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ABSTRACT: Small (24-35 amino acid residues) peptides that catalyze carbon-carbon bond transformations
including aldol, retro-aldol, and Michael reactions in aqueous buffer via an enamine mechanism have
been developed. Peptide phage libraries were created by appending six randomized amino acid residues
to the C-terminus or to the N-terminus of an 18-merR-helix peptide containing lysine residues. Reaction-
based selection with 1,3-diketones was performed to trap the amino groups of reactive lysine residues
that were necessary for the catalysis via an enamine mechanism by formation of stable enaminones. The
selected 24-mer peptides catalyzed the reactions with improved activities. The improved activities were
correlated with improved folded states of the peptides. The catalyst was then improved with respect to
substrate specificity by appending a phage display-derived substrate-binding module. The resulting 35-
mer peptide functioned with a significant proportion of the catalytic proficiency of larger protein catalysts.
These results indicate that small designer enzymes with good rate acceleration and excellent substrate
specificity can be created by combination of design and reaction-based selection from libraries.

Generation of enzyme-like small designer peptide catalysts
that achieve the proficiency of natural enzymes with desired
substrate specificity is a challenging task. Designer protein
catalysts have been prepared by engineering naturally oc-
curring enzymes (1-4) and by using antibody libraries (i.e.,
immune diversity) and selection with designed small mol-
ecule compounds (5-7). For experimental purposes, small
peptides are more useful and convenient than large proteins,
as long as they provide the same function, because small
peptides can be more easily prepared and their characteriza-
tion is simpler. However, fundamental questions remain to
be answered: Can small peptides attain the catalytic ef-
ficiency of larger protein catalysts, and how can these peptide
catalysts best be developed? The folded states of enzymes
are key to their catalytic activity since structure can be used
productively to modify the chemical reactivity of amino acid
side chains. Small peptides are often limited in their potential
to catalyze reactions because of the limited ability to adopt
well-defined structures. Small peptides have also demon-
strated limited specificity for small substrate molecules.

For small catalytic peptides (<50 amino acid residues)
that function in aqueous buffer, rational design has been used
for the creation of catalysts of the decarboxylation of
oxaloacetic acid (8-12), ester hydrolysis (13-15), and
transesterifications (13). Rational design, however, is limited
in throughput. A combination of rational design and library-
based methods with reaction-based selection, which has been
used for the development of antibody catalysts (7), may be

an attractive approach to small peptide catalyst development
(16, 17). Here we have explored strategies for the creation
of small designer enzymes. We have developed small
peptides that catalyze carbon-carbon bond formation and
cleavage via an enamine mechanism. First, reaction-based
selection from peptide phage libraries was performed to
develop peptides that possessed improved catalytic activity.
The peptide was then improved with respect to specificity
for a small molecule substrate by appending a phage display-
derived substrate-binding domain. To understand key factors
critical for catalysis performed by small peptides, we have
characterized the peptides with respect to catalysis, folded
state, and substrate specificity. This research addresses how
small peptides with improved catalytic activity and with
improved substrate specificity can be created and how the
catalytic activity of small peptides might approach that of
larger protein catalysts.

MATERIALS AND METHODS

Construction of the XXXXXXYKLLKELLAKLKWLLRKL
Library [(NNK)6-YLK Library]. Oligonucleotides YLK-
18opt-SfiI-HindIII-f (5′-CGGCCTACAAGCTTCTGAAG-
GAACTGCTCGCTAAACTGAAGTGGCTGCT-
CCGTAAACTGGGCCAGGC-3′) (10 µg) and YLK-
18opt-SfiI-HindIII-b (5′-TGGCCCAGTTTACGGAGCAG-
C C A C T T C A G T T T A G C G A G C A G T T C C T T C A -
GAAGCTTGTAGGCCGCCT-3′) (10 µg) were mixed in a
total volume of 40µL, and the mixture was heated at 95°C
for 2 min and then cooled to 25°C. This mixture was ligated
to SfiI-digested pComb3X to give construct A. Oligonucle-
otides YLK-18opt-SfiI-f (5′-CGGCCTACAAACTGCT-
G A A G G A A C T G C T C G C T A A A C T G A A G T G -
GCTGCTCCGTAAACTGGGCCAGGC-3′) (10 µg) and
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YLK-18opt-SfiI-b (5′-TGGCCCAGTTTACGGAGCAGC-
CACTTCAGTTTAGCGAGCAGTTCCTTCAGCAGTTT-
GTAGGCCGCCT-3′) (10 µg) were mixed in a total volume
of 40 µL, and the mixture was heated at 95°C for 2 min
and then cooled to 25°C. This mixture was ligated toSfiI-
digested pComb3X to give construct B. Construct B was
used as a template for PCR using primers EcoRI-f (5′-
T T T T G A A T T C A G G A G G A A T T T A A A A T -
G A A A A A G A C A G G A A C T A T C G C G A T T G -
CAGTGGCACTG-3′) and HindIII-NNK6-SfiI-b (5′-
GAGGAGGA-GAAGCTTGTA-(MNN)6GGCCGCCT-
GGGCCACGGT-3′), where M) A or C and N) A, C, G,
or T. The PCR conditions were as follows: 1µg of each
primer, 100 ng of the template, 2.5 mM each dNTP, and 2.5
units of Taq polymerase in a total volume of 100µL, with
a program of 94°C for 30 s; 94°C for 15 s, 56°C for 15 s,
72 °C for 1 min (25 times); and 72°C for 5 min. The PCR
product was digested withEcoRI-HindIII, and the digested
fragment was ligated toEcoRI-HindIII-digested construct
A to give the (NNK)6-YLK library in pComb3X.

