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The rational design of peptide and protein helices is not only of practical importance for protein engineering but also is a useful
approach in attempts to improve our understanding of protein folding. Recent modifications of theoretical models of helix-coil
transitions allow accurate predictions of the helix stability of monomeric peptides in water and provide new possibilities for
protein design. We report here a new method for the design of «-helices in peptides and proteins using AGADIR, the statistical
mechanical theory for helix-coil transitions in monomeric peptides and the tunneling algorithm of global optimization of
multidimensional functions for optimization of amino acid sequences. CD measurements of helical content of peptides with
optimized sequences indicate that the helical potential of protein amino acids is high enough to allow formation of stable
a-helices in peptides as short as of 10 residues in length. The results show the maximum achievable helix content (HC) of short
peptides with fully optimized sequences at 5 °C is expected to be ~70-75%. Under certain conditions the method can be a
powerful practical tool for protein engineering. Unlike traditional approaches that are often used to increase protein stability
by adding a few favorable interactions to the protein structure, this method deals with all possible sequences of protein helices

and selects the best one from them. Copyright (¢) 2009 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Several factors have been shown to be important for the
stabilization of «-helices in monomeric peptides, as well as in
proteins. These factors include interactions between amino acid
side chains [1-3], interactions between charged or polar side
chains and the helix macrodipole [4-6], and terminal capping
[7]. All these factors have been applied separately in attempts
to increase the conformational stability of «-helices in peptides
and in natural proteins [8,9]. However, the design of peptide
sequences with the optimal exploitation of all these factors
cannot be performed by current techniques, even in the case
of short peptides, because of the complicated nature of the a-
helix wherein an accurate balance of interactions of many kinds
controls the helical stability. For example a positively charged
amino acid at position i requires that the i + 3, i + 4 and also
the i — 3, i — 4 positions of the helix are occupied by negatively
charged residues that may be unfavorable for formation of a helix
if they occur close to the carboxy-terminus because of interactions
with the helix macrodipole. The difficulty of the problem grows
exponentially with peptide length because of the necessity of
accounting for the many factors that affect helical stability and
for all possible arrangements of helical segments in the molecule
under investigation [10-13].

The number of possible sequences of a peptide with N amino
acid residues is as high as 20". Thus, it is computationally
impossible to calculate the helical content of each possible
sequence even for short peptides. To overcome this problem
we used the tunneling algorithm for global optimization of
multidimensional functions [14]. The main advantage of this
approach is that it does not require an examination of all possible
sequences to find the best one. The method is simple and robust,
requiring calculations only of first derivatives of the goal function.

It has been reported that the method was able to identify global
minima of many problems with many thousands of local minima.

Unfortunately, all available global optimization techniques are
a sort of random walkers covering more or less a significant area of
phase space of a problem under investigation. None of them can
prove true globality of a found solution. Due to this and also due
to imperfectness of theoretical approximations that can be used
to predict helix stability it is unlikely any peptide sequences
can be rigorously proved to be globally optimized to date
and foreseeable future. However, despite inability of theoretical
models for guarantee convergence to a true globally optimized
peptide sequence, an efficient tool for protein helix optimization
is still needed for many protein engineering applications where
a bit less optimal sequences can be an adequate replacement of
truly globally optimized ones. Creating and testing such a tool on
short peptide helices was the main goal of the work. The other
goals also include answering to the following basic questions:
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(i) What is the maximum level of helicity that can be achieved in
short peptides containing 20 protein amino acids? (ii) What kinds
of sequence motif exhibit close to the optimal arrangement of
intrahelical interactions and how does this arrangement depend
on the length of the peptide? (iii) If such motifs do exist, how are
they related to the helices of natural proteins?

In this study we have attempted to shed some light on these
questions using statistical mechanical calculations based on the
AGADIR model [15] and several of its more recent modifications
[10,12,13,16-19] and the global optimization algorithm [14] for
the design of peptide helices. In this study, we have synthesized
some theoretically designed peptides with optimized sequences
and measured their helical contents by CD.

