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Abstract: The influence of natural and unnatural i, i + 4 aromatic side chain-side chain interactions on
R-helix stability was determined in Ala-Lys host peptides by circular dichroism (CD). All interactions
investigated provided some stability to the helix; however, phenylalanine-phenylalanine (F-F) and
phenylalanine-pentafluorophenylalanine (F-f5F) interactions resulted in the greatest enhancement in
helicity, doubling the helical content over i, i + 5 control peptides at internal positions. Quantification of
these interactions using AGADIR multistate helix-coil algorithm revealed that the F-F and F-f5F interaction
energies are equivalent at internal positions in the sequence (∆GF-F ) ∆GF-f5F ) -0.27 kcal/mol), despite
the differences in their expected geometries. As the strength of a face-to-face stacked phenyl-
pentafluorophenyl interaction should surpass an edge-to-face or offset-stacked phenyl-phenyl interaction,
we believe this result reflects the inability of the side chains in F-f5F to attain a fully stacked geometry
within the context of an R-helix. Positioning the interactions at the C-terminus led to much stronger
interactions (∆GF-F ) -0.8 kcal/mol; ∆GF-f5F ) -0.55 kcal/mol) likely because of favorable ø1 rotameric
preferences for aromatic residues at C-capping regions of R-helices, suggesting that aromatic side chain-
side chain interactions are an effective R-helix C-capping method.

Introduction

The ability of specific side chain-side chain interactions to
stabilize R-helical structure has been appreciated for several
years. In particular, side chain-side chain interactions involving
fundamental interactions such as hydrogen bonding, electrostat-
ics, and hydrophobic packing have been shown to significantly
enhanceR-helicity in monomeric peptides.1-8 Burley and Petsko
were the first to suggest aromatic-aromatic interactions as an
additional noncovalent interaction involved in protein structure
stability.9 Their statistical analysis of the aromatic side chains
in the X-ray structures of 34 proteins revealed stabilizing
interactions between-1 and-2 kcal/mol with dihedral angles
often approaching 90°. In addition, the prevalence of aromatic
interactions was high, occurring in 60% of all aromatic side
chains in the protein data set. More recently, Serrano and co-
workers determined the energy contribution ofi, i + 4 Tyr-
Tyr and Phe-Phe interactions at a solvent-exposed face of an
R-helix in Barnase.10 Using a double-mutant cycle, they

determined that Tyr-Tyr and Phe-Phe interactions contribute
an equivalent-1.3 kcal/mol to the stability of the protein, albeit
in the presence of other side chain-side chain interactions with
Tyr or Phe.

As of yet, the source of attraction between aromatics is not
well understood. Much effort has gone into determining the
dominant force controlling the interaction. Experimental and
theoretical studies indicate that the strength of aromatic-
aromatic interactions may be tuned through hydrophobic11-13

and van der Waals forces,14,15 as well as electrostatics.16-18

The hydrophobic and van der Waals components of the
interaction lead to stronger interactions between aromatic
systems with more hydrophobic orπ surface area in water, while
the electrostatic component is proposed to give rise to a
geometric preference to the interaction. Hunter and Sanders have
rationalized the geometries of aromatic-aromatic interactions
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through a model that relies upon the quadrupole moment of
benzene which arises from the positively chargedσ-framework
between two regions ofπ-electron density on the faces of the
ring.16 As a result of the quadrupole, a face-to-face stacking
arrangement for a benzene-benzene interaction is repulsive,
whereas edge-to-face or offset-stacked interactions are favored
(Figure 1). The strong face-to-face stacking interaction of
benzene and hexafluorobenzene, which has been exploited to
control recognition in supramolecular systems,19 may be ex-
plained by a reversal of the quadrupole moment of hexafluo-
robenzene because of the electron-withdrawing fluorine sub-
stituents, allowing a net electrostatic attraction between the
π-faces to occur. Gas phase theoretical estimates for the
benzene-hexafluorobenzene interaction predict a stabilization
energy of 3.7 kcal/mol at 3.6 Å separation.20

