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ABSTRACT

Eukaryotic elongation factor eEF1A transits between
the GTP- and GDP-bound conformations during the
ribosomal polypeptide chain elongation. eEF1A*GTP
establishes a complex with the aminoacyl-tRNA in
the A site of the 80S ribosome. Correct codon-
anticodon recognition triggers GTP hydrolysis, with
subsequent dissociation of eEF1A*GDP from the ri-
bosome. The structures of both the ‘GTP’- and ‘GDP’-
bound conformations of eEF1A are unknown. Thus,
the eEF1A-related ribosomal mechanisms were an-
ticipated only by analogy with the bacterial homolog
EF-Tu. Here, we report the first crystal structure of
the mammalian eEF1A2*GDP complex which indi-
cates major differences in the organization of the
nucleotide-binding domain and intramolecular move-
ments of eEF1A compared to EF-Tu. Our results
explain the nucleotide exchange mechanism in the
mammalian eEF1A and suggest that the first step
of eEF1A*GDP dissociation from the 80S ribosome
is the rotation of the nucleotide-binding domain ob-
served after GTP hydrolysis.

INTRODUCTION

A number of eukaryotic translation factors demonstrate
RNA-binding properties; however, quite a few of them di-
rectly interact with both tRNA and ribosomes. eEF1A ini-
tiates the ribosomal peptide elongation process by the for-
mation of the eEEF1A*GTP*aminoacyl-tRNA complex and
the timely arrival of the aminoacyl-tRNA to the A site facil-

itates the selection of the correct anticodon by the mRNA-
programmed ribosome. GTP hydrolysis on eEF1A leads to
the steady positioning of the aminoacyl-tRNA in the A site,
which subsequently triggers the transpeptidation reaction.
After adopting the GDP conformation, eEF1A is thought
to leave the ribosome for the eEF1Bafy complex, which
catalyzes the exchange of GDP for GTP. This sequence of
events has only been established for the bacterial elongation
factor EF-Tu (1), although this is also commonly believed
to be valid for the eukaryotic elongation factors (2,3). How-
ever, peculiarities of the eukaryotic eEF1A function during
translation have been described (4-9).

High-resolution crystal structures of the eubacterial ho-
molog of eEF1A, EF-Tu, were obtained for the GTP- (or,
more precisely, GDPNP), GDP- and (GDPNP+aminoacyl-
tRNA)-bound forms (10-12). Archaeal elongation fac-
tors 1A (aEF1A) were crystallized in both the GDP- (13)
and GTP-form complexed with Pelota (14) or termina-
tion factor RF1 (15). The only studies to date on the crys-
tal structure of eukaryotic eEF1A have described the co-
crystallization of the yeast elongation factor 1A (eEF1Ay)
with the truncated guanine exchange factor (GEF) (16,17).
Subsequently, this structure served as a universal model to
explain molecular features of any eukaryotic homolog in
any nucleotide-bound conformation. Numerous attempts
to crystallize the higher eukaryotic eEF1A in a GTP or
GDP form were unsuccessful, and a precise understanding
of the eEF1A function was not possible.

Here, we report the X-ray crystal structure of a natively
folded and a post-translationally modified rabbit isoform 2
of eEF1A (eEF1A2) in a complex with GDP. The results
suggest the dissociation of eEF1A*GDP from 80S ribo-
some is a multistage process, the first step of which isa GTP
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hydrolysis-induced rotation of the nucleotide-binding do-
main from the ribosome. Notably, the data obtained are in-
consistent with the currently accepted concept of the Mg?*-
dependent nucleotide exchange in eEF1A (16-18). The ab-
sence of Mg?* contribution to the binding and dissociation
of GDP explains the similar eEF1A affinity for GDP and
GTP, contrary to the bacterial homolog EF-Tu. The cur-
rent model refines a mechanism of the guanine exchange
processin eEF1A, which is important for understanding the
ribosomal polypeptide elongation in mammalian cells and
contributes to the concept of mechanics of G proteins func-
tioning.

MATERIALS AND METHODS

Purification and crystallization of the rabbit eEF 1 A isoform
2 was performed as described (19). Recombinant eEF1Ba
(Homo Sapiens) was produced essentially as described pre-
viously (20). Briefly, eEF1Ba was cloned into the pGEX-
6P-1 vector (GE Healthcare, Buckinghamshire, UK). The
expression of GST-fusion protein was induced by the ad-
dition of 1 mM isopropyl B-D-I-thiogalactopyranoside
(IPTG) for 3 h at 37°C in BL21(DE3)pLysE bacteria
strain (Stratagene, La Jolla, CA, USA). Cells were har-
vested and disrupted by sonication followed by centrifuga-
tion. GST-cEF1Ba protein was purified from clear lysate
on glutathione-agarose beads (Sigma-Aldrich, St. Louis,
MO, USA). The beads were extensively washed and GST-
eEF 1B« was eluted stepwise using a glutathione containing
buffer solution. The GST moiety was removed by incuba-
tion with a Prescission protease according to the manufac-
turer’s instructions (GE Healthcare). eEF1Ba was further
purified using a Q-sepharose column and a 150-400 mM
NaCl linear gradient. Pure eEF1Ba, as judged by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis, was
dialyzed against 50% glycerol solution containing 30 mM
Tris-HCIL, pH 7.5, 50 mM NaCl, | mM DTT and stored at
-20°C.

