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High Thermal Stability Imparted by a Designed
Tandem Arg-—Trp Stretch in an o-Helical Coiled
Coil**

Yuuki Sakurai, Toshihisa Mizuno, Hidekazu Hiroaki,
Keigo Gohda, Jun-ichi Oku, and Toshiki Tanaka*

Studies on de novo designed proteins involve the construction
of unique tertiary structures and the creation of novel
functions. Protein structures are mainly formed by various
interactions, such as ion-pair, hydrogen-bonding, and hydro-
phobic interactions. Recently, the cation—m interaction was
noted as one of the effective interactions judging from various
protein structures in the PDB (protein data bank) data-
bases, ! and it is thought to contribute to protein structure
stabilization and protein-ligand interactions.’™ The cation—n
interaction is formed between aromatic rings and cationic
groups."™! In proteins, Trp, Tyr, Phe, and His are aromatic
residues, while Lys and Arg are cationic residues, and the
interaction between Trp and Arg is considered to be the best
combination."*® The cation—m interaction is favored several-
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fold over the formation of a salt bridge in water, in terms of
the desolvation energy penalty of the ionic residues. A cation—
m interaction stabilizes proteins by 2-3 kcalmol™" more than
an ion-pair interaction, which is estimated to contribute 1-
3 kcalmol . Thus, the cation—m interaction provides strong
and specific interactions, and therefore it should be consid-
ered in protein design.

Designed cation—m interactions have been assessed using
the solvent-exposed sites of the short a helices, turn structure,
and coiled-coil structure.’! These data suggested that the
contributions of the cation—m interactions to the stability
depend on the species and the positions of aromatic and
cationic amino acids. However, the effects of the cation—m
interactions on the structural stability are quantitatively lower
than the values obtained from calculations, probably as a
result of the flexibility of the amino acid side chains on the
freely exposed sites of the o helix.

The location of the cation—m interaction is neither
completely solvent-exposed nor deeply buried within the
protein.’l Tt is often found between a solvent-exposed site and
a completely buried site. We designed a cation—t interaction
to reside at the interface between two a helices of a coiled-
coil structure. The coiled coil consists of several o helices
wrapped around each other, and it represents a heptad repeat
sequence designated by abcdefg from each position.”) The e
and g’ positions exist between the hydrophobic-hydrophilic
interfaces and are close to each other between two adjacent
o helices. Glu and Lys at these positions are close and form an
ion pair, which contributes to the stabilization and config-
uration of the coiled-coil structure. Therefore, the e and
g positions of the coiled coil might be suitable places to
design a cation-m interaction. We designed a cation—m
interaction at the e and g’ positions and compared the ion-
pair interaction between Glu and Lys at the same positions.
Our results support the existence of the cation— interaction.

A de novo designed peptide (1Z), [YGG(IEKKIEA),]
(defgabc), forms a parallel triple-stranded a-helical coiled-
coil structure."” The IZ peptide has a melting temperature
(T, of more than 95°C, which makes it difficult to compare
the thermal stabilities of coiled-coil structures. Therefore, the
amino acid at the aposition of the second heptad was
substituted with Gln to adjust the stability and to increase the
uniqueness of the structure."'! We also mutated the amino
acid residues on the IZ derivatives, where Lys at the g position
and Glu at the e position were reversed. The prepared
peptides are listed in Table 1. There are three possible sites

Table 1: Amino acid sequences of the designed coiled-coil peptides and their T, AT,, [°C], and

AG [kcalmol™"] values after homotrimerization.

