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Critical review

Helix-coil transition theories. Are they correct?
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Principles of contemporary theoretical description of c-helix formation by
polypeptide chains in water solution are shortly presented and critically dis-

cussed.

The theory treats the unfolded state of a peptide as “random coil” — an ideal
conformation quite distant from reality. We suggest that for this reason the
helix propagation parameters of amino-acid residues, determined using series
of model peptides with different sequential patterns, are not the same.

Interpretation of the so called “nucleation parameter” is erroneous. In fact, it
is not determined by the helix nucleation process but rather by a specific
situation of residues at the helix N- and C-termini, and it strongly depends on
solvation of their NH and CO groups, respectively. Consequently, helical seg-
ments with terminal sequences dominated by residues with strongly hydropho-
bic, bulky side chains can be very unstable.

We postulate that an unexpectedly high stability of very short, pre-nucleated
helices studied by us arises from a “helix end separation effect™ separated helix
termini are better solvated than when they overlap each other. Because of this
effect, helix initiation may be much more difficult than predicted by the

theoretical “helix nucleation parameters”.

Helix-coil transition theories of Zimm &
Bragg [1] and of Lifson & Roig [2] were
originally developed to describe a-helix for-
mation in long homopolypeptide chains.
Their modified versions are still used today
to calculate helix content and distribution of
helical segments of various length in short
heteropolypeptides — protein fragments or
their synthetic models — peptides of de noveo
design. We shortly present here the basic
ideas of the two theories and their modifica-
tions. We refer mostly to review articles
where further references to original papers
can be found.

In a number of cases, results of theoretical
calculations compare favorably with experi-
ment. Nevertheless, as we show in this paper,
the very foundations of these theories are
incorrect, mainly for two reasons: they refer
to a “random coil” state of a polymer — a
model very distant from real conformations
assumed by polypeptide chains in water, and
they falsely interpret one of their basic pa-
rameters, i.e., the so called “nucleation pa-
rameter”.

We believe that these faults of the theory
are responsible for its inability to explain an
extreme stability of short, pre-nucleated -
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helix studied by us, as well as for large
differences between helix propensities deter-
mined for amino-acid residues in various
laboratories using various model peptides.

THERMODYNAMICS OF o-HELIX
FORMATION

Distribution of ¢ and w torsional angles of
residues in the o-helical conformation are
centered around —57° and —47°, respectively
[3]. A system of hydrogen bonds is formed
between the carbonyl groups of residues j
and the amide groups of residues j + 4 as
shown in Fig. 1. The process of helix forma-

tional species are present, containing helical
segments of various length situated at vari-
ous positions within the polypeptide chain®.
Each of these species can be identified by the
number of the first residue in the helical
conformation (i) and by the number of resi-
dues forming the helical segment (n), e.g. in
Fig.li=3and n = 3.

Each helical segment is flanked at its N
terminus by i — 1 residue, called N-cap, that
is hydrogen-honded by its CO group to the
amide group of residue i + 3, although it is
not in the helical conformation because rota-
tional freedom around its C,—CO and C,~NH
bonds is preserved. Analogously, the C-cap
residue, i + n, adjacent to the C-terminal of

hydrogen bond
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Figure 1. Schematic representation of the shortest possible o-helical segment containing only one

hydrogen bond.

Basic units of helix formation and their weighting according to Zimm-Bragg [1] and Lifson-Roig [2] theories are
shown. The residues in the helical conformation are indicated by shaded circles,

tion can be described as follows. Anywhere in
an unfolded polypeptide two consecutive resi-
dues can accidentally adopt the helical con-
formation (e.g. residues 3and 4 or4 and 5 in
Fig. 1) forming the helix nucleus, although
no helix bond is formed, yet. Then, one of the
adjacent residues (5 or 3, respectively, in
Fig. 1) can adopt the helical conformation
and the shortest possible helical segment is
formed with one hydrogen bond. The residues
adjacent to its two ends can undergo, in turn,
a conformational transition with concomi-
tant formation of hydrogen bonds, and the
helix propagates in both directions. Of
course, the helix nucleation and each step of
its propagation are fully reversible. Conse-
quently, a wide variety of peptide conforma-

the helix, is not in the helical conformation,
although its NH group is hydrogen-bonded to
the CO group of residue i + n—4.

