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ABSTRACT. Principal component analysis (PCA) and cluster analysis (CA)
were applied to classify 20 natural amino acids. We selected 18 characteristics,
properties available from literature, as a basis for the classification. The correlations
between these characteristics and their classification were investigated, as well as
the classification of the amino acids. The results are presented as score plots of the
first 3 principal components and as dendrograms obtained by clustering analysis.
The resulting classification is consistent with the chemical behavior of amino acids
and their mutual substitution possibilities in peptides and proteins.

Keywords: principal component analysis, cluster analysis, amino acids,
thermodynamic characteristics, structural characteristics

INTRODUCTION

Amino acids, as building blocks for peptides and proteins were intensively
studied and their importance in human nutrition and in animal feed, in food
industry, pharmaceutical and cosmetics industries, as chelating agents, etc.
The standard 20 amino acids, implied in the formation of peptides and proteins
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(proteinogenic amino acids) are enumerated here, together with their 3-letter
and 1-letter symbols: glycine (Gly, G); alanine (Ala, A); phenylalanine (Phe, F);
valine (Val, V); leucine (Leu, L); isoleucine (lle, 1); aspartic acid (Asp, D); glutamic
acid (Glu, Q); asparagine (Asn, N); glutamine (GIn, E); serine (Ser, S); threonine
(Thr, T); tyrosine (Tyr, Y); cysteine (Cys. C); methionine (Met, M); lysine (Lys, K);
arginine (Arg, R); proline (Pro, P); histidine (His, H); tryptophan (Trp, W).

There are many possibilities to classify amino acids, according to
the criteria selected to this aim. Based on their chemical structure [1] we can
distinguish monoamino carboxylic acids (Gly, Ala, Val, Leu, lle, Phe), monoamino
dicarboxylic acids and their amides (Asp, Asn, Glu, GIn), hydroxyl amino acids
(Ser, Thr, Tyr), thioamino acids (Cys, Met), diamino carboxylic acids and
derivatives (Lys, Arg), heterocyclic amino acids (Pro, His, Trp). A classification
based on structure and physical and chemical properties [2] groups the amino
acids in: acidic (Asp, Glu), basic (Lys, Arg, His), aromatic (Tyr, Trp, Phe), S
containing (Cys, Met), uncharged, hydrophilic (Ser, Thr, Asn, GIn), inactive
hydrophobic (Gly, Ala, Val, Leu, lle), special structure (Pro). The same amino
acid can be assigned to more different classification groups based on the
property considered [3]: polar / hydrophilic (Asn, GIn, Ser, Thr, Lys, Arg, His,
Asp, Glu, [Cys, Tyr]); non polar / hydrophobic ([Gly], Ala, Val, Leu, lle, Pro,
Tyr, Phe, Trp, Met, Cys); forming hydrogen bond (Cys, Trp, Asp, GIn, Ser, Thr,
Tyr, Lys, Arg, His, Asp, Glu); S containing (Cys, Met); negatively charged at
neutral pH / acidic (Asp, Glu [Cys]; positively charged at neutral pH / basic
(Lys, Arg, [His]; ionisable (Asp, Glu, His, Cys, Tyr, Lys, Arg); aromatic (Phe, Trp,
Tyr, [His]; aliphatic (Gly, Ala, Val, Leu, lle, Pro); forming covalent cross-bonding
(S-S) (Cys); cyclic (Pro).

In view of the overlapping between the different classes, a Venn diagram
showing the classification is helpful (Fig. 1) [4-6] This tries to group the amino
acids according to their nature (aliphatic, aromatic), to the size of the molecules
(small, tiny), to the hydrophobicity and in relation to their polarity (polar, charged -
positive or negative).

Since the role of amino acids in the formation of proteins is of prime
importance, a classification was proposed according to the interchangeability
of different amino acids in the structure of a protein, without interfering with
this structure [7]. The diagram in Figure 2 is a graphical representation of this
substitutability. Amino acids connected in the diagram can be replaced with
95 % -probability. Marked with red are the solvent-exposed amino acids, with
green — those located inside the protein molecule, according to their solvent
exposed area (SEA)
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Figure 1. Venn diagram grouping the amino acids according
to their properties (adapted from [4,5])

Figure 2. Possible substitutions of amino acids (according to [7]);

amino acids bounded by lines have a substitution probability of 95%.

