Eur Biophys J (2007) 36:1059-1069
DOI 10.1007/s00249-007-0188-5

ORIGINAL PAPER

A reduced amino acid alphabet for understanding and designing

protein adaptation to mutation

C. Etchebest - C. Benros - A. Bornot -
A.-C. Camproux - A. G. de Brevern

Received: 13 February 2007 /Revised: 5 May 2007/ Accepted: 7 May 2007/ Published online: 13 June 2007

© EBSA 2007

Abstract Protein sequence world is considerably larger
than structure world. In consequence, numerous non-related
sequences may adopt similar 3D folds and different kinds of
amino acids may thus be found in similar 3D structures. By
grouping together the 20 amino acids into a smaller number
of representative residues with similar features, sequence
world simplification may be achieved. This clustering hence
defines a reduced amino acid alphabet (reduced AAA).
Numerous works have shown that protein 3D structures are
composed of a limited number of building blocks, defining
a structural alphabet. We previously identified such an
alphabet composed of 16 representative structural motifs
(5-residues length) called Protein Blocks (PBs). This
alphabet permits to translate the structure (3D) in sequence
of PBs (1D). Based on these two concepts, reduced AAA
and PBs, we analyzed the distributions of the different kinds
of amino acids and their equivalences in the structural
context. Different reduced sets were considered. Recurrent
amino acid associations were found in all the local struc-
tures while other were specific of some local structures
(PBs) (e.g Cysteine, Histidine, Threonine and Serine for the
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o-helix Ncap). Some similar associations are found in other
reduced AAAs, e.g Ile with Val, or hydrophobic aromatic
residues Trp with Phe and Tyr. We put into evidence
interesting alternative associations. This highlights the
dependence on the information considered (sequence or
structure). This approach, equivalent to a substitution ma-
trix, could be useful for designing protein sequence with
different features (for instance adaptation to environment)
while preserving mainly the 3D fold.

Keywords Amino acid classification -
Structure-sequence relationship - Local protein structure -
Secondary structure

Introduction

The large majority of proteins are composed of the clas-
sical 20 kinds of amino acids. This chemical diversity gives
rise to a multitude of biological functions and a less extent
to numerous structural folds. Thank to in vitro amino acid
substitution performed in large-scale mutagenesis ap-
proaches, our knowledge and understanding of biological
functions were considerably increased and improved (Bu-
hot et al. 2004; Dubreuil et al. 2005).

However, such systematic studies require extremely
tremendous work to assess the influence of each type of
amino acid at each position on structural and functional
properties of protein. Clearly, the appropriate selection of
an amino acid type in a reliable set would be helpful to
limit the number of experiments. Furthermore, experi-
mental and theoretical studies have suggested that the full
sequence complexity is not essential for the correct protein
folding (Clarke 1995; Kuhlman and Baker 2004; Plaxco
et al. 1998) and so, different works have been carried out to
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find the minimal amino acid alphabet (AAA). The simplest
alphabet describes only two states: hydrophobic and polar.
It has been used to design libraries of protein-like struc-
tures with some successes (Bradley et al. 2006, 2007,
Hecht et al. 2004). It was also rather efficient to trap
important features of the folding process when used with
small sequences (Kamtekar et al. 1993; Regan and DeG-
rado 1988; Wei et al. 2003). For instance, based on lattice
statistical mechanics, Dill’s group developed theory to
account for the folding of a heteropolymer molecule such
as a protein to a globular and soluble state described with
the simplest two-states alphabet (Dill 1985). General
principles of protein structure, stability, and folding
kinetics were so explored by computer simulations using
simple exact lattice models involving few parameters,
approximations, or implicit biases (Dokholyan 2005). They
allowed complete explorations of conformational and se-
quence spaces (Dill et al. 1995; Sali et al. 1994). More
importantly, it permitted to discuss on major driving forces
of protein folding (Chan and Dill 1990).

