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ABSTRACT

Protein synthesis in eukaryotic cell is spatially and
structurally compartmentalized that ensures high ef-
ficiency of this process. One of the distinctive fea-
tures of higher eukaryotes is the existence of sta-
ble multi-protein complexes of aminoacyl-tRNA syn-
thetases and translation elongation factors. Here,
we report a quaternary organization of the hu-
man guanine-nucleotide exchange factor (GEF) com-
plex, eEF1B, comprising � , � and � subunits that
specifically associate into a heterotrimeric form
eEF1B(���)3. As both the eEF1B� and eEF1B� pro-
teins have structurally conserved GEF domains, their
total number within the complex is equal to six. Such,
so far, unique structural assembly of the guanine-
nucleotide exchange factors within a stable complex
may be considered as a ‘GEF hub’ that ensures effi-
cient maintenance of the translationally active GTP-
bound conformation of eEF1A in higher eukaryotes.

INTRODUCTION

Polypeptide synthesis on the ribosome requires aminoa-
cylated tRNAs (aa-tRNAs) and a number of protein fac-
tors (1). To provide the substrate for polypeptide synthe-
sis, translation elongation factor 1A (eEF1A) in a GTP-
dependent manner binds aa-tRNA and delivers it to the ri-
bosomal A-site. If the correct codon-anticodon interaction
occurs, the ribosome induces GTP cleavage on eEF1A and
promotes the release of GDP-bound eEF1A from the A-
site (1). In higher eukaryotes, the translation elongation fac-
tor complex, eEF1B, mediates the GDP/GTP exchange on
eEF1A, thus, restoring its active conformation. This com-
plex consists of the eEF1B�, eEF1B� and eEF1B� subunits

(2). Herein we use the nomenclature for translation elonga-
tion factors proposed by Merrick and Nyborg (3). In the
UniProtKB database, eEF1B� is described as Elongation
factor 1-beta (EF1B human, accession number P24534),
eEF1B�––as Elongation factor 1-delta (EF1D human, ac-
cession number P29692), and eEF1B�––as Elongation fac-
tor 1-gamma (EF1G human, accession number P26641).
Both eEF1B� and eEF1B� have guanine-nucleotide ex-
change (GEF) activity, whereas eEF1B� is thought to be a
structural component of the complex (2). To accomplish the
guanine-nucleotide exchange reaction, eEF1B assembles
with eEF1A into a ‘heavy’ complex known as eEF1H (4).
Besides, eEE1B forms a stable complex with valyl-tRNA
synthetase (VRS-eEF1B) (5,6). The presence of this enzyme
in the GEF complex facilitates the direct transfer (channel-
ing) of valyl-tRNA from the enzyme to eEF1A*GTP (7).

Although the subunits composing eEE1B are known,
their number and how they combine within this complex
remains unclear. Up to date, several models of eEE1B
structural organization have been proposed, however, there
are significant inconsistencies among them (8). Accord-
ing to the simplest model, eEF1B� and eEF1B� bind to
the same eEF1B� subunit via their N-terminal domains
to form the eEF1B��� complex (9). Another model as-
sumes that eEF1B� creates a dimeric core, and eEF1B� and
eEF1B� bind to the separate eEF1B� subunits to form the
eEF1B��� 2 complex (10). The structural role for the cat-
alytic eEF1B� and eEF1B� subunits was also suggested.
The protomer eEF1B��� complex was proposed to dimer-
ize (6) or even trimerize (11) in a larger entity via the leucine-
zipper motif of the eEF1B� subunit. In turn, the protomer
eEF1B��� 2 complex was proposed to dimerize via the
eEF1B� subunit (10). Thus, neither the reconstitution ex-
periments nor analysis of the natively purified complexes
resulted in the unambiguous determination of the eEF1B
quaternary organization (6,10–13). It seems that due to high
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aggregation propensity of this complex, its structural char-
acterization appeared to be a difficult task.

In this study, we decipher a quaternary architecture
of the human eEF1B complex containing �, � and �
subunits. We show that eEF1B� self-associates in a sta-
ble trimer and its leucine-zipper motif is responsible for
trimerization. eEF1B� carries distinct binding sites for the
eEF1B� and eEF1B� subunits and interacts with them
in equimolar stoichiometry. Hence, eEF1B�, eEF1B� and
eEF1B� specifically associate into a heterotrimeric com-
plex, eEF1B(��� )3, which encompasses six highly con-
served GEF domains. We suggest that such multi-GEF as-
sembly may ensure the efficient restoration of the GTP-
bound eEF1A conformation for the translating ribosomes
in higher eukaryotes.

MATERIALS AND METHODS

Protein expression and purification

The recombinant plasmid expressing N-terminally His-
tagged full-length human eEF1B� was prepared as follows:
eEF1B� ORF was excised from the pGEX6P-1/eEF1B�
construct (14) and cloned into the pET28�(+) vector (No-
vagene, Madison, WI, USA). The recombinant protein was
purified to homogeneity by a two-step chromatographic
procedure: affinity chromatography on a Ni-NTA column
(Qiagen, Valencia, CA, USA) and anion-exchange chro-
matography on a HighTrapQ column (GE Healthcare,
Buchinghamshire, UK) using linear NaCl gradient from
250 to 450 mM. The expression and purification procedures
for eEF1B�(19–225) (14); for full-length human eEF1B�
and its truncated form eEF1B� (229–437) (15); for full-
length eEF1B� and its truncated forms eEF1B�(43–281)
and GST-eEF1B�(78–118) (16) were previously published.

Analytical gel filtration of proteins and protein complexes

The interaction between different proteins partners was
studied by size-exclusion chromatography on a Superose 6
HR 10/30 column (24 ml, GE Healthcare) as previously de-
scribed in (14,16). For the formation of binary eEF1B��
and eEF1B�� , and ternary eEF1B��� complexes, the re-
spective purified full-length proteins were mixed in buffer
containing 25 mM Tris–HCl, pH 7.5, 150 mM NaCl, 10%
glycerol, 5 mM 2-mercaptoethanol in the final volume 0.12
ml and incubated for 5 min at 37◦C. Then the protein mix-
ture was centrifuged at 16 000 g for 15 min (RT) and loaded
onto a Superose 6 HR 10/30 column. The final concentra-
tion of subunits in the binary complexes incubation mix-
tures was 10 �M and in the ternary complex incubation
mixture was 8 �M. The interaction of full-length eEF1B�
with the N-terminally truncated forms of eEF1B� and
eEF1B�, as well as the interaction of full-length eEF1B�
and eEF1B� with the C-terminal domain of eEF1B� were
examined in the same way as described for the full-length
proteins.

Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) experiment was per-
formed using a ProteomeLab XL-I analytical ultracen-
trifuge (Beckman-Coulter, Indianapolis, USA), equipped

with An-60 Ti analytical rotor, using absorbance optics at
280 nm as described previously (14). Briefly, in the sedimen-
tation velocity experiments, protein sample (400 �l) and
buffer reference (410 �l) solutions were loaded onto 12 mm
double-sector Epon charcoal-filled centerpieces (Beckman-
Coulter). For each experiment, the rotor speed and temper-
ature are indicated in the figure legends. The sedimentation
velocity multiple scans at various time-points were fitted to
a continuous size distribution model using Sedfit (17). All
size distributions were solved and regularized at a confi-
dence level of 0.95 by maximum entropy, using the best-fit
mean anhydrous frictional ratio (f/f0). We calculated also
a hydrodynamic parameter Smax/S that allows evaluating
the shape of the proteins and the protein complexes. In this
ratio, Smax is the maximum possible sedimentation coeffi-
cient for a protein of the given mass, corresponding to a
sphere of the minimum diameter to contain this mass with-
out water, and S is the sedimentation coefficient S20,w for
the individual protein or protein complex estimated by size-
distribution analysis. Smax was calculated using the formula
Smax = 0.00361(Mr)2/3, where Mr is the molecular mass of
the protein or protein complex in Daltons. Smax/S is in the
range from 1.5 to 1.9 for moderately elongated proteins and
from two to three for highly elongated proteins (18).

The sedimentation equilibrium experiments were done
as described previously (14). Briefly, the protein samples
(0.1 ml) were loaded into the sample channels, and a buffer
solution (0.11 ml) was loaded into reference channels of
six-channel Epon charcoal-filled centerpieces (Beckman–
Coulter). For each experiment, the rotor speed and tem-
perature are indicated in the figure legends. The sedimenta-
tion equilibrium absorbance data were collected every four
hours. The scan obtained at a single rotor speed or the scans
obtained at different rotor speeds (multispeed equilibrium
data) were then fitted to a non-interacting discrete species
model assuming a single species by using SEDPHAT (19)
with Equation (1):

AR = cr0εd exp{[M(1 − ῡρ)ω2/2RT](r 2 − r 2
0 )} (1)

in which r denotes the distance from the center of rotation;
r0 is the arbitrary reference radius; ω is the angular veloc-
ity; T is the absolute temperature of the rotor; R is the gas
constant; ῡ is the partial specific volume; ρ is the solvent
density; ε is the extinction coefficient; d is the optical path
length, and cr0 is the concentration at the reference radius.
For a multispeed global data analysis at each channel, a sin-
gle base-line parameter was included as a floating param-
eter common to all rotor speeds. The time-invariant and
radial-invariant noise was also fitted for better fitting qual-
ity.

If the experimental data could not be fitted to the single
species model, the monomer–dimer equilibrium model in
SEDPHAT corresponding to Equation (2) was applied:

AR = cr0εd exp{[M(1 − ῡρ)ω2/2RT](r 2 − r 2
0 )}

+Kac2
r0 εd exp{[2M(1 − ῡρ)ω2/2RT](r 2 − r 2

0 )} (2)

in which Ka denotes the association constant of the dimer.
The buffer solution used for the sedimentation ve-

locity and equilibrium experiments contained 25 mM
Tris–HCl, pH 7.5, 150 mM NaCl, 5% glycerol (v/v)
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and 1 mM dithiothreitol. The solvent density of 1.0216
g/cm3 and viscosity of 0.01962 Poise at 2.3◦C, and
1.02164 g/cm3 and 0.01857 Poise at 4◦C were calculated
using Sednterp software (https://www.spinanalytical.com/
auc-software.php). Before analytical ultracentrifugation,
the individual eEF1B�, eEF1B�, eEF1B� proteins and
eEF1B�� , eEF1B�� , eEF1B��� complexes were addi-
tionally purified on a Superose 6 HR 10/30 column (GE
Healthcare) equilibrated in the buffer solution specified
above.

Partial specific volume (cm3/g) and extinction coefficient
(M–1cm–1) for full-length eEF1B� were calculated using
SEDNTERP software to be 0.72259 and 22 590, respec-
tively; those for GST-eEF1B�(7–118) were 0.73865 and 43
110; those for eEF1B�(117–281) were 0.72446 and 14 110;
those for eEF1B� were 72 288 and 87 230; those for the
eEF1B�� complex (1:1) were 0.72225 and 117 300; those
for the eEF1B�� complex (1:1) were 0.72274 and 109 820;
those for the eEF1B��� complex (1:1:1) were 0.72330 and
139 855. All sedimentation velocity and equilibrium graphs
were prepared in GUSSI program (version 1.0.8d, Chad
Brautigam, UT Southwestern).

Hydrogen–deuterium exchange coupled to mass spectrometry
(HDX-MS)

The HDX-MS experiments were carried out as previ-
ously described in (20). Briefly, freshly prepared individual
eEF1B�, eEF1B� and eEF1B� proteins were additionally
purified on a Superose 6 HR 10/30 column (GE Health-
care), dialyzed (25 mM Tris–HCl, pH 7.5, 150 mM NaCl,
55% glycerol and 5 mM 2-mercaptoethanol) and kept at –
20◦C. The respective protein complexes were prepared as
follows: 10 �M of each subunit were mixed and incubated
for 5 min at 37◦C, then concentrated on the AmiconUltra-
4 (50 kDa, Merck) membrane to the volume of 200 �l
and injected onto a Superose 6 HR 10/30 column. The
most concentrated fractions of each complex were com-
bined and dialyzed against the same buffer indicated above.
The initial concentrations of samples used for the HDX-
MS experiments: eEF1B� – 56.6 �M, eEF1B� – 36.4 �M,
eEF1B� – 46 �M, eEF1B�� – 39.2 �M, eEF1B�� – 35
�M, eEF1B��� – 53.6 �M.

A 5 �l aliquot of the individual protein or the protein
complex stock solution was combined with 45 �l of D2O
(99.8% Cambridge Isotope Laboratories) reaction buffer
containing 25 mM Tris–HCl pH 7.5, 150 mM NaCl, 150
mM KSCN, and 5 mM 2-mercaptoethanol and incubated
at 20◦C for 10 s, 1 min, 5 min, 25 min or 2.5 h before quench-
ing by addition 10 �L of 2 M glycine pH 2.5 in D2O. The
samples were immediately frozen in the liquid nitrogen and
stored at –80◦C until use. Out-time point controls were per-
formed by incubation of the protein in D2O buffer for 24
h to obtain maximum exchange for each peptide and then,
quenched with 10 �l of 2 M glycine. The deuteration level
was calculated and denoted as 100% exchange. Mass spec-
trometry measurements and data analysis were done as de-
scribed in (21). The experiments were repeated three times,
the results represent the mean of all replicates. The peptides
were identified using ProteinLynx Global Server software
(PLGS, Waters) and further filtered in the DynamX 3.0 pro-

gram (Waters) with the following acceptance criteria: min-
imum intensity threshold of 3000, minimum products per
amino acids of 0.3, minimum score of 7.5 and theoretical
value for parent ions below 10 ppm. The values reflecting ex-
perimental mass of each peptide in all possible states, repli-
cates, time points and charge states were exported from the
DynamX 3.0 and further data analysis was carried out us-
ing in house written script (21).

To depict the kinetic of exchange for each peptide, we
built a plot with an experimentally measured level of H/D
exchange (in %) at 10 s, 1, 5, 25 and 150 min. The obtained
curve dissects the kinetic plot into two parts. The area above
the kinetic curve was integrated overall incubation time and
divided by the whole area of the kinetic plot. The obtained
value we call ‘aggregated protection’ of the peptide, which
may be within the range from 0 (no protection) to 1 (full
protection). We distinguish three categories of peptides with
respect to their aggregated protection value: <0.05––the ab-
sence of aggregated protection; >0.05 and <0.15––weak
aggregated protection; >0.15––high aggregated protection.
The peptides with no and weak aggregated protection be-
long to dynamically structured regions while the peptides
with high aggregated protection––to rigidly structured re-
gions. ‘Differential aggregated protection’ graph shows the
difference between the values of aggregated protection mea-
sured for the same peptide in different states, namely free
and bound to a partner. A positive value of the differential
aggregated protection indicates that the peptide becomes
more protected in the complex with a partner, while a neg-
ative value means a decrease of protection.

