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ABSTRACT

Archaea and eukaryotes have ribosomal P stalks
composed of anchor protein PO and aP1 homod-
imers (archaea) or P1eP2 heterodimers (eukaryotes).
These P stalks recruit translational GTPases to the
GTPase-associated center in ribosomes to provide
energy during translation. The C-terminus of the P
stalk is known to selectively recognize GTPases.
Here we investigated the interaction between the
P stalk and elongation factor 2 by determining the
structures of Pyrococcus horikoshii EF-2 (PhoEF-
2) in the Apo-form, GDP-form, GMPPCP-form (GTP-
form), and GMPPCP-form bound with 11 C-terminal
residues of P1 (P1C11). Helical structured P1C11
binds to a hydrophobic groove between domain G
and subdomain G’ of PhoEF-2, where is completely
different from that of aEF-1« in terms of both position
and sequence, implying that such interaction charac-
teristic may be requested by how GTPases perform
their functions on the ribosome. Combining PhoEF-
2 P1-binding assays with a structural comparison of
current PhoEF-2 structures and molecular dynamics
model of a P1C11-bound GDP form, the conforma-
tional changes of the P1C11-binding groove in each
form suggest that in response to the translation pro-
cess, the groove has three states: closed, open, and
release for recruiting and releasing GTPases.

INTRODUCTION

In the living cell, the protein synthesis on ribosome requests
energy, which is provided by the hydrolysis of guanosine
triphosphate (GTP) by GTP binding translation factors (re-

ferred to translational GTPases) at GTPase-associated cen-
ter in the large subunit of ribosome (1-4). This center con-
tains a ribosomal protein complex known as the ‘ribosomal
stalk’ (or P stalk in archaea/eukaryotes and L12 stalk in
bacteria), which is highly flexible and recruits several trans-
lational GTPases to the sarcin-ricin loop (SRL), which is a
GTPase binding site on the large ribosomal subunit (5-8).
These GTPases include initiation factor 5B (IF5B), elonga-
tion factors (EF-2/EF-G and EF-1a/EF-Tu), and release
factor 3 (RF3). This ribosomal stalk is functionally and ar-
chitecturally conserved in all organisms, and is essential to
promote the translational metabolic cycles. The stalk con-
sists of an anchor protein (PO in archaea and eukaryotes,
and L10 in bacteria, these two proteins are newly named
as uL10 (9)) and arm proteins (multiple copies of the aP1
homodimer in archaea, the P1eP2 heterodimer in eukary-
otes, L12 homodimer in bacteria, this L12 also was newly
named as bL12 (9)), which are acidic ribosomal proteins
(7,10-13). The anchor proteins PO and L10 have a simi-
lar architecture. N-domain (rRNA-anchoring domain) an-
chors the arm proteins at GTPase-associated center in the
large subunit of ribosome, whereas C-domain is a helical
spine to bind multiple copies of arm proteins. Each arm
protein hands translational GTPases and recruits them to
the ribosome, and it was reported that copies of arm pro-
tein involve in both efficiency and fidelity of translation
(10,14). Although the rRNA-anchoring domains of PO and
L10 have similar structures, the helical spines have differ-
ent conformations, which are consistent with the structural
difference between aP1 (P1eP2) and L12.

In the bacteria, the structure of arm protein L12 is formed
by three parts: an N-terminal domain (NTD) for dimer-
ization and binding to helical spine of L10; a globular C-
terminal domain (CTD) which is formed by three a-helices
and three B-strands, and hands translational GTPases; a
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long ‘hinge’ region that links the NTD and CTD (15,16).
Previous studies showed that the CTD of L12 (V66-V68,
K70, L80 and E82) interacts with the functional insertion
domain (known as subdomain G’) of EF-G (E224 and
E228) (17-19).

The archaeal arm proteins are three copies of aP1 ho-
modimer, whereas the eukaryotic arm proteins are two
copies of P1eP2 heterodimer (10,20). Sequence identity has
shown that aP1 and P1eP2 are evolutionally related. Similar
to the bacterial L12, aP1 consists of a dimerization NTD for
binding to PO helical spine, a CTD for handing translational
GTPases, and a long flexible hinge between two domains
(10,20). However, these domains are completely different
from those of L12 in terms of both sequence and structure
(21). While the CTD of L12 is composed of about 70 amino
acids, the CTD of aP1 (aP1CTD) is formed by 25 amino
acids that are predicted to form two a-helices (10). Such
structural difference indicates that archaea/eukaryotes and
bacteria will also have completely different interaction
mechanisms between the stalk and translational GTPases,
although the stalk proteins play the same role of recruit-
ing GTPases to the GTPase-associated center in ribosomes
(7,10). Moreover, it has been shown that the C-terminal
residues L103, L106 and F107 of aP1CTD are essential to
interact with GTPases and conserved through archaea and
eukaryotes (21-23).

In archaea, although GTP binding domain (domain G)
of translational GTPases such as alF2vy, alF5B, aEF-1a
and aEF-2, share a similar structure, aP1CTD only recog-
nizes alF5B, aEF-1a and aEF-2, not alF2vy (23). Further-
more, aEF-2 has subdomain G’ which is a functional in-
sertion domain of the domain G, whereas alF5B and aEF-
la do not (24,25). Previous studies showed that aP1CTD
binds to a groove between domain G and III of aEF-1a (26).
Taken all together, these findings indicate that aP1CTD
has substrate-recognition specificity with a broad substrate-
recognition ability. To recognize various translational GT-
Pases, the aPICTD needs to adapt to the different se-
quences and structures of its binding partners. Therefore,
it is indispensable to investigate the details of interaction
between individual translational GTPases and PICTD by
structural analysis.

