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ABSTRACT:

The elongation phase of translation is promoted by three
universal elongation factors, EF-Tu, EF-Ts, and EF-G in
bacteria and their homologs in archaea and eukaryotes.
Recent findings demonstrate that the translation of a sub-
set of mRNAs requires a fourth elongation factor, EF-P in
bacteria or the homologs factors a/elF5A in other king-
doms of life. EF-P prevents the ribosome from stalling
during the synthesis of proteins containing consecutive
Pro residues, such as PPG, PPP, or longer Pro clusters.
The efficient and coordinated synthesis of such proteins is
required for bacterial growth, motility, virulence, and
stress response. EF-P carries a unique post-translational
modification, which contributes to its catalytic profi-
ciency. The modification enzymes, which are lacking in
higher eukaryotes, provide attractive new targets for the
development of new, highly specific antimicrobials. ©
2013 Wiley Periodicals, Inc. Biopolymers 99: 837-845,
2013.
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INTRODUCTION
ibosomes are cellular machines that produce pro-
teins in a rapid and accurate fashion. During the
elongation phase of protein synthesis, the ribosome
moves on the mRNA track, one codon at a time,
with an average speed of about 10-20 codons per
second (in bacteria). Each cycle of elongation entails three
consecutive steps: (i) the binding of aminoacyl-tRNA (aa-
tRNA) to its cognate codon exposed in the A site of the
ribosome, (ii) peptide bond formation between aa-tRNA in
the A site and peptidyl-tRNA in the P site, and (iii) translo-
cation of the two tRNAs from the A to P and from the P to
E site. The decoding and translocation reactions are aided
by translation elongation factors (EF): EF-Tu accelerates aa-
tRNA binding to the ribosome; EF-Ts is the guanine nucleo-
tide exchange factor of EF-Tu, and EF-G promotes tRNA
translocation. EF-Tu ensures that different aa-tRNAs are
delivered to the ribosome at uniform rates,’ which should
ensure that translation can proceed in a processive, rapid
fashion independent of the mRNA codon. However, despite
of the equalizing effect of EF-Tu, translation is kinetically
discontinuous, with periods of rapid synthesis separated by
pauses.” Reasons for translational pauses are diverse and
not well understood. Pausing can be caused by e.g. rare
codons, internal Shine-Dalgarno-like sequences in the
mRNA, or mRNA secondary structures, among others. In a
number of cases, ribosomes are stalled by specific leader
peptides that interact with the ribosome exit tunnel and
thereby control translation, e.g., secM, tnaC, mifM, ermCL,
catA86L, arg2/CPAI, or human cytomegalovirus gp48.°
Additionally, ribosome pausing can be mediated by short
sequences in nascent peptides that end with a Pro residue.*”
® Pro and Gly are poor substrates for the peptidyl transfer
reaction; both amino acids are incorporated into nascent
proteins more slowly than any other amino acid and might
thus lead to translational pauses.®” Recent findings demon-
strate that ribosome stalling on consecutive Pro codons is
alleviated by a noncanonical elongation factor, EF-P.'*!!
EF-P so far is the only translation factor that can augment
the peptidyl transferase activity of the ribosome. In this
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FIGURE 1 Structures of EF-P and elF5A. (A) EF-P from E. coli (PDB 3A5Z)'*. Domains I, II, and
I and the functionally important Lys34 residue are indicated. (B) eIF5A from S. cerevisiae (PDB
3ERO0) with domains I and IT and the conserved Lys51 residue.

review, we describe the structure and function of EF-P and
discuss its importance for the fitness of bacteria.