Therefore, in a polypeptide chain N resi-
dues long, n can vary from 3to N-2 and {
from 2 to N — 3. The amide groups of the first
three helical residues (i, i+1, and i+2), as well
as the carbonyl groups of the last three resi-
dues(i+n—-3,i+n-2,andi +n-1),do
not participate in the helical hydrogen bonds.
The statistical weight of species i,n, equal to
the equilibrium constant between this spe-
cies and the unfolded peptide, is given by the
equation:

kin = exp(-AGin/RT) (1)

*In principle not only one but two or more separate helical segments can be formed within a long
polypeptide chain. Nevertheless, in models or analogues of helical protein fragments not longer than
30 residues and not containing proline it is an event of a very low probability and can be neglected.
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where AG; , is the Gibbs free energy of spe-
cies i,n, relative to the unfolded peptide.
The population of each of the species equals:

Xin = kinlZ (2)
where the partition function

N-3N-i

Z=1+ Y Yk,

i=2 n=3 (3)

Equations 1-3 are of general validity as
derived uniquely from thermodynamic prin-
ciples.

THE HELIX FORMATION THEORIES

The aim of these theories is to express the
statistical weights k; ,, as functions of, as few
as possible, parameters that can be deter-
mined experimentally.

The most widely used theory of the helix
formation was developed by Lifson & Roig
[2]. In its original version it describes a con-
formational equilibrium in homopolypeptide
chains. In the Lifson-Roig theory the statis-
tical weight of an n-residue long helix seg-
ment, independently of its position (i), is
given by the expression:

) - UE‘wfn—QJ (4)
v is interpreted as the “nucleation parame-
ter” because it is equal to the statistical
weight of the helix nucleus formed by two
residues adopting the a-helical conformation
before the helix starts to propagate. It must
be small, much smaller than unity, because
of a large entropy drop related to the helix
nucleation not compensated by hydrogen
bonding. w is called the “propagation pa-
rameter”, Its value is determined not only by
the conformational entropy drop of a residue
but also by free enthalpy of CO-INH hydrogen
bond it forms, as well as of short-range inter-
actions, i.e. not exceedingj — j 4 range, of its
backbone and side chain groups with the
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helix. Formally, the v parameter is attrib-

uted to the first (i) and the last (i+n-1) resi-

dues of the helical segment and w to all other

residues within the helix (see Fig. 1).

The Lifson-Roig theory is based on two as-
sumptions.

# 1) The long-range interactions within the
helix can be neglected. This is not quite
correct. There are long-range interactions
between the peptide group dipoles that
additionally stabilize long helices relative
to short ones [4]. Nevertheless, this effect
is of minor importance and will not be
discussed in this paper.

+2) In the unfolded peptide, as well as in its
non-helical segments flanking the helix,
each amino-acid residue behaves as a sepa-
rate unit and does not interact in any way
— apart from covalent bonds with its
neighbors — with the rest of the polypep-
tide chain. Consequently, enthalpies and
entropies of unfolded segments are simple
sums of enthalpies and entropies of the
residues they consist of. This is the reason
why the Lifson-Roig formalism is called a
“helix-coil transition” theory.