Construction of the YKLLKELLAKLKWLLRKLXXXXXX
Library [YLK-(NNK)6 Library]. Oligonucleotides YLK18-f
(5′-GAGGAGGTGGCCCAGGCGGCCTACAAGCT-
TCTGAAGGAACTGCTCGCTAAACTGAAGTGGCTG-
CTCCGTAAACTG-3′) (10 µg) and YLK18-NNK6-b [5′-
GAGGAGGAGGCCGGCCTGGCC(MNN)6CAGTTTACGG-
AGCAGCCA-3′] (10 µg) and 2.5 mM each dNTP were
mixed with 10× NEBuffer 1 (New England Biolabs, NEB)
(10 µL) and with 10× NEBuffer 2 (NEB) (10µL) in a total
volume of 196µL, and the mixture was heated at 95°C for
2 min. After being cooled to 25°C, 20 units of DNA
polymerase I, large (Klenow) (5 units/µL, 4 µL), was added
to the mixture. After 15 min at 25°C, the enzyme was
denatured at 75°C for 20 min. The mixture was EtOH
precipitated and digested withSfiI followed by purification
using Centri-spin-20 (Princeton Separation). TheSfiI-digested
fragment was ligated to anSfiI-digested pComb3X to give
the YLK-(NNK)6 library in pComb3X.

Binding Selection against Diketone Haptens Using a
Phage Display System.The ligation mixture was ethanol
precipitated and transformed intoE. coli ER 2537 cells by
electroporation (three transformations per library). After
transformation, SOC (2% tryptone, 0.5% yeast extract, 0.05%
NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM glucose) (5 mL)
was immediately added into the each reaction, and the cells
were grown at 37°C. After 1 h, super broth (3% trypton,
2% yeast extract, 1% Mops) (SB) (10 mL) and carbenicillin
(50 µg/mL) were added. The library size was determined to
be 4.7× 107 for the (NNK)6-YLK library and 4.6× 107

for the YLK-(NNK)6 library, respectively, by plating of this
stage culture (10, 1.0, and 0.1µL) onto carbenicillin (100
µg/mL) plates of LB agar (carb plates). After 2 h, helper
phage VCS-M13 (7.8× 1012) were added, and the three
cultures for each library were combined into SB (total volume
150 mL) containing carbenicillin (50µg/mL). After 2 h,
kanamycin (70µg/mL) was added, and the culture was
incubated at 37°C overnight. The cells were removed by
centrifugation (4000 rpm, 30 min), to the supernatant was
added poly(ethylene glycol) 8000 [final concentration 4%
(w/v)] and NaCl [final concentration 3% (w/v)], and after
30 min on ice, the mixture was centrifuged (9000 rpm, 20
min) (PEG precipitation). The phage precipitate was resus-

pended in 1% BSA1/PBS (10 mM Na2HPO4, 1.8 mM KH2-
PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4) (5.0 mL) and
filtered (0.2µm).

Wells of a microtiter plate (Costar 3690) were coated with
1-BSA (two wells per library) and2-BSA (two wells per
library) (3-5 µg/25µL of PBS per well) at 4°C overnight,
washed with H2O two times, and blocked with 3% BSA/
PBS (170µL per well) at room temperature for 1.5 h.
Blocking solution was removed, and the library phage (25
µL per well) was added. After 2 h, the wells were washed
10 times with 0.5% Tween 20/PBS (PBST) to remove
unbound phage, and then the bound phage were eluted by
trypsin digestion (Difco trypsin 1:250, 10 mg/mL in TBS,
50 µL per well) at 37°C for 30 min. The elution was added
to Escherichia coliER2537 cells (15 mL in SB). The eluted
phage were combined on the basis of the diketones. The
culture was incubated at 37°C. After 15 min, the infected
cell culture (30µL) was diluted with SB (270µL) and plated
(1, 10, and 100µL) on carb plates to determine the output.
Carbenicillin (50 µg/mL) was added to the infected cell
culture and shaken at 37°C for 1 h. Helper phage VCS-
M13 (1 mL, 2.6× 1012 pfu) were added, and the culture
was diluted into 100 mL with SB containing carbenicillin
(50 µg/mL). After 2 h, kanamycin (70µg/mL) was added,
and the culture was incubated at 37°C overnight. After
centrifugation and PEG precipitation as described above, the
phage precipitate was resuspended in 1% BSA/PBS (pH 7.4)
(2.0 mL) and filtered (0.2µm). This phage solution was used
for further panning. For the second and third rounds, phage
were added to the BSA-coated wells, incubated for 30 min
at room temperature to exclude the phage that bound to BSA,
and then transferred to hapten-coated wells.

Screening Functional Peptides and Sequence Analysis.
After the third round panning, the eluted phage were used
to infect E. coli ER2537 cells, and the peptide-pIII fusion
was used for the ELISA to screen for the clones that
produced soluble peptides that bound to the diketones.
Individual colonies were picked from the plates and grown
in SB (5 mL) containing carbenicillin (50µg/mL) at 37°C
for 7 h. Expression of the Fab genes was induced by addition
of IPTG (1 mM), and the cultures were incubated overnight.
The culture was centrifuged (3500 rpm, 20 min), and the
supernatant was used for assessing the binding activity by
ELISA using1- and2-BSA. For the screening of soluble
peptides (peptide-decapeptide fusions) that bind to the
diketones, 20 clones for the library panned with1-BSA and
10 clones for the library panned with2-BSA were assayed.
FT-YLK3 and FT-YLK4 were found in the library panned
with 2-BSA. For the screening of peptide-pIII fusions that
bound to the diketones, 20 clones for the library panned with
1-BSA and 20 clones for library panned with2-BSA were
assayed. FT-YLK25 was identified from ELISA of peptide-
pIII fusion.

The ELISA was performed using the following procedure.
Microtiter plates (Costar 3690) were coated with1-BSA
(0.5 µg/25 µL of PBS per well) at room temperature
overnight, washed two times with H2O, and blocked with
3% BSA/PBS (50µL per well) at room temperature for 1 h.
Blocking solution was removed, the ELISA sample (25µL

1 Abbreviations: BSA, bovine serum albumin; ELISA, enzyme-
linked immunosorbent assay; ee, enantiomeric excess.
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per well) was added, and the plate was incubated at room
temperature for 2 h. The well was washed 10 times with
H2O. The bound peptide was detected using alkaline phos-
phatase conjugated anti-decapeptide antibody and the phos-
phatase substratep-nitrophenyl phosphate. The resulting
yellow color was measured at 405 nm.

