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The general distribution of 2259 amino acid residues in a-helical and in non- 
helical regions haa been calculated using data from 12 proteins. The irregular 
distribution of hydrophobic residues in the helical parts of the sample permits 
classification of the helical regions in hydrophobic-clustered and hydrophobic- 
depleted zones. In comparison with the composition of a-helices, Ala, Leu, Val, 
Ile and Tyr predominate in hydrophobic-clustered zones, whereas Cys and Gln 
tend to accumulate in hydrophobic-depleted zones. The N-terminal part of the 
helices is rich in Asp and Pro and poor in Leu and His, whereas the C-terminal 
is rich in Lys and Gln and does not contain Pro. 

For helical regions, hydrophobic residues, located along the sequence with a 
relation of l-2-6 or l-4-5, are more frequent than those with a relation of l-2-3, 
l-2-4, l-3-4 or l-3-5. The opposite is found for non-helical regions. All these 
deviations are statistically significant. It is concluded that hydrophobic triplets 
l-2-5 and l-4-6 are required for stabilizing the helioes. 

The relevance of our results, and others reported in the bibliography, towards 
a better understanding of the structural code for proteins is discussed. 

1. Introduction 
The X-ray diffraction technique has emerged as the most useful tool for conforma- 
tion studies of proteins. The high resolution of this technique permits very precise 
location of the regions of a protein having a definite secondary structure such as 
a-helix or /?-conformation. Therefore, for a number of proteins it is possible to corre- 
late primary structure with structures of higher order. 

Current theory of molecular biology establishes that linear genetic information 
is sufficient to code the whole conformation of a given protein. The structural code 
for proteins, i.e. the code which allows translation of the primary structure into 
structures of higher order, is still far from being established. Pain & Robson (1970), 
Robson & Pain (1971) and Ponnuswammy et al. (1973) have outlined three outstand- 
ing sequential events in the process of spatial ordering of the amino acid residues in 
a polypeptide chain : short-range interactions, medium-range interactions and long- 
range interactions. In a comprehensive way, partial codes should exist for helices, 
p-sheets, loops (including structures such as reversal turns; Crawford et al., 1973), 
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and random coils, the last being presumably produced by nonsense informational 
orders. 

Until now, most efforts have been devoted to the elucidation of the code for 
a-helices. In this sense, different authors have attempted to correlate the amino acid 
sequence of proteins with the potential for a-helix formation and, accordingly, 
they have developed several predictive procedures, In short, and after Low et al. 
(1968), we can classify these procedures as follows: (a) on the statistical analysis of 
the distribution of several amino acids considered as a-helical stabilizers or a-helical 
destabilizers (Guzzo, 1966; Prothero, 1966; Cook, 1967; Kotelchuck & Scheraga, 
1969; Ptitsyn, 1969); (b) on the observation that intrahelical interactions may imply 
residues located at one side of the helix, such as residues n and n f 3 or ?z f 4, 
these interactions being stabilizing if the residues are hydrophobic (Perutz et al., 
1966; Schiffer & Edmunson, 1967); (c) on calculations of the helical potential for a 
given residue, taking into account the specific environment of polypeptide sequence 
(Per&i et al., 1967); (d) a predictive method based on comparisons of the primary 
structure of proteins of known and unknown secondary structure (Low et al., 1968). 

During the last few years studies have been focussed on searching helical potentials 
of individual residues (Pain & Robson, 1970; Finkelstein & Ptitsyn, 1971; Leberman, 
1971; Chou & Fasman, 1973; Crawford et al., 1973) and on exploring the influence of 
medium-range interactions (Kotelchuck et al., 1969; Krigbaum & Rubin, 1971; 
Robson $ Pain, 1971; Wu & Kabat, 1971; Nagano, 1973; Wu & Kabat, 1973) using 
more refined mathematical methods than before, and taking advantage of the fact 
that an increasing number of protein structures have been resolved. 

In spite of such a great effort, many aspects still remain obscure and results given 
by different authors are, quite often, controversial. The work described in this paper 
concerns procedures (a) and (b) above, and it represents an attempt to clarify the 
following points. 

(1) The presence in the a-helical regions of hydrophobic-clustered and hydrophobic- 
depleted zones. 

