
ORIGINAL PAPER

A reexamination of the propensities of amino acids towards
a particular secondary structure: classification of amino
acids based on their chemical structure

Saša N. Malkov & Miodrag V. Živković &

Miloš V. Beljanski & Michael B. Hall & Snežana D. Zarić

Received: 7 December 2007 /Accepted: 8 April 2008 /Published online: 27 May 2008
# Springer-Verlag 2008

Abstract The correlation between the primary and second-
ary structures of proteins was analysed using a large data
set from the Protein Data Bank. Clear preferences of amino
acids towards certain secondary structures classify amino
acids into four groups: α-helix preferrers, strand preferrers,
turn and bend preferrers, and His and Cys (the latter two
amino acids show no clear preference for any secondary
structure). Amino acids in the same group have similar
structural characteristics at their Cβ and Cγ atoms that
predicts their preference for a particular secondary struc-
ture. All α-helix preferrers have neither polar heteroatoms
on Cβ and Cγ atoms, nor branching or aromatic group on
the Cβ atom. All strand preferrers have aromatic groups or
branching groups on the Cβ atom. All turn and bend
preferrers have a polar heteroatom on the Cβ or Cγ atoms
or do not have a Cβ atom at all. These new rules could be
helpful in making predictions about non-natural amino
acids.
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Introduction

The conformational preferences of amino acids are very
important for understanding conformational interactions in
proteins. Moreover, when used as propensities they can be
helpful in predicting secondary and tertiary structures of
proteins. There are many methods of addressing protein
folding, and many of them use information regarding the
protein secondary structure [1–15]. The structural preferences
of amino acids were introduced and calculated a long time
ago, and it is known that different amino acids have distinct
preferences for the adoption of helical, strand, and random
coil conformation [16–23]. Levitt [18] observed that 19 of
the 20 naturally occurring amino acids have preferences for
only one of the several types of secondary structure, leading
to a very clear classification of amino acids by their
preferences. It was shown that these preferences and
classifications correlate with the chemical structure of amino
acids. More recently, the position-dependent amino acids
propensities have been studied [24–27].

Although much is known about secondary and tertiary
protein structure and folding, the process of folding is not
understood completely. The molecular mechanism of
protein self-assembly is still an open question [28]. It is
believed that the energetics of side chain interactions
dominate protein folding processes. However, it was shown
that secondary structure can determine native protein
conformation, devoid of side chains [29, 30]. Recently, a
backbone-based theory of protein folding was proposed,
where the protein folding mechanism is based on backbone
hydrogen bonding [31], while α-helix and β-sheet propen-
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sities are closely connected with the energetics of peptide
hydrogen bonds [32].

In this work, we studied the preferences of amino acids
for secondary structures in terms of statistical correlation
using a large data set from the Protein Data Bank (PDB).
Although many of our results with this much larger data set
are in accord with results obtained in the 1970s on a very
small number of proteins [18, 33, 34], we have identified a
number of important differences. Furthermore, our new
results allow us to show more clearly how the chemical
structure of amino acids plays a major role in determining
their preferences for specific secondary structures. Impor-
tant differences discovered here enabled us to determine
rules for predicting the preference of an amino acid towards
a particular secondary structure type based only on the
chemical structure of its substituents at the Cβ or Cγ
atoms. To the best of our knowledge, this is the first
improvement in connecting amino acid preferences with
their chemical structures since 1978 [18].

Methods

Secondary structure types are assigned by DSSP [35], and
are denoted using letters: H for α-helix, B for isolated β-
bridge, E for extended strand, G for 3-helix, I for 5-helix, T
for hydrogen bonded turn, and S for bend. All other
structural elements not belonging to these secondary
structure types are considered coil and are denoted by C.
Secondary structure types are often reduced to only three;
H, E, and C [36, 37]. Here, we consider all eight secondary
structure types, including coils.

Computational model

Consider a set P of n protein chains. Primary structures of
these protein chains are described by sequences a1,... an. If
len(i) denotes the length of a sequence ai, then residues of
the sequence a i are a i ,1,... a i , len( i), 1≤ i≤ n. The
corresponding assigned secondary structures are described
by sequences b1,..., bn, where bi is a sequence of residues
bi,1,..., bi,len(i), 1≤ i≤n.

