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Abstract
Pairs of leucine side chains, spaced either (i,iq3) or (i,iq4), are known to stabilize alanine-based peptide helices,
Experiments with new peptide sequences confirm that the (i,iq4) pair interaction is markedly stronger than the (i,iq
3) pair interaction. This result is not expected from reported Monte Carlo simulations, which predict that the (i,iq3)
interaction is slightly stronger. The interaction strength can be predicted from recently reported measurements of
buried non-polar surface area, obtained from structures in the Protein Data Bank: the agreement is reasonable for the
(i,iq3) LL interaction but underestimates the (i,iq4) LL interaction. Solvation of peptide groups in the helix
backbone may contribute to the different strengths of the two LL pair interactions because different x1 leucine
rotamers are used and the (i,iq3) pair shields two peptide groups whereas the (i,iq4) pair shields only one. A rough
estimate of the backbone solvation effect, based on the difference between the helix propensities of leucine and
alanine, agrees with the size of the difference between the (i,iq3) and (i,iq4) leucine pair interactions. 䊚 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction
New experiments are presented to resolve the
question of whether the (i,iq4) or the (i,iq3)
leucine–leucine pair interaction is stronger when
measured in alanine-based peptide helices. The
question is of interest because older experimental
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results are in conflict with Monte Carlo simulations
of non-polar side chain interactions and, if the
older experimental result is confirmed with new
peptides, then some factor should be missing from
the simulations. The new results confirm that the
(i,iq4) LL interaction is substantially stronger
than the (i,iq3) LL interaction. We suggest that
peptide backbone solvation is a factor which
should be considered in estimating the strength of
a non-polar pair interaction, because different side
chain rotamers are used to make (i,iq4) and (i,iq
3) LL pair interactions and the choice of rotamers
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affects the backbone solvation by modulating the
access of water to the backbone.
2. Helix stabilization by non-polar sidechain
interactions
Leucine–leucine pairs are among the non-polar
side chain interactions which contribute to the
stability of peptide helices w1x and (i,iq4) LL
pairs comprise the most frequently observed class
of pairwise side chain interactions in protein helices w2x. Without the aid of helix-stabilizing interactions, only alanine — of the 20 naturally
occurring amino acids — forms a stable helix in
water w3x. Monte Carlo simulations predict with
good success which pairs of non-polar side chains
form helix–stabilizing interactions w4x. Formation
of the interacting LL pair is assumed to be driven
by non-polar contacts w4x, probably by burial of
non-polar surface area w5x, whereas making the
interaction is opposed by the loss of side chain
conformational entropy w4x. Recently a prediction
scheme based on using discrete side chain rotamers, rather than exhaustive search of all possible
side chain conformations, has been used with
AGADIR w6x and gives similar results for nonpolar side chain pair interactions as the Monte
Carlo simulations w4x.
In the various pairwise (XY) non-polar interactions which have been studied experimentally in
alanine-based peptide helices, the (i,iq4) XY interaction is always stronger than the (i,iq3) XY
interaction w1x. The same result was found computationally in most, but not all, of the pairwise
interactions studied by Monte Carlo simulations
w4x. The LL pair interaction is one of the exceptions: Monte Carlo simulations predict that the
(i,iq3) LL pair interaction should be somewhat
stronger than the (i,iq4) pair w4x. The (i,iq4) LL
interaction occurs frequently in helices within protein structures w2x but the (i,iq3) LL interaction
does not. Both this observation w2x and the strong
(i,iq4) pair interaction found in alanine-based
peptide helices w1x suggest that some factor is
missing from the Monte Carlo simulations. The
recent availability of data for non-polar surface
area buried in interacting LL pairs w5x now allows
us to predict the strengths of the (i,iq3) and (i,iq