Crystals of the eEF1A2*GDP complex were obtained
as previously described (19). For structure determination,
crystals of the eEF1A2*GDP complex were soaked in the
mother liquor solution containing 0.5 mM GdCl, before
freezing in liquid nitrogen. The diffraction data were col-
lected on ID14-4 (ESRF) and processed using the XDS
package (21). The phasing procedure was performed using
SHARP (22). The model was built and refined using CCP4i
suite program for crystallography (REFMAC, COOT) (23).
The final model was checked with MolProbity (24). The
structure files and coordinates of the eEF1A2*GDP com-
plex were deposited in the Protein Data Bank. All the figures
were drawn using PyYMOL (the PyMOL MolecularGraph-
ics System, Version 1.5.0.4 Schrodinger, LLC) or Chimera
(25).

The guanine nucleotide exchange rate of eEF1A2 was
determined by a filter binding assay mainly as in (6). For
kinetic measurements eEF1A2*[*H]GDP was prepared by
incubation of 8 wuM eEF1A2 with 8 uM [PH]GDP (GE
Healthcare, 1500 Ci/mol) in 135 pl of 45 mM Tris-HCI, pH
7.5, containing 0.5 mM DTT, 10 mM magnesium chloride,
100 mM NH4CI, I mg/ml bovine serum albumin (BSA) and
25% glycerol for 10 min at 37°C. The reaction mixture was

placed at 25°C and was diluted into 1110 pl of exchange
buffer (20 mM Tris-HCI, pH 7.5, 10 mM magnesium chlo-
ride, 50 mM NH4Cl and 10% glycerol). The reaction mix-
ture was then divided into two parts of 622 wl each. The ex-
change reaction was performed at 25°C and was initiated by
the addition of 155.5 pl of exchange buffer containing 750
M GDP in the presence or absence of eEF1Ba. Aliquots
of 100 wl were withdrawn at different times and immedi-
ately filtered through nitrocellulose filters (Millipore, Biller-
ica, MA, USA, pore size 0.45 wm). The filters were washed
three times with 1 ml of ice-cold washing buffer (20 mM
Tris-HCI, pH 7.5, 10 mM magnesium chloride, 100 mM
NH,4CI and 0.1 mg/ml BSA), dried and then were counted
in a liquid scintillator. To evaluate the effect of ethylenedi-
aminetetraacetic acid (EDTA) on the exchange reaction, 10
mM magnesium chloride in all buffer solutions was substi-
tuted with 10 mM EDTA. The time courses depicted in the
figure were obtained by averaging four independent kinetics
experiments; the error bars represent standard deviations.
The data were evaluated by fitting to a single exponential
function (y = A1¥exp(-x/t1) + yg) using OriginPro 8 soft-
ware (OriginLab, Northampton, MA, USA).

RESULTS

Overview of the structure

The crystal structure of the eEF1A2*GDP complex has
been solved and refined at 2.7 A resolution (19) (Table 1).
The asymmetric unit contains two copies (molecules A and
B) arranged in a ‘head to tail’ dimer configuration (Fig-
ure 1A). The physiological relevance of the dimer is uncer-
tain although evidence for the presence of eEF1A dimers
in a cellular context has recently been obtained which sug-
gests a role in actin bundling (26) and control of eEF1A via
phosphorylation (27).

Molecule A, in comparison with molecule B, displays a
weaker electron density around Gly50 and contains 10 addi-
tional residues in the C-terminal region. The weak electron
density around Gly50 of molecule A is consistent with the
significantly increased mobility of helix A* in the eEF1A2
structure as determined from the high B-factor value and
subsequent molecular dynamics simulation studies (data
not shown). The local conformations of some sections of the
molecules A and B fluctuate (root-mean-square (rms) devi-
ation 0.068 A for all C,, atoms), and results in a minor (<1
A) shift of the GDP position. The synchronous fluctuations
of Mg?* and GDP are observed to favor the contribution
of GDP to the stabilization of Mg?* in the eEF1A2*GDP
complex. Three structural domains are present in eEF1A2,
domain I (4-234), domain II (241-328) and domain III
(337-445) connected by linker sequences (Figure 1A). The
nomenclature and location of a-helices and B-strands in the
tertiary structure is depicted in Figure 1B. Studies on the
native eEF1A2 structure allowed for the detection of phos-
phorylated Thr239 and Ser163 residues (Figure 1C). To the
best of our knowledge, Thr239 phosphorylation in eEF1A2
has never been reported and has not been described by nu-
merous phosphorylation prediction programs. The phos-
phorylation of Ser163 in eEF1A2 has been predicted by sev-
eral programs, but has not been shown experimentally.
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Figure 1. Overall structure of Oryctolagus cuniculus eEF1A2*GDP. (A)
eEF1A2iscrystallized as a dimer. Three domains of eEF1A2 are colored as
follows: domain I in yellow, domain II in green and domain III in blue. The
Switch I and II regions are designated as S-I and S-II. The GDP is shown
as a ball-and-stick representation. The N-terminus and the C-terminus are
marked as Nt and Ct, respectively. (B) Presentation of the helices and beta-
folds in domain I of eEF1A2*GDP. The a-helices are labeled by upper
case letters, and B-strands are labeled by lower case letters. (C) Location
of phosphorylated Thr239 and Ser163 in eEF1A2. (D) Network of interac-
tions in the nucleotide-binding pocket of the GDP-bound eEF1A2. Mag-
nesium ion is not shown for sake of clarity. (E) Electron density map cor-
responding to the molecule of GDP bound to eEF1A. Magnesium ion is
colored in green.