If A is a logical expression, then the indicator variable I
(A) is defined by:

I Að Þ ¼ 1 ; A ¼ true
0 ; A ¼ false

�

Let Xij(s) = I(bij = s) and Yij(p) = I(aij = p) denote binary
random variables corresponding to events that the second-
ary structure type assigned to residue aij is s, and that aij is
the amino acid p, respectively. Then, let

Zij s; pð Þ ¼ Xij sð Þ � Yij pð Þ ð1Þ

denote the random variable corresponding to the joint event
that the residue aij is the amino acid p, and the secondary
structure type s is assigned to it.

Let us now introduce some notation. NPS(s, p) is the
number of times the residue of amino acid p has the
secondary structure type s:

NPS s; pð Þ ¼
X
S

Zij s; pð Þ;

NP(p) is the number of occurrences of the amino acid p:

NP pð Þ ¼
X
s

NPS s; pð Þ;

NS(s) is the number of occurrences of the secondary
structure type s:

NS sð Þ ¼
X
p

NPS p; sð Þ:

The total count of observed residues is

N ¼
X
p;s

NPS s; pð Þ: ð2Þ

The correlation coefficient of random variables X and Y
is defined by

r X ; Yð Þ ¼ Cov X ; Yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Xð Þ � Var Yð Þp ;

(the reader is referred to e.g. the book by Samuels and
Witmer [38]). If both variables are binary, then

r X ; Yð Þ ¼ XY � X Yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X 1� X
� �

Y 1� Y
� �q :

The correlation coefficient is always in the range [−1, 1].
It is 0 if X and Y are independent. The correlation
coefficient is 1 or −1 if and only if the random variables
are linearly dependent.

Consider the correlation of random variables Xij(s) and
Yij(p),

r Xij sð Þ; Yij pð Þ� �
¼ Zij s; pð Þ � Xij sð Þ Yij pð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Xij sð Þ 1� Xij sð Þ
� �

Yij pð Þ 1� Yij pð Þ
� �r ;

where Zij(s, p) is defined by Eq. 1. Assuming that the distri-
butions of Xij(s) and Yij(p) depend only on p and s (i.e. they
are independent of the choice of sequence and position inside
the sequence), we estimate the correlation coefficients by

r s; pð Þ ¼ Z s; pð Þ � X sð Þ Y pð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X sð Þ 1� X sð Þ

� �
Y pð Þ 1� Y pð Þ

� �r :
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The estimates of means of X, Y and Z are

X sð Þ ¼ NS sð Þ=N ;
Y pð Þ ¼ NP pð Þ=N ;

Z s; pð Þ ¼ NPS s; pð Þ=N :

Hence the correlation coefficient estimate is

r s; pð Þ ¼ NPS s; pð Þ � N � NP pð Þ � NS sð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NP pð Þ � N � NP pð Þð Þ � NS sð Þ � N � NS sð Þð Þp :

ð3Þ

The value of ρ(s, p) is positive (negative, zero) if the pair
(p, s) occurs more (less, equally) frequently than it would
occur if p and s were independent.

In order to evaluate the significance of the correlation
coefficient, we compute the statistic ts

ts ¼ r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N � 2

1� r2

s
;

Under the assumption that the correlation coefficient is 0,
the distribution of the statistic ts is t-distribution with N−2
degrees of freedom (see Samuels and Witmer [36], for
examples).

If the sample size N is large, then the t-distribution is
approximated by the normal distribution N(0,1). Let the
null hypothesis be that X and Y are independent, i.e. that
there is no dependence of secondary structure type s and
amino acid p. The null hypothesis is considered false if it
implies that the probability of obtaining a correlation
coefficient estimate with an absolute value greater than
calculated is less than 0.05. If the null hypothesis is true,
using the normal distribution approximation we obtain that
the probability of the event “|ts| is greater than tlim” is 0.05
for tlim=1.96. Hence, the correlation coefficient is signifi-
cant, and we consider that X and Y are dependent if |ts|≥
1.96. If we denote the corresponding value of the
correlation coefficient by ρlim, then the correlation coeffi-
cient is significant if

rj j � rlim ¼ tlimffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2lim þ N � 2

p ¼ 1:96ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:84þ N

p : ð4Þ

Data sets

As a source of protein data we used PDB release #103 from
January 2003, containing 18,482 proteins [39]. The
secondary structure assignment was performed by the
program DSSP [35]. There are many families of proteins
that are over-represented in PDB. The full set of protein
sequences was filtered to eliminate redundant data—we
used the PDBSELECT list of nonredundant protein chains

[40], with a threshold of 25% 1. PDBSELECT is designed
to both reduce internal homologies and preserve the
selection representativeness. It contains sequences with
best overall quality, considering sequence source and
technique, resolution, completeness and length. The result-
ing set contains 1,737 sequences with 282,329 amino acid
residues. The corresponding value of ρlim is 0.0037.

