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Abstract

The assumption that the intrinsica-helical propensities of the amino acids are position independent was critical in
several helix0coil transition theories. In the first paper of these series, we reported that this is not the case for Gly and
nonpolar aliphatic amino acids~Val, Leu, Met, and Ile!. Here we have analyzed the helical intrinsic propensities of
noncharged polar residues~Ser, Thr, Asn, and Gln! at different positions of a model polyalanine-based peptide. We found
that Thr is more favorable~by ;0.3 kcal0mol! at positions N1 and N2 than in the helix center, although for Ser, Asn,
and Gln the differences are smaller~60.2 kcal0mol!, and in many cases within the experimental error. There is a
reasonable agreement~60.2 kcal0mol! between the calculated free energies, using the ECEPP02 force field equipped
with a hydration potential, and the experimental data, except at position N1.
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The a-helix is one of the most frequent types of secondary struc-
ture elements in proteins and probably the best characterized ex-
perimentally~Chakrabartty & Baldwin, 1995; Muñoz & Serrano,
1995b!. One of the main contributors to the free energy ina-helices
are the so-called helix secondary structure propensities. The in-
trinsic secondary-structure propensities are defined as the free en-
ergy cost required to fix an amino acid in helical angles, excluding
the main-chain–main-chain hydrogen contribution, side-chain–side-
chain interactions, and electrostatic interactions with the helix ma-
crodipole~Muñoz & Serrano, 1995a!. Differences in helix-forming
propensities of natural amino acids have been interpreted in terms
of configurational entropy~Creamer & Rose, 1994; Lee et al.,
1994!, hydrophobic effects~Blaber et al., 1993!, and electrostatic
interactions~Avbelj & Moult, 1995!.

The assumption of position independence ofa-helix propensi-
ties was critical for the development of statistical mechanical helix-
coil transition models published since the 1950s. However, the
positions in the firsta-helix turn are not geometrically equivalent
to the rest of the helix. Amino acid side chains at the first helix turn
are more solvent exposed; they have a fewer number of intramolec-
ular Van der Waals’ contacts and, due to absence steric clashes with

the previous helix turn, they posses higher configurational entropy
than that in a central position of ana-helix. In the first paper of
these series, we reported that thea-helix propensity is indeed
different for Gly, and some other nonpolar amino acids at each
position of the first helix turn and in the middle of aa-helix
~Petukhov et al., 1998!. The effect was found to have a complex
nature and varies in magnitude and sign for different amino acids.

To study the significance of the positional effect for short polar
amino acids, we have synthesized four series of 16 residue Ala-
based peptides. These peptides have been substituted with Ser, Thr,
Asn, and Gln at N-terminal positions N-cap to N4 and at the
central position Nc ~which corresponds to position N7 of the es-
tablished nomenclature! ~Richardson & Richardson, 1988!. The
host peptide was taken to be the same as in our previous paper
~Petukhov et al., 1998!. This peptide showed no aggregation com-
plications and allows measuring~without the influence of side-
chain–side-chain interactions! the helical propensities of the amino
acids in the first four and in the central positions of thea-helix.
The peptides were analyzed by far-ultraviolet~UV ! circular di-
chroism~CD!, and the results interpreted in free energy terms by
using the helix0coil transition theory~AGADIR1s; Muñoz & Ser-
rano, 1997!, with some modifications~AGADIR1s-2; Lacroix
et al., 1998!. To explain the observed differences in free energy, we
estimated the average free energy of unfolded and folded states
using molecular mechanics calculations.
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Throughout the paper we will follow Richardson and Richard-
son’s ~1988! nomenclature for indicating the amino acid position
in an a-helix:

Ncap N11 N12 N13 N14 . . . . Nc . . . . C14 C13 C12 C11 Ccap

Rc H H H H . . . . H . . . . H H H H Rc

where Rc is a nonhelical residue and H is a helical residue.