Apart from that theory an alternate de-
scription of the helix-coil transition, formu-
lated by Zimm & Bragg [1], is widely used
today. In this theory, not amino-acid resi-
dues, but rather peptide groups, are treated
as the polypeptide chain units. Besides, the
conformational criterion is not used to class-
ify the units. Instead, a peptide group is
defined as helical, if its amide hydrogen is
engaged in a helical bond. Similarly as in the
Lifson-Roig theory, the statistical weight of
an m unit long helical segment does not
depend on its position within a polypeptide
chain and it is given by the equation:

kn=0c3s" (H)

The nucleation () and propagation (s) pa-
rameters are very close to, though not iden-
tical with [5], vZandwin Lifson-Roig, respec-
tively, and m =n — 2. o is formally attributed
to the N-terminus of the helix.

Both theories, used originally to describe
the helix stability in long synthetic ho-
mopolypeptides, were soon modified to make
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them suitable for studying much more inter-
esting systems, namely heteropolypeptides.

Since the nucleation and propagation pa-
rameters are expected to be different for each
of the 20 amino-acid residues, in a heteropo-
lymer the statistical weight of a helical seg-
ment depends on its sequence and, conse-
quently, on its position. Therefore:

t+n—2
k{',u =Uilisyn-1 ij
J=i+l (6)

according to Lifson-Roig and

i+m+2
kin=0; []s;
jeivs )

in Zimm-Bragg formalism, where i has the
same meaning as in Eqn. 6 and g; is attrib-
uted to residuesi,i + 1, and i + 2.

These equations are correct, provided that
an additional assumption, apart from the two
discussed previously, holds true. Namely,
that the side chains of residues within the
helix do not interact in any way with each
other or with the helix [6].

Investigations on conformational proper-
ties of C-peptide of RNase A and short syn-
thetic model peptides with high o-helix pro-
pensities, initiated by R.L. Baldwin and then
undertaken in a few other laboratories [7, 8],
have shown that this assumption is incorrect.
Electrostatic and hydrophobic interactions
between side chains of residues j, j+4 and
J, J£3 can promote the helix or destabilize it.
Besides, electrostatic interactions of charged
side chain groups of residues situated at the
helix termini, including N- and C-cap ones,
with dipoles of the terminal peptide groups
of the helix (so called charge-helix dipole
interactionsg), stabilize or destabilize the heli-
cal conformation. The N-cap and C-cap resi-
dues can interact with the helix and contrib-
ute to its stability, e.g. by forming hydrogen
bonds between their side chains and free NH
and CO backbone groups of N and C helix
termini, respectively. Moreover, some spe-
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cific sequences of residues preceding or fol-
lowing the N- and C-cap, respectively, can
promote the helical conformation by incorpo-
rating the helix ends into relatively stable,
specific structures (cap boxes [9, 10]), such as
the so called paperclip conformation [11].

Following experimental investigations, and
sometimes even promoting them (e.g. [12]),
theoretical studies on side chain-side chain
interactions within the helix and on the helix
stabilizing cap effects have been made. Ex-
perimental and theoretical works have pro-
vided a large, though far from complete, li-
brary of free enthalpies arising from such
effects [13, 14]. The Lifson-Roig and Zimm-
Bragg theories have been modified to include
them into the calculations of statistical
weights of a-helical segments in polypeptides
with various sequences [7, 8, 14, 15].

TODAY “STATE OF THE ART" OF
THE o-HELIX STABILITY
CALCULATIONS

The helix propagation parameters (s or w)
have been determined for all the 20 amino-
-acid residues from circular dichroism stud-
ies of various model peptides [7, 14]. The
“helix nucleation parameter” (¢ or v°) is be-
lieved to be sequence- and temperature-inde-
pendent and equal to about 0.0025 [7, 8, 15].
Using these parameters and the modified
helix-coil transition theories it was possible,
for a large variety of model peptides, to cal-
culate not only the global helix content (as
measured by CD), but also the probabilities of
each residue of a polypeptide chain to be in the
a-helical conformation (determined experi-
mentally by NMR methods). Munoz & Serrano
[14] have calculated the helix content in 17
protein fragments. They also calculated the
temperature and pH dependence of the helix
content in a number of model peptides and
protein fragments [16]. Their results eompare
favorably with the experimental data.