(2) The a-helical forming and breaking effect, as given by the amino acid distribu- 
tion of N-terminal and C-terminal triplets in a-helices. 

(3) The stabilizing effect of hydrophobic arcs, under the assumption that hydro- 
phobic residues placed in a given order (l-2-5 or l-4-5) are helical stabilizers. 

2. Materials and Methods 
Twelve proteins whose primary and secondary structure are known have been the 

object of our analysis (see Table 1). Only one from each family of proteins was chosen, 
with the exception of myoglobin and haemoglobin (which are rather similar in sequence 
and structure). The sequence and location of a-helical segments were taken from recent 
reviews or general books available, but the original articles were consulted in order to 
unify criteria. The total number of residues of the sample is 2269, 790 of them being in 
helioal regions, i.e. 36%. As in a related paper (Sohiffer & Edmunson, 1967), the follow- 
ing amino acids were oonsidered as hydrophobic: Leu, Be, Val, Met, Phe, Tyr, Trp and 
Ala. 

Analysis of protein sequences and the main statistical calculations were cerried out on 
an IBM380 computer and programs were written in FORTRAN IV. Amino acid per- 
centages, x1 teats and auxiliary oalculations were oarried out on an Olivetti Programma 
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101. With the exception of combinatory analyses, statistical olllculations correspond to 
current treatments found in general textbooks of statistics. 

Several oomputational methods have been used. 

(a) Andy& of amino acid composition of different regions and zones of the sample 

(b) Adyeis of hydrophobic triplets in helical and in non-MM regiona 
The number and position of different types of triplets of hydrophobic residues (the 

triplets which appear in a five-residue segment are: l-2-3, 1-2-4, l-2-5, l-3-4, l-3-5 and 
l-4-6) were computed for a-helical and for non-helical regions. Triplets which belong 
partly to helical and partly to non-helical regions were not considered. The compositions 
of all triplets l-2-6 and l-4-5 wore also listed. The theoretical probability of finding hydro- 
phobic triplets in the sample wss calculated as follows: 

NHNH-lNH-2 

q=NTxyi-Z 

where N, is the total number of hydrophobic residues and NT the total number of residues 
in the corresponding regions (a-helical or non-helical). 

The experimental frequency for each hydrophobic triplet within each region wss cal- 
culated by dividing the number of each hydrophobic triplet by the number of “com- 
puter counts” of the given triplet in a given region. 

(c) x2 t88t for 8tat~ticaZ reliability of deviationa 
The deviation of the proportions of amino acids between two different sets of values 

was tested by means of a standard xa test. The xa variable is defined as: 

where subscript r refers to a given residue, T to the total region and -9 to the subgroup 
being tested; xa is compared xa,,, i8, the number of degrees of freedom being 19 = 20 - 1, 
and a the security chosen. 

(d) Other general teste 
The significance of the results of the triplet analysis was studied by two different 

methods. 

(1) The number of each kind of triplet present in each protein was computed. The 
value of the number of triplets normalized with respect to the number of computer 
counts was calculated for eaoh possible combination of N proteins, N varying from 1 
to 11. Collections of values for the experimental frequency were obtained (66 for combina- 
tions of orders 10 or 2, 220 for combinations of orders 9 or 3, em.). The average value and 
the standard deviation of these collections were computed. The variation of both values 
with respect to the order of the combination gives information about the extent of the 
spreading of statistical samples smaller than 12 proteins. 

(2) A collection of 8 proteins out of the 12 was taken at random. Four series of 8 values 
of experimental frequency may be obtained, each protein in the collection being sub- 
stituted by the other 4, which are not among the 8 chosen. The 6 correlation coefficients 
for the 4 series of values were calculated. It is possible in this way to detect the deviations 
of the results for individual proteins from the global results. 

(e) Tests for 8tatisttid rdkbil~ty of deviationa jw r&w a?td triplets 
This methodology was used for studying the significance of deviations in the composi- 

tion of each amino acid residue within a region (or zone) as compared with that expected 
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from a normal distribution of the residues found in the total sample (or in a given region). 
For this purpose the normal distribution was made equivalent to a binomial distribution, 
The variance u,,~ for a given residue c aithin a given subgroup 8 is: 

% 2 = qr (1 - Q,) N,. 