Nevertheless, real proteins need more diversity than only
two kinds of amino acid and these simple approaches have
limitations (Yue et al. 1995), the diversity playing in par-
ticular a major role in the kinetic properties. Even if the
number of experimental studies based on reduced AAA is
limited, some are impressive. Riddle et al. (1997) designed a
Src SH3 protein of 57 residues using an AAA composed of a
limited set of 5 distinct amino acids (I, A, G, E and K). This
combinatorial chemistry approach allowed the experimen-
talists to sample a wide range of possible mutations that
could code for both ‘‘foldability’” and function. Likewise,
for the 213-residue Escherichia coli ororate phosphoribo-
syltransferase, 88% of the residues were changed with an
AAA limited to nine amino acids (A, D, G,L,P,R, T, V and
Y) (Akanuma et al. 2002). In this case, the reduction of the
AAA was entirely supervised. Nevertheless, even with no
influence on the protein topology and the conservation of the
main biological functions, the reduction of the amino acid
kinds influences the folding rate (Kuhlman and Baker 2004).

The common way to design a reduced AAA consists to
cluster amino acids into groups according to specific fea-
tures. These features may use sequence or structure infor-
mation. A Substitution matrix such PAM or BLOSUM
encountered in the field of sequence alignment is the most
common usage of equivalence between amino acids. For
instance, BLOSUMSO0 similarity matrix, based only on
highly conserved regions in series of alignments without
gaps (Henikoff and Henikoff 1992) was used by Murphy
et al. (2000) to characterize a reduced AAA. Li et al.
(2003) —with various clustering schemes—used BLO-
SUMSG62 and analyzed the consequences of the reduction of
the number of amino acid kinds on sequence alignments. In
the same way, Rogov and Nekrasov (2001), exploited the
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influence of the neighboring residues, while Smith and
Smith (1990) simply analyzed aligned sequences.

Alternatively, some approaches used the structural
information. Wang and Wang (1999) work relied on Mi-
yazawa—Jernigan (MJ) matrix, i.e. an interaction potential
matrix established from the analysis of a large set of 3D
protein structures. In that case, interaction potential is de-
fined between amino acids and is based on the observed
frequency of contact of two amino acids in globular pro-
teins (Miyazawa and Jernigan 1993). Depending on the
clustering methods used, slightly different results were
obtained (Cieplak et al. 2001; Esteve and Falceto 2004). In
the same way, Solis and Rackovsky (2000) obtained an
alphabet using information theory by reserving the maxi-
mal information in proteins described by backbone virtual
bonds connecting consecutive C,. Other methods have
been tested, based for instance on the analysis of the amino
acid distribution in secondary structures (Liu et al. 2003).
The most recent developments have highlighted the
necessity of conserving at least ten kinds of amino acids to
ensure enough diversity (Fan and Wang 2003). All these
different approaches often led to highly divergent con-
cluding results indicating notably that the definition of a
reduced AAA is highly dependent on the information used
and the clustering method.

In most of these studies, no direct consideration of the
influence of the local protein structures (Fitzkee et al.
2005) was introduced. However, it is now well accepted
that protein structures can be seen as a combination of
small local structures, or prototypes, yielding a more de-
tailed description than classical secondary structures. A
complete set of prototypes defines ‘‘a structural alphabet’’
that approximates accurately protein structures (Camproux
et al. 1999, 2004; de Brevern et al. 2000; Karchin 2003;
Sander et al. 2006; Unger et al. 1989). We proposed such a
structural alphabet which is composed of 16 average pro-
tein fragments of 5 residues in length called Protein Blocks
(PBs, see Supplementary data 1). We have limited the
analysis to fragments of 5-residue length because it is
sufficient to describe more than a short o-helix [four resi-
dues (Kumar and Bansal 1998)] and a minimal f§ structure
[three residues (Colloc’h et al. 1993)].This alphabet was
used both to describe 3D protein backbones but also to
perform local structure prediction (de Brevern 2000, 2004,
2005, 2007; Etchebest et al. 2005). Moreover, PBs have
proven their efficiency both in description and prediction of
longer fragments (Benros 2005; Benros et al. 2006; de
Brevern and Hazout 2003; de Brevern et al. 2002), loop
conformations (Fourrier et al. 2004), to compare protein
structures (Tyagi 2006; Tyagi et al. 2006a, b) and recently
to detect magnesium-binding sites (Dudev and Lim 2007).
The features of this alphabet were compared with those of
eight other structural alphabets (Karchin et al. 2003). The
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results have shown clearly that our PB alphabet is highly
informative, with the best predictive ability of those tested
(Karchin et al. 2003).