These undeniable successes of the theory
are rather puzzling, since the basic assump-
tions it is based upon have not, in fact, been
satisfied.
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THE RANDOM COIL AS THE
REFERENCE STATE

Although the modified versions of Zimm-
Bragg and Lifson-Roig theories include spe-
cific interactions between residues within the
helix, as well as cap effects, they still are
based on the concept of the random coil con-
formation of unfolded peptide chains.

Actually, in the reference unfolded state,
the peptide chain is assumed to have even
more conformational freedom than in the
random coil as defined by Brant & Flory [17]
because the excluded volume effect is not
taken into account: conformations of a poly-
mer chain with interatomic distances shorter
than van der Waals contact distances are not
feasible. This effect increases with the poly-
mer length. Therefore, the entropy of a ran-
dom coil polymer is smaller than the sum of
its unit entropies and the difference between
the two values grows with the polymer
length.

Consequently, the total entropy of two sepa-
rate random coil segments n and % residues
long is higher than that of one segment of
n + k residues. For this reason, short helical
segments situated in the middle of a peptide
should be favored against N- or C-terminal
helices of the same length. Moreover, longer
helices should be additionally stabilized rela-
tive to shorter ones. The effective s or w
values should, therefore, depend on the
length and position of a helical segment.

More important is that, in reality, confor-
mation of unfolded peptides in aqueous solu-
tion is always very far from random coil.
Nemethy & Scheraga [18] shown long ago
that even when any side chain—side chain
interactions between amino-acid residues
were neglected the number of possible con-
formations of an unfolded peptide and their
populations are sequence-dependent.

However, the conformational space of an
unfolded peptide is also greatly reduced by
various, more or less specific, side chain-side
chain interactions. It was shown that some
of them can lead to a high population of
well-defined, non-helical conformations,
even in very short peptides [19, 20]. It is true
that only a few sequences were found to
assume such structures at a detectable popu-
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lation, e.g. exceeding a few per cent. Never-
theless, by extrapolation, one can suspect
that a large variety of sequences assume
specific conformations that are marginally
stable in comparison with sensitivity of avail-
able experimental techniques (population
less than 2%) although, if a considerable
number of them is formed by a peptide, its
conformational entropy is dramatically
lower, relative to that of the random coil.

The state of hydrophobic collapse is a par-
ticularly important exemplification of such
an ensemble of conformations. By CD or
NMR they may be indistinguishable from the
random coil. Yet, the entropy of the collapsed
state is much lower. The hydrophobic col-
lapse has been proven for many unfolded
protein chains [20], including some very
short ones, e.g. the reduced bovine pancreatic
trypsin inhibitor (BPTI) chain of 58 residues
[21, 22]. There is no reason to expect that also
much shorter peptides, particularly those
with relatively high content of hydrophobic
residues, would not tend to assume a globu-
lar conformation. Theoretical modeling of
peptide folding has shown that such a confor-
mation is indeed highly populated at tem-
peratures close to the folding-unfolding tran-
sition, even by random-sequence polypeptide
chains of 10-20 residues [23]. There is also
no reason to assume that helical segments do
not interact with the unfolded part of a pep-
tide. They can be incorporated, e.g., into a
wide variety of hydrophobically collapsed
conformations.

So, why the helix-coil transition theories
have been so successful in describing the
helix content and helix segment distribution
within the model peptides, if their basis are
false? Most probably because the series of the
models used to study the helix formation
were always constructed on the basis of well-
defined sequence patterns, conserved in all
the peptides of a given series and only the
effects of a single, or very few, sequence
mutations have been measured [7]. Confor-
mational properties of unfolded peptides are
not perturbed significantly by such muta-
tions. Nevertheless, the helix formation pa-
rameters measured for different series of
model peptides should be different, and in-
deed they are.
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The ranking of the amino-acid residues —
beginning with the helix-breakers, charac-
terized by the smallest s or w values, up to
the best helix-makers, with alanine at the top
of the list — is almost the same, but the
absolute values of the helix propagation pa-
rameters are different. At temperatures close
to 0°C the s value for Ala measured by Bald-
win and his coworkers [24] is 1.54 and that
determined in Kallenbach’s laboratory [25]
equals 2.19. The helix contents in the peptide
AcAlagNHg, calculated using the former and
the latter s values, including the cap effects
of acetyl and NHs groups [26] equal 44% and
73%, respectively.

