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Summary. A protein is usually classified into one of the following four folding 
types: all-e, all-//, c~ + fl, and e/ft. On the other hand, a protein can also be 
expressed as a vector of a 20-D space, in which its 20 components are defined 
by the composition of its 20 amino acids, respectively. Thus, the similarity 
between any two proteins in their amino acid composition can be quantitatively 
described in terms of their mutual projection in the 20-D space. The larger the 
projection value between the two vectors is, the higher their similar extent would 
be. Based on such a physical picture, a new method, the maximum projection 
method, has been proposed for predicting the folding type of a protein according 
to its amino acid composition. In comparison with the existing methods, the 
new method has the merits of yielding a higher rate of correct prediction, 
displaying a more intuitive physical picture, and being convenient in application. 

Keywords: Amino acids - All ~ - All f i  - a + f i  - ~ / f l  - Amino acid composition 
- 20-D vector 

Introduction 

The prediction of the three-dimensional structure of a protein from its primary 
sequence is one of the most important, but also one of the most difficult problems 
in molecular biology. Despite years of both experimental and theoretical study, 
this problem is far from being solved yet. While empirical force fields have been 
developed in an attempt to predict the conformation of a protein by energy 
minimization (e.g., Scheraga, 1987), it is a formidable task to find the real global 

* Part content of this paper was presented in the Third International Congress on Amino 
Acids held in Vienna. 
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minimum. The difficulty of this approach lies in the fact that the number of local 
minima often increases exponentially with the problem size, making a practical 
solution for the global minimum problem appear to be impossible. Therefore, 
the method based on energy calculations can so far only be successfully used to 
deal with regular structural elements in proteins (Chou et al., 1990), such as in 
explaining the trend of their handedness (Ooi et al., 1967; Chou and Scheraga, 
1982), their packing arrangement (Chou et al., 1985), as well as the relevant 
folding features (Chou and Carlacci, 1991a). Although the simulated annealing 
approach is a powerful tool in overcoming the local minimum problem (Kawai 
et al., 1989; Wilson and Cui, 1990; Chou and Carlacci, 1991b), using it to predict 
the conformation of a protein merely based on its primary sequence is still 
impracticable, A feasible approach is a combination of the energy minimization 
and heuristic approach (Carlacci et al., 1991). However, there are not many 
proteins from which one can get enough heuristic inputs to result in a successful 
prediction. 

A completely different approach to this problem is based on the statistical 
concept. The statistical method was established in an attempt to predict what 
secondary structure an amino acid segment would assume (Chou and Fasman, 
1974; Garnier et al., 1978), and which structural type a protein would fold into 
(Chou, 1980; Nakashima et al., 1986; Klein, 1986; Klein and Delici, t986; Chou, 
1989; Zhang and Chou, 1992; Chou and Zhang, 1992). The prediction of protein 
folding type can help improve the prediction of protein secondary structure 
(Chou, 1989; Del6age and Roux, 1989), may reduce the scope of searching 
conformational space during energy optimization (e.g., see Chou, 1992), and 
provide useful information for a heuristic approach (Carlacci et al., 1991). In this 
review article, a new method, the "maximum projection method" or "least 
correlation angle method", is proposed to predict the folding type of a protein 
according to its amino acid composition. 

Method 

A. The four folding types 

Proteins of known structures are usually classified into one of the following four folding 
types (Levitt and Chothia, 1976; Richardson and Richardson, 1989): all s-proteins (~ type), 
all fl-proteins (fl type), a + fl proteins (a + fl type), and a/fl proteins (a/fl type). According 
to the classification made by Chou, P. Y. (1989) for the 64 known proteins of which 19 
proteins are assigned as a type, 15 proteins as fl type, 14 proteins as a + fl type, and 16 
proteins as a/fl type, the quantitative criteria for the four folding types can be defined as 
follows: 

( I )  a type. Proteins of this type contain more than 45~o a-helices, and less than 5~ 
fl-strands. Listed in Table 1 are the 19 ct proteins and their amino acid composition. 

(2) fl type. Proteins of this type contain less than 5~ a-helices, and more than 45~o 
fl-strands. Listed in Table 2 are the 15 fl proteins and their amino acid composition. 