STRUCTURE AND POST-TRANSLATIONAL
MODIFICATION

Structure

EF-P is a 21 kDa protein encoded by the efp gene, which maps
to the 94.3 min on the Escherichia coli chromosome.'>'> EF-P
and its archaeal/eukaryotic orthologs a/elF5A are universally

conserved proteins. EF-P is composed of three f-barrel
domains and mimics a tRNA in shape and size'*'® (Figure
1A). The C-terminal domain III of bacterial EF-P possesses the
same fold as domain II and might be the result of a partial
gene duplication event.'* eIF5A also has a tRNA-like shape'”
(Figure 1B). alF5A and eIF5A share 84% and 64% sequence
similarity, respectively,'® with the part of EF-P comprising
domains I and II. It is not clear why eIF5A does not have
domain III It has been proposed that eIF5A dimerizes produc-
ing a molecular envelope similar to the EF-P monomer.'” The
crystal structure of Thermus thermophilus EF-P bound to

EF-P-Lys34-Lys

FIGURE 2 Crystal structure of the ribosome—EF-P complex.'® (A) EF-P from T. thermophilus
(PDB 3HUW and 3HUX) binds between the E and the P site of the ribosome and contacts tRNA™®,
The 50S and 30S subunits are colored in light and dark gray, respectively. EF-P is shown in blue and
tRNA™¢" in dark red. Ribosomal protein L1 is shown in orange. (B) A model of lysinylated EF-P
bound to the ribosome. Color code as in (A). 23S rRNA residues at the catalytic core of the ribosome
(A2451, U2506, U2585, and A2602) are depicted in green.
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FIGURE 3 Modification pathways of EF-P and eIF5A. (A) In bacteria, YjeK converts free S-a-Lys
to R-f-Lys, which is then transferred by YjeA to the e-amino group of Lys34 of EF-P. Subsequently,
YfcM hydroxylates Lys34, presumably at its C5(d). (B) In S. cerevisiae (and other eukaryotes), deox-
yhypusine synthase (DHS) transfers the aminobutyl moiety of spermidine to Lys51 of eIF5A. Deox-
yhypusine hydroxylase (DOHH) hydroxylates the deoxyhypusine intermediate to form hypusine

[N*-(4-aminobutyl-2-hydroxy)-1-Lys].

the ribosome with the initiator tRNA™® in the P site
shows EF-P bound at the interface of the 30S and 50S subu-
nits between the P site and E site. Domains III, II, and I of
EF-P interact with tRNA™®® near its anticodon stem-loop,
the D loop, and the acceptor end in close proximity of the
peptidyl transferase center, respectively (Figure 2A)."> The
network of interactions between EF-P and tRNA™*" appears
to stabilize the tRNA, which may be one of the factor’s
functions on the ribosome.'®'? In the ribosome—EF-P com-
plex, the L1 stalk has moved into the E site and contacts
domain II of EF-P."” The LI stalk is a dynamic component
of the 50S subunit, which is involved in tRNA translocation
and release.”*?* The role of the EF-P-L1 interaction for
EF-P recruitment or function is not clear. While T. thermo-
philus EF-P has an Arg at the tip of its N-terminal
domain,' E. coli EF-P harbors a conserved Lys residue
(position 34), which is post-translationally modified
by lysinylation and hydroxylation'®**~*® and may protrude
the peptidyl transferase center

even further into

(Figure 2B).
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Post-Translational Modification

The post-translational modification of EF-P requires the action
of three enzymes: YjeA (also known as PoxA or GenX), YjeK,
and YfcM** (Figure 3A), resulting in lysinylation and
hydroxylation of Lys34 in E. coli EF-P. Epistatic analysis of the
expression of yjeA and yjeK genes in Salmonella typhimurium
suggested their sequential involvement in the modification
pathway.””*® However, about 70% of bacteria do not encode
YjeA or YjeK, although most of them have a Lys residue at the
position homologs to Lys34 in E. coli, suggesting that in these
bacteria EF-P is either not modified or modified in a different
way.”® Some organisms have two EF-P paralogs, one with the
conserved Lys and the other in which the Lys residue has been
replaced by e.g. Ala or His.”® In archaeal and eukaryotic IF5A
there is a Lys at homologs position, which is also modified,
although the modification is quite different, to hypusine [N*-
(4-aminobutyl-2-hydroxy)-l-lysine] by an unrelated pathway
(Figure 3B). Hypusination of a/elF5A is ubiquitous among
archaea and eukarya and is required for e[F5A function and
cell viability in yeast.”
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FIGURE 4 YjeA as ortholog of Lys-tRNA synthetases. (A) E. coli EF-P (shown in blue) bound to
YjeA (red) (PDB ID 3A57).%' (B) Superimposition of E. coli YjeA (PDB 3A5Z shown in red)?*; and
E. coli Lys-tRNA synthetase (PDB 1BBU, shown in gray).*!