Materials and Methods

Calculations Based on Statistical Mechanics

The calculations of helical content (the target function for our
global optimization procedure) were based on one sequence
approximation AGADIR (AGADIRTs), a statistical mechanical
approach thataccurately predicted the helical properties of several
hundred short peptides in water [10,11]. Since, unlike globular
protein, short peptides do not have a single stable conformation,
AGADIR model accounts for free energy contribution from all
possible helical segments in the peptide under consideration as
follows. The difference in free energy between the random-coil
and helical states for a given segment is calculated as the following
summation [12]:

= AGint + AGhpond + AGsc-sc + AGelectrostat
+AGnonH + AGmacrodipole

AGheIicalfsegment

where AGiy is the summation of the intrinsic propensities of all
residues in a given helical segment (including its observed posi-
tional dependencies [13,18,19]), that is the loss of conformational
entropy required to adopt «-helical dihedral angles; AGppong is
the sum of the main-chain-main-chain enthalpic contributions,
which include the formation of i, i + 4 hydrogen bonds; AGgc_sc
sums the net contributions, with respect to the random-coil state,
of all side-chain-side-chain interactions located at positionsi, i+ 3
andi,i+4inthe helical region; AGejectrostat includes all electrostatic
interactions between two charged residues inside and outside the
helical segment; AGnonn represents the sum of all contributions
to helix stability of a given segment from residues that are notin a
helical conformation (N and C-capping, Capping Box, hydrophobic
staple motif, Schellman motif etc.); AGmacrodipole Fepresents the in-
teraction of charged groups with the helix macrodipole. In AGADIR
model the helix content (HC) of a peptide under consideration is
calculated as:

_ AGheIicalfsegment
e o w

_ AGhelical—segment ’

1+Ze RT

where the sum is over all possible a-helical segments.

In addition to the original AGADIR set of energy parameters [10]
we incorporated several modifications of the parameter set of the
theory published later [12]. Also the dependence of the intrinsic
propensities of amino acids on their positions within helical

HC

segments was incorporated, as has been described [13,18,19]; and
the energy parameters for those helical segments where formation
of a capping box was possible were calculated as described [17].
The dependence of the energy parameters on temperature and
pH was included according to Munoz and Serrano [11].

Global Optimization

The Tunneling Algorithm [14] was used in the sequence
optimization calculations. It incorporates two main phases: a
local minimization phase and a tunneling phase. During the
minimization phase, the target function f(x) is minimized by the
conjugate gradient method as implemented in Fletcher-Reeves
method [20]. During the tunneling phase, the algorithm starts
from the vicinity of the point, x*, reached during the previous
phase and search for a zero value of the auxiliary function:

f(x) — f*

T(x,x*, f*) =
(X _ X*)Za(x _ Xm)2b

by the modified Newton method [21]. In the above equation x*
and a are the position and the strength of the immobile pole
respectively; x™ and b are those of the mobile pole; and f* = f(x*).
The function T(x, x*,f*) has continuous first derivatives and the
same set of zeros as the function f(x)-f* does. The immobile
pole is intended to prohibit the algorithm from returning to the
point x*. If the step of the Newton method becomes too small,
the algorithm switches on the mobile pole. This pole is intended
to eject the optimization process from such points. The aim of
the tunneling phase is the identification of a point x # x* where
f(x) < f(x*). Itis obvious that such a point would be very attractive
as a starting point for the subsequent local minimization phase.

Nonconvergence of the tunneling phase during 100 iterations of
the algorithm was defined to be the stop condition for termination
ofthe optimization process. Optimizations were performed for four
series of peptides of 13, 14, 15, and 16 residues in length. Two
modes of optimization were used for each series of peptides:
(i) optimization starting from all Gly residues until the stopping
condition was met and (ii) a long-run optimization (1000000
estimations in all of the helical content), starting each time from
random sequences. In all the cases, the sequence of three carboxy-
terminal residues was fixed at Gly-Gly-Tyr (see below).

