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Abstract 

 
More than half of proteins in prokaryotes and eukaryotes 
undergo N-terminal methionine excision (NME). While it is 
known that the penultimate amino acid affects the efficiency 
of NME in several bacterial and eukaryotic species, it is 
experimentally difficult and tedious to verify which amino 
acid at the penultimate site (the site after initiator Met) is 
the most efficient for NME in different species. Here we 
present a new bioinformatic approach to identify 
penultimate amino acids that are efficient for NME. Amino 
acids most efficient for NME are alanine, serine and proline 
in human, and alanine, glycine, valine, proline and serine in 
the yeast Saccharomyces cerevisiae. This finding also helps 
resolve the two hypotheses that have been proposed to 
explain the presence of +4G site in the Kozak consensus for 
translation initiation.  
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1. Introduction 
 

N-terminal modifications of nascent peptides occur in in 
more than half of proteins in both prokaryotes and 
eukaryotes [1-4] as well as in mitochondria and plastids [2]. 
N-terminal methionine excision (NME), which occurs soon 
after the amino terminus of the growing polypeptide chain 
emerges from the ribosome, is not only an important amino-
terminal modification in itself, but also required for further 
N-terminal modifications. For example, it is required for 
myristoylation where glycine at the amino terminus, after 
the removal of the initiator methionine, is needed to attach 
to a myristoyl (C14H28O2) fatty acid side chain [5]. 

NME is carried out by methionine aminopeptidase 
(MAP). Eubacteria contain only one type of MAP whereas 
eukaryotes contain two (MAP1 and MAP2). The efficiency 
of NME depends heavily on the penultimate (the second) 
amino acid. In the yeast, Saccharomyces cerevisiae, NME 
occurs most efficiently when the penultimate amino acid is 
small [6]. Such studies have contributed significantly to the 
understanding of not only NME itself, but also eukaryotic 
translation initiation.  

The optimal context for translation initiation in 
mammalian species is GCCRCCaugG (where R = purine 
and “aug” is the initiation codon), with the -3R and +4G 
being particularly important [7, 8]. The presence of +4G has 
been interpreted as necessary for efficient translation 
initiation [8, 9], and this interpretation is featured in 
virtually all textbooks of molecular biology. The finding 
that a small amino acid is needed to facilitate NME leads to 
an alternative hypothesis invoking amino acid constraint 
[10]. Because alanine and glycine happen to be the smallest 
amino acids, we expect the initiator Met to be followed 
often by alanine or glycine. The resulting overuse of Ala 
and Gly codons (GCN and GGN) following the initiation 
codon AUG leads to the prevalence of +4G in protein-
coding genes. An extensive bioinformatic study [10] lends 
strong support for this alternative hypothesis. 

In spite of the scientific importance of NME, 
characterizing the efficiency of NME conferred by different 
amino acids at the penultimate site in different species is 
experimentally difficult and tedious. For this reason, only a 
few studies have been carried out in Escherichia coli [11], 
Saccharomyces cerevisiae [6] or both [12]. In this paper we 
propose a bioinformatic approach to characterize the 
efficiency of NME conferred by different amino acids at the 
penultimate site and apply the method to the study of human 
and yeast proteins. 
 
2. Methods and Materials 
 
For a genome with N protein-coding genes (representing 
nascent proteins before any N-terminal processing), there 
are N amino acids at the penultimate site, with its frequency 
distribution specified by Ni where i = 1, 2, …, 20 
corresponding to the 20 amino acids. Suppose we have M 
proteins known to undergo NME, with its frequency 
distribution specified by Mi. Define pi = Ni/N and qi = Mi/M. 
If all amino acids at the penultimate site lead to equal 
efficiency in NME, then we expect qi = pi. If amino acid i is 
very conducive to NME, then qi > pi and vice versa.  

We use ENME.i defined below as a quantitative measure of 
the NME efficiency for amino acid i 
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The interpretation of ENME.i is straightforward:  ENME.i = 0 
when qi = pi, ENME.i > 0 when qi > pi; ENME.i < 0 when qi < 
pi. 

To obtain Ni for human, we retrieved the rna.gbk.gz file 
at ftp://ftp.ncbi.nih.gov/genomes/H_sapiens/RNA/, dated 
Sept. 3, 2006, and extracted all 34169 annotated coding 
sequences (CDSs). For the yeast, we retrieved the 
orf_coding.fasta from NCBI which contained 5888 yeast 
CDSs. Translating these CDSs to amino acid sequences and 
computing the Ni values were done with DAMBE [13, 14]. 