The main contacts between GDP and eEF1A2 are de-
picted in Figure 1D. Two oxygen atoms of the Asp156 side
chain form H-bonds with N1 and N2 atoms of the guanine
ring, respectively. Nitrogen from a peptide bond of Trp196
and the Ser194 side chain form H-bond with O6 atom of
the guanine base. Asnl53 forms H-bonds with N7 atom of
GDP. Lys154 is linked to the ribose ring. Gly19 and Lys20
interact with O1 atom of the B-phosphate moiety. Peptide
groups of Aspl7 and Ser21 form H-bond with O3 and O2
atoms of the B-phosphate, correspondingly. Thr22, a part of
the Walker motif, binds O2 atom of the a-phosphate. Elec-
tron density map corresponding to the molecule of GDP
bound to eEF1A is shown in Figure 1E. In the mammalian
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Table 1. Data collection and refinement statistics

eEF1A2

Data collection
X-ray source |

ESRF ID14-EH4

Wavelength (A) 0.979

Space group P6;22

Cell dimensions

a(A) 1354

i i

¢ .

4Resolution range (A) 25-2.7(2.82-2.7)
2Completeness (%0) 98.6 (95.7)
abRsym I (%) 8.8 (86.6)

I/ol 18.5(2.8)

4Total reflections
4Unique reflections

341,059 (34,459)
45,528 (4,452)

Multiplicity 7.5(7.7)
Phasing statistics

“FOM (centric/acentric) 0.065/0.378
Phasing power (iso/ano) -/1.68
Refinement statistics

R-factor (%) 20.2
Riree (7o) N 25.5
Bond length (A) 0.015
Bond angle (°) 1.51
Mean B-factor

Protein 62.4
Ligand 44.1
Ton SL.5
Water 46.5
No. atoms

Residues 6 884
Ligand 56
Ion 2
water 9
Ramachandran plot

Allowed regions (%) 97.4
Disallowed regions (%) 2.6

4Values in parentheses are for the highest resolution shell.

O Roym (1) = [ nr il <Dnkr> = Tt 11/ [ nicr>_iMpsetl], where 7 is the number

of reflection hkl.

“Figure Of Merit = |}_ P (a)e™®/ " P ()

ability distribution and « is the phase.

, where P(«) is the phase prob-

eEF1A2 the GDP binding site is similar to that of the yeast
and archaeal homologs.

There are no contacts between domains I and II of
eEF1A2. Domain III has an eight stranded B-barrel-type
structure, which interacts with domain I through a large in-
terface including helices B and C. Interestingly, the unstruc-
tured C-terminal tail observed in molecule A is not free but
linked to the ‘Domain II-linker-Domain III” surface.

A, A* and A’ helices of eEF1A2 in nucleotide exchange

A comparative analysis of eEF1A2*GDP with the
aEF1A*GTP (3AGJ), aEF1A*GDP (1SKQ) and
eEF1A*¢EF1Ba (11JF) structures reveals a unique
orientation for the A" and A* helices in eEF1A2*GDP.
While the N-terminal end of the helix A* is situated
in a similar position in all molecules, the C-terminus is
rotated approximately 50° in eEF1A2*GDP compared
to aEF1IA*GDP or eEF1Ay, and is only rotated ~23°
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Figure 2. Main conformational rearrangements upon GTP hydrolysis. (A
and B) A’ and A* helical arrangement in the mammalian and archaeal
elongation factors. eEF1A2*GDP is superimposed with aEF1A*GTP (A)
and aEF1IA*GDP (B). The structure of eEF1A2 is colored in red with
GDP in dark gray, aFF1IA*GDP and aEF1A*GTP are colored blue
with GDP or GTP in light gray. Mg2" ions are colored light green in
eEF1A2*GDP and dark green in aEF1A*GDP or aEF1A*GTP. Note the
unwinding of helix A’ in aEF1 A*GTP and similar orientation of helices A*
in eEF1A2*GDP and aEF1A*GTP. (C) Tyr56 and Trp58 are responsible
for an interaction of the A” and A helices. Mutation of Tyr56 or Trp58 im-
pairs the A’- A interaction during GTP binding and hydrolysis. (D) Super-
imposition of the domain II+I1I units of eEF1A2*GDP (pink), eEF1Ay
(green) in the complex with eEF1Ba (not shown for sake of clarity) and
aEFIA*GTP (blue) after alignment of domain I (not shown for sake of
clarity) of all complexes. (E) Superimposition of the domain II+III units
of bacterial EF-Tu in GDP (pink), GEF-induced (green) and GTP (blue)
conformations after alignment of domain I (not shown for sake of clarity)
of all complexes.

relative to aEF1A*GTP (Figure 2A and B). Helix A’
of eEF1A2*GDP is shifted right compared to both
aEFIA*GDP and eEF1A,.

