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ABSTRACT: Translation elongation factor 1A (eEF1A) directs
aminoacyl-tRNA to the A site of 80S ribosomes. In addition,
more than 97% homologous variants of eEF1A, A1 and A2,
whose expression in different tissues is mutually exclusive, may
fulfill a number of independent moonlighting functions in the cell;
for instance, the unusual appearance of A2 in an A1-expressing
tissue was recently linked to the induction of carcinogenesis.
The structural background explaining the different functional
performance of the highly homologous proteins is unclear.
Here, the main difference in the structural properties of these proteins was revealed to be the improved ability of A1 to self-
associate, as demonstrated by synchrotron small-angle X-ray scattering (SAXS) and analytical ultracentrifugation. Besides, the
SAXS measurements at different urea concentrations revealed the low resistance of the A1 protein to urea. Titration of the
proteins by hydrophobic dye 8-anilino-1-naphthalenesulfonate showed that the A1 isoform is more hydrophobic than A2. As the
different association properties, lipophilicity, and stability of the highly similar eEF1A variants did not influence considerably their
translation functions, at least in vitro, we suggest this difference may indicate a structural background for isoform-specific
moonlighting roles.

Translation elongation factor 1A (eEF1A) is a major par-
ticipant in the ribosomal peptide elongation process. It

forms stable complexes with GTP and aminoacyl-tRNAs of
different specificities, distributing aminoacylated tRNA to the A
site of 80S ribosomes. Correct codon−anticodon interaction
leads to GTP hydrolysis, which finalizes the recognition process
making it irreversible.1 Leaving the ribosome, eEF1A*GDP may
capture deacylated tRNA and bring it to aminoacyl-tRNA
synthetase for recharging in a vectorial transfer process.2 In
higher vertebrates, there are two highly homologous isoforms of
eEF1A, with scattered amino acid substitutions along the molec-
ules ending up with more than 97% of the molecules being
similar (Figure 1A). Both A1 and A2 isoforms are well-conserved
(Figure 1 of the Supporting Information). For A1, a single-amino
acid substitution was noticed in the mouse or bovine protein,
while in A2, the only substitution was found in the mice protein.
The genes for eEF1A1 (A1) and eEF1A2 (A2) are situated
on different chromosomes, in humans on 6q13 and 20q13.3,
respectively.3 The A1 protein is present all over the organism
except in muscles, neurons, and some specialized cells where
exclusive expression of A2 is observed.4,5 Developmentally,
A1 was found to be gradually replaced by A2 in muscles during

first 3 weeks of mice postnatal development. Mutational disrup-
tion of the process caused development of the wasted mouse
phenotype.6

eEF1A fulfills many auxiliary duties in a cell, being involved in
spermatogenesis,7 cell cycle progression,8 chaperone-mediated
autophagy,9 apoptosis,10 and lipotoxic cell death.11 It is also a
proteolysis-related12 and cytoskeleton-modulating13 protein. Thus,
eEF1A may serve as an important link connecting different cellular
processes in the cytoplasm both physically and functionally. The
distribution of eEF1A between different processes in cell remains
unclear. In principle, the isoforms of eEF1A may participate in
distinct cellular processes; however, one might expect a
resemblance of functions performed by two highly similar
proteins. Quite surprisingly, recent reports demonstrated the
possibility of the exclusive involvement of a particular isoform in
the complexes with both translational and nontranslational
partners. For instance, as opposed to the case for A1, it was not
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possible to detect the interaction of A2 with the GTP-exchanging
subunits of translation elongation factor eEF1B in the yeast
double-mutant system.14 As for noncanonical roles, the A2
protein was found to possess higher potency than A1 to interact
with SH2 and SH3 domains of various signaling molecules.15 A2
rather than A1 specifically binds peroxiredoxin 1, contributing to
the cell resistance against oxidative stress,16 and also inter-
acts with tumor supresor p16INK4a.17 A1 was reported to be a
pro-apoptotic protein, while A2 possessed anti-apoptotic
features.18,19 Notwithstanding the fact that the A2 isoform is
not normally present in tissues other than muscle and neuronal
tissue, its highly elevated level of expression was detected in a
number of human carcinomas in different locations,3,20,21

demonstrating in some cases pronounced oncogenic poten-
tial.20,22 The nature of the putative oncogeneity of the A2 isoform
is not yet fully understood. Apparently, it is not related to gene
amplification, mutation in coding sequence, or changes in gene
methylation,23 indicating that cancer-related properties could be
inherent to the protein molecule per se.
Onemay assume that the functional peculiarity of an isoform is

