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HISTORICAL DEVELOPMENT OF THE FIELD
Postulation of a-Helix and B- Pleated Sheets
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From the early observation that proteins crystallize (55), it could have
been derived that they possess defined structures. More than 50 years ago
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2 SCHULZ

the first X-ray diffraction studies with protein crystals demonstrated that
they are ordered at a scale smaller than the atomic bond distances (12).
However, lack of suitable methods (51) prohibited closer inspection for
another quarter of a century until the crystal structure of myoglobin was
solved (65).

Because of the importance of proteins and thus of protein structures for
all processes of life, there were various attempts to elucidate at least some
aspects of their structure: X-ray analyses of protein fibers such as wool
and silk showed the so-called a- and f-patterns, respectively (9). The
patterns revealed local order in these fibers and yielded the spatial repeat
distances of atomic groups.

Using these distances, together with current knowledge on dimensions,
flexibility, and hydrogen bond (H-bond) formation of peptide bonds,
Pauling €t al (100) constructed three local ordering schémes: the a-helix,
corresponding to the a-type of X-ray pattern, and parallel as well as
antiparallel f-pieated sheets, both corresponding to the -type. Soon after-
ward, the a-type X-ray pattern was also recognized for crystals of the
globular protein hemoglobin (102), indicating strongly that Pauling’s con-
structs are of universal relevance for protein structures.

Local Order in Synthetic Polypeptides

Syntheses of homopolypeptides or polypeptides with random sequences of
amino acid. residues correspond to the usual polymerizations in materials
science. For a number of the chemically well-defined homopolymers, local
order corresponding to a-helices and B-sheets could be detected under
certain conditions. Furthermore, the structural effect of the random incor-
poration of a second residue type into an o-helix— or f-sheet-forming
homopolymer {guest-host) could be followed-

Based on such experiments (14) the 20 genetically coded amino acids
(except glycine and proline) were subdivided into a-helix and random coil-
forming groups. These assignments correlated (32) with the spectro-
scopically derived a-helix and B-sheet contents (17, 21) of globular pro-
teins of known amino acid compositions. Thus the physicochemical data
on guest-host relationships in homopolypeptides became applicable to
biological proteins.

Levels of Protein Structure

After the elucidation of the first globular protein structure, Linderstrom-
Lang (83) introduced a concept of four levels for the description of bio-
logical polypeptide chalns: the primary, the secondary, the tertiary, and
the quarternary structures. Soon afterward, Anfinsen & Haber (2) demon-
strated that the primary structure contains all the structural information
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and therefore determines all other stages; thus they converted the four-
stage concept to a hierarchical scheme (Figure 1). This scheme has been
supplemented by the concepts of supersecondary structures (106) and
domains (128).

The hierarchy is such that the lower-level elements determine those of
the higher levels. Since the amino acid sequence contains all information,
it should be possible to derive the final protein structure step by step
from the sequence to the secondary structures, supersecondary structures,
domains, globular proteins, and aggregates. However, the information is
very intricately encoded, and the depicted lateral segregation (Figure 1) is
by no means total. As a consequence, a procedure for working up from
sequence to aggregate remains a futuristic aim.

Methods have been developed that could provide some success in the
first step, i.e. in deriving secondary structure from amino acid sequence.
The secondary structures have only limited value compared to a complete
three-dimensional protein structure; however, because the available amino
acid sequence data have so proliferated with the advent of DNA cloning
and sequencing, the derivation of any structural feature is of interest.
Accordingly, it is worthwhile to review the methods for prediction of
secondary structure. :

DEFINITION OF SECONDARY STRUCTURE

Helices and Sheets as Defined by Hydrogen Bonds

When Pauling et al constructed a-helices and f-sheets (100) they relied on
the planarity of peptide bonds and on the presence of linear H-bonds with

