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AbstractÐFour-helix bundle proteins have been designed that catalyze the hydrolysis and transesteri®cation reactions of p-nitro-
phenyl esters by a cooperative nucleophilic and general acid mechanism. The catalysts consist of two 42-residue peptides that fold
into helix-loop-helix motifs and dimerise. They have previously been shown to recognize anionic and hydrophobic substrates and to
follow saturation kinetics. The catalytic entity is a HisH+±His pair in a helical segment spaced i, i+4, which can be supplemented
by arginines and lysines in the adjacent helix. The binding residues have now been optimized for the catalysis of mono-p-nitro-
phenyl fumarate hydrolysis and found to vary with the location of the site. The catalytic e�ciency of the HisH+±His site in helix II
in positions 30 and 34 is enhanced by the introduction of arginine and or lysine residues in positions 11 and 15, but not in 8 and 11
or in 15 and 19. The most e�cient catalyst using this site, JNIIR11K15, catalyses the reaction with a second-order rate constant of
0.134Mÿ1 sÿ1 in aqueous solution at pH 5.1 and 290K. The second-order rate constant is larger than those of the corresponding
sites with `longer' and `shorter' binding residues. Similar experiments have shown that the e�ciency and selectivity of catalysts
based on a HisH+-11±His-15 site in helix I are enhanced the most by the introduction of Lys-30 and Arg-34. # 1999 Elsevier
Science Ltd. All rights reserved.

Introduction

De novo designed folded polypeptides are templates of
su�cient size and complexity to accommodate the
incorporation of amino acid residues in large varieties
of combinations and geometries without disrupting the
motif. Concepts and principles in enzymology and stra-
tegies in the design of enzyme-like catalysts can thus be
tested in sophisticated model systems. Provided that the
tertiary fold can be predicted and determined, the natu-
rally occurring amino acids, nonnatural amino acids,
and cofactors can be organized, in principle, at will in
three-dimensional space to provide reactive sites for the
catalysis of large numbers of chemical reactions. The
ultimate goal is to develop the understanding of how to
engineer tailor-made catalysts with the e�ciency and
selectivity of natural enzymes for reactions that do not
occur in nature. Designed coiled-coils,1,2 four-helix
bundle proteins,3±5 and a bba motif6 have now been
reported that fold into well-de®ned tertiary structures
and the engineering of reactive sites on the surface of
folded polypeptides that approach 100 residues in
length is therefore due.

To date, the de novo design of folded polypeptide cata-
lysts have focused on reactions along the enamine
pathway,7 upon catalysts that enhance the e�ective
concentration in bimolecular ligation reactions8 and on
histidine catalysis of acyl transfer reactions of p-nitro-
phenyl esters.9±11 These polypeptides all have some
enzyme-like properties and they are e�cient biocatalysts
that follow saturation kinetics. They show rate
enhancements over those of the uncatalyzed reactions of
three orders of magnitude or more and they are engi-
neered in helical motifs.

Oxaldie 1 and 2 are 14 residue peptides that fold into
helical conformations and aggregate to form bundle-like
structures.7 The decarboxylation of oxaloacetate is cat-
alyzed with second-order rate constants that are almost
three orders of magnitude larger than that of the butyl-
amine catalyzed reaction. An important catalytic fea-
ture, in addition to substrate and transition state
binding, is the low pKa of the N-terminal amino group
that functions as the nucleophile in the formation of the
enamine intermediate and kcat and KM are 0.0055 sÿ1

and 8.7mM, respectively.

The catalysis of the ligation reaction between the
unprotonated N-terminal amino group of a helical pep-
tide and the C-terminal thioester of a second helical
peptide, was accomplished by a 33-residue peptide that
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folds into an amphiphilic helix.8 The catalyst's function
is primarily to increase the e�ective concentration of the
reactants on the surface of the folded motif and the rate
enhancements over background are larger than 4�103,
mainly due to substrate binding in the mM range.

A di�erent approach was taken in the catalysis of
acyl-transfer reactions by KO-42 (Fig. 1), a histidine-
based helix-loop-helix motif with 42 residues that
dimerizes to form a four-helix bundle.9±11 KO-42 cata-
lyzes the hydrolysis and transesteri®cation reactions of
p-nitrophenyl esters in a two-step reaction (Fig. 2). In
the ®rst and rate limiting step the unprotonated form
of the histidine side chain reacts with the ester to
form an acyl intermediate under the release of p-nitro-
phenol. In the second step, the acyl intermediate
reacts with the most potent nucleophile in solution to
form the reaction products. The measured second-
order rate constant at pH 4.1 and 290K for the hydro-
lysis of mono-p-nitrophenyl fumarate was 1140 times
larger than that of the 4-methyl imidazole catalyzed
reaction. We have recently elucidated the functions of
the reactive residues10 and demonstrated substrate
recognition and saturation kinetics.11 We now wish to
report that the reactive sites that can be engineered in
the helix-loop-helix motif are highly speci®c and suitable
for the rational design of catalysts with tailor-made
speci®cities.