4) LL pair interactions, based only on buried nonpolar surface area, assuming other factors can be
omitted, and the results are in substantial agreement with the Monte Carlo simulations in indicating that the two LL pair interactions are nearly
equal in strength. The loss of side chain entropy
on LL pair formation is predicted to be a small
effect w4x. When electrostatic calculation of solvation free energies is applied to peptide helices,
by applying one of the standard approaches used
to interpret experimental data for polar small molecules, the results indicate that the hydrogenbonded peptide groups in an alanine helix still
interact substantially with water w7x. We suggest
here that modulation of this interaction by leucine
side chains should be a significant factor in estimating the strength of a leucine–leucine pair
interaction in a helix.
3. Experimental
3.1. Peptides and CD measurements of helix
unfolding
Peptide synthesis and purification were made as
described w8,9x, and measurements of circular
dichroism (CD) and thermal unfolding curves of
peptide helices, as well as fitting these curves,
were also made as described w8,9x. Peptide
sequences are given in Table 1.
3.2. Data analyzes
To obtain the standard free energies of the (i,iq
4) and (i,iq3) pair interactions, we use a modified
form of the Lifson–Roig theory which incorporates
pairwise helix-stabilizing interactions w10x. The
partial homopolymer approximation is used: all
lysine and alanine residues are collectively
assigned the same average helix propensity (found
by fitting the experimental data: here NwMs1.44
at the reference temperature, 0 8C), whereas the
known helix propensity for leucine, and also the
helix propensities of Gly and Tyr and the N-cap
propensities are taken from w3x. Because making
the (i,iq4) LL interaction requires that the x1
rotamers of residues i and iq4 be trans and
gaucheq, respectively, whereas the (i,iq3) inter-
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action is formed with both leucine residues in the
gaucheq rotamer, the observed interaction parameters need to be corrected, using the equation
given in w10x, to the values they would have when
the correct rotamer pair is 100% populated. The
correction requires knowledge of the fractional
amounts of the various leucine rotamers in protein
helices, given in w2x.
4. Standard free energies of leucine pair interactions in alanine-based peptide helices
Helix formation by the six peptides studied here
has been characterized by using CD to measure
helix content and by determining thermal unfolding curves to measure stability against unfolding.
The relative helix contents of the six peptides are
compared in Fig. 1 at temperatures from 0 to 80
8C. The three peptides in Fig. 1a have single LL
pairs, identical compositions, and their sequences
(Table 1) differ only in the residue positions of
the two leucine residues. Simulations indicate that
two leucine side chains do not interact when the
residues are spaced (i,iq5) w4x and the peptide
with the (i,iq5) LL pair is used as a control. It
can be seen in Fig. 1a that the (i,iq4) LL pair
interaction is roughly twice as strong as the (i,iq
3) interaction (before the rotamer distribution is
taken into account), and this result is not dependent on temperature between 0 and 80 8C. The three
peptides in Fig. 1b, which contain peptides with
0, 4 and 5 leucine residues (and 0, 3 and 4
overlapping LL pairs) were made for another
purpose, but they also show by visual inspection
that the (i,iq3) and (i,iq4) LL pairs are helixstabilizing, because the two peptides with LL pairs
form more stable helices than the all-alanine peptide, although alanine has a substantially higher
helix propensity at 0 8C (1.70) than leucine (0.87)
w3 x .
The helices formed by the three peptides in Fig.
1b are interesting for another reason: the helix
contents of the two leucine containing peptides
decrease more slowly with increasing temperature
than that of the all-Ala peptide. This means that
the leucine containing peptides have smaller
enthalpies of helix unfolding per residue than the
all-Ala peptide. The same phenomenon was

Fig. 1. Thermal unfolding curves of wux222 (mean residue ellipticity at 222 nm) vs. temperature (8C) for two sets of three
peptides each, containing single (a) and multiple (b) pairs of
two interacting leucine residues spaced either (i,iq4) or (i,iq
3). Sequences are given in Table 1. The curves are measured
in aqueous solution: 0.1 M NaCl, 1 mM each of sodium phosphate, sodium borate and sodium citrate, pH 7.0. The solid
lines through the experimental points are fitted to the modified
Lifson–Roig theory w3,20x where the helix baseline is
(y44 000q250T)*(1–3yNr), where T is 8C and Nr is the number of residues, and the coil baseline is 2200–53T from w9x.

