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Translation elongation factor EF-Tu belongs to the superfamily of guanine-nucleotide binding proteins,
which play key cellular roles as regulatory switches. All G-proteins require activation via exchange of
GDP for GTP to carry out their respective tasks. Often, guanine-nucleotide exchange factors are essential
to this process. During translation, EF-Tu:GTP transports aminoacylated tRNA to the ribosome. GTP is
hydrolyzed during this process, and subsequent reactivation of EF-Tu is catalyzed by EF-Ts. The reaction
path of guanine-nucleotide exchange is structurally poorly defined for EF-Tu and EF-Ts. We have deter-
mined the crystal structures of the following reaction intermediates: two structures of EF-Tu:GDP:EF-Ts
(2.2 and 1.8 A resolution), EF-Tu:PO4:EF-Ts (1.9 A resolution), EF-Tu:GDPNP:EF-Ts (2.2 A resolution) and
EF-Tu:GDPNP:pulvomycin:Mg?*:EF-Ts (3.5 A resolution). These structures provide snapshots throughout
the entire exchange reaction and suggest a mechanism for the release of EF-Tu in its GTP conformation.
An inferred sequence of events during the exchange reaction is presented.
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1. Introduction

G-binding proteins are molecular switches that alternate
between an active, GTP-bound conformation and an inactive
GDP-bound conformation for a regulatory purpose. The exchange
of GTP for GDP is the key event in activation of the G-binding pro-
teins. Guanine-nucleotide exchange factors (GEFs) have been iden-
tified for most classes of the G-binding proteins and the exchange
reaction is believed to proceed through a common set of interme-
diate states identified in biochemical studies (Guo et al., 2005). The
inactive form of the G-binding protein binds its cognate GEF upon
formation of a labile ternary complex. GDP is expelled from this
complex, which converts into a stable, binary complex. Finally,
GTP rebinding takes place via formation of a second, unstable tern-
ary complex from which the GEF is released.

The G-binding protein elongation factor Tu (EF-Tu) binds
aminoacyl-tRNA (aa-tRNA) in its GTP-bound state. The GTP is
hydrolyzed upon proper binding of aa-tRNA to the A site of the pro-
grammed ribosome and EF-Tu:GDP is released and subsequently
returned to its active state by elongation factor Ts (EF-Ts), the
GEF for EF-Tu. EF-Ts accelerates the rate of nucleotide exchange
on EF-Tu by nearly 5 orders of magnitude (Gromadski et al.,
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2002). The functional cycle of EF-Tu is inhibited by a number of
antibiotics (Anborgh et al., 2004; Parmeggiani and Nissen, 2006)
including pulvomycin, which prevents formation of the
EF-Tu:GTP:aa-tRNA complex and also stabilizes the interaction of
EF-Tu with EF-Ts (Anborgh et al., 2004). In vivo, the concentration
of GTP is approximately 10-times higher than that of GDP, which
for most G-binding proteins is sufficient to ensure that the active,
GTP-bound conformation is attained after completion of the
exchange reaction. In the case of EF-Tu, however, the affinity for
GDP is approximately 100 times higher than the affinity for GTP
(Gromadski et al., 2002), but subsequent binding of aa-tRNA drives
the equilibrium towards formation of the active conformation.
EF-Tu is a three-domain protein of which the N-terminal
domain, the G-domain, comprises the nucleotide-binding site that
involves five loops, G-1 to G-5 (Bourne et al., 1991). G-1, also
referred to as the phosphate-binding loop or the P-loop, has the
consensus sequence (A/G)X4GK(S/T) (single letter amino acid code,
where X is any amino acid) (G18HVDHGKT25 in Escherichia coli
EF-Tu, where the numbers refer to the positions in the primary
sequence) and is mainly involved in binding the phosphates. G-2,
also called switch 1, has the consensus sequence D(X),T
(D50(X);0T61 in E. coli EF-Tu) and interacts with the
v-phosphate. G-3 has the consensus sequence motif DXXG
(D80OCPGS83 in E. coli EF-Tu), where the aspartate together with
T25 of G-1 and the phosphates of the nucleotide coordinate a
Mg?* ion essential for nucleotide binding. The term switch 2 refers
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to G-3 and the following helix B. G-4 and G-5 are conferring speci-
ficity for the guanine base. G-4 has the consensus sequence NKXD
(N135KCD139 in E. coli EF-Tu), while G-5 is characterized by the
motif SA(K/L) (S173AL175 in E. coli EF-Tu).

