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Are secondary structures secondary?
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Crystallographically observed secondary structures in globular proteins are divided
into two categories based on calculated potential values for these structures.
Type 1 secondary structures are those which have maximum potential in
observed structural state. These type I structures consist of those amino acids
which intrinsically prefer that structural state, On the other hand type II second-
ary structures have a calculated potential value which is not maximum for the
observed state. Type II structures are composed of those amino acid residues
which do not intrinsically prefer the observed state and thus seem to have
been formed due to tertiary interactions. All the observed secondary structures
have been identified as type I or type II in 31 different globular proteins con-
sidered. It is suggested that type II structures are formed at a latter stage of
protein folding mainly due to favourable tertiary interactions.
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We have undertaken an analysis of crystal
structure data of a large number of globular
proteins in order to gain some insight into the
folding process of proteins and to prepare
an algorithm that would predict the three-
dimensional structure of a protein from its
primary structure. During this process the
main chain conformational similarity among
amino acid residues as well as main chain
conformations affected significantly by corre-
sponding side chains have been studied (1,2).
It was also shown that a pair of amino acid
residues behaves differently as compared to its
constituents at the secondary structure level,
mainly because the constituent amino acid
residues interact non-linearly to form the pair
(3). Therefore, the potentials obtained at the
level of pairs of amino acid residues for four
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secondary states: helix (h), extended structure
(e), chain reversal (t) and coil (c), have been
used to analyze the crystallographically ob-
served secondary structures in globular proteins.
This analysis has been aimed at reaching an
understanding of the formation of secondary
structures as well as finding the reasons for the
failures of secondary structure predictions
made using statistical methods (4,5). It may be
mentioned here that most of the secondary
structure prediction algorithms do not give a
prediction accuracy of more than 50-60%.
Attempts to modify these algorithms for
better results are not encouraging (6,7) and
suggest that an upper limit for such a prediction
accuracy might be about 60%.

In our analysis it has been pointed out that
observed secondary structures fall under two



categories. The first type of secondary struc-
tures (called type I) have amino acid residues
which have intrinsic preference for that second-
ary state. The other secondary structures
(called type II) seem to have been formed due
to favorable tertiary structural interactions
even though the constituent amino acid residues
may not intrinsically prefer that secondary
structural state. This seems to us one of the
main reasons for the failure of the commonly
used statistical methods that are used to predict
secondary structures. They assume that all
regular structures are formed due to the inter-
actions among amino acid residues which
are closer sequentially and thus secondary
structures can be predicted using the prob-
ability of occurrence of each of the amino acid
residues in various secondary structural states.
Though secondary structure prediction schemes
(45, 8—11) have without a doubt given very
useful results and the development of these
methods is a major step in predicting protein
structure, their accuracy seems to be limited,
for the reasons we discuss here. The succeeding
sections deal with the method used for the
present analysis, the results obtained and their
implications.

METHOD

A set of 371 globular proteins which has been
used to derive the potential of pairs of amino
acids (3) is used in this analysis. The helical
and extended structure regions of these proteins
are taken from the original papers as compiled
in AMSOM (12) and chain reversals are com-
puted using a simple algorithm developed by us,
based on the coordinates of C* atoms (13). The
remaining amino acid residues were assumed to
be in the unordered or the coil state. For
analysis, each of these observed secondary
structural stretches was considered. If ACDEF
is a single letter coded amino acid sequence of a
particular stretch, then its potential A; to exist
in any of the secondary state i was calculated
making use of our amino acid pair potential
data by the simple relation:

A, = 1/2 [Po(AC) + P,(CD) + P,(DE)
+ P,(EF)]

Ag = 1/2 [Pg(AC) + P4(CD) + P4(DE)
+ P4(EF)]

Secondary structures

A = 1/2 [P.(AC) + P;(CD) + P,(DE)
+ P(EF)]

A, =1/2 [P.(AC) + P,(CD) + P,(DE)
+ P(EF)]

where, P, Pg, P, and P, are potential values of
a pair of amino acids in four secondary struc-
tural states. Thus, the potential values were
calculated for all four states for each secondary
structural segment. For example, crystal
structure data of Hen egg white lysozyme
show that regions 5—15, 24-34, 80-85 and
88--96 exist in helical state. Calculated A;
values for the 5—15 region are A, = 47.2,
Ag=17.1 A, =192 and A, = 16.1 while for
24-34 region these values are A, =253,
Ag=28.7,A,=19.0and A = 26.8, indicating
that 5—15 segment has intrinsic preference for
helical conformation but not for the segment
24-34.