Red: solvent exposed area (SEA) > 30 A?; green: SEA < 10 A?).
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Here we propose a multivariate data analysis [8-14] of the amino acids,
by principal components analysis (PCA) and cluster analysis (CA). PCA helps to
reduce the number of variables necessary to describe a system, by maintaining
the maximum possible information. Using the new variables as coordinates,
“similarity maps” can be drawn for the analyzed system. In CA the (dis)similarity
between elements is measured as “distances” between points in the space
defined by the variables. The elements are then grouped in classes (clusters)
by different clustering methods.

THEORETICAL METHODS

The objects of the classification were the 20 proteinogenic amino acids,
enumerated above. As variables (descriptors, characteristics) 18 properties were
chosen, as follows:

¢ Molar mass (MM)

o Acid dissociation constants pK = -Ig K, [3, 15, 16], corresponding to
the first dissociation step (carboxylic group). pK1 and the second
dissociation (ammonium group), pKz. Only seven amino acids present
also a third dissociation constant, pKs, due to a supplementary group
(side chain), which was not considered in the PCA, but used in the
calculation of the isoelectric point.

¢ Isoelectric point (pl), the pH where the molecules have no net electrical
charge (zwitterions), and present a minimum solubility in water. The
value can be calculated as the mean of the pK values corresponding to
the equilibria which include the uncharged species.

Some descriptors for the elementary composition of the molecules
were used:

o Number of carbon atoms (NC), a measure of the length of the carbon
chain, and so related to the hydrophobicity of the molecule
Number of hydrogen atoms (NH)

¢ Number of nitrogen atoms (NN), a measure of the number of basic
functions

¢ Number of oxygen atoms (NO), a measure of the number of acid
groups

o Number of sulphur atoms (NS)

Chou-Fasman Parameters for predicting the secondary structures in
proteins [17, 18]
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e P(a) — the probability for helix conformations (PA);
o P(B) — the probability for B-strands conformations (PB);
e P(t) — the probability for turns (PT)

Thermodynamic data

¢ Standard enthalpy of formation, Hzes® (HF) [19]. For 4 amino acids
(Phe, Trp, GIn, Arg) no values were found. Therefore, we calculated theoretical
values for all aminoacids (except Cys and Met to avoid the complications related
to the parametrization for S atoms), on the restricted Hartree-Fock level, by the
semi empirical SCF-MO method PM3 [20], using the Hyper Chem 7.5 Software
[21]. The molecular geometries for the zwitterionic forms were optimized by the
Polak-Ribiere (conjugate gradient) algorithm. Between experimental (exp) and
calculated (calc) values the following linear correlation was found:

AHase®(exp) [kJ/mol] = (-264 £ 27) + (1.10 + 0.07) AHaee(calc), r = 0.979, n= 14

This correlation was used to estimate the Hgs® values for the 4 amino
acids, where experimental values were not available.

e Standard state accessibility (AS), is defined as the average
surface area of the residue X in a tripeptide Gly-X-Gly [22, 23].

o Average accessible surface area in proteins (AA)
o Solubility in water (SO) at 25 °C [15, 24]

e Hydrophobicity index (HP) [3, 25]. There are many different
hydrophobicity scales, 46 scales were evaluated [26] and a PCA analysis
was made on 40 scales [27]. One of the most used is the KD-scale [28], whose
values very similar values with those used here. High positive values denote a
strong hydrophobicity, while hydrophilic amino acids present negative values.
In proteins, hydrophobic amino acids will be more probably located inside, while
hydrophilic ones will be rather in contact with the aqueous environment.

¢ Melting points (MP) [29] for amino acids are quite high, an evidence for
their zwitterionic character. They are a measure for the intermolecular interactions
in solid state and for their stability. Some amino acids are decomposed before
melting, for them we used the decomposition temperature.

The values used for the 20 amino acids are given in Table 1.
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Table 1. Properties of the amino acids (the symbols are given in text)