The nucleotide sequence of the peptide encoding regions
was analyzed using 5′-primer ompseq (5′-AAGACAGC-
TATCGCGATTGCA-3′).

Peptides.Peptides were synthesized on a peptide synthe-
sizer using standard Fmoc solid-phase peptide synthesis
chemistry, were purified by HPLC to>95% purity, and were
characterized by electrospray mass spectrometry.

Enaminone Formation (Figure 1).Reactions were initiated
by adding 5µL of 2,4-pentanedione (100 mM in CH3CN)
to 95 µL of peptide solution in a 96-well UV plate (Costar
3635) at 25°C. The final conditions were [peptide] 100µM
and [2,4-pentanedione] 5 mM in 5% CH3CN-42.5 mM
sodium phosphate buffer (total volume 100µL). The
enaminone formation was measured by following the dif-
ference in absorption at 318 nm and at 400 nm for 2 h 40
min using a microplate spectrophotometer.

Catalytic Assay and Kinetics for Retro-Aldol Reactions
of 4 and 5. Reactions were initiated by adding 5µL of a
stock solution of substrate4 or anti-5 in CH3CN to 95µL
of peptide solution in sodium phosphate buffer (pH 7.5) at
25 °C for a 96-well plate (Costar 3915). The final conditions
were [peptide] 100µM and [substrate] 250µM-2 mM in
5% CH3CN-42.5 mM sodium phosphate buffer (pH 7.5)
(total volume 100µL) except where noted. The increase in
the fluorescence (λex 330 nm,λem 452 nm) was monitored
by using a microplate spectrophotometer. The observed rate
was corrected for the uncatalyzed rate in the absence of
peptide. The kinetic parameters,kcat andKm, were determined
by curve fitting of S-V plots as described by the Michaelis-
Menten equation using MacCurveFit (Kevin Raner).

Catalytic Assay and Kinetics for Retro-Aldol Reactions
of 12. The reaction was initiated by adding 8µL of a stock
solution of 12 in CH3CN to a mixture of 4µL of 1 mM
peptide in H2O and 68µL of 50 mM sodium phosphate (pH
7.5) at 25°C. The formation of the product aldehyde was
measured by HPLC with 10µL injections of the reaction
mixture. Analytical HPLC was performed using a Microsorb-
MV C18 analytical column (Varian) eluted with 40% CH3-
CN-0.1% aqueous trifluoroacetic acid (TFA) at a flow rate
of 1.0 mL/min, with detection at 254 nm. The retention time
of the product aldehyde was 11 min, and that of12 was 7.0
min. The initial velocities were determined from the linear
range of the rate. Since nearly equal peptide-substrate
concentrations were employed in the assay, thekcat andKm

were determined according to the procedure reported by
Smith et al. (18).

Retro-Aldol Reactions ofD-Erythrose. Reactions were
initiated by adding 8µL of a stock solution (50 mM) of
D-erythrose in H2O to 72µL of peptide solution in sodium
phosphate buffer (pH 7.5) at 25°C. The final conditions were
[peptide] 50µM and [D-erythrose] 5 mM in 42.5 mM sodium
phosphate buffer (pH 7.5) (total volume 80µL). To follow
the reaction, an aliquot of the reaction (12µL) was mixed
with 1 µL of 250 mMp-nitroaniline in MeOH, 1µL of CH3-
COOH, and 1µL of 2 M NaBH3CN in H2O, and after 10
min, the mixture (10µL) was injected onto HPLC to analyze

the product 2-[(4-nitrophenyl)amino]ethanol. The analytical
HPLC was performed using a Microsorb-MV C18 analytical
column at a flow rate of 1.0 mL/min, with detection at 400
nm. The elution was 8% CH3CN-0.1% aqueous TFA, and
the retention time of 2-[(4-nitrophenyl)amino]ethanol was
17.1 min.

Catalytic Assay for Aldol and Michael Reactions.Reac-
tions were initiated by adding 5µL of a stock solution of
substrate aldehyde in CH3CN to a mixture (95µL) of acetone
and of peptide solution at 25°C. The rate of the reaction
was measured by HPLC detection of4, 9, or 11 with a 10
µL injection of the reaction mixture. The analytical HPLC
was performed using a Microsorb-MV C18 analytical column
at a flow rate of 1.0 mL/min, with detection at 254 nm. For
the aldol reaction to afford4, the elution was 40% CH3-
CN-0.1% aqueous TFA, and the retention times of4 and7
were 5.6 and 9.6 min, respectively. For the aldol reaction to
afford 9, the elution was 30% CH3CN-0.1% aqueous TFA,
and the retention times of9 and 8 were 5.4 and 7.0 min,
respectively. For the Michael reaction to afford11, the
elution was 15% CH3CN-0.1% aqueous TFA, and the
retention times of11 and 10 were 13.4 and 16.3 min,
respectively. The enantiomeric excess of9 was determined
by HPLC analysis using a Chiralpak AD-RH (Daicel)
column. The elution was 30% CH3CN-0.1% aqueous TFA,
and the retention times of (R)- and (S)-9 were 15.0 and 17.9
min, respectively, at a flow rate of 1.0 mL/min with detection
at 254 nm.