Interpolation of Energy Parameters

If we are to use Tunneling Algorithm for peptide sequence
optimization, it is necessary to treat the amino acids of the
primary structure as real variables. Therefore, we interpolated all
the discrete energy parameters used in the statistical mechanical
calculations of the goal function as follows: (i) integers from 1
to 20 were assigned to each type of amino acid; (ii) the energy
parameters of the AGADIR system were assigned to these integers
onthereal axis; (iii) energy barriers of 2.5 kcal/mol were introduced
atthemid points between theintegers assigned to theamino acids;
and (iv) the regular grids of the energy parameters and the barriers
were used for one-dimensional and two-dimensional cubic spline
interpolations [22]. The splines obtained by this procedure are
continuously differentiable functions with well-separated energy
minima at the integer points of the real axis where they have both
the true values of the AGADIR set of energy parameters and zero
gradients.

To avoid the uncertainties that are associated with the tendency
of the Tunneling Algorithm to escape from the permitted range
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of the real axis (from 1 to 20), the following periodical boundary
conditions were employed for all points of the real axis:

Pint(taa + n x 20) = Pint(taa)

where Pj is the interpolation value of a parameter, t,; is a variable
type of amino acid, and n is an integer.

The executables of the sequence optimization software are
available upon a request from the corresponding author.

Synthesis of Peptides and CD Measurements

Peptides with optimized sequences were synthesized on an
automated solid-phase peptide synthesizer (PSSM-8, Shimadzu,
Kyoto, Japan), using Tenta Gel TG-RAM resin and Fmoc chem-
istry, with benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
hexafluorophosphate and N-hydroxybenzo-triazole as coupling
reagents. Peptides were cleaved from the resin with trifluoroacetic
acid and purified by reverse-phase HPLC on a C;g column. Fmoc-
L-amino acids, reagents for peptide synthesis, and Tenta Gel
TG-RAM resin were purchased from Shimadzu (Kyoto, Japan).
Fmoc amino acids used were Fmoc-Ala-OH, Fmoc-Arg(Pmc)-
OH, Fmoc-Asp(OtBu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-GIn(Trt)-OH,
Fmoc-Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-
OH, Fmoc-Ser(tBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Ser(tBu)-OH, and
Fmoc-Tyr(tBu)-OH.

The purity of each peptide was assessed by analytical reverse-
phase HPLC on a Cyg column. All the peptides were obtained as
a single major product by peptide synthesis and purification.
Stock solutions of the peptides were prepared in water at
2 mM concentrations. Molecular masses were confirmed by mass
spectrometry on a time-of-flight mass spectrometer (Kompact
MALDI II, Shimadzu/Kratos) with matrix-assisted laser desorption
ionization and electrospray ionization mass spectrometry (ESI-MS)
(Thermo electron, LC deca XP plus).

CD measurements were made with JASCO spectropolarimeters
J-500A and J-820. CD spectra were recorded at 5°C in a thermo-
statically controlled cell with a 0.1-cm path length. Each peptide
was dissolved in 5 mM sodium phosphate buffer (pH 7.5) at a con-
centration of approximately 10 uM. Peptide concentrations were
calculated by the absorption of tyrosine residue at 280 nm. Then
a-helical contents were calculated from mean residue ellipticities
measured at 222 nm (6,,) as described by Chen et al. [23].

Results and Discussion

We used methods described in the section Materials and Methods
to obtain the best helical sequences for four peptide series of
13, 14, 15, and 16 residues length. The three carboxy-terminal
amino acids were fixed during the optimization at Gly-Gly-Tyr
for the following reasons: (i) the convenience of determination of
concentrations from UV-absorbance of Tyr; and (ii) the absence
of the aromatic contribution of carboxy-terminal Tyr to CD at
222 nm if it is separated from the rest of a peptide by two
flexible Gly residues [24]. In addition, the expected lengths of
helical segments of these four peptides (from 10 to 13 residues)
correspond approximately to average lengths of protein a-helices
that have been observed by protein crystallography [25]. The
starting sequences of the variable part of the peptides in the four
runs were set to Gly residues for simplicity.