In this expression, q, is the probability of finding a residue r, and N, is the total number 
of residues within each subgroup considered. The statistioal reliability was measured by 

AnrJ u ,s=-. 
%3 

Here An,, is the deviation found for each amino acid residue. Values higher than 2576, 
I-060 and 1.646 oorrespond respectively to 99.5% (& f -&), 97.5% (f f ), and 96% (f ) 
of reliability that the deviations are not simple statistical ones. 

A similar treatment was carried out for the calculation of the theoretical standard 
deviations for the hydrophobic triplets. In this case we have 

% 2 = q (1 - q) N,. 

In this expression q is the theoretical probability defined in section (b) above, and 
N, is the number of computer counts for each triplet in a given region. 

3. Results 

(a) Cleneral distm’bution of residues in helical regions 

For a-helical regions we found that Ala, Leu, His and Glu present large positive 
deviations, as compared with the total sample, whereas Gly and Pro, and to a lesser 
extent Ser and Asn, present negative deviations. For non-helical regions, Gly and 
Pro largely exceed the expected value and Ala and LX show negative deviations 
that appear significant. These results are in agreement with earlier work (Cook, 
1967; Ptitsyn, 1969; Chou & Fasman, 1973). 

The inner part of the helix contains two kinds of segments of a very distinct 
composition and they are long enough to be considered as different entities. On this 
basis, we can define: (i) hydropiaobic clu.stered-zones. These correspond to internal 
segments (q residues as an average) in which there is one, or several, hydrophobic 
triplets of the type l-2-5 or l-4-5 and in addition, adjacent groups of residues mainly 
hydrophobic (250%). (ii) Hydrophobic-depleted zones. These are internal segments 
(6 residues on average) that are relatively poor in hydrophobic residues. (iii) N- 
tekw&n.aZ trip&s. (iv) C-terminal triplets. In some cases, small overlapping of segments 
classified as (i) or (ii) with the terminal triplets exists. 

Table 1 details the segments for each protein, considered as clustered and depleted 
zones. There are 45,17,63 and 63 segments (or 391,105,189 and 189 residues) which 
correspond, respectively, to zones classified as (i), (ii), (iii) and (iv). Table 2 shows 
the amino acid composition of the four zones and also an analysis of the reliability 
of deviations in amino acid composition of the four a-helical zones as compared with 
the whole a-helical region. The x4 test was applied to compare the whole a-helical 
region with its zones. The hydrophobic-clustered zone is different from the a-helix 
with a 99.S”h reliability and the N-terminal and C-terminal triplets with a 99% 
reliability. The hydrophobic-depleted zones do not show a general difference from 
the whole a-helical region. 

From the data reported in Table 2 we oan draw the following conclusions : (1) Ile, 
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Ala and Val, and to a lesser extent Leu and Tyr tend to accumulate in hydrophobic- 
clustered zone8. (2) Ala and Leu, reported as significantly abundant in a-helical 
regions, are also spread among the other three zones, although it should be noted 
that N-terminal zones have a Leu-depleted character. (3) His and Glu, the other two 
residues which predominate in a-he&es, are preferentially spread in zones other than 
hydrophobic-clustered ones. (4) Ser, Asn and Gly are rarer in hydrophobio-clustered 
zones than in the whole a-helical region. (6) Cys and Gin are preferentially located in 
hydrophobic-depleted zones. (0) It is interesting to note the complete absence of 
Ile within hydrophobic-depleted zones. (7) There is a greater abundance of Lys and 
Gin in the C-terminal zones. (8) The N-terminal zone of an a-helix tends to accumulate 
Asp and Pro, and to be depleted of Leu and Lys. 

(b) Medium-range interactions of hydro+bic arcs 

Perutz et al. (1965) observed the presence of a regular periodicity of sites occupied 
by non-polar residues along each of the longer a-helical regions of haemoglobin. 
This remark correlates with the suggestion that intrahelical interactions involve 
residues n and n &- 3 or n f 4 (Low 86 Ed&l, 1956), such interactions being helix- 
stabilizing when the residues concerned are hydrophobic (NBmethy $ Scheraga, 
1962). In connection with the work of Perutz et al. (1965), Cook (1967) refers to a 
personal communication from Guzzo, who suggested that hydrophobic residues in 
a l-2-6 or l-4-5 relation are necessary for helix formation. 