observed earlier by us w8x but is more striking here
because the effect scales with the ratio of leucine
to alanine residues, and in the earlier study w8x
short peptides differing only by one non-polar
residue were examined. We tried to determine the
difference in the enthalpy of helix unfolding
between alanine and leucine by fitting the data in
Fig. 1b, but the difference cannot be determined
accurately because too many parameters must be
determined in the fit. The experiment might succeed if new peptides are made in which the ratio
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Table 1
Peptide sequences and their side chain interactions
Peptide

Sequence

Side-chain interactions

1
2
3
4
5
6

Ac-KAAAAKALAAKALAAKGY-NH2
Ac-KAAAAKAALAKALAAKGY-NH2
Ac-KAAAAKAALAKLAAAKGY-NH2
Ac-ELAALKAKLAALKAKAGY-NH2
Ac-ELAALKAKLAALKAKLGY-NH2
Ac-EAAAAKAKAAAAKAKAGY-NH2

(i,iq5) control
(i,iq4)
(i,iq3)
2(i,iq3)q(i,iq4)
2(i,iq3)q2(i,iq4)
alanine control

of leucine to alanine is varied as widely as possible
and the leucine residues are always spaced either
(i,iq5) or (i,iq2), to avoid forming leucine pair
interactions. The results for the single LL pair
peptides (Fig. 1a) give the standard free energy of
forming the (i,iq4) LL pair as y2.26 "0.14 kJy
mol at 0 8C, whereas that of forming the (i,iq3)
pair is y0.98 "0.10 kJymol, before correcting
these numbers to the values expected when only
the correct rotamer pair is populated.
5. Prediction of (i,iH4) and (i,iH3) pair interactions from data on buried surface area
It is necessary first to take account of the fact
that pairwise side chain interactions in helices are
formed by specific rotamer pairs. A 1994 survey
of 167 protein structures containing 802 helices
found that (i,iq4) Leu–Leu pair interactions are
formed when the x1 sidechain rotamers exist as
trans, gaucheq rotamer pairs whereas (i,iq3)
Leu-Leu pair interactions are formed from
gaucheq, gaucheq rotamer pairs w2x. The same
survey w2x found 0.40 trans and 0.59 gaucheq
a1 leucine rotamers in protein helices, so that the
random expectation values of trans, gaucheq and
gaucheq, gaucheq rotamer pairs are 0.24 and
0.35, respectively. Correction of the measured
interaction strengths, by an equation which takes
account of the rotamer pair frequencies w10x,
increases the strength of the (i,iq4) LL pair
interaction to y4.8"0.3 kJymol and that of the
(i,iq3) pair interaction to y2.1"0.2 kJymol, so
that the corrected difference is y2.7 kJymol.
A major energetic factor in the formation of a
leucine side chain pair in a helix should be burial
of non-polar surface area, caused by the hydropho-