Results and discussion

The values for the correlation of amino acids with secondary
structure types were computed with the PDBSELECT subset
of protein sequences using Eq. 3; 160 correlation values were
calculated (8 types of secondary structures, 20 amino acids).
Based on these correlation values, the amino acids were
classified into four groups according to their preferences to
participate in a particular secondary structure (Table 1). With
some important exceptions, the classification is in agreement
with previous results [18].

Amino acids and secondary structure types

The correlation values for the secondary structure type at
the position of amino acid are presented in Table 1. Amino
acids are classified according to their preference for
particular secondary structures. Most amino acids (excep-
tions are Thr, Cys, His) show clear preference for one
particular secondary structure. The groups are: α-helix
preferrers, strand preferrers, turn and bend preferrers, and
the fourth group consists of amino acids that show no
preference for any of the secondary structure types. Amino
acids in each group are ordered by the correlation values.

α-Helix preferrers

The amino acids from the first group in Table 1 (Ala, Leu,
Glu, Gln, Arg, Met and Lys) are helix preferrers, showing a
preference for building α-helices. Because of the high level
of their correlations with α-helices, three of these amino
acids (Ala, Leu, Glu) could be further classified as strong
helix preferrers.

Previous findings [16, 18, 41] agree only partially with
our results. Previously, His and Cys [18] and His and Val
[16] were classified as very frequent in helical regions,
whereas with the larger data set used here all of these amino

1 The correlations were calculated for some other thresholds with no
significant differences. While specific correlation values differ, the
trends and general conclusions are the same. The threshold of 25% is
subjectively estimated as a good measure because smaller thresholds
raise redundancy and larger thresholds reduce the sample size.
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acids show a negative correlation with α-helix. Also, the
finding that Arg is indifferent to helices [18] is negated
here, and we classify Arg as a clear helix preferrer. This is
in accord with experimental thermodynamics data showing
that Arg has high tendency to form helical secondary
structure [21].

The amino acids from this group exhibit similar behaviour
with respect to other secondary structures, but there are also
differences in their behaviour. Amino acids Ala, Glu, Gln, Arg
and Lys have negative correlation for strands and coils. In
contrast, Leu is a unique amino acid in this group that tends to
occur in strands. It prefers short strands and has a negative
correlation with longer strands and coils. Met is relatively
neutral to its appearance in strands, 3-helices and coils. Ala,
Leu andMet show negative correlations with turns and bends,
while Glu appears to support the formation of short 3-helices.

Strand preferrers

The amino acids from the second group (Val, Ile, Tyr, Phe,
Thr and Trp) prefer strands. Threonine is unique among
strand preferrers, and indeed among all amino acids,
because it has almost the same correlation value with
strands and with coils. We nevertheless put Thr among
strand preferrers because of its large negative correlation

value for turns. However, it differs from other members of
the group.

Our results about strands agree with previous results
[16,18], with some differences in correlations of amino
acids from other groups with strands. In earlier results,
Met [16, 18] and Cys [16, 18, 41] were among the
strongest β-sheet formers, while our data show that Met
has a slightly negative, and Cys exhibits only a small
positive, correlation.

Some strand preferrers are weakly correlated with α-
helices. All strand preferrers obstruct the formation of turns
and bends, except Thr, which supports the formation of
bends.

Turn and bend preferrers

The amino acids from the third group (Gly, Asn, Pro, Asp
and Ser) exhibit a preference to build bends or turns or
coils. This is in full agreement with results of Levitt [18],
and in good agreement with the results of Chou and
Fasman [16] (who found that Pro, Gly, Asn and Ser are the
most frequent coil residues) and of Gibrat et al. [41] (who
added Asp to the group).