Thus, the positions of the A* and A’ helices are signif-
icantly different from the ‘intermediate’ state observed in
the eukaryotic elongation factor complex with GEF (16).

A possible mechanism of the GDP-/GTP-dependent re-
versible changes in the A’-A* region may encompass the
subdivision of A’ into two smaller helixes in the GTP
form of aEF1A (14) (Figure 2A). Assuming the ‘GTP-
conformations’ of eEF1A and aEF1A are similar, a com-
parison of the eEF1A2*GDP and aEF1A*GTP struc-

tures suggests the following mechanism. During the tran-
sition from the GDP to GTP conformation, the Tyr56-
Trp58 segment of the helix A’ remains unchanged, whereas
A’ approaches the GTP-binding pocket, permitting Thr71
(Thr72 in eEF1A2) from the Switch I region to bind the y-
phosphate of GTP via Mg?* (Figure 2A).

The role of conformational changes in the helix A’ is sup-
ported by recent findings that demonstrated the absolute
importance of Tyr56 and Trp58 in eEF1A, for yeast growth
(28). There was no obvious reason for the lethality from the
currently available data. However, the crystal structure of
eEF1A2*GDP illustrates the importance of these residues
in the interaction of the A’ and A helices. The aromatic ring
of Tyr56 situated in the helix A’ forms a m-stacking interac-
tion with the His26 imidazole ring, whereas the Nel atom
of Trp58 forms a hydrogen bond with the hydroxyl group
of Tyr29 in the helix A (Figure 2C). These interactions are
probably needed to keep A’ and A helices together, leaving
A’ mobile and capable of promoting the Thr71/Thr72 in-
teraction with GTP in aEF1A /eEF1A. Upon GTP hydroly-
sis, Thr71/Thr72 loses the Mg”*-mediated contact with the
v-phosphate, so the A” helix can move back and restore
the integrity of the A’ helix. Thus, the strong fixation of A’
by the A helix may provide a basis for the correct position-
ing of the A’ helix in eEF1A2*GDP. The A-A’ contacts are
obviously absent in the ‘intermediate state’ conformation of
eEF1A, observed in the complex with eEF1Ba (16). Conse-
quently, cEF1Ba is supposedly able to interact with aY56A
WS58A mutated eEF1A. However, it is unlikely that the mu-
tated protein would achieve the correct ‘GTP conformation’
after dissociation of eEF1Ba. Interestingly, the prokaryotic
EF-Tu*GDP shows a different secondary structure of the
effector region. Instead of A” in eEF1A2, an unstructured
region in the Thermus aquaticus or B-hairpin in Escherichia
coli EF-Tu*GDP is present (29).

Rotation of the domains (IT+III) structural unit relative to
domain I is different in eEF1A2*GDP and eEF1A, bound to
eEF1Ba

A comparison of the domain organization in
eEF1A2*GDP, eEFIA; bound to eEFIBa and
aEF1A*GTP illustrates the domain (II+III) unit move-
ments relative to domain I during GDP/GTP exchange.
Domains I and III of the factors were reported to move
as a single body in molecular dynamic simulations (30).
Evidently, eEF1Ba binding induces a 56° switch in po-
sition of the domain (II+III) unit relative to domain I
(Figure 2D). The rearrangements of the nucleotide binding
site and subsequent GTP binding lead to an increased
angle of the domain II+III unit rotation (Figure 2D).
A backward movement of the domain (II+III) unit is
permitted only after GTP hydrolysis and produced the
GDP-bound conformation. Notably, the bacterial and
eukaryotic GEFs induce rotations of domain II+III of
counterparts in opposite directions whereas subsequent
GTP binding produces unidirectional rotation of aEF1A,
and, possibly, eEF1A and EF-Tu domains (II+III) relative
to domain I (Figure 2D and E).

The rotation of the domain (II+III) unit is accompanied
by conformational changes in other regions connected with



domain III. The interaction of GEF with domain IT induces
a change in the linker connecting domains II and III. Do-
main III is bound to domain I and cannot easily follow the
domain II movement without rearrangement of the H-bond
network. Indeed, in the eEF1Ay bound to eEF1Ba com-
plex, the B and C helices acquire some novel contacts as
compared to eEF1A2*GDP. Specifically, helix B binds to
residues 422 and 430 instead of Arg381 and Arg382; and
Thr142 of helix C contacts Ile343 and Val435 (Val433 in
eEF1A,) instead of Lys439 and Val437. Additionally, the
Glu135-Lys386 salt bridge and the His136-Ser383 contact
in eEF1A2*GDP are not observed in eEF1A, because the
conformational change induced by eEF 1 Ba enables Glul35
and His136 to contact the Switch II region.