The general G-protein undergoes a structural change in the
switch 1 and 2 regions upon replacement of GDP by GTP. In
EF-Tu, this change progresses into an approximately 90° rotation
of the G-domain with respect to the two other domains of EF-Tu
(Berchtold et al., 1993; Kjeldgaard et al., 1993) thereby forming
the binding site for aa-tRNA (Nissen et al., 1995). While all three
domains of EF-Tu interact with aa-tRNA, the binding pocket
responsible for discriminating between charged and uncharged
tRNA is formed by residues of domain 2 only (Nissen et al., 1995).

Structures of EF-Tu:EF-Ts (TT) complexes from E. coli
(Kawashima et al., 1996b), Thermus thermophilus (Wang et al.,
1997) and bovine mitochondria (Jeppesen et al., 2005) have been
determined without any ligands. E. coli EF-Ts is composed of four
domains: the N-terminal domain (residues 1-54), subdomain N
(residues 55-140), subdomain C (residues 141-179 and 229-
263) and the coiled-coil domain (residues 180-228 comprising
helices 9, 10 and 11) as well as a C-terminal extension (residues
264-282). The E. coli EF-Tu:EF-Ts structure shows that EF-Ts inter-
acts with EF-Tu at three distinct sites: the N-terminal domain of
EF-Ts binds to EF-Tu helix D close to the guanine-binding pocket,
subdomain N of EF-Ts binds close to the P-loop and the switch 2
region of EF-Tu and finally subdomain C of EF-Ts binds to domain
3 of EF-Tu. The C-terminal extension of E. coli EF-Ts, which is not
found in neither T. thermophilus nor bovine mitochondrial EF-Ts,
additionally binds to EF-Tu at the position which is otherwise
occupied by helix A’ of the switch 1 region. Apart from this differ-
ence, the interactions between EF-Tu and EF-Ts found in the T.
thermophilus and bovine mitochondrial structures are very similar
to those described for the complex from E. coli.

Based on the abovementioned EF-Tu:EF-Ts structures, it was
suggested that the release of nucleotide is accomplished by the
insertion of sF81 of the conserved TDFV motif of EF-Ts between
uH84 and uH118 situated in helices B and C of EF-Tu, respectively
(the prefixes “u” and “s” designate residues from EF-Tu and EF-Ts,
respectively). Thereby a structural rearrangement is initiated caus-
ing a movement of uD80 away from the Mg?* ion, which is
released. Removal of the Mg?" ion alone stimulates the rate of
GDP dissociation by a factor of 150-300 (Gromadski et al., 2002).
The insertion of sF81 also results in a movement of side chains of
helix C and, as these are interacting with uH19 and uD21, causes
a flip of peptide uV20. This, in turn, affects the position of the side
chain of uD21, which becomes stabilized by interaction with sK51.
The rearrangements in the P-loop disrupt the binding of the
B-phosphate of the guanine nucleotide. Binding of the guanine ring
is destabilized by the retraction of uD138 of the NKXD motif due to
movement of helix D (Kawashima et al., 1996b).

The effects of mutating single amino acids predicted to be cru-
cial during exchange based on the structure of the EF-Tu:EF-Ts
complex were found to be relatively small (Zhang et al., 1996;
Dahl et al., 2006; Schummer et al., 2007; Wieden et al., 2002).
This indicates that the reaction pathway is more complex and/or
that the EF-Tu:EF-Ts structure is unsuitable for delineating the
mechanism of guanine-nucleotide exchange, which proceed via a
number of intermediary complexes of lower stability. In the case
of EF-Tu, the existence of these complexes have been proven by
pre-steady state kinetic analysis (Gromadski et al., 2002), but their
inherent instability have so far excluded them from X-ray crystal-
lographic analysis. Furthermore, it has recently been shown that
the presence of aa-tRNA also affects the rates of transition between
the intermediary states of the nucleotide exchange and that qua-
ternary complexes composed of EF-Tu, EF-Ts, aa-tRNA and nucleo-
tide may also exist (Burnett et al., 2014; Burnett et al., 2013). Only

few structural studies of intermediary states of G-binding proteins
during guanine-nucleotide exchange have been reported, including
structures of the yeast homolog of EF-Tu, eEF1A, and a catalytic
fragment of its GEF eEF1Ba (Andersen et al., 2001), Arfl and its
GEF Sec7 (Renault et al., 2003), Rop and the catalytic PRONE
domain of its GEF RopGEF8 (Thomas et al.,, 2007), Cdc42 and
DOCK9 (Yang et al., 2009), ARA7 and its GEF VPS9a (Uejima
et al.,, 2010) and Rab8-Rabin8 complexes (Guo et al., 2013).

