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Control of function of a small peptide by a protein
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Abstract—A peptide that functions only in the presence of a protein has been developed using reaction-based selection from peptide
phage libraries. The peptide was not functional in the absence of the protein, but formed enaminones with 1,3-diketone derivatives
when bound to the protein.
� 2006 Elsevier Ltd. All rights reserved.
In nature, protein functions including enzyme activities
are often regulated through conformational change trig-
gered by ligand binding or posttranslational modifica-
tion at specific sites.1,2 Design of such systems should
allow for regulation of function of a protein or peptide
in a programmed manner. For example, systems for
controlling protein–protein and peptide–protein interac-
tions have been designed by introducing mutations into
the protein at the interface of the interaction to reduce
the binding affinity and by addition of small compounds
to restore the binding.3 Catalytic activity or binding
activity of peptides was also regulated using a metal.4,5

Although structured small peptides with functions
including catalytic activity have been reported,6 devel-
opment of strategies to control functions of small pep-
tides composed of natural amino acids in a
programmed manner is a challenge.5 Here we have
developed a system that can be used to control the func-
tion of a small peptide based on interaction between the
peptide and a second protein molecule. We report the
development of a peptide that forms enaminones with
1,3-diketones in the presence of a protein that interacts
with the peptide (Fig. 1).

We previously reported a-helical peptides that form
enaminones with 1,3-diketones and catalyze aldol, ret-
ro-aldol, and Michael reactions via an enamine mecha-
nism.7–9 These peptides formed dimers or oligomers to
function. As a particular folded state was required for
the catalytic activities of these peptides, we reasoned
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that function of a small peptide could be controlled by
its conformation. We hypothesized that noncovalent
binding of a small peptide to a second protein could
serve as a conformational trigger for the peptide. In
the inactive state, the peptide would not have a fixed
conformation, but interaction with a second protein
would result in a change to the functional conformation.
When the interactive protein is absent, the peptide will
not be functional; however, once the interactive protein
is added, the peptide will bind to the protein and adopt a
fixed and active conformation. The interactive protein
may provide residues required for the function, although
the protein alone cannot function. Only when the pep-
tide and its interactive protein bind to each other, the
complex can function. In order to realize this system,
we have developed small peptides that form enaminones
with 1,3-diketones only in the presence of the RNase
S-protein.

RNase S is a product of cleavage of RNase A by the
protease subtilisin.10 RNase S consists of two tightly
associated fragments, S-peptide (residues 1–20) and
S-protein (residues 21–124). A complex of S-protein
with only the 15 N-terminal amino acids of S-peptide
(S15) is essentially identical in structure to that of
RNase S.11 S-peptide maintains its folded structure in
the absence of S-protein at low temperatures and adopts
this conformation when it binds to S-protein at room
temperature.12–14 To select a peptide that forms
enaminone with 1,3-diketones only when the peptide
interacts with S-protein, peptide libraries were
developed that included a modified S-peptide sequence.

S15 includes an a-helical conformation that is stabilized
by two salt bridges, Glu9-Hisl2 and Glu2-Argl0. There
are two lysine residues, Lys1 and Lys7, in S15 and the
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Figure 1. Schematic representation of the regulation of function of a peptide.
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latter is in the a-helical structure. A partial sequence of
S15 including Lys7 was used as a template scaffold for
this study. His12 is one of the essential catalytic residues
for the ribonucleolytic activity of RNase S. The salt
bridge Glu9-His12 orients His12 for the ribonucleolytic
activity and is critical for the activity. His12 was
replaced by lysine and randomized amino acids were
appended to the peptide. The mutation of His12 should
suppress ribonuclease activity that would otherwise be a
problem during selection using peptide phage. The
e-amino group of Lys12 is expected to form a salt bridge
with Glu9 and the Glu-Lys salt bridge also stabilizes the
helical conformation.15 We expect that this mutant will
have similar helical stability to wild-type S15: that is,
the mutant peptide alone will not form the helical
conformation at room temperature.