YjeK is a homolog of lysine 2, 3 aminomutase (LAM), but
it lacks the multimerization domain found in that protein fam-
ily. While LAM proteins usually promote the conversion of S-
a-Lys to S-B-Lys, E. coli YjeK converts S-a-Lys to R-f-Lys,”*>
which is the first step on the EF-P modification pathway. YjeA
is a paralog of the lysyl-tRNA synthetases (Lys-RS2), which
charge tRNA™® with Lys. Sequence and structure of the cata-
Iytic cores of YjeA and Lys-RS2 are very similar**2® (Figure
4A); however, YjeA does not have the anticodon binding
domain, which is important for tRNA"* recognition by Lys-
RS2, and does not aminoacylate any tRNA with Lys.***
Instead, YjeA utilizes R-f-Lys produced by YjeK, forms an acti-
vated Lys-adenylate, and transfers the Lys moiety to the e-
amino group of Lys34 of EF-P (Figure 4B).>* YjeA from . thy-
phimurium activates S-f-Lys 100-fold more efficiently than a-
Lys.*® Furthermore, supplementing the medium with f-Lys,
but not a-Lys, can substitute for YjeK function in vivo.”* These
findings indicate that the synthesis of f-Lys by YjeK occurs
before its addition to EF-P by YjeA. Lysinylated EF-P is addi-
tionally modified by YfcM, which hydroxylates the conserved
Lys34, presumably at its C5(5).> It was proposed to rename
YjeA, YjeK, and Yfcm to EF-P-modifying enzymes (Epm)
EpmA, EpmB and EpmC, respectively.”

In eukaryotes elF5A is modified by deoxyhypusine synthase
(DHS) and deoxyhypusine hydroxylase (DOHH). DHS trans-
fers the aminobutyl moiety of spermidine to Lys51 of elF5A
from Saccharomyces cerevisiae in an NAD-dependent manner,
thereby generating a deoxyhypusine [N°-(4-aminobutyl)-1-
lysine] intermediate. Subsequently, DOHH completes hypusine

[N®-(4-aminobutyl-2-hydroxy)-l-lysine] synthesis by hydroxy-
lation of the deoxyhypusine intermediate.”> While only DHS is
essential in yeast, DOHH is essential in higher eukaryotes, e.g.,
in Caenorhabditis elegans or Drosophila melanogaster. Two or
more elF5A isoforms have been identified in eukaryotes.’* In
archaea, DHS, but not DOHH, could be identified so far,”
although both deoxyhypusinated and hypusinated forms of
alF5A were found™; the putative hydroxylase that acts on
alF5A is unknown. DHS and DOHH homologs are absent in
most bacteria,”® and only a few contain a DHS-related gene,
probably due to lateral gene transfer from an archaeon.”