Here we present an extensive set of crystal structures of com-
plexes between EF-Tu and EF-Ts representing discrete steps along
the guanine-nucleotide exchange pathway, including the struc-
tures of  EF-Tu:GDPNP:pulvomycin:Mg?*:EF-Ts  (TTTPuM),
EF-Tu:PO4:EF-Ts (TTP), two structures of EF-Tu:GDP:EF-Ts (TTDPa
and b) and EF-Tu:GDPNP:EF-Ts (TTTP). Analysis of these structural
data along with previously determined structures (Kawashima
et al.,, 1996b; Kjeldgaard et al., 1993; Song et al., 1999) allows a
detailed outline of the mechanism for guanine-nucleotide
exchange supported by existing biochemical studies.

2. Materials and methods

Detailed experimental procedures for all techniques used are
provided in the section on Experimental procedures of the
Supplementary Material.

EF-Tu and EF-Ts were expressed and purified as glutathione-
S-transferase fusion proteins essentially as previously described
(Bogestrand et al., 1995) (Knudsen et al., 1992). Crystals formed
in sitting drops within three days, grew to their final size within
a week, and were then dehydrated and cryoprotected (Table S1)
prior to data collection at 100 K.

For phase determination by molecular replacement of the TTP
structure, two search models were constructed based on the struc-
ture of Thermus aquaticus EF-Tu:GDP (Polekhina et al., 1996), i.e.
domain 1 of EF-Tu constituted one model and domains 2 and 3
together constituted the other model. After refinement of TTP, this
structure was used as the search model using either the full com-
plex or individual molecules in MR for phasing of the other data-
sets. Finally, the structures were subjected to alternating rounds
of model building and refinement (see Table 1). The structures
are deposited in the Protein DataBank (PDB): TTP - 4PC1; TTDPa
- 4PC2; TTDPb - 4PC3; TTTP - 4PC6; TTTPuM - 4PC7.

3. Results
3.1. Crystallization and structure determination

TTP, TTDP and TTTP were crystallized under conditions
(Table S1) very similar to the previously reported conditions for
E. coli EF-Tu:EF-Ts (Kawashima et al., 1996a; Yoder et al., 1985)
and was found to belong to the same space group, also with two
molecules pr asymmetric unit, and with similar cell dimensions
(Table 1).

It was essential that purification of the two components and
formation of the complex were done within a week without inter-
mittent freezing of protein solutions to obtain crystals diffracting
to high resolution after dehydration.

Crystals with GDP could be obtained both in the absence (TTDPa)
and presence of Mg?* ions (TTDPb). In general, however, crystals
grown in the presence of Mg?* and nucleotide diffracted only to
5 A resolution, but could be converted to high resolution diffracting
crystals, when dehydrated in a solution containing citrate. Hence,
structures determined from these dehydrated crystals do not show
any Mg?* ions. Crystals grown from PEG6K (Table S1) have two
EF-Tu:EF-Ts complexes in the asymmetric unit designated A and B,
e.g. TTDPaA denotes complex A of crystal TTDPa. Furthermore,
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Table 1
Data collection and refinement statistics.
Data collection TTP TTDPa TTDPb TTTP TTTPuM
Beam line SRS- Maxlab Maxlab Elettra Maxlab
Daresbury Lund Lund Trieste Lund
BL9.5 BL711 BL711 XRD BL711
Wavelength (A) 0.9215 0.944 1.033 1.2 1.033
Detector MAR 300 MARCCD MARCCD MARCCD MARCCD
Data processing DENZO DENZO XDS XDS XDS
Resolution range (A) (outershell) 68.8-1.95 35.0-2.2 58.9-1.84 29.5-2.2 29.5-3.6
(2.0-1.95) (2.28-2.20) (1.95-1.84) (2.28-2.20) (3.8-3.6)
R-merge % 9.1 (65.8) 4.4 (25.2) 5.2 (36.9) 10.3 (44.0) 10.8 (42.4)
I/sig(I) 11.6 (1.8) 18.1 (4.2) 16.3 (3.9) 13.8 (3.4) 10.7(3.3)
Completeness % 96.8 (97.2) 97.8 (85.3) 98.5 (98.2) 99.5 (98.5) 99.3 (99.9)
Multiplicity 2.7 (2.6) 5.0(2.2) 6.5 (4.9) 7.7 (4.4) 3.5(3.5)
Refinement
Space group P 2,22, P 2422, P2,2:2, P 2,224 P 3,21
Unit cell (A)
a 73.5 73.9 74.0 74.0 122.8
b 109.8 108.5 108.9 107.5 122.8
c 195.0 193.8 194.8 193.3 173.3
Wilson B-factor 21.32 29.21 28.93 35.34 110.58
R-work/R-free 0.174/0.208 0.165/0.213 0.159/0.199 0.171/0.223 0.255/0.283
Number of atoms 11,325 10,715 11,293 10,390 4889
Macromolecules 9885 9933 10,021 9802 4795
Ligands 38 73 114 120 93
Water 1402 709 1158 468 1
Protein residues 1284 1301 1295 1286 628
RMS (bonds) (A) 0.013 0.010 0.012 0.004 0.002
RMS (angles) (°) 1.35 1.17 1.30 0.81 0.52
Ramachandran favored (%) 98 98 99 98 84
Ramachandran outliers (%) 0.16 0.078 0.23 0.00 2.90
Average B-factor 32.00 39.00 45.60 47.50 148.10
Macromolecules 31.60 39.10 45.40 47.80 148.4
Ligands 29.90 45.80 60.10 55.90 131.90
Solvent 35.00 37.20 45.90 41.10 100.70