Libraries shown in Figure 2 were prepared and were
subjected to selection through multiple rounds of phage
panning with 1,3-diketone 1-BSA (BSA = bovine serum
albumin) in the presence of S-protein (2 lM) using the
phagemid pComb3X system.9,16,17 Library FT-S-T-
NNK6 had a short linker sequence, SRS, between the
Peptide Lys NH2
R

NH O
Peptide Lys

+

a

b

O

N
H

BSA

O

N
H

OO

1-BSA

R

OO

S-peptide (S15): KETAAAKFERQHMDS

Libraries:

   FT-NNK6-S: XXXXXXETAAAKFERQKMDS
   FT-NNK-PRO-S: XXXXXXPETAAAKFERQKMDS
   FT-S-NNK6:KETAAAKFERQKMDXXXXXX
   FT-S-T-NNK6 KETAAAKFERQKMDSRSXXXXXX

   FT-NNK6-HTH-S-1XXXXXXHLSQPETAAAKFERQKMD
   FT-NNK6-HTH-S-2 XKXXXLHLSQPETAAAKFERQKMD
   FT-NNK6-HTH-S-3 XXKXXLHLSQPETAAAKFERQKMD

Selected:

  FT-RPF1310: RWQKSKHLSQPETAAAKFERQKMD

1 971 2

Figure 2. (a) Enaminone formation with 1,3-diketones. (b) Libraries

used for the selection of peptides that form enaminones with 1,3-

diketones and a selected peptide sequence. X, any of the natural 20

amino acids. The sequence of S-peptide (S15) is also shown.
S-peptide scaffold sequence and C-terminal 6-residue
randomized region. Libraries FT-NNK6-HTH-S-1, -2,
and -3 had the linker sequence, HLSQP, between the
N-terminal randomized sequence and the S-peptide
sequence and the lysine at the first position of the S-pep-
tide was removed. In the libraries FT-NNK6-HTH-S-2
and FT-NNK6-HTH-S-3, a lysine residue was incorpo-
rated with in the randomized region.

After the panning, individual peptide phage clones were
analyzed by enzyme-linked immunosorbent assay
(ELISA) using 1-BSA in the presence and absence of
S-protein (2 lM). The ELISA showed that some of the
clones bound to 1-BSA both in the presence and absence
of S-protein. Since we were interested in peptides that
could be regulated by the addition of S-protein, the clones
that bound 1-BSA in the presence of S-protein but did not
significantly bind to 1-BSA in the absence of S-protein
were chosen. The sequence, named as FT-RPF1310,
showed the greatest difference in binding to 1-BSA in
the presence and in the absence of S-protein in the ELISA
of the clones evaluated.

Peptide FT-RPF1310 was chemically synthesized and
analyzed in detail. The enaminone formation of peptide
FT-RPF1310 (100 lM) and 2,4-pentanedione (4 mM)
was analyzed in aqueous buffer (pH 7.5) by measuring
the absorption at 318 nm18 in the presence and absence
of S-protein (100 lM). Increase in absorption at 318 nm
over time was detected in the presence of S-protein as
shown in Figure 3, but peptide FT-RPF1310 (100 lM)
alone or S-protein (100 lM) alone showed no increase
in the absorption at 318 nm. These results indicate that
using this regulated system, diketone derivatives can be
covalently incorporated into the peptide only when the
peptide is bound to S-protein.

The relative initial velocity of the enaminone formation
reaction was also analyzed using a lower concentration
of peptide FT-RPF1310 (50 lM) and 2,4-pentanedione
(500 lM). The results are summarized in Table 1. Addi-
tion of S-protein (50 lM) or RNase S (50 lM) accelerated
the enaminone formation, whereas RNase alone, S-pro-
tein alone, or FT-RPF1310 alone did not form an enami-
none with 2,4-pentanedione under the same conditions.
Peptide FT-RPF1310 also formed an enaminone with
2,4-pentanedione in the presence of RNase S (S-protein
and S-peptide), indicating that peptide FT-RPF1310
either binds to S-protein with higher binding affinity than
natural S-peptide or binds to S-protein with a different
mode or in a different area from that of natural S-peptide.
For an amino group to become a nucleophile, the amino
group must be in a hydrophobic microenvironment or
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Figure 3. Time course of enaminone formation of peptide

FT-RPF1310 with 2,4-pentanedione in the presence and absence of

S-protein. Changes in absorption at 318 nm were monitored using a

microplate spectrophotometer. Conditions: FT-RPF1310 + S-protein,

[peptide FT-RPF1310] 100 lM, [S-protein] 100 lM, [2,4-pentanedione]

4 mM; FT-RPF1310, [peptide FT-RPF1310] 100 lM, [2,4-pentanedi-

one] 4 mM; S-protein, [S-protein] 100 lM, and [2,4-pentanedione]

4 mM; all reactions in 4% CH3CN–38 mM sodium phosphate buffer

(pH 7.5) at 25 �C.

Table 1. Relative initial velocity of enaminone formationa

Peptide and additive Relative initial velocity

FT-RPF1310 + S-protein 1.0

FT-RPF1310 + RNase 1.3

FT-RPF1310 <0.01b

S-Protein <0.01b

RNase <0.01b

a The relative initial velocity of the enaminone formation with 2,4-

pentanedione was measured by increase in absorption at 318 nm on a

microplate spectrophotometer using 100 lL of a solution in 5%

CH3CN–42.5 mM sodium phosphate buffer (pH 7.5) at 25 �C.

