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Abstract This paper presents a new Fiedler vector model
for categorising amino acids, which is based on the Miyaz-
awa-Jernigan matrix. The model splits the amino acid resi-
dues into two hydrophobic groups (LFI) and (MVWCY)
and two polar groups (HATGP) and (RQSNEDK). In so
doing, it independently confirms the findings of Wang and
Wang and Cieplak et al. and demonstrates the validity of
using eigenvectors to partition amino acid groups.
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Introduction

The heterogeneity of the 20 types of amino acid residue

introduces much complexity into the protein folding
process, making simulation and prediction extremely
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difficult. However, despite this apparent complexity, there
is growing evidence that folding behaviour is dominated by
generic characteristics of the amino acids, such as hydro-
phobicity (Li and Liang 2007). This has led a number of
researchers (Chan 1999; Li et al. 1997; Wang and Wang
1999) to identify simplified amino acid alphabets with a
view to determining the minimal number of residue types
required to form native proteins. This is of importance
because it has been demonstrated that small proteins, such
as the SH3 domain can be largely built using just five
amino acid types (Riddle et al. 1997). Indeed, despite dra-
matic changes in sequence due to amino acid substitution, it
has been shown that these reduced ‘alphabet’ proteins still
folded in the same way as the naturally occurring ‘wild-
type’ SH3 domain (Alm and Baker 1999; Riddle et al.
1997). Therefore, much effort has been expended develop-
ing ‘minimalist’ models, in which the 20 residue types are
grouped into reduced sets according to similarities in their
physical and chemical properties (Chan 1999; Cieplak et al.
2001; Esteve and Falceto 2005; Li et al. 1997; Wang and
Wang 1999). Notable amongst these are Wang and Wang
(1999), who used a clustering approach, which utilized a
matrix mismatch minimisation method to divide the resi-
dues into several groups, each with different chemical and
physical properties. In this paper we present an alternative
method based on the Miyazawa-Jernigan (MJ) matrix
(Miyazawa and Jernigan 1996), which produces results
similar to those of Wang and Wang (1999) and Cieplak
etal. (2001). In so doing, we independently confirm the
findings of Wang and Wang and Cieplak et al. and demon-
strate the validity of using eigenvectors to partition amino
acid groups. The reduction algorithm described in this
paper demonstrates that amino acids can be unambiguously
divided into clearly defined groups, each possessing differ-
ent characteristics.
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Miyazawa—Jernigan matrix

Proteins fold into specific three-dimensional structures
which accord with the minimum free energy of their
respective polypeptide sequence (Li etal. 1997). This
native structure is dictated by the physical interactions
between the various amino acids in the sequence. However,
because proteins contain thousands of atoms, which interact
with huge numbers of water molecules, it is extremely diffi-
cult to calculate the free energy function from first princi-
ples (Li et al. 1997). Therefore, if the three-dimensional
structure of proteins is to be predicted, an alternative
approach is required. One such approach, substitutes real
interactions between atoms with general interaction poten-
tials between amino acids based on the frequency of contact
of the two amino acids in reference proteins (Esteve and
Falceto 2005). A classic example of an approach using sta-
tistical potentials is the MJ matrix (Miyazawa and Jernigan
1996), which is a 20 x 20 matrix of inter-residue contact
energies between different types of amino acids. This
matrix tabulates the ‘so-called’ statistical potential—a mea-
sure of the probability of having a given pair of amino acids
close to each other in the native state. It has been widely
applied in protein design and folding applications, and pro-
duces results, which appear robust (Li et al. 1997; Li and
Liang 2007).

Amino acid grouping

Previous researchers have grouped amino acid residues
using a variety of methodologies. For example, Wang and
Wang (1999) used the MJ matrix to minimize the intra-
group interactions and maximize inter-group interactions.
Using this method they divided the 20 amino acids into one
hydrophobic group of residues (CMFILVWY) and four
polar groups (AHT), (GP), (DE) and (NQRKS). By com-
parison Cieplak et al. (2001), used the Manhattan distance
metric of the MJ matrix to divide the amino acid residues
into two hydrophobic groups (LFI) and (MVWCY) (i.e. H;
and H,) and three polar groups (HA), (TGPRQSNED) and
(K) (i.e. P, P,, and P5), as shown in Fig. 1.

In their model Cieplak et al. (2001) used reduction algo-
rithms based on ‘distance’ measures, such as the Euclidean
distance Rij between amino acids i and j, and the Manhattan
distance. The quantity R;; is a measure of the fidelity of sub-
stitution of one amino acid by the other and is defined as
Rfj =% (M - Mjk)z, whereas the Manhattan distance
involves the sum of the absolute measures (M;, — Mj). In
general, these algorithms select for amino acids that are
separated by the shortest distance and combine them into
one group. The effective coupling of new groups with other
groups is obtained simply by taking an arithmetic average
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over the individual component amino acid interactions.
While this methodology has advantages over that used by
Wang and Wang (1999), it can be seen in Fig. 1 that the
only clear demarcation is that between the H, and P,
groups, with the other partitions being rather vague and
subjective.