(3) ~ + fl type. Proteins of this type contain more than 30~ a-helices and more than 20~o 
fl-strands with dominantly antiparallel fl-strands. Listed in Table 3 are the 14 a + fl proteins 
and their amino acid composition. 

(4) ~/fl type. Proteins of this type contain more than 30~o a-helices and more than 20~o 
fl-strands with dominantly parallel fl-strands. Most of ct/fl type proteins are enzymes. Listed 
in Table 4 are the 16 ~/fl proteins and their amino acid composition. 
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B. The maximum projection principle 

Suppose x is a protein to be predicted. It corresponds to a 20-D space unit vector as defined 
by 

v(x)  = {v~(x),  ~ ( x )  . . . .  , V~o(X)} (1) 

where 

n~(x) (j = 1, 2 . . . .  ,20) (2) 

where nj(x) is the frequency of amino acid j occurring in protein x. Similarly, the norm for 
each of the four protein folding types can be expressed as 

v(fl) = {vl(/~), Vz(fl), ..., V2o(fl)} (3) 

v(~ +/~)  = {vl(~ + ~), v~(~ + /~)  . . . . .  V~o(~ + ~)} 

v(~//~) = {vl(~//~), v~(~l~) . . . .  , V2o(~//~)} 

where vj(~), vj(fl), vj(~ + fl), and vj(~/fl)(j = l, 2, . . . ,  20) can be calculated by means of eq. 2 
and the data of Table 5, which are derived from the training set data in Tables l, 2, 3, and 
4, respectively. 

Table 5. The standard amino acid composition of the four 
protein folding types derived from Tables 1-4 

Amino acid nj(~) a nj([3) b ni(~ + fl)c nj(~/[3) d 

Ala 285 203 175 361 
Arg 53 67 78 146 
Asn 97 139 120 183 
Asp 163 121 111 244 
Cys 22 75 74 63 
Gin 67 122 74 114 
Glu 134 86 86 257 
Gly 197 297 171 377 
His 111 49 33 107 
Ile 91 120 93 239 
Leu 221 177 110 339 
Lys 249 115 112 321 
Met 48 16 25 91 
Phe 123 85 52 158 
Pro 82 127 71 188 
Set 122 341 126 327 
Thr 119 253 117 238 
Trp 33 44 30 72 
Tyr 63 110 108 130 
Val 167 229 123 378 

~ 2447 2776 1889 4333 

° Derived from the 19 ~ proteins in Table 1. b Derived 
from the 15 fl proteins in Table 2. c Derived from the 14 

+/~ proteins in Table 3. a Derived from the 16 e/fl 
proteins in Table 4. 
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by 
The projections of the protein x with the norms of the ~, fl, c~ + [3, a/fl proteins are defined 

pg = v(x)'v(c0 = Iv(x)llv(c01 cos(0~) 

p~ v(x)'v(/~) = Iv(x)LIv([3)l cos(0~) 

Pa%e v(x)'v(~ + B) = Iv(x)llv(~ +/~)1 COS(0;%) (4) 

P2/e v(x)'v(~/M) = Iv(x)llv(~//~)l cos(O~/p) 

where 02 (Fig. 1) is the correlation angle of the vector v(x) with the standard vector v(e), O~ 
the correlation angle of the vector v(x) with the vector v(fl), and so forth, and they are given 
by: 

v (m 

v (x) 

(wp) 

v (p) v (a + p) 

Fig. 1. Schematic illustration to show the correlation angle between two vectors in a 20-D 
space. The black single-line vector v(x) representing the protein x to be predicted, while the 
four shaded double-line vectors v(a), v(fl), v(e + [3), and v(~/fl) represent the norms of the 
four protein folding types, i.e., e, fl, e + fl, and eft? types, respectively. 0~ is the correlation 
angle between v(e) and v(x). The correlation angles between v(x) and the other three standard 

vectors can be likewise illustrated although they are not explicitly marked here 

0 =arccos  --20 2 1,2  
({[Z,=, ,(x) ]E)_g,=,v,(=) ]} 3 

0; = arcc°s ~" - a o  ~ e '  v'(x)v'(fl) l 

(s) 
0~+ 6 = a r c c o s <  --2o ~ - - -  

({ E)_2,=1 v,(x) ] E)2,=1 v,(~g/~)2]}112 

0=~/. = arccos ) ~ = o  
E,=ol l) i(X)Vi(O~/~) 