Turn and bend preferrers, Gly, Asn, Pro, Asp and Ser,
have quite large positive correlation values for bends, turns,

Table 1 Values of correlation coefficients of amino acids and secondary structure types, and elements of amino acid structure. Correlation values
were calculated using Eq. 3, multiplied by 10,000. To emphasise the most important correlations, significant positive correlation coefficients (ρ>
0.015) are in bold, and significant negative correlation coefficients (ρ <-0.015) are in italics. The three rightmost columns contain information on
the structural properties of the amino acids. If an amino acid has branch on Cβ, or an aromatic Cγ atom, the appropriate cell is marked. Otherwise
it is empty. If there is a polar heteroatom on Cβ or Cγ, the chemical symbol for the atom is presented in the last column

Preference Amino
acid

α-helix
(H)

Strand
(E)

Turn
(T)

Bend
(S)

3-helix
(G)

Coil
(C)

Branch
on Cβ

Aromatic
Cγ

Polar hetero atom on
Cβ or Cγ

α-helix preferrers Ala 825 -357 -183 -279 90 -248
Leu 766 174 -476 -346 -34 -413
Glu 642 -392 32 -58 131 -358
Gln 413 -247 -60 -46 57 -159
Arg 297 -107 -122 -53 -1 -106
Met 265 -19 -212 -169 0.2 4 xa

Lys 242 -264 75 52 6 -101
Strand preferrers Val -172 1,280 -581 -350 -274 -281 X

Ile 144 945 -566 -371 -223 -326 X
Tyr -53 470 -192 -150 9 -184 X
Phe 91 458 -256 -191 -5 -163 X
Thr -391 281 -198 120 -161 287 X O
Trp 87 157 -146 -123 66 -89 X

Turn and bend
preferrers

Gly -1050 -492 1,380 846 -112 73
Asn -379 -450 567 302 24 217 O
Pro -895 -664 456 136 164 1,160 N
Asp -304 -623 357 339 157 400 O
Ser -373 -203 61 249 156 334 O

Other Cys -42 94 -74 -67 -40 70 S
His -118 2 25 66 61 34 X N

a There is a nonpolar sulfur atom on Cγ atom in Met
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3-helices and coils. Only Gly has a negative value for 3-
helices, Asn has a very small value for 3-helices, and Ser a
small value for turns. All amino acids in this group occur
rarely in α-helices and strands. Glycine has very high
tendency to build turns and it appears very often at turn
ends. Proline tends to initiate turns. Proline also tends to
appear in terminating parts of bends and coils. Proline, Asp
and Ser support the formation of 3-helices.

Cysteine and histidine

The remaining two amino acids, Cys and His, are relatively
weakly correlated with all secondary structure types. The
correlation values suggest statistical significance, but these
values are substantially lower compared to other amino
acids. Cysteine and His do not show clear preference to
build any particular secondary structure. With small
correlation coefficients, Cys tends to build strands, while
His has negative correlation with α-helices.

It is interesting that the results of Levitt [18] show a
preference of His and Cys towards α-helices, while the
results of Chou and Fasman [16] show a preference of His
towards α-helices, and a preference of Cys towards β-sheet
structures. These differences are considered below.

Influence of amino acids properties on their preference
for particular secondary structures

Polarity and amino acid size

An amino acid's tendency to form a certain secondary
structure can be related to its physicochemical properties.
For example, strands consist mostly of hydrophobic amino
acids [16].

It was recently shown that the propensity of amino acids
for certain positions within a helix depends on physico-
chemical properties [26]. Polar and nonpolar amino acids
show different phase distribution—they usually appear at
different positions in helices.

Classification of amino acids as long polar (Glu, Gln,
Arg, Lys), short polar (Asn, Asp, Ser), hydrophobic
aromatic (Phe, Tyr, Trp), and hydrophobic aliphatic (Leu,
Met, Val, Ile) can be related to our results. All long polar
amino acids are α-helix preferrers, all aromatic amino acids
are strand preferrers, while all short polar amino acids are
turn and bends preferrers. However, hydrophobic aliphatic
amino acids do not belong to any one group of preferrers
(Table 1); some are α-helix preferrers, and some are strand
preferrers. Looking at the structures of aliphatic amino
acids reveals that amino acids with branching at the Cβ
atom are strand preferrers (Val and Ile), while amino acids
without branching on the Cβ atom are α-helix preferrers
(Ala, Leu, Met). Using our classification, some more

general rules related to the structural properties of amino
acids can be defined. We will discuss these below.