Although aromatic-aromatic interactions are now recognized
as a significant contributor to native protein structure,21 there
has not been a quantitative experimental evaluation of these
side chain-side chain interactions in modelR-helical peptides,
free from potential interference from tertiary contacts. Several
groups have used Ala-Lys or Ala-Gln host sequences to identify
helix stabilizing side chain-side chain interactions.22 Most
relevant to this study, Phe-His+ and Trp-His+ aromatic-
amino interactions23 and aromatic interactions between pairs of
unnaturalε-(3,5-dinitrobenzoyl)Lys residues24 have been shown
to significantly promoteR-helical structure as determined by
circular dichroism (CD). However, the quantification of side
chain interactions in monomeric peptide helices is complicated
because of the multistate nature of the helix-coil transition.
Accurate quantification of side chain interactions requires the
use of helix-coil transition models, such as AGADIR25 and
modified Lifson-Roig26 theories, equipped to account for
energy contributions from side chain-side chain interactions.
Typical side chain-side chain interaction energies are in the
range of-0.2 to-1 kcal/mol, where applications of helix-coil

theories are reported.1-6,8,27 In the present work, the ability of
natural and unnaturali, i + 4 aromatic interactions to stabilize
an Ala-Lys basedR-helix were measured by CD, and the
interactions were quantified using the most recent version of
the program AGADIR.

We have investigated four Phe-X side chain-side chain
interactions, where Phe is paired with itself (F-F), homophen-
ylalanine (F-hF), biphenylalanine (F-bF), or pentafluorophen-
ylalanine (F-f5F) (Figure 2) in ani, i + 4 arrangement, initially
at internal positions of anR-helix. The use of unnatural side
chains has allowed us to probe the influence of side chain length
and flexibility (F-hF), π-surface area (F-bF), and electronics
(F-f5F) on the strength of the aromatic side chain-side chain
interaction. The present investigation not only provides further
evidence for the involvement of aromatic interactions in protein
structure stability, but also, with the use of unnatural aromatic
side chains, investigates some of the structural factors that
influence the strength of aromatic interactions within the context
of anR-helix. In addition, the position dependence of aromatic
interactions is investigated by moving the F-F and F-f5F
interactions to the C-terminus. Rotamer preferences for aromatic
side chains inR-helices indicate that aromatic interactions will
be limited at internal positions of the helix.28 A study on the
position dependence of a Phe-His+ interaction inR-helical
peptides has suggested that the interaction is strongest at the
C-terminus where the optimal rotamer orientations for the
interacting side chains is most feasible.25e Our results provide
further evidence for this effect.

Experimental Procedures

Peptide Synthesis and Purification.Peptides were synthesized by
automated solid-phase peptide synthesis on an Applied Biosystems
Pioneer Peptide Synthesizer using Fmoc protected amino acids on a
PEG-PAL-PS resin. Unnatural amino acids (homophenylalanine, bi-
phenylalanine, and pentafluorophenylalanine) were purchased from
Synthetech, Inc. The amino acid residues were activated for coupling
with HBTU (O-benzotriazole-N,N,N′,N′,-tetramethyluronium hexafluo-
rophosphate) and HOBT (N-hydroxybenzotriazole) in the presence of
DIPEA (diisopropylethylamine). Deprotections were carried out in 2%
DBU (1,8-diazabicyclo[5.4.0]undec-7-ene), 2% piperidine in DMF
(N,N-dimethyl formamide) for approximately 10 min. Standard coupling
cycles were used for the first 9-12 couplings (45 min) and extended
coupling cycles (1 h, 15 min) were used to complete the sequence.
The N-terminus was acetylated with 5% acetic anhydride, 6% 2,6-
lutidine in DMF for 30 min. Cleavage of the peptide from the resin
was performed in 95:2.5:2.5 Trifluoroacetic acid (TFA):Triisopropyl-
silane (TIPS):water for 3-4 h. TFA was evaporated and cleavage
products were dissolved in ether. The water-soluble peptides were
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Figure 1. Geometries of aromatic interactions (a) edge-face; (b) offset-
stacked; (c) face-to-face stacked.