2 20  2 1/2 ({E)2,=1 ~,(~) ] EZ,=~ ~,(~113) ]} J 
The protein x is predicted to belong to the folding type for which the projection is the largest, 
or according to trigonometry, the correlation angle is the smallest. Therefore, the method is 
based on the "maximum projection" or "least correlation angle" principle. The rationale of 
the current method is self-evident, as can be seen by the fact that the correlation angle of 
two identical vectors must be zero, and this is also the case in which their projection reaches 
the maximum. Generally speaking, the larger the projection between two vectors, the smaller 
their correlation angle, and the more similar the two vectors. 
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Results and discussion 

Two sets of data, the training set of proteins and the test set of proteins are used 
to demonstrate the predicted results according to the maximum projection 
principle. 

A. Predicted results for the training set of proteins 

To test our method we used the same training set used by Chou (1989). The 
predicted results for the 19 ~, 15/3, 14 ~ +/~, and 16 ~//~ proteins are given in 
Tables 6-9, respectively. The rates of correct prediction by means of the current 
method as well as the other four existing methods are listed in Table 10. The 
new method gives a > 80% rate of correct prediction for three of the four folding 
types, but the other four methods can do so only for one or two classes. None 
of the four methods could predict ~ +/~ proteins with an accuracy higher than 
80%. Even for the Klein & Delisi method (1986) in which the prediction was 
made by grouping the ~ +/~ and ~//~ classes into one "mixed class", the predicted 
result was poor, with an accuracy of only 68.2%. Similar grouping with the 
current method would increase the correct prediction to 3~ ~--~-26 86.7%. Table 10 

Table 6. The correlation angles of the 19 c~ type proteins with the four standard folding 
type proteins 

Name of the 19 c~ proteins a 

Correlation angles b (deg) 
The predicted 

0 x 0~ 0~+~ 0~/p folding type 

Calcium-binding parvalbumin (carp) 22* 43 35 32 
Cytochrome b562 (E. coli) 26* 46 33 34 c~ 
Cytochrome c (tuna) 23* 33 25 25 
Cytochrome c2 (R. rubrum) 18" 37 28 26 
Cytochrome c55 o (P. denitrificans) 21" 35 25 25 c~ 
Cytochrome c555 (C. thiosulfatophilum) 32* 42 35 37 
~-Deoxyhemoglobin (human) 20* 33 31 26 
fl-Deoxyhemoglobin (human) 19" 33 29 22 
~-Deoxyhemoglobin (human fetal) 15" 24 24 15" ~ or c~//~ 
Hemerythrin B (G. 9ouldii) 25* 40 30 28 
Hemoglobin (glycera) 24* 35 29 28 c~ 
Hemoglobin (lamprey) 18" 29 23 19 
Hemoglobin (midge larva) 20* 29 25 22 
Methemerythrin (T. dyscritum) 26* 38 29 30 
Methemerythrin (T. pyroides) 21" 39 30 24 c~ 
~-Methemoglobin (horse) 21" 31 31 25 
/3-Methemoglobin (horse) 19" 35 30 23 
Myoglobin (scal) 19" 41 34 26 c~ 
Myoglobin (sperm whale) 17" 41 33 25 

Rate of correct prediction = 18.519 = 97.4% 

a In alphabetical order, b See eq. 4 for the definitions of the four correlation angles, of 
which the one with the smallest value (marked by *) is assumed to correspond to the folding 
type for the predicted protein. 
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Table 7. The correlation angles of the 15/3 type proteins with the four standard folding 
type proteins 

Name of the 15/3 proteins" 