All strand preferrers are hydrophobic, with the exception
of Thr, which is slightly polar. The preference of nonpolar
amino acids for strands has been known for a long time [16,
41]. It is also supported by the fact that all polar amino
acids that belong to α-helix preferrers and turn and bend
preferrers, have a negative correlation with strand structures
while the hydrophobic Leu has a positive correlation. This
is in agreement with the finding that proteins with increased
hydrophobicity are less resistant to misfolding [42].

Among α-helix preferrers there are hydrophobic and long
polar amino acids. The preference of α-helix for hydrophobic
amino acids is also supported by the fact that hydrophobic
aromatic amino acids have a positive (Phe, Trp), or slightly
negative (Tyr) correlation with α-helices, while all short polar
amino acids show a negative correlation.

All turn and bend preferrers are small polar amino acids,
except Gly and Pro. The tendency of small polar amino acids
to build turns, bends, and coils is also in agreement with the
positive correlation of Thr (which is classified as strand
preferrer) with bends and coils (Table 1). Gly and Pro are the
only exceptions in this group, since they are not polar.

Structural properties of amino acids

The groupings of amino acids given in Table 1 are based on
our results on the preference of an amino acid to be part of
a certain secondary structure. However, our classification,
based on the correlation in a larger data set, show more
clearly than previous classifications [16, 18] that amino
acids belonging to the same group have similar structural
properties, which differ from the properties of amino acids
in other groups. From this recognition, we can develop
rules that enable the classification of amino acids as
preferrers of certain secondary structures based only on
the structural properties of the amino acid’s substituents at
the Cβ and Cγ atoms.

In all α-helix preferrers there are two hydrogens and one
carbon (in Ala there are three hydrogen atoms) on the Cβ
atom and there is no branching on the Cβ atom; the Cγ
atom is aliphatic (sp3 hybridisation) and there are no
heteroatoms—only hydrogen and carbon atoms are on
Cγ. The only exception is Met, with sulfur on the Cγ
atom. Met is probably an α-helix preferrer because in this
case sulfur does not result in strong polarity. Hence, we can
say that there are no polar heteroatoms on the Cγ atom, and
classify Met as an α-helix preferrer. There can be polar
groups, or polar heteroatoms in the structures of α-helix
preferrers, but they are always further away than the Cγ
atom.

All aromatic and all amino acids with branching on the
Cβ atom are strand preferrers. It was shown previously that
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the dominant cause for high preference of aromatic and Cβ-
branching amino acids for strands is a consequence of the
avoidance of steric clashes between an amino acid side
chain and its local backbone [23].

All turn and bend preferrers have polar heteroatoms on
Cβ or Cγ atoms. Proline is also among turn and bend
preferrers. It has an unusual structure, but it also has a polar
heteroatom, N, on Cβ. The example of Thr is very
interesting. It has both branching on Cβ and a polar
heteroatom on Cβ. Hence, it has the structural properties of
both strand preferrers and turns and bend preferrers. At the
same time, Thr has indeed almost the same correlation
coefficient for strands and coils. This shows clearly that
these structural properties are closely connected with
secondary structure. Hence, it seems that branching on the
Cβ atom is more important for preference for strands than
the nonpolarity of the amino acid. Again, this is in accord
with the finding that steric clashing is dominant for strand
preferrers [23].

Histidine and Cys, which show no preference for any
particular secondary structure, also have quite different
structures from all other amino acids. Histidine has a polar
heteroatom on Cβ, but it is included in the aromatic ring.
Because of this polar heteroatom on Cβ, His shares some
similarities with turn and bend preferrers. Cysteine has an
SH group on the Cβ atom, which is not very polar. Hence,
it differs from turn and bend preferrers. Another difference
is that SH groups can make disulfide bridges, making this
amino acid quite different from the others, and explaining
why it does not belong to any of the previous groups.

Based on these observations, it is clear that the tendency
of an amino acid to take part in a certain secondary
structure type is not defined solely by amino acid polarity
or hydrophobicity (although there is some relationship), but
that the crucial property of an amino acid is the substituent
(s) on the Cβ or Cγ atoms. Thus, substituents closest to the
backbone determine the type of secondary structure, while
the rest of the side chain is less important. This is in
agreement with the observation that propensities are closely
connected with the energetics of peptide hydrogen bonds
[32], and is evocative of the backbone-based theory of
protein folding [31].