Four-helix Bundle Histidine-based Catalysts

The structure and reactivity of the histidine-based
four-helix bundle catalyst KO-42

The solution structure of KO-42 was determined by
NMR and CD spectroscopy and equilibrium sedi-
mentation ultracentrifugation.9 The mean residue ellip-
ticity at 222 nm was ±24000 deg cm2 dmolÿ1 which
corresponds to a helical content of more than 60%. The
1H NMR spectrum was assigned in 2, 4, and 6% vol
tri¯uoroethanol-d3 (TFE-d3) in 90% vol H2O/10% vol
D2O at pH 5.8 and 323K and the helical segments
were identi®ed from the medium-range NOEs aH±NH,
i, i+3 and i, i+4, and from the aH chemical shift
deviations from their random coil values. The helical
segments extended from residues 3±18 and from resi-
dues 27±41, and the formation of the hairpin motif was
veri®ed by the identi®cation of long-range NOE con-
nectivities between the aromatic protons of Phe-35 and
Phe-38 and the methyl groups of residues that form the
hydrophobic core of the folded four-helix bundle motif.
KO-42 was found by ultracentrifugation to form a
dimer in the mM concentration range.

The reactivity of histidine residues is due to the reactiv-
ity of the imidazole side chain that is an e�cient
nucleophile at neutral pH and that, in addition, can
function as a general-acid and a general-base catalyst.
The protonated form of imidazole is a good proton
donor and the unprotonated form is a good proton
acceptor in hydrogen bonding. The versatility of the
histidine side chain was exploited in KO-42 that was
designed to have three histidine residues in each helix,
His-11, His-15 and His-19 in helix I and His-26, His-30
and His-34 in helix II. KO-42 catalyzes the hydrolysis of
mono-p-nitrophenyl fumarate (I) with a second-order
rate constant of 0.10Mÿ1 sÿ1 in aqueous solution at pH
4.1 and 290K, which is 1140 times larger than that of
the 4-methyl imidazole catalyzed reaction. In 10% vol
TFE the corresponding rate constant ratio for the for-
mation of mono-tri¯uoroethyl fumarate is 620.

The pKa values of KO-42 were determined by 1H NMR
spectroscopy and found highly perturbed; they were
6.9, 5.4, 7.0, 7.2, 5.3, and 5.2 for His-11, His-15, His-19,
His-26, His-30, and His-34, respectively. The pH

Figure 1. The modeled structure of KO-42. Only the histidine side
chains and those of alanines 8 and 37 are shown as these are the
positions relevant to the optimization of the reactive sites. KO-42 is a
symmetric dimer, but only the monomer is shown for reasons of
clarity of presentation.

Figure 2. The reaction mechanism of histidine catalyzed hydrolysis of
mono-p-nitrophenyl fumarate. The ®rst and rate-limiting step is the
formation of the acyl intermediate under the release of p-nitrophenol.
In the second step the acyl intermediate reacts with the most e�cient
nucleophile to form the reaction products. In aqueous solution the
reaction leads to hydrolysis, whereas in dilute tri¯uoroethanol the
corresponding ester is formed.
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dependence of the second-order rate constant was
deceptively simple since an expression that describes
the dissociation of a monoprotonic acid with a pKa of
5.1 could be ®tted to the experimental data in spite of
the fact that the six histidine residues give rise to 64
di�erent titrating species. At high pH, the measured
second-order rate constant is very close to the sum of
the calculated values for six histidines with the pKa

values of those of KO-42. The calculations were based
on the Bronsted relation, the second-order rate constant
of the 4-MeIm catalyzed reaction (1.3Mÿ1 sÿ1), the pKa

of 4-MeIm (7.95) and a Bronsted coe�cient b of 0.8,
which is the reported value for imidazole catalyzed
hydrolysis of p-nitrophenyl acetate (II). In the pH inde-
pendent region, KO-42 therefore functions as six non-
cooperative His residues. At low pH, however, the pH
dependence of the rate constants and the measured pH
values rule out the possibility that the unprotonated
peptide is the reactive species.