In this paper, we propose to use this structural alphabet
to analyze equivalences between the different kinds of
amino acids. By taking advantage of the description of
every type of local protein structures, we analyze the rel-
evance of the amino acid clusters obtained and discuss the
different reduced sets of amino acids.

Materials and methods
Protein blocks

The 16 structural local prototypes are fragments of M (=5)
residues long, corresponding to sequence windows of eight
consecutive (i, ¢) dihedral angles (de Brevern et al. 2000).
The PB assignment is done using the root mean square
deviation on angular values, i.e. an Euclidean distance
on dihedral angles (i, ¢) [see Supplementary data 1 and
Fig. 1 of Etchebest et al. (2005)]. PBs m and d correspond
to the prototypes describing central «-helix and central
p-strand, respectively. PBs a through ¢ primarily represent
p-strand N-caps and e and f, C-caps. PBs g through j are
specific to coils, k and [ to a-helix N-caps, and n through
p to a-helix C-caps (de Brevern 2005; de Brevern et al.
2000).

Data set

We used a set of protein structures derived from PDB-
REPRDB composed of 1,407 protein chains and 293,507

S L

la Ib Za b 3

Fig. 1 Amino acid clusters. A hierarchical clustering using all the
amino acid occurrence matrices of the 16 PBs was performed. From
these amino acid distributions, three major clusters noted from 1 to 3
were defined. Each cluster was sub-divided into two sub-clusters with
(la): 1, V; (1b): W, F, Y; (2a): A, L, M; (2b): E, Q, R, K; (3a): N, D and
(3b): C, H, S, T. P and G were not considered in these clusters

residues (Noguchi and Akiyama 2003; Noguchi et al. 2001)
taken from the PDB (Berman et al. 2000). The set con-
tained proteins with no more than 30% pairwise sequence
identity. We selected chains with a resolution better than
2.0 A and a R-factor less than 0.2. Pairwise root mean
square deviation (rmsd) values for all the chains are more
than 10 A.

Amino acid equivalence through a clustering analysis

We used the distribution of amino acids in PBs to create
clusters of equivalent amino acids according to local
structure. Once the databank was encoded in terms of PBs,
sequence specificity was computed (see Supplementary
data 2). Each PB was so associated with a set of enlarged
sequence windows [-w; +w] of length [/, (with w = 7 and
[ =15). An amino acid occurrence matrix of dimension
20 x | was computed for each PB. Then, each matrix was
transformed into propensities matrix (de Brevern et al.
2000; Etchebest et al. 2005). Finally, all the matrices were
compiled to create a matrix F of size 20 X m with m, a
vector of length 16/ (16 x 15 = 240). The distance D be-
tween two kinds of amino acids i and j was computed as
follows:

m
D(aa;, aa;) = Z (Faaf‘ - Faajl.‘)2
=1

with Faaf‘ , the normalized frequency of amino acid i at
position k. It corresponds to the frequency of amino acid i
at position k divided by the frequency of amino acid i in the
databank. Hierarchical clustering methods were then ap-
plied using R software (Thaka and Gentleman 1996). Each
resulting amino acid cluster represents amino acids that
showed the same over- and under-representations upon all
the PBs.

In a second step, we analyzed the behavior of the amino
acid type in every PBs to ensure the relevance of the found
clusters, i.e. if the residues in one cluster were always
associated or not. In practice, the matrix F associated to the
PB was used, in this case m =[. The use of Z-score
matrices led to equivalent results.

