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Abstract

Pairs of leucine side chains, spaced eittigr3) or (i,i +4), are known to stabilize alanine-based peptide helices,
Experiments with new peptide sequences confirm tha(ithe 4) pair interaction is markedly stronger than thg+
3) pair interaction. This result is not expected from reported Monte Carlo simulations, which predict thigit-t8
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,i+3) LL interaction but underestimates tH&i+4) LL interaction. Solvation of peptide groups in the helix
backbone may contribute to the different strengths of the two LL pair interactions because differkenicine
rotamers are used and tkig + 3) pair shields two peptide groups whereas thiet+-4) 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(ithe 3) and (i,i +4) leucine pair interactions® 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction results are in conflict with Monte Carlo simulations
of non-polar side chain interactions and, if the

New experiments are presented to resolve the Older experimental result is confirmed with new
question of whether théi,i +4) or the (i,i +3) peptides, then some factor should be missing from
leucine—leucine pair interaction is stronger when the simulations. The new results confirm that the
measured in alanine-based peptide helices. The(i,i+4) LL interaction is substantially stronger
question is of interest because older experimental than the(i,i +3) LL interaction. We suggest that

peptide backbone solvation is a factor which
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affects the backbone solvation by modulating the 4) LL pair interactions, based only on buried non-

access of water to the backbone.

2. Helix stabilization by non-polar sidechain
interactions

polar surface area, assuming other factors can be
omitted, and the results are in substantial agree-
ment with the Monte Carlo simulations in indicat-
ing that the two LL pair interactions are nearly
equal in strength. The loss of side chain entropy

Leucine—leucine pairs are among the non-polar on LL pair formation is predicted to be a small

side chain interactions which contribute to the
stability of peptide heliced1] and (i,i+4) LL

effect [4]. When electrostatic calculation of sol-
vation free energies is applied to peptide helices,

pairs comprise the most frequently observed classby applying one of the standard approaches used

of pairwise side chain interactions in protein heli-
ces[2]. Without the aid of helix-stabilizing inter-
actions, only alanine — of the 20 naturally
occurring amino acids — forms a stable helix in
water [3]. Monte Carlo simulations predict with

to interpret experimental data for polar small mol-
ecules, the results indicate that the hydrogen-
bonded peptide groups in an alanine helix still
interact substantially with watelf7]. We suggest

here that modulation of this interaction by leucine

good success which pairs of non-polar side chains side chains should be a significant factor in esti-

form helix—stabilizing interaction$4]. Formation

of the interacting LL pair is assumed to be driven
by non-polar contact$4], probably by burial of
non-polar surface aregb], whereas making the
interaction is opposed by the loss of side chain
conformational entropy4]. Recently a prediction

mating the strength of a leucine-leucine pair
interaction in a helix.

3. Experimental

3.1. Peptides and CD measurements of helix

scheme based on using discrete side chain rota-unfolding

mers, rather than exhaustive search of all possible
side chain conformations, has been used with

AGADIR [6] and gives similar results for non-
polar side chain pair interactions as the Monte
Carlo simulationd4].

In the various pairwis€XY) non-polar interac-
tions which have been studied experimentally in
alanine-based peptide helices, the+4) XY inter-
action is always stronger than thg,i+3) XY
interaction[1]. The same result was found com-
putationally in most, but not all, of the pairwise
interactions studied by Monte Carlo simulations
[4]. The LL pair interaction is one of the excep-
tions: Monte Carlo simulations predict that the
(i,i+3) LL pair interaction should be somewhat
stronger than théi,i +4) pair [4]. The(i,i+4) LL
interaction occurs frequently in helices within pro-
tein structured?] but the (i,i+3) LL interaction
does not. Both this observatidg] and the strong
(i,i+4) pair interaction found in alanine-based
peptide helices[1] 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 paif$] now allows
us to predict the strengths of tiigi +3) and(i,i +

Peptide synthesis and purification were made as
described [8,9], and measurements of circular
dichroism (CD) and thermal unfolding curves of
peptide helices, as well as fitting these curves,
were also made as describe[8,9. Peptide
sequences are given in Table 1.