alternate conformations were observed in some structures, which
are distinguished by an additional letter, e.g. TTDPbAB is the alter-
nate conformation B of complex A of crystal TTDPb.

TTTP crystals were obtained from a solution containing pul-
vomycin and GDPNP, but could also be obtained from a solution
without pulvomycin. However, the data collected from crystals
grown in the presence of pulvomycin extended to a significantly
higher resolution, but pulvomycin itself was not observed in the
electron density.

TTTPuM crystals were grown in the presence of Mg?*, GDPNP
and pulvomycin using ammonium sulfate as the precipitant. The
presence of Mg?" was found to be essential for crystal formation
in this case.

Data quality, refinement statistics, and model quality indicators
are summarized in Table 1.

The general domain orientation in the four crystal structures
TTP, TTDPa, TTDPb and TTTP is the same with a root mean square
deviation of Co atoms of any pair of structures less than 0.56 A
(Fig. 1A). Specifically, all contact interfaces are preserved including
the contact between the TDFV motif of EF-Ts and domain I of
EF-Tu. In contrast to this, a major conformational change towards
the EF-Tu:GTP conformation is observed in the structure of the
complex containing GDPNP, Mg?* and pulvomycin (TTTPuM)
(Fig. 1B). In the following, the structural changes observed upon
ligand binding and the new interfaces formed as a result of the
major conformational change are described in detail.

3.2. Structures of EF-Tu:GDP:EF-Ts (TTDPaA, TTDPaB, TTDPbA,
TTDPbB)

In total, four structures containing GDP were determined from
two crystals denoted TTDPa and TTDPb, each with two complexes

in the asymmetric unit. Differences in crystallization, soaking and
cryo-protection conditions for the two crystals (Table S1) gave rise
to significant differences in the nucleotide-binding site even
between the two complexes of the asymmetric unit in the same
crystal (Fig. 2A and B). Such differences in the same crystal were
distinguished by the suffix A or B. In some cases, the electron den-
sity of the nucleotide-binding pocket indicated the existence of
alternate conformations, which were modeled and denoted with
an additional suffix A or B where relevant.

In the P-loop of TTDPa, the phosphates of GDP and the peptide
of uV20 occupy nearly the same positions as in EF-Tu:Mg?*:GDP. In
contrast, the side chains of uH19 and uH22 are pushed towards the
base side of the nucleotide-binding pocket as seen in the
EF-Tu:EF-Ts structure. The position of uH22 is stabilized by hydro-
gen bonding to the side chain of uD109 as in EF-Tu:Mg?*:GDP
(Fig. 2A). uD109 itself is also moved towards the base side due to
the interaction between sR12 and the main chain of both uD109
and uP111 (Fig. S1A). The amino group of uk24, which forms a salt
bridge with the B-phosphate in EF-Tu:Mg?*:GDP is still doing so in
TTDPaB, while in TTDPaA it is pointing towards uD80 as previously
observed in the ligand-free EF-Tu:EF-Ts complex. However, uD80
assumes two alternate conformations in TTDPaB, one of them sim-
ilar to the conformation observed in TTDPaA, while the other is
pointing away from uK24 (Figs. 2A and S3B). The position of the
side chain of uD21 in TTDPaA is not well defined in the electron
density even though it is within hydrogen bonding distance of
sK51, while in TTDPaB it is well defined in a position pointing away
from sK51. Compared to EF-Tu:Mg?*:GDP, the interaction with the
guanine ring is destabilized by a small increase in the distance to
the side chain of uD138.