The kinetic solvent isotope e�ect at pH 4.7 was deter-
mined and found to be 2.0, which shows that there is
isotopic fractionation in the transition state of the cata-
lyzed reaction, suggesting that the reaction mechanism
is cooperative nucleophilic and general-acid catalysis.

The minimal reactive sites of KO-42

KO-42 contains six histidine residues, three of which
have depressed pKa values, and it is therefore likely that
several reaction pathways are catalyzed by independent
reactive sites. In order to identify the reactive entities of
KO-42 several peptides were synthesized that each con-
tain two or three histidines in the same positions as in
KO-42, so that each combination could be studied
independently10 (Fig. 3). The three histidines of helix I
and the three histidines of helix II of KO-42 were
incorporated in the peptides MN-42 and JN-42 and the
second-order rate constants of the MN-42 and JN-42
catalyzed reactions of I at pH 5.1, 0.027Mÿ1 sÿ1 and
0.065Mÿ1 sÿ1, were found not to add up to that of the
KO-42 catalyzed reaction, 0.31Mÿ1 sÿ1. It was con-
cluded that there is interhelical cooperativity in KO-42
and that protonated His residues in helix II of KO-42
provide transition state binding in the reactions where

the His residues of helix I are the nucleophiles and gen-
eral-acid catalysts, and vice versa. Support for this con-
clusion came from the observation that MNRR, a 42
residue peptide with the sequence of MN-42 except that
Arg-30 and Arg-34 were incorporated in helix II, Figure
4, catalyzed the hydrolysis of I with a second-order rate
constant of 0.080Mÿ1 sÿ1, a rate constant that is
approximately three times as large as that of the MN-42
catalyzed reaction.

Further dissection of the three residue sites led to the
peptides JNI, JNII, JNIII, MNI, and MNII, where all
the possible neighboring two-residue sites of KO-42
were engineered into helix-loop-helix motifs, i.e., JNI
contains His-26±His-30, JNII contains His-30±His-34,
MNI contains His-11±His-15 and MNII contains
His-15±His-19.10 JNIII with His-26±His-34 was incor-
porated in the series to be a reference peptide because
the His residues are too far apart in the sequence to be
capable of cooperative catalysis in ester hydrolysis. The
second-order rate constants at pH 5.1 of JNI
(0.010Mÿ1 sÿ1) and of JNII (0.055Mÿ1 sÿ1) add up to
that of JN-42 (0.065Mÿ1 sÿ1) and those of MNI
(0.011Mÿ1 sÿ1) and MNII (0.008Mÿ1 sÿ1) are close to
that of MN-42 (0.027Mÿ1 sÿ1) and they are all larger
than that of the 4-MeIm catalyzed reaction. The two-
residue sites are therefore independent entities capable
of cooperative catalysis of hydrolysis of p-nitrophenyl
esters. The two-residue sites with histidines in positions
i, i+4, are consequently the minimal cooperative reac-
tive sites in helical segments and the cooperativity was
also observed for peptide catalysts with the HisH+±His
con®guration i, i+3.12

The reactivity di�erence between JNI and JNII was
found to be due mainly to di�erences in pKa values of
the histidines and it is compatible with a model where
the His with the highest number in the sequence is the
nucleophile whereas the His with the lower number in
the sequence in its protonated form is the proton donor.
The conclusions were based on the calculation of the
reactivities of the catalysts from their pKa values, using
the Bronsted equation and Bronsted coe�cients b of 0.8
and a of 0.65.

Substrate recognition by folded polypeptide catalysts
based on the HisH+±His pair supplemented by binding
residues

Because the minimal reactive sites were found to be the
two-residue sites in helical segments the possibility of
supplementing these entities with residues capable of
further transition state binding was explored by intro-
ducing arginines, ornithines and lysines in binding posi-
tions.11 A small peptide library was constructed by
introducing all possible combinations of Arg, Gln and
Lys in positions 30 and 34 in helix II of MN-42 (Fig. 4),
and the reactivities of these peptides towards I and II
were determined in aqueous solution at pH 5.1 and
290K. The introduction of positively charged proton
donors in helix II increased the second-order rate con-
stants in all cases, but to di�erent degrees, in the cata-
lysis of hydrolysis of the two substrates. The largest
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Figure 3. The amino acid sequence of KO-42 and the reactive site con®gurations of the peptide catalysts given in the one-letter code, together with
the second-order rate constants for the peptide catalyzed reactions in aqueous solution at pH 5.1 and 290 K. Superscripts refer to a ref. 9, b ref. 10
and c ref. 11.
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catalytic e�ciency in the hydrolysis of anionic sub-
strates was observed for the helix-loop-helix motif
MNKR that has the sequence of MN-42 except that
Lys-30 and Arg-34 have been introduced into helix
II. The di�erences in the second-order rate constants
for the hydrolysis of I (0.135Mÿ1 sÿ1) and of II
(0.075Mÿ1 sÿ1) demonstrate a high degree of recogni-
tion of the fumaryl carboxylate anion. If Lys-30 is
replaced by Ornithine-30 no fumaryl recognition is
observed as the second-order rate constants for the
hydrolysis of the two substrates at pH 5.1 and 290K in
aqueous solution are the same within experimental
error.