Native gel electrophoresis of protein complexes

The eEF1B�� complex was prepared as follows: 5 �M
eEF1B� was mixed with increasing (2–7 �M) concentra-
tions of eEF1B� and vice versa 5 �M eEF1B� was mixed
with increasing (2–7 �M) concentrations of eEF1B� in
buffer containing 25 mM Tris–HCl, pH 7.5, 150 mM NaCl,
10% glycerol, 5 mM 2-mercaptoethanol in a final volume 20
�l. The eEF1B�� complex was prepared in the same way.

The complexes between eEF1B� and eEF1A2 were pre-
pared as follows: 10 �M eEF1A2 was mixed with increas-
ing (0.36–21 �M) concentrations of eEF1B� and 150 �M
GDP in buffer containing 25 mM Tris–HCl, pH 7.5, 150
mM NaCl, 10% glycerol, 5 mM 2-mercaptoethanol in a fi-
nal volume 25 �l.

The eEF1B��� complex was prepared by mixing three
individual subunits at 6 �M concentrations in buffer con-
taining 25 mM Tris–HCl, pH 7.5, 150 mM NaCl, 10% glyc-
erol, 5 mM 2-mercaptoethanol and incubated for 5 min at
37◦C. Titration of the eEF1B��� complex by eEF1A2 was
performed as follows: 3 �M eEF1B��� complex was mixed
with increasing (3–30 �M) concentrations of eEF1A2 and
150 �M GDP in buffer indicated above in a final volume 20
�l.

The protein mixtures were incubated for 5 min at 37◦C
and loaded onto a 1.5% agarose gel (for eEF1B and
eEF1B�� complexes) and 1% agarose gel (for the eEF1A2-
eEF1B� and eEF1A2-eEF1B��� complexes) containing
89 mM Tris-borate, pH 8.3. The gel was run at 100 V/31–34

https://www.spinanalytical.com/auc-software.php
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mA for 2–3 h at room temperature, then stained and pho-
tographed as described previously (14).

Dynamic light scattering

To measure a hydrodynamic radius of eEF1B� we used the
Dynamic Light Scattering technique (DLS) and the Adap-
tive Correlation approach described in (22). DLS experi-
ments were performed using a Zetasizer Nano ZS (Malvern
Panalytical Ltd, UK) at 25◦C with a scattering angle of
173◦ in air. All samples (1 ml) were measured in a 1 cm
glass cuvette. Briefly, three measurements for each eEF1B�
concentration were done. Each measurement included 30
sub-measurements with duration time of 1, 2 and 3 s. The
steady-state sub-measurements were analyzed using cumu-
lants analysis. The correlation functions of the steady-state
sub-measurements were averaged to report the hydrody-
namic radius (Zave) and polydispersity index (PdI) values.
Zave values were obtained for four different eEF1B� con-
centrations. RH0 – a hydrodynamic radius of eEF1B� at the
infinite dilution was calculated from the plot of Zave versus
eEF1B� concentration by extrapolation to zero concentra-
tion.

Prior to the DLS measurements, eEF1B� was subjected
to gel filtration on a Sephacryl S200 column (GE Health-
care) equilibrated in buffer, containing 25 mM Tris–HCl,
pH 7.5, 150 mM NaCl, 5% glycerol (v/v) and 1 mM dithio-
threitol. Fractions with the highest eEF1B� concentration
were centrifuged at 16 000 g for 2.5 hours at 10◦C. Buffer
was prepared using ultrapure deionized water, filtered (pore
size 0.2 �m) and degassed.

Homology structure modeling and molecular docking

The unstructured regions in proteins we predicted by a
MetaDisorderMD2 meta-server (23). The 3D structure
models of eEF1B�, eEF1B� (monomer) and eEF1B� were
generated by Modeller (version 9.14) (24). The unstruc-
tured regions in the proteins were modeled using the loops
reconstruction option in this program (25). Further high-
resolution protein structure refinement for the best pre-
dicted 3D model was done by ModRefiner (26). Addition-
ally, all structures were verified using the MolProbity web
server (http://molprobity.biochem.duke.edu) (27) and re-
fined by YASARA Energy Minimization Server (28). Visu-
alization and analysis of the protein were done using UCSF
Chimera (29).

To model full-length eEF1B� we used the available struc-
tures of its isolated GEF domain (PDB ID: 1B64), its
N-terminal domain complexed with the GST-like domain
of eEF1B� (PDB ID: 5DQS) and highly homologous C-
terminal region of eEF1B� (PDB ID: 2N51) as templates.
From the ensemble of eEF1B� conformations created by
Modeller, we selected a model with the hydrodynamic ra-
dius that matches the experimentally measured RH0 value.

eEF1B� monomer was modeled using the available struc-
ture of its C-terminal region (PDB ID: 2N51) and reported
model of its N-terminal domain possessing a dynamic �-
helical organization (20). Five structural ensembles with 40
structures in each were generated by Modeller. The best five
structures were selected from each ensemble using the Dis-

crete Optimized Protein Energy (DOPE) and Modeller Ob-
jective Function (MOF) scores (30) (Supplementary, Table
S1). The model 1, which has the best DOPE score (Sup-
plementary Table S1), was chosen for further computing
of the eEF1B� trimer. Symmetric docking of the eEF1B�
monomers was done by the SymmDock webserver (31) tak-
ing into account that the LZ-motif is responsible for trimer-
ization. The best model of eEF1B� trimer was chosen ac-
cording to the geometric shape complementarity score and
then refined by the YASARA Energy Minimization Server
(the energy value – 500 712 kJ/mol and energy score – 0.21).

Homology modeling of eEF1B� was performed using a
structure of its C-terminal domain (PDB ID: 1PBU), struc-
tures of its GST-like N-terminal domain complexed with
the N-terminal domain of eEF1B� (PDB ID: 5DQS) and
with the short N-terminal peptide of eEF1B� (PDB ID:
5JPO) as templates. From the ensemble of eEF1B� confor-
mations created by Modeller, we selected one model with
the extended conformation taking into account a moder-
ately elongated shape of eEF1B� in solution.

In silico docking between the eEF1B� and eEF1B� pro-
teins was performed using PatchDock web server (32).
The N-terminal domain (residues 1–77) of eEF1B� was
set as ligand and the N-terminal domain (residues 1–
210) of eEF1B� was set as receptor. The coordinates for
eEF1B�(1–77) and eEF1B� (1–210) were from the respec-
tive atomistic models mentioned above. Docking results
were individually inspected and compared with HDX-MS
data for the eEF1B�� complex. The best high scoring
model was used for the refinement and re-scoring step with
FireDock (33). Analysis and visualization of the molecular
interfaces between proteins were performed by Cocomaps
web server (34,35). The docking procedure between the full-
length eEF1B� and eEF1B� proteins was done in the same
way.