RESULTS AND DISCUSSION

Mechanism-Based Selection of Peptides.Many carbon-
carbon bond formation and cleavage reactions in biological
systems proceed through an enamine mechanism (19-22).
Enzymes often use lysineε-amino groups to form an enamine
in their catalytic reactions; however, mostε-amino groups
of lysine residues are not nucleophiles. Special environments
within the three-dimensional folded structures of enzymes
are required in order for the amino group to act as a
nucleophile for enamine formation with carbonyl compounds.
To access peptides possessing such reactive residues, reac-
tion-based selection using combinatorial libraries combined
with peptide design should be useful. We have recently
demonstrated that reaction-based selection using phage
display with 1,3-diketones can be used to access antibody
catalysts operating via an enamine mechanism (23, 24). The
diketones were previously used to modify nucleophilic
ε-amino groups of lysine residues of enzymes by the
formation of enaminones (25, 26). In addition, antibodies
that catalyze aldol reactions (aldolase antibodies) via an
enamine mechanism were also generated by reactive im-
munization with 1,3-diketone derivatives (7, 27). Therefore,
to develop small peptide catalysts that operate via an enamine
mechanism, we have performed reaction-based selection with
1,3-diketones (28).

Amine-catalyzed decarboxylation and aldol reactions share
imine and enamine intermediates on their reaction coordi-
nates. Accordingly, enzyme and antibody catalysts of these
reactions are generally bifunctional catalysts capable of
accelerating both decarboxylation and aldol reactions (29,
30). To select peptides that operate via an imine/enamine
reaction mechanism, we sought to exploit mechanistic
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homology by using as our starting point an 18-residue peptide
(YLK-18opt) (9) that catalyzes the decarboxylation of
oxalacetic acid. This peptide contains multiple lysine residues
that are critical for its activity. To evolve the catalytic activity
of this peptide, a six amino acid residue library was appended
to the C-terminus or to the N-terminus of the peptide, and
the libraries YKLLKELLAKLKWLLRKL XXXXXX and
XXXXXX YKLLKELLAKLKWLLRKL ( X ) any of the
natural 20 amino acids) were displayed on phage. Reaction-
based selection with 1,3-diketones1-BSA (bovine serum
albumin) and2-BSA was performed from the peptide phage
libraries (31) to trap the amino groups of reactive lysine
residues that were necessary for the catalysis via an enamine
mechanism by formation of stable enaminones (Scheme 1).

Enzyme-linked immunosorbent assay (ELISA) was used
to identify the clones that bound to1- and 2-BSA from
the selected libraries. The three peptides that gave the
strongest ELISA signals, FT-YLK3, FT-YLK4, and FT-
YLK25, and the parental peptide YLK-18opt were chemi-
cally synthesized (C-terminal amide). Peptide sequences are
shown in Table 1. Since the solubility of peptide FT-YLK4
was low in aqueous buffer at neutral pH, only FT-YLK3
and FT-YLK25 were characterized.

Enaminone Formation and Reaction with an N-Acyl-â-
lactam.The peptides were expected to bind diketones through
enaminone formation rather than through noncovalent in-
teractions. The ability of the peptides to form the enaminone
was analyzed using 2,4-pentanedione, the smallest compound
containing a 1,3-diketone structure. Peptides FT-YLK3, FT-
YLK25, and YLK-18opt formed a UV-observable enaminone
as monitored at 318 nm (23-28). The velocities of the
enaminone formation of FT-YLK3 and of FT-YLK25 with
2,4-pentanedione were faster than that of YLK-18opt at
neutral pH. Selection with diketones afforded peptides with
improved rates of enaminone formation compared to the
parental peptide. The pH profile of the velocity of the
enaminone formation indicated that FT-YLK3 had a pKa

lower than that typical of a lysineε-amino group (pKa 10.67)
(32) or an N-terminal amino group, and the lowest pKa was
approximately 5.5 (Figure 1). The selected peptides had
neutral amino group(s) at neutral pH that could serve as the
nucleopiles for formation of enaminone with the diketones
and for catalysis of enamine-based reactions. To provide
information about how many of the amino groups of FT-
YLK3 were able to form enaminone, i.e., the number of
nucleophilic amino groups, the peptide was treated with an
N-acyl-â-lactam derivative3 at pH 7.5 and analyzed by the
MALDI mass spectrometry. Compound3 was previously
used for the selective modification of the enamine-formable
nucleophilic lysineε-amino group of aldolase antibodies (33).
At 30 min, 0-4 additions of3 per molecule of FT-YLK3
were observed. At 2 h, 1-5 additions, and at 6 h 1-7
additions of3 per molecule of FT-YLK3 were observed. FT-
YLK3 contains tyrosine, threonine, and cysteine residues that
can react with3. Even with consideration of labeling at these
additional modification sites, the results indicated that more
than one amino group was labeled per peptide. Any of these

Scheme 1: Diketones, Enaminone Formation, Modification withN-Acyl-â-lactam, and Retro-Aldol Reactions

Table 1: Sequences of Peptides

peptide name sequence (C-terminal amide)

YLK-18opt YKLLKELLAKLKWLLRKL-NH 2

FT-YLK3 YKLLKELLAKLKWLLRKL LGPTCL -NH2

FT-YLK4 YKLLKELLAKLKWLLRKL SDHLCL -NH2

FT-YLK25 SPFLGQYKLLKELLAKLKWLLRKL-NH 2

FT-YLK3-R5 YRLLRELLARLRWLLRRLLGPTCL -NH2

FT-YLK3-NAc Ac-YKLLKELLAKLKWLLRKL LGPTCL -NH2

FT-YLK3-23S YKLLKELLAKLKWLLRKL LGPTSL -NH2

FluS303-FTYLK3 YPNEFDWWDYYYKLLKELLAKLKWLL-
RKLLGPTCL-NH2
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multiple amino groups could serve as a nucleophile for the
enamine-based catalysis. We could not determine the order
of the reactivity of the five lysyl residues of the peptide.