FUNCTION

The Long Way Towards Understanding EF-P
Function

EF-P was discovered in 1975 by Glick and Ganoza®” as a factor
that increased the yield of peptide bond formation between
initiator fMet-tRNA™® and a mimic of aa-tRNA, puromycin
(Pmn). The effect of the factor was abolished by antibiotics
known to specifically block peptide bond formation, suggest-
ing that EF-P acts at the peptidyl transferase center of the ribo-
some.”®® This prompted the authors to name the newly
discovered protein EF-P, a factor that stimulates the peptidyl
transferase activity of the ribosome.” On the other hand, EF-P
did not stimulate poly(Phe) or poly(Lys) synthesis***'
turned out to be dispensable for the synthesis of model pro-
teins in reconstituted in vitro translation systems.*’

and

Biopolymers
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FIGURE 5 Mechanism of EF-P action on the ribosome. Left panel, the ribosome stalls after incor-
poration of two consecutive Pro residues with Pro or Gly as the next incoming amino acid; the E
site becomes free after dissociation of deacylated tRNA, which allows for binding of EF-P. Middle
panel, EF-P accommodates between E and P sites and promotes rapid peptide bond formation.
Right panel, following the dissociation of EF-P translation can resume.

Furthermore, EF-P is present at about 0.1 copies per ribosome
in E. coli,’? although it forms a 1:1 complex with ribosomes, '
making its involvement in each round of peptide bond forma-
tion unlikely. These results led to the suggestion that EF-P pro-
motes the synthesis of the first peptide bond only.”” Likewise,
elF5A was identified as a factor acting during formation of the
first peptide bond.*>** This view was challenged by Saini
et al.,* who have shown that yeast e[F5A promotes elongation
rather than initiation, suggesting that EF-P might have a func-
tion during elongation as well. In fact, EF-P was shown to act
on elongator aa-tRNAs analogs with a preference for those that
were poor peptide bond acceptors.*"*® Furthermore, the accu-
mulation of polysomes in E. coli harboring mutant EF-P, YjeA,
or YjeK is consistent with a function of EF-P in elongation.*’
This evidence prompted several groups to re-examine the
function of EF-P, which led to a new insight into the cellular
role of EF-P and a/elF5A.

EF-P Alleviates Ribosome Pausing at Pro

Our motivation to study the effect of EF-P on translation arose
through the efforts to understand how Pro can be rapidly
incorporated into proteins in the cell, given that in vitro Pro
renders peptide bond formation extremely slow.®™ For exam-
ple, the rate of the Pmn reaction with Pro is 0.01 s~ '; 10-1000-
times slower than with other amino acids. We found that EF-P
accelerates the reaction between fMetPro-tRNA"™ and Pmn by
90-fold.'® Furthermore, EF-P enhances the incorporation of
Gly and Pro into peptides by 8-fold and 15-fold, respectively,
and stabilizes the tRNA binding in the P site, thereby prevent-
ing its loss from stalled ribosomes.'” In parallel, Ude et al."'
came to similar conclusions while searching for new regulatory
players of the Cad module, a lysine-dependent acid-resistance
system in bacteria. They found that translation of CadC, a
transcriptional regulator containing a Pro cluster, was impaired

Biopolymers

in strains where the genes for EF-P or its modification enzymes
were disrupted. Both groups showed that peptide bond forma-
tion with several consecutive Pro residues causes the ribosome
to stall and that EF-P rescues the synthesis by alleviating stall-
ing and facilitating rapid incorporation of Pro residues into
peptides'®!
cient to induce ribosome stalling at the second Pro codon

(Figure 5). Three Pro residues in a row are suffi-
5,11
while the incorporation of the third Pro is impaired. Engineer-
ing PPP or PPG motifs into a protein, which originally does
not contain such sequences and is rapidly synthesized inde-
pendent of the presence of EF-P, causes stalling that is rescued
by EF-P.'® The amino acid itself, rather than the codon, is
responsible for the dependence on EF-P,'' and all Pro-coding
triplets can cause stalling. In E. coli, about 270 proteins have
PPG and PPP motifs or contain longer Pro sequences, and
their synthesis may depend on EF-P action. In fact, such motifs
are overrepresented in proteins that are down-regulated in an
EF-P deletion strain (efp) of S. typhimurium.*” Thus, EF-P is
an elongation factor, which is required for the rapid synthesis
of a subset of cellular proteins by augmenting the peptidyl
transferase activity of the ribosome.'®'" A recent article shows
that eIF5A from yeast has the same function.*®