RESULTS

Structural organization of eEF1B�

eEF1B� is a monomeric non-globular protein with a mod-
erately elongated shape (14). Two conserved regions can
be delineated in its primary structure: the non-catalytic
N-terminal domain (residues 1–62) and the catalytic C-
terminal region (residues 97–225). Both parts are con-
nected by a non-conserved linker (Figure 1A). The structure
of the C-terminally located GEF domain (residues 135–
225) of human eEF1B� was solved by NMR (36). The
presence of the structurally independent �-helical central
acidic region (CAR) upstream the GEF domain in human
eEF1B� was suggested based on the structure of a long
eEF1B� C-terminal fragment, which amino acid sequence
is highly homologous to eEF1B� (37). Besides, the crystal-
lographic data on the eEF1B� N-terminal domain (residues
1–90) complexed with the GST-like domain of eEF1B�
are present in the PDB database (PDB ID: 5DQS). How-
ever, the complete three-dimensional structure of full-length
eEF1B� has never been reported.

MetaDisorderMD2 meta-server predicts high disorder
probability for fragment 64–139 that includes the linker re-
gion and the CAR domain (Figure 1A and B). To con-
firm this prediction, we characterized the structural dynam-

http://molprobity.biochem.duke.edu
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Figure 1. Structural organization of full-length eEF1B�. (A) Schematic
representation of the eEF1B� domain structure. Abbreviations: CAR –
the central acidic region, GEF – the guanine-nucleotide exchange factor
domain. (B) Prediction of the disordered regions in eEF1B�. All residues
whose disorder probability is over 0.5 (red line) are considered as disor-
dered. (C) The aggregated protection plot of the eEF1B� peptides. The
aggregated protection values for peptides (mean ± SD, n = 3 measure-
ments) are plotted versus their position in the protein sequence. (D) The 3D
model of eEF1B� colored according to the HDX-MS data. Red color in-
dicates unprotected and unstructured regions (<0.05), dark red – the CAR
domain that displays no protection, but is predicted to have �-helical or-
ganization, yellow – weakly protected dynamic segments (0.05–0.15), blue
– highly protected rigidly structured regions (>0.15).

ics of eEF1B� by the method of hydrogen-deuterium ex-
change coupled to mass spectrometry (HDX-MS) (38). The
unstructured and highly dynamic regions exchange with
D2O very rapidly (39). In the aggregated protection plot
of eEF1B�, the peptides covering the linker region and the
CAR domain show near zero protection against H/D ex-
change (Figure 1C). The majority of peptides from the GEF
domain display high protection except few weakly protected
segments. In turn, unprotected, weakly and highly protected
peptides are present in the N-terminal domain (Figure 1C).
Thus, the linker region and the CAR domain are highly dy-
namic that is consistent with the predicted disorder proba-
bility profile for this protein (Figure 1B and C).

We created a 3D model of eEF1B� (Figure 1D) that
matches the experimentally measured hydrodynamic radius,
RH0 = 3.35 ± 0.24 nm, for this protein (Supplementary Fig-
ure S1) and agrees well with the HDX-MS data. The pep-
tides comprising the core of the N-terminal three-helix bun-
dle are protected against H/D exchange (Figure 1D, colored
in blue), while the loop regions with the adjacent parts of
�-helices show weak or no protection suggesting their dy-
namic conformation (Figure 1D, colored in yellow and red,
respectively). The linker region is disordered that is consis-
tent with the absence of protection against H/D exchange
(Figure 1C and D, colored in red). Notably, no protection
was detected for the peptides composing the CAR domain –
an isolated �-helical element in eEF1B� (Figure 1C and D).
This �-helix is located between structurally dynamic linkers
and may undergo local fluctuations that result in H-bonds
breaking and exposure of the amide hydrogens to attack by
deuterium (40). The conventional HDX method used in this
study most probably is not sensitive enough to detect weakly
structured (weak hydrogen bonding) and/or rapidly fluctu-
ating secondary elements (41). We colored the unprotected
�-helical CAR domain in dark red in order to distinguish
it from the unstructured regions (Figure 1D). The GEF-
domain represents a compact and tightly packed two-layer
�/� sandwich in which most of peptides have substantial
protection (Figure 1D, colored in blue) excluding few loop
regions, which probably are conformationally flexible (Fig-
ure 1D, colored in yellow).

Hence, we established that eEF1B� consists of two rigidly
structured domains connected by a long dynamic linker re-
gion.

Structural organization of eEF1B�

It has been shown that eEF1B� forms oligomers in solu-
tion (12,16). To elucidate the exact number of monomers
in the oligomeric eEF1B� structure, we performed analyti-
cal ultracentrifugation experiments. eEF1B� sedimented as
one major species with a molecular mass of 92 ± 4 kDa cal-
culated for the best-fit frictional ratio f/f0 = 1.97 ± 0.07
(Supplementary Figure S2A). The hydrodynamic parame-
ter Smax/S was estimated to be 2.02 ± 0.04 that is character-
istic of highly elongated proteins (18). Analysis of the sed-
imentation equilibrium data (Supplementary Figure S2B)
gave the molecular mass value of 97.6 ± 2.4 kDa that cor-
responds to the theoretical mass of the eEF1B� trimer (95.7
kDa). Therefore, we conclude that recombinant eEF1B�
self-associates in a stable trimer with a highly elongated
shape.

Four conserved regions can be delineated in the primary
structure of eEF1B� (Figure 2A): the N-terminal domain,
leucine-zipper (LZ) motif, CAR domain, and GEF domain.
The isolated N-terminal domain is a monomer with a dy-
namic �-helical organization (20). The structure of the C-
terminal fragment (residues 153–281) including CAR and
GEF domains was solved by NMR (37). This fragment is
also monomeric in solution. Thus, it leaves a trimer-forming
role to the middle part of the eEF1B� molecule that com-
prises the LZ motif and the linker region (Figure 2A). Previ-
ously, we have reported that the chimeric GST-eEF1B�(78–
118) protein, which consists of the LZ-motif and GST,
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Figure 2. Structural organization of full-length eEF1B�. (A) Domain organization of eEF1B�. Abbreviations: LZ – the leucine-zipper motif, CAR – the
central acidic region, GEF – the guanine-nucleotide exchange factor domain. (B) Structural model of the LZ-motif built by CCBuilder 2.0. Three �-helices
twist around each other to form a bundle with following parameters: radius – 5.6 Å, interface angle – 19º, pitch – 61.8 Å, number of residues per turn –
3.62. The model has the lowest (–425.6 kJ/mol) BUDE score (the interaction energy between the helices). All leucine residues involved onto assembly of
the �-helical coiled-coils are shown by colored sticks. The amino acid sequence of the LZ-motif is shown on the top of the figure. (C) Prediction of the
disordered regions in eEF1B�. All residues whose disorder probability is over 0.5 (red line) are considered as disordered. (D) The aggregated protection
plot of eEF1B� peptides. The aggregated protection values for peptides (mean ± SD, n = 3 measurements) are plotted versus they position in the protein
sequence. (E) The 3D-model of eEF1B� colored according to the HDX-MS data. Red color indicates unprotected and unstructured regions (<0.05), dark
red – the CAR domain and the N-terminal �-helixes that display no protection, but are predicted to have �-helical organization, yellow – weakly protected
dynamic segments (0.05-0.15), blue – highly protected rigidly structured regions (>0.15), black – the regions with missing peptides.

forms oligomers in vitro (16). Here, using sedimentation ve-
locity and equilibrium approaches we established that GST-
eEF1B�(78–118) forms trimers and hexamers in solution
(Supplementary Figure S3) confirming the intrinsic trimer-
ization capacity of LZ-motif. Additionally, the possible con-
tribution of the linker region into eEF1B� self-association
was tested by using its truncated form, eEF1B�(117–281),
that comprises the linker region, CAR and GEF domains,
but not LZ-motif (Figure 2A). Sedimentation equilibrium
analysis proved that eEF1B�(117–281) is a monomeric pro-
tein (Supplementary Figure S3C). Hence, we conclude that
the linker region does not mediate eEF1B� self-association.
Altogether, the obtained results clearly indicate that the LZ-
motif is responsible for eEF1B� trimerization.