The electron density observed in the structure of TTDPbA did
not show the distinct features of the two phosphates of GDP and
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Fig. 1. Cartoon representations of the EF-Tu:EF-Ts complexes. The following color coding applies to all panels: Magenta — EF-Ts N-terminal domain; shades of blue - EF-Ts
core domain comprising subdomains N and C; cyan - EF-Ts coiled-coil helices; orange - EF-Ts C-terminal extension; yellow - EF-Tu domain 1; green - EF-Tu domains 2 and 3.
The orientations of the complexes in panels A and B are identical for EF-Tu domains 2 and 3 and the EF-Ts core domain. (A) The structure of TTDPa is shown representing the
structures of complexes with phosphate (TTP), GDP (TTDP) and GDPNP (TTTP) as they all have the same overall domain orientation. The bound GDP is shown in CPK
representation. Helices in domain 1 of EF-Tu are labeled with roman capitals A-F and helices in EF-Ts with numbers 1-13. (B) The structure of TTTPuM. The bound GDPNP is
shown in CPK representation. Helices of EF-Tu are labeled with roman capitals A-F and the three helices of the N-terminal domain of EF-Ts are labeled with numbers 1-3. For
a superposition of the two conformations see Fig. S1.

furthermore the density suggested that the peptide of uD21 was conformations of the P-loop and correspondingly two alternate
flipped to the conformation observed in EF-Tu:EF-Ts (Figs. 2B, C positions of GDP. These structures are denoted TTDPbAA and
and S2C). Hence, the density was modeled as two alternate TTDPbAB. In the final refinement, the occupancy of the two
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Fig. 2. Structural changes in the nucleotide-binding pocket. A selection of structures specified in the upperleft corners of each panel are superimposed and relevant
interactions are indicated by dashed lines. The coloring of the carbon atoms in each panel is given in the list of structures in the upperleft corners. Other atoms are colored as
follows: oxygens — red, nitrogens — blue, sulfurs — yellow, phosphate — orange, Magnesium - green. (A) Comparison of EF-Tu:Mg?*:GDP, TTDPaA and TTDPaB. (B) Comparison
of TDPbAA, TTDPbAB (alternate conformations of the P-loop and GDP) and TTDPbB. (C) Comparison of TTP, and EF-Tu:EF-Ts. For completeness both TTPA and TTPB are shown
although they are nearly identical. For reference, GDP of TTDPcAB is shown as lines. The Cat position of uD21 is indicated by an asterisk. (D) Comparison of TTTPAA, TTTPAB

(alternate conformations of GDPNP) and TTTPB. See also Figs. S2 and S3.

alternate P-loop conformations refined to 0.38 and 0.62 for
TTDPbAA and TTDPbAB, respectively. Correspondingly, the occu-
pancies of the two alternate GDP conformations refined to 0.37
and 0.43 suggesting a partially empty binding site.

The GDP assumes the same location in the nucleotide binding
site in TTDPbB as in TTDPa, but again we observe conformational
flexibility for uk24 and uD21; uKk24 is modeled as two alternate
conformations and the electron density for the side chain of
uD21 is weak (Figs. 2B and S2B).

One of the alternate positions of GDP (TTDPbAA) is similar to
the position observed in complex TTDPbB, whereas the other posi-
tion (TTDPbAB) shows a shift of the a-phosphate by 1.3 A away
from the guanine side of the binding pocket. Also the ribose shifts
position and there is a change in the torsion angle of the Pa-05’
and the 05'-C5’ bonds. As a consequence of these movements,
the guanine ring is moving out of the binding pocket significantly
increasing the distance of the guanine ring to uD138 (Fig. 2B).

3.3. The structure of EF-Tu:PO4:EF-Ts (TTP)

In the two nearly identical TTP complexes, the phosphate ions
are found in the P-loop at a position in between the o and  phos-
phates of EF-Tu:Mg?*:GDP very close to the position of the o phos-
phate observed in TTDPbAB (Fig. 2C). The source of the phosphate
ion is unknown, but most likely originates from insufficient
removal of GDP during formation of the complex. No additional
electron density was observed to suggest the location of the
remaining part of the GDP (Fig. S3E and F).