provided by its different protein- and/or RNA-interacting abilities;
however, the structural background for that is unknown. Some
hints about the possible structural diversity of the isoforms came
from microcalorimetric measurements in which A1 and A2 were
characterized by the different heat absorption values.24 Also, the
more extended shape of A1 as compared with that of bacterial
analogue EF-Tu was predicted on the basis of neutron scattering
studies.25 The conformation of A2 was not investigated at that
time. Molecular dynamics studies revealed only subtle difference
in the dynamics of A1 and A2 proteins.26 In another study,
comparison of the A1 and A2 models did not demonstrate a
noticeable difference either.27

Here, as a result of fluorescence titration experiments, A1 was
characterized by a 10-fold greater coefficient of hydrophobicity
than A2. Small-angle X-ray scattering (SAXS) showed the A1
protein was prone to urea-induced denaturation, losing its
regular structure at 2−3 M urea, and A2 has undergone such a
loss at 3−4 M urea. However, SAXS did not reveal a profound

difference in the molecular shape of the A1 and A2 proteins.
Instead, A1 was observed to possess significant ability to self-
associate, mostly as dimers. Different self-association properties,
stability, and hydrophobicity of the highly similar isoforms of
eEF1A are assumed to serve as a structural background for the
isoform-specific interactions with cellular proteins, which are not
directly related to ribosomal translation.

■ EXPERIMENTAL PROCEDURES

Isolation of Biological Macromolecules. The A1 and A2
proteins were purified from rabbit liver and muscles, respectively,
as described previously.15 Total tRNA was isolated from rabbit
liver and yeast according to the conventional procedure.28 40S
and 60S ribosomal subunits were obtained from rabbit liver as
described previously.29 Recombinant human tRNA3

Lys was
kindly supplied by M. Mirande; phenylalanyl-tRNA synthetase
was a gift from T. Lukash, and elongation factor eEF2 was
contributed by T. Budkevich.

Small-Angle X-ray Scattering. The SAXS measurements
were performed in the small-angle chamber BL-15A instrument
at Photon Factory (Tsukuba, Japan). The protein solution in the
thermostated cell with mica windows was irradiated by X-rays
with a wavelength of 1.503 Å at room temperature. To prevent X-
ray irradiation damage of the proteins, several short scans were
stored and analyzed. The distance between the sample and
source was 2.35 m. The range of detectable scattering vectors
(Q) was 0.011−0.15 Å−1 (Q = 4π sin θ/λ, where λ is the wave-
length of X-rays and 2θ the scattering angle). The data registered by
the two-dimensional CCDX-ray detector30were corrected for image
distortion, nonlinear response, and contrast according to themethod
described in ref 31. The SAXS patterns were assessed by
the homemade SAXTIM program (unpublished). To determine
the molecular masses of the proteins from the initial ordinate of
the scattering curve, the measurement of reference protein bovine
serum albumin (BSA) was performed. The eEF1A isoforms
(concentration range of 2−4 mg/mL) were measured in buffer
containing 30 mM Tris-HCl (pH 7.5), 1 mM MgCl2, 10 mM
KCl, 6 mM β-mercaptoethanol, 20 μM GDP, and 20% glycerol.

Figure 1. Sequence alignment of A1 and A2 isoforms. The substitutions are shown for A2. The alignment was generated with ClustalW and edited with
BioEdit.
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SAXS patterns for molecular structures with known atomic
coordinates were estimated with CRYSOL.32 Coordinates of
yeast eEF1A [Protein Data Bank (PDB) entry 1F60] were
used. The dimer structures were constructed via rotation
of the monomers by the corresponding Euler angles,
permitting the monomers to contact each other; 729 dimer
structures were analyzed. The fitting of calculated SAXS
patterns to the experimental ones was performed by
minimization of χ2:
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where N is the number of experimental points, c is a scaling
factor, which is chosen by minimizing χ2, Iexp(Qj) and Icalcd(Qj)
are experimental and calculated intensities, respectively, and
σ(Qj) is the experimental error at the momentum transfer Qj.