~aggregate

globular protein

domain

supersecondary structure

secondary structure

amino acid sequence

Figure | Structural hierarchy in proteins. The conventional primary, secondary, tertiary,
and quaternary structures of Linderstrdm-Lang (83) are currently classified as amino acid
sequence, secondary structure, globular protein, and aggregate, respectively. The sketch does
not account for the spatial interactions between amino acid residues that are far apart along
the chain.
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lengths of 3 A (N - - - O distance) between imide and carbonyl groups. We
know now that in the best H-bonds the carbonyl and imide dipoles are
not exactly linearly aligned. Rather, a small deviation brings the hydrogen
close to one of the sp2-lone electron pairs of the oxygen (118). Neither the
linear arrangement nor this optimal arrangement can be achieyed in a-
helices, where the limitations of the polypeptide backbone geometry force
the hydrogen to a more unfavorable position. This fact has been read from
a number of protein structures known at a resolution as high as 1.5 A or
better (10). In contrast, the H-bonds in regular parallel and antiparallel -

sheets can assume the optimal arrangement in a much better way. A’
statistical analysis showed that in accordance with these geometric differ-

ences, the H-bonds in B-sheets are generally shorter than those of a-helices

(10, 64); the average N - - - O distances are 2.91 A in the former and 2.99

A in the latter. Thus, the contributions of f-sheets to protein stability seem
to be higher per H-bond, which is roughly per residue. ‘

Furthermore, a-helices tend to peter out at both ends (64); the values of

~ the conformational parameters are most regular in the a-helix cores, where
each residue forms two H-bonds. In many cases, a-helix ends cannot
be uniquely defined because the H-bond interactions of residues (i,i+4)
become progressively longer and weaker. Therefore, a cutoff criterion has
been suggested on the basis of high-resolution structures. AnupperH:-- O
distance limit of 2.5 A was found to be appropriate for a-helices as well
as P-sheets (10). For medium-resolution structures with appreciably
larger coordinate errors, the 2.5 A cutoff leads to spurious helix and sheet
breaks. Here, a less stringent energy-type criterion seems to be more
suitable (60).

In an a-helix there are also (i,i+3) H-bond interactions, whlch are
longer and less well oriented then the regular (i, i+4) ones. Frequently,
the (i, i+ 3) interactions dominate at the a-helix ends, changing it to a 3,4
helix. These 3,-helices are difficult to spot when a structure is interpreted
only visually and at medium resolution. As a consequence, the residues
reported as N- and C-termini of a-helices usually depend on the achieved
resolution and vary with the progression of reports. The same applies for
B-sheets.

Reverse Turns

The general chain fold of a globular protein resembles a heap of spaghetti,
which for the most part run straight through the center and reverse their
direction at the surface. These “reverse turns” or “turns” have attracted
attention since the first regular turns in proteins with B-sheets were located.
Their conformations were originally classified into types I, II, and III
(122). Subsequent analyses of high-resolution protein structures, however,
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showed that there is a broad range of turns. Only the type-II turns can be
clearly separated from the rest. The type-11I conformation is practically
identical with one winding of a 3,,-helix. This similarity necessitated the
following suggested convention (64): Type-III turns at the ends of a-helices.
as well as consecutive type-1II turns form a 3 ,-helix.

To describe all turns irrespective of their types and the presence or
absence of an H-bond, a simple distance criterion between Ca-atoms has
been proposed (78). Turns are defined by a distance of less than 7 A
between Ca; and Ca,, , atoms in all conformations except a-helices. This
criterion has been widely adopted for the prediction of turns from the
sequence. It demonstrates that a turn is not very stable in itself. Rather, it
is a passive kinking point of the chain. Nevertheless, the prediction of this
conformation is quite successful, presumably because most of the turns
are at the molecular surface and contain polar amino acids (109).

There have been attémpts to define further types of reverse turns, but
to little avail. The distribution is broad and there is no other clearly
distinguished group. In most turns adjacent to o-helices and B-sheet
strands, there are residues in a- or B- as well as in turn conformation. Such
ambiguities have to be resclved by a convention; usually residues in turns
that also participate in at-hehces or B-sheets are assigned to the latter
conformations.

Coil Conformation

Commonly, all amino acid residues that are not in a-helices, -sheets, or
turns are designated as “random coil.” This expression has been adopted
from work with synthetic polypeptides in materials scicnce. These polymers
either form regular secondary structures or assume a random confor-
mation. In contrast, there are few natural polypeptides or chain segments
with random structures; randomness contradicts life. Therefore, “coil”
describes a well-defined structure, which is just less regular than secondary °
structures.

