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Introduction
         Eukaryotic translation elongation factor 1A (eEF1A) 
is an abundant protein in cells and delivers aminoacyl-  
tRNA onto a ribosome [1]. It is said that the principal 
function of eEF1A is protein biosynthesis. However, 
eEF1A is revealed as one of the multifunctional proteins 
[2]. Novel eEF1A functions such as cytoskeletal modifi-
cation, apoptosis, viral infection and so on [3] have been 
clarified from the discovery of the actin binding function 
[4]. eEF1A is also identified as a protein attaching cell 
membranes to induce anoikis by inactivating ꞵ1-integrin 
[5]. The antiadhesive function from the extracellular 

matrix is effective to develop new drugs for cancers such 
as leukemia [6].
        In addition to the moonlighting functions, many func-
tional divergences have been observed in the eEF1A 
family. There are two known isoforms of eEF1A proteins, 
eEF1A1 and eEF1A2, in which the sequences share 92% 
identity [7,8]. Expression of the gene coding eEF1A 
depends on cell types [9]; the majority of cells express 
eEF1A1, neuron or muscle cells often express eEF1A2 
and some of other cell types express both eEF1A 
isoforms. In order to elongate a polypeptide chain by 
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Abstract

Evolutionary conservation is one of the powerful analyses to predict protein functional sites. There 
have been many studies proposing a variety of degrees of conservation. In this paper, we propose and 
compare two mathematical measures that calculate the degree of conservation at each site in the molec-
ular evolutionary process, named “the degree of conservation” and “the degree of specific conserva-
tion”. The degree of conservation can identify the sites which show a conserved pattern in all proteins 
of a protein family. The degree of specific conservation is the degree that can identify the sites 
conserved in a subfamily but variable in the whole family. In this study, the conservation analyses were 
applied to a protein that has many functions in the cell. Many researches of eukaryotic elongation 
factor 1A (eEF1A) revealed that eEF1A is involved in not only protein biosynthesis but also moon-
lighting functions such as cytoskeletal modification, apoptosis and viral infection. And functional 
divergences of the EF-Tu/1A protein family have occurred in the evolutionary process. Our results 
showed that the degree of conservation can predict the regions that are important for binding molecules 
of the eEF-Tu/1A proteins. The degree of specific conservation can predict the residues important for 
the functional divergences and post-translational modifications (PTMs). These results suggest that 
PTM sites of eEF1A are not conserved in the whole family but only conserved in a subfamily. It would 
be necessary to verify whether the conserved sites are responsible for the moonlighting functions of 
eEF1A to develop new drugs that can be effective for cancers.
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eEF1As, GDP/GTP binding is necessary. However, 
eEF1As do not have identical binding affinities with GDP 
and GTP [10]; the GTP binding affinity of eEF1A1 is higher 
than eEF1A2 but that of eEF1A2 is higher than eEF1A1.
      Furthermore, eEF1A1 promotes apoptosis [11] but 
overexpression of eEF1A2 causes cancers [12]. Such 
functional differences are important for elucidating 
various cell functions. There are 36 non-identical residues 
between human eEF1A1 and eEF1A2. It is known that 
some of these residues or corresponding residues of 
eEF-Tu are estimated to be important for actin binding or 
fibronectin binding functional divergences [13, 14]. On 
the other hand, identical residues were estimated to be 
also important for the functional divergences because 
GDP/GTP binding affinity is different because of 
non-identical residues that are close to the identical 
residues [15]. Recent studies showed that post-transla-
tional modification (PTM) sites of eEF1A determined by 
mass spectrometry analysis [16-18] are located on regions 
close to the non-identical residues [15]. PTM residues 
should be important for analyzing the functional diver-
gences of eEF1As.
    PTM sites of eEF1A is previously estimated as 
non-conservation sites [19]. Meanwhile, our previous 
studies showed that residues involving binding molecules 
or functional divergences of the EF-Tu/1A family can be 
predicted by evolutionary analysis [20, 21]. Therefore, 
evolutionary conservation of the EF-Tu/1A protein family 
is useful to investigate important residues of the proteins. 
In this paper, we propose degrees of conservation and 
discuss what degree of conservation can accurately 
predict the PTM sites of eEF1A. This analysis would 
clarify how the PTM sites of eEF1A proteins are evolved.

Materials and Methods
Construction of the multiple sequence alignment and 
phylogenetic tree
      From UniProtKB/Swiss-Prot [22], we collected 984 
entries, which (1) are annotated as ‘Classic translation 
factor GTPase family. EF-Tu/EF-1A subfamily’, (2) do 
not include ‘X’ in the sequence and (3) are not a fragment. 
The sequences were aligned by MAFFT 7 program [23]. 
Distances of sequence pairs were com-puted by maxi-
mum likelihood method [24] using the Jones-Tay-
lor-Thornton model [25] as a substitution matrix and the 
Dayhoff method [26] for computing equilibrium frequen-
cies. From all combinations of the distances, a phyloge-
netic tree was written by unweighted pair group method 
with arithmetic mean [27].