Role of Mg?* in GDP/GTP exchange in EF1A from evolu-
tionary distinct organisms

The addition of homologous eEF1Ba to eEFIA, or
Artemia salina eEF1A accelerated the nucleotide exchange
process in vitro (31,32). In eEFI1A,, the acceleration was
hypothesized to be induced mainly by the forced exit of
Mg?* from the nucleotide binding site by GEF. In partic-
ular, Mg?* displacement by Lys205 from eEF1Ba was sug-
gested to destabilize and facilitate the dissociation of GDP
from eEF1A, (16-18).

Conversely, although Mg?* was visible and function-
ally important for GTP hydrolysis in aEF1A*GTP (14),
it was observed only under highly artificial conditions in
aEF1A*GDP (33). Consequently, an alternative hypothe-
sis was that the GDP/GTP exchange in aEF1A and eEF1A
may occur solely due to the protein structure rearrange-
ments, which are not necessarily coupled with the presence
of Mg?* (33).

Mg?* had only a marginal effect on both spontaneous
(Figure 3A) and GEF-dependent (Figure 3B) nucleotide
exchanges in eEF1A2. The values of kot for spontancous
GDP/GDP exchange in eEF1A2 were 5.6 £ 0.3 '107* s~!
and 4.4 + 0.5 -107* s7!, whereas the first-order rate con-
stants for the GDP/GDP exchange catalyzed by eEF1Ba
were 6.3 £0.3:1073 s7! and 10.0 £ 0.5:1073 s~! in the pres-
ence of 10 mM Mg?* or EDTA, respectively. The spon-
taneous GDP/GDP exchange was observed to be inde-
pendent of Mg?" in eEF1Ay; however, the same study re-
ported the importance of Mg?* for the eEF1Ba-catalyzed
nucleotide exchange process (18).

In the eEF1A2*GDP structure Mg?* is in contact with
the a- and B-phosphates of GDP. In molecule A the dis-
tance from the Mg>* ion to the Aspl7 side chain is 2.7 A,
in molecule B it rises to 3.5 A. Because molecule A is crys-
tallized in more flexible conformation as evidenced by the
unresolved electron density of Gly50 situated in the effector
region we believe that approaching the Mg?* ion by Asp17
occurs due to local intramolecular fluctuations and does not
play any role in stabilization of the metal ion by eEF1A2.
To our knowledge, the aspartate residue at the fourth posi-
tion of a Walker A motif (GxxXxGKS/T) has never been
described as a ligand in GTPases.

The affinity of eEF1A for GDP is much less than that
of EF-Tu (reviewed in (34)). In EF-Tu*GDP (pdb-1EFC),
Mg?* is in contact with the B-phosphate and a-phosphate
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Figure 3. Mg?* does not influence nucleotide exchange in eEF1A2. Mg?*
(black) and EDTA (red) do not have an impact on spontaneous (A) and
eEF1Ba-catalyzed (B) nucleotide exchange process. The eEF1A2 concen-
tration in the incubation mixture was 692 nM and eEF1Ba - 4 nM. The
concentration of either Mg?* or EDTA was 10 mM. Goodness (R?) of
single exponential fits was calculated to be >0.999 for nucleotide exchange
in the presence of both Mg?* and EDTA. (C) Mg?* contributes to GDP
binding in EF-Tu rather than in eEF1A2.

(12). However, Mg?* is also linked to EF-Tu*GDP via di-
rect contact with Thr25 and via water-mediated bonds with
AspS1 and Asp81, whereas the corresponding residues in
eEF1A2 (Asp61 and Asp91) are situated far from the mag-
nesium binding site. There is also a direct Mg?* contact
with Thr25 which is conserved in all available EF-Tu*GDP
structures. The side chain of corresponding Ser21 from the
P-loop in eEF1A2 forms an H-bond with Asp61 instead.
Thus, in eEEF1A2*GDP the contacts of Mg>* are limited by
the a- and B-phosphates (Figure 3C). This finding, along
with the kinetic data, favors the assumption that the pres-
ence of the magnesium ion cannot add any strength to the
GDP stabilization in eEF1A2.

Molecular mechanism of the nucleotide exchange factor
eEF1Ba function

Using the structures of both eEF1A2*GDP and
eEF1A,*GDP*¢EF1Ba, we can deduce the GEF-mediated
nucleotide exchange mechanism in eEF1A.