A similar classification and its relation to chemical
structure were introduced by Levitt [18]. However, there
are significant differences in our classifications of Arg, Cys
and His, resulting in a more explicit connection of our
classification to amino acid chemical structure. As shown
above, our data indicate that Arg is an α-helix preferrer,
while Cys and His are weakly correlated to any secondary
structure. Levitt found that Cys and His prefer α-helices,
while Arg has no preference for α-helices. He concluded:
(1) amino acids with a bulky side chain, branched on Cβ or
with aromatic groups, favour strands, (2) amino acids with

short polar side chains or with special side chains (Gly and
Pro) prefer turns, (3) all other amino acids prefer α-helix,
with the exception of Arg.

Levitt's conclusions about the structure of amino acids
that prefer strands and turns are in agreement with our
conclusions. However, there are significant differences
regarding the amino acids that are α-helix preferrers. While
Levitt has no clear structural rules for those amino acids,
we concluded that α-helix preferrers have no polar
heteroatoms on Cβ and Cγ atoms, and neither branching
nor aromatic groups on the Cβ atom. In this way, we
clearly excluded Cys and His from α-helix preferrers. Note
that Levitt concluded that, based on its chemical structure,
Arg would be expected to be an α-helix preferrer, while his
data resulted in a different classification of Arg.

To clarify if the differences between our results and
those of Levitt are consequences of (1) different statistical
methods, (2) different secondary structure assignments, or
(3) different data sets, we applied our method to both the
entire original Levitt data set (both the sequences and
secondary structures published in Levitt [43]) and to
contemporary protein structure data for Levitt's proteins,
with secondary structures assigned by DSSP. Very similar
correlation tables were obtained, leading to the conclusion
that potential differences in secondary structure assign-
ments are not substantial. In the following we will discuss
only the analysis of the original Levitt data set.

Our results on Levitt's data differ from his in two
important aspects: (1) Cys is not strongly correlated to any
secondary structure, and (2) we found no significant
correlation of Arg, Gln, Trp and Cys to any secondary
structure type, while Phe has only a negative correlation
with turns. Therefore, the application of our statistical
approach allows for stricter conclusions, without misjudg-
ment on the amino acids' preferences.

It is clear that the differences between our results and
those of Levitt are the consequences both of different
methodology and the availability of more representative
data today. However, it is very impressive that, using data
for only 66 proteins, Levitt was able to get results in such
good agreement with our results, which were obtained
using a set of 1,737 proteins.

Summary

The calculated correlations of amino acids with secondary
structure types from a larger data set enable us to determine
more clearly an amino acid’s tendency to participate in a
particular secondary structure type. The results show that
most amino acids (except His and Cys) have a clear
preference to participate in one particular secondary
structure type. Based on these preferences, amino acids
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can be classified in four groups: α-helix preferrers (Ala,
Leu, Glu, Gln, Arg, Met, Lys), strand preferrers (Val, Ile,
Tyr, Phe, Thr, Trp), turn and bend preferrers (Gly, Asn, Pro,
Asp, Ser), and others (Cys, His). There are several
important differences in our conclusions with respect to
earlier studies that allow us to better understand how
various substituents control these preferences. These amino
acid preferences are caused by structural properties at the
Cβ or Cγ atoms, while the rest of the side chain is less
important. In some way, this is evocative of the backbone-
based theory of protein folding [31]. We can specify the
rules that classify amino acids as preferrers of certain
secondary structures based only on the structural properties
of the Cβ or Cγ atoms. The common structural properties
of all α-helix preferrers are: no polar atoms on Cβ and Cγ
atoms, no branching on Cβ, and an aliphatic (sp3) Cγ atom.
All strand preferrers have aromatic groups or branching on
the Cβ atom, while all turn and bend preferrers have a polar
heteroatom on Cβ or Cγ atoms, or do not have a Cβ atom.
Following these rules, based only on structure, it is possible
to determine for which secondary structure type an amino
acid will have a preference. Since these rules are based only
on the structure of the amino acid, they could help in
predicting preferences of non-natural amino acids. The
results indicate that polarity, charge and capability for
hydrogen bonding do not have a crucial influence on the
preference for particular secondary structure types.
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