Typical LZ-motif consists of a periodic repetition of a
leucine residue at every seventh position known as a hep-

tad repeat and forms a continuous �-helix, which mediates
dimerization and in some cases oligomerization of proteins
(42,43). In the eEF1B� primary structure, a heptad repeat
contains six leucine residues that occupy every seventh po-
sition and create a hydrophobic stripe along the helix (Fig-
ure 2B, upper part). This heptad repeat self-associates in the
trimeric coiled-coil conformation (Figure 2B) according to
CCBuilder software (44).

The LZ-motif, the GEF domain and a part of the N-
terminal domain were predicted by MetaDisorderMD2
meta-server to be ordered, whereas the long linker region
between the LZ-motif and the GEF domain, and two short
regions within the N-terminal domain––disordered (Figure
2C). This prediction was further supported by the HDX-
MS analysis of eEF1B� (Figure 2D). All peptides that con-
stitute the LZ-motif display substantial protection against
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H/D exchange indicating a rigidly structured region. The
most of the GEF domain peptides are highly protected ex-
cept few weakly protected and unprotected segments (Fig-
ure 2D). The N-terminal domain, linker region and CAR
domain display near zero protection indicating highly dy-
namic structures (Figure 2D). It has been shown that the
CAR domain is an independent and structurally dynamic
element of eEF1B� (37). The absence of protection for
the N-terminal domain is also in agreement with the pre-
vious result obtained on the isolated eEF1B�(1–77) con-
firming its rapidly fluctuating tertiary structure (20). As
mentioned above, the sensitivity of the conventional HDX
method may be not sufficient to detect weakly structured
and/or rapidly fluctuating secondary elements. Using ho-
mology modeling, we built an atomistic model of full-sized
eEF1B� (Figure 2E) that correlate with the HDX-MS (Fig-
ure 2D) and analytical ultracentrifugation data (Supple-
mentary Figure S2A). In Figure 2E, the elements of the
CAR and N-terminal domain, which are highly dynamic
according to HDX-MS but predicted to possess �-helical
organization, are colored in dark red in order to differen-
tiate them from the factual unstructured regions (colored
in red). The tightly packed LZ-motif and GEF-domain are
colored in blue except for weakly protected and unprotected
loop regions of the latter, which most probably are confor-
mationally flexible (Figure 2E, colored in yellow and red,
respectively).

Thus, we conclude that eEF1B� is an elongated trimeric
molecule, in which the monomers are kept together by the �-
helical coil-coiled bundle. The C-terminal fragment of each
monomer comprising highly dynamic linker and CAR, and
rigidly structured GEF domain extends from one side of
this bundle. Three �-helical N-terminal fragments are lo-
cated at the opposite side.

Structural organization of eEF1B�

Purified recombinant eEF1B� has strong self-aggregation
propensities. Its apparent molecular mass varies from 100
to 1000 kDa according to analytical size-exclusion chro-
matography (12,15,45). Here, we used the analytical ultra-
centrifugation analysis to describe the oligomeric state of
full-length eEF1B� in more detail. The sedimentation ve-
locity experiment revealed minor and major eEF1B� sedi-
mentating species of 50 and 91 kDa, calculated for the best-
fit frictional ratio f/f0 = 1.65, respectively (Supplementary
Figure S4A). These values are close to those of monomer
(52.6 kDa) and dimer (105.2 kDa). The calculated hydro-
dynamic parameter Smax/S of 1.74 for the monomer and
1.84 for the dimer indicates a moderately elongated shape
of both species (18). The sedimentation equilibrium ex-
periment showed that depending on protein concentration
eEF1B� may form a mixture of dimeric and tetrameric
forms, stable dimers, and a mixture of monomeric and
dimeric forms (Supplementary Figure S4B). Different val-
ues of the apparent dissociation constant obtained at dif-
ferent protein concentrations and different centrifugation
velocities indicate that self-association of eEF1B� is irre-
versible (Supplementary Figure S4B).

eEF1B� consists of two conserved domains connected by
a lysine-rich linker (46) (Figure 3A). Importantly, MetaDis-

Figure 3. Structural organization of full-length eEF1B� . (A) Domain or-
ganization of eEF1B� . (B) Prediction of the disordered region in eEF1B� .
All residues whose disorder probability is over 0.5 (red line) are considered
as disordered. (C) The aggregated protection plot of the eEF1B� peptides.
The aggregated protection values for peptides (mean ± SD, n = 3 mea-
surements) are plotted versus their position in the protein sequence. (D) A
3D model of eEF1B� colored according to the HDX-MS data. Red color
indicates unprotected and unstructured regions (<0.05), yellow – weakly
protected dynamic segments (0.05–0.15), blue – highly protected rigidly
structured regions (>0.15), black – the regions with missing peptides.

orderMD2 meta-server predicts with the highest probability
for this inter-domain linker region (residues 215–280) to be
disordered (Figure 3B). The HDX-MS analysis also showed
the absence of protection against H/D exchange for this re-
gion (Figure 3C) confirming its high structural dynamics.
In contrast, most peptides from the N- and C-terminal do-
mains are substantially protected with few exceptions (Fig-
ure 3C).

Until now, the 3D structure of full-length eEF1B� has
not been reported. However, the structure of its isolated C-
terminal domain (PDB ID: 1PBU) has been published (46)
and the structures of its GST-like N-terminal domain in
the complex with both the N-terminal domain of eEF1B�
(PDB ID: 5DQS) and short N-terminal peptide of eEF1B�
(PDB ID: 5JPO) have been deposited in the PDB database.
Using homology modeling we built an atomistic model of
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full-sized eEF1B� (Figure 3D) that is consistent with the
HDX-MS data. Indeed, the majority of peptides from both
folded domains display significant protection against H/D
exchange (Figure 3C and D, colored in blue). Only few
loop segments in both domains display weak or no protec-
tion probably due to their local conformational fluctuations
(Figure 3D, colored in yellow and red, respectively). The
long inter-domain linker region is disordered that also cor-
relates with the absence of protection (Figure 3D, colored in
red). Thus, we conclude that eEF1B� is a non-globular pro-
tein with a moderately elongated shape, which consists of
two rigidly structured domains connected by a long highly
dynamic linker region.

