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R-Helices are stabilized by the helix-forming tendencies of
constituent amino acids,1 capping interactions at the amino and
carboxyl termini,2 solvent environment,3 and side chain interactions.4-8

Interaction energies, in particular, have been measured for salt
bridge,4 aromatic-basic,5 hydrogen bond,6 and hydrophobic7,8

interactions.
In proteins, side chains interact within a complex network of

multiple noncovalent bonds, which may reinforce or weaken each
other. The simplest system to investigate these effects is to study
triplets of side chains. This has previously been studied as salt
bridge interactions inR-helical peptides. A triplet of charged
RER residues spacedi, i + 4 or i, i + 3 stabilizesR-helical peptides
by more than the additive contribution of two single salt bridges.9

Other triplets have also been studied, for example, EFR and EFE,6f,10

although they do not show significant effects on peptide stability.
Here, we investigate the coupling effect of pairwise interactions.

The coupling is stabilizing when the free energy of the pairs present
simultaneously is greater than the sum of the individual pairs.
Conversely, when the free energy of the simultaneous pairs is less
than the sum of the individual parts, the interaction is destabilizing.

We have previously measured the∆G of the interaction between
Arg and Phe spacedi, i + 4 in isolatedR-helix peptides. The∆G
of the Arg-Phe interaction is-0.1 kcal/mol.5b The ∆G between
Phe and Met interaction in ani, i + 4 spacing has also been
measured.8 In this study, we look at the effects of these interactions
on helix stability when present simultaneously via the shared Phe
in i, i + 4, i + 8 spacing. Thei, i + 3 interactions in a helix are
generally weaker, so a coupling effect ini, i + 4, i + 7 or i, i +
3, i + 7 interactions would not be so clear.

Table 1 shows that in both the RF and FM pairs, Phe tends to
be in thet conformation. The preference for the trans rotamer for
Phe in helices and in all proteins are 67 and 34%, respectively.11

This suggests that the two pairs incorporated in a RFM triplet could
be stabilizing. The Phe residue in the middle of the triplet will be
locked into thet conformation. RF and FM interactions will,
therefore, not both have to pay the entropic cost of restricting the
Phe tot. The stabilizing free energy resulting from the RFM triplet
formation may, therefore, be greater than the sum of the individual
RF and FM energies. The preference of Metø1 g+ in the FM pair
(0.81) is higher than that in the individual Metø1 g+ in helices
(0.69).11 The high flexibility of theø3 rotamer (S-C bond) of Met12

may also favor binding. This PDB-derived rotamer analysis,
however, is based on the assumption that the rotamer distributions
determined in the presence of tertiary contacts in proteins are
applicable to peptides.

A series of alanine-based peptides was designed to allow the
quantitative evaluation of the role of RFM triplets on helix stability
(Table 2). Peptides were monomeric throughout the concentration
range studied, as shown by the invariance of CD molar ellipticity
with concentration.

A helicity prediction of the control R5F5M peptide using thew
values (the helix interior preferences) of Rohl1b gives a predicted
helicity about 6% higher than the experimental result. Allw values
of residues in the sequence were then corrected by a factor of 0.967.
The discrepancy might be due to the fact that Scint2 does not take
into account a possible destabilizing effect of Lys with the helix
dipole at the N-terminus.1j Helicity disagreements in all peptides
could also be due to changes in the ratio ofR to 310 conformations
that might affect CD-derived helicity.

Helicity predictions of a series of homologous peptides with Ala
replacing Phe show only a small difference for all sequences
(50-53% helicity). Helix-coil theory takes account of the effect
of moving the Arg and the Met when calculating the side chain
interaction free energies.

In R5F4M and R4F5M, the theoretical and experimental he-
licities are somewhat different. The previousp value used to cal-
culate the helicity of the FM interaction8a was obtained from the
peptides: Ac-YGFAKAMAAKAAAAKAA-NH 2, Ac-YGAAKAA F-
AKA MAAKAA-NH 2, and Ac-YGAAKAAAAKAA FAKA M-NH2.

Table 1. ø1 Rotamer Populations of RF and FM i, i + 4 Pairs in
R-Helices

ø1 rotamer populationsa

residue g+ t g-

total found in
R-helices

Arg in Arg-Phe 0.46( 0.06b 0.44( 0.06 0.10( 0.04 71
Phe in Arg-Phe 0.34( 0.06 0.65( 0.06 0.01( 0.01 71
Phe in Phe-Met 0.16( 0.04 0.81( 0.05 0.03( 0.02 69
Met in Phe-Met 0.81( 0.05 0.19( 0.05 0 69

a Data from domain search of 1135 nonredundant proteins containing
4778 helices in ASTRAL database (SCOP 1.63 Sequence Resources).
Rotamer definitions:-120° < ø1 < 0° ) g+; 0° < ø1 < 120°, ) g-;
-120° < ø1 < 240° ) t. b Errors were calculated asσpi ) [pi*(1 - pi)/
Ni]1/2, wherepi is the rotamer populations andNi is the total number of
pairs in helices.

