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A three stranded b-sheet peptide in aqueous solution containing N-methyl
amino acids to prevent aggregation

Andrew J. Doig*

Department of Biomolecular Sciences, UMIST, PO Box 88, Manchester, UK M60 1QD 

A three stranded b-sheet peptide of de novo design with
N-methyl amino acids to prevent aggregation folds upon
heating.

Peptides which fold in isolation provide a useful way to study
protein secondary structure and stability. The a-helix has been
studied in this way for a number of years since the discovery
that de novo designed peptides of 15–20 amino acids in length,
composed primarily of alanine, form isolated a-helices in
water.1 In contrast to the mature field of a-helical peptides,
b-sheet peptides are much less well understood. A challenge is
to synthesise a peptide which will fold into a b-sheet in aqueous
solution without aggregation. Synthetic polypeptides that form
b-sheets generally form large, insoluble structures comprising
many polypeptide chains that are intractable for further study in
aqueous solution. However, success has been achieved using
both peptides containing natural amino acids2–13 and with
b-sheet formation promoted by non-peptide units.14–20 Here a
peptide designed to fold into a three-stranded b-meander is
synthesised, and the fact that it folds into a b-sheet is
demonstrated by circular dichroism (CD) spectroscopy.

The b-meander, sequence Ac-YGD(N-Me-A)A(N-Me-
A)APGVVDDVVPGD(N-Me-A)AVA(N-Me-A)-CONH2, was
designed to fold into the structure shown in Fig. 1. Aggregation
is avoided in two ways. Firstly, negatively charged Asp side
chains are located on both faces of the sheet to introduce
intermolecular charge repulsions. Secondly, both outer edges of
the sheet have two N-methylated amino acids. The N-methyl

bonds are unable to participate in intermolecular hydrogen
bonding and hence the peptides will remain monomeric. These
residues are also restricted in their backbone conformations to
the b-sheet geometry, which further facilitates folding.21

N-Methylation has previously been used to prevent dimerisation
of Interleukin-8 by blocking intermolecular hydrogen bond-
ing.22 Ghadiri et al. have N-methylated peptide nanotubes on
one side so that they form dimers tractable to NMR spectros-
copy and X-ray crystallography.23

The other amino acids in the sheet were chosen as follows:
Pro-Gly is the most commonly observed turn sequence in
proteins,24 while valine residues have a strong preference for
b-sheets.25,26 The formation of the N–Me to CNO bond is
synthetically challenging.27 This is generally made easier by
forming N-Me-Ala to Ala bonds where possible. In particular,
b-branched amino acids are avoided preceding N-methyl amino
acids. The Gly-Tyr sequence is designed to give the peptide a
UV absorbance unperturbed by secondary structure for accurate
concentration determination.28

The syntheses of peptides containing N-methyl amino acids
or those that form b-sheets are particularly difficult. The peptide
designed here is therefore doubly challenging to synthesise.
Peptides were synthesised by the solid phase method using
Fmoc chemistry. Success was first achieved with Rink resin and
Fmoc amino acids and the reagent TBTU [(benzotriazol-
1-yloxy)tris(pyrrolidino)phosphonium hexafluorophosphate] in
four-fold excess in the presence of Pri

2EtN, as judged by
analytical fast protein liquid chromatography (FPLC) on the
crude yield and confirmed by mass spectrometry. The yield was
too low for further analysis so the powerful new reagents,
HATU [O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluron-
ium hexafluorophosphate] and HOAt (1-hydroxy-7-azabenzo-
triazole)29,30 were used with Fmoc-PAL-PEG-PS resin and
double coupling cycles for the N–Me to CNO bonds. N-Termini
were acetylated using pyridine and Ac2O. Cleavage from the
resin was achieved with TFA–anisole (19 : 1). After precipita-
tion of the peptide–TFA mixtures into dry ice-coooled Et2O, the
peptides were purified by C18 reverse-phase FPLC (Pharmacia)
using a H2O–MeCN gradient of 10–30% containing 0.1% TFA,
followed by size-exclusion chromatography, giving a 10% yield
(10 mg) of the target product.

The peptide is soluble in aqueous solution up to at least 2 mm
concentration and appears to be monomeric by size exclusion
chromatography and 1D NMR line shape analysis (data not
shown). CD spectra were acquired at 18 mm concentration, pH
7, 5 mm phosphate buffer, 10 mm NaCl. Fig. 2 shows the CD
spectra acquired at 293, 313 and 333 K. At 293 K the peptide is
a mixture of random coil and b-sheet. Remarkably, it folds upon
heating, giving a classic b-sheet spectrum at 333 K, with a
minimum at 219 nm.31 Hence, b-sheet formation is endo-
thermic. The isodichroic point at 212 nm suggests that the sheet/
coil transition is two-state.