Reconstitution of the eEF1B complex

Several techniques were employed to estimate the stoi-
chiometry of the subunits in the binary eEF1B�� and
eEF1B�� , and ternary eEF1B��� complexes. First, the
native gel electrophoresis showed the formation of both the
eEF1B�� and eEF1B�� complexes at equimolar concen-
trations of subunits (Supplementary Figure S5). Then, the
molecular masses of the complexes were estimated by ana-
lytical size-exclusion chromatography, sedimentation veloc-
ity and equilibrium analysis (Figure 4, Supplementary Fig-
ures S6 and 7).

The eEF1B�� complex (1:1 subunit ratio) demonstrated
the apparent molecular mass of about 400 kDa in the gel
filtration experiment (Figure 4A) that is five times higher
than its theoretical value (79.9 kDa). Sedimentation veloc-
ity analysis of the same complex showed the presence of two
protein species sedimenting with Sw = 1.973 S (S(20,w) =
3.998 S), and Sw = 2.716 S (S(20,w) = 5.503 S) that corre-
spond to the molecular masses of 80 and 130 kDa, respec-
tively, calculated with the best-fit friction ratio f/f0 = 1.68.
These values are close to those of the heteromeric eEF1B��
and heterodimeric eEF1B(�� )2 forms of this complex (Fig-
ure 4B, Supplementary Figure S6A). The sedimentation
equilibrium analysis revealed the presence of the stable
eEF1B(�� )2 complex and eEF1B�� -eEF1B(�� )2 mixture
(Supplementary Figure S6B).

The eEF1B�� complex (1:1 subunit ratio) showed the
apparent molecular mass of about 1000 kDa in analyti-
cal gel filtration (Figure 4C) that is almost twelve times
higher than its theoretical value (84.4 kDa). Sedimentation
velocity analysis of the same complex revealed the presence
of two major protein species sedimenting at Sw = 4.30 S
(S(20,w) = 8.729 S), and Sw = 7.66 S (S(20,w) = 15.551 S)
that correspond to the molecular masses of 250 and 590
kDa, respectively (Figure 4D, Supplementary Figure S6C),
calculated with the best-fit friction ratio f/f0 = 1.64. The
molecular mass of the first species is close to the value of a
heterotrimer eEF1B(�� )3, whereas the second species rep-
resents supposedly a heterohexamer eEF1B(�� )6. Sedimen-
tation equilibrium analysis of eEF1B�� confirmed the pres-
ence of the heterotrimer-heterohexamer mixture in solu-
tion (Supplementary Figure S6D). However, the presence of
some admixtures of self-associated single subunits and/or
species with other eEF1B�� stoichiometry cannot be ex-
cluded.

The ternary eEF1B��� complex (1:1:1 subunit ratio) mi-
grated as a single peak of more than 1 MDa during ana-
lytical gel filtration on a Superose 6HR (Figure 4E). Sed-
imentation velocity analysis of the same complex showed
the presence of three protein species sedimenting at Sw =
3.588 S (S(20,w) = 6.965 S), Sw = 5.021 S (S(20,w) = 9.746
S), and Sw = 6.297 S (S(20,w) = 12.224 S) that correspond
to the molecular masses of 200, 340 and 480 kDa, re-
spectively (Figure 4F, Supplementary Figure S7A), calcu-
lated with the best-fit friction ratio f/f0 = 1.85. Consider-
ing that the theoretical molecular mass of the heteromeric
eEF1B��� complex (1:1:1 ratio) is 111.8 kDa, the molec-
ular mass of the major species (340 kDa) corresponds to a
heterotrimer eEF1B(��� )3. The first and third sedimenting
species remain undefined. Sedimentation equilibrium anal-
ysis of eEF1B��� showed the presence of the heterotrimer-
heterohexamer mixture in solution (Supplementary Figure
S7B). Hence, the �, � and � subunits of eEF1B preferably
associate in a stable heterotrimeric complex as revealed by
analytical ultracentrifugation. This is consistent with the
observed 1:1 stoichiometric complex formation between the
� and � as well as � and � subunits (Supplementary Figure
S5). However, the higher order oligomers are also present
in the in vitro preparation of this complex. Like in the case
of eEF1B(�� )3, further oligomerization of eEF1B(��� )3
most probably is mediated by the eEF1B� subunit. We can-
not exclude that some species with other eEF1B��� sto-
ichiometry may be present among higher order oligomers
while the slowest sedimenting protein fraction may also
contain self-associated single subunits. Of note, all com-
plexes possess the moderately elongated shapes (18) (Smax/S
= 1.68 for eEF1B�� , Smax/S = 1.73 for eEF1B�� , and
Smax/S = 1.79 for eEF1B��� ) that also contributes to the
overestimation of their molecular masses by the analytical
gel filtration technique (Figure 4A-E).

Macromolecular architecture of the eEF1B complex

In order to map the interaction sites on the subunits in-
volved in the eEF1B complex, we applied two approaches:
the site-directed mutagenesis and HDX-MS. Deletion of the
first 19 amino acids in eEF1B� and the first 43 amino acids
in eEF1B� completely abolished their interaction with full-
length eEF1B� (Supplementary Figure S8A and B). As
expected, eEF1B� (228–437), comprising the linker region
and the C-terminal domain, interacts with neither full-
length eEF1B� nor eEF1B� (Supplementary Figure S8C
and D), thus confirming the exclusive role of the eEF1B�
N-terminal domain in eEF1B complex formation (9).

Next, the regions of the eEF1B�, eEF1B� and eEF1B�
subunits that contribute to the protein-protein binding sites
was determined by HDX-MS. Usually, the interacting pro-
teins create the binding interfaces with increased structural
rigidity and/or decreased solvent accessibility that results
in reducing of H/D exchange. To map the eEF1B� bind-
ing site on eEF1B� and eEF1B�, we compared the peptide
protection patterns of the isolated eEF1B� and eEF1B�
proteins and their complex with eEF1B� (Figure 5A and
B). The ‘differential aggregated protection’ plots display the
peptides that changed their protection. The majority of pep-
tides composing the N-terminal domain, except the first



9498 Nucleic Acids Research, 2022, Vol. 50, No. 16

Figure 4. Size-exclusion chromatography and sedimentation velocity analysis of the eEF1B�� , eEF1B�� and eEF1B��� complexes. (Plots A, C and E)
100 �l of 10 �M indicated binary and ternary complexes or individual subunits were injected into a Superose 6 HR column. Inset: SDS-PAGE of the binary
and ternary complexes. The central fractions of each protein complex peak were combined, concentrated and loaded (5 �g) onto 12% polyacrylamide gels.
(Plots B, D and F) Left: absorbance scans of the sedimentation velocity data (symbols show only every third data point of every third scan for clarity) and
best-fit boundary model from the c(s) analysis (solid lines). Residuals are indicated. Right: continuous size distribution analysis, c(s), plotted as a function
of sedimentation coefficient. Inset: 2D grayscale ‘bitmap’ residual plot shows a high quality of fit. The initial concentration of the complexes was: eEF1B��
– 0.3 mg/ml (3.8 �M), eEF1B�� – 0.15 mg/ml (1.9 �M), eEF1B��� – 0.36 mg/ml (3 �M).