In order to destabilize GDP in ¢EFI1A, the Switch I
region has to be displaced, with a subsequent disruption
of the (Glu68-His95, Arg69-Asp97, Glu68-Asp97) inter-
action network between Switch I and Switch II in the
eEF1A2*GDP structure (Figure 4A and B). Such a rear-
rangement causes the loop 90-97 to move upwards and ro-
tate. A key new observation is the orientation of Asp91,
which is stabilized in eEF1 A2*GDP by the interaction with
His95, Asn101 and Ser107. In the presence of eEF1Bq, this
residue makes a 180° flip to form a salt bridge with Lys20
and an H-bond with Ser21, which binds and stabilizes the B-
phosphate in eEF1A2*GDP (Figure 4C and D). Ser21 also
forms an H-bond with Lys205 of eEF1Ba (18). All of these
events cause a destabilization of the B-phosphate position,
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Figure 4. Mechanism of GEF-induced nucleotide exchange in eEF1A. (A)
Conformation of the Switch I-Switch II region in eEF1A*GDP and in
eEF1Ay-GEF. (B) Conformation of the GDP binding site in the absence
and in the presence of GEF. Note the 180° rotation of Asp91. K205 and
Q204 of eEF1Ba (numeration of yeast eEF1Ba) are shown in light brown.
(C) Arrangement of the GDP-bound structures of eEF1A and EF-Tu. (D)
Changes introduced in the GDP-bound structures of eEF1A and EF-Tu
by corresponding GEFs. Eukaryotic GEF eEF1Ba directly disrupts con-
tact of Ser21 with the B-phosphate, induces the conformational switch in
P-loop leading to the disruption of Aspl7 contact and prompts the confor-
mational change in Switch II inducing 180° rotation of Asp91, with sub-
sequent disruption of the Lys20 contact with the B-phosphate. Note the
non-involvement of Mg?" and GEF-induced rotation of Asp91 by 180°.
Prokaryotic GEF EF-Ts causes conformational change in P loop, preclud-
ing contacts of Trp25 with Mg2* linked to the B-phosphate, inducing ro-
tation of Asp21 away from the B-phosphate and switch of Lys24 toward
Asp81. Note the direct role of Mg?* in the GDP stabilization, as well as
similar positions of Asp81 in the GDP- and GEF-bound conformations.
Water molecules are shown in blue. Magnesium ion is shown in gray. Com-
pounds which are invisible in the structure, depicted as semi-transparent.

which probably reflects its disorder in the eEF1A,*¢EF1Ba
crystal structure (16). eEF1B« clearly induces a rotamer
change of His95 in eEF1A and permits the formation of H-
bonds with Asp97 (eEF1A, helix B) and Vall79 (eEF1Ba).

In the presence of ¢eEF1Ba, the rotation of the domain
(IT+IIT) unit and the subsequent restoration of its inter-
action with helix B are observed. Such domain rearrange-
ments decrease the distance between helices B and C. Con-
sequently, the Arg96 side chain can reposition upwards and
interact with GIn132 and Glu135 of helix C that disrupts the
GIn132-His15 interaction. This results in His15 forming an
H-bond with Asp17, which prevents it from interacting with
the B-phosphate group and causes the peptide bond 16-17
to flip and reorient.

Upon interaction with eEF1Ba the H-bond between
Aspl7 and Lys154 is broken and amino group of the
Lys154 residue flipped by about 70° when compared to
eEF1A2*GDP alone (Figure 4C and D). Despite this ro-
tation, Lys154 retains the H-bond with the oxygen atom of
the ribose ring, but not Glu122. This leads to an alteration
of the ribose and guanine ring orientation, whereas the -
phosphate remains in a similar position in the presence or
absence of eEF1Ba.

DISCUSSION

Two models for the nucleotide exchange process in eEF1A
exist. One implicates Lys205 from eEF1Ba inducing the
Mg?* removal and peptide flip in the P-loop of eEF1A for
the dissociation of GDP and prevention of its re-binding
(16,17). Another hypothesis suggests that Mg?* is dispens-
able for GDP binding and dissociation, and instead em-
phasizes that the significant domain rotation destabilizes
the interaction of the P-loop and the B-phosphate of GDP
(33). The first model was based on the EF-Tu-GDP and
eEF1Ay-eEF1Ba structures, and assumed that the GDP ex-
change mechanism is similar in pro- and eukaryotic elonga-
tion factors. The second model accounts for the structure of
aEF1A*GDP and expands the available data from archaeal
to eukaryotic elongation factors.

The structure of eEF1A2*GDP demonstrates no direct
Mg?*-protein interactions. A spherical electron density ob-
served between the - and B-phosphates of GDP and the
side chain of Aspl7 was interpreted as the electrostatic in-
teraction of the magnesium ion with the oxygen atoms of
the phosphate groups situated ~2.5 A away. The distance
from Mg** to the Aspl7 side chain in the molecule A is
about 2.7 A, however, in the molecule B this distance in-
creases to 3.5 A which makes the formation of a bond be-
tween Aspl7 and Mg”* less probable. No interaction of
Mg?* with the corresponding Asp is found in all known X-
ray structures of the translational GTPases. Furthermore,
the fluctuations of Mg?* and GDP in molecules A and B of
the dimer coincide, which favors the notion that Mg?* is sta-
bilized in eEF1 A2 via the GDP molecule. The coordination
geometry for Mg? was not determined, however, the water-
mediated contacts, which are not visible at 2.7 A resolu-
tion, are still possible. The kinetic experiments do not show
any substantial Mg”* effect on the nucleotide exchange rate
in the presence or absence of eEF1Ba, which is consistent
with the non-involvement of Mg?* in the mechanism of



GDP stabilization. The exclusion of Mg?* resulted in the
3.6-fold acceleration of the eEF1Ba-catalyzed GDP disso-
ciation from eEF1A, (18) and in small 1.6-fold increase of
kor for eEF1A2 (Figure 3B). Though one cannot entirely
exclude some impact of Mg>* upon the GDP release from
eEF1A, the Mg?" effect appears rather indirect and proba-
bly results from either subtle rearrangements of the GDP-
binding site (35) induced by eEF1Ba or the increased sta-
bility of eEF1A*¢EF1Ba complex in the presence of mag-
nesium ions. Mg>*-induced constriction has been observed
for other protein—protein complexes (36,37).