To better understand the GTPase-recognition mecha-
nism of aP1CTD, in this study, we determined the crys-
tal structures of aEF-2 in nucleotide-free form (Apo-form),
GDP-form, GMPPCP-form (GTP-form) and GMPPCP-
form with 11 C-terminal residues of aP1CTD (P1C11). The
structures of aEF-2 showed that the aP1CI11 was located
on a groove formed by domain G and subdomain G’ of
aEF-2. In addition, a model of aEF-2-GDP complexed with
aP1C11 was built by molecular dynamics (MD) simula-
tion based on the structures of GDP-form and GMPPCP-
form in presence of aP1CTD. Combining the gel-mobility
shift assay and quantitative binding assays between aP1 and
aEF-2 variants with previous results of aP1 mutant anal-
yses, we propose an aEF-2 recognition mechanism of P1
when P stalk recruits aEF-2 to the GTPase-associated cen-
ter of ribosome during the elongation process.
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MATERIALS AND METHODS
Construction of plasmids

The plasmid for the expression of Pyrococcus horikoshii
P1 (P1) was constructed as described previously (23). The
full length (735 residues) of P. horikoshii EF-2 (PhoEF-
2) was expressed in Escherichia coli. The gene encod-
ing PhoEF-2 was cloned with a C-terminal hexahistidine
tag (Hisg) into the pET-26M vector. The plasmids of all
PhoEF-2 point-mutants (Supplementary Table S1) and a
truncated PhoEF-2 which was constructed by domain G,
subdomain G’ and domain II (amino acids: 1-389 and
hereafter referred as PhoEF-2-D2) were constructed by
QuikChange methods. Resulted plasmids were transformed
into E. coli B§34(DE3)-pRARE?2. The cells were cultivated
in 30 mg/ml Luria-Broth medium containing 15 pg/ml
kanamycin, 34 pg/ml chloramphenicol, 1% glucose at 37°C
until the optical density at 600 nm (ODyg) reached 0.4-0.6.
isopropyl B-D-1-thiogalactopyranoside (IPTG) was then
added to a final concentration of I mM to induce gene ex-
pression and cultivation was continued for 20 h at 25°C.

Preparation of proteins and a peptide

P1 was prepared as described previously (23). The har-
vested recombinant cells expressing PhoEF-2, its mutants
or PhoEF-2-D2 were disrupted by sonication and cen-
trifuged at 40 000g for 30 min. After heat-treatment at 70°C
for 30 min following centrifugation at 10 000g for 30 min,
the supernatant was subjected to 5 ml HisTrap HP (GE
Healthcare) and eluted with a gradient of 50-250 mM imi-
dazole in buffer A (20 mM Tris—HCI pH 8.0, 100 mM KClI,
1 mM B-mercaptoethanol), and then, purified using Su-
perdex 200 pg 26/60 gel-filtration column (GE Healthcare)
equilibrated with buffer B (20 mM Tris—=HCI pH 7.5, 100
mM KCI, 10 mM MgCl,, | mM DTT). The eluted fractions
containing the target were mixtures of two different sam-
ples; GDP-form and Apo-form. For obtaining Apo-form,
the sample was purified twice using RESOURCE Q anion-
exchange column (GE Healthcare), after heat-treating at
70°C for 10 min. Firstly, the sample was injected to the col-
umn and eluted with a gradient 5-500 mM KCl in buffer C
(20 mM Tris—HCl pH 8.0, 5mM KCI, | mM DTT). The col-
lected fractions were dialyzed in buffer D (20 mM Tris—HCI
pH 8.0, 100 mM KCI, I mM DTT), and then again applied
to RESOURCE Q anion-exchange column using same pro-
tocol as described above. Purified Apo-form PhoEF-2 was
confirmed by mass spectrometry analysis (23). The purifi-
cation of PhoEF-2-D2 was performed by same protocol of
PhoEF-2 except for the last two steps for Apo-form PhoEF-
2. All purification experiments were carried at room tem-
perature. Apo-form PhoEF-2 and PhoEF-2-D2 were con-
centrated to 17 and 13 mg/ml, respectively.

In previous studies, P1-binding affinity analyses of 10
mutants for 12 C-terminal residues (99-108aa) of P1 (1-
108aa) were performed (23). The results showed that among
them, F107S, L106S, and L103S lose GTPase-binding affin-
ity. Moreover, the structure of PhoEF-1a complexed with
P1 C-terminus also showed long peptide of P1C may induce
effects from crystal packing. Therefore, we designed to use
a short fragment of PICTD. The peptide of 11 C-terminal
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amino acids of Pl (hereafter referred as P1C11), residues
E98-G108 (EALAGLSALFG), was synthesized and puri-
fied by Sigma Aldrich Japan.

Crystallization and data collection

To obtain GTP-form of PhoEF-2, an analogue of GTP,
GMPPCP, was added to the purified nucleotide-free
PhoEF-2 in a molar ratio of 25:1 of GMPPCP:PhoEF-
2 (hereafter referred to as PhoEF-2-GMPPCP) and then
heat-treated at 50°C for 30 min (23). Moreover, in order
to construct PhoEF-2-GMPPCP in complex with P1Cl11
(hereafter referred to as PhoEF-2-GMPPCP-P1C11), 0.4
mg of P1C11 powder was added to the PhoEF-2-GMPPCP
samples in the ratio 20:1 of P1CI11:PhoEF-2-GMPPCP,
subsequently the samples were heat-treated at 50°C for 30
min and then centrifuged at 13 000g for 5 min. The PhoEF-
2-D2 sample was also heat-treated at 50°C for 30 min
before crystallization. The initial crystallization screening
of PhoEF-2-GMPPCP, PhoEF-2-GMPPCP-PIC11, and
PhoEF-2-D2 was carried out using the sitting-drop method
at a small scale (96-well plate) with a PEG (polyethylene gly-
col) cocktail containing 10% or 20% (wt/vol) of PEG400-
10000 and 0.1 M of various buffers in a pH range of 5.0-8.0.

The initial crystals of PhoEF-2-GMPPCP appeared
under several conditions containing (a) 10% PEG6000
and 0.1 M MES-NaOH pH 6.0; (b) 10% PEG3350 and
0.1 M MES-NaOH pH 6.0; (¢) 10% PEG8000 and 0.1
M Citric acids pH 5.0. After optimized crystallization
conditions, the diffraction-quality crystals of PhoEF-2-
GMPPCP were grown up in a reservoir solution contain-
ing 6-12% PEG6000 or PEG3350 and 0.1 M MES-NaOH,
pH 5.8-6.4. For the X-ray diffraction experiment, the crys-
tals were rapidly soaked through two cryoprotectant reser-
voir solutions containing 5% glycerol and Paratone-N be-
fore flash-cooling under a cryostream. The diffraction data
were collected at the beamline NW12A of Photon Factory
(PF), Tsukuba, Japan.