We suspect that these discrepancies arise
from different conformational states of un-
folded model peptides used in the two labo-
ratories. The Baldwin's peptides are poly-
alanine-based with only a few lysine or glu-
tamine residues incorporated to make them
soluble. Such peptides can be expected to
assume readily a globular conformation sta-
bilized by hydrophobic interactions. On the
other hand, the models used in Kallenbach'’s
laboratory are not prone to the hydrophobic
collapse, being built of polylysine and poly-
glutamate blocks, and their conformation in
the unfolded state, although also quite differ-
ent, probably, from the random coil, may be,
nevertheless, much closer to it. Remarkably,
the s values determined by Park et al. [27]
using a system being a hybrid of the two other
peptide models lie in between the values
obtained for them.

PHYSICAL MEANING OF THE
“NUCLEATION PARAMETERS"

Another objection that should be raised
against the existing helix formation theories
concerns their interpretation of o or v pa-
rameters. They suggest that the free energy
of a helical segment is related to the history
of its formation, namely to its nucleation.
This is misleading. Enthalpy and entropy, as
the state functions, depend uniquely on the
final state of the system and not on the way
it has been attained. o or v* are not related,
therefore, to the helix nucleation but they
describe the special situation of the helix N-
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and C-termini with their NH and CO groups,
respectively, not involved in the network of
the helical hydrogen bonds. These groups
must be still solvated, to a large extent, by
water molecules. If they were not, the free
enthalpy of each of them would increase by
about 3—6 kcal/mol [28] and the total price
paid for the helix formation would amount to
18-36 keal/mol. The free enthalpy of the helix
end solvation, relative to that of the unfolded
state — AGy and AGp — contribute to the
total value of AG, = —-RT' Inv in Lifson-Roig
notation. Another contribution comes, of
course, from conformational entropy drop of
the helix ends not compensated by the energy
of helical hydrogen bonds.

Therefore, the ¢ and v? parameters should
not be attributed to one of the helix termini
() or to the terminal residues (v%) but rather
to the whole terminal sequences i, i + 1,1 + 2
andi+n—-3,i+n-2, i + n — 1, including
the N- and C-cap residues as well.

Since ¢ and v? depend on helix termini
solvation they can be expected to be se-
quence-dependent. Why such a dependence
has not been observed and it is believed that
the “nucleation parameters” are, for all ami-
no-acid residues, the same? We think that it
is because the model peptides used for deter-
mination of the “helix nucleation” parame-
ters consisted predominantly of alanine. In
such peptides the ends of all possible helical
segments were either built of, or dominated
by, alanine residues.

Another possible explanation is that, in-
deed, the differences in the solvation free
enthalpies of unfolded peptide and the helix
ends are very similar for at least a great
majority of sequences. Nevertheless, for
some specific terminal sequences of residues
with large hydrophobic side chains the ¢ and
v? values can be by orders of magnitude
smaller than for polyalanine.

The thermndgrnamicall}r correct interpreta-
tion of o and v* parameters makes it possible
to suggest a plausible explanation for unex-
pectedly high stability of the helical confor-
mation in the system studied by us. It con-
sists of a calecium-binding loop (Fig. 2), analo-
gous to the 00 loop of calmodulin, with a
short sequence of amino-acid residues (Ala-
AlaAlaGln) with high helix propensity, at-
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tached to its C-terminus. The loop coordi-
nates lanthanide ions with a high binding
constant (10° M) [29, 30]. When saturated
with the metal, it adopts a very rigid struc-
ture with residues Ala-10, Ala-11, and Glu-
12 in the o-helical conformation. The NMR
measurements of NH proton exchange rates,
C,H proton chemical shifts and NOE contact
maps show that residues Alal3—-GIn16 form
also an o-helix of very high stability
(Siedlecka et al., in preparation). Compara-
tive CD measurements in water and in 75%
(v/v) trifluoroethanol indicate that at 1°C the
helix population is close to 100%. Even as-
suming the largest possible errors of our
measurements it must exceed 90%.