Figure 2. Structures of unnatural L aromatic amino acids. Abbreviations:
hF ) homophenylalanine,bF ) biphenylalanine,f5F ) pentafluorophenyl-
alanine.

A R T I C L E S Butterfield et al.

9752 J. AM. CHEM. SOC. 9 VOL. 124, NO. 33, 2002



extracted with water and lyophilized. Peptides were purified by reversed
phase HPLC, using a Vydac C-18 column and a gradient of 0 to 60%
B in 50 min, where solvent A was 95:5 water:acetonitrile, 0.1% TFA
and solvent B was 95:5 acetonitrile:water, 0.1% TFA. The identity of
each peptide was confirmed by MALDI mass spectrometry.

Determination of EbF,275. The extinction coefficient ofbF at 275
nm was determined by UV/Vis spectroscopy from tripeptide K-bF-
K-NH2 in 10 mM sodium phosphate, 100 mM sodium chloride, pH
7.5 buffer. (ε275 ) 11 200 M-1cm-1).

CD Measurements.Stock solutions of the purified peptides were
prepared by dissolving in 10 mM sodium phosphate, 100 mM sodium
chloride, pH 7.5 buffer. The concentration of each peptide was then
determined in 5 M guanidinium hydrochloride using the absorbance
of the tyrosine residue at 275 nm (ε ) 1450 M-1cm-1).29 Concentrations
of peptides containing biphenylalanine were determined using both
tyrosine and biphenylalanine side chain absorbances at 275 nm (εbF,275

) 11200 M-1cm-1). Pentafluorophenylalanine does not absorb at 275
nm and thus does not interfere with concentration measurements.
Peptides were diluted with buffer to give a known final concentration
in the range of 70-120 µM. Three samples were prepared for each
peptide to enable an error determination for fraction helicities caused
by errors in the concentration measurements. CD spectra were acquired
on an Aviv 60DS spectropolarimeter and scans were taken from 250
to 190 nm at 0-1 °C. Helical contents were determined for three
samples of each peptide from the mean residue ellipticity at 222 nm,
[θ]222,obs, and were calculated according to fraction helix (fH) ) ([θ]222,obs

- [θ]222,0)/([θ]222,100- [θ]222,0). Values used for 0% and 100% helicity,
[θ]222,0and [θ]222,100, were+640 deg cm2/dmol and-40000(1-2.5/n),
respectively, wheren is the number of residue units.6,8

Concentration Dependence Studies.Concentration dependence
studies were carried out for the peptides to determine their aggregation
state. Solutions of the peptide in buffer were prepared at several
concentrations between 5 and 600µM. [θ]222 was determined for each
solution by CD, and no change with concentration was observed,
indicating that the peptides are monomeric.

Determination of Interaction Energies.Analysis of the free-energy
contribution of the side chain-side chain interactions was determined
using the most recent version of the program AGADIR.25 The AGADIR
helix-coil transition model uses two basic parameters to describe helix
nucleation and propagation. Helix propensities are expressed byhn )
exp-(∆Gintri/RT) where∆Gintri is the intrinsic helix forming free energy
for a specified residue. The mean residue enthalpic contribution for
R-helix formation ishe ) exp-(∆GHbond/RT), where∆GHbond is an
energy term for the formation of an intramolecular hydrogen bond.
Helix-coil cooperativity is modeled by assuming each residue either
nucleating or elongating the helix is associated with a parameterhn,
and only those elongating the helix (all residues but those forming the
first turn) hold an additional parameterhe. AGADIR also accounts for
any stabilizing side chain interactions that may be present within the
host sequence. To determine the free energy of a specified side chain-
side chain interaction, the helicity of the sequence is predicted by
AGADIR, initially setting the desired side chain-side chain interaction
energy to zero. If any additional helix stability is experimentally
observed in the sequence, that stability is attributed to the side chain
interaction energy. The side chain-side chain interaction energy is then
varied until the predicted AGADIR helicity for thei, i + 4 peptide
matches the experimental values. As a control, the helicities of thei,i
+ 5 peptides were also determined by AGADIR and shown to
correspond with the experimentally determined helicities.