Sedimentation Velocity Analysis. The experiments were
conducted in a Beckman Optima XL-I centrifuge. Samples were

Figure 2. A1 and A2 proteins show different oligomeric properties. (A) Guinier plots (log I vsQ2) for determining the average dimensions of the A1 (1)
and A2 (2) particles from the SAXS data. The inset shows SAXS patterns for A1 (1) and A2 (2). Concentrations of A1 and A2 were 2.6 and 3.4 mg/mL,
respectively. (B) Discrete sedimentation coefficient distribution c(s) for A1 (filled columns, rmsd of 0.0072) and A2 (empty columns, rmsd of 0.0074).
The values of sedimentation coefficients were 3.3 and 3.18 S, respectively. The inset shows a continuous sedimentation coefficient distribution c(s) for
A1 (solid line, rmsd of 0.0156) and A2 (dashed line, rmsd of 0.0131). (C) Pair distribution function plot for the A1 (solid line) and A2 (dotted line)
particles from the SAXS data. (D) Electrophoretic behavior of the A1 and A2 proteins in the gels run under denaturing and nondenaturing conditions.
For native polyacrylamide gel electrophoresis, 2 μg of A1 or A2 was applied to a 5% polyacrylamide gel [5% glycerol and 50 mMTris-borate (pH 7.4)].
For sodium dodecyl sulfate−polyacrylamide gel electrophoresis, A1 and A2 (3 μg each) were boiled in the presence of sodium dodecyl sulfate and
2-mercaptoethanol, applied to a 10% polyacrylamide gel, and run in 25 mM Tris, 192 mM glycine, and 0.1% sodium dodecyl sulfate (pH 8.3).
Both procedures were performed at room temperature for 2 h. (E) Experimental SAXS patterns of A1 (points) and those calculated from the
monomer−dimer system (line). The inset shows the structure of the monomer and dimer. (F) Experimental SAXS patterns of A2 (points) and those
calculated from the monomer−dimer system (line). The inset shows the structure of the monomer and dimer.
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spun for 40 min at 50000 rpm and 20 °C, with 8 min time
intervals and 0.003 cm resolution with no delay between scans.
Sedimentation was performed in two-sector cells using the An60
rotor. The protein concentration was 1−1.5 mg/mL. The sedi-
mentation data were treated with SEDFIT.33 The experimental s
values were corrected for the standard state of water at 20 °C34

(solvent density of 1.0561 g/cm3 and viscosity of 1.984 cP).
Sedimentation coefficients of the proteins with known tertiary
structure were calculated with “HydroPro”.35 The partial specific
volume of the proteins derived from amino acid composition36

was 0.743 cm3/g.
ANS Fluorescence. The fluorescent probe 8-anilino-1-

naphthalenesulfonate (ANS) was used for determination of the
surface hydrophobic properties of eEF1A. Free ANS fluoresces
very weakly in water, but the quantum yield of fluorescence
sharply increases upon interaction of ANS with the protein
hydrophobic sites. ANS (0, 2, 4, 8, 16, 32, and 64 μM) was mixed
with 6 μMeEF1A1 or eEF1A2 in 30mMTris-HCl (pH 7.5) con-
taining 20% glycerol, 1 mMMgCl2, and 6 mM β-mercaptoethanol.
Inversely, eEF1A (0−20 μM) was added to 4 μM ANS. Fluo-
rescence spectra were recorded with a Cary Eclipse (Varain)
fluorescence spectrophotometer at 25 °C using an excitation
wavelength of 360 nm and scanning the emission from 400 to
600 nm with a path length of 1 cm.
The relative fluorescence (FR) was calculated according to the

equation37 FR = (F− F0)/F0, where F is the fluorescence intensity
of ANS bound to the protein and F0 is the fluorescence intensity
of ANS in the buffer. FR was plotted versus eEF1A or ANS
concentration. The index of the protein surface hydrophobicity was
obtained by measuring the initial slope of the fluorescence intensity
versus protein concentration curve38 using GraphPad Prism 5.
Functional Tests.Nucleotide exchange properties of A1 and

A2 were studied as described in ref 4. The polypeptide chain
elongation activities of A1 and A2 were compared in the poly(U)
translation system assembled from individual components.39

The ability of A1 and A2 to form the complexes with nonacylated
tRNA3

Lys was examined in the band-shift assay. tRNAwas labeled
with [α-32P]ATP as described previously.40 Incubation of
[32P]tRNA and different amounts of the eEF1A isoforms was
conducted in 10 μL of buffer containing 20 mM Tris-HCl
(pH 7.5), 50 mMKCl, 5 mMMgCl2, 2 mMDTT, 200 μMGDP,
and 10% glycerol for 15 min at 37 °C. The incubation mixture
was applied to a 5% polyacrylamide gel, prepared in 12 mMTris-
borate buffer (pH 7.5) containing 0.5 mM EDTA and 5%
glycerol. Electrophoresis was conducted for 2 h at 4 °C and
100 V. The gel was dried out on the paper sheet and radioauto-
graphed for 18 h at 4 °C.