Results and discussion

The CD measurements

In this work we used the same 16 residues host peptide:

1 2 3 4 5 6 7

Fr0Ac-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Arg-Ala-Ala-Ala-Arg-Gly-Gly-Tyr-Am

as in the first paper of these series~Petukhov et al., 1998!. The
N-termini were free~Fr! or acetylated~Ac!, and the C-termini
were amidated~Am!. C-terminal Tyr, separated by a Gly, has been
used for accurate measurements of peptide concentration and to

diminish the aromatic contribution~Chakrabartty et al., 1993!.
There are also two Arg at the C-terminal half of the peptide to
favor peptide solubility.

This time we are focused on the intrinsic propensities of short
polar guest residues~Ser, Thr, Asn, and Gln! in the conformational
context of a right-handeda-helix. The amino acid exchanges were
made at N-terminal positions 1 to 4 and at position 7 of the tem-
plate sequence. The structure of the host sequence and the posi-
tions selected for mutations are designed to safely measure the
amino acids helical propensities without complications from charge-
end effects and side-chain–side-chain interactions. CD measure-
ment of the peptide series with free N-termini at pH 10 having
different residues at position 1 allows determination of the N-cap
propensities of the corresponding amino acid. The acetylated pep-
tides can be used for determination of the amino acids intrinsic
helical propensities at different helix positions~see Materials and
methods!.

Figure 1 shows the CD spectra obtained for the series of syn-
thetic peptides substituted with Ser, Thr, Asn, and Gln at the po-
sitions indicated above. Table 1 summarizes the results of the
experiments, the peptide sequences, and the estimated experimen-
tal helical content~Chen et al., 1974! for all the peptides analyzed

Fig. 1. CD spectra of the series of peptides used in this study. The indexes of the peptides are indicated in the figure panels. The
sequences, mean residue ellipticities, and estimations of helical content are given in Table 1. Other experimental conditions are given
in Materials and methods.
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in this work. There is an excellent correlation between the con-
centration independent parameter R1~this value is obtained by
dividing the ellipticity at 193 nm by the ellipticity minimum in the
range 200 to 210 nm; Bruch et al., 1991! and the helical content
determined from the ellipticity at 222 nm~data not shown!. This
indicates that errors in the measurements of peptide concentration
are minor.

Determination of the amino acid helical propensities
using AGADIR1s-2

In peptide helices there is not a singlea-helix in equilibrium with
the coil state, but a broad ensemble of helical conformations with
different lengths and involving different residues of the sequence.
Therefore, the experimental helical contents can only be inter-
preted in energy terms of intrinsic helical propensities by fitting the
far-UV CD data for the different peptides to a statistical mechan-
ical model of the helix0coil transition~see Materials and methods!.

First of all, N-capping propensities of Ser, Thr, Asn, and Gln
were varied so as to reproduce the experimental numbers of the
corresponding N-terminus unprotected peptides~final values:20.6,
20.5,20.65, and10.5 kcal0mol, respectively!. These values are
in the same order as found by Doig and Baldwin~1995!: Asn .

Ser. Thr . Gln. Comparison of the N-cap values published by
Baldwin’s group; those found in proteins and our values shows that
all are in the same range of free energies. Moreover, they are
almost identical to the values obtained in AGADIR1s-2 after fitting
several hundreds of peptides. The differences found in some cases
with other systems could be due to context effects of the particular
system used. For example, fitting the peptides described by~Doig
& Baldwin, 1995! with AGADIR1s-2 results in the N-cap values
reported in this paper except for Asn, which is more favorable in
Doigs’ series. Matthews and co-workers~Bell et al., 1992! indi-
cated that Asn is more favorable than Ser or Thr at the N-cap only
when certain dihedral angles for the first helical turn are found. In
the case of Doig and Baldwin, there is a Lys at position N2, and
this can change the conformation of the first helical turn and,
therefore, the preference for Asn at N-cap.

Table 2 shows the results of fitting AGADIR1s-2 set of energy
parameters to the CD experimental helical contents as described in
Materials and methods. In the majority of the cases, the differences
in helical propensities between the central position and the rest is
within the experimental error. The main exception is Thr, where
the intrinsic helical propensities are found to have a significant
position dependence~up to20.3 kcal0mol increase at position N1
and N2!, compared with the center of thea-helix.