Results

Global analysis

Figure 1 shows the final hierarchical clustering tree ob-
tained. Glycine and Proline, two amino acids associated

to specific local conformations of the protein backbone
orientation, exhibited high specificities and could not be
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associated with other amino acids. The remaining 18 amino
acids were grouped into three clusters (noted 1, 2 and 3 in
Fig. 1). For a more precise analysis, each one was split
using supervised approach into two sub-clusters (noted a
and b respectively). The clusters comprised from 5 to 7
amino acids. The first cluster, mainly hydrophobic, is
composed of the sub-clusters: (la) I, V (aliphatic amino
acids) and (1b) F, Y, W (aromatic). The second cluster is
more heterogeneous in terms of physico-chemical proper-
ties. It is composed of sub-clusters (2a) A, L, M (hydro-
phobic) and (2b) E, Q, R, K (polar/charged long amino
acids). The last cluster includes polar amino acid with the
sub-cluster (3a) N and D (polar/charged short amino acids)
and the sub-cluster (3b) H, S, T and C (short and polar
amino acids). We tested different analysis methods, e.g.
Sammon Map (Sammon 1969) and Principal Component
Analysis (Pearson 1901). Similar clusters were obtained
which show that the results depend mainly on the specific
amino acid distribution found in the different local struc-
tures. Only the branch length observed in Fig. 1 depends
on the metric used. Interestingly, we can already notice that
amino acids closely related by physico-chemical properties
are not necessarily found co-associated. For instance, ali-
phatic residues Isoleucine (I) and Leucine (L) that differ
only by one CH, group are associated to two different
clusters (1a) and (2a) respectively. In the same way, Glu-
tamate (E) and Aspartate (D), the two negatively charged
polar amino acids—they differ also only by one CH,
group—are found into two distinct groups (2b) and (3a)
respectively. We have used an amino acid sequence win-
dow of length 15 similarly to our previous prediction works
(de Brevern et al. 2000, 2004 2007; Etchebest et al. 2005).
Nonetheless, it must be noted that the observed clustering
is similar to the one found using a short amino acid se-
quence window of length 5 encompassing only the core of
the PBs.

Local analysis

Table 1 gives the results obtained from the hierarchical
clustering performed for each PB individually. In this table,
the symbol (+) means that the set of amino acids regrouped
in a given sub-cluster (or cluster) previously identified was
preserved for the studied PB. Conversely, we observe
changes within amino acid associations depending on the
PBs. The considered associations of amino acids for each
PB are given in brackets compared to the global analysis.
This result enabled us to highlight the most stable clusters.
With this approach, four different stability levels can be
clearly observed:

(1) Three sub-clusters are highly stable, i.e., their amino
acids are always associated whatever the PB. They corre-
spond to the sub-clusters 1a (I and V), 1b (F, Y and W) and
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3a (N and D). (2) The sub-cluster 2b (E, Q, R, K) is also
highly stable with the only exception of PB p. In this PB,
the Glutamic Acid (E) is not associated with the three other
amino acids that of sub-cluster 2b. PB p is essentially found
in protein local structures connecting a-helix to f-strand
(see Supplementary data 1) and is characterized by a strong
under-representation of Glutamic Acid in central position,
i.e. the most informative one, and less important under-
representation at the following positions. That could ex-
plain the absence of E in the sub-cluster 2b for this PB.

The two remaining sub-clusters are clearly less stable.
(3) The sub-cluster 2a (A, L and M) is maintained for 11 of
the 16 PBs. In four of the remaining PBs (PBs c, e, i and i),
the Alanine is not grouped with Leucine and Methionine.
For PB j, the Leucine (L) is not grouped with the two other
amino acids. This last PB is the less frequent one, mainly
associated with coil (see Supplementary data 1) and
moreover is weakly structurally characterized, i.e. highest
rmsd value of all the PBs (de Brevern 2005). In contrast,
PBs related to helical structures (PBs / to o) present highly
stable associations. (4) The sub-cluster 3b (H, S, T and C)
is the least stable, i.e. the co-association of these amino
acids for each PB is the least conserved. Histidine and
Serine remains always associated in each PB and are found
with the Threonine in 10 PBs. The only weak association
is due to Cysteine. This latter is not found associated with
the three others for five PBs (corresponding to o-helical
structures and transitions from a-helix to ff-strand, i.e. PB n
to PB ) and only with the amino acids Histidine and
Serine for five other PBs (PBs ¢, d, e, h and i).