To obtain Ni for human, we retrieved the rna.gbk.gz file 
at ftp://ftp.ncbi.nih.gov/genomes/H_sapiens/RNA/, dated 
Sept. 3, 2006, and extracted all 34169 annotated coding 
sequences (CDSs). For the yeast, we retrieved the 
orf_coding.fasta from NCBI which contained 5888 yeast 
CDSs. Translating these CDSs to amino acid sequences and 
computing the Ni values were done with DAMBE [13, 14]. 
To obtain Mi for human and yeast, we extracted all the N-
terminal methionine-cleaved protein sequences from the 
UniProtKB/Swiss-Prot database [15], by using the search 
interface at (http://us.expasy.org/srs5). We limited the 
results to reviewed sequences in Swiss-Prot database by 
excluding the computationally annotated sequences in 
TrEMBL database. Saccharomyces cerevisiae and Homo 
sapiens were used respectively as the species name, and 
“INIT_MET” as the “FtKey (Feature)” in the info menu. 
According to the Swiss-Prot specifications, INIT_MET 
indicates evidence of NME. From a total of 6093 Swiss-Prot 
yeast protein sequences, 267 of them contained evidence for 
initiator methionine cleavage. These 267 sequences were 
manually inspected. Those proteins without direct 
experimental evidence and being flagged as "Potential", 
"Probable", or "By similarity" are not excluded. The 
remaining 232 proteins were experimentally verified to 
undergo NME. These 232 sequences were downloaded in 
FASTA format and the penultimate amino acid frequency 
was obtained using DAMBE [13, 14]. The same is done for 
human with 484 proteins having experimental evidence of 
NME.  
 
3. Results and Discussion 
 
For yeast proteins, qi > pi for alanine (Ala), glycine (Gly), 
valine (Val), proline (Pro), serine (Ser) and threonine (Thr), 
i.e., these amino acids are overrepresented in the proteins 
that have undergone NME (Figure 1). The list of amino 
acids, ranked by their ENME.i values, is shown in columns 2-
4 in Table 1 which includes details of calculating ENME.i 
values. The six amino acids with positive ENME.i values (Ala, 
Gly, Val, Pro, Ser and Thr), with radii of gyration of 1.29 Å 
or less, were also found experimentally to result in complete 
cleavage of initiator Met in yeast [6]. Cys was also found 
previously to result in complete cleavage of the initiator Met 
[6], but no protein with Cys at the penultimate site is 
represented in our yeast proteins with known experimental 

evidence of NME. This finding, however, does not reject the 
hypothesis that Cys is as efficient as other six amino acids 
with positive ENME.i values because of the rarity of Cys at 
the penultimate site in proteins encoded in the yeast genome 
(only 38 out of 5888 proteins encoded in yeast genome, 
Table 1). We need more data to evaluate whether Cys at the 
penultimate site can lead to efficient NME in vivo in yeast.  
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Figure 1. Different amino acids at the penultimate site result 
in dramatically different NME Efficiencies in yeast proteins. 
pi and qi are proportions of amino acid i at the penultimate 
site of unprocessed proteins and NME-processed proteins, 
respectively. The line indicates the position when qi = pi. 
 

Cys is rare not only at the penultimate site but also at 
other sites in yeast proteins, accounting for only 0.645% of 
the amino acids at the penultimate and 1.263% at other sites 
excluding the first two sites. This may be related to the fact 
that the S. cerevisiae genome contains only 4 tRNACys 
genes, the fewest among all 20 amino acids. Because the 
number of tRNA genes in the genome is strongly correlated 
with the tRNA concentration in the cell [16-19], the few 
tRNACys genes implies relatively few tRNACys in the 
cytoplasm to translate Cys codons. This should result in 
selection against Cys usage in proteins because its usage 
would decrease translation efficiency. It has been 
theoretically suggested and empirically substantiated that 
tRNA availability is linearly correlated with the square root 
of amino acid usage [20]. Because translation initiation is 
often the rate-limiting step during protein translation [21, 
22], it is disadvantageous to code for an amino acid that is 
slow to translate.  

Ser is the most frequently found amino acid at the 
penultimate site (accounting for 24.4% of all amino acids at 
the penultimate site, Table 1). This is partially explained by 
the fact that it is also the most frequently used amino acids 
at other sites in yeast proteins among those amino acids with 
positive ENME.i values, accounting for 8.97% of all amino 
acids excluding the first two amino acids (i.e., the initiator 
Met and the penultimate amino acid) in the proteins. In 
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contrast, Ala, Gly, Val, Pro, and Thr account for only 
5.50%, 4.98%, 5.57%, 4.38%, and 5.93%, respectively. It is 
likely that Ser is more abundant, and consequently 
translated faster, than other amino acids with positive ENME.i 
values, which would account for its overuse at the 
penultimate site to accelerate the movement of the ribosome 
downstream.  
 