The initial crystals of PhoEF-2-GMPPCP-PICI11 ap-
peared with reservoir solution containing 10% PEG8000
or PEG10000, 0.1 M MES-NaOH pH 6.0, but most crys-
tals were multi-crystals. For obtaining high-quality single
crystals, we tried to crystallize using a salt-screening kit
(NeXtal Stock Kit Salt; QTAGEN) as the additive reagents.
As the result, single crystals of PhoEF-2-GMPPCP-P1C11
were grown up within one day using the micro-seeding tech-
nique, in which one drop contained a ratio 0.1:1:1 of micro-
seed solution: protein: reservoir solution (10% PEG10 000,
0.1 M MES, pH 6.0, 0.5 M lithium acetate dehydrate). A
diffraction data set of the PhoEF-2-GMPPCP-P1C11 crys-
tals was collected at the beamline BL44XU of SPring-8
(Harima, Japan) (Proposal No. 2016A6611), after being
soaked through cryoprotectant reservoir solutions contain-
ing 3.5-14% sucrose (3.5% stepwise) and Paratone-N.

The crystals of PhoEF-2-D2 were grown with reservoir
solution containing 10% PEG1000 and 0.1 M MES-NaOH
pH 6.0. After rapidly soaking the PhoEF-2-D2 crystals
through a reservoir solution containing 25% glycerol, the
diffraction data were collected to a resolution of 1.6 A at
the beamline BL-5A of PF.

All data sets were indexed, integrated, scaled, and merged
using the XDS program package (27). The statistics for each
of these are summarized in Supplementary Table S2.

Structure determination and refinement

All crystals and diffraction data were obtained as de-
scription in Supplementary information. The structure of
PhoEF-2-GMPPCP was solved at 2.3 A resolution by
molecular replacement using Molrep of the CCP4 suite (28).
The structure of Saccharomyces cerevisiae eEF-2 Apo-form
(PDB ID: 3B78) (29) was used as a search model. The struc-
ture was refined using Phenix.refine (30) and modified man-
ually using Coot (31). After rigid body refinement and sev-
eral cycles of restrained refinement, we found the electron
density maps (F, — F; and 2F, — F.) of GMPPCP in the
GTP binding site. Finally, R and Ry factors of PhoEF-2-
GMPPCP structure were converged to 21.65% and 25.47%,
respectively.

3.1 A resolution structure of PhoEF-2-GMPPCP-P1Cl11
was determined by molecular replacement using Molrep in
the CCP4 suite (28). The refined structure of PhoEF-2-
GMPPCP was used as a search model. After several cycles
of restrained refinement, both 2F, — F; and F, — F, map
of the P1C11 were appeared, and model of PIC11 was built
manually using Coot program (31). The structure of PhoEF-
2-GMPPCP-P1Cl11 was refined using Phenix.refine (30) fol-
lowing manual modification using Coot (31). The R and
Ryee factors were then converged to 23.02% and 28.54%,
respectively.

Finally, the structure of PhoEF-2-D2 was solved by
molecular replacement using Phaser of the Phenix package
(32). The structure of domain G, subdomain G’ and do-
main II of the PhoEF-2-GMPPCP-P1C11 (residues 12-386
without GMPPCP and P1C11) as a search model. Simi-
lar to structure determination of PhoEF-2-GMPPCP and
PhoEF-2-GMPPCP-P1C11, the maps of GDP were ap-
peared at GTP binding site in both 2F, — F. and F, — F,
maps (hereafter referred as PhoEF-2-D2-GDP) after rigid
body refinement and several cycles of restrained refinement
using Phenix.refine. The structure of PhoEF-2-D2 was re-
fined using the same method as described above. The R and
Ryee factors were converged to 17.04% and 19.77%, respec-
tively.

Summaries of refinement are presented in Supplemen-
tary Table S2. All figures of structures were drawn using
PyMOL (The PyMOL Molecular Graphics System, Ver-
sion 1.3 Schrodinger, LLC), while surface potential values
were produced by APBS (33). Sequence alignments was per-
formed by CLUSTALW (34).

Gel-mobility shift assay

Binding assay between P1 and PhoEF-2 was examined by
gel-mobility shift assay using Native-PAGE for qualitative
analysis under optimized condition. Each analysis was done
one or two times with the condition that P1 was mixed in
concentration of 100 pmol with increasing concentrations
of 100-400 pmol of individual PhoEF-2 mutants (Supple-
mentary Table S1). The binding buffer contained 20 mM
Tris-HCI pH 7.5, 20 mM KCIl and 10 mM MgCl,. Each
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mutant was mixed with GMPPCP in a molar ratio 25:1
of GMPPCP:protein and then heat-treated at 70°C for 10
min before binding assay. Each mutant with buffer D (20
mM Tris—HCI pH 8.0, 100 mM KCIl, 1 mM DTT) was then
added to P1 and the binding buffer, and the mixture was
incubated at 70°C for 10 min again. Following incubation,
each sample was applied to Native-PAGE gel as described
previously (23).

Circular dichroism (CD) spectrometry

Circular dichroism (CD) spectra were collected on a J-805
spectropolarimeter (JASCO, Japan) under an atmosphere
of N, at room temperature in a quartz cell with a path
length of 1 mm. The protein samples were dialyzed in buffer
E (20 mM Tris-HCI, pH 8.0, 10 mM KCI, 1 mM DTT).
The concentration of PhoEF-2 and the its mutants; F226S,
L214S/V216S, V198S/1.214S/V216S were estimated to 0.1,
0.25, 0.2 and 0.1 mg/ml, respectively by using absorption.
The CD spectra were obtained from a wavelength region of
190-300 nm by taking the average of four scans. The molar
ellipticity per residues was calculated by (4) = h/(10n/c/l).
Here, i is the CD signal in mdeg, 7 is the number of residues,
¢ is the concentration in mol/l, and 1 is the length of the cu-
vette path (cm).