Preparation for defining degrees of conservation
        Let M = (mij) denote a given multiple sequence align-
ment (MSA) and here mij denote an amino acid symbol in 
sequence i of site j on the MSA. Let Xj = {m1j ,m2j , . . . 
,mnj} be a multiset of amino acid symbols. Let Fj denote a 
field of sets of Xj. And, let Fjt be an element of Fj and a 
group by node t in a phylogenetic tree.

Mathematical formulation for a degree of variability
Let

                                                                                   (1)

be a degree of variability, where υ (Fjt) = 0 if |Fjt|= 1. Let

A = {A,C,D,E, F,G,H, I,K,L,M,N, P,Q,R, S, T, V,W, Y }

be a set of amino acid symbols and Gj = { ϒj1, ϒj2, . . . ,ϒjg} 
be a set of gaps at site j, where g is the number of gaps at 
site j. Let

s (y, z) =                                                                     (2)

be a normalized substitution matrix, where Smax, Smin, S (y, y) 
and S (y, z) are the maximum, the minimum, a diagonal 
element and an off-diagonal element in an amino acid 
substitution matrix, respectively, and w (y) is a weight of 
sequence y. The Gonnet matrix [28] was used as a substitu-
tion matrix. The weight was computed by Sibbald and 
Algos algorithm [29] and the iteration number was 
100,000.

Mathematical formulation for degrees of conservation
Let

                                                                                    (3)

be a degree of conservation, where N is the number of 
nodes in the phylogenetic tree. 

Let

                                                                                     (4)

be a degree of specific conservation, where r is the root of 
the phylogenetic tree and a is the group interested in the 
study.

Data collection of functional sites in eEF-Tu/1A
         Binding residues were collected from three-dimen-
sional structures of eEF-Tu/1A described in our previous 
study [21]. Actin-binding residues were obtained from 
site-directed mutagenesis data [30]. PTM sites were 
obtained from the PhosphoSitePlus database [31].
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Figure 1. Predic�on by degree of conserva�on. (A) An ROC curve created by degree of conserva�on and proximity that 
is derived from complex structures of EF-Tu/1As in the PDB [32]. The ROC curve was constructed by using residues 
binding with ions or molecules within 3 Å as func�onal sites. The threshold for the degree of conserva�on was deter-
mined by the black point, which makes the maximum of the sum of the true posi�ve rate and the false posi�ve rate. 
(B) The three-dimensional structure of rabbit eEF1A2 (PDBID: 4C0S) [33] visualized onto the degree of conserva�on. If 
the degree of conserva�on is higher than or equal to the threshold, the residue was colored by pink. If not, the residue 
was colored by white.

Results
Predicted sites by degrees of conservation
          The multiple sequence alignment constructed from 
the sequences in the EF-Tu/1A family consisted of 739 
sites. The degrees of conservation and specific conserva-
tion were calculated at each site. In order to determine a 
threshold of each degree of conservation, we used ROC 
(receiver operating characteristic) curves.
        The ROC curve of the degree of conservation was 
created from proximity of binding molecules or ions in 
three-dimensional structures of the EF-Tu/1A proteins as 
described in our previous paper [21]. Because Figure 1A 
shows that the threshold is 0.973, predicted sites were 
defined as the sites in which the degree of conservation is 
higher or equal to the threshold. The predicted sites 
shown in Figure 1B are mainly located on the left side of 
the three-dimensional structure.
         The ROC curve of the degree of specific conserva-
tion was constructed from actin binding residues [13]. 
Because Figure 2A shows that the threshold is 0.190, 
predicted sites were defined as the sites in which the 
degree of specific conservation is higher or equal to the 
threshold. The predicted sites shown in Figure 2B are 
mainly located on the right side of the three-dimensional 
structure.

          In order to clarify the difference of the predicted sites 
between each degree of conservation, we investigated 
overlapping predicted residues shown in Figure 3A. Hun-
dred residues were overlapping residues that were 
predicted both degrees of conservation. Figure 3B also 
shows that the degrees of conservation and specific 
conservation mainly predicted the left and right side of 
the three-dimensional structure,respectively.