Figure 1 shows the progress of typical short optimizations for
the 13-, 14-, 15-, and 16-residue peptides. One can see from the
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Figure 1. The progress of a typical sequence optimizations for (1) 13-
residue peptides; (2) 14-residue peptides; (3) 15-residue peptides, and
(4) 16-residue peptides with acetylated amino- and amidated carboxy-
termini.

figure that, in the majority of the cases, the method of sequence
optimization converged to the best sequence within a few tens
of thousand steps, an indication of high enough efficiency of
the method. The best sequences obtained from these four short
optimizations had a few common features: (i) the sequences of
the four amino-terminal residues always corresponded to what is
called ‘Capping Box’ motif, wherein side chains of the first (Thr) and
the fourth (Glu) residues can form a specific pattern of hydrogen
bonding, with the amide protons of the main chain stabilizing
the a-helix [17,26]; (i) the carboxy-terminal positions were often
occupied by positively charged amino acids that can stabilize an
a-helix by charge-helix macrodipole interactions; c) salt bridges
between side chains of Glu~ and Arg™ or of Glu™ and Lys™ at
central positions provided another stabilizing factor that was very
common in these sequences. Obviously, the number of the salt
bridges and their arrangement depended on the length of the
peptide affecting availability of central positions for amino acids
with opposite charge to that of favorable amino acids located
near amino- and carboxy-termini. However, at this point it is
still remaining unclear whether or not other types of side chain
interactions can compete with salt bridge formation in terms of
a-helix stabilization.

The optimized sequences obtained from these calculations are
presented in Table 1 (series A to H). Peptides of this series are
predicted to have helical contents in the broad range of 20-60%
at 5°C and pH 7.5. The low temperature was chosen in this study
becausethisisthe standard temperature for measurements of helix
stability in short monomeric peptides adopted in many papers
published in the field. Also the CD measurements at higher helix
content provide a better accuracy of the measurements. However,
the temperature is quite an important factor for helix sequence
optimization since different types of free energy contributions
are not equally sensitive for temperature changes. For instance
sequence optimization of a protein would certainly require use
of proper target temperature for its functioning. It is noteworthy
that AGADIR model includes temperature and pH dependencies
for all used terms of free energy contributing to helix stability and
therefore it can be used without any modifications for sequence
optimizations at any target temperature.
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Table 1. Sequences and results of MS and CD measurements for series of peptides with optimized sequences®
Exact Helix
mass Observed content
(calc.) mass —0222 (exp.)
Peptide (sequence) (D) [M + HT]/IM + 2HT1(m/z) (deg cm?/dmol) %
A (TEAEERAKAAGGY-amide) 1350.7 1352 8974 289
B (TEAEERAKASGGY-amide) 1366.6 1367 7773 25.0
C (TEQEERERLRKGGY-amide) 1748.9 1751 15095 47.6
D (TEQEERERARKGGY-amide) 1706.8 1708 14 466 45.6
E (TAREEAERARRKGGY-amide) 1747.9 1749 13716 42.5
F (TAAEEAERARRKGGY-amide) 1662.9 1663 13982 434
G (TEAEAAELKARLKGGY-amide) 1704.9 1708 12339 37.7
H (TNEEAARAALAKKGGY-amide) 1647.9 1649 12995 39.7
013 (ac-REEEERRRRLGGY-amide) 1745.9 1748 18430 58.2
014 (ac-DRKREEEERRRGGY-amide) 1875.9 1878 17730 55.0
015 (ac-DRLLEELLRRLLGGY-amide) 1856.1 1858 10874 33.2
016 (ac-DEERERLELLLRLGGY-amide) 2001.1 1002P 18298 55.2
2 The sequences of the peptides were obtained by the sequence optimization algorithm starting from poly-Gly sequences. Helix content was
estimated using the standard formula - 655,/39 500(1-2.57/N,,), where N, is the number of amino acid residues [23]. The peptides A-H were
measured by MALDI-TOF MS and the peptides 013-016 were measured by ESI-MS.
P[M + 2H"]