1 , 

2 

0 
3 

I 
5 

0 

4 

FIG. 1. Sohematio transverse motion of a-h&ma showing the mgulm distribution of residues 
in emh of the 6 triplets found within 8 helioal pentapeptide. 

In the second part of our paper, emphasis is placed on such ideas and we preraent a 
statistical study of the occurrence of hydrophobic triplets of six different types, 
corresponding to those which can be considered in a pentapeptide (l-2-3, l-2-4, 
l-2-6, l-3-4, l-3-6 and l-4-6). In Figure 1 six helical wheels are shown with the rela- 
tive orientations of the different, triplets. It can be seen that the angle between the 
two more distant residues in each wheel is about 109” for the triplets l-2-5 and l-4-5, 
whereas for the other four triplets it is about 180”. In consequence, the relative 
closeness of the triplet residuea is highest for positions l-2-5 and l-4-6, and medium- 
range interactions can be facilitated by this proximity, 
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A comparison between the theoretical probability and the experimental frequency 
for hydrophobic triplets is given in Figure 2. In the upper part of the Figure it is 
shown that deviations in the a-helical regions are more than +20 for triplets l-4-5 
and l-2-5, and leas than +J for the other four triplets. A similar consideration can 
be made for non-helical regions. Although deviations are less marked in this case, 
in the lower part of Figure 2 negative deviations greater than u can be seen for trip- 
lets l-4-5 and I-2-5, and deviations less than u for the other triplets. From these 
results there is a clear preference for triplets l-4-5 and l-2-5 to be concentrated in 
a-helical regions. It is also interesting to note, by observing the sequence of the pro- 
teins studied, that quite a number of these triplets are enchained, giving rise to 
relatively large regions defined by us as hydrophobic-clustered regions. A number of 
l-2-5 and l-4-5 hydrophobic triplets are found in non-helical regions. Their presence 
can be explained by several facts. They are generally found isolated (i.e. not en- 
chained to other hydrophobic triplets) and are quite often surrounded by helix- 
breaking residues. Furthermore, the limitation of the size of our sample does not 
allow classification of the 512 (8~8~8) different hydrophobic triplets in terms of 
their helix-stabilizing ability. It is possible that some of these triplets can be defined 
as helix-indifferent. On the other hand, the influence of long-range interactions in 
disrupting helices must be taken into account. 

0,150 
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l-2-4 l-3-5 
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-I 
FIG. 2. Hydrophobic triplet frequencies in a-helical regions (upper part of the Figure), and in 

non-helical regions (lower pert of the Figure). Vertical bars represent the celoulated standard 
deviations, end broken horizontel lines show the probability (in frequency values) of finding 
hydrophobia triplets, for the two regions oonsidered. 

The dependence of the results of the triplet analyses on the size of the protein 
sample was tested by two different methods as described in Materials and Methods, 
section (d). 

In the first of these tests, the variation of the normalized standard deviation for 
each hydrophobic triplet as a function of the order of combination of the 12 proteins 
is shown in Figure 3 for u-helical regions and in Figure 4 for non-helical regions. If 
the lower oombinatory orders are not considered, the standard deviation decreases 
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Fro. 3. Normalized standard deviation for the different hydrophobic triplets in a-helical regions 
as a function of the order (N) of combination of proteins. Normalization was performed with re- 
spect to the average value of frequencies of all combinations found in each combinetory order. 

as the order of combinations increases, and above an order of nine (or eight in some 
cases) the values of o/M remain low. The test shows that if our analyses were carried 
out with any combination of eight or nine of the 12 proteins chosen, the results 
would be significantly the same. 

The second test enables us to confirm that any combination of eight proteins 
would give the same result. The correlation coefficients obtained are consistently high. 
Only 11 y0 of scattered values are below 0.9. 

4. Discussion 
Kotelchuck & Scheraga (1968) examined the importance of the interaction of the 

side chain with the amide group of the same peptide unit (-CHR-CO-NH-). 
This type of short-range interaction would be primarily responsible for the a-helix 
formation if the single peptide units considered presented minimum energy confor- 
mations at 4 and 1,4 values characteristic of a-helices (Kotelchuck & Scheraga, 1969). 
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Fro. 4. Normalized etandwd deviation for the different hydrophobio triplets in non-helical 
regions es a function of the order (N) of oombination of proteins. Normalization wae performed 
with respeot to the average value of frequencies of all combinations found in each oombinatory 
order. 