Retro-Aldol Reactions.Peptides FT-YLK3 and FT-YLK25
catalyzed the retro-aldol reactions of fluorogenic substrates
(()-4 and (()-anti-5 (Scheme 1). FT-YLK3- and FT-
YLK25-catalyzed reactions displayed saturation kinetics as
described by the Michaelis-Menten equation (Figure 2). The
kinetic parameters are shown in Table 2. TheKm values were
in the millimolar range. The rate accelerations above the
buffer-catalyzed background reaction (kcat/kuncat) of peptides
FT-YLK3 and FT-YLK25 were 1400 and 1200 for (()-4
and 500 and 250 for (()-anti-5, respectively, and were 1.5-
3-fold superior to the parental peptide YLK-18opt for the
both substrates, respectively.

When diketone6 (2 mM) was added to a solution of the
peptide and then the retro-aldol reaction of4 was performed,
the catalytic activity was inhibited. This result indicates that
the binding site for diketones and the catalytic site are shared.
Thus, together with the results of enaminone formation with
2,4-pentanedione as described above, these results indicate
that these peptides use an enamine mechanism for the retro-
aldol reactions.

For a family of aldolase antibodies, a correlation between
catalytic activity and reactivity to diketone was observed:
Aldolase antibody that catalyzed the retro-aldol reaction with
higher activity displayed higher reactivity to the correspond-
ing diketone (24). A similar correlation was observed within

this family of aldolase peptides (peptides possessing aldolase
activity). Peptides FT-YLK3 and FT-YLK25 formed the
enaminone with 2,4-pentanedione 2.9- and 2.6-fold faster,
respectively, than YLK-18opt at pH 7.5 and catalyzed the
retro-aldol reaction of4 2.6- and 2.2-fold, respectively, more
efficiently based on thekcat than YLK-18opt (Table 2).
Improvement in enaminone formation with the diketone
correlated with an improvedkcat within this family of
peptides. Reaction-based selection with diketone provided
improved aldolase catalysts that operate via an enamine
mechanism.

Lysineε-amino groups of the peptides should be essential
for catalysis. To examine the catalytic role of the lysine
residues, all five lysine residues in FT-YLK3 were replaced
by arginine residues. Peptide FT-YLK3-R5, with five argin-
ines, displayed less than 5% of the catalytic activity of FT-
YLK3 when the reaction was performed using peptide (100
µM) and (()-4 (2 mM). This result was consistent with the
catalytic role for theε-amino groups of the lysine residues
of FT-YLK3. To examine the effect of the N-terminal amine,
N-terminal acetylated peptide FT-YLK3-NAc was also
examined. Peptide FT-YLK3-NAc catalyzed the retro-aldol
reaction with the same velocity as that of FT-YLK3, when
the reaction was performed by using peptide (100µM) and
(()-4 (2 mM). These results indicated that the N-terminal
amine of FT-YLK3 was not important for catalysis and lysine
ε-amino groups were essential for the catalysis.

MALDI mass analysis of FT-YLK3 revealed that the
peptide forms a covalent dimer, although a monomer was
the main species detected after storage in the reaction buffer
used for kinetic studies. The role of the cysteine residue that
formed the disulfide bond was assessed by synthesis of the
serine analogue FT-YLK3-23S. Peptide FT-YLK3-23S also
catalyzed the retro-aldol reaction of (()-4. The velocity of
the catalyzed reaction was 75% that of FT-YLK3 when the
reaction was performed using peptide (100µM) and (()-4
(2 mM). Thus covalent dimer formation is not essential for
catalysis, but dimer formation enhanced the catalytic activity
and the folding (see below).

Peptides possessing lysine residue(s), but otherwise not
related to YLK-18opt, ELLELDKWASLWNC, ELKDK-
WASLWNWFNIT,ELDKWASLWNWFDITGGC,andCDE-
KSKLQEIYQELTQLKAAVGEL, were also analyzed for the
retro-aldol reaction of (()-4 under the same conditions. Their
activities were less than 5% that of FT-YLK3. In addition,
1 mM lysine, arginine, tyrosine, proline, mixtures of these
amino acids, or lysyllysine did not catalyze the retro-aldol
reactions of4.

Studies performed using peptide (100µM) and each of
the enantiomers of4 (1 mM) in 10% CH3CN-40 mM
sodium phosphate (pH 7.5) revealed that the ratios of the
initial velocities of peptide-catalyzed reactions of (R)-4:(S)-4
were 1.3:1.0 for YLK-18opt, 1.8:1.0 for FT-YLK3, and 1.0:
1.0 for FT-YLK25. The selected terminal six residues of the
peptides thus had an effect on the enantioselectivity of the
peptide-catalyzed reactions. Although the selectivity was
moderate, these results indicate that the addition of amino
acid sequence can alter substrate specificity.

These peptides also have the potential to catalyze retro-
aldol reactions of natural sugars. When a reaction was
performed using FT-YLK3 (50µM) andD-erythrose (5 mM)
in 42.5 mM sodium phosphate (pH 7.5), the initial velocity

FIGURE 1: Enaminone formation of peptides FT-YLK3 (solid
circle), FT-YLK25 (square), and YLK-18opt (triangle) with 2,4-
pentanedione. The increase in absorption at 318 nm was monitored
in 5% CH3CN-42.5 mM sodium phosphate at 25°C, [peptide]
100µM, and [2,4-pentanedione] 5 mM. The relative velocity (Vrel)
was compared.

FIGURE 2: S-V plot of the FT-YLK-3-catalyzed retro-aldol reaction
of (()-4. Conditions: [FT-YLK3] 100µM, 5% CH3CN-42.5 mM
sodium phosphate (pH 7.5), and 25°C.
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of the retro-aldol reaction was 3.7× 10-3 µM/min after
background correction (background 5.4× 10-4 µM/min).