The insertion of the Gln-204 side chain from eEF1Ba be-
tween two antiparallel B-strands linking the Switch I and
Switch II regions was previously claimed to force Asp91
away from Ser21 and a water molecule, contributing to
GDP dissociation (16). This is inconsistent with our ob-
servations because the Asp91 of eEF1A2*GDP undergoes
a 180° rotation away from the nucleotide binding site, and
forms H-bonds with His95 and Asn101 from helix B of the
Switch II region. However, in the GTP form of aEF1A (14)
and in the GEF-complexed form of eEF1A, (16) Asp91 is
situated near the B-phosphate. Thus, eEF1Ba forces Asp91
back into the nucleotide-binding site rather than moving it
out as was previously suggested (16) which may contribute
to the dissociation of GDP as described in the Results sec-
tion.

The 180° turn of Asp9l away from the GDP-binding
site is detected also in aEF1A*GDP (13) and appears
to be exclusive for non-bacterial elongation factors 1A.
Interestingly, in the yeast termination factor eRF3, the
corresponding Asp322 adopts the same as Asp91/90
in eEF1A2*GDP/aEF1A*GDP flipped position compar-
ing to Asp81/Asp90 in EF-Tu*GTP/aEF1A*GTP corre-
spondingly. However, contrary to the elongation factors,
no nucleotide-dependent change in position of Asp322 was
found in eRF3 (38).

The eEF1A2*GDP structure presented here contributes
to the evolutionary understanding of the elongation fac-
tor 1 family. It is known that the structures of GDP-bound
proteins display a large difference, while the GTP-bound
forms of the G domain are mostly similar (39). The func-
tional GTP form has the same configuration in EF-Tu and
aEF1A and, possibly, in eEF1A, considering the principal
common translation function of the factors. GTP forms of
the elongation factors are very likely to preserve a universal
mechanism of interaction with ribosomes in pro- and eu-
karyotes. However, the GDP-bound conformations of EF-
Tu, aEF1A and eEF1A2 demonstrate essential differences.
Thus, EF-Tu*GDP and aEF1A*GDP/eEF1A2*GDP rep-
resent various starting points toward achieving a univer-
sal GTP-bound conformation via different GEF-mediated
mechanisms in bacterial and archaeal or eukaryotic cells.
The bacterial and non-bacterial nucleotide exchange fac-
tors catalyze GDP/GTP exchange via distinct conforma-
tional changes, which results in similar GTP-bound confor-
mations. Molecular details of the different mechanisms in
prokaryotes and eukaryotes depicted as in (40) are summa-
rized in Figure 4C and D.

The role for the domains’ rotation during the transi-
tion of ribosome-bound eEF1A from the GTP- to GDP-
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bound conformation has been assessed. The structure of
the eEF1A*GTP*aminoacyl-tRNA complex in the 80S ri-
bosome was modeled by superimposing the X-ray struc-
tures of the yeast 80S ribosomes (41) and the bacterial 70S
ribosome with the aminoacyl-tRNA and EF-Tu*GDPCP
(12). We observed that substitution of the GTP form of
eEF1A with ¢eEF1IA*GDP, assuming that an interaction
of eEF1A*GDP with tRNA persists for some time after
GTP hydrolysis (8,9), caused domain I to rotate out of
the ribosome while domains II and III remained in place
(Supplementary Figure S1). This result means that after
GTP hydrolysis, there is a disruption in the interaction be-
tween domain I of eEF1A and the ribosome. Consequently,
eEF1A*GDP is retained on the ribosome mainly due to
some domain (II+III) contacts and can dissociate easier.
Thus, the domain rotation in eEF1A*GDP upon GTP hy-
drolysis is a first step of releasing the protein from the 80S
ribosome, which resembles dissociation of EF-Tu from the
708 ribosome (reviewed in (1)).

The link between the A and A’ helices provided by the
Tyr56-His26 and Trp58-Tyr29 interactions is suggested to
play a vital role for adopting a specific GDP-bound con-
formation of eEF1A2. Otherwise the a-helical A*-A’ re-
gion would shift away from the nucleotide as seen in the
Sulfolobus solfataricus aEF1A*GDP (13). As compared to
eEF1A2, the archaeal protein has two Phe residues substi-
tuted for Tyr56 and Trp58 correspondingly, lacks the aro-
matic ring, equivalent to His26 and contains Met28 in-
stead of Tyr29. Also, the A-A’ interaction may be impor-
tant for the correct positioning of Thr71/Thr72 into the
GTP nucleotide binding site of eEF1A. The mutation of ei-
ther Trp58 or Tyr56 is lethal (28); therefore, the stabilization
strength of each residue is probably not sufficient to main-
tain the interaction of the helix A and A’ during the un-
winding of the helix A’ and shift of A” to the GTP-binding
site. Moreover, we speculate that the link between A and
A’, which forces these helices to move as a single unit, may
be important for the GEF binding and dissociation mech-
anism. To reach the GDP binding site in eEF1A*GDP,
GEF must separate the Switch I and Switch II regions. In
eEF1A*GTP, the A-A’ unit apparently moves back into
place and provides a mechanic force to dissociate GEF. This
mechanism may be specific for the eukaryotic nucleotide ex-
change because the A-A’ link apparently cannot be formed
in archaeal factors.