Correlation angles b (deg) 
The predicted 

6~' 6~ 0~'+a 0~/p folding type 

~-Chymotrypsin (bovine) 27 12" 20 19 fl 
Concanavalin A (jack bean) 27 17" 23 19 fl 
Elastase (porcine) 35 17" 22 26 fl 
Erabutoxin B (sea snake) 50 35* 38 42 fl 
Immunoglobulin Fab (V n and CH) (human) 37 15" 29 27 fl 
Immunoglobulin Fab (V L and CL) (human) 31 15" 25 23 fl 
Immunoglobulin B-J MCG (human) 32 14" 24 24 fl 
Immunoglobulin B-J REI (human) 42 25* 32 35 fl 
Penicillopepsin (P. janthinellum) 37 15* 28 29 fl 
Prealbumin (human) 23 20 21 15" ~ +/3 
Protease A (S. 9riseus) 40 20* 27 32 /3 
Protease B (S. oriseus) 43 22* 31 35 /3 
Rubredoxin (C. pasteurianum) 46 50 43* 43* ~ +/3 or ~//3 
Superoxide dismutase (bovine) 28 26 26 22 ~//3 
Trypsin (bovine) 36 18" 25 27 /3 

Rate of correct prediction = 12 = 80.0% 

" In alphabetical order, b See eq. 4 for the definitions of the four correlation angles, of which 
the one with the smallest value (marked by *) is assumed to correspond to the folding type 
for the predicted protein. 

Table 8. The correlation angles of the 14 ~ + fl type proteins with the four standard folding 
type proteins 

Name of the 14 ~ + fl proteins" 

Correlation angles b (deg) 
The predicted 

6~ 0~ 0~+a 0,~/p folding type 

Actindin (kiwi fruit) 32 22 17' 24 ~ +/3 
Cytochrome b5 (bovine) 28 34 31 25* ~//3 
Ferredoxin (P. aerogenes) 48 42 37* 43 ~ +/3 
High-potential iron protein (chromatium) 30* 41 31 36 
Insulin (A and B chains) (porcine) 39 36 33* 35 ~ + fl 
Lysozyme (bacteriophage T4) 24 32 21" 22 ~ + fl 
Lysozyme (chicken) 33 28 21" 28 ~ +/3 
Papain (papaya) 34 25 19' 26 ~ + fl 
Phospholipase A 2 (bovine) 39 38 30* 37 ~ + fl 
Ribonuclease S (bovine) 35 28 26* 31 ~ + fl 
Staphylococcal nuclease (S. aureus) 19" 37 27 24 c~ 
Subtilisin inhibitor (streptomyces) 30 29 29 28* ~/fl 
Thermolysin (B. thermoproteolyticus) 29 19 16" 23 ct + fl 
Trypsin inhibitor (bovine) 39 42 30* 38 ~ +/3 

Rate of correct prediction = ~=1° 71.4~o 

" In alphabetical order, b See eq. 4 for the definitions of the four correlation angles, of which 
the one with the smallest value (marked by *) is assumed to correspond to the folding type 
for the predicted protein. 
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TabLe 9. The correlation angles of the 16 ./fl type proteins with the four standard folding 
type proteins 

Name of the 16 c~/fl proteins" 

Correlation angles b (deg) 
The predicted 

0~ 0~ 0~+~ 0~/~ folding type 

Adenylate kinase (procine) 25 31 27 20* e/fl 
Alcohol dehydrogenase (horse) 21 22 21 12" e/fl 
Carbonic anhydrase B (human) 23 19 21 16" c~//? 
Carbonic anhydrase C (human) 19 27 25 17" e/fl 
Carboxypeptidase A (bovine) 28 24 58 12" c~/fl 
Carboxypeptidase B (bovine) 26 19 16" 18 c~ +/? 
Dihydrofolate reductase (E. toll) 24 29 22 17* e//~ 
Flavodoxin (Clostridifim MP) 33 37 31 26* e/fl 
Glyceraldehyde 3-P dehydrogenase (lobster) 18 22 19 11" c~//~ 
Glyceraldehyde 3-P dehydrogenase 20 29 22 16" ~/13 

(B. stearotherm.) 
Lactate dehydrogenase (dogfish) 21 27 24 14" c~/fl 
Phosphoglycerate kinase (horse) 13 28 21 12* c(fl 
Rhodanese (bovine) 22 25 21 25* e//? 
Subtilisin BPN' (B. amyloliquefaciens) 31 19" 24 24 fl 
Thioredoxin (E. coli) 19" 35 36 23 
Triose phosphate isomerase (chicken) 15 28 20 t 3" ~/fl 

Rate of correct prediction = r~ =13 81.3~ 

In alphabetical order, b See eq. 4 for the definitions of the four correlation angles, of which 
the one with the smallest value (marked by *) is assumed to correspond to the folding type 
for the predicted protein. 