Recognition of hydrophobic residues, too, was observed
in the hydrolysis of a series of fatty acid esters, where
the second-order rate constant increased with the length
of the aliphatic chain, but hydrophobic recognition was
only observed for the peptides that had the HisH+±His
site in helix II, the JN series of peptides. Apparently, the
orientation of the helical segments di�er so that the
proximity of the reactive histidines to the hydrophobic

core are not the same for the two helices. The rate
enhancements due to the introduction of the aliphatic
residues amounted to a factor of 14 in the JNIII
catalyzed hydrolysis of p-nitrophenyl valerate
(k2=0.097Mÿ1 sÿ1) and I (k2=0.007Mÿ1 sÿ1). How-
ever, it has not so far been possible to exploit simulta-
neous binding of a carboxylate anion and a
hydrophobic residue and demonstrate synergistic rate
enhancements.

A modest amount of chiral recognition was also
observed in the hydrolysis of the p-nitrophenyl esters of
d- and l-norleucine, where the d-form was hydrolyzed
a factor of two faster than the l-form by peptides in the
MN-42 based library. Chiral discrimination was
observed when the MN motif was supplemented by
arginines and lysines in positions 30 and 34 of helix II,
whereas no discrimination was obtained in the absence
of binding residues in helix II.

Substrate binding and saturation kinetics

The introduced ¯anking binding residues that enhance
the reactivity of the peptide also binds the substrate and
MNKR shows saturation kinetics with a kcat/KM of
0.17Mÿ1 sÿ1. The dissociation constant KM of the
MNKR catalyzed reaction is 1mM, which is clearly
within the range of natural enzymes although kcat is too
small to provide overall enzyme-like e�ciency. In order
to optimize the peptides for the catalysis of chemical
transformations and, in particular, for achieving coop-
erative transition-state binding of several functional
groups of the substrate, the structure of the reactive
sites must be known so that groups can be introduced in
positions that favor the most e�cient reaction pathway.
Because it is very di�cult to estimate by NMR spectro-
scopy the favored rotamers of the freely rotating side
chains on the surface of the folded motif, as well as the
`twist' of the helical segments along the helical axis, we
have designed a strategy where the optimum geometries
of the side chains are probed by measuring the reactiv-
ities of the peptides as a function of the structure and
the positions of the side chains on the surface of the
folded four-helix bundle. We now wish to report on the
optimum geometries of the reactive sites in helix-loop-
helix motifs designed to catalyze acyl-transfer reactions
of p-nitrophenyl esters.

Results and Discussion

Design and structure of catalytic helix-loop-helix motifs

The design of the four-helix bundle motif has been
described in detail, previously.9,13 In short, the amino
acids were chosen based on their propensity for sec-
ondary structure formation and their capacity for sta-
bilizing the folded helical segments by capping, salt
bridge formation and stabilization of the helix dipole.
Hydrophobic residues were incorporated so that in the
folded state the helical segments would be amphiphilic
and form a hairpin motif that could dimerise to form an
antiparallel four-helix bundle. The de novo design of

Figure 4. The structure of MNRR showing His-11, His-15 and His-19
as well as Arg-30 and Arg-34 in the positions of the binding residues of
the peptides in the MN library. In MNI the histidine residues are His-
11 and His-15, and in MNII the histidine residues are His-15 and His-
19.
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folded polypeptides and proteins has been reviewed by
Bryson et al.14 On the surface of the folded motif, resi-
dues were incorporated that formed reactive sites with
histidine residues ¯anked by side chains capable of
transition state binding (Fig. 1).