In higher vertebrates, there are two isoforms of ¢eEFIA,
which are 97% similar and are encoded by different genes.
The expression of the isoforms is mutually exclusive:
eEF1A2 appears in skeletal myocytes, cardiomyocytes and
neurons; eEF1AL1 is present in all remaining cells of the or-
ganism (42). Therefore, the role of isoforms during transla-
tion should be principally the same, whereas their tissue-
specific localization suggests they may have different ad-
ditional functions. Importantly, eEF1A2 is overexpressed
in a number of human cancers (43,44) and was shown
to have oncogene-like properties in some cases (45,46).
The phosphorylation of Tyr29 has been reported in global
phospho-proteomic cancer studies (47,48). This modifica-
tion would prevent the Tyr29-Trp58 interaction in eEF1A2
(Figure 2C), which may affect the stability of the A-A’ he-
lices linkage and result in an impairment of translation. The
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Tyr29-phosphorylated cellular pool could fulfill some other
functional duty, such as signaling or actin bundling (49,50).

Phosphorylated Ser163 and Thr239 are highly conserved
in both ¢eEF1A1 and eEF1A2 of higher eukaryotes. Bioin-
formatics predicts that the phosphorylation of Ser163 in
eEF1A1 and eEF1A2 (92% identical) is probably per-
formed by different protein kinases, ataxia telangiectasia
mutated or casein kinase 1, respectively, due to a local dif-
ference in the primary structures of the isoforms. Identifica-
tion of a kinase for Thr239 is an intriguing task for the fu-
ture. The local landscape near the phosphorylated Thr239
residue includes Lys146 and Lys244 which can be acety-
lated in vivo (51,52). Phosphorylated Ser163 is situated near
Lys165 which is dimethylated in the Al isoform (53) and
trimethylated in the A2 isoform (6). Cross-talk between the
modifications may provide a unique isoform-specific local
landscape for eEF1A, which can be utilized, in particular,
to differentially distribute and/or functionally modify the
97% similar isoforms.

A segment of the unstructured C-terminus was observed
in molecule A of the eEF1A2 dimer. The C-terminal tail
was previously proposed to participate in aminoacyl-tRNA
binding by EF-Tu (54). However, the C-terminal tail of
eEF1A2 adopts a somewhat different form compared to the
EF-Tu conformation and is situated far from the putative
tRNA-binding region. This region of eEF1A2 contains a
number of lysine residues which may serve as a platform for
binding other kinds of RNA (55,56).

eEF1A belongs to a family of G-proteins, which func-
tion as GTP hydrolysis-dependent molecular switches and
are pivotal for cell life. Typically, the activity of G-proteins
is regulated by GEF that stimulate dissociation of tightly
bound GDP produced by GTP hydrolysis (57). Mechanism
of GDP/GTP exchange usually involves Mg?*. The affin-
ity of eEF1A for GDP and GTP is similar, contrary to its
prokaryotic homolog EF-Tu. The data on X-ray structure
of eEF1A2 explain the mechanics behind this, suggesting
that a drop in the affinity for GDP is caused by exclusion
of the magnesium ion role in the stabilization of GDP in
eEF1A (Figure 3C). The independence from Mg>*, with
consequent decrease in the GDP binding strength, seems
to ensure the reliability of eEFIA functioning in case of
GEF deficiency. In addition, eEF 1 A plays a number of non-
orthodox roles and, therefore, is distributed evenly through-
out the cell while the function and localization of its GEFs is
mostly limited to the protein synthesis compartments (58).
Similar affinity of eEF1A for GDP and GTP may help to
maintain spontaneous GDP/GTP exchange in the GEF-
deficient regions of cells where the eEF1A functions are
not related to the protein synthesis. That is possible because
the intracellular concentration of GTP is much higher than
GDP.

The overall strategy of the eukaryotic ribosomal chain
elongation is to ensure a high accuracy of the protein syn-
thesis along with a reasonable rate. The change of the rate-
limiting step from GDP dissociation in EF-Tu to GTP hy-
drolysis in eEF1A (32), which is a consequence of decreased
affinity of the eukaryotic protein for GDP, apparently con-
tributes to this function as the hydrolysis of GTP is directly
triggered by the correct codon—anticodon recognition. We
believe that the understanding of difference in the molecu-

lar mechanisms of nucleotide exchange in pro- and eukary-
otic elongation factors will be helpful for the development
of anti-bacterial drugs specifically targeted to EF-Tu.

The analysis of the crystal structure of eEF1A2*GDP
together with the structures of eEFI1A *¢EF1Ba and
aEF1A*GDP provides the important information on the
conformational changes essential for the eEF1A function,
refines existing and describes novel aspects of the mechanics
of the nucleotide exchange process in the translation factors.
The results provide background for comprehensive knowl-
edge of the mechanism and evolution of the polypeptide
chain elongation by the ribosome.
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