Fiedler vector partitioning model

In order to gain a clearer understand of the partitioning
problem we developed a Fiedler vector model based on the
MIJ matrix, which grouped the amino acids into well-defi-
ned categories. We computed iteratively successive Fiedler
vectors for the partitioned groups, starting with the com-
plete un-partitioned amino acid residue set—hence we first
split the set in two, then in four and finally in eight. In the
model, the rank-1 approximation of the MJ matrix given by
Cieplak et al. (2001) was used. This formulation is as accu-
rate as the more complex expression presented in Eq. 2 of
Li et al’s paper (Li et al. 1997), but is easier to use compu-
tationally. Its use was justified because the dominant eigen-
value is much larger than the secondary and subsequent
eigenvalues, suggesting that the contribution of other com-
ponents is minimal.

In the eigensystem of the full MJ matrix, each eigen-
value represents an amount of energy 4; which is distrib-
uted among the different residues according to the
corresponding eigenvector ¢;. However, in our reduced
model, there is, by construction, only one eigenvalue and
one eigenvector. This approximation reduces a complex,
multi-body interaction to a simplified ‘charge-based’ sys-
tem describing the relative attraction between the various
residues. Accordingly, the adjacency matrix A, from the MJ
vector v is formed in the conventional manner (Cieplak
et al. 2001). Having found A, it is then possible to compute
the Laplacian L (Koren and Harel 2003). There is an inti-
mate relationship between the combinatorial and topologi-
cal characteristics of a graph and the algebraic properties of
its Laplacian. The idea at the heart of spectral graph theory
is that there is a direct connection between the spectrum of
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Fig. 1 The principal eigenvector of the Miyazawa—Jernigan matrix
showing the partitions between the five amino acid groups identified by
Cieplak et al. (2001)
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the Laplacian and the isoperimetric number of the graph.
Furthermore, a connected graph having a large subdomi-
nant eigenvalue (relative to the dominant eigenvalue) can
be separated into two sets of vertices such that the two
induced sub-graphs have a high degree of connectivity. In
many cases, this is the maximum connectivity, that is, the
graph has been ‘cut’ optimally via its ‘weakest’ links. Fie-
dler (1973) showed that this cut is given by the signum of
the second smallest eigenvector of L, namely the Fiedler
vector. That is, those nodes, which are members of one par-
tition are denoted by the corresponding elements of the Fie-
dler vector whose signs are positive, and those nodes which
are members of the other partition are denoted by the corre-
sponding elements of the Fiedler vector whose signs are
negative.

Results of the partitioning study

The results obtained using our amino acid partitioning
model, are presented in Figs. 2, 3 and 4. Figure 2 shows
that the first spectral partition splits the amino acids into
a hydrophobic group (LFIMVWCY) and a polar group
(HATGPRQSNEDK). The second spectral partition of each
subgroup yields the split (LFI) and (MVWCY) for the
hydrophobic group and the split (HATGP) and (RQS-
NEDK) for the polar group (see Figs. 3, 4, respectively). It
should be noted that the splitting of each group can be
continued in this manner until the Fiedler vectors of the
new sub-groups become essentially flat, indicating that the
sub-groups genuinely represent residues of different charac-
ter and that partitioning should stop at that point.

2

-2

Fig. 2 The signum of the Fiedler vector of the Laplacian of the Miyaz-
awa—Jernigan matrix showing the unambiguous partitioning of the
hydrophobic (LFIM VW CY) and the polar(HATGPRQSNE
D K) amino acid groups
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Fig. 3 The signum of the Fiedler vector of the Laplacian of the hydro-
phobic subset matrix showing the unambiguous partitioning of the (L
FI) (ie. H)and M VW CY) (i.e. H,) groups
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Fig. 4 The Fiedler vector of the Laplacian of the polar subset matrix
showing the unambiguous partitioning of the (H A T G P) (i.e. P;) and
(R QS NEDK) (i.e. P,) groups

When the results in Figs. 2, 3 and 4 are compared with
those of Cieplak et al (2001) presented in Fig. 1, it can be
seen that our model produces demarcations between the
various groups, which are clear and unambiguous, whereas
only the demarcation between the H, and P, is clearly defi-
ned in Fig. 1. If the Fiedler vector model is applied to
groups H;, H,, P, and P, in Figs. 3 and 4, then the residues
can be further split into eight groups (LF), (I), (MVW),
(CY), (HAT), (GP), (RQS) and (NEDK).