Although stalling of ribosomes on poly(Pro) stretches and
the rescue effect of EF-P was convincingly demonstrated for a
number of proteins, apparently not all poly(Pro)-containing
proteins are inefficiently synthesized in the efp” strain of S.
typhimurium.*’ Because the proteome analysis reports on
steady-state levels of proteins, some of the EF-P effects might
have been missed, e.g., in those cases where the translation can
proceed without EF-P, albeit at reduced rates, such as demon-
strated for YafD and TonB.'® A basal level of product formation
might explain why efp” strains are viable. The kinetic effect of
EF-P may be more pronounced at conditions which require
rapid remodeling of the cellular proteome to the changing
environment, e.g. stress conditions. Proteomic analysis also
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revealed that the deletion of EF-P influences proteins which
contain motifs other than PPP and PPG, such as APP, YIRYIR,
and GSCGPG, or even no discernible motifs at all.*” A more
comprehensive search would be desirable to identify other
amino acid combinations that are sensitive to EF-P.

The reason for the impaired peptidyl transferase reaction
with Pro residues is unclear. Among the proteinogenic amino
acids proline is the only secondary amine. Its ring structure,
which restricts its rotation angles, may impose structural con-
straints that hinder peptide bond formation. EF-P might help
the ribosome and the peptidyl- and aa-tRNA substrates in the
peptidyl transferase center to adopt a conformation/position
which is more accessible for nucleophilic attack.'® Another role
for EF-P, particularly when the nascent peptide is still short,
may be to prevent the drop-off of peptidyl-tRNA from stalled
ribosomes, which would increase the yield of peptide.'® Nota-
bly, the pausing itself may be a prerequisite for EF-P binding.
While in the processively working ribosomes, the tRNAs per-
manently transit through the A, P, and E sites, thereby making
the E site inaccessible for EF-P binding, the release of deacyl-
ated tRNA from the E site during the elongation round preced-
ing stalling may provide a window of opportunity for EF-P to
bind.

In vivo, lysinylation is crucial for EF-P function in those
organisms in which the modification is possible,27’28’4°’49 while
the hydroxylation seems dispensable.*” An EF-P(K34A)
mutant, in which Lys34 was replaced with Ala and hence can-
not be modified, does not rescue the efp” phenotype in E.
coli** On the other hand, the deletion of EF-P has more severe
effects in vivo than the deletion of the modifying enzymes
responsible for lysinylation (YjeA and YjeK).?”****** This sug-
gests that lysinylation is important, but not essential for EF-P
function. In vitro, unmodified EF-P and EF-P(K34A) show
reduced activity,'”'"**** which can be fully restored by lysiny-
lation.'” The modification increases both the affinity of EF-P
binding to the ribosome (30-fold) and the maximal rate of
peptide bond formation (4-fold), leading to an 120-fold
increase in ke/Ky.'"" Thus, the modifications substantially
improve the catalytic proficiency of EF-P. A basal activity level
might nevertheless be sufficient to support translation in those
organisms which do not encode modifying enzymes. Because
the modification increases the affinity of EF-P binding to the
ribosome, one could speculate that the effect of EF-P could
also be achieved if the concentration of the unmodified factor
in the cell were higher than in E. coli.