Reducing the alphabet

All together, these results (see columns la + 1b, 2a + 2b
and 3a + 3b of Table 1) show that the cluster 1 is the
most stable because sub-clusters la and 1b are always
preserved for all the PBs. It is not the case for clusters 2
and 3, because sub-clusters 2a and 3b are more versatile.
Associations of the amino acids composing cluster 2 are
thus only found for half of the PBs (PB a, b, d, f, g, k to
m) and for cluster 3 for only five PBs (PB f and PBs j to
m). In addition, another interesting point might be noticed:
even if the association of H, C, S and T (sub-cluster 3b) is
the most versatile one, interestingly Histidine and Serine
are always found associated to the sub-cluster 3a. Clearly
Cysteine and to a lesser extent Threonine behave differ-
ently depending on local protein structures examined.
Hence, the AAA could be different depending on the PB
considered.

Based on these observations, we can propose a reduced
AAA based on sub-clusters 1a, 1b, 3a and eventually 2b. If
we only consider amino acids always clustered together,
we can reduce the AAA from 20 letters to 13 (see Fig. 2):
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Fig. 2 Different sets of amino acids. The different sets of amino acids
determined using our approach are shown in color

G P, I, V),F Y, W),A L ME, (QR,K)N,D), (H,
S), T, C.

If some mismatches are allowed, i.e. ignoring the spe-
cific features in PBs, we can reduce the size of the alphabet
furthermore. For instance, two mismatches i.e. sub-cluster
2a of PB j and sub-cluster 2b of PB p, lead to a final
number of 11 amino acid types:

G, P, (ILV),[F Y, W),A, (L, M), E, Q,R, K)N,D),
H, S), T, C.

This number can be reduced again to nine clusters of
amino acids, with more mismatches:

G,P,, V), (F, Y, W), (A L M),(E,Q,R,K), (N,D),
(H, S), (T, C).

Finally, in the smallest one, we can propose a five-letter
alphabet, as often seen:

G, P, (,V,F,Y,W),(A,L,M,E,Q,R,K),(N,D, H, S,
T, C).

In this last case, amino acids with very different phys-
ico-chemical properties are grouped.

Discussion

The interest of defining a reduced AAA is based on the
observation that an important number of amino acid sub-
stitutions have only limited effect on the final protein
topology. The multiple-Alanine substitutions are one of the
most explicit examples (Brown and Sauer 1999). However,
even if the final topology and functions are conserved,
the mutations often modify the folding rate and stability
(Kuhlman and Baker 2004). In addition, the impact of
the mutations is highly dependent on its location in the
structure.

As it was already pointed out, depending on the objec-
tives followed, the information used strongly influences the
results (Esteve and Falceto 2005). Thus defining a reduced
AAA based on the local structure may be more relevant
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than the sequence information alone. Indeed, numerous
structure analysis and prediction methods have highlighted
the usage of different amino acid kinds depending on the
local protein structures (Aurora et al. 1997; Chothia et al.
1977; Fitzkee et al. 2005). We have presented here a new
approach using directly the local description of protein
structures through our structural alphabet. We have defined
reduced AAAs and analyzed the potential equivalence
between the amino acids. Our results highlight new inter-
esting features that were not observed in previous studies.

As the number of reduced AAA is important, e.g., (Chan
1999; Dokholyan 2004; Li et al. 2003; Murphy et al. 2000;
Xu and Miranker 2004), and their results diverging, we
compared our results with two types of works, one based
on the sequence information and the second one on struc-
ture information (see Table 2).

Sequence-based reduced alphabet

Murphy et al. (2000) used sequence alignments to create
sets of reduced AAAs. Our results are partially in accor-
dance. For instance, the residues composing cluster la (I,
V) are also associated by their approach like the cluster 1b
of (F, Y, W), and cluster 2b (E, Q, R, K). Nonetheless,
some different associations are found which illustrate the
influence of the information used, not related with the local
structures. For instance, Alanine and Glycine are associ-
ated in the same group by Murphy et al., but not by our
approach because these two amino acids are implicated in
very different local protein structures. In the same way,
Melo and Marti-Renom’s work based on sequence align-
ments gave similar results to Murphy et al. (Melo and
Marti-Renom 2006). The size of each group was very
different corresponding respectively to 1, 1, 2, 7 and 9
kinds of amino acids. Clusters la and 1b remained asso-
ciated while the nine-residues cluster corresponds to clus-
ters 2b and 3a. Interestingly, H and C residues association
that we found in unstable cluster 3b were isolated in their
study. They also associated Alanine and Glycine in an
independent group.