To confirm the validity of our theoretical predictions, we
synthesized eight peptides (one pair of best sequences from each
of the four optimizations) and measured their helical content by
CD. Selection of these peptides sequences served two purposes:
(i) it displays real level of single run efficiency of the algorithm
to search for a highly optimized peptide sequence; and (ii) it
shows that despite all the theoretical approximations the AGADIR
predictions for highly optimized sequences are in reasonably good
agreement with experiment.

Figure 2 shows the CD spectra of this peptide series under the
standard conditions (temperature 5°C and pH 7.5). Their mean
residue ellipticities at 222 nm and calculated helix contents are
listed in Table 1. As expected, the CD spectra of all the peptides
show typical a-helical shape with helix content ranging from 25
to 47%.

To examine whether the best sequences obtained from
these four optimizations were globally optimized, we performed
multiple optimization runs for peptides of the same length, starting
each time from random sequences (totally 1000 000 estimations
of the goal function for each peptide). The 20 best sequences
obtained in these long run optimizations, together with their
predicted helicities are presented in Table 2. One can see from
this Table that the sequences obtained from the first optimization
series (see Table 1) are not listed among the 20 best sequences
found in the subsequent optimizations. These results indicate that
the Tunneling Algorithm, as well as any other currently available
methods for global optimization of multidimensional functions,
cannot guarantee convergence to globally optimized sequences.
Apart from this reservation, the method showed a high efficiency
in the search for very stable a-helical sequences, although maybe
not a one corresponding to global minimum of the goal function.
Therefore, the method seems clearly adequate for many practical
problems of protein and peptide engineering.

It is of interest that the helical stability of the series of peptides
presented in Table 2 conforms to a reasonable rank order of
best sequences according to its length. The increase in length of
a peptide by one residue was associated with an approximately
~3-5%increase in the helical contentin the optimized sequences.

-
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Figure 2. Far-UV CD spectra of synthetic peptides with optimized
sequences recorded under standard conditions at 5°C in 5mMm (TES-
NaOH) buffer (pH 7.5) for 13-, 14-, 15-, and 16-residue peptides. The
sequences of the peptides are listed in Table 1. The peptide concentrations
were approximately 10 uM. The amino-termini were free (peptides A—H)
or acetylated (peptides O13-015) and the carboxy-termini of all peptide
were amidated.

These observations indicate that the sequences in Table 2 are not
random and probably do represent close to the upper limit of
helical stability of peptides of these lengths.

The sequences in Table 2 also have some common features.
The most stable peptide helices consist of only a few amino
acid types (Leu, Met, Trp, Tyr, Glu, and Arg) having both the good
internal helical propensities and high potential for other stabilizing
interactions such as side chain-side chains interactions and N-
and C-capping interactions. It is of interest that top positions
of the peptide series are occupied by poly-Leu and poly-Trp
motifs indicating that multitude of the favorable hydrophobic
side chain-side chain interactions fully compensates loss of other
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Table 2. The 20 best sequences obtained by sequence optimization for 13-, 14-, 15-, and 16-residue peptides®