Awim- | M | pEl | pE2 | K5 | Pl |+ |oH [oH |00 | 16 | Fe) | E) | P(O | 4H-. | 45 | 44 [50(z/| HP | MP
arid | (ghmel) (Wimal)| (£ | dY | 1002 ')
GLY,G | 7507 | 221 | 915 568 | 2 | 5 |1 ] 2| 057 | 7 |1%|-5275 | 881 | 252 | 249 | 067 | 255
ALLA | 8009 | 235 | 9a7 611 |3 | 7 [1] 2 |0 142 & | & | =0 |18l [315] 166 | 1 |29
PHEF | 16519 | 258 | 924 591 | 9 |LL|1] 2| 0|15 |15 | 60 | 440 | 2228 | 267 | 2965 | 2.5 | 263
LEU.L | 15117 | 236 | 94 604 | 6 | 15[ 1] 2 | 0 [121 | 150 | % |#48% | 1931 | 2@ |24% | 22 |2
ILE] | 13117 | 232 | 976 594 | 6 | 13| 1] 2 | 0| 108 | 160 | 47 | €406 | 181 | 25 |4.117 | 31 | 284
VALY | 11715 | 23 | 98 596 | 5 | 11| 1] 2| 0106|170 | 30 | €289 | 1645 | 23.5 | 883 | 23 | 315
SERS | 10509 | 221 | 915 SB8 |3 | 7|1 ]3| 0] 77 | 5 | 143 | 7327 | 1298 | 442 | 505 |11 | 28
THE,T | 119.12 | 215 | 912 SR (4 | 913 |08 |10 % |73 1525 ] 46 | 97 |05 2%
TREW | 20822 | 238 | 939 580 | 11|12 |2 ] 2 | 0| 108|137 | % | =0 | 2663 |417 | 11% | 1.5 | 2@
FROP | 1503 | 199 | 106 63 | 5 | 9 | 1| 21057 [ % |15 5070|1868 | 537 1623 |08 | 221
ASPD | 131 | 188 | 96 | 363 277 | & | 7 |1 | 4 | 0 [101| & | 146 | 9733 | 1587 608 |07% | 3 |2M
LSHN | 13212 | 202 | 88 541 |4 | B |2 ]3| 0| 67 | @ | 1% | -7 | 1855 | 622 | 3.5 | -27 | 2
GLUE | 14713 | 219 | 967 | 425 322 | 5 | 8 |1 | 4 | 0 [151] 37 | 7 | -1003 | 1862 | 723 | D&64 | -25 | 2%
GLN,Q | 14615 | 217 | 513 565 | 5 | 102 ]3| 0|11 |10 % | -7/0 | 1932 | | 25 |-29 | 18
TUE,T | 18119 | 22 | 1L |10007| 566 | # |11 |1 | 3 | 0| 6% | 147 | 114 | €856 | 2368 | 59.1 | 00453 | 0.0 | 342
CYS,C | 12116 | 171 | 833 |1078) 502 | 3 | 7 |1 2 | 1 | 70 | 119 | 119 | 5341 | 1461 | 13.9 | 001 | 017 | 260
METM | 14921 | 228 | 52l 574 | 5 |LL| 1] 2 | 1| 145 | 105 | &0 | 5775 | 2034 | 30.5 | 3581 | 1.1 | 281
ARGE| 172 | 218 | 909 | 132 |1105] 6 |14 4] 2 | 0| 9 | & | & | 50 | 56 |938] 15 |75 |24
LYSE | 14619 | 22 | 92 |1028] 959 | 6 |14 |2 2 | 0 |114| 7 | 101 | 6787 | 2258 |1l03| 150 | 46 |28
HISH | 15516 | 178 | 897 | 597| 747 | 6 | 9 | 3| 2 | 0 | 100 | 87 | 5 | 4418 | 2025 | 967 | 419 |-17 | 287

All calculations were executed using the Statistica software package
on the data matrix (20 objects, 18 variables). After the scaling of variables (to
a mean of 0 and a variance of 1), PCA and CA procedures were applied,
both for the classification of properties and of amino acids.

RESULTS AND DISCUSSION

Table 2. Table of correlations for the properties of the amino acids (significant
correlations at P = 0.95 are bolded)