The structures of the template peptides SA-42 and
KO-42 were studied extensively by NMR and CD
spectroscopy and by equilibrium sedimentation ultra-
centrifugation9,13,15 and they were found to fold into the
designed four-helix bundle motifs. All polypeptides
reported here deviate from the sequence of KO-42 by
four amino acid residues or less and the measured mean
residue ellipticities are all in the range from ÿ20000 to
ÿ25000 deg cm2 dmolÿ1 in aqueous solution at room
temperature and pH 5. We therefore conclude that they
fold into the designed helix-loop-helix dimer motifs
because the mean residue ellipticity is a good probe of
dimerization as the unfolded monomers often have low
helical contents.

Design of reactive sites that probe the geometry of the
transition state

The HisH+±His sites, supplemented by binding resi-
dues, can discriminate between anionic and uncharged
substrate side chains in the hydrolysis and transester-
i®cation reactions of p-nitrophenyl esters.11 The modest
observed levels of discrimination do, however, suggest
that several reaction pathways are used to form the
reaction products and that bond distances and angles
are not optimal. We therefore wish to optimize the geo-
metry of the reactive site of the four-helix bundle motif
so that the substrates and the transition states can be
bound by complementary amino acid side chains in
unstrained conformations.

Understanding the structure of the reactive site is thus a
prerequisite for the design of selective and e�cient cat-
alysts but the dominant orientations of the reactive
residues are di�cult to determine. Kinetic measure-
ments, however, provide a way of measuring whether a
modi®cation of the amino acid composition leads to
improved transition state binding. We have now
designed and synthesized a number of four-helix bundle
catalysts with the objective of determining what the
optimum positions and side chains are for the amino
acids in reactive sites that catalyze the hydrolysis of p-
nitrophenyl esters.

The most e�cient HisH+±His site in the helix-loop-
helix motif is that of JNII, that has histidine residues
with depressed pKa values in positions 30 and 34, and
catalyzes the hydrolysis of I with a second-order rate
constant of 0.055Mÿ1 sÿ1. It has previously been shown
that the introduction of Arg-11 and Arg-15 enhances
the second-order rate constant by approximately a fac-
tor of two (k2=0.105Mÿ1 sÿ1).10 In order to determine
whether better transition state stabilization could be
obtained with binding residues in positions 8 and 11, or
in 15 and 19 JNII was synthesized with arginines intro-
duced pairwise in those positions. Positions 8, 11, 15,
and 19 are next to the residues in the hydrophobic core

and are therefore those that are the most likely to
interact with the bound substrate or the transition state.
Similar design principles for the MN series of peptides
led to the synthesis of three 42-residue peptides with the
HisH+±His site in positions 11 and 15, and arginine
residues in positions 26 and 30, 30 and 34 and 34 and
37. In addition, the lengths and functional groups of the
side chains were varied to optimize bonding distances in
the transition state. The length of the side chain that
gives rise to the largest rate constant provides an esti-
mate of the interresidue distances within the reactive
site, although the bound conformation of the side chain
will be an important factor too. To that end, JNII(His-
30, His-34) was synthesized with combinations of argi-
nine, homoarginine, lysine, and ornithine residues in
positions 11 and 15 (Fig. 3).

The reactive site of JNII in the catalyzed hydrolysis of
p-nitrophenyl esters

The second-order rate constant for JNII catalyzed
hydrolysis of I is 0.055Mÿ1 sÿ1 and introduction of
Arg-11 and Arg-15 increases the rate constant to
0.105Mÿ1 sÿ1. The second-order rate constants there-
fore demonstrate that the incorporated residues provide
extra transition state stabilization. The second-order
rate constants for the corresponding reaction with pep-
tides that contain Arg-8±Lys-11 and Lys-8±Arg-11 are
0.055Mÿ1 sÿ1 and 0.066Mÿ1 sÿ1 which shows that
arginine residues in positions 8 and 11 do not bind the
anionic fumaryl residue or the developing oxyanion, or
bind very weakly. The second-order rate constant for
the reaction catalyzed by JNII supplemented with
Arg-15 and Arg-19 also does not provide any rate
enhancement over that of the JNII catalyzed reaction as
k2 is 0.049Mÿ1 sÿ1. The reactive site based on the
HisH+±His pair in positions 30 and 34 can therefore
only be further stabilized by residues in positions 11 and
15 and the reactive site is thus geometrically well
de®ned.