Table 2. Peptides Used to Study Coupling in RFM Triplet

peptide sequence
predicted
helicitya

predicted
helicityb

exp
helicityc

Ac-AAK RAAAA FAAAA MKGY-NH2 30% 24% 24%
Ac-AAKA RAAA FAAAA MKGY-NH2 33% 27% 32%
Ac-AAK RAAAA FAAA MAKGY-NH2 47% 40% 36%
Ac-AAKA RAAA FAAA MAKGY-NH2 50% 44% 63%

a Predicted using the Scint2 program. Values used for side chaini, i +
4 interactions (p values) for RF and FM were 1.25b and 4.08a, respectively.
Other values ofn, V, w, andc were taken from ref 1b.b Helicity calculated
as in 1, but withw values multiplied by 0.967.c Ellipticities θ were measured
with a Jasco J810 CD spectropolarimeter at 222 nm, 273 K in 5 mM
Na/phosphate containing 10 mM NaCl, pH 7.4. CD data (in mdeg) were
converted to [θ]222 ) θ/(molar concentration× 17 residues× 10) (in
deg‚cm2‚dmol-1). Helix content was calculated as [θ]222(observed)/[θ]222(max).
[θ]222(max) is given by-40 000× (1 - 2.5/N), whereN is the number of
residues. Alternate equations or other proposed parameters give a small
(∼1%) uncertainty in helical content.
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There may be additionali, i + 3 side chain interactions between
Met and Lys residues in these peptides. This would give an
overestimate of thep value of the FM interaction.

A sequence of Ac-AAAKARAAA FARAAA FAKAGY-NH 2

was used to calculate the previousp value for the RF interaction.
The peptide contains two RF pairs. It is not clear why the value is
lower than that found in this study.

We, therefore, refitted thep value for RF and FM interactions.
The p values for each pair were fitted by varying them until the
calculated helix contents agreed with experiment. Refittingp values
for RF and FM gives values of 1.70 and 2.94, respectively,
equivalent to-0.29 and-0.59 kcal/mol.

The predicted helicity for R4F4M is 44% using the refittedp
values, which is much lower than the experimental result of 63%.
This large difference proves qualitatively that there is a large
stabilizing effect as a result of pairwise coupling in the R4F4M
triplet. To get the predicted helicity to agree with experiment, the
p value of each pair was then increased by a multiplication factor
(mf) of 1.99. This increases the statistical weight of all helical
residues from Arg to Met simultaneously by (mf)2. The p values
for RF and FM in the R4F4M peptide become 3.38 and 5.85,
respectively, equivalent to-0.96 and-0.66 kcal/mol.

∆G for pairwise coupling was calculated as-RT ln(1.992) )
-0.75 kcal/mol (-0.60 to -0.91 kcal/mol), reflecting a strong
stabilizing effect in the R4F4M triplet. The energy is nearly as much
as the additive energy of the individual pairs. The error inp was
calculated by repeating the fitting procedure using experimental
helicities increased or decreased by 3% to account for the
experimental error in the measurement of helicity. Alternative
parameter sets are available that would give different values, though
the qualitative conclusions would not change.

We suggest that stabilizing pairwise coupling is a result of the
R4F4M peptide only needing to pay the cost of restricting the Phe
residue into at conformation once in the triplet, rather than twice
when the interactions are separate. The conformational entropy cost
of restricting a residue into a helix is given by-R‚Σpi(ln pi), where
pi values are the populations of the threeø1 side chain rotamers.
From our dataset, we found that these are 0.38, 0.60, and 0.02 for
theg+, t, andg- rotamers, respectively, for the Phe residue, giving
-T∆S of 0.4 kcal/mol. Conformational entropy can thus account
for over one-half of the free energy of pairwise coupling. The
remainder (∼0.35 kcal/mol) may be strain energy. This is the cost
of giving Phe nonoptimal bond angles, dihedral angles, and bond
lengths when forming its noncovalent interactions. Rotamer andø
strain is of similar magnitude to conformational entropy in opposing
protein folding.13 Loss of conformational entropy inø2 of Phe may
also contribute to the coupling free energy.

We searched crystal structures from the PDB for RFM triplets
in helices, finding seven examples. Only structures obtained with
the X-ray crystallography method of 2.5 Å resolution or better with

less than 50% homology were considered. The Phe residue is in
theø1 t conformation in all seven structures. Structural analysis of
the RFM triplet indicates that the dominant interaction is hydro-
phobic for both pairs (Figure 1). Adoption of the Phet rotamer in
helices seems to be essential for forming the Arg and Met
simultaneously, most likely through hydrophobic interactions with
the face of the planar ring.

The shared rotamer preference effect that rationalizes our results
is known to be a general property of proteins, giving cooperativity
in folding and increasing protein stability. We have quantified this
in a simple system. Any bond which restricts a side chain into a
conformation that is favorable for forming additional interactions
will show this effect. The effect is substantial, as fixing just a single
side chain into its preferred conformation is here worth 0.75
kcal/mol.
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Figure 1. Example of a helical RFM triplet in 1lw3.
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