Wi P | PKZ | PI NG |NH NN [MNO |NS |PA [PB |PT |HF | AS [AA |50 [HP |MP
MW 100 |015] -018|0.23 [ 0.88 |0.65 |047 |003 |-0.02)0.23 | 029 [-024 017 | 096 | 0.37 |-023 |-0.20 | 0.26
P i1 1.00 | 0.30 | 012 | 0.43 [0.44 |-021 |-024 |-029 044 | 041 [-057 | 019 | 026 |-0.13)-038|042 | 0.25
PK2 100 | -012) 007 ja.11 [-031|-002 |-0.41)023 |-0.18(-016)-0.04|-0.14|-0.02 |-008|0.24 |0.07
Pl 1.00 | 0.20 |0.58 [0.73 | -0.61 |-013 |-0.05) 010 |-013 | 047 | 043 | 0.44 [0.20 |-042 |-013
WE 1.00 |0.67 | 022 |-01% |-0.21 018 |0.48 |-034 038 | 087 | 013 |-024 [ 017 044
NH 1.00 | 038 |-036 |-011 |0.37 | 046 |-058 | 019 | 081 | 0.34 |-004)-007 021
W 1.00 [-019 [-019 [-0.01]-011[0.06 [0.23 [ 053 | 0.57 [-011 |-0.69 [-0.23
W 1.00 |-0.22 003 |-042)0.32 |-0.88|-0.11) 035 |-017 |-037 |-0.19
NS 1.00 |008 {008 [-009)0.18 |-0.05]-0.36|026 | 016 |0.06
PA 1.00 |-0.00 |-0.77 [-014) 031 | 0.06 |-034 | 007 |0.22
PB 1.00 |-055 039 [ 033 )-0.47 [-014 059 |0.58
PT 1.00 [-096]-0.36 | 0.24 [0.23 | -0.40 | -0.49
HF 1.00 | 021 ) -0.39 [0.06 | 039 | 035
AS 1.00 | 0.43 |-018 |-022 [0.25
AR 1.00 | 0.14 |-0.87 |-046
ga 1.00 | -0.46 |-0.32
HF 1.00 | 0.55
WP 1.00
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The covariance matrix, identical with the correlation matrix, since data
were normalized, is given in Table 2. It confirms that the properties are
correlated, and the number of variables can be reduced by PCA.

The eigenvalues (EV) and eigenvectors corresponding to each principal
component were calculated. In Table 3, the EV for the first 6 principal
components (PC) are given, together with the loadings of the characteristics
associated with each PC. The contribution of each PC is given as % from
the total variance of the system. The first three PC cumulate about 66% from
the total variance, and the first 6 PC over 88%. In Table 3, the values

representing the maximum contribution of each property to a PC are bolded.

Table 3. Eigenvectors and eigenvalues (EV) for the first 6 principal components
(PC). The maximum contribution (loading) of each variable is bolded

Variable PCA1 PC2 PC3 PC4 PC5 PC6
MM 0.732772 | -0.418786 | 0.149100 | -0.437709 | -0.119962 | -0.106764
PK1 0.580684 | 0.323887 | 0.318470 | 0.405112 | -0.049469 | 0.050468
PK2 0.036689 | -0.222711 | 0.402239 | 0.660723 | -0.184703 | -0.279568
Pl 0.455128 | -0.524516 (-0.519732 | 0.409233 | -0.084511 | 0.101819
NC 0.843749 | -0.107567 | 0.132647 | -0.205899 | -0.346962 | -0.207651
NH 0.845821 | -0.278541 | 0.043770 | 0.149541 | 0.143806 | -0.252191
NN 0.321116 | -0.779242 (-0.270120 | 0.029570 | -0.005560 | 0.398847
NO 0.475639 | -0.251914 | 0.735451 | -0.363289 | -0.075591 | -0.074636
NS -0.068992| 0.249191 |-0.407097 | -0.479635 | 0.619484 | -0.087982
PA 0.422426 | 0.097598 | 0.532400 | 0.150091 | 0.639621 | 0.150662
PB 0.646027 | 0.455109 |-0.196461 | -0.224951 | -0.123477 | -0.057888
PT -0.693531| -0.356646 |-0.225276 | -0.146697 | -0.485925 | -0.042470
HF 0.486677 | 0.233157 |-0.707765 | 0.147943 | -0.189069 | 0.132121
AS 0.830771 | -0.454054 | 0.100198 | -0.257977 | -0.016263 | -0.116410
AA 0.018882 | -0.924642 | 0.237951 0.140003 | 0.039411 | -0.155298
SO -0.287173| -0.147992 |-0.506858 | 0.090974 | 0.219967 | -0.713778
HP 0.225330 | 0.942794 |-0.044783 | -0.001836 | -0.142445 | -0.093475
MP 0.514421 | 0.518994 | 0.105280 | -0.285245 | -0.121981 | 0.053338
EV 5.246110 | 4.066386 | 2.565046 | 1.679726 | 1.370267 | 0.985620

% total | 29.14506 | 22.59103 | 14.25025 9.33181 7.61260 5.47567

variance

Cumu-

lated (%) | 29.1451 51.7361 | 65.9863 75.3182 82.9308 88.4064
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Classification of properties

Some characteristics with the largest contribution in PC1 are the
number of H and C atoms, the AS surface and the molar mass, which are
strongly correlated as shown in Table 2. Altogether there are 7 properties
with maximum contribution in PC1. In PC2 there are 5 such properties, the
most important being hydrophobicity (HP) and accessible surface area (AA),
also strongly correlated (negatively). The other PC, 3 to 6, contain each only
one or two properties with large contributions. In PC3 there are the number
of O atoms (NO) and the enthalpy of formation (HF), also strongly correlated
(Table 2): amino acids with more O atoms have actually lower Hgzgs® values,
with Asp and Glu the most stable (Table 1).