Discussion

Construction of reduced alphabets by grouping together
amino acids on the basis of the values of their physical and
chemical properties have proven to be useful in the study of
proteins in a number of different contexts. For instance,
reduced amino acid alphabets have been shown to be useful
in studies of protein folding and protein recognition (Chan
1999; Murphy et al. 2000) and in protein design (Riddle
et al. 1997). In particular, protein design experiments have
shown that the use of specific subsets of amino acids can
produce foldable proteins. For example, Schafmeister et al.
(1997) demonstrated that a 108 amino acid, 4 helix bundle
protein could be synthesized using a reduced alphabet of
just 7 amino acids. This finding reinforces those of Riddle
et al. (1997) who showed that a functional f-sheet protein
(SH3 domain) could be largely encoded by a reduced set of
five amino acids. In addition, the use of a reduced amino
acid alphabet is advantageous, in so far that it facilitates
better computational analysis of proteins because it dramat-
ically reduces the computing power required.

Given that foldable proteins have been produced from
reduced amino acid sets, it prompts the question of whether
there is a minimal amino acid alphabet, which could be
used to fold all proteins. From the results of simplified lat-
tice model simulations, it has been postulated that a mini-
mum of three different amino acid types is required for
protein folding (Murphy etal. 2000). However, Riddle
et al. (1997) found that three amino acids was too few a
number to promote folding and that a minimum of five
different residues were required. Likewise, Wang and
Wang (1999) suggested that a minimum of five amino
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acids, one from each of the groups identified in Table 1, is
required for successful folding to occur. However, the true
minimal alphabet may require additional complexity in
order to create the large number of protein fold types actu-
ally observed in nature. Murphy et al. (2000) therefore esti-
mate that foldable sequences for most proteins can be
represented using a reduced alphabet containing 10-12
amino acids. This conclusion is based on the observation
that there is little loss of the information necessary to pick
out structural homologs in a clustered protein sequence
database when the amino acid alphabet is reduced from 20
to 10 letters, whereas the information is rapidly degraded
when further reductions in the alphabet are made. Likewise,
Romero etal. (1999) using information-theoretic argu-
ments, show that the minimal alphabet size necessary for
specifying globular proteins that occur in nature is 10.

Table 1 summarises the residue groupings determined
by Wang and Wang (1999), Cieplak et al. (2001) and our-
selves. The data in Table 1 reveals that our results are simi-
lar to those of both Wang and Wang and Cieplak et al, with
all three sets of results agreeing that a major division exists
between the hydrophobic (LFIMVWCY) and polar (HAT-
GPRQSNEDK) groups of residues. However, with regard
to the hydrophobic residues our results concur with those of
Cieplak et al. rather than Wang and Wang, and suggest that
two main hydrophobic groups exist, (LFI) and MVWCY),
which can be further divided into four sub-groups. By con-
trast, with regard to the polar residues, our results are closer
to those of Wang and Wang than those of Cieplak et al. We
divided the polar residues into two main groups, (HATGP)
and (RQSNEDK), which were further divided into four
sub-groups (HAT) (GP) (RQS) and (NEDK); divisions
which although not identical to Wang and Wang’s are nev-
ertheless similar.

Interestingly, the results of Wang and Wang, Cieplak
et al. and ourselves all agree that glycine (G), alanine (A)
and proline (P) (all generally considered to be aliphatic
hydrophobic residues) should be classified with the polar
residues. In particular, all three-research teams grouped G and
P together and grouped A with positively charged histidine

Table 1 Summary of amino acid partitioning results

Model Hydrophobic Polar residues
residues

Wang and Wang (FLIMVWCY) (HAT) (GP) (DE) (NQRKS)
Cieplak et al. (LFI) MVWCY) (HA) (TGPRQSNED) (K)
Fiedler vector (LFI) MVWCY) (HATGP) (RQSNEDK)

(4 groups)
Fiedler vector (LF) M) MVW)  (HAT) (GP) (RQS) (NEDK)

(8 groups) (CY)
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(H). Similarly, all three-research teams collated the nega-
tively charged residues aspartate (D) and glutamate (E) in
the same group.

Collectively, the results presented in this paper show that
Fielder vector model can be used to efficiently divide the
amino acid set into unambiguous groups with similar char-
acteristics. Although our results are not identical to those of
Wang and Wang (1999) and Cieplak et al. (2001) they are
similar, and reinforce their findings.

Post-script

As a post-script we draw the readers attention to the online
amino acid website AAindex (http://www.genome.ad.jp/
dbget/aaindex.html) (Kawashima et al. 1999), which at this
time of writing contains a highly comprehensive listing of
516 different amino acid interaction matrices that have been
devised for various different purposes. Some like the MJ
matrix are quite general in their scope, while others offer
higher accuracy but only for specific fold conformations.
The reader should be aware that the technique presented in
this paper is generic in nature and can be applied equally
effectively to any of these 516 matrices.
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