Angewandte

for interactions using the e and g’ positions after homotri-
merization. Trp and Arg were placed in the middle of the
peptide. The rest of the e and g’ positions contained Glu and
Lys, respectively, for the ion-pair interactions. A series of
cation—m interactions was designed, and the peptides con-
taining Trp and Arg were named WR1, WR2, and WR3,
depending on the number of Trp—Arg sets. The e position of
one peptide and the g position of the other peptide were
alternated between the two a helices, and therefore Trp and
Arg were designed to generate an extended array of cation—x
interactions, formed by two and three Trp—Arg sets for WR2
and WR3, respectively. WRRW has two Trp-Arg sets;
however, because of the repulsive positive charge from Arg,
the two Trp—Arg interactions should work separately.
Molecular modeling of WR3 was performed by using
molecular mechanics calculations to obtain the preferable
spatial position of Trp and Arg residues in the o-helical
coiled-coil structures."? The energy-minimized WR3 model
suggested that the designed three Trp—Arg sets were placed
close enough together for cation—m interactions (Figure 1).

Figure 1. Energy-minimized model of WR3, which was constructed on
the basis of a leucine-zipper coiled-coil structure (PDB ID: TGCM) as
template, followed by energy minimization with the OPLS-AA force
field and GB/SA solvation model. Trp and Arg residues are illustrated
by space-filling molecular graphics.

Circular dichroism (CD) spectroscopy was performed to
characterize the secondary structures of the designed peptides
(Figure 2). All of the peptides exhibited the spectra of typical
a-helical structures, with the characteristic minima at 208 and
222 nm. To analyze the stoichiom-
etry of the peptide aggregates, they
were subjected to gel filtration on

Peptide Sequence T, AT, AG Sephadex G-50. The  peptides
eluted at the same position as the
! 2 3 4 standard triple-stranded coiled-coil
EK YGG  IKKEIEA  IKKEQEA  IKKEIEA  IKKEIEA 52 0 -153 . . .. . .
WRI - - e R o 53 6 _158 beptide with a similar amino acid
WR2 _ - CRe-W—— R N 75 23 _167 length. These results indicate that
WR3 _ - “R-W—— o —R— >95  nd. nd. the peptides assembled into the
WRRW - ——W-- -R-R—- -W—- —- 65 - - trimer with a coiled-coil structure.
AA - - —-A-- -A—- - 42 - 146 The thermal stabilities of the
WA e A A - 48 - 148 peptides were analyzed by monitor-
AR — A~ -R— — 45 - 147
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Figure 2. CD spectrum of WR3. EK, WR1, WR2, and WRRW exhibited
the same CD spectra as WR3. The measurement was performed in
sodium phosphate (20 mm, pH 7.0) containing NaCl (0.1 m) at 20°C.
The peptide concentration was 20 um.
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Figure 3. Thermal denaturation curves for EK, WR1, WR2, WR3, and
WRRW. The curves were recorded in sodium phosphate (20 mm,
pH 7.0) containing NaCl (0.1 m), with a peptide concentration of
20 pm.

ature (Figure 3). EK exhibited a T,, of 52°C. When one Glu-
Lys set was changed to Trp—Arg, the 7}, was increased to 58 °C
(WRT1), which is 6K higher than that of EK, in spite of the
removal of one of the ion pairs. This finding implies the
presence of an interaction between Trp and Arg which is
stronger than that of the ion pair. The effect on the thermal
stability was more remarkable when a couple of Trp—Arg sets
were placed at the e and g positions. WR2 exhibited a T, of
75°C, which is 23 K higher than that of EK. On the other
hand, WRRW had a T}, of 65°C, which is 13 K higher than
that of EK. This 13-K increase is almost twice the AT,
between EK and WR1, which indicates that the two sets of
Trp—Arg in WRRW do not interact cooperatively but
separately, and that the orientation of WR (N—C or C—N)
does not affect the stability of the coiled-coil structure. WR2
has an even higher 7;, value, which is 10 Kmore than that of
WRRW. Furthermore, when three Trp—Arg sets were used,
the a-helical conformation was significantly more stable,
leading to a T,, value greater than 95°C for WR3. These
results suggest that when Trp and Arg are aligned contigu-
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ously between two a helices, they interact cooperatively. It is
apparent that the alternating alignment of aromatic and
cationic side chains multiplies their effects on the thermal
stability.