Table 1. Sequences and results of CD measurements of the helical contents for
the series of synthetic peptides used in this studya

Peptide Sequence
2@u#222

~deg{cm20dmol!
Helical content

~%!

fs NH2-SAAAAAAARAAARGGY-NH2 10,7206 350 32.86 1.0
s1 Ac-SAAAAAAARAAARGGY-NH2 12,7006 400 38.36 1.2
s2 Ac-ASAAAAAARAAARGGY-NH2 10,8806 350 32.86 1.0
s3 Ac-AASAAAAARAAARGGY-NH2 9,6106 300 29.06 1.0
s4 Ac-AAASAAAARAAARGGY-NH2 8,7606 300 26.46 1.0
s7 Ac-AAAAAASARAAARGGY-NH2 8,4906 300 25.66 1.0

ft NH2-TAAAAAAARAAARGGY-NH2 9,400 6 300 28.76 1.0
t1 Ac-TAAAAAAARAAARGGY-NH2 13,230 6 400 39.96 1.2
t2 Ac-ATAAAAAARAAARGGY-NH2 10,750 6 350 32.46 1.0
t3 Ac-AATAAAAARAAARGGY-NH2 9,290 6 300 28.06 1.0
t4 Ac-AAATAAAARAAARGGY-NH2 7,870 6 250 23.76 1.0
t7 Ac-AAAAAATARAAARGGY-NH2 6,610 6 200 19.96 1.0

fn NH2-NAAAAAAARAAARGGY-NH2 11,700 6 350 35.76 1.0
n1 Ac-NAAAAAAARAAARGGY-NH2 13,210 6 400 39.86 1.2
n2 Ac-ANAAAAAARAAARGGY-NH2 10,930 6 350 33.06 1.0
n3 Ac-AANAAAAARAAARGGY-NH2 9,550 6 300 28.86 1.0
n4 Ac-AAANAAAARAAARGGY-NH2 8,340 6 300 25.26 1.0
n7 Ac-AAAAAANARAAARGGY-NH2 8,560 6 300 25.86 1.0

fq NH2-QAAAAAAARAAARGGY-NH2 4,500 6 200 13.76 1.0
q1 Ac-QAAAAAAARAAARGGY-NH2 11,7306 350 35.46 1.0
q2 Ac-AQAAAAAARAAARGGY-NH2 10,8106 350 32.66 1.0
q3 Ac-AAQAAAAARAAARGGY-NH2 11,8006 350 35.66 1.1
q4 Ac-AAAQAAAARAAARGGY-NH2 10,7006 350 32.36 1.0
q7 Ac-AAAAAAQARAAARGGY-NH2 9,690 6 300 29.26 1.0

aFar-UV CD spectra of the peptides were obtained at pH 10~FX series!, or pH 7 for the rest of the peptides, in 5 mM sodium
phosphate buffer at 58C. Peptide concentrations were 10mM. The percentage ofa-helix was calculated with the empirical equation
2100*~u222039,500~1–2.570n!!! ~Chen et al., 1974!; wheren is a number of peptide bonds, andu222 is an experimentally observed
ellipticity of peptide at 222 nm. The error estimates inu222 and in corresponding helical content are based on approximately 3% errors
in peptide concentration measurements.
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The energy contributions to the position dependence

We performed molecular mechanics calculations to elucidate the
physical reasons behind the observed position dependence of he-
lical propensities of these four short polar amino acids. Prelimi-
nary calculations showed very high~up to 2.0 kcal0mol! differences
in the intrinsic propensities for Asn and Gln at different positions.
A closer inspection of these results indicated that these artifacts are
solely associated with a slightly greater exposition of the Asn and
Gln side-chain carbonyl carbons at the firsta-helix turn. These
changes in ASA are as small as 4–5 Å2, which is even less than the
surface area required for one water molecule to make an H-bond
in a water–protein interface. The anomalous high value~0.427
kcal0mol0Å2! of carbonyl carbon solvation~Ooi et al., 1987! can
result in large changes in the amino acid helical propensities, when
the change in ASA is small. Therefore, we replaced the solvation
potential with another one also derived from the experimental data
of vapor-to-water transitions of small organic compounds~Wesson
& Eisenberg, 1992!. It is worth noting that atomic solvation pa-
rameters of these two models are close to each other except for the
carbonyl carbon. Because we have changed the solvation potential,
we have performed the same calculations for Gly, Val, Ile, Leu,

and Met, and compared them with the ones previously reported
~Petukhov et al., 1998!. The results of the calculations are very
similar to the old ones~Petukhov et al., 1998! as expected from the
absence of a carbonyl carbon in the side chains of these residues
~data not shown!.