3.2. Data analyzes

To obtain the standard free energies of ¢the+
4) and(i,i +3) pair interactions, we use a modified
form of the Lifson—Roig theory which incorporates
pairwise helix-stabilizing interactiong10]. The
partial homopolymer approximation is used: all
lysine and alanine residues are collectively
assigned the same average helix proper($itynd
by fitting the experimental data: hergv)=1.44
at the reference temperature,°G), whereas the
known helix propensity for leucine, and also the
helix propensities of Gly and Tyr and theé-cap
propensities are taken frof8]. Because making
the (i,i+4) LL interaction requires that the;
rotamers of residues i and+é4 be trans and
gaucher, respectively, whereas thgi + 3) inter-
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action is formed with both leucine residues in the
gauchet+ rotamer, the observed interaction para-
meters need to be corrected, using the equation
given in[10], 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 in2].

4. Standard free energies of leucine pair inter-
actions 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 unfold-
ing 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
°C. 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 space@,i+5) [4] and the peptide
with the (i,i+5) LL pair is used as a control. It
can be seen in Fig. la that ti{gi +4) LL pair
interaction is roughly twice as strong as tfig +
3) interaction (before the rotamer distribution is
taken into account and this result is not depend-
ent on temperature between 0 and°80 The three
peptides in Fig. 1b, which contain peptides with
0, 4 and 5 leucine residuegand 0, 3 and 4
overlapping LL pairy were made for another
purpose, but they also show by visual inspection
that the(i,i+3) and (i,i+4) LL pairs are helix-
stabilizing, because the two peptides with LL pairs
form more stable helices than the all-alanine pep-
tide, although alanine has a substantially higher
helix propensity at 0C (1.70) than leucing(0.87)

[3].
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
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Fig. 1. Thermal unfolding curves ¢6].., (mean residue ellip-
ticity at 222 nm vs. temperaturg°C) for two sets of three
peptides each, containing singla) and multiple(b) pairs of
two interacting leucine residues spaced eitfigr-4) or (i,i +

3). Sequences are given in Table 1. The curves are measured
in aqueous solution: 0.1 M NaCl, 1 mM each of sodium phos-
phate, sodium borate and sodium citrate, pH 7.0. The solid
lines through the experimental points are fitted to the modified
Lifson—Roig theory [3,20 where the helix baseline is
(—44 000+ 2507)* (1-3/N,), whereT is °C andN, is the num-

ber of residues, and the coil baseline is 2200-§8m [9].

observed earlier by u8] but is more striking here
because the effect scales with the ratio of leucine
to alanine residues, and in the earlier stu@y
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 suc-
ceed if new peptides are made in which the ratio
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Table 1
Peptide sequences and their side chain interactions
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Peptide Sequence Side-chain interactions
1 Ac-KAAAAKALAAKALAAKGY-NH , (i,i +5) control

2 Ac-KAAAAKAALAKALAAKGY-NH (i +4)

3 Ac-KAAAAKAALAKLAAAKGY-NH (i,i+3)

4 Ac-ELAALKAKLAALKAKAGY-NH , 2(i,i+3)+(i,i+4)

5 Ac-ELAALKAKLAALKAKLGY-NH , 2(,i+3)+2(,i+4)

6 Ac-EAAAAKAKAAAAKAKAGY-NH , alanine control

of leucine to alanine is varied as widely as possible

bic interaction, as proposed originally by Kauz-

and the leucine residues are always spaced eithemann[11]. The free energy change is proportional

(i,i+5) or (i,i+2), to avoid forming leucine pair
interactions. The results for the single LL pair
peptides(Fig. 18 give the standard free energy of
forming the(i,i +4) LL pair as —2.26 +0.14 kY
mol at 0°C, whereas that of forming th&,i +3)
pair is —0.98 +0.10 kJ¥mol, before correcting

to the non-polar surface area burigtl] and the
scale factor commonly used is 25 ¢aF [13], or
10.5 kI¥nm?. The amount of non-polar buried
surface area iti,i +4) and(i,i +3) LL pair inter-
actions was determined in a 1998 analysis of 328
protein structureg5] to be 39.5 and 32.810 2

these numbers to the values expected when onlynm? for (i,i+4) and (i,i+3) pair interactions,

the correct rotamer pair is populated.