Fraction Optimized Fraction Optimized Fraction Optimized Fraction
Optimized sequences of sequences of sequences of sequences of
of 13-residue predicted of 14-residue predicted of 15-residue predicted of 16-residue predicted
peptides a-helix % peptides a-helix% peptides a-helix % peptides a-helix %
LLLLLLLLLLGGY 799 WWWWYYYYMMMGGY 82.0 EELLRRLLLLLLGGY 842 LELLLRLLLLLLLGGY 84.3
WWWWWWYMWYGGY 780 LLLLLLLLLLLGGY 818 LLLLLLLLLLLLGGY 83.1 LLLLLLLLLLLLLGGY 84.1
TLLLLLLLLLGGY 760 EELLRLLLLLLGGY 81.1 LYLLMWLLMMLLGGY 83.0 LEYLLMWLLMMLLGGY 84.0
WWLLYMLIWLGGY 753 MYLLMWLLMWLGGY 81.1 LELLLRLLLLLLGGY 829 LEELLRRLLLLLLGGY 83.9
DLLLLLLLLLGGY 752  WWWWWWWWWWWGGY  81.1  WFFLMMWLLMWLGGY  80.6  QWWWYYYYMMMWLGGY  83.1
SLLLLLLLLLGGY 742  SLLLLLLLLLLGGY 773 WWLWYYMYMWYWGGY 80.5 MLEELLRLLLLLLGGY  82.1
REEEERRRRLGGY 73.6 RLRELLERLLRGGY 748 TLLLLLLLLLLLGGY 804 FRWYLEYWLRMWLGGY 82.0
NLLLLLLLLLGGY 734  SREEEERRRRLGGY 745 LLEELLRLLLWLGGY 793 MIEELLRLLLLLLGGY 81.8
SREEEERRRRGGY 69.5 SLVELLLLLLLGGY 743 SLLELLLLLLLLGGY 77.6 FMAYLWYWYYMYMGGY 81.7
SLLEELLRRLGGY 67.9 DRKREEEERRRGGY 743 DALLELLLRLLLGGY 773 SLLLLLLLLLLLLGGY 80.5
DLLLELLLRLGGY 67.7 DKKREEEERRRGGY 741  SLLLELLLRLLLGGY 773  SWWWYMYYWYMMYGGY  79.9
DLLEELLRRLGGY 674 DRLLEELLRRLGGY 740 DRLLEELLRRLLGGY 772 TMLLELLLLLLLLGGY 79.6
DAEEELRRRLGGY 673 DRQRLEEELRRGGY 739 DELLERLLRLLLGGY 77.1 SLWWWYYYYMMMWGGY 79.4
SRREEEERRRGGY 673 DRKEEEERRRRGGY 719 LKKELEERLRRLGGY 769 SALLELLLLLLLLGGY 794
SWEEEWRRRWGGY 66.1 SRREEEERRRRGGY 71.6 DELLELLLRLLLGGY 769 SLLELLLLLLLLLGGY 79.1
SRAEEEARRRGGY 657 SLAELLRRLLLGGY 714 DWWLEYWLRMWLGGY 76.8 EQRELEELLRRLLGGY 78.9
SEMEELLRRLGGY 657 SRLEEELRRRLGGY 714  SLWELMWLLMWLGGY 76.3 DEERERLELLLRLGGY 78.1
SALEELLRRLGGY 65.5 DRLRELLERLLGGY 713 DWRRYYEEMMRRGGY 762 SLLEELLRLLLLLGGY 77.7
SRAEEERRRRGGY 654 DRKLEEELRRRGGY 713 SRRELEELLRRLGGY 752 DAMRELLELLLRLGGY 77.7
DRRLEEELRRGGY 645 SWWEEYYRRMWGGY 71.0 DRLREELERRLRGGY 750 DLKRELEELLRRLGGY 77.6
@ The amino- and carboxy-termini of the peptides were considered to be acetylated and amidated, respectively. In all cases, during the sequence
optimization, the carboxy-terminal sequence of three amino acids was fixed at Gly-Gly-Tyr to simplify interpretation of the experimental measurement.
Fractions of predicted a-helix were calculated with the current version of AGADIR. The peptides shown in bold were synthesized and its helix contents
were measured by CD (see data of Table 1 and Figure 2).

helix stabilizing factors such as N- and C-capping motifs and 100 T T T T T T —
electrostatic interactions with helix macrodipole and between a b Ty= 104 + 1:3151 R=0,844 4, d i
the side chains. Certainly these trivial homopolymer motifs are : : P

not really useful due to its lack of solubility. However, there are BO [t R S

many soluble sequences that are just a bit less stable than the
homopolymer sequences.