It is proposed that N-methylation of NH groups on the outer
edges of a b-sheet is a general solution to the problem of b-sheet
aggregation. The peptide developed here may provide a suitable
model system for investigating a range of aspects of b-sheet
stability and folding.Fig. 1 Design of the three stranded b-meander peptide

Chem. Commun., 1997 2153



2

0

–2

–4

–6

–8

–10

–12
200 210 220 230 240 260 270250 280

l / nm

E
lli

pt
ic

ity
 / 

10
3  

de
g 

cm
2  

dm
ol

–1

(a)

(b)

(c)

This work was supported by grants from the BBSRC Seed
Corn Initiative (36/SCI03358) and the Nuffield Foundation
(SCI/180/94/9/G). We thank Ron Burke at the Department of
Biomolecular Sciences, UMIST and Andy Felton at ABI for
help with peptide synthesis, Derek Barratt at Zeneca Phar-
maceuticals, Alderley Edge, for the use of the CD spectropol-
arimeter and Ian Fleet and Simon Gaskell at the Michael Barber
Centre for Mass Spectrometry, UMIST for verification of
peptide identity.

Footnote and References

* E-mail: Andrew.Doig@umist.ac.uk

1 A. Chakrabartty and R. L. Baldwin, Adv. Protein Chem., 1995, 46,
141.

2 F. J. Blanco, M. A. Jimenez, J. Herranz, M. Rico, J. Santoro and
J. L. Nieto, J. Am. Chem. Soc., 1993, 115, 5887.

3 F. J. Blanco, G. Rivas and L. Serrano, Nat. Struct. Biol., 1994, 1,
584.

4 M. S. Searle, D. H. Williams and L. C. Packman, Nat. Struct. Biol.,
1995, 2, 999.

5 M. Ramı́rez-Alvarado, F. J. Blanco and L. Serrano, Nat. Struct. Biol.,
1996, 3, 604.

6 M. S. Searle, R. Zerella, D. H. Williams and L. C. Packman, Protein
Eng., 1996, 9, 559.

7 V. Sieber and G. R. Moe, Biochemistry, 1996, 35, 181.
8 R. L. Fahrner, T. Dieckmann, S. S. L. Harwig, R. I. Lehrer, D. Eisenberg

and J. Feigon, Chem. Biol., 1996, 3, 543.
9 E. DeAlba, F. J. Blanco, M. A. Jimenez, M. Rico and J. L. Nieto, Eur.

J. Biochem., 1995, 233, 283.
10 E. DeAlba, M. A. Jimenez and M. Rico, J. Am. Chem. Soc., 1997, 119,

175.
11 T. S. Haque and S. H. Gellman, J. Am. Chem. Soc., 1997, 119, 2303.
12 E. DeAlba, M. A. Jimenez, M. Rico and J. L. Nieto, Folding Des., 1996,

1, 133.
13 A. J. Maynard and M. S. Searle, Chem. Commun., 1997, 1297.
14 D. S. Kemp, B. R. Bowen and C. C. Muendel, J. Org. Chem., 1990, 55,

4650.
15 V. Brandmeier, W. H. B. Sauer and M. Fiegel, Helv. Chim. Acta, 1994,

77, 70.
16 C. L. Nesloney and J. W. Kelly, J. Am. Chem. Soc., 1996, 118, 5836.
17 J. S. Nowick, E. M. Smith and M. Pairish, Chem. Soc. Rev., 1996, 25,

401.
18 J. S. Nowick, D. L. Holmes, G. Mackin, G. Noronhas, A. J. Shaka and

E. Smith, J. Am. Chem. Soc., 1996, 118, 2764.
19 R. R. Gardner, G.-B. Liang and S. H. Gellman, J. Am. Chem. Soc., 1995,

117, 3280.
20 D. S. Kemp and Z. Q. Li, Tetrahedron Lett., 1995, 36, 4175.
21 P. Manavalan and F. A. Momany, Biopolymers, 1980, 19, 1943.
22 K. Rajarathnam, B. D. Sykes, C. M. Kay, B. Dewald, T. Geiser,

M. Baggiolini and I. Clark-Lewis, Science, 1994, 264, 90.
23 M. R. Ghadiri, K. Kobayashi, J. R. Granja, R. K. Chadha and

D. E. McRee, Angew. Chem., Int. Ed. Engl., 1995, 34, 93.
24 C. M. Wilmot and J. M. Thornton, J. Mol. Biol., 1988, 203, 221.
25 D. L. Minor, Jr. and P. S. Kim, Nature, 1994, 367, 660.
26 C. K. Smoth, J. M. Withka and P. S. Kim, Biochemistry, 1994, 33,

5510.
27 J. Coste, E. Frerot, P. Jouin and B. Castro, Tetrahedron Lett., 1991, 32,

1967.
28 A. Chakrabartty, T. Kortemme, S. Padmanabhan and R. L. Baldwin,

Biochemistry, 1993, 32, 5560.
29 L. A. Carpino, J. Am. Chem. Soc., 1993, 115, 4397.
30 L. A. Carpino, A. El-Faham, C. Minor and F. J. Alberico, J. Chem. Soc.,

Chem. Commun., 1994, 201.
31 L. Tistra and W. L. Mattice, Circular Dichroism and the Conforma-

tional Analysis of Biomolecules, ed. G. D. Fasman, Plenum, New York,
1996, 261.

Received in Glasgow, UK, 22nd August 1997; 7/06167F

Fig. 2 CD Spectra of the b-meander (pH 7, 5 mm phosphate, 10 mm NaCl)
at (a) 20, (b) 40 and (c) 60 °C
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