five amino acids, increase their protection against H/D ex-
change, while the other part of eEF1B� remains unaffected
(Figure 5C). This suggests that the entire N-terminal do-
main of eEF1B� undergoes a global decrease in dynam-
ics upon binding to eEF1B� (Figure 5E). In contrast, only
the peptides encompassing a narrow region, residues 11–
29, of eEF1B� increase their protection within eEF1B��
complex (Figure 5D and F). According to the biochemical
data, eEF1B� binds the eEF1B� and eEF1B� simultane-

ously (Figure 4E). Upon binding to eEF1B�, the eEF1B�
peptides covering the regions 144–161 and 170-190 became
more protected (Figure 6A and C) that indicates their in-
volvement in the formation of the eEF1B� binding inter-
face (Figure 6E). No significant difference of protection
was observed for the C-terminal domain and the linker re-
gion (Figure 6C). Binding of eEF1B� to eEF1B� results in
a dramatic increase of protection for the majority of pep-
tides covering the N-terminal domain of the latter, indi-
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Figure 5. Mapping the protein-protein interactive surfaces on the eEF1B� and eEF1B� subunits by HDX-MS. The aggregated protection of peptides
derived from eEF1B� (A) and eEF1B� (B) in a free state (blue color) and involved into the eEF1B�� and eEF1B�� complexes (red color) is depicted. The
differential aggregated protection plots show the eEF1B� (C) and eEF1B� (D) peptides that change their protection (brown color) against H/D exchange
in the complex with eEF1B� (the difference is statistically significant for at least three or more incubation time-points). The peptides indicated in blue in
the plots (C) and (D) do not change their protection. The regions of eEF1B� (E) and eEF1B� (F) that change their aggregated protection values upon
interaction with eEF1B� are painted in gray.

cating that upon interaction with eEF1B� the whole N-
terminal domain of eEF1B� experiences the global increase
of structural rigidity excluding the short region involved in
the interaction with eEF1B� (Figure 6B, D and F). The C-
terminal domain and the linker region of eEF1B� remain
unaffected (Figure 6D).

We also compared the HDX protection patterns of the
binary eEF1B�� and eEF1B�� , and ternary eEF1B���
complexes. The eEF1B� and eEF1B� protection patterns
in the eEF1B��� complex do not significantly differ from
those observed in the eEF1B�� and eEF1B�� complexes,
respectively, as jugged by the differential aggregation pro-
tection plots of the ternary and binary complexes (Supple-
mentary Figure S9A and B). However, a region comprising
the residues 137–154 in the GEF domain of eEF1B� display

higher protection in the ternary complex as compared to
the binary one (Supplementary Figure S9A). This fragment
corresponding to the first �-strand of the GEF domain is
not involved into direct interaction between eEF1B� and
eEF1B� . The observed decrease of deuterium uptake in this
case may be attributed to the local conformational change
in this region of eEF1B�. In the case of eEF1B�, two re-
gions slightly altered their protection in the ternary com-
plex as compared to the binary one (Supplementary Figure
S9B). A region comprising the residues 80–120 that cor-
responds to the LZ-motif increases its protection indicat-
ing a greater stabilization of the �-helical coil-coiled bun-
dle in the ternary complex. Unlike eEF1B�, a small region
of eEF1B� (residues 192–200) that belongs to the first �-
strand of the GEF domain displays lower protection in the
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Figure 6. Mapping the protein-protein interactive surfaces on the eEF1B� subunits by HDX-MS. The aggregated protection of peptides derived from
eEF1B� (blue color) and involved into the eEF1B�� (A) and eEF1B�� (B) complexes (red color) are depicted. The differential aggregated protection
plots (C) and (D) show the eEF1B� peptides that change their protection (brown color) in the complexes with eEF1B� and eEF1B�, respectively (the
difference is statistically significant for at least three or more incubation time-points). The peptides indicated in blue in the plots (C) and (D) do not change
their protection. The regions of eEF1B� that change their aggregated protection values upon interaction with eEF1B� (E) and eEF1B� (F) are painted in
gray.

eEF1B��� complex compared to eEF1B�� , probably due
to local conformational fluctuations.

The N-terminal domain of eEF1B� interacts simulta-
neously with both eEF1B� and eEF1B�. The HDX pro-
tection patterns of eEF1B� in the eEF1B��� complex
strongly resemble those obtained for the eEF1B�� and
eEF1B�� complexes, respectively, (Supplementary Fig-
ure S9C-F) confirming an independent binding mode of
eEF1B� and eEF1B� to eEF1B� (47).

Importantly, the HDX-MS data obtained for eEF1B��
are in agreement with the crystal structure of their N-
terminal domains complex (PDB ID: 5DQS). However,
there is no crystal structure for eEF1B�� with 1:1 stoi-
chiometry. Using the molecular docking algorithm (32,48)
we successfully modeled such complex, in which the
first two �-helices of eEF1B� insert into a cleft inside
the eEF1B� N-terminal domain (Supplementary Figure
S10A). A superposition of the crystal structure of the
eEF1B�� N-terminal domains (PDB ID: 5DQS) with the
atomistic model of the eEF1B�� N-terminal domains us-

ing the N-terminal domain of eEF1B� as a common part
resulted in the ternary complex model that agrees well
with the HDX-MS data (Supplementary Figure S10B). The
same docking procedure applied for the full-length subunits
resulted in the reconstruction of the eEF1B(��� )3 complex
(Figure 7, Supplementary video). The modeled complex has
an extended overall shape and contains six structurally con-
served GEF domains.

We have previously reported that eEF1A forms a com-
plex in equimolar stoichiometry with eEF1B� through its
GEF domain (14). In the case of eEF1B�, one molecule
of this trimeric protein is expected to bind minimum one
and maximum three molecules of eEF1A. To verify this
assumption, we incubated eEF1A2 with increasing con-
centrations of eEF1B� and resolved the samples by native
gel electrophoresis. Indeed, three discrete eEF1B�-eEF1A2
complexes with different electrophoretic mobility were de-
tected in the gel (Figure 8A) demonstrating the ability of all
eEF1B� GEF domains to concurrently bind eEF1A. Con-
sequently, there are as many as six GEF domains within the
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Figure 7. The quaternary organization of the eEF1B(��� )3 complex.
eEF1B� is in green, eEF1B� – in red, and eEF1B� – in blue. Abbrevia-
tions: GEF – the GEF domain of eEF1B� and eEF1B�, Nt – the com-
plex of eEF1B�, eEF1B� and eEF1B� N-terminal domains, Ct – the C-
terminal domain of eEF1B� , LZ – the LZ-motif of eEF1B�.

Figure 8. Interaction of eEF1A2 with eEF1B� and the eEF1B(��� )3
complex. eEF1A2 was incubated with increasing amounts of eEF1B� (A)
and the eEF1B(��� )3 complex was incubated with increasing amounts of
eEF1A2 (B) The protein mixtures were resolved by 1% native agarose gel
electrophoresis and the proteins were visualized by Coomassie Brilliant
Blue staining.

eEF1B(��� )3 complex located at the C-terminal extremi-
ties of the � and � subunits (Figure 7). The titration exper-
iment with the whole eEF1B complex revealed that 3 �M
eEF1B(��� )3 was saturated by 18 �M eEF1A2 that cor-
responds to a ratio 1:6 (Figure 8B). Thus, one molecule of
the eEF1B complex is indeed capable of binding up to six
molecules of eEF1A2.