In order to examineits helix stability, we synthesized a new series
of four peptides (013-016) having one soluble representative for
each peptide length. In Table 2 these peptides are marked in
boldface. Figure 2 shows the CD spectra of this peptide series
under the standard conditions (temperature 5°C and pH 7.5) and
their mean residue ellipticities at 222 nm and calculated helix
contents are listed in Table 1. The CD spectra of all the peptides
show typical a-helical shape with much lower negative CD signal
at 208 and 222 nm as compared to that of the first series of
synthetic peptides indicating further increase in its helix stability.

Figure 3 shows the correlation between the theoretical pre-
dictions obtained with current version of AGADIR model and the
results of CD measurements for the synthetic peptides. One can see
from the figure that there is reasonably high correlation between
the theoretical predictions and the experimental measurements.
Measurements done for O15 peptide at 10— 100 uM concentrations
showed that CD spectrum of this peptide has strong concentration
dependence indicating influence of aggregation on the confor-
mational stability of this peptide (data not shown). Therefore, 015

o-helical content predicted (AGADIR), %

0 10 20 a0 40 50 60 70 80

c—helical content experimental, %

Figure 3. The correlation between the theoretical predictions and the ex-
perimentally determined helicities for peptides with optimized sequences.

interpeptide contacts between side chains of LL and LL as well

peptide was excluded from the correlation shown in Figure 3. This
effect is probably due to the specific symmetrical sequence motif
with interleaving pairs of hydrophobic (LL), negatively charged
(EE), and positively charged (RR) amino acids promoting forma-
tion of a significant antiparallel B-structure fraction with favorable

as EE and RR. As for other peptides, only minor changes in the
CD spectra were observed at high peptide concentrations. The
results show that theoretical predictions tend to overestimate the
«-helical content of these peptides (~10-20%), an indication that
further modifications of the set of parameters are necessary for
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correct predictions of helical contents for peptides with highly
optimized sequences. However, even with the current parameter-
ization, the method of global sequence optimization is capable
to design peptide sequences with close-to-maximal number of
stabilizing intrahelical interactions.

As discussed in the section Materials and Methods, GGY C-
terminal sequence was introduced in the peptide sequences in
order to simplify accurate measurements of peptide concentration
only. This sequence certainly has strong negative impact on
helix stability of peptides under investigation. It is of interest
that AGADIR predictions of helix stability for the peptide series
013-016 with truncated GGY C-terminal sequences are all around
90%. Taking into account the overestimations of helix content
done by the current version of AGADIR, one can expect the
maximum achievable helix stability in short peptides with fully
optimized sequences at standard conditions to be ~70-75%.

Capping Box motifs [26] at the amino-terminus can be found
in the somewhat less optimized peptide sequences indicating
that in the absence of dominating hydrophobic side chain-side
chaininteractions, such motifs become an important factorin helix
stabilization in agreement with previously reported data obtained
for peptide and protein helices. Ser and Asp are the most frequent
N-cap residues at these positions. One could expect that N1 and
N2 (according to the nomenclature by Richardson and Richardson
[27]) are occupied by negatively charged Glu and Asp utilizing
stabilizing charge-helix macrodipole interactions and possible
salt-bridges with a centrally disposed positively charged Arg.
Despite a few such motifs found in Table 2, the more competitive
solutions seem to be the hydrophobic interactions between Leu
at N1, N2, and Leu at central positions of a peptide as well as series
of centrally disposed negatively charged Glu and Asp forming salt
bridges with positively charged Arg at both N- and C-termini of
short peptides under considerations. In the latter case, of course,
the peptides utilize the favorable interactions between a positively
charged Arg residues and the helix macrodipole. There are also
hydrophobic side chain-side chain interactions between residues
at carboxy-terminal and central positions. In some cases, both
these motifs are present simultaneously.