Table 10. Comparison of various prediction methods in self-consistency 

Rate ofcorrect prediction 
Average 

Method a ~ type fl type ~ + fl type e/fl type accuracy 

This paper ls.519 - 97.4~ ~12 ---- 80.0~o 1410 = 71.4~o 16a-a3 _- 81.3~ 53~64 = 83.6~ 

P. Y. Chou 16 84.2~ 12 80.0~ 1A 78.6~o 12 _ 75.0~ 51 79.7~o 
1 9  - -  ~ ~ 1 4  --" ~ - -  6 4  ---~ 

(1989) 

Nakashima 27 _ 87.1~ 12 64.7~ 1-0 37.0}/0 33 _ 84.6~ 92 70.2~o 
3 ] -  - -  ~ ~ 2 7  ~ "  3 9  - -  13--7- ~- 

et al. (1986) 

Klein (1986) 20 _ 68.9~ z s _ 92.6~o lo 62.5~ 20 _ 76.9~o 75 76.5~ 
-- 27 -- ~----- 2-6-- 9-8--- 

Klein & Delisi 17 85.0~o ° 14 82.4~ is 68.2~ 4.6 78.0~ 
2 0  ---~ ~ ~ 2 2  - -  5 9  -- 

(1986) 

" The methods listed here are all based on the amino acid composition except the Klein and 
Delisi method, which is based on the hydrophobic values of the constituent amino acids. 
Also, in that method, the c~ + fl and e/fl proteins were treated as one class called the "mixed" 
class. 

also indicates that  the average accuracy  of  the new m e t h o d  is a b o u t  4 ~  higher 
than that  by  the Chou ' s  method ,  a b o u t  1 3 ~  higher than that  by  the N a k a s h i m a  
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Table 12. Application of the new method to the independent 35 testing proteins listed in 
Table 11 

Correlation angles" (deg) 

Name of protein 6 x 0~ 0~+p 0~/p X-ray Predicted PDB b 

Cytochrome c5 27* 34 29 31 ~ ~ 1CC5 
Apoferritin 25* 35 30 29 ~ ~ 0AF1 
Cytochrome c 3 (D. vulgaris) 30* 44 37 37 ~ ~ 2CDV 
Cytochrome c3 27* 39 32 32 • ~ 0CY3 

(D. desulfuricans) 
Cytochrome c551 21" 36 26 25 ct ~ 351C 
Cytochrom e' 26* 44 36 35 ~ ct 1CCY 
Erythrocruorin 20* 29 25 22 ~ ~ 1ECD 
Hemoglobin, (Sea lamprey) 21" 33 28 22 ~ ~ 1LHB 
Leghemoglobin A (Soybean) 18 34 28 19" fl fl 1LH1 
Actinoxanthin 37 25* 30 34 fl fl 1ACX 
Neuraminidase 35 20* 21 23 fl fl - -  

(Tokyo influenza virus) 
Pepsin 37 18" 27 27 fl fl 1PEP 
~-Lytic protease 37 21" 26 29 fl fl 1ALP 
Acid proteinase 33 19" 26 29 fl fl 2APE 
Coat protein 29 24 22* 23 fl ~ + fl 3SBV 
Neurotoxin A (Sea snake) 50 35* 38 42 fl fl 1NXB 
Immunoglobulin RHE 42 25* 32 35 fl fl 1REI 

