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ABSTRACT: Assaying a solid-phase library of histidine-
containing β-hairpin peptides by a reactive tagging scheme
in organic solvents selects for catalysts that reproduce the
strategies used by His-based enzyme active sites to
accelerate acyl- and phosphonyl-transfer reactions. Rate
accelerations (krel) in organic solvents of up to 2.4 × 108

are observed.

Enzymes have evolved a number of related strategies to
accelerate the numerous acylation/deacylation and phos-

phorylation/dephosphorylation reactions on which life de-
pends. Conserved in the active site of these enzymes is a
nucleophilic or basic histidine that acts in concert with other
residues to activate acyl/phosphoryl reactants (amides, esters,
ATP, etc.). For example, the His/Ser combination is ubiquitous
in the serine proteases,1 His/Asp in ribonuclease, malate
dehydrogenase, and phospholipase A,2 and His/His in
paraoxonase.3 Mechanistically, histidine may play the role of
the nucleophile or the base that activates a key nucleophile
(e.g., serine, water), with both approaches achieving potent
enzyme rate accelerations (up to 1010).1,4 We aim to use any
combination of these generic strategies, and either nucleophilic
or basic mechanisms to achieve high rates of acyl-transfer
catalysis (e.g., Scheme 1).

The incorporation of both β and non-natural peptide turn
elements can be effective for structuring peptides to achieve
high (enantio)selectivities in peptide-catalyzed reactions, acyl-
transfer reactions by N-alkyl histidines in organic solvents and
as ligands in palladium-catalyzed allylation being noteworthy
examples.5,6 The challenge of achieving high reactivities with
synthetic enzyme mimics, however, has been met comparatively
rarely.7 Part of the reason may be that synthetic enzyme mimics
lack much of the complexity of enzymes. Approaches to solving
this dilemma include rigid scaffolds with defined structures8 as
well as solid-phase libraries of structurally diverse peptides.9 On
the other hand, random screening of large peptide libraries does
not necessarily provide potential catalysts with functionality

that is organized in an active-site-like arrangement. With the
explicit goal of high rates, we have sought to bridge this gap
through libraries of structured peptides capable of nucleating
active-site-like structures.
We have previously developed a reactive tagging scheme to

screen helical peptides and, in so doing, discovered catalysts
capable of large rate accelerations for acyl-transfer reactions
(Vrel = Vcat/Vuncat up to 2800).10 As we report herein, extending
these studies to the β-hairpin scaffold has provided catalysts
with Vrels up to 44 000 (2.5 mM catalyst) and krel = kcat/kuncat up
to 2.4 × 108, and, most importantly, provided insights into the
role of functional group cooperativity in catalysis. The β-hairpin
scaffold displays ordered side chains with multiple close
contacts, both with a residue’s ±2 neighbors in the linear
sequence and those laterally and diagonally across the strand
(Figure 1).11

As previously described, the reactive tagging assay identifies
peptides that rapidly generate the N-acyl His intermediate.
Under nucleophile-free conditions, this intermediate is stable
and thereby enables a colored acylating agent12 to visually tag
hyperactive components in a one-bead, one-compound format
(Scheme 2).
The peptide scaffold was designed to display His and

multiple variable units on the non-H-bonded face of the β-
hairpin while keeping the H-bonded face residues constant to
help fold into the desired structure (Figure 1).13 The side
chains on the non-H-bonded face pack closely and interdigitate
with the cross-strand residues,13,14 a situation we considered
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Scheme 1
Figure 1. (a) β-Hairpin structure showing H-bonded (HB) and non-
H-bonded (NHB) faces of a 12-mer β-hairpin. (b) Schematic showing
interdigitation of residues on the NHB face.
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especially conducive to facilitating cooperative side-chain
interactions.
The libraries consisted of 8- or 12-residue peptides that

numbered in the hundreds or low thousands, with variable
residues (both natural and unnatural) at the non-H-bonded
positions of the β-hairpin. Aromatic, hydrogen-bond-donating,
hydrogen-bond-accepting, and hydrophobic residues were
included. Residues known to stabilize the β-hairpin structure
were incorporated in the H-bonded positions,13 and a dPro-Gly
turn sequence was included to template folding into a β-
hairpin.15 The reactive tagging was performed in CH2Cl2 under
conditions that were adjusted to achieve <5% of visibly colored
beads at the end of the assay (see Supporting Information (SI)
for details). Physical separation of the dye-tagged beads and
photocleavage for MALDI-MS analysis provided hit candidates
that were resynthesized by standard solid-phase peptide
synthesis (SPPS) methods for subsequent kinetic analysis.
Sequence ambiguities were resolved by parallel SPPS of all
possible isomers and side-by-side dye-tagged testing (see SI).
Once the optimal sequence isomer was identified in this
manner, it was synthesized by SPPS, isolated, and purified for
kinetic testing.
The reaction in eq 1 proved useful for kinetic analysis, as its

background rate is slow and it can be monitored by both 1H

NMR and UV−vis spectroscopy. Across the spectrum of
libraries that were screened, selected, and tested for catalytic
competence, those achieving a Vrel > 10 000 at 2.5 mM catalyst
are collected in Scheme 3a.16 Expressed as a concentration-
independent ratio of second-order rate constants,17 krel = kcat/
kuncat, the rate accelerations reach as high as 2.4 × 108 (Scheme
3, see SI for details).18

