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The cis-trans isomerization of amide bonds results in large
structural and functional changes in proteins and is a rate-limiting
step in protein folding.1,2 Strategies to control the cis-trans
isomerization state are critical to answer fundamental questions in
protein folding, protein function, and macromolecular complex
formation.3 Herein we demonstrate a novel electronic strategy to
control cis-trans isomerization, based on the demonstration that
interactions between aromatic residues and proline are tunable by
aromatic electronics.

Cis amide bonds in proteins occur with the highest frequencies
in aromatic-proline residue pairs, via the aromatic-prolyl interac-
tion (Figure 1). Tyr-Pro and Trp-Pro sequences exhibit higher
populations of cis amide bonds than Phe-Pro, suggesting that the
aromatic-prolyl interaction depends on aromatic ring electronics
and thus is a potentially tunable interaction.4-6 In proteins, cis
aromatic-prolyl amide bonds are stabilized by stacking of the
aromatic ring and the proline ring, with the proline HR, Hâ, or Hδ

centered under the aromatic ring.7 In addition to the hydrophobic
effect, the aromatic-prolyl interaction has been proposed to be
stabilized by a C-H-π interaction, in which the aromatic ring
donates electron density to the relatively electron-deficient C-H
bonds.6-9 This description suggests that electron-rich aromatic
residues should stabilize this interaction and promote cis amide
bonds. In contrast, electron-deficient aromatic residues should yield
a less favorable aromatic-prolyl interaction and relatively favor
trans amide bonds.

To address whether aromatic electronics may be used to control
amide cis-trans isomerism, a series of peptides TXPN was
synthesized, where X) electron-rich, electron-neutral, or electron-
deficient aromatic residues (Figure 1).10 As a control, the peptide
containing the hydrophobically similar nonaromatic residue, cy-
clohexylalanine (Cha), was also synthesized.

All peptides containing aromatic residues favored the cis
conformation relative to the control peptides TChaPN or TAPN
(Table 1). Peptides containing electron-rich aromatic residues
relatively favored cis amide bonds, with Trp> Tyr > Phe among
canonical amino acids. In contrast, electron-deficient aromatic
residues relatively disfavored the cis conformation, with 4-NO2-
phenylalanine and protonated 4-pyridylalanine the most trans-
favoring residues. The population of cis isomer correlated with
aromatic ring electronic density: a Hammett correlation was
observed betweenKtrans/cisandσparafor 4-substituted phenylalanines
(Figure 2).11 These data are consistent with a C-H-π interaction
stabilizing the aromatic-prolyl interaction and indicate that elec-
tronics may be used to tune peptide and protein structure and
stability.12,13

To further tune cis-trans isomerism via the aromatic-prolyl
interaction, we examined replacement of proline with conforma-
tionally biased 4-substituted proline derivatives (Figure 1).14 In
peptides with electron-rich aromatic residues, replacement of proline
with 4S-fluoroproline (flp) further stabilized the cis conformation

(Table 2). In contrast, in peptides with electron-poor aromatic
residues, replacement of proline with 4R-hydroxyproline (Hyp) or
4R-fluoroproline (Flp) increasedKtrans/cis. Overall, by combining
electronic and stereoelectronic approaches, cis-trans isomerism of
aromatic-proline residue pairs was modulated by 2.0 kcal mol-1.
These results indicate that similar approaches may find broad utility
in the control of protein stability and the development of novel
inhibitors of protein-protein complexes.

The peptide TWflpN exhibited 60% cis amide bond and3JRN

for Trpcis ) 4.2 Hz, corresponding toφ ) -61°,15 a remarkable
degree of ordering in a simple tetrapeptide. These data are consistent
with the cis conformation adopting a type VIâ-turn, an important
conformation in protein-protein interfaces.6,10,16,17

In addition to restrictedφ, several additional lines of evidence
indicate that the cis conformation of TWflpN adopts a type VIa1
â-turn, which requires a cis amide bond between thei+1 andi+2
residues and defined backbone torsion angles at thei+1 (φ ) -60°,

Figure 1. The cis-trans isomerization of an aromatic-prolyl amide bond,
with the cis-stabilizing aromatic-prolyl interaction represented.Ktrans/ciswas
examined in peptides TXPN, X) aromatic residue (4-substituted phenyl-
alanines (4-Z-Phe), tryptophan, pentafluorophenylalanine, and pyridylala-
nine). Sites of electronic (Z) and stereoelectronic (R1, R2) tuning are
indicated. Nomenclature of proline derivatives: Hyp (R1 ) OH, R2 ) H);
Flp (4R-fluoroproline; R1 ) F, R2 ) H); flp (4S-fluoroproline; R1 ) H, R2

) F). RN ) Ac-Thr-; RC ) -Asn-NH2.