The reactive site geometries of MNI and MNII in the
catalyzed hydrolyses of p-nitrophenyl esters

MN-42 catalyses the hydrolysis of I with a second-order
rate constant of 0.027Mÿ1 sÿ1. The corresponding rate
constants for the MNI (His-11, His-15) and MNII (His-
15, His-19) catalyzed reactions are 0.011Mÿ1 sÿ1 and
0.008Mÿ1 sÿ1, and there is thus no dominant two-resi-
due site in MN-42. MNRR (His-11, His-15, His-19,
Arg-30, Arg-34) is more reactive than MN-42, k2 is
0.080Mÿ1 sÿ1, showing that one or both of the sites of
helix I are improved by adjacent arginines. The second-
order rate constant of MNIR30R34 was found to be
0.028Mÿ1 sÿ1, which is slightly less than half of that of
the MNRR catalyzed reaction, and the reactivity of
MNRR can therefore be concluded to be due to two
sites of approximately equal reactivity (Fig. 4). The sec-
ond-order rate constant for the MNIR26R30 catalyzed
reaction was 0.035Mÿ1 sÿ1 and that of the MNIR34R37

catalyzed reaction was 0.027Mÿ1 sÿ1. The transition
state binding by arginine residues in helix II is there-
fore less precise. From an inspection of the modeled
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structure of MNRR (Fig. 4) it is very unlikely that Arg-
26 can bind residues in an acyl intermediate at the side
chain of His-15, suggesting that only Arg-30 binds in
the MNIR26R30 catalyzed reaction. Since the magni-
tudes of the rate enhancements for the MNIR26R30, the
MNIR30R34 and the MNIR34R37 catalyzed reactions
are approximately equal, and roughly equal to that of
half the rate enhancement of MNRR it seems likely that
only one arginine binds in all of these peptides. The
second-order rate constants of the peptide catalyzed
reactions are therefore compatible with a model where
Arg-30 may bind the anionic transition state of the
reaction catalyzed by HisH+-15±His-19, and Arg-34
may bind the transition state of the reaction catalyzed
by HisH+-11±His-15, but where Arg-30 is not in a
position to bind in the transition state of the MNI cat-
alyzed reaction and Arg-34 does not bind in the MNII
catalyzed one. Unfortunately, there is also no extra
binding energy provided by the ¯anking arginines in
positions 26 and 37 in the MNI and MNII catalyzed
reactions.

Reactivity as a function of the length of the side chains
of the binding residues

It was shown previously that the reactivity of the MN-
42 based motifs depended strongly on the nature of the
side chain of the binding residues.11 Two arginines bind
less well than one arginine and one lysine, and the same
holds for two lysines. The best binding occurs for unlike
amino acids, perhaps due to repulsion of residues of
equal charge and length. The largest rate constant
for the peptides in the MN series was obtained by
introducing Lys-30±Arg-34 (k2=0.135Mÿ1 sÿ1), whereas
Arg-30 and Lys-34 were slightly less reactive
(k2=0.110Mÿ1 sÿ1). In order to probe whether the rate
constants of the MN series could be enhanced further
Arg was replaced by homo arginine (hR) in MNKhR,
because homoarginine has a longer side chain that
can bind remote substrates better. The second-order
rate constant has now been measured and it is
0.090Mÿ1 sÿ1, which is lower than that of MNKR. It
appears that in the catalysis of acyl-transfer reactions of
mono-p-nitrophenyl fumarate the optimum binding
distance for a residue in the 34 position in the best pos-
sible conformation is obtained if an arginine residue is
used. MNKR is therefore the most e�cient catalyst in
the MN series of peptides and the rate enhancement
accomplished by the introduction of Lys-30 and Arg-34
can be estimated for each of the two-residue sites.
According to the arguments discussed above, the
reactivity of MNIKR, i.e., the MN-42 motif with His-
11, His-15, Lys-30 and Arg-34, should be approximately
half of that of MNKR which catalyzes the hydrolysis of
I with a second order rate constant of 0.135Mÿ1 sÿ1. It
should therefore be approximately 0.07Mÿ1 sÿ1 which
corresponds to a reactivity enhancement of more than a
factor of six, and a ��G of approximately 1.1 kcal/mol,
over that of the MNI catalyzed reaction. The observed
stabilization is approximately a factor of two larger
than what is obtained from a single salt bridge,16 sug-
gesting that both Lys-30 and Arg-34 bind in the MNKR
catalyzed reaction.