Concentrations of 2,4-pentanedione, peptide FT-RPF1310, and

additives were as following: [2,4-pentanedione] 500 lM, [FT-

RPF1310] 50 lM, [S-protein] 50 lM, and [RNase S] 50 lM.
b Increase in absorption at 318 was not detected.
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must have an electrostatic interaction with a positively
charged residue.19,20 When peptide FT-RPF1310 binds
to S-protein, it must form a fixed conformation and an
amino group of the peptide must be activated either due
to the stabilized conformation of peptide FT-RPF1310
or through interaction with S-protein.

In summary, we have developed a peptide whose func-
tion can be regulated by interaction with a second pro-
tein molecule. The enaminone formation activity of
the peptide was turned-on in the presence of an interac-
tive protein, but was off in the absence of the protein.
We have demonstrated that reaction-based selection in
the presence of an interacting protein can afford a pep-
tide that is regulated by the presence of the protein.
Since small peptides that selectively bind to a certain
targeted protein molecule can be developed, it should
be possible to convert such peptides to regulated
peptides by the presence of their interacting proteins.
Our strategy for the creation of the regulated peptide
described here is the first step toward control of small
peptide function in a programmed manner.
Acknowledgment

We thank Prof. Carlos F. Barbas, III for providing
pComb3X.
References and notes

1. Kiessling, L. L.; Gestwicki, J. E.; Strong, L. E. Curr. Opin.
Chem. Biol. 2000, 4, 696.

2. Pearl, L. H.; Barford, D. Curr. Opin. Struct. Biol. 2002, 12,
761.

3. Guo, Z.; Zhou, D.; Schultz, P. G. Science 2000, 288, 2042.
4. Hamachi, I.; Eboshi, R.; Watanabe, J.; Sinkai, S. J. Am.

Chem. Soc. 2000, 122, 4530.
5. Tanaka, T.; Mizuno, T.; Fukui, S.; Hiroaki, H.; Oku, J.;

Kanaori, K.; Tajima, K.; Shirakawa, M. J. Am. Chem.
Soc. 2004, 126, 14023.

6. Weston, C. J.; Cureton, C. H.; Calvert, M. J.; Smart, O.
S.; Allemann, R. K. ChemBioChem 2004, 5, 1075; Allert,
M.; Baltzer, L. Chem. Eur. J. 2002, 8, 2549; Broo, K.;
Brive, L.; Ahlberg, P.; Baltzer, L. J. Am. Chem. Soc. 1997,
119, 11362; Johnsson, K.; Allemann, R. K.; Widmer, H.;
Benner, S. A. Nature 1993, 365, 530.

7. Tanaka, F.; Barbas, C. F., III Chem. Commun. 2001, 769.
8. Tanaka, F.; Barbas, C. F., III J. Am. Chem. Soc. 2002,

124, 3510.
9. Tanaka, F.; Fuller, R.; Barbas, C. F., III Biochemistry

2005, 44, 7583.
10. Raines, R. T. Chem. Rev. 1998, 98, 1045.
11. Taylor, H. C.; Richardson, D. C.; Richardson, J. S.;

Wlodawer, A.; Komoriya, A.; Chaiken, I. M. J. Mol. Biol.
1981, 149, 313.

12. Rico, M.; Nieto, J. L.; Santoro, J.; Bermejo, F. J.;
Herranz, J.; Gallego, E. FEBS Lett. 1983, 162, 314.

13. Graziano, G.; Catanzano, F.; Giancola, C.; Barone, G.
Biochemistry 1996, 35, 13386.

14. Bastos, M.; Pease, J. H. B.; Wemmer, D. E.; Murphy, K.
P.; Connelly, P. R. Proteins 2001, 42, 523.

15. Marqusee, S.; Baldwin, R. L. Proc. Natl. Acad. Sci. U.S.A.
1987, 84, 8898.

16. Barbas, C. F., III, Burton, D. R., Scott, J. K., Silverman,
G. J., Eds.Phage Display: A Laboratory Manual; Cold
Spring Harbor Laboratory Press: Cold Spring Harbor,
New York, 2001.