The fluorescence maximum of Trp is 327-332 nm under
hydrophobic conditions and 354 nm in solvent-exposed
sites.') We placed Trp at the g position, at the edge of the
hydrophobic and hydrophilic environments. Trp might par-
ticipate in the hydrophobic interaction, rather than the
interaction with Arg, because the aromatic residues tend to
be buried in the proteins. Therefore, we measured the
fluorescence spectrum of the Trp residue. All of the peptides
exhibited fluorescence maxima at 347-351 nm, with their
intensities depending on the number of Trp residues. This
finding indicates that the Trp residues exist at the solvent-
exposed sites, and do not contribute to the hydrophobic
interactions. The Trp residues in both WR2 and WRRW
reside at solvent-exposed sites; however, WR2 is thermally
more stable than WRRW. This result also supports the
conclusion that the contiguous alignment of Trp and Arg
augments the structural stability.

To obtain further physicochemical information concern-
ing the Trp-Arg interaction, we prepared three more
derivative peptides, AA, WA, and AR (see Table 1). These
peptides formed triple-stranded coiled-coil structures. We
carried out Gdn-HCI (guanidine hydrochloride) denaturation
experiments to calculate the stabilization energy AG. The AG
values obtained for AA, WA, and AR were similar at —14.6,
—14.8, and —14.7 kcalmol ', respectively. Thus, the side chain
of Trp or Arg alone does not contribute to the structural
stability. The fact that the stabilization energies of EK and
WR1 were —15.3 and —15.8 kcalmol ', respectively, indicates
that an interhelical interaction between Glu and Lys, or Trp
and Arg, was formed, and that one Trp—Arg interaction is
stronger than one Glu-Lys ion-pair interaction by
0.17 kcalmol™'. WR2 is even more stable, with a AG value
of —16.7 kcalmol ™!, which shows that the stabilization energy
of one Trp-Arg interaction is more than 0.23 kcalmol !
higher than that of one Glu-Lys ion pair. Thus, one
continuous Trp—Arg interaction stabilizes the structure even
more, by 0.06 kcalmol .

In conclusion, we have designed a cation— interaction at
the interface between two a helices. Physicochemical experi-
ments suggested the existence of an interaction between Trp
and Arg, and showed that its contribution to stabilizing the
protein structure is greater than that of an ion pair. In
particular, the tandem repeats of Trp and Arg alignment,
which imply a network of cation—m interactions, substantially
stabilize the structure. The extended cation-m interaction is
observed in natural proteins, such as the human growth
hormone receptor extracellular domain.'*'¥) Although the
role of the interaction was not revealed by the amino acid
mutation, it may function to increase the protein stability. Our
design strategy using the Trp—Arg interaction should contrib-
ute to increase protein stability and specificity.

Received: March 4, 2005
Revised: June 24, 2005
Published online: August 26, 2005

Angew. Chem. 2005, 117, 6336 —6339


http://www.angewandte.de

Keywords: amino acids - helical structures - peptides -
pi interactions - protein structures

[1] a) N. S. Scrulton, A.R. C. Raine, Biochem. J. 1996, 319, 1-8;
b) J. C. Ma, D. A. Dougherty, Chem. Rev. 1997, 97, 1303 -1324;
c) J. P. Gallivan, D. A. Dougherty, Proc. Natl. Acad. Sci. USA
1999, 96, 9459 —9464.

[2] a) M. P. Kavanaugh, R. S. Hurst, J. Yakel, M. D. Varnum, J. P.
Adelman, R. A. North, Neuron 1992, 8, 493-497; b) L. Satin,
J. W. Kyle, M. Chen, P. Bell, L. L. Cribbs, H. A. Fozzard, R. B.
Rogart, Science 1992, 256, 1202-1205; c¢) W. Zhong, J.P.
Gallivan, Y. Zhang, L. Li, H. A. Lester, D. A. Dougherty,
Proc. Natl. Acad. Sci. USA 1998, 95, 12088-12093; d) S. R.
Hubbard, L. Wei, L. Ellis, W. A. Hendrickson, Science 1994, 372,
746-753; ) O. Livnah, E.A. Stura, D.L. Johnson, S.A.
Middleton, L.S. Mulcahy, N. C. Wrighton, W. J. Dower, L. K.
Jolliffe, I. A. Wilson, Science 1996, 273, 464—471; f) A. D. Kline,
W. Braun, K. Wiithrich, J. Mol. Biol. 1986, 189,377-382; g) P. D.
Kwong, R. Wyatt, J. Robinson, R. W. Sweet, J. Sodroski, W. A.
Hendrickson, Nature 1998, 393, 648 —659.