Aldol Reactions.The peptides also catalyzed aldol reac-
tions of acetone and aldehydes (Scheme 2a, Figure 3). The
reaction was performed by using peptide (100µM) and
6-methoxy-2-naphthaldehyde (7) (2 mM) in 5% acetone (680
mM)-5% CH3CN-40 mM sodium phosphate (pH 7.5), and
the production of4 was followed by HPLC assay. The initial
velocities of the formation of4 were 4.6× 10-2 µM/min
for FT-YLK25, 3.3× 10-2 µM/min for FT-YLK3, and 2.2
× 10-2 µM/min for YLK-18opt after background correction
(background 2.3× 10-3 µM/min) (Figure 3a). The velocities
of the peptide FT-YLK25- and FT-YLK3-catalyzed reactions
were 20- and 14-fold faster than that of the background and
were 2- and 1.5-fold faster than that of YLK-18opt,
respectively. The reactions with FT-YLK25 and FT-TLK3
afforded 173 and 110µM 4 after 14 days, respectively. When
the reaction was performed by using peptide (100µM) and
4-nitrobenzaldehyde (8) (2 mM) in 5% acetone (680 mM)-
5% CH3CN-40 mM sodium phosphate (pH 7.0) and the
production of9 was followed by HPLC assay, the initial
velocities were 2.9× 10-1 µM/min for FT-YLK25 and 2.0
× 10-1 µM/min for FT-YLK3 after background correction
(background 3.6× 10-2 µM/min) (Figure 3b). The reactions
with FT-YLK25 and FT-TLK3 afforded 488 and 221µM 9
after 22 h, respectively. Aldol products accumulated to a
higher concentration than the peptide catalyst concentration,
indicating that the peptides catalyzed the reaction with
turnover. The peptide-catalyzed reactions of aldehyde8 (1
mM) and 1% acetone (136 mM) at pH 7.0 also provided the
corresponding aldol product9. The initial velocity of the

FT-YLK3-catalyzed reaction was 5.4× 10-2 µM/min
(background 3.0× 10-3 µM/min), and the reaction afforded
190µM 9 after 72 h. While FT-YLK3 was a slightly better
catalyst than FT-YLK25 for the retro-aldol reaction of4,
peptide FT-YLK25 was a slightly better catalyst than FT-
YLK3 for the aldol reaction.

The enantioselectivity of these catalyzed reactions was
moderate: the FT-YLK3- and FT-YLK25-catalyzed reaction
afforded 10% ee and 8% ee of (R)-9, respectively, at 7 h
after background correction when the reactions were per-
formed under the conditions described in Figure 3b. For FT-
YLK3, the (R)-configuration of the major product in the aldol
reaction was the same as that of the preferred substrate
stereochemistry in the retro-aldol reaction. This result was
similar to the aldolase antibody-catalyzed reactions: for
example, antibody 38C2 catalyzes the retro-aldol reaction
of (S)-4 and affords (S)-4 in the aldol reaction (34).

Michael Reaction.Since our peptides operate via an
enamine mechanism, they should also catalyze other reac-
tions that exploit enamine intermediates. To examine the
catalytic breadth of these peptides, the Michael reaction of
acetone to maleimide10 (35, 36) was performed (Scheme
2b). FT-YLK25 and serine mutant FT-YLK3-23S were used
for this reaction. When the reaction was performed using
peptide (100µM) and10 (1 mM) in 5% acetone (680 mM)-
2.5% CH3CN-2.5% DMSO-40 mM sodium phosphate (pH
7.0), the initial velocity of the formation of11 was 7.6×
10-2 µM/min for FT-YLK25 and 6.4× 10-2 µM/min for
FT-YLK3-23S (background 3.2× 10-3 µM/min). The
velocities of the peptide-catalyzed reactions were approxi-
mately 20-fold faster than that of the background.

Table 2: Kinetic Parameters of Peptide-Catalyzed Retro-Aldol Reactions and Relative Velocity of Enaminone Formation

retro-aldol reaction of (()-4a retro-aldol reaction of (()-anti-5a
enamine formation with

2,4-pentanedioneb

peptide Km (mM) kcat (min-1) kcat/kuncat
c Km (mM) kcat (min-1) kcat/kuncat

c Vrel

YLK-18opt 1.8 2.1× 10-4 540 0.9 4.1× 10-4 170 1
FT-YLK3 1.8 5.6× 10-4 1400 1.1 1.2× 10-3 500 2.9
FT-YLK25 1.8 4.7× 10-4 1200 0.9 5.9× 10-4 250 2.6
a Reaction conditions: [peptide] 100µM and 5% CH3CN-42.5 mM sodium phosphate (pH 7.5) for (()-4 and 5% DMSO-42.5 mM sodium

phosphate (pH 7.5) for (()-anti-5, at 25°C. b Conditions: [peptide] 100µM, [2,4-pentanedione] 5 mM, and 5% CH3CN-42.5 mM sodium phosphate
(pH 7.5). c The first-order kinetic constant of the background reaction (kuncat) was 3.9× 10-7 min-1 for (()-4 and 2.4× 10-6 min-1 for (()-anti-5.

Scheme 2: (a) Peptide-Catalyzed Aldol Reactions and (b)
Peptide-Catalyzed Michael Reactions