To perform our calculations, we used the same model polyala-
nine helix ~Petukhov et al., 1998! as described in Materials and
methods with acetylated N- and amidated C-termini. Table 2 shows
the free-energy contributions, from nonbonded interactions, solva-
tion, and configurational entropy, to the intrinsic helical propensi-
ties of the amino acids at different positions in helix.

The value ofDEECEPPpresents the weighted average change of
nonbonded interactions between folded and unfolded states. Due to
a fewer number of Van der Waals’ contacts, the nonbonded inter-
actions between amino acids with a side chain anda-helices are
generally less favorable in the fist helix turn than in the center of
a helix. This effect is partly compensated by the unfolded state of
the peptide molecule that has the same chemical structure and
where the terminal residues have less number of Van der Waals’
contacts as well. The opposite is true for the solvation and entropic
energy terms. The side chains of short polar residues are more
solvent exposed at the N-terminal positions than in the helix center

Table 2. Free-energy contributions to the intrinsic helical propensities of short polar amino acids
at central and four N-terminal positions of a nine-residuea-helix modela

AA 0position
DEECEPP

~kcal0mol!
DEHydr

~kcal0mol!
2T*DS

~kcal0mol!

DDGtheor

relative to Nc~N15!
~kcal0mol!

DDGexp

relative to Nc~N7!
~kcal0mol!

DDGexp

relative to Ala
~kcal0mol!

Ser0N1 218.12 21.19 0.588 20.706 20.10 0.45
Ser0N2 217.36 21.27 0.403 20.051 0.00 0.55
Ser0N3 217.63 21.48 0.549 0.036 0.10 0.65
Ser0N4 217.60 21.38 0.592 0.009 0.15 0.70
Ser0Nc 217.65 21.37 0.644 0.000 0.00 0.55

Thr0N1 217.96 21.53 0.279 20.942 20.33 0.50
Thr0N2 217.55 21.56 0.227 20.553 20.33 0.50
Thr0N3 218.37 22.48 0.408 20.272 20.18 0.65
Thr0N4 218.43 22.86 0.335 20.025 20.10 0.73
Thr0Nc 218.51 22.94 0.360 0.000 0.00 0.83

Asn0N1 218.11 21.38 0.371 20.483 0.00 0.60
Asn0N2 217.31 21.32 0.151 0.037 0.10 0.70
Asn0N3 217.74 21.45 0.443 0.029 0.10 0.70
Asn0N4 217.71 21.50 0.517 0.183 0.20 0.80
Asn0Nc 217.82 21.43 0.514 0.000 0.00 0.60

Gln0N1 218.54 21.05 0.903 20.492 20.10 0.32
Gln0N2 218.09 21.11 0.696 20.189 20.12 0.30
Gln0N3 218.55 21.48 0.860 20.115 20.17 0.25
Gln0N4 218.43 21.41 0.918 20.007 20.09 0.33
Gln0Nc 218.40 21.36 0.945 0.000 0.00 0.42

aThe average values ofEECEPPandEHydr were calculated separately for folded and unfolded states using Boltzmann factor for all
possible conformers of a particular guest amino acid, as described in Materials and methods. Values ofDEECEPP and DEHydr were
calculated as the differences between folded and unfolded states. Configurational entropySwas calculated using classical Boltzmann
formula S5 2RSPi ln~Pi!, whereR is a gas constant andPi are the probabilities of the conformational states, which in turn were
calculated from the canonical Boltzmann–Gibbs distribution.