Surface plasmon resonance

The real time measurement of the interaction between P1
and PhoEF-2-GMPPCP or PhoEF-2-GDP was performed
using a BIACORE 3000 biosensor system (GE Healthcare)
at 37°C. Firstly, all samples were dialyzed by buffer F (10
mM HEPES, 150 mM NacCl, 100 uM MgCl,, 0.005% poly-
oxyethylene sorbitan monolaurate, pH 7.4) and the buffer
was used as the running buffer at the flow rate of 50 pl/min.
Biotinylation using NHS-amine coupling on amino group
of P1 via PEG linker was carried out using EZ-Link NHS-
PEGy-Biotin (Thermo Scientific). A sensor chip CAP (GE
Healthcare) was used for the immobilization of biotinylated
P1. PhoEF-2-GMPPCP and PhoEF-2-GDP was injected
over the immobilized P1. The binding response at each con-
centration was calculated by subtracting the equilibrium re-
sponse measured in the control flow cell from that in the P1
flow cell. B-2-microglobulin was used as negative control.
Each resonance unit was fitted to simple 1:1 Langmuir bind-
ing model (4 + B <> AB) using least square minimization
to calculate affinity constants (Kp).

Molecular dynamics simulation

To investigate how PICTD binds to the GDP-form of
PhoEF-2, we performed a molecular dynamics (MD) sim-
ulation based on the structures of PhoEF-2-D2-GDP
and PhoEF-2-GMPPCP-P1CI11. The full-length structures
of PhoEF-2-GTP-PIC11 and PhoEF-2-GDP were con-
structed using a strategy described previously (35,36). The
missing parts were added as following: (a) the structure of
the Mg?* ion with coordinating water molecules of EF-Tu
from Thermus aquaticus (PDBID: 1EFT) was used based
on structural alignment with Visual Molecular Dynamics
(VMD) (37,38); (b) the residues of Switch I were taken
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from the structure of EF-G from Thermus thermophilus
(PDBID: 4V90) using the SWISS-MODEL server (39,40);
(¢) residues 305-310 of PhoEF-2-GMPPCP-P1C11 were
taken from the PhoEF-2-D2-GDP structure; and (d) C-
terminal residues (387-735) of PhoEF-2-GDP were taken
from the Apo-form structure of PhoEF-2. The GMPPCP
in PhoEF-2-GMPPCP-PI1C11 was manually modified to
GTP. Hydrogen atoms were added with the psfgen package
in the NAMD software and the side chains of His were pro-
tonated at the position of e-nitrogen (41). Water molecules
were then added to the models using the solvate package
in VMD to generate a water box of TIP3 extending 10 A
from the protein structure in every direction (38). The en-
ergy of the solvated system was minimized using an iterative
process of minimizing the energy of the [water, protein]?> for
each of 10* steps followed by a system minimization for 10°
steps using the NAMD software (41). Following this, Na*
ions were added using the autoionize package in VMD. A
final minimization of 103 steps over the entire system was
then performed.

The PhoEF-2-GDP-P1C11 complex was modeled using
the coordinates of P1C11 in PhoEF-2-GTP-PICI11 and
PhoEF-2-GDP after 10 ns of the production time described
above. To position P1C11, the structures of PhoEF-2-GDP
and PhoEF-2-GTP-PICI11 were aligned, and the system
was then solvated using VMD, as described previously. The
added water molecules were minimized for 10° steps, fol-
lowing by 10° steps minimization of PhoEF-2-GDP. The
PhoEF-2-GDP-P1C11 system was then minimized, ion-
ized, equilibrated, and simulated for 50 ns, as described be-
low.

All equilibrated MD simulations were performed using
NAMD 2.9 with CHARMM 27 parameters (41,42). Each
simulation used periodic boundary conditions in an NPT
ensemble with a time step of 2 fs. The temperature was con-
trolled with Langevin dynamics and the pressure was main-
tained at one atmosphere with a Nosé-Hoover Langevin
piston, A cut-off distance of 12 A and a switching distance
of 10 A were used. Short-range (Van der Waals) and long-
range electrostatic interactions were computed every 2 fs.
Each model was equilibrated at 27°C and 77°C for 150 ps.
The equilibrations were then cooled to 27°C by applying
the velocities of the 27°C system to the coordinates of the
77°C system, and 50-ns production runs were performed af-
ter system cooling. Snapshots of the PhoEF-2-GTP-P1C11
and PhoEF-2-GDP simulations were saved every 2 fs and
were then compiled using Carma software to remove water
molecules as well as movements of the protein’s center of
mass (43).

Building a GTPase-recruitment model

To understand the relationship between PhoEF-2 and P1
stalk at the GTPase-associated center of the ribosome, we
built a GTPase-recruiting model. Because the structure of
the archaeal 70S ribosome complexed with EF-2 is unavail-
able, we built the model in three steps. Firstly, we fitted the
stalk structure of PhoPO-[P1];[P1],[P1], (PDBID: 3A1Y)
(10) to the cryo-electron microscopy (cryo-EM) structure
of 70S ribosome complexed with two tRNAs at the P-site
and E-site from P. furiosus (PDBID: 3J2L, 3J20 and 3J21)
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B phoEF-2
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Figure 1. The structures of elongation factor EF-2. (A) The structure of PhoEF-2-GMPPCP. PhoEF-2 and GMPPCP are represented by ribbon and stick
models, respectively. The domain G, 11, 111, IV, V and the subdomain G’ of PhoEF-2 are colored deep teal, orange, slate, pale pink, wheat and green,
respectively. The C, N, O and P-atom of GMPPCP are colored pale blue, blue, red and orange. (B) The structures of subdomain G’ of PhoEF-2 and
eukaryotic EF-2 from Saccharomyces cerevisiae (SceEF-2; PDBID: 1NOV). Both structures are shown in rainbow colors. The sequences of subdomain G’
of PhoEF-2 and SceEF-2 were compared. Completely identical amino acids are colored red, while those with conserved changes are colored green.

(44). We then superposed the crystal structure of 70S ri-
bosome with two tRNAs at the A/P-site and P/E-site and
mRNA stalled EF-G from 7. thermophilus (PDBID: 2WRI
and 2WRJ) (45) on the cryo-EM structure of the 70S ribo-
some. Finally, we superposed current structure of PhoEF-
2-GMPPCP-PICI11 on the structure of EF-G of the model
and built the linker between P1C11 and the stalk structure
of PhoP0-[P1],[P1],[P1], as previous description (31).