Now that a large amount of protein structural data are at hand, recurring
features in coil conformation have emerged. Well known are the f-buige
(107) giving rise to a kink in a -sheet, a special turnlike H-bonding pattern
at the end of a-helices (110), a calcium-binding 1509 (88, 125), an iron-
sulfur cluster binding sequence (1), a general metal-binding feature in zinc
fingers (52), a giant anion hole for phosphates (37), the signal peptides
(123), and the charge relay system of serine proteases, consisting of a serine
backed by an imidazole and a carboxyl (15). It is worthwhile to search
proteins fot such features in order to obtain structural information prior
to a complete structural analysis; thus secondary structure prediction can
be supplemented by other structural predictions.
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Other Parameters

A parameter popularly followed in many newly established amino acid
sequences is the polarity of the amino acid side chains, as derived, for
instance, from partition coefficients (97) or vapor pressure differences (129)

" between water and less polar solvents. Polarity values have also been

derived from the known globular protein structures (22, 39, 57, 71, 124).
They seem to be of utmost general importance for structural integrity and
have therefore been used as a guideline in the residue arrangement of
Figure 2, below. In general, the polarity values are averaged over a given
number of residues, yielding a function smooth enough to be interpreted
in terms oi hydrophchic and hydrophilic segments of the polypeptide
chain. Such plots aic useful for the identification of the membrane-pene-
trating segments of a membrane-bound protein (6, 39, 42-44, 71) or for
the identification of the nonpolar signal peptides (123). They also contain
significant information for the localization of reverse turns (108, 109) and
p-strands, because these are mostly at the molecular surface and in the
molecular interior, respectively. ,

A technically important property of certain regions at the molecular
surface is their antigenicity. On the basis of a number of established
antigenic sites in lysozyme and myoglobin, Hopp & Woods (54) designed
a general prediction method. Technical interest in this method rose when it
became clear that carrier-coupled synthetic peptides more than 10 residues
long, containing the amino acid sequence of an antigenic site, could be
used to elicit antibodies against the corresponding natural protein (127).
Thus, the prediction of an antigenic site from an amino acid sequence
allows isolation of the gene product when only the DNA sequence of the

. gene is known, which for'rare proteins is often the case. The bedt results

were obtained with synthetic peptides mimicking the most flexible parts
of a protein, presumably because the carrier-coupled peptides are also
flexible. Accordingly, Karplus & Schulz (63) designed a method to pick
out these parts of the sequence. This method was based on a data
base of high-resolution protein structures in which the main-chain mobility
had been established. Apart from its technical applications, this method
is now also used for the prediction of flexible residues between a-helices .
and fi-sheets, which helps in secondary structure prediction (31).

Another predicted parameter is the location of an amino acid relative
to the surface of a globular protein (94). This prediction is based on the
frequency distribution of contact numbers for particular residue types,
where the contact number corresponds to the number of neighboring
residues with Ca; - - - Ca; distances of less than 8 A. There has also been a
report on the prediction of nonpolar cluster formation (30) based on cluster



SECONDARY STRUCTURR PREDICTION 7

analysis inside globular proteins. Moreover, there have been attempts to
apply the early observation that the amino acid composition of a protein
correlates with its a-helix contents (32) to develop a prediction method.
There is a scheme for predicting the amount of a-; f-, and turn (t-) structure
from the residue composition (69). Even more daring are the proposals to

identify the' structural class (a, «/8, a+ 8, f) frpm the amino acid com-

position of a globular protein (66, 92).
EVALUATION OF PREDICTIVE SUCCESS

Before scrutinizing particular methods, I consider how to evaluate pre-
dictive success. Besides the a-, f-, and t-conformation predictions described
above, attempts to predict the polypeptide conformations in more detail
have been rare and generally not very successful (45, 58, 85). Therefore,
the discussion is restricted to these three types. The remaining part of the
chain is considered a coil, the fourth type.

Predictions of Varying Numbers of Secondary Structure
Types

With four conformational types there are () +(3) +(3) + () = 15 possibili-
ties for predictions of single or combined types. These combinations have
different levels of correctness for random prediction (Table 1). Clearly,
this level is lowest for a simultaneous prediction of all types and highest
for the prediction of a single rare type of secondary structure. This should
be kept in mind when comparing suecess rates.

Table 1 Correctness levels for random prediction of the
most popular combinations of secondary structures*

Percentage of

correctness assigned
Secondary structure residues in 2
combinations® random pradiction
a B tc 25
a, f, nen-aff 38
o, nOn-& 61

“The presence of a certain percentage of each conformation
(a, B, t, ) is assumed. The overali values vary with time as new
protein structures emerge and with the interpretation of protein
models in terms of a-, -, and tconformations (see t2xt}. Here, 1
use o = 27%, f = 23%, t = 25%, and ¢ = 25%. I is assumied
that the random prediction honors these percentages.