Table 2 Different reduced amino acid alphabets

Author’s name Year Reduced alphabet

Riddle et al. 1997 IVFYWLMC AHT ED GP KNQRS
Wang and Wang 1999

Akanuma et al. 199 DPGATVLRY

Murphy et al. 2000 CILMV FYW AGPST DEHKNQR

Rogov and Nekrasov® 2001 M W C KRQE DNASTPGH VILFY
2004 STQNGPAHRED LIFVMYWCK
Melo and Marti-Renom 2005 C H AG FILMVWY DEKNPQRST

Esteve and Falceto

* Form<0.1
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Rogov and coworkers (Rogov and Nekrasov 2001) have
analyzed the influence of the neighboring residues. Indeed,
they showed that the mutual influence of amino acid resi-
dues is not limited to the nearest neighbours, but extends
across significant distances in a polypeptide chain. The
divergence with our results is less pronounced than for
Murphy et al. For instance, the cluster 2b (E, Q, R, K) is
found again like most of the sub-clusters. Nonetheless, in
their analysis large clusters are created (see Fig. 3). The
two major divergences concern the Methionine and Tryp-
tophan that are not associated to another amino acid.

Structure-based reduced alphabet

The alphabet described by Baker’s group and by Wang and
Wang (Riddle et al. 1997; Wang and Wang 1999) is limited
to five letters (I, A, G, E and K). Wang and Wang (1999)
have used the MJ matrix (Miyazawa and Jernigan 1993) to
reduce the amino acid kinds while Baker’s results are based
on SH3 domain experiments. At a first sight, generated
amino acid clusters are different. Only cluster 1 is clearly
found in both studies. In addition, with our approach, the
two last amino acids (Glutamic Acid and Lysine) can be
considered equivalent. Nonetheless, a deeper analysis
shows stronger similarities. Firstly, the first cluster of
Wang and Wang (I, V, F, Y, W, L, M, C) is found asso-
ciated to some PBs (see Table 1), i.e. cluster (1) + [L, M,

) — Cluster 1
=y — Cluster 2 | this study

- \ —— Cluster 3
: y /l —— Cluster 1 (Esteve & Falceto)
/ ./ m < 0.2 (Rogov et al.)

m < 0.1 (Rogov et al.)
singletons (Rogov et al.)

Fig. 3 Representation of different amino acid associations. The
different sets of amino acids determined are shown (1) our work, in
black (sub-clusters 1a and 1b), blue (sub-clusters 2a and 2b) and red
(sub-clusters 3a and 3b), P and G are not associated to a cluster, (2)
Esteve and Falceto work (Esteve and Falceto 2005), a clustering
based on MJ matrix, in pink for the first cluster, all the other amino
acids are associated to the second cluster and (3) Rogov and co-
workers work (Rogov and Nekrasov 2001), a clustering based on
aligned sequence, in dashed green a first level of clustering and in
plain green a higher level defining three associations (Q, R and K), (S
and T) and (N and D), in green box are highlighted the amino acids
not associated to a cluster at any level (m is their measure of
similarity)

C]. In the same way, their second cluster including Serine
and Threonine is similar to our cluster 3b. Their third
cluster with Glutamine, Arginine and Lysine corresponds
to our cluster 2b. In our approach, we have mainly a strong
stable cluster 1 opposite to clusters 2 and 3. The Wang and
Wang clusters also exhibit such separation.

In addition, it is important to notice that the MJ matrix
often leads to a highly binary description. For instance,
Esteve and Falceto using an unsupervised classification
method based on subdominant ultrametric, defined two
large amino acid clusters (Esteve and Falceto 2004).
Comparison is thus difficult because we propose a larger
number of smaller clusters. We can just note that no strong
discordance is found; two large groups gathering our
smaller groups, except for Alanine that is not associated to
Methionine and Leucine (see Fig. 3). In our approach
Alanine is not found associated to Leucine and Methionine
for four PBs and so is considered as independent from (L,
M) until the reduced amino acid set of nine clusters. This
may be due to the peculiar behavior of Alanine which is
often considered as a ‘‘mimetic’’ residue, i.e. it behaves as
hydrophobic when surrounded with hydrophobic residues
and reversely as a hydrophilic residue when embedded in a
hydrophilic environment. This feature is used in the
hydrophobic cluster analysis (Gaboriaud et al. 1987). This
observation could also be related to the ‘‘neutral’’ char-
acter of Alanine with respect to mutation studies, such
those performed in Alanine scanning experiments.