RESULTS
PhoEF-2 structures

The crystal structure of PhoEF-2-GMPPCP was deter-
mined at a resolution of 2.3 A, which showed that there
were two molecules in the asymmetric unit. One of these
molecules was bound to GMPPCP (Figure 1A), while the
other was nucleotide free (hereafter referred as PhoEF-2-
Apo), despite GMPPCP being added at a high concen-
tration for crystallization. The final model of PhoEF-2-
GMPPCP contains 693 of 735 residues. Ten N-terminal
residues, two C-terminal residues, and residues 51-75 and
305-310 were not able to build due to poor electron den-
sity map. The structure of PhoEF-2-Apo also had disor-
ders, but in different regions: 11 N-terminal residues, and
residues 49-75, 304-308 and 427-432. The crystal structure
of PhoEF-2-D2-GDP was determined at a resolution of 1.6
A, and there was one molecule in the asymmetric unit. The
final model contains GDP molecule captured from express-
host of E. coli, and residues 1-386 except for the missing
residues 56—69.

Similar to eEF-2 and EF-G, the overall structure of
PhoEF-2 consists of five structural domains and a func-
tional subdomain (Figure 1A): domain G (residues 1-213
and 245-259), subdomain G’ (residues 214-245), domain I1
(residues 260-386), domain I1I (residues 387-466), domain
IV (residues 467-624 and 701-735) and domain V (residues
625-700). However, the subdomain G’ differs between eEF-

2 and PhoEF-2 in both size and structure, consisting of 109
residues with six a-helices and one B-sheet (composed of
four B-strands) in eEF-2, and only 31 residues with a heli-
cal structure (three a-helices) in PhoEF-2 (Figure 1B).

A structural comparison among PhoEF-2, eEF-2
(PDBID: 1N0OV) (46), and EF-G (PDBID: 2XEX) (47-50)
showed that although the folding of the individual domains
excepting for subdomain G’, is similar between these
three proteins, the orientation of each domain is different,
indicating highly flexibility between the domains (Supple-
mentary Figure S1). The large rotation of domains III-V
of EF-G has previously been demonstrated by comparing
ribosome bound and unbound forms (51). Likewise, the
domains III-V in PhoEF-2-Apo and PhoEF-2-GMPPCP
exhibited different orientation even in ribosome unbound
state, with the orientations of the decoding tips in domain
IV showing particularly large differences. When domain G
was superposed, the shift and rotation angle between two
tips of PhoEF-2-Apo and PhoEF-2-GMPPCP were 11.8
A and 14.9°, respectively (Supplementary Figure S2A),
and domain III also exhibited orientation differences of
4.5 A and 5.7°, respectively (Supplementary Figure S2A).
By contrast, the relative position of domains I1I-V hardly
changed, and the contact surface between domain G and
V was retained (Supplementary Figure S2B).

The domain G of PhoEF-2 contains five GTP binding
motifs, P-loop (A30-N43), Switch I (A48-N76), Switch II
(D97-G117), G4 (N151-D154), and G5 (S207-Y209) (Fig-
ure 2A). All those motifs of sequences except G5 are well-
conserved in other translational GTPases (Supplementary
Figure S3) (52,53). The Switch I region is very flexible and
could not be visualized in previous studies. In this study, we
were able to build 12 residues of this region in PhoEF-2-D2-
GDP structure. As shown in Figure 2B, the a-phosphate of
GDP is recognized not only by P-loop, but also by the side
chain of R71 of the Switch I. This R71 is highly conserved
in all GTPases (R65 in S. cerevisiae eEF-2 and R59 in E.
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Figure 2. Detailed views of the GTP binding site in different forms. EF-
2 and GMPPCP, GDP, and the side chains of residues which involved in
GMPPCP or GDP binding are represented by ribbon and stick models,
respectively. The O, N atoms are colored by red and blue, respectively. (A)
Structure of GTP-binding site of PhoEF-2-GMPPCP. P-loop, the Switch
I and Switch II region, and the G4 and G5 motif (including C atoms of
side chains) are colored by red. The C-atoms of GMPPCP are colored by
pale blue. (B) Structural comparison of the GTP binding sites of PhoEF-2-
Apo (pale yellow), PhoEF-2-D2-GDP (pale green) and protein of PhoEF-
2-GMPPCP (red) by superposing domain G. The C atom of GMPPCP
and GDP is colored pale blue and pale green, respectively. The residues
changed conformation are labeled.

coli EF-G) and it is known that the E. coli mutant of RS9A
deceases GTPase activity on the ribosome and causes defect
in promoting translocation (54-56).

Interaction between PhoEF-2 and P1CTD

To reveal the mechanism by which P1 recognizes PhoEF-2,
we determined the crystal structure of PhoEF-2-GMPPCP
in complex with the PIC11 (PhoEF-2-GMPPCP-PIC11) at
3.1 A resolution. Both molecules (molecule A and B) in
the asymmetric unit bound GMPPCP and P1Cl11. The fi-
nal model of PhoEF-2-GMPPCP-P1C11 complex contains
residues 1-735 of PhoEF-2 and 98-108 of P1C11. The dis-
ordered region in molecule A is 11 N-terminal residues, 51—
75 and 304-308 residues of PhoEF-2 and two N-terminal
residues of P1CI11, while that of the molecule B is 10
N-terminal residues, 51-76, 305-310 residues and two C-
terminal residues of PhoEF-2 and one N-terminal residue
of PIC11.