■ RESULTS
Evaluation of the Dimensions andMolecularMasses of

A1 and A2 from the SAXS Data. We took advantage of the
mutually exclusive expression of the eEF1A isoforms in rabbit
tissues to isolate non-cross-contaminated preparations of A1 from liver
and A2 from muscles. Thus, the proteins maintained natively folded
conformations and post-translational modifications. The absence of
high-molecular weight aggregates in the preparations of both isoforms
was confirmed by laser light scattering (data not shown).
The SAXS curves of the A1 and A2 proteins were plotted in

Guinier coordinates to evaluate the average dimensions of
scattering particles and their molecular masses (Figure 2A and
Table 1). Comparison of the experimentally determined and
amino acid composition-based molecular masses revealed the
essential heterogeneity of the A1 sample, while A2 retained a

minor amount of associates in solution. The latter observation
was supported by sedimentation velocity analysis (Figure 2B)
where the presence of associates in the A1 preparation was also
detected. A continuous c(s) distribution (Figure 2B, inset) with a
root-mean-square deviation (rmsd) of 0.0156 clearly demon-
strates the heterogeneity of the A1 sample over a restricted range
of sedimentation values. For proteins with a discrete distribu-
tion of molecular masses (monomer, dimer, etc.), the use of
the “noninteracting discrete species” option of SEDFIT is
recommended. The best fit of sedimentation data for A1 was
obtained using the three-component distribution (monomer,
dimer, and trimer) with an rmsd of 0.0072. The obtained 5.6 S
value for the dimer fraction corresponds to the compact dimer
of the 50 kDa globular protein. It is important to note that
dimerizationof eEF1Awasdetected recently in theTetrahymena,41,42

mouse embryo lysate,43 and mammalian44,45 cell lines.
Experimentally determined Rg values listed in Table 1 for A1

(41.4± 1.0 Å) and A2 (29.1± 1.0 Å) exceeded that for the crystal
structure of yeast EF1A (25 Å), mostly because of the hetero-
geneity of the samples that was especially evident in the case of
A1. The Rg value was determined also from the position of the
maximum on the Kratky plot.46 In this case, the Rg value was
estimated at themomentum transfer valueQ > 1/Rg. Under these
conditions, the input of the oligomers to the SAXS pattern is
essentially diminished in comparison with the contribution of the
monomer and dimer. The same tendency of the Rg value of A1 to
be essentially higher than that for A2 was observed (Table 1). A
clearer pattern of the sample heterogeneity is seen from the pair
distribution function P(r) calculated by GNOM.47 P(r) for A1
has two shoulders corresponding most likely to the dimer and
trimer (Figure 2C), in accordance with sedimentation data
(Figure 2B), while P(r) for A2 was typical for a globular protein
(Figure 2C). Comparison of the SAXS patterns for A1 and A2
(Figure 2A, inset) indicates their difference is pronounced in the
small-angle region where the contribution of associates is
essential. These data can be interpreted as demonstrating the
essential ability of A1 to self-associate as compared to A2. It is
worth underlining that similar behavior of the SAXS patterns was
observed for three different preparations of A1 and A2 (data not
shown). As the SAXS experiments required relatively large
amounts of protein, the homogeneity of the A1 and A2 samples
in the physiologically relevant concentrations was examined by
gel electrophoresis under nondenaturing conditions (Figure 2D).
The essential heterogeneity of the A1 sample was observed,
supposedly due to the dissociation of dimers in the gel during
electrophoresis, contrary to the preferentially homogeneous A2

Table 1. Comparison of the Experimental (exp) and
Theoretical (calcd) Values of Molecular Mass (M) and Radius
of Gyration (Rg) of Different Elongation Factorsa

protein
M (kDa)
(calcd)

M (kDa)
(exp)

Rg (Å)
(calcd)

Rg (Å)
(Guinier)