The same experiments were carried out for the JNII
series of peptides where it was shown that residues in
positions 8 and 19 contribute little to transition state
binding in the catalysis of acyl-transfer reactions. JNII
was therefore supplemented with homoarginines, argi-
nines, lysines, and ornithines in positions 11 and 15; the
second-order rate constants are given in Figure 3. Sys-
tematic variation of the residues shows interesting
optima. Arg-11 has been combined with Arg-15, Lys-15
and Orn-15 and the maximum reactivity is observed
for Lys-15 suggesting that Lys is the optimum residue
in position 15 for the hydrolysis of I. When Lys-11 is
supplemented by homoarginine-15 and Arg-15 the
reactivity increases as the residue in position 15 is
`shortened', in agreement with the hypothesis that
Lys-15 may provide the maximum transition state
binding. Only a single catalyst with an even shorter
side chain in position 11, that of Orn-11, has been stu-
died. JNIIOrn11R15 shows a rate constant that is
0.099Mÿ1sÿ1 and a rate enhancement that is expected
to arise from the substitution of Arg-15 by Lys-15
would bring its reactivity to within the range of that
with Arg-11 Lys-15. These results suggest that Lys
should be the optimum residue in position 11, too. The
series of peptides that are based on Arg-15 do indeed
show a maximum for Lys-11, whereas the catalysts with
Arg-11 or Orn-11 are less reactive. Also, the two Lys-15
based catalysts containing Arg-11 or hArg-11 are more
reactive the shorter the side chain in position 11 in good
agreement with the conclusion that Lys-11 provides
optimum stabilization.

The binding distances appear to be such that the natu-
rally occurring residues Arg and Lys provide the best
transition state stabilization possible as longer and
shorter side chains give rise to less e�cient catalysts.
The Lys-11 Lys-15 combination will perhaps prove to
be the most e�cient although the lesson from earlier
studies is that the combination of two identical residues
is less reactive than non-identical ones.

The magnitude of the second-order rate constant for the
JNIIR11K15 catalyzed reaction is the largest obtained
for a single well-de®ned reactive site based on the reac-
tivity of the HisH+±His pair. The rate enhancement
over that of the JNII catalyzed reaction approaches a
factor of three. It is, however, for the catalyst
JNIIK11R15 that has a slightly lower reactivity, that the
most pronounced discrimination between I and II is
observed, a factor of 2.5.

The rate constant maxima for both the JN and the MN
series of peptides occur for the same type of binding
residues, Arg and Lys, although in di�erent order. In
the MN series Lys has the lower number in the sequence
whereas in the JN series Arg has the lower number. In
the MN series the Lys residue is therefore located
opposite to the nucleophilic histidine, whereas in the JN
series it is opposite to the protonated one, suggesting
that the reactive sites may bind the transition states in
di�erent geometries, something that may turn out to
have interesting stereochemical consequences. The fact
that Arg and Lys can bind cooperatively in the
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hydrolysis of I and II, and that they bind better than
residues with `shorter' and `longer' side chains shows
that the dimensions of the template is su�cient for the
engineering of versatile catalysts. The reactive sites that
can be engineered on the surface of four-helix bundle
motifs can clearly accommodate substrates and reagents
with sizes that are common in organic synthesis.

Substrate recognition

The parent peptide catalyst, KO-42, showed little dis-
crimination between I and II, probably because several
reaction pathways with di�erent stereochemical con®g-
urations were available. The MN series of catalysts with
arginine and lysine residues in helix II was shown pre-
viously to be able to discriminate between the carbox-
ylate anion of I and the nonpolar methyl group of II.
The discrimination between substrates is even more
pronounced as the transition state binding is improved
in the catalysts presented here. The rate constant ratio
k2(I)/k2(II) is 2.5 for the catalyst JNIIK11R15, 2.0 for
JNIIK11hR15 and 1.5 for MNKhR which reacts via two
independent sites, each with a rate constant of approxi-
mately 0.05Mÿ1 sÿ1. The least reactive peptides in the
MN series show essentially no discrimination at all11

and there is an observable trend that increased reactivity
leads to increased selectivity, probably because the
introduced binding residues bind speci®c groups in the
substrate. There seems to be some justi®cation for the
expectation that as the e�ciency of catalysts are
improved by the introduction of residues that bind the
substrate and the transition state, selectivity will
improve.