Results and Discussion

Peptide Design.The peptide sequences used for investigating
aromatic interactions are shown in Figure 3. Each peptide has

the general host sequence (AAKAA)n,29 where the high helix
propensity of alanine supplies the peptides with a tendency to
form a helix, and thei, i + 5 spaced Lys residues allow for
water solubility and prevent peptide aggregation. Thei, i + 4
spaced F-F, F-hF, and F-bF interactions were investigated
in the host sequenceF7X11. The i, i + 4 F-f5F interaction
was studied in a longer host sequenceF12X16 because of the
helix-breaking character of thef5F residue. The corresponding
i, i + 5 control peptides were also synthesized for each
interaction studied in which the aromatic side chains are located
on opposite sides of the helix, preventing an interaction. The
C-terminali, i + 4 F-F and F-f5F interactions were investi-
gated in host sequencecF13X17. PeptideA7X11 was used to
determine the helix propensities for the unnatural amino acids.
All peptide sequences displayed characteristicR-helical CD
spectra, with minima near 208 and 222 nm. CD concentration
dependence studies between 5 and 600µM indicate that these
peptides are monomeric.

Determination of Intrinsic Helix Propensities for the
Unnatural Amino Acids. To quantify the side chain-side chain
interactions by AGADIR, the helix propensities of the unnatural
amino acids were determined. This allowed for the separation
of differences in helix stability arising from intrinsic structural
properties of the individual side chains from those resulting from
side chain-side chain interactions. With the exception off5F,
the helix propensities of the unnatural amino acids were
determined from the change in helicity resulting from an Ala
to X substitution in peptideA7X11 (Figure 3d), where X is the
unnatural residue. This change was fit by AGADIR theory to
give a helix propensity (∆Gintri) reported in kcal/mol (Table 1).
Because the helicity ofA7f5F11 was below 15%, the helix
propensity forf5F was determined directly from thei, i + 5
control peptide,F11f5F16. The helix propensities were converted
to their corresponding Zimm-Braggs-values for comparison.
The s-values in Table 1 correlate well with previously deter-
mined helix propensities for aromatic residues.29 The order of
helix propensities for the aromatic residues isf5F < bF < F <
hF, with f5F being the most helix-breaking residue. This ordering
is reasonable as bulky, branched side chains typically have lower
helix propensities.22 These helix propensities were shown to
accurately predict the helicities of thei, i + 5 control peptides
by AGADIR.

(29) (a) Chakrabarty, A.; Kortemme, T.; Baldwin, R. L.Protein Sci. 1994, 3,
843-852. (b) Padmanabhan, S.; York, E. J.; Stewart, J. M.; Baldwin, R.
L. J. Mol. Biol. 1996, 257, 726-734.

Figure 3. Peptide sequences used to study aromatic side chain interactions.
(a) 19-residue sequences with Phe-X interactions at an internal position.
(b) The 24-residue sequences for the investigation of the F-f5F interaction
at an internal position. (c) The 18-residue sequence with a C-terminali, i
+ 4 aromatic interaction. (d) Sequence used to determine helix propensities.
Abbreviations: A) alanine, F) phenylalanine, G) glycine, Y) tyrosine,
K ) lysine, hF ) homophenylalanine,bF ) biphenylalanine,f5F )
pentafluorophenylalanine, Ac) acetyl.
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Aromatic Interactions at Internal Positions in the r-Helix.
All of the i, i + 4 peptides incorporating aromatic interactions
at internal positions showed higher helical contents than their
respectivei, i + 5 controls by CD (Table 2).30 In particular, the
i, i + 4 F-F and F-f5F peptides were twice as helical as their
corresponding controls, suggesting that aromatic side chain-
side chain interactions have a significant influence on the
stability of R-helix structure (Figure 4).