FIGURE 3: Peptide-catalyzed aldol reactions using FT-YLK25
(square), FT-YLK3 (solid circle), YLK-18opt (triangle), and
background (open circle). (a) Reaction of acetone and 6-methoxy-
2-naphthaldehyde (7) to afford aldol4. Conditions: [peptide] 100
µM, [acetone] 5% (680 mM), and [7] 2 mM in 5% CH3CN-40
mM sodium phosphate (pH 7.5). (b) Reaction of acetone and
4-nitrobenzaldehyde (8) to afford aldol9. Conditions: [peptide]
100µM, [acetone] 5% (680 mM), and [8] 2 mM in 5% CH3CN-
42 mM sodium phosphate (pH 7.0).
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Relationship between Folding and Function.Since no
additional amino functionalities were selected in FT-YLK3
and FT-YLK25 compared to YLK-18opt, improvement of
the catalytic activity of the peptides may originate from
structural changes to the peptide and/or the addition of factors
such as acid/base catalysis and transition state stabilization.
To analyze the structures of the peptides, circular dichroism
(CD) studies were performed. The CD spectra of peptides
(100 µM) in 45 mM sodium phosphate buffer (pH 7.5) at
25°C are shown in Figure 4. For FT-YLK3, the mean residue
ellipticities at 208 and 222 nm were-3.04× 104 and-2.47
× 104 deg cm2 dmol-1, respectively, and theR-helical content
(37) was approximately 70% (the mean residue ellipticity
of FT-YLK3 was calculated as the monomer). FT-YLK25
also adopted anR-helical structure. The parent peptide YLK-
18opt showed a much reducedR-helical content (ap-
proximately 20%) under the same conditions. These results
suggest that the six amino acid residue extensions stabilize
theR-helical conformation of the peptides. The ratio of the
mean residue ellipticity of FT-YLK-3-23S at 208 and 222
nm was 0.77, similar to that of FT-YLK3 (0.81). The
R-helical content of FT-YLK3-23S was approximately 50%.
The retro-aldolase activity of these peptides was correlated
with R-helical content (Figure 5). These results indicate that
improved catalytic activity is intimately linked with stabiliza-
tion of the conformation of the peptide. The conformation
of the peptides enables their lysineε-amino groups to be
more nucleophilic than a lysine in an unstructured environ-
ment.

To understand whether the folding was related to self-
association, the effect of peptide concentration on function
was analyzed. If the peptide functions as a monomer, a linear
relationship should be observed in the plot of peptide
concentration versus catalytic activity. If self-association of
the peptide affects folding and thus catalytic activity, the

relationship should be nonliner. Since catalytic activity was
correlated to enaminone formation as described above, the
velocity of the enaminone formation with 2,4-pentanedione
was compared within a series of peptide concentrations. The
results showed a nonlinear relationship between the velocity
of enaminone formation and peptide concentration (Figure
6). Peptides showed an allosteric-type lag with a slower
velocity at a low peptide concentration, although peptides
FT-YLK3 and FT-YLK25 began to function at a lower
concentration than YLK-18opt. These results indicate that
the self-association of peptide molecules is clearly critical
to the function of the peptides. The self-association enhanced
the appropriate folding of the peptides and vice versa.
Addition of six amino acid residues to YLK-18opt improved
the folded state of the peptide and thus enhanced the self-
association of the peptides and resulted in better function at
lower peptide concentrations.

Two possible mechanisms for the reactivity change of the
lysine ε-amino group in proteins have been reported: one
involves an electrostatic mechanism (a positively charged
residue within an interactive distance of the active site lysine
ε-amino group acts to modulate the pKa of a proximal amino

FIGURE 4: CD spectra of peptides: (a) YLK-18opt, (b) FT-YLK3, (c) FT-YLK3-23S, (d) FT-YLK25, (e) FT-YLK3-R25, and (f) FluS303-
FTYLK3. The CD spectra were recorded in 45 mM sodium phosphate (pH 7.5) at 25°C at peptide concentrations of 100µM, except for
FluS303-FTYLK3 which was recorded at 50µM.

FIGURE 5: Plot of relative velocity (Vrel) of the peptide-catalyzed
retro-aldol reaction of (()-4 versusR-helical content.
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group facilitating its reactivity) and the other is the creation
of hydrophobic microenvironments (36, 38, 39). Since the
lysine residues of the peptides are within amphipathic
R-helical structures and since the self-association and the
catalytic activity of the peptides are related, either mechanism
or a combination of the both mechanisms would be possible
for the peptides described here. It is important to note that
the peptides with improved activities and with improved
conformational stabilities required for catalysis have been
obtained by the reaction-based selection without complicated
structural design for the improvement of their catalytic
activities.

ImproVement of Substrate Specificity and Proficiency of
Peptide Catalysts.Although peptides FT-YLK3 and FT-
YLK25 showed better catalytic activity than peptide YLK-
18opt, the specificity of FT-YLK3 and of FT-YLK25 for
the substrates was moderate: theirKm values were in the
millimolar range. To improve the substrate specificity, we
have developed a modular assembly strategy (40). This
strategy recruits a substrate-binding module to provide
enhanced substrate specificity in covalent combination of
binding and catalytic domain modules. When the binding
site is in close proximity to the catalytic site, the catalytic
site receives the benefit of a higher local substrate concentra-
tion provided by sequestering the substrate in close proximity
to the catalytic site. The potential advantages of this approach
are that it reduces the demand on the functionalization of
the catalytic site, which is limited in small peptides, and it
is modular, therefore making its adaptation to a variety of
specificities rapid.

To endow peptide FT-YLK3 with improved substrate
specificity, we sought to covalently connect this peptide to
another peptide that binds a substrate molecule with high
affinity, anticipating that the local concentration of substrate
proximal to the catalytic peptide would be increased. Rozinov
and Nolan reported small peptides that bind to small molecule
fluorophores (41). One of these peptides, YPNEFDW-
WDYYY (FluS303 in their paper), binds to fluorescein. This
peptide was selected from a combinatorial library of 12-mer
peptides displayed on phage. We chose this peptide as our
substrate-binding module and attached it to the N-terminus
of FT-YLK3. Since FT-YLK3 has a tyrosine residue at the
N-terminus and FluS303 has three tyrosine residues at the
C-terminus, one tyrosine was removed at the junction.

Peptide FluS303-FTYLK3 was chemically synthesized (C-
terminal amide) and characterized.