Rg (Å)
(Kratky)

eEF1A (yeast) 48.1 − 25
eEF1A1 (rabbit liver) 50.2 82 ± 4 41.4 ± 1.0 36.9 ± 2.0
eEF1A2 (rabbit
muscle)

50.6 58 ± 4 29.1 ± 1.0 27.9 ± 2.0

aExperimental values were calculated from the Kratky and Guinier
plots. The scattering from yeast eEF1A was calculated using the
published PDB structure of this protein. To avoid the contribution
of macromolecular associates (trimers and higher-order associates),
the modeled curves were fit to the experimental ones in the range
Q > 1/Rg, where Rg is the monomer radius of gyration. The Q values
were from 0.025 to 0.15 Å−1.
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preparation. Both proteins were homogeneous in the sodium
dodecyl sulfate gel (Figure 2D). Full-line gels are shown in Figure
2 of the Supporting Information.

Next, we estimated the contribution of trimers to the
scattering as the presence of trimers in the protein preparation
was detected by sedimentation analysis. For that, wemodeled the

Figure 3.Difference in the molecular organization of the A1 and A2 proteins. Kratky plots (A) for A1 at different urea concentrations and (B) for A2 at
different urea concentrations: (1) no addition, (2) 1M urea, (3) 2M urea, (4) 3M urea, (5) 4M urea, and (6) 5M urea. Each third experimental point is
shown. (C) Titration of 6 μM A1 or A2 with varying concentrations of ANS. (D) Change in the relative fluorescence intensity of 4 μM ANS upon
addition of different concentrations of A1 or A2. (E) SAXS patterns [log(IQ) vs Q2] for A1 (1), A1 with tRNA (2), A2 (3), and A2 with tRNA (4). (F)
Titration of A1 or A2 with [32P]tRNA3

Lys in a gel-shift experiment. tRNAwas titrated with different (2, 1, 0.5, 0.25, 0.12, and 0.06 μM) concentrations of
the A1 isoform (lanes 1−6) and the A2 isoform (lanes 7−12). Lane 13 contained free tRNA.
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compact trimer structure and calculated the SAXS pattern from
the mixture of compact monomers, dimers, and trimers, keep-
ing their ratio in accordance with the sedimentation data.
The contribution of trimers to the SAXS pattern was found to be
insignificant, representing 3% at 0.025 Å−1 and rapidly decreasing
at higher Q values.
The experimental scattering patterns were fit to those from the

mixture of calculated SAXS patterns for the monomer and dimer
by solving a system of linear equations. The algorithm of non-
negative least-squares was employed to minimize the divergence
between the experimental and calculated scattering curves;
729 different structures of dimers were analyzed, and the best fit
was chosen. The result of the best fit (χ2 = 0.31) for A1 is
presented in Figure 2E. In this case, the weight fraction of dimers
equals 0.8. The found structure of the dimer with an Rg of 37.3 Å
is represented in the inset of Figure 2E. The analogous best fit
(χ2 = 0.29) for A2 is presented in Figure 2F. In this case, the
weight fraction of dimers is 0.28. The found structure of the
dimer with anRg of 33.7 Å is represented in the inset of Figure 2F.
The values of the dimer weight fractions correlated with the
evaluations of molecular masses from Guinier plot (see Table 1).
Thus, the A1 and A2 isoforms of translation elongation factor

1A, which are more than 97% similar, demonstrate, nevertheless,
quite different self-association properties. Contrary to A2, A1 has
an essential tendency to associate, mostly as dimers.
Treatment of the A1 and A2 Isoforms with Urea. The

difference in the Rg values of the A1 and A2 dimers hints at
the possibility of the nonequality of the molecular organization of
the monomers resulting in their different stabilities as shown
recently by calorimetric tests.24 To examine the point further, the
SAXS measurements of A1 and A2 were conducted in the
presence of increasing concentrations of urea. Urea is the most
appropriate SAXS measurement reagent because it possesses
electron density and X-rays absorption properties similar to
those of water. Evidence of the compactness of a particle is the
presence of a distinct maximum in the Kratky graph.47 Indeed,
the response of the isoform structures to the increasing urea con-
centrations was found to be different. According to this criterion,
the A1 protein compactness was lost at 2−3 M urea (Figure 3A)
while the A2 tertiary structure was “melted” at 3−4 M urea
(Figure 3B), demonstrating the increased resistance of A2 to the
denaturing agent compared to that of A1.
Different Surface Hydrophobicities of the A1 and A2