bic interaction, as proposed originally by Kauzmann w11x. The free energy change is proportional
to the non-polar surface area buried w12x and the
˚ 2 w13x, or
scale factor commonly used is 25 calyA
2
10.5 kJynm . The amount of non-polar buried
surface area in (i,iq4) and (i,iq3) LL pair interactions was determined in a 1998 analysis of 328
protein structures w5x to be 39.5 and 32.8=10y2
nm2 for (i,iq4) and (i,iq3) pair interactions,
respectively. These values predict pair interaction
strengths of y4.1 and y3.4 kJymol, respectively,
if the calibration factor 10.5 kJynm2 w13x is used
and if other possible contributing factors are omitted. The predicted values are reasonably close to
the observed values, considering the uncertainty
arising from the choice of a reference state for the
two leucine side chains when there is no interaction. However the difference in buried non-polar
surface area between the (i,iq4) and (i,iq3) pairs
is only 6.7=10y2 nm2, corresponding to a free
energy difference of only y0.70 kJymol, whereas
the experimental difference between the strengths
of the two pair interactions is y2.7 kJymol,
somewhat larger than the observed strength of the
(i,iq3) interaction.
6. Effect of solvation of the peptide group in
the helix backbone
Helix modeling shows that non-polar side chains
larger than Ala tend to block the access of water
to peptide groups in the helix w8x. Steric blocking
of this kind, referred to here as ‘side chain shielding’, occurs in a rotamer-specific manner. The bbranched side chains of Val and Ile shield two
helical peptide groups (those of residues i and iy
4), both in the trans and gaucheq x1 rotamers,
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whereas leucine shields only one peptide group
w8x. In the trans rotamer, leucine shields the peptide
group of residue i, whereas in the gaucheq rotamer it shields that of residue iy4 w8x. Consequently, the backbone solvation is different in the (i,iq
4) and (i,iq3) LL pairs: the (i,iq4) pair shields
only one helical peptide group (that of residue i)
whereas the (i,iq3) pair shields two peptide
groups (those of residues iy4 and iy1).
The size of the shielding effect for a single
leucine rotamer can be estimated from the helix
propensity difference, measured in alanine-based
peptides, between leucine (which shields one peptide group) and alanine (which shields none), if
the Leu-Ala difference in helix propensities is
attributed solely to backbone solvation. The difference in helix propensities (Ala-Leu) is y1.5 kJy
mol w3x which, if added to the stability difference
between the (i,iq4) and (i,iq3) LL pairs expected
from buried surface area (6.7=10y2 nm2 equals
y0.70 kJymol), gives y2.2 kJymol, in fair agreement with the experimental value of y2.7 kJy
mol.
Some unknown, or incompletely known, factors
have not been taken into account, however. (1)
The difference between the contributions to the
(i,iq4) and (i,iq3) pair interactions from the loss
in side chain entropy on LL pair formation. (2)
The contribution to helix propensity from the loss
of side chain entropy on helix formation w14x. Its
contribution has been estimated at approximately
1y3 of the overall difference in helix propensity
measured in alanine-based peptides w3x. (3) Any
difference in backbone solvation caused by shielding a helical peptide group with two leucine side
chains, in an (i,iq4) pair, vs. shielding with only
one leucine side chain. (4) Hydrophobic side
chains, such as these LL pairs, may affect the
strengths of the peptide H-bonds shielded by them.
The average peptide H-bond length in protein
helices is different in solvent-exposed and solventshielded segments w15x.
The strength of the interaction with water of the
peptide group in an alanine helix, arising from the
peptide dipoles, has been estimated from an electrostatic model to be y10.5 kJ ymol, of which y
8.4 kJymol is associated with the CO group and
y2.1 kJymol with the NH group w7x. This estimate
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of the strength of the polar solvation of a helical
peptide CO group is seven times larger than the
shielding effect of a leucine side chain, estimated
above as 1.5 kJymol. Consequently, the shielding
effect of a leucine side chain should be only
partial; the side chain probably swings slightly to
allow access of water to the peptide CO group, at
the cost of some strain energy. A steric blocking
effect of the leucine side chain, in reducing the
access of water to the peptide group, has been
inferred from hydrogen exchange rates measured
in unstructured peptides w16x.
7. Concluding comment
These results for (i,iq4) and (i,iq3) leucine
pair interactions suggest that backbone solvation
is significant even here, where it is not expected.
The underlying reason for the pervasive influence
of backbone solvation is the remarkable strength
of the interaction between water and the peptide
group, first observed by Wolfenden in 1978 w17x,
who found that the overall solvation free energy
of N-methylacetamide is y42.3 kJymol. This large
value of the solvation free energy reflects chiefly
the enthalpic interaction of the amide with water
w7x. Electrostatic calculations indicate that water
still interacts substantially (y10.5 kJymol) with
the peptide group in an alanine helix after the
peptide H-bond has been formed w7x, compare
w18x. This interaction, especially strong between
water and the CO group w7x, should be important
in stabilizing molten globule folding intermediates
w7x and in determining the helix propensities of
non-polar amino acids w5,7,8,19x.
Acknowledgments
P.L. was a Fellow of the Arthritis Foundation.
This work was supported in part by NIH Grant
GM 19988. We thank Franc Avbelj, George Rose
and John Schellman for discussion.
References
w1x S. Padmanabhan, R.L. Baldwin, Tests for helix-stabilizing interactions between various non-polar side chains