*a = a-helix, B = f-pleated sheet, =reverse iumn, c=
coil = non-aft.
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Quality Indices

There are different ways of judging success. Deriving the percentage of
correctly predicted residues appears to be an appropriate way to evaluate
the achievements (114}, but it is not the only way. Correlation coefficients
and many quotients have been designed to portray the allegedly most
relevant aspects (114} Since the selection of these quotients is subjective,
the result of a prediction is better stated in the form of all possible numbers,
as shown in Table 2. With these numbers any quality index can then
be calculated. The 15 values of Table 2 can be used in a multitude of
combinations. A simglistic approach to arrive at a percentage of correctly
predicted residues is to add the diagonal and relate it to the sum of all the
numbers in Table 2.

Which is the Important Unit to Predict?

Usually, secondary structures are predicted and analyzed on a per-residue
basis. However, the assignment of secondary structures is not straight-
forward; there are ambiguities at a-helix and B-sheet ends (see above).

- These cannot always be resolved, even for X-ray structures known at-high
resolution. Furthermore. it is necessary to clarify whether 3,,-helices are
allotted to turn, «-helix, or coil. In addition, owing to the broad range of
observed conformations, there is no universally accepted definition for a
turn. These assignment difficulties should be solved before the evaluation
of predictive success. Therefore, programed procedures have been designed
(60, 64, 75) for interpreting known three-dimensional protein structures in
terms of secondary structures.

Table2 A general representation of the results of a secondary structure
prediction methed” evaluated on a per-residue basis®

Predicted conformation

Observed —

conformation a B t c Total
o 70¢ 21 0 13 104
B 0 17 3 2 22

t 9 3 16 7 35
c 5 4 7 17 33
Total 84 45 26 39 194

“The Chou & Fasman method (23, 24), as applied to the test case adenylate
kinase (113).

®A random prediciion using the values of Table 1 would have a correctness
level of 26% in this case.

“The amount of correctly predicted residues is (70 + 17+ 16+ 17)/194 = 62%,
which shows that the success rate with adenylate kinase is high.
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The results of different prediction methods (84, 113) suggest that per-

residue counting sometimes yields a distorted picture. A particular method
mazy detect all secondary structure segments per se, but may fail in finding
the correct ends. The accumulation of these boundary errors, amounting
to a few residues at each end, may give a count infericr to that obtained
by a method that finds the limits more efficiently but fails to detect all
secondary structure segments. At this point on» has to reconsider the
purpose of these predictions. It will probably not be possible to go through
the hierarchy of Figure 1 step by step, because the detection of secondary
structures from localized segments of the sequence is not accurate enough,
as it does not account for long-range interactions. On the other hand, a
multitude of protein structures are now known, and it is clear that they
belong to a very limited nmber of chain folds (112). Thus, it would be a
great achievement if the prediction could be used to assign a sequence to
a known chain fold, as Crawford et al have done (31). For this purpose,
the correct sequence of secondary structure segments is much more impor-
tar.t than the correct limits of some of these segments if others are wrong
(119). .
For the detection of a chain-fold type, it is important that the available
information not be reduced too early to binary (yes or no) assignments
with respect to a particular secondary structure. For scanning through all
chain-fold possibilities, it is more advisable to keep the a-helix, f-sheet,
and turn potential curves so that strong and weak assignments can be
distinguished. This is particularly true if more than one prediction method
is used and discrepancies have to be resolved.

PREDICTION SCHEMES

Probabilistic Methods

SINGLET FREQUENCIES AND PROPENSITIES In the most simple statistical
approach to secondary structure prediction, the frequencies of each of the
20 standard residue types are determined in each of the four con-
formational states (¢, f, t, ¢) in the data base of known protein structures.
These frequencies are taken as propensities for a given residue type to occur
in the respective conformational state (11). As the observed frequencies can
be considered basic to all prediction methods, some published values are
depicted in Figure 2.

As a plot of these propensities along the polypeptide chain is usually
very erratic, the propensities are locally smoothed by some averaging
procedure (11, 108). This procedure gives rise to a potential curve for
the respective conformational state (114). At each residue position the
predicted conformation is assigned according to the highest potential curve.