(Human) 
Ovomucoid, 3rd domain 36 33 28* 32 ~ + fl ~ + fl 1OVO 
Phospholipase A 2 37 36 27* 35 ~ + fl • + fl 1P2P 
Ribonuclease 26 23 17" 21 ~ + fl ct + fl 0RNB 
Ribonuclease ST 38 37 31" 33 ~ + fl ct +/3 0RST 
Ribonuclease "1"1 40 21" 26 31 ~ + fl fl 0RNT 
Hemagglutinin, HA2 chain 26 32 21" 23 ~ + fl ~ + fl 0 H M G  
Superoxide dismutase, Mn 11" 31 22 19 ~ + fl ~ 0SDE 
Insulin-like growth factor 32 31 25* 28 fl fl 1GF1 

(Human) 
Aspartate transcarbamoylase 19 28 23 18" ct/fl ~/fl 2ATC 

(E. Coli) 
p-Hydroxybenzoate 28 32 26 23* ~/fl ~/fl 0 P H H  

hydroxylase 
Glycogen phosphorylase A 22 32 21 18" ~/fl ~/[3 0PPA 
Elongation factor 3". 25 31 25 19" ~/fl ~/fl 0ETU 
Catalase 22 28 20 19" e/fl e/fl 3CAT 
Aldolase 26 32 24 22* e/fl e/fl 1KGA 
Malate dehydrogenase 18 24 19 11" e/fl ct/fl 2 M D H  
Thioredoxin 25 36 28 24* e/fl ~/fl 0TT4 

(Bacteriophage T4) 
L-Arabinose binding protein 13 28 20 12" ~/fl ~/fl 1ABP 

(E. Coli) 
Dihydrfolate reductase 21 30 23 15" ~/fl ~/fl 8DFR 

(Mouse L1210) 

q = Average accuracy =~=32 91.4~o 

" See eq. 5 for the definitions ofthe four correlation angles, of which the one with the smaUest 
value (marked by *) is assumed to correspond to the folding type for the predicted protein. 
b The identification code of the Protein Data Bank entries (Bernstein et al., 1977). 
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et al.' method, and about 7~o higher than that by the Klein's method. Therefore, 
the new method has the highest rate of correct prediction for the training set of 
proteins, indicating a better self-consistency than any other existing methods. 

B. Predicted results for the test set of proteins 

The prediction based on an independent test set is instructive because it will 
indicate the extrapolating-effectiveness of a method. Klein (1986) has made a 
prediction for an independent set of 27 proteins, and he found the accuracy is 
17 _ 63.0~o. Chou (1989) has also made a prediction for an independent set of Z 7 - -  

12 proteins, and he found the accuracy is ~=1° 83.3~o. However, in the paper by 
Nakashima et al. (1986), no calculated results for an independent set of proteins 
are reported. Listed in Table 11 are 35 structure-known proteins and their amino 
acid composition which did not enter into the initial parametrization. The 
predicted results by the new method for these 35 independent proteins are listed 
in Table 12, from which we can see the average accuracy is ~=32 91.4~o. This 
value is much higher than 63.0~, the accuracy reported by Klein (1986), and 
also higher than 83.3~o, the accuracy reported in Table 16 by Chou, P. Y. (1989) 
even though he used a test set less than half the size of ours. Furthermore, if the 
same set of 35 proteins was predicted by means of the P. Y. Chou's method, the 
average accuracy would drop to 3~ = 74.3%, i.e., 17~ lower than the result by 
the new method. 

Consequently, the new method can lead to a considerably higher average 
accuracy than any of the previous methods for both training base and indepen- 
dent test sets of proteins, indicating that a significant improvement has been 
achieved by the new method in both the self-consistency and extrapolating- 
effectiveness. 

Finally, it should be pointed out that, although protein structural class is 
correlated with amino acid composition, the former cannot be uniquely defined 
by the latter. The effect of some "hidden variables", such as the amino acid order 
along the sequence of a protein, was not taken into account in any of the 
aforementioned prediction methods. These variables certainly somehow affect 
the folding of a protein. Therefore, the accuracy of prediction based on such a 
set of incomplete parameters must have an upper limit with fluctuation. It is 
merely within such a limit that the new method has been improved, yielding a 
better rate of correct prediction than the previous methods. 

A detailed analysis and discussion about the upper limits by means of Monte 
Carlo simulation approach will be presented elsewhere. 
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