Nucleic Acids Research, 2018, Vol. 46, No. 6 3237

The complex structure of PhoEF-2-GMPPCP-PICI11 re-
vealed that P1C11 formed an «-helix (Figure 3A), and
bound hydrophobically to a groove between the domain
G and the subdomain G’ of PhoEF-2 (Figure 3B and C).
Such binding manner was completely different from that
of PhoEF-1a and also bacterial EF-G (17,18) in terms of
both binding-position and recognizing-sequence (31). The
domain G of PhoEF-2 is involved mainly in the formation
of the P1C11-binding groove, whereas the subdomain G’
seems to play a direct interacted role, as indicated by the gel-
mobility shift assay described below (Supplementary Fig-
ure S4A and Figure 4). In the PhoEF-2-GMPPCP-PIC11
structure, three C-terminal residues, L.103, L106, and F107
of P1C11, which are crucial for binding to GTPases (23),
were located on the same side of the a-helix and interacted
hydrophobically with the groove between domain G and
subdomain G’ of PhoEF-2. Furthermore, G102 of P1C11
also interacted with PhoEF-2, and the mutant G102S com-
pletely disrupted the binding to PhoEF-2 as well as to 1103,
L106,and F107 of P1 (Supplementary Figures S4A and S5).
The P1C11-binding hydrophobic groove was formed by the
residues P164, M167, M168, F171, V198, and F205 in do-
main G, and L214, V216, M219, K225, F226, and N227 in
subdomain G’ of PhoEF-2. (Supplementary Figures S4A
and S4B). Among these residues, the side chain of F226 in
subdomain G’ exhibited m-stacking and hydrophobic inter-
actions with L106 and F107 of PIC11 at distances of ap-
proximately 3.7 and 3.8 A, respectively (Figure 4D and Sup-
plementary Figure S4B). The structure also revealed that
M167 of domain G, contacted to F107 of PIC11 with a
distance of 3.3 A (Figure 4D and Supplementary Figure
S4B). Similarly, F205 in domain G interacted hydrophobi-
cally with PIC11 L103 and L106 at distances of approxi-
mately 3.4 and 3.6 A, respectively (Figure 4D and Supple-
mentary Figure S4B).

To confirm the structural data of these interactions, we
performed mutation analysis using a gel-mobility shift as-
say for 12 residues of PhoEF-2 (P164, M167, M168, F171,
V198, and F205 in domain G; L214, V216, M219, K225,
F226, and N227 in subdomain G’). Circular dichroism
spectroscopy was used to confirm that there were no sig-
nificant conformational changes between the wild-type and
mutants (Supplementary Figure S6). F226S completely dis-
rupted P1-binding (Figure 4C, E and Supplementary Figure
S7C), highlighting the crucial role of F226 in P1-binding.
Furthermore, the PhoEF-2 mutants M167S and F205S par-
tially affected P1-binding affinity (Figure 4A, B, E and Sup-
plementary Figure S7C), suggesting that M167 and F205
not only play a role in hydrophobic groove formation but
also exhibit an important interaction with P1. Although
the residues P164, M168, F171, and V198 in domain G,
and L214, V216, M219, K225, and N227 in subdomain
G’ are involved in P1C11-binding hydrophobic groove for-
mation, no effects were detected for the point mutations
P164S, M168S, F1718S, V198S, M219S, K225S, and N2278,
and even the double mutation L214S/V216S (Figure 4E,
Supplementary Figure S7 and Supplementary Table S1).
However, the interaction between P1 and PhoEF-2 mu-
tants of plural amino acid substitutions P164S/M167S,
M168S/V198S, or V198S/L.214S/V216S were entirely dis-
rupted (Figure 4E, Supplementary Figures S7B and S7D).
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Figure 3. Structure of PhoEF-2-GMPPCP in complex with 11 C-terminal residues of P1 (PhoEF-2-GMPPCP-P1C11). (A) Overall structure of PhoEF-
2-GMPPCP-PICI11. The PhoEF-2 and GMPPCP are shown same as in Figure 1A. PIC11 is represented by a ribbon model (magenta). (B) Diagram
illustrating how PI1C11 was bound to a groove between subdomain G” and domain G. (C) The electrostatic molecular surface of P1-binding groove of
PhoEF-2. Positive, negative, and neutral electrostatic surface potentials are shown in blue, red, and white, respectively. Residues, G102, L103, L106, and
F107 of P1CI11, which are critical for binding PhoEF-2 (23), are represented by stick models.

This result indicates that these hydrophobic groove forma-
tion residues work together to bind P1.

Conformational changes of P1C11-bound PhoEF-2

As described above, the folds of each domain of PhoEF-
2 between its different forms were almost same, although
their orientations were different. However, the P1-binding
residues M 167, F205, and F226 of PhoEF-2 exhibited con-
formational changes when P1C11 was bound (Figure 5).
Compared with PhoEF-2-GMPPCP, the side chains of
F205 and F226 in PhoEF-2-GMPPCP-P1C11 maintained
the similar hydrophobic interaction to those of PhoEF-2-
GMPPCP, but rotated by approximately ~62° and ~38°,
respectively, for interacting with L106 and F107 of P1Cl1
(Figures 4D and 5). Furthermore, although M168 in do-
main G and M219 in subdomain G’ of PhoEF-2 did not in-
teract with P1C11 (Figure 4E, Supplementary Figures S4A,
S4B and S7A), their side chains rotated by approximately
70° and 47°, respectively, when bound to P1C11, suggesting
these two amino acids worked as a gate for P1C11 (Figure
5). In addition, some main chains surrounding the P1C11-
binding groove of PhoEF-2 also showed small conforma-
tional changes associated with P1C11 binding. Helix P164-
Y185 in domain G and region T222-K235 in subdomain
G’ shifted by a maximum distance of 1.7 A and 1.5 A, re-

spectively (Figure 5). The conformational change of M 167
appeared to correspond with that of F205 and F226 of sub-
domain G’ (Figure 5).

The structure of PhoEF-2-GMPPCP-PICI11 shows that
the P1C11-binding groove looks to be a long distance from
the GTP binding site (~20 A). However, the P1-binding
groove connects to parts of GTP binding motifs, G4 and
G5 (Supplementary Figure S8). The side chain of V153
in G4 motif forms a hydrophobic core with P1C11-bound
residues M 167, F205, and F226, and moreover F205 is in-
volved in G5 motif (Supplementary Figure S8). Such struc-
tural relationships indicate that conformational changes of
the P1-binding groove may be affected by nucleotide bind-
ing. Considering the results of previous gel-mobility shift
assay and present binding assay that P1 also binds to GDP-
form of PhoEF-2 with same level of GTP-form, we tried to
build a docking model of GDP-form PhoEF-2 in presence
of PIC11 (hereafter referred as PhoEF-2-GDP-P1C11) by
MD simulation based on crystal structures solved in this
study (Supplementary Figures S9A and S9B). This PhoEF-
2-GDP-P1C11 model can be hypothesized to be a state that
PhoEF-2 probably dissociates with P1 from the ribosome
after the GTP hydrolysis.