bThe changes of intrinsic helical propensities between the central and several N-terminal positions were obtained by fitting
AGADIR1s set of energy parameters~Muñoz & Serrano, 1995a, 1997! to CD measurements of helical content of the Ala-based
peptides listed in the Table 1. The errors inDGexp for positions N2 to N4 and N7 is around 0.1 kcal0mol, while at position N1 it is
around 0.2 kcal0mol. The error in the estimations was obtained by determining the intrinsic contribution that will give a helical content
3% higher than the experimental one. The difference between the intrinsic contribution obtained by reproducing the experimental value
and that described above is the error in the energy estimation.
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~depending on the amino acids, between 0.1 to 1.0 kcal0mol of
additional helix stabilization!. The configurational entropy of side
chains is higher at the N-terminal positions due to the absence of
steric restrictions associated with the previous helix turn. This also
contributes favorably to free energy of polar residues at the
N-terminal positions. Thus, there is an accurate balance of differ-
ent nature forces that determinates helical propensities of amino
acid residues at a given position inside thea-helix.

Values ofDDGtheor shows the changes of intrinsic helical pro-
pensities relative to the central helix position as calculated with
molecular mechanics~Table 2!. These data can be directly com-
pared with experimental values determined from CD spectra using
AGADIR1s-2. The differences between the theoretical and the
experimental propensities are within60.2 kcal0mol, and the sign
and magnitude of the energy changes are predicted well, except for
position N11 of an a-helix. Considering all the simplifications
and approximations that had to be taken in molecular mechanics
calculation, an accuracy of60.2 kcal0mol for all positions, except
N11, should be considered as reasonably good. The correlation
between the experimental and the theoretical values ofDDG, with-
out position N11, for polar and apolar amino acids is quite high
~R 5 0.904, data not shown!.

In general, the theoretical calculations tend to predict that
short polar residues are more favorable at position N11 of a-helices
than is found experimentally~Table 2!. The most significant dif-
ferences with the helical propensities of a central residue~Nc! are
found for Thr at the N-terminal positions. The qualitative trend
is correctly predicted, although the magnitude of the effect is
overestimated.

Although there are small energy differences~;0.1 kcal0mol!,
positions Nc, N14, and N13 generally show similar properties of
nonbonded interactions, solvation, and entropy losses. Residues at
position N12 have significantly~0.2–0.4 kcal0mol! lower loss of
configurational entropy, because they are less conformationally
restricted. This in agreement with relatively less favorable non-
bonded interactions and significantly more favorable solvent ex-
position of the amino acid side chains at position N12 than at
positions Nc, N14, and N13 ~Table 2!. Similar trends are ob-
served for the non-polar amino acids, expect that the sign of the
solvation term was opposite~Petukhov et al., 1998!.

The unique environment of position N11 ~it has an acetyl group
preceding it, while all other residues are preceded by another amino
acid! can explain the relatively poor correlation between theoret-
ical predictions and experimental data for substitutions at this po-
sition of the helix. The average conformational behavior in the
denatured state of the polypeptide chain at position N11 can be
different from that at other positions. In addition, the possible
formation of non-a-helical conformations, such as 310-helices that
are quite probable at the end of helices, could explain the behavior
of the N11 position. In fact, NMR measurements of hydrogen0
deuterium-exchange data for the first three amide protons of sim-
ilar acetylated 16 residues Ala-based peptides indicate partial
protection for the NH group of Ala3. This is in agreement with the
presence of ani r i 1 3 hydrogen bond between the carbonyl
group of the acetyl blocking group and the NH group of Ala3
~Millhauser et al., 1997!. The formation of 310-helices in the mid-
dle of Ala-based peptide helices has been reported to be less prob-
able than at the N-terminus of these peptides. This supports the idea
that the errors in the prediction could be due to a different confor-
mational behavior of a guest residue at this position in the folded
and unfolded states, more than to the parameter set of model.

Statistical survey of the protein database

The amino acid propensities derived from the statistical analysis of
representative set protein crystal structures were found to correlate,
at least for some amino acids, with the helical propensities mea-
sured by CD~Muñoz & Serrano, 1994; Swindells et al., 1995;
Petukhov et al., 1998!. Therefore, we expected to find some cor-
relation between the experimental positional helical propensities
and the relative preferences of short polar amino acids to occupy
N-terminal and central positions of protein helices. Given the rather
weak position dependence of helical propensities found for the
majority of the amino acids used in this study and the presence of
side-chain–side-chain and tertiary interactions, it would be diffi-
cult to expect a good correlation in all cases. However, for those
positions where significant changes of the intrinsic helical propen-
sities were observed, we can expect some correlation with amino
acid frequencies derived form protein database.