Conclusions

The optimum amino acid composition for reactive sites
in designed four-helix bundle proteins that catalyze the
hydrolysis and transesteri®cation reactions of p-nitro-
phenyl esters has been elucidated in peptides derived
from KO-42. The reactivity of the HisH+±His site of
JNII can only be improved by the introduction of resi-
dues in the positions 11 and 15 and the optimum reac-
tivity in the hydrolysis of mono-p-nitrophenyl fumarate
was obtained by introducing Arg-11 and Lys-15.
Longer and shorter side chains were shown to lead to
less reactive catalysts. In the MN series of catalysts, that
are intrinsically less reactive than the JN series, the
binding by ¯anking residues was less precise although
the rate enhancements were larger than in the JNII
derived catalysts. The less well-de®ned geometry of the
reactive sites of MN-42 suggests that JNII may provide
the more pronounced discrimination between alter-
native transition state structures. It cannot be assumed
that the binding residues discussed here are in
unstrained conformations for the catalysis of I since the
template is a crude one in terms of optimizing bond
distances and angles, even for the shallow potentials of
non-covalent bonds. Other substrates will require other
reactive site geometries and it is likely that some will ®t
very well within the structural constraints of the four-
helix bundle motif. The rate enhancements obtained in

such reactions will provide good measures of what the
catalytic limits are in reactions catalyzed by surface
catalysts. Nevertheless, it has been demonstrated that
the optimization of the reactive site geometry is possible
in a rational way. Such optimization strategies may
prove to be of general use in the design of folded poly-
peptide catalysts.

Experimental

Peptide synthesis, puri®cation, and identi®cation. The
peptides were synthesized using a PerSeptive Biosystems
Pioneer automated peptide synthesizer using a standard
Fmoc chemistry protocol. The carboxy terminals were
amidated upon cleavage from the resin by using a
Fmoc-PAL-PEG-PS polymer (PerSeptive Biosystems)
and the amino terminals were capped with acetic acid
anhydride. The peptides were cleaved from the polymer
and deprotected with TFA (9mL), anisole (200 mL),
ethanedithiol (300 mL), and thioanisole (500 mL) for 2 h
at room temperature. After diethyl ether precipitation
and lyophilization, the peptides were puri®ed by reversed-
phase HPLC on a semipreparative C-8 Kromasil, 7-m
column. The peptides were eluted isocratically using a
solvent with 36±39% vol isopropanol in 0.1% TFA,
¯ow rates of 5mL minÿ1 and UV detection at 229 nm.
The purity of each peptide was checked by reversed-
phase analytical HPLC. The identities of the peptides
were determined by electrospray mass spectrometry
(VG Analytical, ZabSpec). The obtained molecular
weights were within 1 au from the calculated and no
high molecular weight impurities could be detected. The
purity of each peptide was estimated to be more than
95% from HPLC and ES-MS.

CD spectroscopy. CD spectra were recorded on a Jasco
J-720 spectropolarimeter, routinely calibrated with (+)-
camphor-10-sulfonic acid. CD spectra were measured at
room temperature in the wavelength interval 260 to
200 nm in 1-mm cuvettes. The samples were prepared in
bu�er solution and diluted by pipetting to the desired
concentrations. The peptide concentrations of the stock
solutions were determined by quantitative amino acid
analysis.

Kinetic measurements. The kinetic experiments were
carried out using Varian Cary 1 or Cary 4 spectro-
photometers equipped with Varian temperature con-
trollers by following the absorbance at 320 nm (p-
nitrophenol) or 405 nm (p-nitrophenolate) as a function
of time. A stock solution of peptide in 100mM sodium
acetate bu�er was prepared; the pH was adjusted, if
necessary, and the solution was centrifuged before
diluting by pipetting to the desired concentrations. The
concentrations of the peptide stock solutions were
determined by quantitative amino acid analysis. In a
typical kinetic experiment, 270 mL of peptide solution
(0.2±0.5mM) was temperature equilibrated in a 1-mm
quartz cuvette, and 5 mL of substrate solution (7.4mM)
was added. The substrate mono-p-nitrophenyl fuma-
rate was dissolved in 50:50 acetonitrile:bu�er and
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p-nitrophenyl acetate was dissolved in 100% acetoni-
trile. The reactions were followed for more than two
half-lives and the pseudo-®rst order rate constants were
determined by ®tting a single exponential function to
the experimental data using Igor Pro software (Wave-
metrics Inc.). The reported rate constants are the results
from linear regression analysis of the experimentally
measured pseudo-®rst-order rate constants as a func-
tion of three or more peptide concentrations. The
errors in the reported second order rate constants are
due to errors in the linear regression analysis and the
quantitative amino acid analysis. The error limits for
the second order rate constants are probably �10%
(Fig. 5).
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Figure 5. The structure of JNII (Arg-11, Lys-15) the most e�cient
single-site catalyst demonstrating the geometric relationship between
the two His residues and the only positions that can provide transition
state stabilization in the hydrolysis and transesteri®cation of mono-p-
nitrophenyl fumarate.
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