Table 1. Details of computing NME efficiency (ENME.i) for 
amino acid i, based on yeast and human proteins. AA – 
amino acids in 3-letter code, Ni – number of amino acid i at 
the penultimate site of proteins before any N-terminal 
processing, Mi – number of amino acid i in the penultimate 
site of proteins known to undergo NME. ENME.i is specified 
in Eq. Error! Reference source not found.. 
 Yeast  Human 
AA Ni Mi ENME.i  Ni Mi ENME.i 
Ala 484 47 1.3013  6904 204 1.0548 
Gly 278 23 1.0702  2983 59 0.4757 
Val 370 28 0.9416  1576 25 0.1574 
Pro 265 18 0.7857  1955 53 0.9306 
Ser 1437 93 0.7159  3664 108 1.0513 
Thr 459 21 0.2155  1674 32 0.4265 
Asn 296 1 -3.5439     
Glu 311 1 -3.6152     
Arg 167 0   1788 1 -4.6685 
Asp 297 0      
Cys 38 0   376 2 -1.4190 
Gln 147 0      
His 71 0      
Ile 191 0      
Leu 360 0      
Lys 335 0      
Met 84 0   495 2 -1.8157 
Phe 190 0      
Trp 35 0      
Tyr 73 0      
 

An alternative explanation for the overuse of Ser at the 
penultimate site invokes the recognition of translation 
initiation signal. The consensus sequence including the 
initiation codon aug is (A/U)A(A/C)A(A/C)AaugUC(U/C) 
for highly expressed yeast genes. If the +4U, +5C and/or 
+6Y sites are part of the recognition sequence for the 
ribosome-dependent scanning model of translation initiation 
[7, 8, 23, 24], then the use of Ser at the penultimate site will 
be increased as a consequence because UCY codons code 
for Ser. However, this explanation appears unnecessary. 
After all, it is tenuous to argue that, while +4U is important 
for translation initiation in yeast, it is +4G that is important 
for translation initiation in mammals. Empirical evidence 
suggests that the +4 site is not really important for 
translation initiation [10]. 

Given that most proteins undergo NME, one naturally 
would expect that most proteins should have a small amino 
acid with a positive ENME.i at the penultimate site. This is 
true, the sum of Ni values for the six amino acids with 
ENME.i > 0 accounts for 55.93% of all amino acids at the 
penultimate site in yeast (Table 1). Given that Ala, Gly and 
Val are all coded by G-starting codons, the over-
representation of these amino acids at the penultimate site is 
sufficient to explain the presence of +4G site in protein-
coding genes. 

For human proteins, qi > pi for Ala, Gly, Ser, Pro, Thr 
and Val (Figure 2). This list of six amino acids is the same 
as that in the yeast (Figure 1). In contrast to the yeast 
proteins where Ser is used most often at the penultimate site, 
human proteins have Ala as the most frequently used amino 
acid at the penultimate site, with Ser being the second 
(Figure 2). ENME.i values and the computational details are 
shown in the last three columns of Table 1. 

The reason for Ala to be found more frequently at the 
penultimate site than Ser (Figure 2 and Table 2) may be 
related to the relative availability of tRNAAla and tRNASer. 
There are 43 tRNAAla  genes and only 28 tRNASer genes in 
the human genome ( http://lowelab.ucsc.edu/GtRNAdb). 
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Figure 2. Different amino acids at the penultimate site result 
in dramatically different NME efficiencies in human 
proteins, with the meaning of symbols as in Figure 1. 
 

There are several differences between the yeast and the 
human results. First, although eukaryotes have both MAP1 
and MAP2 proteins, MAP1 appears to be the dominant 
isoform whose loss leads to dramatic decrease in growth 
whereas loss of MAP2 decreases growth only slightly [25]. 
In contrast, MAP2 is more important than MAP1 in higher 
eukaryotes [2]. MAP2 is less efficient than MAP1 in NME 
when the penultimate site is occupied by Gly. A yeast 
MAP1 mutant that over-expressed MAP2 proteins can 
restore most of the NME activity observed in the wild-type 
except for the test peptide with Gly at the penultimate site 
[Table I in 25]. This implies that the ri value for Gly should 
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be smaller in human (where MAP2 is more important) than 
in yeast (where MAP1 is more important). Our result 
confirms this prediction, with ENME.i = 1.0702 and 0.4757, 
respectively, for yeast and human (Tables 1). 

In conclusion, we have demonstrated the utility of a 
bioinformatic approach to characterize NME efficiencies of 
different amino acids at the penultimate site that can be 
adapted for any new species with empirical NME data.  
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