Such correlations can be visualized by 2- or 3-D loading plots; as an
example, the scatter plot for the first two PC is given in Figure 2. Here related
properties are represented by nearby points. But negatively correlated properties
appear quite far from one another.
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Figure 3. PCA loading plot for the two first principal components. The symbols of
the characteristics correspond to those in Tables 1-3.

The results of cluster analysis can be presented as dendrograms,

grouping the different properties in clusters. In Figure 4 is given such a diagram,
obtained by the Complete Linkage method, using Euclidean distances
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Classification of amino acids

In order to apply PCA for the classification of amino acids, we use the
scores of each amino acid calculated for the first (more important) PCs. Here the
first 3 PCs cumulate 66% of the total variance of data. Therefore, by reducing
the number of 18 characteristics (natural variables) to 3 variables (the first 3 PCs)
we retain enough information to characterize the system in 2D-representations
(in the planes defined by PC1 and PC2, PC1 and PC3 or PC2and PC3) an
3D- representation (in the space of PC1, PC2 and PC3). As an example, in
Figure 5 the representation in the PC1-PC2 plane is given. Some groupings
of amino acids are highlighted in the figure.

Tree Diagram for 18 Variables
Complete Linkage
Euclidean distances

Linkage Distance
D

HF HP PK2  PK1 NS NO NN NH AS
MP PB PA SO PT AA PI NC MM

Figure 4. Dendrogram for hierarchical clustering for 18 properties

The similarities between amino acids can also be followed on the
dendrogram (Figure 6) obtained in CA, using the same Complete Linkage
method, with Euclidean distances, as for the properties.
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Figure 5. PCA score plots for the 20 amino acids in the plane of the two first
principal components. 1-letter symbols are used for the amino acids.

Tree Diagram for 20 Cases
Complete Linkage
Euclidean distances

Linkage Distance

[ I T 2 A =7 B R = = Y ¢ v R mn

Figure 6. Dendrogram for hierarchical clustering by complete linkage method for
20 amino acids. 1-letter symbols are used for the amino acids (see Introduction)
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The strongest related amino acids according to CA are leucine (L) and
isoleucine (1), isomers with very similar properties. In the dendrogram they are
joined by valine (V), methionine (M), and alanine (A). They all are aliphatic
hydrophobic amino acids. Another cluster, more loosely connected, contains
phenylalanine (F), tryptophan (W), tyrosine (Y), and histidine (H) - all aromatic
amino acids, mostly hydrophobic, but also partially hydrophilic, particularly H.
These two clusters are then connected (Fig. 6), giving a cluster of mostly
hydrophobic amino acids.

Lysine (K) and arginine (R) form a cluster of basic amino acids, positively
charged in proteins at physiological pH, histidine, also basic, is near to them in
Fig. 5. The two acidic amino acids, negatively charged in proteins: aspartic
acid (D), and glutamic acid (E), are also united in a cluster (Fig. 6). Asparagine
(N) and serine (S) give a cluster with glutamine (Q), and threonin (T): they are
neutral in proteins, but contain polar groups and show hydrophilic properties.
Quite loosely interconnected are glycine (G), proline (P), and cysteine (C) — small
molecules, rather dissimilar to other amino acids

It is worth noting that though the characteristics used in classification
were mostly of physical and stoichiometrical nature, the resulted classification
follows quite well the chemical properties and the character of amino acids. It
is also interesting to compare the clustering results with the possibilities of mutual
interchange of amino acids in proteins [7] (Fig. 2). We find there the same
group L, I, M, V as in CA, as well the group F, Y, W, or the group K, R. The other
possibilities of substitution in Fig.2 are also quite well reflected in PCA and
CA.

CONCLUSIONS

The use of the methods of multivariate analysis applied for the
standard 20 proteinogenic amino acids, based on literature data for 18
structural and physico-chemical characteristics, resulted in a classification
able to predict the chemical behavior of these compounds. It demonstrates
the possibilities of principal component analysis and cluster analysis in the
description of different classes of chemical compounds.
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