For eq 1, this hit set provides a suggestive view of the
features that contribute to high activity, as each His can partner
to create a non-covalent dyad, triad, or tetrad that structurally
resembles histidine-activating arrangements in a variety of
enzymes. The bis-His and tris-His hits, HWWH and HWHH19

(where the hit name corresponds to the residues on the non-H-
bonding face making up the catalytic site from the N- to C-
terminus), resemble the reactive His-His dyad in the active site
of paraoxonase, where one histidine increases the basicity of the
second (Scheme 1). Such a mechanism has been proposed for
the imidazole-catalyzed hydrolysis of esters, which displays
second-order kinetic behavior in catalyst.20 The emergence of
multi-His hits implies that this mode of action may be
providing a kinetic benefit to β-hairpin structures, which
through side-chain interdigitation can accommodate closely
interacting His residues.

Two additional hits emerged from the competitive screening
protocol: the DH catalyst, which displays a cross-strand Asp-
His arrangement and parallels the His-activation mode
displayed by enzymes like ribonuclease, and the MeYH hit,
which displays an aromatic residue cross strand to the His.
Interestingly, three of the top four catalysts have an aromatic
residue terminating the chain of His residues. Since cross-strand
aromatic pairs interact edge to face,13,14 it may be that the
aromatic residue helps orient the catalytic functional groups.21

Additionally, cation−π interactions between a putative
imidazolium ion and the aromatic residue may help stabilize
positive charge buildup along the reaction coordinate.21

Although the precise role of the Asp-His dyad in active sites
is debated,22 it is conceivable that, in the present case, it may be
acting to bias His into a reactive tautomer, to stabilize a

Scheme 2. Deprotonation of the N-Acylimidazolium
Intermediate Tags the Hit as a Neutral N-Acylimidazole

Scheme 3. (a) Hit Peptides Identified by Reactive Tagging,
with Vrel >10 000, and (b) Control Peptides
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developing imidazolium ion, or both.23 Regardless of the mode
of action, the results of our screening exercise demonstrate that
His-His, His-π, and His-Asp dyads, and by extension their non-
covalent interactions, are privileged for accelerating acyl-
transfer catalysis.
Although the parallels to established motifs for active-site His

activation suggest biomimetic mechanisms, we sought support-
ing evidence for the role of non-covalent interactions in catalyst
structure and activity. The top catalyst in the collection,
HWHH, was selected for additional study, particularly focusing
on the chain of His residues and the potential for cooperative
interactions on His activation. Consistent with the structure in
Figure 1, circular dichroism (CD) spectroscopy, along with α
and amide proton chemical shifts, supported a β-hairpin
structure (Figures 10−13-SI), while 2D NMR revealed
extensive NOE crosspeaks between tryptophan and histidine
side chains in support of an interdigitated network (Figures
16−21-SI). Alternative arrangements of three His residues and
one Trp on the face of the β-hairpin (WHHH, HHWH, and
HHHW) were less active, indicating that a sequence-specific
arrangement of side chains is optimal for catalysis. The
protonation state of the active catalyst was determined to be
neutral, as HWHH·H+ was inactive for catalysis.24 Monitoring
the deprotonation of HWHH·H+

3 with Et3N revealed a
positionally selective deprotonation (Figure 2), indicative of

colocalization of the His residues and the potential for
cooperativity. The role of the tris-His array in the kinetics of
acyl transfer was additionally probed with control peptide
AWHH, which replaces His-2 with alanine and disrupts the
interdigitated network (Scheme 3b). AWHH displayed folding
behavior by CD and NMR virtually identical to that of HWHH
(Figures 10, 14, and 15-SI). The ∼5-fold drop in catalytic
activity coupled with the even greater loss when two His units
are removed (WH) suggests that the network of non-covalent
interactions in peptides like HWHH is required for high
activity.
In contrast to the behavior of HWHH, the deprotonation of

AWHH·H+
2 reveals no positional selectivity; i.e., each histidine

behaves independently (Figure 7-SI). This suggests disruption
of the H-bond network, which is also consistent with the lack of
NOEs between side chains on the NHB face in AWHH.
A similar titration of DH·H+ with Et3N confirms that the

aspartic acid deprotonates first (Figure 3), but its β-CH
continues to shift upfield during the phase of the titration when
His becomes deprotonated. This sensitivity suggests that, at
neutral pH, a significant interaction occurs between aspartate
and imidazolium, consistent with the scenario in Scheme 1.

This collection of hit and control peptide catalysts provides
unique insights into the structural features that create high
activity on the β-hairpin scaffold. Under competitive selection
conditions, features that code for cooperative behavior with an
active-site His emerge from the library. Although our
mechanistic data are circumstantial, the structural parallels to
active-site mechanisms in acyl- and phosphoryl-transfer
enzymes coupled with high hit activities are striking and
speak to the ability of the β-hairpin scaffold to support and
display active-site-like structures. Several models of the Asp-His
couple have been reported in aqueous media;25 however, the
kinetic advantages observed in those systems were surprisingly
small. This work is the first example described in an organic
solvent, which is relevant to the dielectric environment of
enzyme active sites.26 The absolute rate accelerations of these
minimalist peptide catalysts are among the highest that have
been observed.
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