Conversely, our results are in accordance with the
alphabet of nine amino acids used by Akanuma and
coworkers (Akanuma et al. 2002) (G, P, V, Y, A, L, R, D
and T). Only Alanine and Leucine separated by Akanuma
and coworkers while we consider them as equivalent in our
reduced AAA of nine kinds. It must be noted that Akanuma
and coworkers have used both Alanine and Leucine in their
initial amino acid subset because these two residues are the
two most frequent amino acid of E. coli OPRTase, their
target.

In most of the studies, physicochemical properties are
not sufficient and are even misleading for associating two
kinds of amino acids. For instance, Glutamate and Aspar-
tate are negatively charged but associated to two different
clusters. Our approach present the advantage to be based on
local protein structures for defining clusters of equivalent
amino acids. Hence, the reduced AAA defined in this way
will tend to preserve the local structure and therefore the
fold that maintains the function. Several authors have
computed distributions associated to the different second-
ary structures (helix, strand, turn and coil), but only Liu
et al. (2003) have exhaustively presented all the reduction
steps. Unfortunately they did not analyze precisely the
difference between the states, so no easy comparison with
our results can be performed. Table 1 highlights the
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importance of such an analysis and the complexity of
amino acid association.

Protein design

Questions often arise about the usefulness of such
description; we have presented in the introduction the
application field of a reduced alphabet. Reduced AAA
could help to design supervised mutations, protein design
and prediction. It seems for instance highly suitable for
E. coli OPRTase used by Akanuma et al. (2002). In the
following, we propose examples of the interest of such
approach.

Firstly, we analyzed the N-Carbamyl-p-amino acid
amidohydrolase (N-carbamoylase) mutants 2S3 obtained
by Oh and co-workers (Oh et al. 2002). This protein is
employed in the industrial production of unnatural p-amino
acid in conjunction with p-hydantoinase, but has low oxi-
dative and thermostability. In this study, Oh and co-
workers simultaneously tended to improve the oxidative
and thermostability of N-carbamoylase from Agrobacte-
rium tumefaciens NRRL B11291 by directed evolution
using DNA shuffling. This work was in continuity of pre-
vious research on the same protein (Ikenaka et al. 1998a b;
Nanba et al. 1998). They finally selected a mutant named
2S3, that greatly improved both oxidative and thermosta-
bility. It was purified and characterized. In this mutant, six
amino acids were changed: Q23L, V40A, H58Y, G75S,
M184L and T262A. To analyze the consequence of the se-
quence changes to the local structure, we have analyzed the
structure of the highly homologous N-carbamoyl-p-amino-
acid amidohydrolase from A. radiobacter [CRC14924, PDB
ID: 1FO6 (Wang et al. 2001)]. The structure was first coded
in terms of PBs and we then examined the observed muta-
tions in terms of the clusters we previously defined. Table 3
summarizes the different data. The questions we address are
(1) do the mutations belong to the same cluster and (2) is
there any specificity in the local structure that would explain
the change. A change from one sub-cluster to another very

Table 3 Mutations of N-carbamoylase from Agrobacterium tum-
efaciens NRRL B11291

Position Amino Sub-cluster Protein Mutated  Sub-cluster
acid block into
23 Q 2b m L 2a
40 \% la a A 2a
58 H 3b c Y 1b
75 G out k S 3b
184 M 2a m L 2a
262 T 3b f A 2a

@ Springer

distinct cluster is clearly not equivalent to a slight change to
a neighbouring cluster.