17. Chemically synthesized oligonucleotides (names of f-oligos
and b-oligos for each library and their sequences are
given below) were amplified by PCR using 5 0-primer
SfiI-f (5 0-GAGGAGGAGGAGGCCCAGGCGGCC-3 0)
and 30-primer Sfil-b (5 0-GAGGAGGAGGAGGCCGG
CCT GGCC-3 0). The PCR conditions were as fol-
lows:SfiI-f, 1 lg; SfiI-b, 1 lg; f-oligo, 50 ng; b-oligo, 50 ng;
0.2 mM each dNTP; 10 lL of 10· PCR buffer; 2.5 U of
Ampli Taq DNA polymerase (Roche) in total volume
100 lL; a program of 94 �C 1 mm; 94 �C 15 s, 52 �C 15 s,
72 �C 30 s (25 times); and 72 �C 10 min was used for
amplification. The PCR products were purified, digested
with Sfi I, and ligated to SfiI-digested pComb3X. The phage
libraries were prepared using previously reported proce-
dures.9,16 Binding selection against the 1,3-diketone was
performed using the procedures described previously,9 but
in the presence of S-protein (2 lM). ELISA was also
performed using the previously reported procedures9 except
in the presence of S-protein (2 lM).



4062 F. Tanaka, R. Fuller / Bioorg. Med. Chem. Lett. 16 (2006) 4059–4062
Library
 f-oligo
 b-oligo
FT-NNK6-S
 FT-NNK6-S-f
 FT-S-b
FT-NNK6-Pro-S
 FT-NNK6-Pro-S-f
 FT-S-b
FT-S-NNK6
 FT-S-f
 FT-S-NNK6-b
FT-S-T-NNK6
 FT-S-f
 FT-S-T-NNK6-b
FT-NNK6-HTH-S-1
 FT-NNK6-HTH-S-1-f
 FT-HTH-S-b
FT-NNK6-HTH-S-2
 FT-NNK6-HTH-S-2-f
 FT-HTH-S-b
FT-NNK6-HTH-S-3
 FT-NNK6-HTH-S-3-f
 FT-HTH-S-b
Oligonucleotide sequences were as follows:FT-
NNK6-S-f (5 0-GAGGAGGCCCAGGCGGCCNN
KNNKNNKNNKNNKNNKGAGACAGCAGC
CGCAAAGTTTGAG-3 0), FT-S-b (5 0-CTCTCT
GGCCGGCCTGGCCACTATCCATCTTCTGAC
GCTCAAACTTTGCGGCTG-3 0), FT-NNK-Pro-
S-f (5 0-GAGGAGGCCCAGGCGGCCNNKNNK
NNKNNKNNKNNKCCAGAGACAGCAGCCG
CAAAGTTTGAG-3 0), FT-S-f (5 0-GAGGAGGCC-
CAGGCGGCCAAAGAGACAGCAGCCGCAA
AGTTTGAGCGTCAGAAGATGGAT-3 0), FT-S-
NNK6-b (5 0-GGAGGCCGGCCTGGCCMNNMN
NMNNMNNMNNMNNATCCATCTTCTGACG
CTC-3 0), FT-S-T-NNK6-b (5 0-GGAGGCCGGCC
TGGCCMNNMNNMNNMNNMNNMNNGCTA
CGAGAATCCATCTTCTGACGCTC-3 0), FT-N
NK6-HTH-S-l-f (5 0-GGCCCAGGCGGCCNNKN
NKNNKNNKNNKNNKCACTTATCTCAACC
AGAGACAGCAGCCGCAAAGTTTGAG-3 0), F
T-NNK-HTH-S-2-f (5 0-GGCCCAGGCGGCCNN
KAAANNKNNKNNKCTGCACTTATCTCAAC
CAGAGACAGCAGCCGCAAA GTTTGAG-3 0),
FT-NNK-HTH-S-3-f (5 0-GGCCCAGGCGGCCN
NKNNKAAANNKNNKCTGCACTTATCTCAA
CCAGAGACAGCAGCCGCAAAGTTTGAG-3 0),
FT-HTH-S-b(5 0-GGCCGGCCTGGCCATCCATC
TTCTGACGCTCAAACTTTGCGGCTGCTG-3 0).

18. Wagner, J.; Lerner, R. A.; Barbas, C. F., III Science 1995,
270, 1797.

19. Barbas, C. F., III; Heine, A.; Zhong, G.; Hoffmann, T.;
Gramatikova, S.; Bjornestsdt, R.; List, B.; Anderson, L.;
Stura, E. A.; Wilson, I. A.; Lerner, R. A. Science 1997,
278, 2085.

20. Tanaka, F.; Thayumanavan, R.; Mase, N.;
Barbas, C. F., III Tetrahedron Lett. 2004, 45,
325.


	Control of function of a small peptide by a protein
	Acknowledgment
	References and notes