The side chain-side chain interaction energies were deter-
mined by fitting the experimental helicities with the AGADIR
helix-coil transition algorithm (Table 2). The results demonstrate
that the i, i + 4 F-F and F-f5F interactions are equally
stabilizing, which is surprising since the preferred geometries
of the two aromatic pairs differ greatly. Two phenyl rings form
favorable interactions in both the offset-stacked and edge-to-
face geometries, whereas a phenyl-pentafluorophenyl interac-
tion prefers the fully stacked conformation to maximize the
nearly equal and opposite quadrupole-quadrupole interaction
(Figure 1).16,20 Molecular modeling has suggested that thei, i
+ 4 F-F interaction can access both offset-stacked and edge-
to-face geometries but not the face-to-face geometry (data not
shown). We expect that the F-f5F interaction shows no
enhanced stabilization over the F-F interaction because of an
inability to access the ideal fully stacked geometry in theR-helix.
On the basis of an electrostatic model, Phe andf5F are expected

to interact in a repulsive manner in the edge-face geometry,
and there is some experimental evidence for this in model
systems.31 However, pentafluorophenyl amides have been
observed to interact with phenylamides in the offset-stacked
geometry in the solid state, suggesting that this is likely the
orientation of the rings in this system that gives rise to helix
stabilization.31

Although bothF7hF11 and F7bF11 are also more helical
than theiri, i + 5 controls, the F-hF and F-bF interactions
provide less stability to the helix than the F-F and F-f5F
interactions. The F-hF interaction may experience a greater
entropic cost to confine the residues in the optimal geometry
for an interaction. The larger surface area ofbF may actually
disfavor an aromatic side chain-side chain interaction by
favoring a rotamer that allows the biphenyl to pack against the
helix backbone.

Aromatic Interactions at the C-terminus of the r-Helix.
Previous work on a Phe-His+ interaction inR-helical peptides
has indicated a position dependence for the strength of the
interaction. It has been suggested that the optimal geometry of
an i, i + 4 Phe-His+ interaction within anR-helix requires
that the Phe side chain adopts the trans rotamer (ø1 ) 180°)
and thei + 4 His+ side chain adopts the gauche+ rotamer (ø1

) -60°).25e This combination orients the side chains toward
one another in an edge-to-face conformation, where the edge
NH or CH of His+ ring is directed to the face of the phenyl
ring. This geometry has been observed in the crystal structure

(30) Since the N-terminal YGG residues likely do not contribute to the helix,
F7 is at the fourth position in the helix. However, hydrophobic residues in
this position have been shown to behave equivalently to an internal position.
See (a) Petukhov, M.; Munoz, V.; Yumoto, N.; Yoshikawa, S.; Serrano,
L. J. Mol. Biol. 1998, 278, 279-289. (b) Penel, S.; Hughes, E.; Doig, A.
J. J. Mol. Biol. 1999, 287, 127-143.

(31) Adams, H.; Blanco, J. L. J.; Chessari, G.; Hunter, C. A.; Low, C. M. R.;
Sanderson, J. M.; Vinter, J. G.Chem. Eur. J. 2001, 7, 3494-3503.

