrazide inhibitors of cathepsin K, in which an active site nucleophilic
thiol forms a reversible covalent bond with the acylhydrazide carbonyl. Though this
covalent bond could be observed by X-ray crystallography, the lability of the resultant
adduct prevented product isolation by both dialysis and HPLC. Similarly, the efficiency of
the hydrazide reaction by our selected peptides was insufficient for detection by HPLC.

In conclusion, this report demonstrates the reactivity of HyRe peptides composed of
naturally occurring amino acids, which were selected from two generations of combinatorial
libraries. As fusions to filter paper and lysozyme, the HyRe peptides react with both biotin
hydrazide and rhodamine B hydrazide, respectively, to provide detectable adducts. Such
reactions can provide an immediately usable method for labeling a single protein in complex
mixtures, such as the cell lysate in Figure 3D. In the future, the reaction of the HyRe tags
with hydrazide derivatives could provide a powerful new tool for bioconjugate synthesis and
in vivo protein labeling.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Selections for hydrazide binding peptides included anti-selections with Boc-protected
hydrazide resin to remove non-specific peptides (e.g., the red peptide), positive selections
with hydrazide-derivatized resin to capture hydrazide interacting peptides (e.g., the blue
peptide), and extensive wash steps to remove non-binding peptides (e.g., the purple peptide).
(B) The sequences of peptides discussed in the text from selections of phage-displayed
peptide libraries, spot synthesis, and chemical synthesis followed by mass spectrometry
analysis.
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Figure 2.
Potential mechanisms for the selection of hydrazide interacting peptides from phage-
displayed libraries include oxidation of susceptible peptides (1) for capture with hydrazide-
derivatized Tentagel via hydrazone bond formation. Additionally, phage-displayed peptides
could form high affinity non-covalent interactions with the hydrazide functionality (2).
Alternatively, the hydrazide functional group could be oxidized and attacked by a peptide
nucleophile liberating nitrogen gas (3). Lastly, a nucleophile from the displayed peptide
could attack the carbonyl of the hydrazide functional group, displacing hydrazine (4).
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Figure 3.
(A) SDS-PAGE of the purified 53-lysozyme fusion protein (22.3 kDa in lanes 1-2), the fully
proteolyzed 53-lysozyme fusion protein (19.2 kDa in lanes 3-4), and wild-type lysozyme
(18.6 kDa in lanes 5-6). Each sample was either treated (+) or untreated (−) with biotin
hydrazide (1 mM) for 1 h at room temperature before electrophoresis. (B) Western blot
analysis for biotin hydrazide labeling the purified 53-lysozyme fusion protein. The protein
gel and Western blot, excerpted for clarity here, are shown in full in Figure S2 in Supporting
Information. (C) SDS-PAGE of the 53-lysozyme fusion protein in crude E. coli lysates,
either treated (+) or untreated (−) with 1 mM rhodamine B hydrazide before separation by
SDS-PAGE. (D) The protein lysate shown in C was then transferred electrophoretically to
nitrocellulose, and imaged by fluorescence scanning. “M” indicates molecular weight
standards.
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Figure 4.
Variants of selectant peptides were spot-synthesized and either treated (+) or untreated (−)
with biotin hydrazide before binding to SAV-AP and visualization through addition of the
AP substrate. The N-terminal 10-mer from peptide 78 produces a non-specific signal in the
SAV-AP assay. An 8-mer from peptide 61 produces a specific signal for biotin hydrazide, as
does the Cys7Ser substituted 8-mer, 103. Each type of amino acid in peptide 53 was
substituted with alanine to identify key side chain functionalities required for the interaction
with biotin hydrazide, while the other residues of peptide 53 remained unchanged. Bold
letters indicate substitutions in the selected peptides.
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Figure 5.
Treatment of peptide 114 with two hydrazide containing probes. Treatment with AMCA
hydrazide at pH 7.2 produces a species with an additional mass of 215 mass units. However,
treatment at pH 3.2 produces an adduct with an additional 227 mass units, which can be
reduced with NaCNBH3. Treatment of 114 with rhodamine B hydrazide produces similar
species at both pH 7.2 and 3.2, as well as upon reduction. The peaks marked with an asterisk
(*) are the new adducts observed upon treatment with the hydrazide containing probes.
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Figure 6.
MSMS of products from the reaction of peptide 114 with AMCA and rhodamine B
hydrazides. (A) MSMS of unmodified peptide 114 reveals all expected b and y” ions. (B)
and (C) MSMS of both the AMCA- and rhodamine-modified peptides reveals an
unmodified set of y” ions and a complete set of modified b ions indicating the covalent
modification (+mod) occurs on the side chain of the N-terminal histidine. (D) MSMS of the
reaction product at low pH and (E) following reduction with NaCNBH3 product indicates
that the covalent modification occurs on Ser6. The MSMS chromatogram of peptide 114
modified with rhodamine B hydrazide at low pH was dominated by rhodamine cleavage
adducts (data not shown). (F) A schematic diagram for the observed covalent modifications.
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Scheme 1.
Proposed mechanism for the reaction between HyRe tag 114 and AMCA hydrazide. At pH =
7.2, loss of hydrazine justifies the observed loss of 32 mass units. At acidic pH (3.2 to 6.0),
the loss of 20 mass units most likely results from a dehydration plus additional oxidation, to
yield a product capable of reduction by NaCNBH3.
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