Isoforms. Hydrophobic forces are believed to be among the
major determinants of protein aggregation,48 so the increased
susceptibility of the A1 protein to aggregation hints at its
augmented lipophilicity. As the presence of additional hydro-
phobic regions in an isoformmay be responsible for its improved
ability to interact with specific cellular ligands, the comparative
hydrophobicity of the isoforms was investigated by titration with
fluorescent agent ANS.37,38 Figure 3C shows that the A1 protein,
contrary to A2, efficiently binds ANS, demonstrating the more
hydrophobic character of its surface. The level of surface
hydrophobicity was estimated according to ref 38 as the initial
slope of the fluorescence intensity versus protein concentration
(Figure 3D). The surface hydrophobicity coefficient was
calculated to be 2.26 for A1 and 0.27 for A2. It should be
noted, however, that by taking into account the hydrophobicity
scale for different cellular proteins37 we found neither A1 nor A2
is an essentially hydrophobic protein, although the difference in
the hydrophobic coefficients for the A1 and A2 proteins is
important because it indicates the presence in A1 of additional
local hydrophobic region(s), which could be significant for an

increased level of self-association of A1 and for its interaction
with different protein partners.

Elongated Shape of the Complexes of A1 and A2 with
tRNA. A1 is known to form a rather stable complex with
deacylated tRNA.49,50 To compare the tRNA binding abilities of
A1 and A2 and the shapes of their complexes with tRNA, the
corresponding scattering patterns were examined with an excess
of protein (2:1 protein:tRNA molar ratio). The data are pre-
sented in the coordinates log(IQ) versus Q2, which can be used
to characterize the elongated molecules and permit calcula-
tion of the Rg of the cross section (Rc).

51 The linear dependence
was observed for the A1*GDP*tRNA and A2*GDP*tRNA
complexes rather than for the individual A1 and A2 proteins
(Figure 3E). We interpret this result as favoring an elongated
shape of A1/A2 complexes with tRNA in solution. The evalua-
tion of Rc from the slope gives values of 25 and 30 Å for A1 and
A2, respectively. The corresponding values of Rg for the A1 and
A2 complexes with tRNA were 62.4 and 65.4 Å, respectively. In
the case of a uniform approximation, one can evaluate the length
(L) of particles according to the relationship L2 = 12(Rg

2 − Rc
2).51

L was ∼200 Å for both complexes. The evaluation of the
molecular mass from I(0) showed that under these conditions
the elongated complex may comprise three to four A1/A2
molecules per tRNA.
tRNA binding properties of A1*GDP and A2*GDP com-

plexes at physiologically relevant concentrations were assessed
by their ability to interact with deacylated tRNA in a gel-shift
assay. The ternary complexes involving tRNA3

Lys were formed by
both isoforms, the A2-containing complex being somewhat more
stable (Figure 3F). A similar trend was found for tRNAs of nine
amino acid specificities (data not shown).

Functional Tests. Various in vitro tests of A1 and A2 were
performed to reveal the possible impact of the enhanced
aggregation state of A1 on its translation functions. Titration of
[3H]GDP or [3H]GTP with increasing amounts of A1*GDP or
A2*GDP indicated a similar affinity of A1 for GDP and GTP
while A2 preferentially bound GDP (Figure 3A,B of the
Supporting Information), in agreement with earlier findings.4

The A1 and A2 isoforms were shown to possess comparable
translation potentials in vitro as judged from their ability to
stimulate translation of poly(U) in the cell-free system assembled
from individual components (Figure 3C of the Supporting
Information).

■ DISCUSSION
Here, the A1 and A2 isoforms of mammalian translation
elongation factor eEF1A have been shown to exhibit pronounced
differences in their self-association properties, regardless of the
same domain organization and a very high degree of sequence
homology. Such dissimilarity may result from the different
structural organization of A1 and A2 reflected by the unequal
resistance of the isoforms to urea (Figure 3C,D). This conclusion
is also supported by the published results of scanning micro-
calorimetry demonstrating quite different values of the heat
absorption of A1 and A2 during denaturation; i.e., in the case of
A1, the specific enthalpy value ΔHcal was nearly 2 times lower
than that of A2.24