It has been reported (Kotelchuok & Scheraga, 1969; Robson & Pain, 1971; Leber- 
man, 1971) that helix initiation at the N-terminal site is directed by helix-forming 
residues taken singly. Our studies on amino acid distribution, and those carried out 
by other authors, show that even in the central core, there is accumulation of helix- 
forming residues, this effect being increased at the hydrophobic-clustered zones, 
and less defined at the hydrophobic-depleted zones. Prom these considerations, it 
can be established that helix nucle&m may be codified by the residues taken inde- 
pendently of each other. We deCne the term nucleation as the tendency of the peptide 
units involved to adopt characteristic $ and # values. Helix nucleation would be, 
therefore, the effect of short-range interactions. Discrepancies between helices found 
in proteins and those predicted by the empirical rules of best-fitting may be explained 
by considering the influence of medium and long-range interactions. 

The effect of medium-range interactions (i.e. interactions among residues n, 
n f 1, n f 2, n f 3 and n f 4) on regions of helical potential can be studied by 
considering doublets, triplets or even multiplets. Extensive work has been carried 
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out on doublet distribution analyses (Periti et al., 1967; Kotelohuck et al., 1969; 
Robson & Pain, 1971; Finkelstein & Ptitsyn, 1971; Nag&no, 1973) and the main 
conclusions that have been drawn are: (1) doublets by themselves do not seem to 
have any fundamental role in forming the helices; (2) there is a significant concentra- 
tion of helix-breaking doublets at both sides of the C-terminal of the helix. There- 
fore it can be established that medium-range interactions derived from doublets are 
mainly helix-destabilizing. 

The triplet distribution analyses of hydrophobic residues, described in this paper, 
can be considered as a statistical demonstration of the observations on multiplet 
distribution reported by Perutz et al. (1965), and Schiffer & Edmunson (1967). From 
our results it can be concluded that interacting hydrophobic triplets (l-2-6 and l-4-5) 
are helix-stabilizing. 

Wu & Kabat (1973) reported an interesting study on the effect of nearest-neighbour 
residues, n f 1, on + and # values of residues n. This can be considered as an effect 
of l-2-3 triplets on helicity. However, the number of possible triplets (8000) compared 
with the number within the proteins studied (1561) indicates that limitations exist 
for verifying the results. Triplet distribution analysis can also be extended to differ- 
ent groupings of residues (48,000 for the six types of triplets found in a pentapeptide) 
but the small sample of proteins available at present do not allow serious statistical 
studies. Therefore, in order to find new types of triplet interactions, an appropriate 
strategy of residue grouping will have to be established. 

It seems convenient to make a comment on the effects resulting from long-range 
interactions. Such interactions can take place among residues located at different 
parts of a protein; they can also originate from internal tensions produced by the 
folding of the molecule, from Cys-Cys bridging, from the proximity of/Lstructures 
and reverse turns to the u-helix, and from the prosthetic groups when they are 
present. The pooling of these effects can co-operate and give rise to “mistakes” 
when the structural translation takes place. The evaluation of long-range interactions 
represents an extremely complex problem and, therefore, the proposal of Robson & 
Pain (1971) of considering their effects as informational noise should be accepted as 
a limitation due to the high conformational complexity of proteins (Phillips, 1966). 
An estimate of such noise at particular sites of the molecule is far from being estab- 
lished. 

In conclusion, we would like to draw a picture of the influence of the different 
forces acting on the secondary structure of proteins, The process can be considered 
as a sophisticated translational pathway, which starts from primary structure and 
goes to secondary structure, then continues to structures of higher order and finally 
returns to the secondary structure. The code that governs the translation may be 
described as a three-step informational flow. A iirst set of orders, derived from short- 
range interactions, gives rise to the nucleation of hehces or other structures in a 
definite zone of a protein. A second set of orders, derived from medium-range inter- 
actions among groups of residues-such as disrupting doublets or stabilizing hydro- 
phobic triplets-defines the helical regions. Finally, a third set of informational 
orders, derived from long-range interactions, modulates the secondary structure 
within the folded protein. 
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