[3] S. Chakravarty, R. Varadarajan, Biochemistry 2002, 41, 8152—

8161.

a) Y. Satow, G. H. Cohen, E. A. Padlan, D. R. Davies, J. Mol.

Biol. 1986, 190, 593-604; b) A. R. C. Raine, C. C. Yang, L. C.

Packman, S. A. White, F. S. Mathews, N. S. Scrutton, Protein Sci.

1995, 4, 2625-2628; c) G. Waksman, D. Kominos, S. C. Rob-

ertson, N. Pant, D. Baltimore, R. B. Birge, D. Cowburn, H.

Hanafusa, B. J. Mayer, M. Overduin, M. D. Resh, C. B. Rios, L.

Silverman, J. Kuriyan, Nature 1992, 358, 646—653.

[5] S. K. Burley, G. A. Petsko, FEBS Lett. 1986, 203, 139—-143.

[6] T.J. Shepodd, M. A. Petti, D. A. Dougherty, J. Am. Chem. Soc.
1988, 110, 1983 -1985.

[7] J. P. Gallivan, D. A. Dougherty, J. Am. Chem. Soc. 2000, 122,
870-874.

[8] a) C. A. Olson, Z.S. Shi, N. R. Kallenbach, J. Am. Chem. Soc.
2001, 723, 6451-6452; b) Z. S. Shi, C. A. Olson, N. R. Kallen-
bach, J. Am. Chem. Soc. 2002, 124, 3284-3291; c) L. K. Tsou,
C. D. Tatko, M. L. Waters, J. Am. Chem. Soc. 2002, 124, 14917 -
14921; d) E. V. Pletneva, A.T. Laederach, D. B. Fulton, N. M.
Kostic, J. Am. Chem. Soc. 2001, 123, 6232-6245; e) M. M.
Slutsky, E. N. G. Marsh, Protein Sci. 2004, 13, 2244 -2251.

[9] C. Cohen, D. A. D. Parry, Proteins Struct. Funct. Genet. 1990, 7,
1-15.

[10] K. Suzuki, H. Hiroaki, D. Kohda, T. Tanaka, Protein Eng. 1998,
11,1051-1055.

[11] a) S. Nautiyal, D. N. Woolfson, D. S. King, T. Alber, Biochem-
istry 1995, 34, 11645-11651; b) D. M. Eckert, V. N. Malashke-
vich, P. S. Kim, J. Mol. Biol. 1998, 284, 859 —865.

[12] a) P. B. Harbury, P. S. Kim, T. Alber, Nature 1994, 371, 80-83;
b) W. L. Jorgensen, D. S. Maxwell, J. Tirado-Rives, J. Am. Chem.
Soc. 1996, 118, 11225-11236; c) W. C. Still, A. Tempezyk, R. C.
Hawley, T. Hendrickson, J. Am. Chem. Soc. 1990, 112, 6127 -
6129.

[13] a) C.N. Pace, Methods Enzymol. 1986, 131, 266—-269; b) T. M.
Handel, S. A. Williams, D. Menyhard, W. F. DeGrado, J. Am.
Chem. Soc. 1993, 115, 4455 —4460.

[14] A.M. de Vos, M. Ultsch, A. A. Kossiakoff, Science 1992, 255,
306-312.

(4

—_—

Angew. Chem. 2005, 117, 6336 —6339 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

www.angewandte.de

Chemie

6339


http://www.angewandte.de