IMPORTANCE FOR BACTERIAL FITNESS
Although EF-P is not an essential protein, deletions of EF-P or
its modifying enzymes YjeA or YjeK lead to pleiotropic pheno-

types, which are similar in different organisms, such as E.
coli,?®*>"> S, typhimurium,***>*> Agrobacterium tumefa-
ciens,>®” Bacillus subtilis,”® Brucella abortus,”® or Pseudomonas
aeruginosa,” and these phenotypes can be rescued by EF-P
expressed in trans’>”> The mutations lead to reduced
4931754565759 susceptibility to hyper-
osmotic conditions and different stress factors, such as acids,
detergents and antibiotics,>”*>%>%  enhanced metabo-
lism,?”> and reduced virulence.’*>”>° While there seem to be
no influence on transcription, the translation appears to be
affected,”” resulting in an altered expression of a number of

growth rate and motility,

proteins.””>>>> Frequently, metabolic proteins, membrane-
associated proteins, transporters and two-component regula-
tory systems, especially those involved in chemotaxis and
motility, display changed expression levels in the deletion
strains, whereas proteins belonging to the basal transcription-
translation machinery are rarely affected.””*’

Many of the observed pleiotropic effects of mutations in the
efp, yjeA, or yjeK genes can be rationalized by the aberrant syn-
thesis of proteins with proline stretches, leading to changes in
metabolic networks. EF-P may be critical for the copy-number
adjustment of multiple pathways, thereby contributing to the
fitness of the bacterial proteome. For example, by facilitating
the synthesis of CadC, EF-P affects the function of the two-
component regulatory Cad module.'' A decreased synthesis of
TonB," which supplies the energy for TonB-dependent trans-
porters, may result in the cumulative inhibition of transport
processes.”’ The reduced motility of cells deficient in EF-P
modification enzymes can be explained by an inefficient trans-
lation of the flagellar proteins FIhC, FIK, or FliF, which all con-
tain PPP and PPG motifs. In fact, the synthesis of FIhC and Flk
is reduced in the efp” strain of S. typhimurium due to stalling
at a poly(Pro) stretch.'" Synthesis of CheA, another protein
involved in motility and chemotaxis, is down-regulated in the
efp” strain of S. thyphimurium. It contains an APP motif,
which can cause stalling.” Efp, yjeA™, and yjeK™ strains of S.
typhimurium are unable to use y-glutamyl-glycine as nitrogen
source and are resistant to S-nitroso-glutathion (GSNO),*”*
which is cytostatic for S. typhimurium.®* Proteomic analysis
revealed that gamma-glutamyl transferase (Ggt), which con-
tains a PPP motif, is decreased in the efp™ strain. Because the
enzyme is required for the utilization of y-glutamyl-glycine,
impaired synthesis of Ggt leads to GSNO resistance.*’

Numerous examples indicate that mutations of the efp,
yjeA, and yjeK genes result in reduced virulence of a wide range
of pathogenic bacteria, and there are some examples where EF-
P directly affects the synthesis of proteins linked to virulence.
For example, translation of EspF, a key player during the infec-
tion by enterohemorrhagic and enteropathogenic E. coli strains
(EHEC and EPEC)®*** is stalled at a PPPP stretch in the

Biopolymers
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FIGURE 6 Alleviation by EF-P of ribosome stalling on the PPPP sequence in EspfU. Translation
of an N-terminal fragment of EspfU (154 amino acids) and peptide separation on SDS-page was
carried out as described.'® Peptides were visualized by the fluorescence of BODIPY-FL attached to
their N-terminus. M denotes EspfU fragments of the indicated amino acids lengths.