The existing theory is unable to explain this
phenomenon. To begin with, there are some
formal problems. According to Lifson-Roig
the statistical weight in the n-residue long
helical segment formed at the C-terminus of
an o-helix nucleus is given by the equation:

kn =w" (8)

and the calculated helix content would be low
because of the small v value.

It seems much more reasonable, then, to use
the expression proposed by Zimm-Bragg:

.Ii?.'n = Sn {5]

that gives much higher k&, values. But, in
fact, it is an accident. If our nucleation sites
were situated not at N- but at C-terminus of
the helix the equation:

k" = as™ (10
should be used and the caleulated helix con-

1 3 5 7
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tent would be much lower. These paradoxes
are a consequence of treating v or ¢ parame-
ters in an artificial way, without attributing
to them a well-defined, physical meaning.

Since in our system the helix is nucleated,
Eqn. 9 seems the most adequate to describe
its formation. But even using the largest
reported s values [7] for alanine (2.19) and
glutamine (1.2), measured by Ganset al. [25],
and C-cap values for glutamine and the NHs
group | 26] the calculated average helical con-
formation of residues Alal3-GInl6 does not
exceed 77%. To obtain a reasonable agree-
ment with the experimental data (the helix
content greater than 90%) the s values of
Gans et al. [25] have to be multiplied by a
factor of at least 3. This means that the
helical conformation of Ala13-Gin16 segment
is additionally stabilized by AAG < —4RTIn3
= —2.4 kcal/mol. We believe that this free
enthalpy comes from a “separation effect” of
the helix ends.

When the peptide segment outside the loop
is unfolded, the N- and C-ends of the helix
formed by residues Ala-10, Ala-11, and Glu-
12 merge into each other: both NH and CO
groups of these residues are not hydrogen-
bonded. As the helix propagates, the free
groups move away. In the helix formed by
residues 10-15 the end separation is com-
pleted: the residues with free NH groups are
hydrogen-bonded by their carbonyls and vice-
versa. Now, the solvation of the separated
helix ends can be expected to be much more
effective. The free amide and carbonyl groups
of the helix ends present to water a well-de-
fined, rigid structure. Water molecules tend
to arrange themselves into clusters matching
the helical configuration of hydrogen donors
and acceptors, respectively. In the case of the
three-residue long helix, the two clusters of
water molecules collide with each other.

9 11 13 15

Ac-Asp-Lys-Asp-Gly-Asp-Gly-Tyr-lle-Ser-Ala-Ala-Glu-Ala-Ala-Ala-Gln-NH,

- e SR e i,

the a-helix

Figure 2. The sequence of the studied peptide containing a calcium-binding loop (residues Aspl-
Glul2) with residues Alal0-Glul 2 fixed in the o-helical conformation by a coordinated lanthanide ion.

The residues providing the metal ligands are indicated by bold characters.
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Therefore, the solvation energy of the merged
helical ends is smaller than the sum of the
solvation energies of the separated ends.
This hypothesis is not a product of pure
speculation. Preliminary calculations made
by us using the SYBYL program with energy
parameters of Weiner et al. [31] have shown
that, indeed, the absolute value of the solva-
tion energy of the ends of the Ac-Alajs-NHg
helix is by about 30% greater than that of the
helix formed by Ac-Alag-NHs peptide. In ab-
solute values this effect can be estimated to
contribute a few keal/mol to the stability of
Ala3-Glul6 helix in our peptide.