5. Prediction of (i,i+4) and (i,i+3) pair inter-
actions 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,i +4) Leu—Leu pair interactions are
formed when they, sidechain rotamers exist as
trans, gauche rotamer pairs whereasi,i+3)
Leu-Leu pair interactions are formed from
gaucher, gaucher rotamer pairs[2]. The same
survey [2] found 0.40 trans and 0.59 gauche
a, leucine rotamers in protein helices, so that the
random expectation values of trans, gauehand
gaucher, gauche- 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 frequenci¢sQ],
increases the strength of th@,i+4) LL pair
interaction to —4.8+0.3 kJ/mol and that of the
(i,i +3) pair interaction to—2.1+0.2 kJmol, so
that the corrected difference is2.7 kJ/mol.

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-

respectively. These values predict pair interaction
strengths of—4.1 and— 3.4 kJ/mol, respectively,

if the calibration factor 10.5 kthn? [13] is used
and if other possible contributing factors are omit-
ted. 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 interac-
tion. However the difference in buried non-polar
surface area between thid +4) and(i,i + 3) pairs

is only 6.7<1072 nn?, corresponding to a free
energy difference of only-0.70 k¥ mol, whereas
the experimental difference between the strengths
of the two pair interactions is—2.7 kJmol,
somewhat larger than the observed strength of the
(i,i +3) 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 heli§g]. Steric blocking
of this kind, referred to here as ‘side chain shield-
ing’, occurs in a rotamer-specific manner. The
branched side chains of Val and lle shield two
helical peptide groupéthose of residues i and-i
4), both in the trans and gauchey, rotamers,
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whereas leucine shields only one peptide group of the strength of the polar solvation of a helical
[8]. In the trans rotamer, leucine shields the peptide peptide CO group is seven times larger than the

group of residue i, whereas in the gaueheota- shielding effect of a leucine side chain, estimated
mer it shields that of residue-i4 [8]. Consequent-  above as 1.5 kimol. Consequently, the shielding
ly, the backbone solvation is different in tiigi + effect of a leucine side chain should be only

4) and (i,i +3) LL pairs: the(i,i +4) pair shields  partial; the side chain probably swings slightly to
only one helical peptide groufthat of residue ) allow access of water to the peptide CO group, at
whereas the(i,i+3) pair shields two peptide the cost of some strain energy. A steric blocking
groups(those of residues-i4 and i—1). effect of the leucine side chain, in reducing the

The size of the shielding effect for a single access of water to the peptide group, has been
leucine rotamer can be estimated from the helix inferred from hydrogen exchange rates measured
propensity difference, measured in alanine-basedin unstructured peptideld 6].
peptides, between leucifghich shields one pep-
tide grOUD and alanine(WhiCh shields nonb if 7. Conduding comment
the Leu-Ala difference in helix propensities is
attributed solely to backbone solvation. The differ-
ence in helix propensitieAla-Leu) is —1.5 kJ/
mol [3] which, if added to the stability difference
between thei,i +4) and(i,i +3) LL pairs expected
from buried surface are6.7xX10°2 nn¥ equals
—0.70 k¥mol), gives — 2.2 kJ/mol, in fair agree-
ment with the experimental value of2.7 kJ
mol.

Some unknown, or incompletely known, factors
have not been taken into account, howev@n
The difference between the contributions to the
(i,i +4) and(i,i +3) pair interactions from the loss
in side chain entropy on LL pair formatiorf2)
The contribution to helix propensity from the loss
of side chain entropy on helix formatigd4]. Its
contribution has been estimated at approximately
1/3 of the overall difference in helix propensity
measured in alanine-based peptiddk (3) Any
difference in backbone solvation caused by shield-
ing a helical peptide group with two leucine side
chains, in an(i,i +4) pair, vs. shielding with only
one leucine side chain(4) Hydrophobic side
chains, such as these LL pairs, may affect the Acknowledgments
strengths of the peptide H-bonds shielded by them.
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