In order to check that the results obtained
above are not artifacts due to the usage of
amino acid pair potentials, calculations were
repeated using the single amino acid residue
potentials derived by Chou & Fasman (4),
Garnier er al. (5) and us (3).

RESULTS AND DISCUSSION

Analysis of the calculated potential values for
secondary structural stretches have brought
out an important observation, namely that the
calculated potential is not always maximum
for secondary structures which are present in
active conformation of the protein molecule.
These results are not altered by the use of
amino acid pair potentials or single residue
potentials. We thus termed the secondary
structural stretches for which the average
potential is a maximum for the observed
secondary structural state, type I, and those
stretches for which the average potential is a
maximum for a secondary structural state
other than observed state, type 1I. The observed
secondary structures in 31 different globular
proteins divided into type I or type II based on
our analysis and obtained using amino acid
pair potentials are given in Table 1.

The 31 proteins are grouped in Table 2 into
the various structural classes to which they
belong. This data suggests there are more
type I helices for all structural types of
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Secondary structures

TABLE 2

Total number of each type of observed secondary structure in different structural types of globular proteins
along with the division into type I and type II, The “others” category also includes proteins which have one
domain belonging to one type of structural protein and the other to the other type

Structural type Helix Extended structure Chain reversal
of protein
Observed Typel Typell Observed Typel Typell Observed Typel Typell

@ 42 36 6 - - - 64 35 29
i} 3 - 3 96 59 37 84 40 44
a+p 33 22 11 57 30 27 90 51 39
aff 38 27 11 44 26 18 80 43 37
Others 30 20 10 57 32 25 75 35 40
Total 146 105 41 254 147 107 393 204 189

proteins. The number of type II secondary
structures is non-negligible and particularly
large in the case of chain reversals and extended
structures. In fact, inaccuracies in predicting
secondary structures using statistical methods
are quite large for extended and chain reversal
structures as opposed to a-helical structures.

It is generally suggested that residues in the
sequential neighbourthood of secondary struc-
tures are very important and decide the struc-
ture of the segment. In order to study the
influence of these residues on the secondary
structure-forming capacity, potential values
were calculated by incorporating the four
residues present before the AN-terminus and
after the C-terminus of the secondary structural
segment. The average potential values calculated
after the addition of these eight residues
indicate that the assignment of one secondary
structure over the other for a given stretch
becomes less easy, in very few cases is the
calculated potential the maximum one for the
observed secondary structure. This study
indicates that the addition of few residues
at either the N-terminus or the C-terminus or
both does not improve the results.

To understand the formation of type I and
type Il secondary structures, three different
aspects were studied: composition of the
amino acids of these structures; occurrence
of type 1 and type II structures in different
portions of the primary structure of a protein;
and length of the secondary structural stretch.

Composition of amino acids
The study of the composition of observed

secondary structures was undertaken mainly
because it is inherently assumed in all statistical
prediction schemes that the secondary structural
stretches found by crystallographic analysis
always have residues which either prefer or are
indifferent to that structure. However, as
mentioned above, we have found a considerable
number of observed secondary structures
which have submaximal potentials for the
state in which they exist. The calculated
average potential for the type II secondary
structures can be less if (i) most of the con-
stituent amino acids have low potentials for the
observed secondary structures, or (ii) most of
the residues present are indifferent to that
structure, or (ili) residues having a high and
low potential for the observed secondary
structural state are almost equal in number.
Our analysis of type II secondary structures has
revealed that these structures consist of amino
acids which do not have an intrinsic preference
for the observed secondary structural state.
This analysis also points out that type II
structures are not formed due to clustering
of amino acids having maximum tendency to
exist in that secondary structure and followed by
those residues which have least preference for
that state. Also type II structures are not made
from amino acid residues which are indifferent
to that structural state. This suggests that type
II structures are formed due to the existence of
tertiary interactions which force these segments
to assume the secondary structure not neces-
sarily favored by constituent amino acid resi-
dues. In other words, the segment or its polymer
which assumes the type II structure in protein
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will not fold into a secondary structure as
observed in protein molecules under similar
conditions.