For the N-carbamoylase from A. tumefaciens, only two
mutations were selected in the same cluster (position 23 and
184), and four mutations correspond to a drastic change of
clusters. For the position 40, it corresponds to a change from
cluster 1a to cluster 2a (PB a), for the position 58 from 3b to
1b (PB c¢), for the position 75 from G to 3b (PB k), and for
the position 262 from 3b to 2a (PB f). These changes of
clusters correspond to a displacement to another cluster, but
especially a cluster that is not associated to the original
amino acid cluster for these local protein structures.

Positions 23 and 184 in 2S3 are Q23L and M184L are
with PB m, a PB known to be extremely stable and asso-
ciated to helical structures. Q23L resulted in the highest
contribution to oxidative stability in the mutations found in
283, it is at the surface and it is only a change of sub-
cluster from 2b to 2a. So, the change of amid group for a
methyl is sufficient to improve the oxidative stability. The
case of M184L is more complex as it is located near the
enzyme core. Oxidation of Methionine residues is known
to disrupt the protein structure (Kim et al. 2001). The
suppression of the potential sulfoxide form of Methionine
may give a stabilizing effect that can also be explained by
increased hydrophobic interaction. The additional methyl
group of Leucine could enhance hydrophobic interactions
with F157 and V159 residues. We could conclude that
changes of cluster are required for modifying the thermo-
stability and oxidative features. In contrast, the preserva-
tion of stable structural elements is also necessary. It
should be interesting to dispose of the whole set of data
tested by the authors to better assessing the reliability and
usefulness of our AAAs.

We performed another study based on the recent work
done by Law and co-workers on the firefly luciferase of
Photinus pyralis. This enzyme catalyzes a two-step reac-
tion, using ATP-Mg®*, firefly luciferin and molecular
oxygen as substrates, leading to the efficient emission of
yellow-green light (Law et al. 2006). They identified novel
luciferase mutants which combine improved pH-tolerance
and thermostability and retain specific activity of the wild-
type enzyme (see Table 4). The effects of five amino acid
replacements were additive (F14R, L35Q, V182K, 1232K,
F465R), and produced an enzyme with greatly improved
pH-tolerance and stability. Combined mutant are superior
to wild-type luciferase for many in vitro and in vivo
applications.

To analyze the structure of luciferase, we have used the
structure obtained by Franks et al. (1998) (PDB code:
1BA3). All mutations are found at the protein surface and
lead to an amino acid of sub-cluster 2b (Q, R and K). It is
mainly displacement from cluster la (V182K, 1232K) and
1b (F14R, F465R) to 2b. In two cases, the change of
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Table 4 Mutations of firefly luciferase of Photinus pyralis

Position Amino  Sub-cluster Protein Mutated Sub-cluster
acid block into

14 F 1b b R 2b

35 L 2a m Q 2b

182 \Y la c K 2b

232 1 la e K 2b

465 F 1b b R 2b

clusters is a displacement to a cluster not associated to the
initial one (V182K for a PB ¢ and 1232K for PB ¢), while in
the other cases, the new cluster is similar to the initial one
(F14R and F465R both for PB b). Interestingly, residue 35,
corresponding to a change from sub cluster 2a to 2b, is
assigned to PB m.

Additional studies are required for assessing the
hypothesis we propose about the requirement of selecting
mutations in different clusters for improving the thermo-
stability. However, such systematic analyses require a
careful and exhaustive reading of the literature which is
presently out of the scope of the present paper. In the same
way, insofar as important structural elements are involved,
mutations should be selected in the same cluster. These
examples show that this kind of approach could greatly
help experiments avoiding useless mutations.

In conclusion, this approach could be applied to design
sequences highly compatible with a desired fold. Indeed,
knowing a fixed series of PBs, i.e. protein fold, it is pos-
sible to find sequences able to adopt this given fold using
statistical approaches such as the ones we have proposed
(de Brevern et al. 2000; Etchebest et al. 2005). This re-
duced alphabet could be also useful in threading approach.
Indeed, it could be used in a preliminary step of threading
approach for detecting and selecting appropriate template.
This approach could also be applied in alignment tech-
niques as recently seen (Melo and Marti-Renom 2006;
Wrabl and Grishin 2005). In the same way, it should be
very useful when the sequence family is small or even if
the sequence is orphan.
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