In the PhoEF-2-GDP-P1C11 MD-simulated model, the
structure of the PIC11 C-terminal was similar to that of
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A B
PhoEF-2 GMPPCP PhoEF-2 GMPPCP
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M167S
L ] < P1
C PhoEF-2 GMPPCP
4
12 3 45 6
PhoEF-2
F226S
P1
D E Binding assay _
PhoEF-2 mutants P1 binding
(GMPPCP/GDP) (GMPPCP/GDP)
WT ++/++
P164S ++/++
M167S +/+
M168S ++/++
F1718 ++/++
V1988 +H/++
F205S ++
L214S/V216S +H/++
M219S +H/++
K225S +4/++
F226S -I-
N2278 +H/++
P164S/M167S -I-
M168S/V198S -I-

V198S/L214S/V216S -I-

Figure 4. Pl-binding analysis of PhoEF-2 using point mutants. (A—C) are results for GMPPCP-bound PhoEF-2 mutants M167S, F205S, and F226S,
respectively. The homodimer of P1 (100 pmol) was incubated without PhoEF-2 mutants (lane 1), or with 100 pmol (lane 2), 200 pmol (lane 3), 300 pmol
(lane 4) or 400 pmol (lane 5) of the PhoEF-2 mutants in 10 wl of solution at 70°C. Each PhoEF-2 mutant (100 pmol) was also incubated without P1
(lane 6). (D) Detailed view of the interaction between M 167, F205, and F226 of PhoEF-2 and L103, L106, and F107 of PIC11. The side chains of these
residues are represented by stick models. (E) Comparison of the P1-binding ability of GMPPCP/GDP-bound PhoEF-2 mutants. The binding ability of
each mutant is displayed as ++ (comparable to WT), + (less closely than WT) or — (undetectable).

PhoEF-2-GMPPCP-PIC11, forming an «a-helix and dis-
playing a similar binding in terms of both positions and
interactions with PhoEF-2, but with slight conformational
changes (Supplementary Figure S9C). Compared with the
GDP-form, conformational changes of M168, M219, and
F226 seemed to be according to interaction with F107 of
P1C11, whereas two residues, M167 and F205 maintained
almost similar positions in the PhoEF-2-GDP structure
(Supplementary Figure SOD).

Thus, the P1C11-binding groove structure in the GDP-
form of PhoEF-2 is almost similar to that of the GTP-
form, suggesting that P1 could bind to PhoEF-2 GDP-
form at a level comparable with that of the GTP-form. The
slight conformational change seems to be favorable towards
the next step that is Pl-dissociation. To confirm such a
nucleotide-independent binding manner, we performed all
P1-binding assay experiments using both GTP- and GDP-
forms of PhoEF-2, and the results demonstrated no differ-
ences in the P1-binding affinity of the two forms as pre-
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Subdomain G’

Figure 5. Structural comparison of P1-binding region by superposing domain G between PhoEF-2-GMPPCP and PhoEF-2-GMPPCP-P1C11. PhoEF-
2-GMPPCEP is colored by gray and PhoEF-2-GMPPCP-P1CI11 is shown same as in Figure 3A. In closed-up view, PhoEF-2 structures and side chains of
residues that have conformational changes by binding to P1 are represented by line and stick models, respectively.

viously reported (23). We further confirmed the quantita-
tive P1-binding affinity of PhoEF-2-GMPPCP and PhoEF-
2-GDP using surface plasmon resonance. The Kp value of
the GDP-form was comparable with that of the GTP-form,
although the kox values could not be measured (Supple-
mentary Figure S10). The results showed that nucleotide-
independent P1-binding affinity is extremely weak (only de-
tected wM level), and dissociation of P1 from EF-2 is ex-
ceedingly fast.

DISCUSSION

The crystal structures determined in the present study shed
light on the conformational details of PhoEF-2 in its dif-
ferent forms (Apo, GTP, and GDP), as well as the interac-
tion between PhoEF-2 and P1ICTD. Among five GTP bind-
ing motifs, Switch I always retained its flexibility, and P-
loop and Switch II changed their conformation, respond-
ing to the binding-state, whereas the G4 and the G5 mo-
tifs exhibited similar conformations in the different forms.
In this study, it was clearly shown that the a-phosphate of
GDP was recognized not only by P-loop, but also by the
side chain of the residue R71 of Switch I (Figure 2B), which
is conserved in all organisms, and involved in increasing the
GTPase activity on the ribosome and promoting transloca-
tion (55,56).

Recognition of recruitment partners by P1CTD

Comparing to the structure of PhoEF-1a-GDP-PICTD
(PDBID: 3WY9) (26), the P1-binding regions of PhoEF-
2 and PhoEF-1a are completely different in both of their
position and sequence, although the a-helix of PICTD is
uniform (Supplementary Figure S11). The P1-binding fea-
tures of PhoEF-2 are (i) only hydrophobic residues inter-
act each other; (ii) the most hydrophobic residues in groove
work together except F226; (iii) GTP-binding site is close

to P1-binding groove (Supplementary Figure S8). Combin-
ing with the results of previous research that the conserved
C-terminal residues of aP1 recognized directly individual
translational GTPases aEF-2, aEF-1a and alF5B (23), it
can be considered that responding to the diversity of bind-
ing partners, the P stalk does not recognize the specific se-
quences and positions, but may recognize the hydrophobic
groove of its binding partners by hydrophobic interactions
with G102, L103, L106, and F107 of aP1. Based on this pro-
posal, we discuss the P1CTD-bind behavior of other trans-
lational GTPases by superposing their domain G upon that
of PhoEF-2-GMPPCP-PICI11. As a P stalk binding trans-
lational GTPase, alF5B shares domain G with aEF-2 and
aEF-la, but does not have subdomain G’ (24,57). By su-
perposing domain G, we found a hydrophobic groove (he-
lices a7—a9) in the opposite side of the GTP binding site of
ApelF5B (PDBID: 5FG3) domain G (Supplementary Fig-
ure S12), which may relate to interact with aP1CTD.

Because previous studies that aP1CTD bound to both
eEF-2 and aEF-2 (58), we compared two structures of
SceEF-2 (PDBID: INOV) and PhoEF-2-GMPCP-PIC11
(Supplementary Figure S13A). Although the PICI1-
binding site of PhoEF-2 was arranged inside of subdomain
G’, we found a hydrophobic groove («10-a12) on SceEF-
2 subdomain G’ which may be involved in the interaction
with PleP2 (Supplementary Figure S13B). The large sub-
domain G’ of eEF-2 may be evolved from its ancestor for
substituting a part of domain G to form PleP2 binding
groove.