Substrate12, which contains a structural moiety from
fluorescein, was designed and used in the peptide-catalyzed
retro-aldol reactions. The kinetic parameters are shown in
Table 3. TheKm value for the FluS303-FTYLK3-catalyzed
retro-aldol reaction of substrate12 was 8µM, while theKm

of the FluS303-FTYLK3-catalyzed retro-aldol reaction for
substrate4 was 1.1 mM. TheKm value of substrate12 was
140-fold lower than that of4 in the FluS303-FTYLK3-
catalyzed reaction, and thekcat/Km value of12 was 43-fold
higher than that of4. Thus FluS303-FTYLK3 successfully
discriminated between substrates12 and 4. As calculated
from the Km values, the differential binding energy (∆∆G
) -RT ln{(Km of 12)/(Km of 4)} at 25 °C) in favor of
substrate12 over 4 in the FluS303-FTYLK3-catalyzed
reactions was 2.9 kcal/mol. The catalytic module itself, FT-
YLK3, catalyzed the reaction of12 with a Km of 130 µM.
Fortuitously, theKm value of substrate12was 14-fold lower
than that of substrate4 in the FT-YLK3-catalyzed reactions.
Thus, for FT-YLK3-catalyzed reactions, differential binding
of substrate12 over 4 was favored by 1.6 kcal/mol. Note
that theKm value of FluS303-FTYLK3 with substrate12was
16-fold lower than that of FT-YLK3 with12 while theKm

values of4 were similar in both the FluS303-FTYLK3- and
FT-YLK3-catalyzed reactions. These results indicate that the
enhanced substrate specificity of FluS303-FTYLK3 for12
is the result of two effects. First, binding of12 to the FT-
YLK3 domain as compared to substrate4 is enhanced by
1.6 kcal/mol. While the exact mechanism for this increase
is not clear at present and was not part of the design strategy,
heteroatom presentation within12 may play a role. Second,
the addition of the FluS303 sequence to FTYLK3 further
increased the affinity of the peptide for substrate12 (∆∆G
) 1.7 kcal/mol) (∆∆G ) -RTln{(Km of FluS303-FTYLK3-
catalyzed reaction of12)/(Km of FT-YLK3-catalyzed reaction
of 12)} at 25 °C) while having a minimal effect on the
binding of substrate4 (∆∆G ) 0.3 kcal/mol) (∆∆G ) -RT
ln{(Km of FluS303-FTYLK3-catalyzed reaction of4)/(Km of
FT-YLK3-catalyzed reaction of4)} at 25 °C). We assign
this increase in substrate specificity to increase in local
substrate concentration at the catalytic site due to the effect
of the modular assembly strategy.

Further, when the FluS303-FTYLK3-catalyzed reaction of
12 was performed in the presence of fluorescein (500µM),
the kinetic parameters wereKm 60µM, kcat 2.5× 10-4 min-1,
andkcat/Km 4.2 M-1min-1. Thus, theKm value substantially
increased while thekcat remained unchanged (within experi-
mental deviation). This result indicates that when fluorescein
occupies the substrate-binding domain, in competition with
12, the specificity constant is greatly reduced. This experi-
ment also validated the modular assembly strategy.

Although thekcat values of peptide catalysts were lower
than those of much larger designer protein catalysts such as

FIGURE 6: Effect of peptide concentration on enaminone formation
with 2,4-pentanedione. Conditions: [2,4-pentanedione] 5 mM in
5% CH3CN-42.5 mM sodium phosphate (pH 7.5). Enaminone
formation was monitored at 318 nm. Key: FT-YLK3 (solid circle),
FT-YLK25 (square), FluS303-FTYLK3 (open circle), and YLK-
18opt (triangle).

Chart 1
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aldolase antibodies, the catalytic proficiency (42) per residue
((kcat/Km)/kuncat per residue) of the FluS303-FTYLK3-
catalyzed reaction of12 was in the range of those of larger
protein catalysts (Figure 7). Peptide FluS303-FTYLK3,
which consists of only 35 amino acid residues, had a catalytic
proficiency per residue of 6× 106 M-1 (Table 3). This value
was comparable to those of antibody catalysts (approximately
1500 and 500 amino acid residues as IgG and Fab form,
respectively) on a per residue basis. Some natural enzymes
also have catalytic proficiency per residue of approximately
106 M-1 (42). Thus, the 35-mer peptide FluS303-FTYLK3
functioned at near the catalytic proficiency per residue
observed for some larger protein catalysts.

FluS303-FTYLK3 also formed a UV-observable enami-
none upon addition of 2,4-pentanedione. As indicated in
Figure 6, FluS303-FTYLK3 also showed a nonlinear rela-
tionship between the enaminone formation velocity and
peptide concentration. The concentration necessary to func-
tion was approximately 15µM for FluS303-FTYLK3, similar
to that of FT-YLK3 (approximately 5µM). Appending the
substrate-binding domain to FTYLK3 did not affect the
function of the catalytic domain. The CD spectra of FluS303-
FTYLK3 (50 µM) in 45 mM sodium phosphate (pH 7.5) at
25 °C indicated that the peptide containedR-helical and
â-sheet structures (Figure 4f). Studies using the program k2d
(43) indicate theR-helical content was 27% (maximum error
22.7%). Since theR-helical content of FT-YLK3 (100µM)
was estimated to be approximately 70%, the idealR-helical
content of FluS303-FTYLK3 was calculated to be 48% (24
residues× 0.7/35 residues). Denaturation of theR-helical
structure (4.5 M guanidine hydrochloride) as observed in the
CD spectra was accompanied by complete loss of catalytic
activity. Therefore, with peptide FluS303-FTYLK3, the
R-helical structure also correlated with the function.

We have developed small peptides that catalyze carbon-
carbon bond formation and cleavage via an enamine mech-

anism. The reaction-based selection with designed com-
pounds afforded improved small peptide catalysts with
respect to both catalytic activity and folded state. We have
demonstrated that the reaction-based selection using phage
display libraries, which has been effectively used to generate
larger protein catalysts (23, 24, 44), is useful for the
development of small designer peptide catalysts. We have
also demonstrated that the substrate specificity of the peptide
catalyst for a small molecule substrate can be improved by
a modular assembly strategy, i.e., covalent conjugation of a
binding domain to the catalytic peptide module. We conclude
that the combination of design and reaction-based selection
from libraries effectively provides small designer enzymes
with good rate acceleration and excellent substrate specificity.
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