Despite its highest «-helical propensities, only very few peptide
sequences have Ala residues. Although there are indeed a few
cases, the number of centrally disposed salt-bridges in the
optimized sequences is surprisingly low. The reason is probably
associated with the influence of terminal positions in these very
short peptides. It seems that hydrophobic residues (Leu) at central
positions are more tolerant to the terminal requirements for
accommodation of both negative charges from amino-termini
and positive charges from carboxy-termini. Generally, the longer
is a peptide, the more complicated are the patterns of sequential
motifs that are found at the top of the list of best peptide
sequences. The sequences in Table 2 utilize just a small fraction of
protein amino acids that have high intrinsic helical propensities,
and that can engage in side chain-side chain interactions and
terminal capping. It seems these are the main factors playing a
dominantrolein the sequence space of globally optimized peptide
helices.

It is widely accepted that sequences of protein helices are not,
in general, optimized. The typical helical content of peptides
derived from proteins is usually around 20% [10]. This may
have certain biological ‘sense’ of keeping a balance between
interactions within elements of secondary structure and those
with the rest of a protein. This balance might act to prevent
accumulation of nonnative intermediates during the folding of

a protein. Therefore, we could not find a strong correlation
between the optimized sequences presented in Table 2 and those
in protein «-helices. However, motifs such as the Capping Box,
interactions between charged residues and helix macrodipole,
and hydrophobic interactions are often found in protein helices.

One of the important features of the proposed method is
the possibility of arbitrarily fixing any functional segments of
primary structure and optimizing just the nonfunctional elements.
This option can be very useful in the case of helix optimization in
globular proteins for the purposes of increasing its thermostability,
forinstance. In this case, only solvent-exposed amino acid positions
of protein «-helices having local intrahelical contacts should be
allowed to vary during the course of sequence optimization. These
positions should be carefully selected by the analysis of protein
3D structure. All other amino acid positions of the helix should
be fixed in their native sequence to preserve important tertiary
interactions in the protein native structure.

In previous studies discussing possible reasons behind extreme
thermostability of several proteins, one of us (M.P.) has reported
that high stability of «-helices is a necessary condition for
thermostability of several different protein families [28—-30]. The
magnitude of the observed decrease in intrinsic free energy upon
a-helix formation of several thermostable proteins was found to
be sufficient to explain the experimentally determined increase
of their thermostability as compared to their mesophilic analogs.
A natural reserve of RecA protein thermostability has been also
estimated based on the sequences of RecA protein a-helices with
close-to-optimal arrangement of solvent-exposed amino acids. It
is surprising that the natural reserve of thermostability seems to
be sufficient for enough conformational stability of the protein at
nearly 200 °C.

Conclusions

In this study we have introduced a new practical method for
the rational design of peptide and protein helices of the highest
stability by the global optimization of primary structures. The
method was found to be an efficient tool for peptide and, very
likely, for protein engineering. Unlike the methods of global
energy optimization (Molecular Dynamics, Monte-Carlo, Simulated
Annealing, etc.) that are often used to change one or two amino
acidsin ordertoincrease protein stability by adding a few favorable
interactions to the structure of a protein, the method proposed
here deals with all possible sequences of protein helices and
selects the best one among them. To our knowledge this is first
report of global sequence optimization reported in the literature
to date.

Although, convergence to a global minimum at present
cannot be rigorously proved for any interesting multidimensional
problems, the method proposed here had an excellent efficiency
in arbitrary fixed sequence optimization of peptide helices.
Optimized sequences showed an expected increase of their
helical content with peptide length. Sequence motifs found in the
optimized sequences have also been reported to be major factors
in the protein stabilization. CD measurements of helical content
of peptides with optimized sequences indicate that maximum
achievable helix content of 10-13 residue peptides with fully
optimized sequencesat 5 °Cis expected to be as high as ~70-75%.
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