The degrees of conservation and PTM sites
          PTM sites of eEF1A1 in human, mouse, rat and 
rabbit and eEF1A2 in human, mouse and rat were shown 
in Figure 4. In order to analyze which degree of conserva-
tion can accurately predict the PTM sites, the true positive 
rate and the false positive rate were calculated as shown in 
Table 1. The true positive rate of the degree of specific 
conservation is 0.827. This value is higher than that of the 
degree of conservation.
        Meanwhile, the false positive rate of the degree of 
specific conservation is higher that of the degree of 
conservation. In addition, we created ROC curves of PTM 
sites and each degrees of conservation shown in Figure 5. 
The AUC (0.773) of the degree of specific conservation is 
higher than the AUC (0.649) of the degree of conserva-
tion.

Table 1. Accuracy for predicting PTM sites by degree of conservation or specific conservation.

True  Positive Rate False Positive Rate

Cα

Cβ

0.395

0.827

0.291

0.376
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Figure 2. Predic�on by degree of specific conserva�on. (A) An ROC curve created by degree of specific conserva�on and 
ac�n binding sites. The func�onal sites are ac�n binding residues determined by site-directed muta�onal analysis for 
yeast eEF1A. The threshold for the degree of specific conserva�on was determined by the black point, which makes the 
maximum of the sum of the true posi�ve rate and the false posi�ve rate. (B) The three-dimensional structure of rabbit 
eEF1A2 (PDBID: 4C0S) visualized onto the degree of specific conserva�on. If the degree of specific conserva�on is 
higher than or equal to the threshold, the residue was colored by pink. If not, the residue was colored by white.

Figure 3. Predic�on overlapping with degrees of conserva�on. (A) The numbers of overlapping predicted sites and 
other sites by degrees of conserva�on and specific conserva�on. (B) The overlapping and not overlapping residues 
visualized onto the three-dimensional structure of rabbit eEF1A2 (PDBID: 4C0S). Sites predicted by both methods were 
shown by red, sites only predicted by Cα were shown by blue, sites only predicted by Cβ were shown by green and sites 
not predicted by both methods were shown by white.

Figure 4. PTM sites of eEF1A. PTM sites visualized onto rabbit eEF1A2 (PDBID: 4C0S). If the residue has PTM, the 
residue is shown by purple
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Figure 5. ROC curves of PTM sites. (A) An ROC curve created by degree of conserva�on and PTM sites. (B) An ROC curve 
created by degree of specific conserva�on and PTM sites

Discussion
          In this paper, we investigated the conserved sites of 
eEF1A using two degrees of conservation. One is the 
degree that can identify the sites which show a conserved 
pattern in all proteins of a protein family. As shown in our 
previous study [21], the degree of conservation can 
predict close sites from binding molecules in the three-di-
mensional structures of eEF-Tu/1A. eEF1A has the 
conserved face and the variable face in the three-dimen-
sional structure [15]. These faces were decided from 
variable residues between eEF1A1 and eEF1A2. The 
conserved face is similar to the regions that are deter-
mined by the degree of conservation shown in Figure 1B. 
This shows that the degree of conservation can predict the 
conserved face of eEF1A.
         The other degree of conservation is a specific conser-
vation that can identify the sites that are only conserved in 
a subfamily of a protein family. In other words, the degree 
of specific conservation can identify the sites conserved 
in the subfamily but variable in the whole family. In this 
study, the subfamily is specified as the group that contains 
vertebrate eEF1A1 and eEF1A2. The whole family is 
specified as the group that contains whole eEF-Tu/1A 
family. Therefore, the degree of specific conservation 
predicts few non-identical sites between eEF1A1 and 
eEF1A2. However, the degree of specific conservation 
can mainly predict close sites from the non-identical 
residues shown in Figure 2. This suggests that the degree 
of specific conservation can predict the residues that are 
important for functional divergences between eEF1A1 
and eEF1A2. In addition, the regions that are predicted 
from the degree of specific conservation are similar to the 
variable face described above. Because there are many 
PTM sites in the variable face, the specific conservation 
may be useful for predicting PTM sites.
          As shown in Table 1 and Figure 5, our results show 

that the PTM sites were predicted well by the degree of 
specific conservation than degree of conservation. In 
addition, Table 1 shows that the true positive rate is high 
but the false positive rate is high in the degree of specific 
conservation. Therefore, the degree of specific conserva-
tion can accurately predict the known PTM sites that are 
registered in the database of PTM sites. This shows that 
the degree of specific conservation is superior to the 
degree of conservation to predict PTM sites of eEF1A 
proteins. These results suggest that one degree of conser-
vation is inadequate to predict all important residues of 
eEF1A.
         In conclusion, various degrees of conservation may 
be useful when we predict functional sites of multifunc-
tional proteins like eEF1A proteins. In addition, our 
results suggest that PTM sites of eEF1A1and eEF1A2 are 
not conserved in the whole family but conserved in the 
subfamily.
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