The correlation coefficients calculated for the amino acid pro-
pensities of Table 2 and those obtained from the protein database
are as expected not high~R; 0.5, data not shown!. However, there
is a reasonable qualitative correlation. In the majority of cases, the
sign of the effect is predicted correctly. Position N14 is similar, or
less favorable, when compared to central helix positions. Position
N13 is more favorable for all amino acids, except Asn. The sig-
nificant preference of Gln at position N13 in protein helices is
known to be due to Capping Box reciprocal hydrogen bonds be-
tween the side chain of residue N13 and the main-chain amide
group of the N-cap residue, and between the side chain of the
N-cap residue and the main-chain amide group of residue N13.
However, in our peptides, Ala cannot provide the side-chain–main-
chain hydrogen bond as a good N-cap residue~Asn, Asp, Ser, and
Thr! does. Moreover, in the case of Gln at position 3 of our pep-
tide, there is no backbone amide at the N-cap position~the acetyl
group!. Therefore, there is only a minor~0.1 kcal0mol! increase of
Gln intrinsic propensity at position N13 in our theoretical calcu-
lations, in agreement with the experimental data.

Recent statistical analysis of first N-terminal turn of the protein
a-helices also revealed a strong positional dependence of both the
amino acid and the side-chain rotamer propensities at the first free
N-terminal positions~N11, N12, and N13! of ana-helix ~Penel
et al., 1999!. Particularly, Ser was found to have a strong prefer-
ence for positions N11, N12, and N13. Thr and Gln are most
favorable only at position N13 of proteina-helices. Asn showed
no significant preference for the firsta-helix turn. This is in rea-
sonable quality agreement with our results.

Conclusions

We have experimentally analyzed the intrinsic helical propensity
of several noncharged polar amino acids at the first helix turn and
at central positions of ana-helix. Our results show minor differ-
ences~60.2 kcal0mol! for Ser, Asn, and Gln amino acida-helical
propensities at N-terminal positions and central positions. Thr, on
the other hand, is significantly more favorable in the firsta-helical
turn than in the center of the helix. The calculations based on an
ECEPP02 force field equipped with hydration potential indicate
that the position effect can be rationalized in terms of three factors
that make the first turn different from the center:~a! greater solvent
exposure of the side chains,~b! less number of intramolecular
nonbonded contacts, and~c! higher configurational entropy.

Therefore, it is expected that the position dependence of the
intrinsic helical propensities for these amino acids will vary, de-
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pending on solvent and chemical conditions. This is in agreement
with experimental measurements of intrinsic helical propensities
of natural amino acids measured at high concentration of trifluo-
roethanol~Rohl et al., 1996! and in apolar membrane environment
~Deber & Li, 1995!. In both systems it has been found that the
amino acid helical propensities significantly differ from that of
water solution. Taking into account that three main contributors to
the helix intrinsic propensity of the amino acids are different at
each position, it is surprising that in water the differences cancel
out in the majority of the cases.

Materials and methods

Experimental procedures

Peptide synthesis

The peptides were synthesized in two series. One series of the
peptides were synthesized on an automated solid-phase peptide
synthesizer~Shimadzu PSSM-8!, using Tenta Gel TG-RAM resin
and Fmoc chemistry, with benzotriazole-1-yl-oxy-tris-pyrrolidino-
phosphonium hexafluorophosphate and N-hydroxybenzotriazole as
coupling reagents. Peptides were cleaved from the resin by triflu-
oroacetic acid and purified by reverse-phase high-performance liq-
uid chromatography~RP-HPLC! on a C18 column. Fmoc-l-amino
acids, reagents for peptide synthesis and Tenta Gel TG-RAM resin,
were purchased from Shimadzu. The purity of each peptide was
assessed by analytical RP-HPLC on a C18column. Molecular masses
were confirmed by mass spectrometry on a time-of-flight mass
spectrometer~Shimadzu0Kratos Kompact MALDI II! with matrix-
assisted laser desorption ionization. Another series of the peptides
were synthesized as described in Petukhov et al.~1998!.

