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Interactions between the hydrogen-bonding edges of b sheets
occur widely in protein quaternary structure, protein–protein
interactions, and protein aggregation and are involved in both
healthy biological processes and in diseases ranging from
cancer and AIDS to anthrax and Alzheimer's.[1, 2] These
protein–protein interactions constitute a form of molecular
recognition that deserves more attention, both because of its
importance in biological processes and because of its funda-
mental nature. This paper asks whether interactions between
b-sheet-forming peptides can be sequence selective and finds
that patterning valine and threonine residues across the non-
hydrogen-bonded rings formed at the interface between
antiparallel b sheets can impart dramatic sequence selectiv-
ity.[3]

We had previously reported that peptides such as 1a,
which contain the amino acid Orn(iPrCO-Hao), fold into b-

sheetlike structures that dimerize through b-sheet interac-
tions in organic solvents (Scheme 1).[4] In the present study,
we chose to replace the valine and leucine residues of 1a with
threonine and valine in all possible orders: Thr–Val (1b), Val–
Thr (1c), Thr–Thr (1d), and Val–Val (1e). We selected these
residues with the expectation that Val would pair preferen-
tially with Val, and that Thr would pair preferentially with
Thr, through self-complementary noncovalent interactions
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and with the knowledge that these pairings frequently occur
in the non-hydrogen-bonded rings of antiparallel b sheets.[5]

To evaluate the sequence selectivity of molecular recog-
nition between threonine- and valine-containing b-sheet
peptides 1b–e, we measured the propensity of these peptides
to form heterodimers. Mixing solutions of (homodimeric)
peptides ArCO-Waa-Orn(iPrCO-Hao)-Phe-Ile-Xaa-NHMe
(Waa–Xaa) and ArCO-Yaa-Orn(iPrCO-Hao)-Phe-Ile-Zaa-
NHMe (Yaa–Zaa) gives an equilibrium mixture of homo-
dimers [(Waa–Xaa)2 and (Yaa–Zaa)2] and heterodimer
[(Waa–Xaa)·(Yaa–Zaa)] [Eq. (1)]. A heterodimeric equili-
brium constant KHet can be defined as [(Waa–Xaa)·(Yaa–

Zaa)]2/[(Waa–Xaa)2][(Yaa–Zaa)2]. If the equilibrium is stat-
istical, KHet = 4; if the heterodimer forms preferentially,
KHet > 4; if the homodimers are preferred, KHet < 4. The
quantity KHet/4 provides a convenient gauge of the dimeriza-
tion preference, with a value of 1.0 indicating no preference.

1H NMR spectroscopic studies readily permit the direct
measurement of KHet. Chemical exchange between the homo-
and heterodimers occurs slowly on the NMR time scale at
ambient and subambient temperatures in CDCl3 or in
[D6]DMSO/CDCl3. The hydrazide and anilide NH resonance
signals of the Orn(iPrCO-Hao) group are well dispersed and
allow the various species present to be quantified accurately.
Each homodimer presents two doublets associated with the
hydrazide NH resonance signals in the d= 11–12 ppm region
of the spectrum and a singlet near d= 10 ppm associated with
the anilide NH resonance signal; the heterodimer presents
four doublets and two singlets. Integration of these peaks
allows the determination of the ratios of the species;
deconvolution of the spectra by fitting the peaks with
Lorentzian functions provides even greater accuracy. The
spectra shown in Figure 1 and 2 are representative of these
studies.

Analysis of spectra collected in 10% [D6]DMSO in CDCl3
(Figure 1 and 2) reveals a strong preference for Thr–Val (1b)
and Val–Thr (1c) to form a heterodimer (KHet/4= 8.9) and for
Thr–Thr (1d) and Val–Val (1e) to remain as homodimers
(KHet/4= 0.083).[6] In contrast with these results, controls
involving all four other possible combinations of peptides
1b–e show little or no preferences for forming either homo-
or heterodimers (KHet/4= 0.8–1.0; Table 1). These results
confirm the hypothesis that pairing of like residues is
preferred, Thr with Thr, and Val with Val. Calculation of
free energies based on these KHet values reveals that a Thr–
Thr pair and a Val–Val pair collectively are 0.6 kcalmol�1

more stable than two Thr–Val pairs, under the conditions of
these experiments.

The [D6]DMSO cosolvent is essential for sequence
selectivity. When pure CDCl3 is used for these studies, no

Scheme 1. The b-sheet dimer of peptides 1.

Table 1: Propensities of peptides 1b–e to form heterodimers.

1b&1c 1d&1e 1b&1d 1b&1e 1c&1d 1c&1e

KHet/4 8.9 0.083 0.87 0.80 1.0 1.0

Figure 1. 1H NMR spectra of the hydrazide and anilide NH groups of
Thr–Val peptide 1b (a), Val–Thr peptide 1c (b), and a mixture of the
two peptides (c). The heterodimer predominates in the mixture. Spectra
were recorded at 500 MHz and 253 K in 10% [D6]DMSO in CDCl3 at a)
2.0 mm 1b, b) 2.0 mm 1c , and c) 2.1 mm 1b and 1.5 mm 1c.

Figure 2. 1H NMR spectra of the hydrazide and anilide NH groups of
Thr–Thr peptide 1d (a), Val–Val peptide 1e (b), and a mixture of the
two peptides (c). The homodimers predominate in the mixture. Spectra
were recorded at 500 MHz and 253 K in 10% [D6]DMSO in CDCl3 at a)
2.0 mm 1d, b) 2.0 mm 1e, and c) 1.5 mm 1d and 1.7 mm 1e.
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significant selectivity is observed. Selectivity emerges and
increases as [D6]DMSO is added. At 3.9% [D6]DMSO, for
example, KHet/4= 2.7 for Thr–Val (1b) and Val–Thr (1c) and
0.28 for Thr–Thr (1d) and Val–Val (1e).[7] The DMSO
cosolvent may effect selectivity by promoting interaction
between Val side chains (e.g., through solvophobic interac-
tions), destabilizing interactions between Val and Thr side
chains, or enhancing hydrogen-bonding interactions between
the Thr side chains. In light of the known interactions between
DMSO and water dimers, the latter explanation appears to be
most likely.[8]

1H NMR transverse-ROESY (Tr-ROESY)[9] studies
(Figure 3) corroborate that the peptides form well-defined
homo- and heterodimers. Strong NOEs between the Thr and
Val a protons in the Tr-ROESY spectra of unmixed 1b and
1c, similar to those we reported previously for peptide 1a,[4]

help establish the formation of homodimers. A strong NOE
between the two different Val a protons of the new species
formed upon mixing 1b and 1c confirms the formation of the
heterodimer.[10]

The experiments described above establish that sequence-
selective molecular recognition of b sheets may be achieved
through side chain interactions. The measurement of equili-
brium constants by these experiments is appealing, because it
provides the same information about side chain interaction
energies as a double-mutant cycle experiment, but does so
directly in a single measurement.[11,12] The peptide model
system developed here is arguably simpler and better defined
than other related model systems.[13, 14] We envision modifying
this system to generate peptides that recognize protein b

sheets in a sequence-selective fashion.
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