DISCUSSION

In this work, we presented the structural models of the
eEF1B�, eEF1B� and eEF1B� subunits and reconstruc-
tion of the whole eEF1B complex. Two proteins play a
structural role within eEF1B: eEF1B� that is a stable ho-
motrimer (Figure 2E and Supplementary Figure S2) and
eEF1B� that binds eEF1B� and eEF1B� (Figure 4E).

With the aid of site-directed mutagenesis and HDX-MS
analysis, we outlined the protein interactive surfaces on
eEF1B�, eEF1B� and eEF1B� (Figures 5 and 6 and Sup-
plementary Figure S8). As mentioned above, the HDX-
MS data obtained for the eEF1B�� complex correlate well
with the crystal structure of the eEF1B�� N-terminal do-
main complex (PDB ID: 5DQS). In this structure, eEF1B�
domain contacts eEF1B� via the loop region (D21-V29)
and third �-helix (C50-I59). Indeed, the peptides compos-
ing these two regions significantly increase their protection
against H/D exchange upon binding to eEF1B� (Figure
5C). Besides, an increase of protection is also observed for
the peptides from the first (S8-Y18) and second (N32-S42)
�-helices and the loop region (S43-A47) that do not interact
with eEF1B� directly but may contribute to the appropriate
conformation of the binding surface (Figure 5E). This holds
true at least for the first �-helix (S8-Y18) of eEF1B� since its
deletion prevents the interaction with eEF1B� (Supplemen-
tary Figure S8A). According to the 5DQS structure, loop
K147-E155 and �-helix N186-N196 of eEF1B� directly in-
teract with eEF1B� in the complex. The HDX-MS data re-
veal the same regions of eEF1B� that become significantly
more protected upon interaction with eEF1B� (Figure 6C
and E).

According to the crystal structure of the eEF1B� N-
terminal fragment (residues 1-32) complexed with the
eEF1B� N-terminal domain (PDB ID: 5JPO), two �-
helices of the eEF1B� fragment in a straight conforma-
tion form a complex with the eEF1B� N-terminal do-
main tetramer. The first �-helix is squeezed between two
N-terminal domains and the second one is bound to the
cleft of the third domain. Importantly, an increase of pro-
tection against H/D exchange was observed for the same re-
gion of eEF1B� in the complex with eEF1B� (Figure 5D).
It worth noting that our data indicate the equimolar stoi-
chiometry of eEF1B� and eEF1B� in the complex (Figure
4C and Supplementary Figure S5) that contradicts to the
5JPO crystal structure. This may be due to a short size of the
eEF1B� fragment used for crystallization and a tendency of
the eEF1B� N-terminal domain to form oligomers at a high
protein concentration (Supplementary Figure S4B).

As both eEF1B� and eEF1B� have similar guanine nu-
cleotide exchange activity in vitro (14,16) a reason of the ex-
istence of two different nucleotide exchanging proteins in
one complex as well as their functional equivalence remain
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unknown. Binding eEF1B� enhances the catalytic activity
of eEF1B� (6,49) due to elimination of the self-inhibitory
action of the eEF1B� N-terminal domain (14) while no ef-
fect of eEF1B� on the eEF1B� activity was observed (6,16).
The functional activity of the eEF1B��� complex has been
also compared with eEF1B� and eEF1B� by polypheny-
lalanine synthesis in vitro, eEF1B��� was found to be sev-
eral times more active than eEF1B� or eEF1B� alone (12).
It suggests that association of these nucleotide exchanging
subunits within the ternary complex allows them to execute
their activity more efficiently as compared to the individual
proteins.

eEF1B� and eEF1B� may perform a different role within
the eEF1B complex containing valyl-tRNA synthetase. It
has been shown that the N-terminal domain of VRS in-
teracts with the eEF1B� subunit, however the enzyme in-
teraction site on eEF1B� has not been mapped (6). Tak-
ing into account that eEF1B� is a homotrimer (Figure 3),
one may expect the binding of up to three molecules of
valyl-tRNA synthetase to eEF1B�. Although, two paral-
lel reactions take place in the VRS-eEF1B complex, namely
the GDP/GTP exchange on eEF1A that catalyzes the GEF
subunit and valylation of tRNA on VRS, a ternary com-
plex valyl-tRNA*eEF1A*GTP is finally formed as a com-
mon product of both reactions (7). This ternary complex
is a result of the ‘hand to hand’ transfer from the enzyme
to eEF1A and such transfer can be realized when eEF1A
bound to the GEF domain is located in a close vicinity
to the valyl-tRNA synthetase catalytic site. Thus, if three
molecules of VRS are attached to the eEF1B complex, they
may act in concert with three of six available GEF domains.
The remaining GEF domains most probably function in-
dependently to provide eEF1A*GTP for other aa-tRNAs.
Regarding the functional significance of VRS-eEF1B com-
plex, an important question arises why the only valyl-tRNA
synthetase is exclusively associated with eEF1B? One of the
possible explanations is that valyl-tRNA has a lowest affin-
ity to eEF1A among other aa-tRNAs. In the bacterial sys-
tem, the lowest valyl-tRNA affinity to EF-Tu is compen-
sated by its higher amount in cell as compared to the other
aminoacylated tRNAs (50,51). In turn, in higher eukary-
otes poor affinity of valyl-tRNA to the elongation factor 1A
may be compensated by its ‘hand-to-hand’ transfer within
the VRS-eEF1B complex. In such a way valyl-tRNA may
avoid competition with other aa-tRNAs that have stronger
affinity for eEF1A.

Importantly, at least two cases of a disease-causing loss
of function variants in the human gene EEF1B2 that en-
codes eEF1B� have been reported to date (52,53). In both
cases, the pathogen variants in EEF1B2 led to moderate in-
tellectual disability in patients. Of note, the complete loss
of function of the eEF1B� protein could not be compen-
sated by the presence of eEF1B�. To explain the pathologic
neurological consequences in the case of EEF1B2 mutation,
it has been hypothesized that neurons are more suscepti-
ble to perturbation of the translation than other types of
cells (54). Taking into account that a neuron-specific iso-
form eEF1A2 is more dependent on GDP/GTP exchange
than eEF1A1 (14,55), one may suggest that proper func-
tioning of the eEF1B complex could be critical for efficient
translation in neurons.

It has been reported that the subunits involved into
eEF1B can interact with several protein partners in human
cancer cells (56). However, only translationally controlled
tumor protein (TCTP) was shown to bind the CAR domain
of eEF1B� (57) that resulted in inhibition of its guanine-
nucleotide exchange activity (58). Further studies are re-
quired to establish the interaction sites of other identified
protein partners of eEF1B in order to understand structural
and functional consequences of these interactions.

Apparently, the multi-GEF eEF1B complex appeared
lately in evolution, as the leucine-zipper-containing
eEF1B� sequence is present in all metazoans from cnidar-
ians to mammals while it is not found in the available
sequences from fungi and plants (2). Its appearance could
become favorable because voluminous metazoan cell
requires some sort of compartmentalization or increase
in local concentration of the metabolic components in
particular places of the cytoplasm. Consequently, one
obvious explanation of the existence of the multi-GEF
complex might be the necessity to maintain high efficiency
of eEF1A conversion into active GTP-bound conforma-
tion in the translational compartment. Besides, a part of
the eEF1B complex associated with VRS functions as
an exclusive valyl-tRNA*eEF1A*GTP supplier to the
translating ribosome.
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