CD measurements

The CD measurements were done using both peptide series at
two concentrations~10 and 50mM !. Each measurement was re-
peated at least twice, using fresh peptides solutions prepared in the
same day. The concentration of peptide was determined by UV
absorbance of C-terminal Tyr using the method of~Gill & von
Hippel, 1989!. No concentration dependence of the CD spectra
was found in tested concentration range. All the peptides were
found to be soluble, at least, at 500mM concentration. The error in
the concentration determination was around 2%. CD spectra were
recorded on a Jasco-710 instrument at a pH 7 and a temperature of
278 K, as described in Petukhov et al.~1998!. The helical content
of the peptides has been estimated using the mean residue ellip-
ticity at 222 nm~Chen et al., 1974!.

Calculations based on statistical mechanics

The intrinsic helical propensities were determined from CD mea-
surements using the AGADIR1s computer program~Muñoz &
Serrano, 1997!, modified to include the possibility of the residue
immediately following an acetyl group, or preceding and amide
group, to be helical~Lacroix et al., 1998!, as described in Petukhov
et al. ~1998!.

Calculations based on molecular mechanics

Energy profiles for the amino acids were calculated using ECEPP02
force field for terminal positions N1, N2, N3, N4, and central

position Nc @corresponds to position N5 of the standard nomen-
clature ~Richardson & Richardson, 1988!# of nine-residue Ala-
based model helices as described in Petukhov et al.~1998!.

The solvation energy term was modeled by a continuum ap-
proximation model for protein solvent interactions. In the previ-
ous work of this series~Petukhov et al., 1998!, we used ASA-
based solvation potential by Ooi et al.~1987!. However, the
anomalous high value of the original energy parameter for the
carbonyl carbons~427 cal0mol0Å2! was criticized in the litera-
ture ~Juffer et al., 1995! and was found to produce too high
changes in solvation energy for the Asn and Gln peptide series.
Therefore, in this work we used another accessible surface area
~ASA! based solvation potential that also was verified on the
experimental data of vapor to water transitions of small organic
compounds~Wesson & Eisenberg, 1992!. ASA was calculated
with the NSC program~Eisenhaber et al., 1995!. We recalcu-
lated the intrinsic helical propensities for Gly, Val, Ile, Leu, and
Met previously published using new solvation potential and found
them in a good agreement with experimental data~data not
shown!.

Energy profiles were calculated on the grid off, c, v, x1, x2
and, where applicable,x3 with grid steps of 208, and 50 sub-
sequent steps of energy minimization by the conjugate gradient
method. The dihedral anglesf, c, and v of the backbone of
peptides in the folded state were fixed in standard values of2608,
2408, and 1808, respectively. In the unfolded statef, c, andv,
angles of all residues were initially set to 1808 and allowed to vary
~except for the guest residue! by the conjugate gradient energy
minimization algorithm. Thus, unlike our previous work~Petukhov
et al., 1998!, the changes of main-chain entropy is included here.
The configurational entropy of peptides in folded and unfolded
states was calculated from the energy profiles atT 5 278 K using
the classic Boltzmann–Gibbs approach as described in Petukhov
et al. ~1998!.

The conformational states for peptide backbone were separated
as described by Zimmerman et al.~1977!: there are six conformers
for f ~0–408, 40–1108, 110–1808, 180–2508, 250–3208, and 320–
3608!, and five conformers forc ~0–208, 20–1108, 110–2208, 220–
2708, and 270–3608!. Thus, 30 possible conformers of main chain
are considered. The conformational states of side chains were sep-
arated as described by Lee et al.~1994!.

Survey of the Protein Data Bank

The amino acid frequencies at different helix positions were de-
rived with the WHATIF program from 315 protein crystal struc-
tures at better than 2.1 Å resolution, with less than 25% homology,
and with R-factor below 0.21~Vriend, 1990!. The crystal struc-
tures of the proteins were taken from the Brookhaven Protein Data
Bank ~Bernstein et al., 1977!. We searched for the sequence motif
STC0H0H0H0H0H0H0H0H0H, where S is strand, T is turn, C is
coil, and H is helix. The amino acid frequencies at central position
were calculated as average of three central positions N15, N16,
and N17.
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