Table 1. Electronic Tuning of the Aromatic-Prolyl Interactiona

TXPN, X ) Ktrans/cis

∆Gtrans/cis

kcal mol-1

4-H+pyridyl-Ala 7.6 -1.19
4-pyridyl-Ala 5.7 -1.02
4-NO2-Phe 5.5 -1.00
4-CF3-Phe 4.7 -0.91
4-+NH3-Phe 4.4 -0.87
F5-Phe 4.4 -0.87
4-I-Phe 4.1 -0.83
Phe (F) 3.2 -0.68
Tyr (Y) 2.7 -0.58
4-NH2-Phe 2.1 -0.44
Trp (W) 1.8 -0.35
4-O--Phe 1.7 -0.31

Cha 8.0 -1.22
Ala (A) 10.7 -1.39

a NMR-derived data for TXPN peptides.∆G ) -RT ln Ktrans/cis.
Experiments were conducted at 23°C in H2O containing 5 mM phosphate
and 25 mM NaCl.
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ψ ) +120°) and i+2 (φ ) -90°, ψ ) 0°) residues. The flpcis HR

(3.50 ppm), Hâ (0.66, 0.59 ppm), and Hδ (2.06, 2.06 ppm) chemical
shifts are shifted substantially upfield compared to those in flptrans

(HR 4.68; Hâ 2.57, 2.47; Hδ 3.98, 3.92 ppm), as has been observed
in type VI â-turns, consistent with a strong aromatic-prolyl
interaction.5,16 In addition, a series of ROEs consistent with a type
VIa1 â-turn were observed, including a diagnostic ROE between
Trp HR and Asn HN.18 Moreover, the Trp and flp1JHRCR coupling
constants, which can be correlated withψ,19 were consistent with
near-idealφ and ψ in TWflpN.18 These data demonstrate that
TWflpN adopts an electronically stabilized type VIa1â-turn,
without introducing steric bulk on proline.20

The thermodynamic basis of stabilization of the cis conformation
by the aromatic-prolyl interaction was examined via temperature-
dependent NMR.5,14,18At 298 K, enthalpy favors the cis conforma-
tion in both TWPN (∆H ) +0.28 kcal mol-1) and TWflpN (∆H
) +2.0 kcal mol-1), in contrast to the usual enthalpic stabilization
of the trans conformation of an X-Pro bond (Ac-GP-OMe: ∆H
) -1.27 kcal mol-1).21

Interactions between aromatic rings and proline rings are
important stabilizing factors in protein structures and protein-
protein complexes.7,22The data herein indicate that the interactions
between aromatic residues and proline are driven significantly by
π-electron donor-prolyl electron acceptor interactions that provide
specific stabilization in addition to the classical hydrophobic
effect.2,5,8,10,12

We have demonstrated broad control of cis-trans isomerism via
electronic and stereoelectronic tuning of the aromatic-prolyl
interaction. Given the importance of the interactions between
aromatic and proline rings in biomolecular recognition and of cis-
trans isomerism in protein folding, the results and approaches herein
should find general application to control, probe, and understand
protein structure and function.
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Figure 2. Hammett plot correlating aromatic amino acid side chain
electronics (σpara of Z for 4-Z-phenylalanines) with the amide cis-trans
equilibrium of T(4-Z-Phe)PN peptides (F ) 0.29,R ) 0.996).

Table 2. Electronic and Stereoelectronic Tuning of Amide
cis-trans Isomerism: NMR-Derived Data at 23 °C for TXProxN
Peptides

peptide Ktrans/cis

∆Gtrans/cis

kcal mol-1

T(4-H+pyridyl-Ala)FlpN 20.1 -1.76
T(4-NO2-Phe)HypN 9.5 -1.32
TFPN 3.2 -0.68
TYflpN 1.5 -0.24
T(4-NH2-Phe)flpN 1.0 0.00
TWflpN 0.65 +0.25
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