Table 1. Helix Propensities for Unnatural Aromatic Amino Acidsa

X [θ]222
b (deg‚cm2/dmol) fHc AGADIR ∆Gintri (kcal/mol) Zimm−Bragg s-valued

A -18900 .55
hF -15900 .47 0.96 .87
bF -10400 .31 1.41 .38
f5F -11100 .32 1.49 .33
F -11000 .33 1.38 .40

a The helix propensities were determined fromA7 X11 with the exception
of f5F, which was determined fromF11X16. b In 10 mM sodium phosphate,
100 mM sodium chloride, pH 7.5 buffer at 0-1 °C. c Helical contents were
calculated according tofH ) ([θ]222 - [θ]222,0)/([θ]222,100- [θ]222,0) where
[θ]222,0 and [θ]222,100 represent [θ]222 for 0 and 100% helical contents,
respectively. [θ]222,0 ) +640 deg‚cm2/dmol and [θ]222,100) -40000(1-
2.5/n) deg‚cm2/dmol wheren is the number of residue units. The error in
helical contents is(3% (see Experimental Section for error determination).
d The relationship between AGADIR∆Gintri and Zimm-Braggs-values is
s ) exp-[(∆Gintri + ∆GHbond)/RT] where∆GHbond is -0.882 kcal/mol in
AGADIR for this series of peptides.25d

Table 2. Circular Dichroism Data, Fractional Helicities, and ∆G’s
for i, i + 4 Interactions

peptide spacing [θ]222
a deg‚cm2/dmol fH ∆Gc kcal/mol

F7F11 i, i + 4 -6800 .21 -0.27
F6F11 i, i + 5 -3400 .11
F7hF11 i, i + 4 -13500 .40 -0.18
F6hF11 i, i + 5 -9700 .29
F7bF11b i, i + 4 -6700 .21 -0.10
F6bF11b i, i + 5 -5700 .18
F12f5F16 i, i + 4 -20500 .58 -0.27
F11f5F16 i, i + 5 -11100 .32
cF13F17 i, i + 4 -9400 .29 -0.80
cF13f5F17 i, i + 4 -5800 .19 -0.55

a The conditions are the same as in Table 1.b The concentration of
peptides containingbF were calculated by accounting for thebF absorbance
at 275 nm (ε275,bF ) 11 200 M-1 cm-1). c In AGADIR, there is a favorable
i, i + 3 Phe-Lys interaction when Phe is N-terminal.25a

Figure 4. Overlaid circular dichroism spectra of peptides. (a)F7F11
(squares) andF6F11(diamonds) and (b)F12f5F16 (squares) andF11f5F16
(diamonds) in 10 mM phosphate buffer, 100 mM sodium chloride, pH 7.5
at 0-1 °C. Peptide concentrations were 70-120µM as determined by Tyr
absorbance at 275 nm.
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of the C-terminal Phe-His+ interaction in Ribonuclease A.23a

However, the preferred rotamer orientation for aromatic residues
is trans in R-helical regions of proteins28a and approaches
gauche+ at C-terminal and C-capping regions ofR-helices.28b

Lacroix et al. have found that the Phe-His+ interaction reported
by Baldwin and co-workers23ais three times stronger when His+

is located at position C1 or Ccap, where it can attain its optimal
rotamer orientation for interaction with Phe.25e Recently, there
has been some debate over whether this effect is truly due to
rotamer preferences, or if it is simply the result of the greater
accessibility of the His+ residue to solvent at the C-terminus.32

A more solvent-exposed His+ residue is more likely to be
protonated, thus strengthening the Phe-His+ aromatic-amino
interaction. We expected that if the result reported by Lacroix
et al. was due to rotamer preferences and not solvation effects,
we would see a similar increase in strength for a C-terminal
F-F interaction. Thus, we investigated the helix-stabilizing
properties of i, i + 4 F-F and F-f5F interactions at the
C-terminus (Figure 3c).