An intriguing question is which structural elements may
provide a noticeable difference in the molecular organization and
association properties of more than 97% similar isoforms. We
may consider at least two explanations for that: (i) local confor-
mational changes resulting from the differences in primary
structures or (ii) different post-translationalmodifications. A synergic
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effect cannot be excluded either because local conformational
changes in eEF1A may be caused by specific post-translational
modifications.52

The enhanced hydrophobic properties of A1 (Figure 3C,3D)
may contribute to its enhanced ability to associate; however,
previous structural modeling and molecular dynamic studies
were not able to reveal essential structural difference between the
isoforms.26,27 However, in this case, the template for modeling
was the crystal structure of yeast eEF1A bound to nucleotide
exchange factor.53 In this complex, eEF1A is trapped on its way
from the GDP-bound form to the GTP-bound form; sub-
sequently, this intermediate state can be different from the stable
eEF1A*GDP conformation investigated here.
As there are known examples of how the spatial structure of a

protein can be crucially changed upon substitution of very few
amino acids,54,55 that could be the case for the eEF1A isoforms.
The high level of conservation of the eEF1A sequences suggests
that almost every surface of the protein molecule is involved in
core protein−protein interaction, so as little as 3% nonidentity of
the sequences may still provide a basis for the isoform-specific
protein−protein interplay as observed for the interaction of
A1 or A2 with calmodulin,26 tumor supresor p16INK4a,17 or
peroxiredoxin 1.16

The effect of different levels of post-translational modification
in the isoforms should be also considered. Several lysine residues
are dimethylated or trimethylated in eEF1A.56 There are
indications that the number of methylated lysines and the level
of their modifications in the isoforms may be different,4,56 which
may contribute to the distinct hydrophobicity of the protein
surface. The effect of phosphorylation may be important as well.
For instance, the ability of 85% identical histone deacetylase
1 and 2 to form homodimers was recently reported to be linked
to their phosphorylation status.57 As eEF1A1 and eEF1A2
isoforms may possess different phosphorylation sites,52 the
possibility of a contribution of the phosphorylation to the
enhanced ability of eEF1A1 to self-associate cannot be excluded.
The effect of phosphorylation may be indirect, i.e., influencing
the local conformation of the molecule.
The translational role of dimers of bacterial EF-Tu*GTP

dimers was suggested some time ago;58 however, this concept
was not developed further. It is unclear yet whether the dimers
function in eukaryotic translation. Thus, the importance of the
different self-association properties of the eEF1A isoforms for
local protein synthesis awaits further examination. Still, that may
have independent significance for the moonlighting functions of
the isoforms. Usually, the expression of A1 and A2 is mutually
exclusive and tissue-specific. Their long-term concurrent expres-
sion in the same tissue was possible only under an abnormal
condition for that particular tissue situation, such as tumori-
genesis (unusual appearance of A2)3,20 or muscle denervation/
regeneration (bonus appearance of A1).59,60 Opposite functions
of A1 and A2 in apoptosis have been described previously.18,19

There were also reports of the appearance of A1 in the A2-
expressing neurons where A1 was involved in the long-term
potentiation and long-term depression processes.61−63 Thus, the
different structural organization of the isoforms may be a
prerequisite for the attainment of some novel protein−protein
interactions causing unusual and not always favorable (as in the
case of eEF1A2-driven oncogenesis) consequences for a given
type of cells.
Importantly, contrary to some cellular proteins, the different

oligomeric state does not influence the biological activity of the
isoforms in translation. The formation and importance of A1/A2

heterodimers remains to be confirmed by physical methods,
though recent pull-down assays seem to elucidate such an
option.43 The distinct ability of the eEF1A isoforms to associate
may have biologically important consequences; for instance,
dimerization of eEF1A was suggested to have an impact on
phosphorylation of its Ser21 residues by Raf kinases, with a
subsequent effect on cell proliferation and apoptosis.44

We present here a snapshot of the current understanding of
the physical properties of A1 and A2. The 97% identical isoforms
of eEF1A possess differences in spatial organization, including
the more pronounced ability of eEF1A1 to self-associate. A distinct
hydrophobicity level may be among the reasons providing such a
difference. Further investigations are needed to determine the
exact reason for the enhanced oligomerization capacity of
eEF1A1, regulation of the dimer−monomer equilibrium, and
ability to form heterodimers with eEF1A2 in cellulo. The amino
acid background for the specific self-association properties and
molecular organization of the eEF1A isoforms will be revealed in
the future large-scale mutagenesis studies.
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