absence of EF-P, and the translational arrest is alleviated by EF-
P (Figure 6). Given the low catalytic proficiency of unmodified
EF-P and the fact that modification pathways use different
enzymes in prokaryotes and eukaryotes, the bacterial modify-
ing enzymes might be interesting targets for new antibiotics.'’
The effects of deletions of EF-P or EF-P-modification
enzymes may also affect virulence indirectly by changing the
overall balance in the proteome. In poxA~ (yjeA”) strains of S.
typhimurium, a class of proteins associated with the SPI-1
pathogenicity island and the transcription factor HilA regulat-
ing SPI-1 are overexpressed.”” SPI-1 expression mediates inva-
sion of host cells and is down-regulated in the wild-type
S. typhimurium after the internalization by the host macro-
phage. Persistent expression of SPI-1 proteins in macrophages
is cytotoxic®®® and detrimental to bacterial growth within the
host.”*® Interestingly, the poxA™ strains are still immunogenic
and can therefore be used to generate effective antibodies
against their wild-type counterpart.®® Another protein overex-
pressed in the poxA™ strain is the virulence factor PhoP>®
which belongs to the two-component system PhoP/PhoQ.
Constitutively, expression of PhoP impairs virulence and sur-
vival of S. typhimurium in mammalian hosts.”” Examples of
proteins whose expression is down-regulated in cells lacking
modified EF-P are outer-membrane proteins such as KdgM
and SlyB in the efp strain of S. typhimurium,* MexX, a com-
ponent of RND family efflux pump, in efp” strain of P. aerogi-
nosa,”> ManX(YZ) in the poxATstrain of S. typhimurium,”’ a
mannose-specific IIAB component required for S. typhimu-
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rium growth in macrophages,”® or the virulence factor VirE2
in A. tumefaciens.”’

While pleiotropic effects of EF-P on different aspects of bacte-
rial physiology become increasingly clear, the importance of
elF5A is less well understood. Unlike EF-P, alF5A/elF5A are
essential proteins,”' which may correlate with a high abundance
of proteins with Pro clusters. eIF5A was implicated in a broad
range of cellular processes such as mRNA decay, nucleocytoplas-
mic transport, and cell cycle progression.>*”* Interestingly, both
human elF5A isoforms are associated with aberrant cell prolifer-
ation: isoform 1 is important for the active proliferation of vari-
ous cancer cells, whereas isoform 2 is upregulated in e.g., ovarian
and colorectal cancer cell lines. This underlines the importance
of elF5A for the proper cell function and provides yet another
potential application for eIF5A in biomedical research.

CONCLUSIONS

The discovery of the EF-P function marks a change in the
inventory of translation factors. The initiation phase of transla-
tion requires a different set of factors in bacteria (only three,
IF1, IF2, and IF3; for recent review)”> and eukaryotes (at least
nine).”* In contract to initiation, the elongation phase is highly
conserved with five EF involved (EF-Tu, EF-Ts, EF-G, EF-P,
and SelB in bacteria and their homologs in eukaryotes). Termi-
nation requires RF1/2 and RF3 in bacteria and only two fac-
tors, RF1 and RF3, in eukaryotes. Finally, the ribosome
recycling phase requires only the ribosome recycling factor
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(RRF) and EF-G in bacteria, whereas in eukaryotes RRF is
lacking and the reaction is facilitated by the action of ABCEL,
elF3, 3j, elF1, elF1A, and Ligatin.75 This clearly demonstrates
the conservation of the elongation mechanism and provides
insights into the evolution of the translational apparatus. In
addition to EF-Tu, EF-Ts, and EF-G, which act in each round
of translation elongation, EF-P and SelB are specialized factors
that act on a subset of substrates. While SelB has emerged to
deliver a single amino acid, selenocysteine, to the ribosome,
EF-P is necessary to accelerate translation when several Pro res-
idues are incorporated. Pro, (together with Ala, Glu, and Gly)
tends to be lost during the evolution,”® possibly because it stalls
the translation. The emergence of a factor that specifically
accelerated Pro incorporation might result from an evolution-
ary trade-off between the crucial role of Pro clusters in some
proteins and the requirement for rapid, processive protein syn-
thesis. One can envisage that the specific requirements of
eukaryotic cells, particularly with respect to translational con-
trol, compartmentalization of protein synthesis, and larger
protein domains, might lead to emergence of additional, yet
uncharacterized proteins that modify the functions of the ribo-
some or of the universal translation factors. If true, identifica-
tion and understanding of this auxiliary machinery would be a
very exciting avenue for future research.
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