Positioning the F-F interaction at the C-terminus incF13F17
does indeed raise the interaction energy by a factor of 3,
indicating that preferred rotamer populations significantly limit
the energetic contribution of aromatic interactions at internal
positions of R-helices (Table 2).33 This result also strongly
suggests that thei, i + 4 F-F interaction, like the Phe-His+

interaction in Ribonuclease A, interacts via an edge-to-face
geometry. In contrast, the F-f5F interaction increased by a factor
of 2 at the C-terminus in peptidecF13f5F17. This may be the
result of different rotamer population distributions for thef5F
side chain. It is also likely that the F-f5F interaction requires a
different rotamer geometry than the F-F interaction.31 In any
case, the fact that any stabilization results from the F-f5F
interaction is surprising since it appears that a fully stacked
interaction cannot be accessed within the context of anR-helix.
It is possible that the F-f5F interaction provides stability simply
because of an increased hydrophobic interaction, as a pentafluo-
rophenyl ring is more hydrophobic than a phenyl ring.34

Comparison to Previous Studies.Our results demonstrate
that the naturally occurringi, i + 4 F-F interaction is the most
effective aromatic side chain interaction for promotingR-helical
structure in this study. We have shown that the F-F interaction
can contribute as much as-0.8 kcal/mol to the stability of an
R-helix. Experimental free energies for other side chain-side
chain interactions are reported in Table 3 for comparison. The
C-terminal F-F interaction is comparable in energy to Phe-
Met5,6 and Leu-Tyr8 hydrophobic interactions and a Trp-His+

amino-aromatic interaction.23b The F-F interaction appears to
slightly surpass the energies of a Gln-Asn hydrogen bond1 and
the strongest salt bridges reported by Scholtz et al. (entries 6
and 7) in 0.01 M sodium chloride.4 Interestingly, the F-F
interaction is significantly more stabilizing than the C-terminal
Phe-His+ interaction as well as the cation-π (Trp-Arg+) and
anion-π (Glu--Phe) interactions recently reported by Kallen-
bach et al.27 The fact that the C-terminal F-F interaction is
more stabilizing at the solvent-exposed face of anR-helix than
these related nonclassical noncovalent interactions is likely the
result of the lower desolvation penalty for aromatic-aromatic
interactions. Although there is expected to be a larger electro-
static component for anion-π and cation-π interactions, there
is also a greater tendency for the charged side chains to be
solvated by water.

Conclusions

We have presented the first quantitative experimental inves-
tigation of the fundamental role of aromatic interactions in
monomericR-helical structure. Our results have shown that a
F-F interaction can stabilize anR-helix, but the strength is
largely influenced by the rotamer populations of the interacting
side chains, resulting in a much stronger interaction at the
C-terminus than at the center of anR-helix. These results, along
with those obtained from earlier studies on the Phe-His+

interaction, indicate that aromatic interactions may present a
generalR-helix C-capping method involving side chain-side
chain interactions, where the C-terminal aromatic side chain
has the proper rotameric freedom to engage in a stabilizing
interaction with anotheri-4 aromatic side chain.35 Even at an
internal position, however, we have found that an aromatic
interaction can have a dramatic effect on the extent of folding,
increasing overall helicity by a factor of 2 relative toi, i + 5
spaced controls in peptidesF7F11 andF12f5F16. We expect
that these results will allow a deeper understanding of aromatic
interactions as an additional force that influences helix formation
in water and will be applicable to the field of de novo protein
design.
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Table 3. Experimental Energies for Side Chain Interactions in
R-Helices

entry interaction (N to C) ∆G kcal/mol algorithm reference

1 Leu-Tyr -1.0 Lifson-Roig 8
2 Phe-Met -0.65 AGADIR 5
3 Phe-Met -0.75 Lifson-Roig 6
4 Trp-His+ -0.8 AGADIR 23b
5 Gln-Asn -0.4 to-0.7 Lifson-Roig 1
6 Lys+-Asp -0.58 Lifson-Roig 4
7 His+-Glu -0.65 Lifson-Roig 4
8 aPhe-His+ -0.4 AGADIR 25e
9 Trp-Arg+ -0.4 Zimm Bragg 27a

10 Glu--Phe -0.55 Zimm Bragg 27b

a Interaction energy is correct when His+ is at position C1 or Ccap.
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