CONCLUSIONS

The Zimm-Bragg and, particularly, Lifson-
Hoig theories of helix-coil transition, modi-
fied by introduction of parameters describing
the sequence-dependent side chain—side
chain interactions, N- and C-cap effects, and
helix dipole—charge interactions have been
shown to be useful tools for prediction of helix
content in a wide variety of short polypeptide
chains — protein fragments or model pep-
tides.

Nevertheless, both theories are not thermao-
dynamically sound. They refer to the confor-
mational state of a polypeptide chain that
goes even beyond the concept of “random coil”
— conformation that is never, in fact, at-
tained by real polypeptide chains in water
solutions. This is probably the reason why
different helix-coil transition parameters
have to be used to calculate the helix content
in different model peptides.

Interpretation of ¢ and v? in Zimm-Bragg
and Lifson-Roig theories, respectively, as
“nucleation parameters” is misleading. Actu-
ally, these parameters are determined by
free enthalpies of the helix ends. These, in
turn, depend on a large variety of sequence-
specific interactions: hydrogen bonds with
side chain groups of N- and C-cap residues,
electrostatic interactions of side chain
charged groups with the helix dipole, and,
last but not least, the solvation of their un-
bonded NH and CO backbone groups. All
these effects are interrelated and should not
be treated separately, as it is done now, For

example, a hydrogen bond between a side
chain of an N-cap residue with NH groups of
i+2o0ri+ 3 residues must have a large
effect on solvation of the N-terminus of the
helix. So far the cap effects and the
charge—helix dipole interactions have been
treated separately, and the helix end solva-
tion has been largely neglected. Only on rare
occasions the cap preferences of some resi-
dues (e.g. Gly [32]) have been correlated with
end solvation effects.

Finally, one can ask whether it is worth-
while to analyze more deeply helix formation
in peptides? After all, it is not a problem of
crucial importance per se. The main point is
to understand early steps in the protein fold-
ing process that are related with formation
of secondary structures, the w-helix being,
perhaps, the most important of them. If the
existing helix formation theory is good
enough, why to criticize its basis and show
that, in some extreme cases, as those of very
short, pre-nucleated helices, it fails ? Particu-
larly, as the theory is approaching now the
acceptable sophistication limits. Any further
refinement would make it inapplicable in
practice.

The answer is that if, for practical reasons,
we cannot improve a theoretical model we
use, it is always important to realize that it
is only a model, more or less adequate to
describe the reality, and to be aware of its
limitations. It is also of crucial importance to
realize what is the physical meaning of its
parameters.

Interpretation of o parameter proposed in
this paper has important consequences. For
some sequences of helix ends, particularly
those dominated by residues with bulky hy-
drophobie side chain groups, ¢ can be much
smaller than 0.0025 determined for poly-
alanine-based peptide chains. The helices
with strongly hydrophobic ends would be
very unstable and, indeed, such helices have
not been observed either in model peptides
or in proteins. Nevertheless, hydrophobic se-
quences are quite common in the interior of
protein helical segments. The kinetics of o-
helix formation by such segments and, con-
sequently, of protein folding, can be consid-
erably influenced by them. They can impose
quite large free energy barriers on the helix



propagation and unwinding. Therefore, these
processes may not resemble free, one-dimen-
sional diffusion, but rather they proceed by a
series of conformational jumps.

If, as we argue, the solvation energy of the
helix ends increases dramatically when they
merge into each other (the end separation
effect), the AG determining the helix initia-
tion rate must be much higher than -RTno.
In other words, the o-helix initiation is prob-
ably much more difficult than it has been
supposed. Moreover, only the helices formed
by at least 6 residues with well solvated helix
ends can be expected to be of a stability high
enough to play a kinetically significant role
as protein folding seeds.

We would like to thank Dr. Jacek Wajeik for
critical reading of the manuscript and helpful
discussion.
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