108

w2 x
w3 x

w4 x

w5 x

w6 x

w7 x

w8 x

w9 x

w10x

P. Luo, R.L. Baldwin / Biophysical Chemistry 96 (2002) 103–108
in alanine-based peptides, Protein Sci. 3 (1994)
1992–1997.
T.M. Klingler, D.L. Brutlag, Discovering structural correlations in a-helices, Protein Sci. 3 (1994) 1847–1857.
C.A. Rohl, A. Chakrabartty, R.L. Baldwin, Helix propagation and N-cap propensities of the amino acids
measured in alanine-based peptides in 40 volume percent trifluoroethanol, Protein Sci. 5 (1996) 2623–2637.
T.P. Creamer, G.D. Rose, Interactions between hydrophobic side chains within helices, Protein Sci. 4 (1995)
1305–1314.
F. Avbelj, L. Fele, Role of main chain electrostatics,
hydrophobic effect and side chain conformational entropy in determining the secondary structure of proteins,
J. Mol. Biol. 279 (1998) 665–684.
S. Fisinger, L. Serrano, E. Lacroix, Computational
estimation of specific side chain interaction energies in
a-helices, Protein Sci. 10 (2001) 809–818.
F. Avbelj, P. Luo, R.L. Baldwin, Energetics of the
interaction between water and the helical peptide group
and its role in determining helix propensities, Proc. Natl.
Acad. Sci. USA 97 (2000) 10786–10791.
P. Luo, R.L. Baldwin, Interaction between water and
polar groups of the helix backbone: an important determinant of helix propensities, Proc. Natl. Acad. Sci. USA
96 (1999) 4930–4935.
P. Luo, R.L. Baldwin, Mechanism of helix induction by
trifluoroethanol: a framework for extrapolating the
helix-forming properties of peptides from trifluoroethanolywater mixtures back to water, Biochemistry 36
(1997) 8413–8421.
B.J. Stapley, C.A. Rohl, A.J. Doig, Addition of side
chain interactions to modified Lifson–Roig helix-coil

w11x
w12x
w13x

w14x

w15x
w16x

w17x

w18x

w19x

w20x

theory: application to energetics of phenylalanine–
methionine interactions, Protein Sci. 4 (1995)
2383–2391.
W. Kauzmann, Factors in interpretation of protein denaturation, Adv. Protein Chem. 14 (1959) 1–63.
C. Chothia, Hydrophobic bonding and accessible surface
area in proteins, Nature 248 (1974) 338–339.
F.M. Richards, Areas, volumes, packing and protein
structure, Ann. Rev. Biophys. Bioeng. 6 (1977)
151–176.
T.P. Creamer, G.D. Rose, Helix-forming propensities in
peptides and proteins, Proteins: Struct. Funct. Genet. 19
(1994) 85–97.
D.J. Barlow, J.M. Thornton, Helix geometry in proteins,
J. Mol. Biol. 201 (1988) 601–619.
Y. Bai, J.S. Milne, L. Mayne, S.W. Englander, Primary
structure effects on peptide group hydrogen exchange,
Proteins: Struct. Funct. Genet. 17 (1993) 75–86.
R. Wolfenden, Interaction of the peptide bond with
solvent water: a vapor phase analysis, Biochemistry 17
(1978) 201–204.
N. Ben-Tal, D. Sitkoff, I.A. Topol, A.-S. Yang, S.K.
Burt, B. Honig, Free energy of amide hydrogen bond
formation in vacuum, in water, and in liquid alkane
solution, J. Phys. Chem. B 101 (1997) 450–457.
F. Avbelj, Amino acid conformational preferences and
solvation of polar backbone atoms in peptides and
proteins, J. Mol. Biol. 333 (2000) 1335–1359.
A.J. Doig, A. Chakrabartty, T.M. Klingler, R.L. Baldwin,
Determination of free energies of N-capping in a-helices
by modification of the Lifson–Roig helix-coil theory to
include N- and C-capping, Biochemistry 33 (1994)
3396–3403.