However, our analysis shows that type I
structures comprise mostly residues which have
a high potential for the observed secondary
structural state. This could be expected since
the calculated average potential for the observed
secondary structural state is maximum and thus
the segment or its polymer which takes the
type I structure will fold under similar condi-
tions into a structure as observed in protein,
indicating that tertiary interactions are not very
important.

Occurrence of secondary structures, in N-
terminal, central and C-terminal parts of
protein

Further, it was of interest to see whether type
I or type II structures are localized in any
particular region of the protein such as the
N-terminal, central and C-terminal parts. The
frequency of occurrence of type I and type II
structures, shown in Table 3, suggests that
type I and type Il structures are distributed
throughout the primary structure of the protein
and are not localized in any particular part of
the protein,

Length
Type I and type II helices and extended struc-

tures are further divided into long, medium and
short stretches. To make such a classification,
first the average length (L) (i.e. the average
number of residues in the stretch) and the
standard deviation (o) are calculated. If the
number of residues in the stretch is greater than
(L + 0), the stretch is termed “long™; if the
number of residues is less than (L — o), the
stretch is “short”; and if the number of residues
is in between (L + o) and (L — 0), the stretch
is of “medium” length. In Table 3, L and o are
given for helix and extended structure. Data
given in Table 3 shows that most of the long
helices are of type I (about 75% long helices are
type I) while nearly 50% of all long extended
structures belong to type II. On the other hand,
nearly 50% of medium length helices and
extended structures are of type II. Thus, at
least on the basis of length one can say that
type I and type Il structures are not distin-
guishable, particularly extended structures.

Our analysis of the length of secondary
structures and the distribution of secondary
structural segments along the sequence has not
helped us to distinguish type I structures from
type II structures. We have, therefore, studied
their spatial locations in various proteins. Qur
preliminary results indicate that most type II
secondary structures (particularly B-strands and
a helical structures) are located on the surface
of the proteins. Type I structures seem to be

TABLE 3
Distribution of type I and type II secondary structures

Helix Extended Chain
structure reversals
Type 1 Type 11 Type I Type 11 Type I Type 11
Along protein
primary structure
N-terminus 30 14 62 27 58 64
Central part 37 11 40 42 85 74
C-terminus 38 16 45 34 61 51
Lengthwise
Long 71 24 20 20 - -
Medium 34 16 115 84 - -
Short - 1 12 3 - -
Average length (L) 11.73 7.03
Standard (o) 4.4 2.79
deviation
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buried inside the protein molecule. More details
about these studies as well as their significance
in constructing the folding pathway will be
discussed later.

CONCLUSIONS

Type I secondary structures are those stretches
of polypeptide chain which have an in-built
tendency to assume the observed secondary
structure. Type I structures would thus be good
candidates to act as nucleation sites during
the protein folding process.

Type II secondary structures are formed as a
result of interactions among amino acid residues
that are close not only at the primary structure
level (i.e. covalently) but also at the tertiary
structure level. This suggests that all secondary
structures need not be formed at the same
stage of the protein folding process. Further,
these data also point out that a few secondary
structures formed at an early stage of protein
folding might break due to tertiary interactions.

Secondary structure prediction schemes thus
should take into consideration tertiary inter-
actions also, since a sufficiently large number
of the secondary structures are formed and
some are broken due to tertiary interactions.
But the presently available crystal structure
data seem to be inadequate to derive statis-
tically significant weights for tertiary inter-
actions, as these interactions vary with the
structural class of the protein. Hence, a direct
prediction of the tertiary structure, without
being concerned about the prediction of

Secondary structures

secondary structures, seems to be a better
alternative at present.
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