Considering the diversity of recruitment partners, it
is indispensable to confirm the prediction of P1-binding
grooves of alF5B, eEF-2 by the structural comparison with
PhoEF-2-GMPPCP-P1CI11 as described above. Therefore,
the structural analysis of P stalk bound other GTPases is
imperative future for full understand the diversified inter-
actions between translational GTPases and P stalk
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Figure 6. The responses of P1-binding groove of PhoEF-2 during recruitment process by P1 stalk. The domain G and subdomain G’ of PhoEF-2, and
P1C11 are shown in colors same as in Figure 3A. P1C11, PhoEF-2 and side chains of residues are represented by ribbon, line and stick models, respectively.
(A) The ‘closed’ state of P1-binding groove in Apo form of PhoEF-2. (B) GMPPCP bound PhoEF-2 with ‘closed’ state of P1-binding groove. (C) The ‘open’
state of the P1-binding groove of GMPPCP bound PhoEF-2. When P1C11 binds to PhoEF-2-GMPPCEP, the side chains of M168 and M219 rotate to an
‘open’ state for receiving P1C11, following which PhoEF-2-GMPPCP is recruited to the ribosome. (D) The ‘open’ state of the P1-binding groove in GDP-
bound PhoEF-2. After GTP hydrolysis in the ribosome, the P1-binding groove maintains the ‘open’ state with slight conformational changes. (E) The
‘release’ state of the P1-binding groove. When PhoEF-2-GDP dissociated from ribosome and P1 stalk, the groove changes its conformation to a ‘release’
state. Once GDP has dissociated from PhoEF-2, the P1-binding groove of PhoEF-2-Apo returns to the ‘closed’ state (A).

Additionally, it was recently reported that eukaryotic P
stalk also recruits of eukaryote-specific RIPs (ribosome in-
activating protein) to SRL, similar to translational GTPase
(59,60). Eukaryotic RIPs depurinate a conserved adenine
residue at SRL of 28S rRNA to inactivate ribosome (60).
In this study, we showed that P stalk does not recognize
the specific sequences and positions for diversity of binding
partners (translational GTPases) with week binding affinity.
In contrast, in eukaryotes, RIPs are specifically recognized
by P stalk (59), such as RTA with the K, approximately 200-
fold stronger than that of PhoEF-2 (61,62). Considering the
characteristics of partner-binding and their functions, it was
indicated that P stalk possesses completely different recog-
nition manner for translational GTPases and RIPs, which is

that, P stalk possesses a partner-function-dependent recog-
nition mechanism.

GTPase recruitment process

The most remarkable findings in the present study are con-
formational changes of PhoEF-2 around P1C11-binding
groove not only in response to the presence or absence
of PICI11 but also in the Apo, GMPPCP, and GDP-
forms. During the elongation cycle, PhoEF-2 works through
five stages: Apo, GTP-bound, GTP/P1-bound, GDP/P1-
bound, and GDP-bound. In this study, we obtained the
crystal structures of four forms among them, and remained
GDP/P1-bound form was calculated by MD simulation
(Supplementary Figure S9A). By structural comparison,
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the conformational changes were found between differ-
ent forms. Taken all together, our studies suggest that the
PhoEF-2 responses to the processes of recruiting and re-
leasing GTPases through three states: ‘closed’, ‘open’, and
‘release’ of P1-binding groove (Figure 6). Firstly, the P1-
binding groove of PhoEF-2-Apo is in a closed state (Figure
6A). When GMPPCP binds to PhoEF-2, PhoEF-2 keeps
the closed state, although the side chain of M219 changes
the conformation to make a space in Pl-binding groove
(Figure 6B). The side chains of M167, M168, F205, M219,
and F226 then rotate to enter an open state for receiving and
binding to P1, following which PhoEF-2-GMPPCP is re-
cruited to the ribosome (Figure 6C). After GTP hydrolysis
in the ribosome, the P1-binding groove maintains the open
state with a slight conformational change towards the re-
lease state for P1 dissociation (Figure 6D). The similar con-
formation in both the GTP- and GDP-forms of PhoEF-2
are considered to reflect the nucleotide-independent bind-
ing manner, and the balance of the binding and recruiting
GTP-forms could be adjusted according to the GTPase-
GTP concentrations in the cell. When PhoEF-2-GDP dis-
sociates from the ribosome and P1, the groove becomes to a
release state (Figure 6E). In this state, despite the side chains
of five residues (M 167, M168, F205, M219, and F226) go
back to the conformations of the closed state, but the main
chain of the a-helix (P164-E169) changes to intermediate
conformation between the open and the closed states (Fig-
ure 6E). Finally, after GDP dissociates from PhoEF-2, the
conformation of the groove returns to the closed state (Fig-
ure 6A). Comparing to PhoEF-2, the GTP binding site is
further away from P1-binding region in PhoEF-la than
that in PhoEF-2 (Supplementary Figure S8), implying that
rather than GTP or GDP-binding, the tRNA-binding may
affect the P1CTD-binding for PhoEF-1a.

In the present study, we revealed how PhoEF-2 is rec-
ognized by P1CTD. Furthermore, the structure of the ri-
bosomal P stalk and elongation factor complex on ribo-
some is indispensable to address how the stalk complex
recruits/releases translation factors to/from the ribosome
SRL during protein synthesis. Previous functional and
structural analyses have shown EF-G or eEF-2 on the ribo-
some after recruiting (39,45,63,64), therefore we are able to
build a GTPase-recruitment model of ribosome with stalk
PO-[P1][P1],[P1], and PhoEF-2-GMPPCP-P1C11 com-
plex providing an understanding of the positional rela-
tions among PhoEF-2, PICTD and the ribosome after the
PhoEF-2 is delivered into the ribosome (Supplementary
Figure S14). This model shows that PICTD binding region
of PhoEF-2 protrudes from the ribosome. Because P1CTD-
binding region of PhoEF-2 is located outside of the ribo-
some, the interaction does not affect the GTP hydrolysis of
PhoEF-2 in the ribosome. Such arrangement indicates that
P1-binding manner on PhoEF-2 is advantage efficiently for
the recruiting translational GTPase. Moreover, P1 binds to
different positions of GTPases may be requested by how
GTPases perform their functions in individual position and
orientation on the ribosome.
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