The carbonyl group of uV20 has flipped as it is in TTDPbAB and
in EF-Tu:EF-Ts. This conformation is stabilized by the formation of
a salt bridge between uD21 and sK51 as seen in EF-Tu:EF-Ts. Yet,
the salt bridge is slightly longer in TTP due to the presence of the
phosphate, which contracts the P-loop thereby moving the Ca of
uD21 0.6 A closer to the phosphate. Also the side chain conforma-
tions of both uD21 and sK51 differ between EF-Tu:EF-Ts and TTP.
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When the phosphate is released, uD21 moves closer to sK51 and
forces the oi-amino group towards sQ78 to form a hydrogen bond.
This residue is conserved as either a glutamate or glutamine and is
located just prior to the conserved TDFV motif of EF-Ts.
Furthermore, the conformation of the P-loop in the TTP structure
is stabilized by a hydrogen bond between uH22 and uD109, which
is absent in EF-Tu:EF-Ts. In the guanine base pocket, the distance
between the carbonyl of uD21 and uK136 is slightly increased as
compared to TTDPa, and the side chain of uD138 is retracted by
more than 1 A (Fig. 2A and C).

3.4. Structure of the EF-Tu:GDPNP:EF-Ts complex (TTTP)

The crystals of the EF-Tu:GDPNP:EF-Ts complex contained two
molecules, A and B, per asymmetric unit. As in TTDPa, two alter-
nate conformations denoted A and B were modeled for GDPNP
and the occupancy refined to 0.46 and 0.54 in molecule A for
TTTPAA and TTTPAB, respectively. In general, only the o and
B-phosphates are fully accommodated in the P-loop and as in
TTDPbAB this does not cause a back flip of the carbonyl group of
uV20. In TTTPB and one of the alternate conformations in complex
A of the asymmetric unit, TTTPAA, the y-imino group of GDPNP
molecule interacts through a hydrogen bond with the carbonyl
group of uV20 (Fig. 2D).

Comparison to the EF-Tu:GDPNP structure shows that sufficient
space is available to fully accommodate the GDPNP, but this is
likely to be energetically unfavorable as the charge of the GDPNP
is not compensated by the presence of a Mg?'-ion. As in
EF-Tu:EF-Ts and TTP, the side chain of uk24 is pointing towards
uD80 and is stabilized by a hydrogen bond, while the electron den-
sity of uD21 again suggest a flexible side chain able to form a
hydrogen bond with sK51 (Figs. 2D, S2G, and H) In the ribose-
and guanine-binding pocket, the interaction between uD138 and
guanine is reestablished, however still slightly farther apart than
in TTDPa.

3.5. Structure of the EF-Tu:GDPNP:pulvomycin:Mg?*:EF-Ts complex
(TTTPuM)

The structure of TTTPuM shows the movement of EF-Tu domain
1 towards its GTP conformation (Figs. 1B, S1 and 3A), and repre-
sents the final step in the nucleotide exchange pathway immedi-
ately prior to release of EF-Ts.

The structure of EF-Tu is essentially the same as that observed
in the complex of EF-Tu:GDPNP:pulvomycin (Parmeggiani et al.,
2006) except that the majority of the switch 1 region is disordered
in the present structure.

The domain arrangement of EF-Ts has changed to accommodate
the conformational transition of EF-Tu to its GTP conformation.
EF-Ts remains bound to EF-Tu through interactions of its
N-terminal domain and subdomain C with domains 1 and 3 of
EF-Tu, respectively. In contrast, the interaction between the con-
served TDFV motif of EF-Ts and helices B and C of EF-Tu is abol-
ished. In this novel conformation, the N-terminal and coiled-coil
domains of EF-Ts interacts (Fig. 3A and B), whereby, the
coiled-coil domain has become displaced by up to 4 A as compared
to the TTDPa structure (Fig. S4). In addition, the orientation of the
coiled-coil domain is slightly altered with respect to subdomain C.
This displacement of the coiled-coil domain may affect the inter-
face between domain 3 of EF-Tu and subdomain C of EF-Ts
(Fig. 3C). The N-terminal domain of EF-Ts additionally contacts
domain 3 of EF-Tu at uK313 (Fig. 3D). This residue is conserved
in prokaryotic, chloroplast and mitochondrial EF-Tu sequences,
but not found in eukaryotic eEF1A, where the corresponding loop
is five residues shorter (Fig. S5). The structure of TTTPuM shows

uk313 close to sK51 and sK47 close to uR381 (Fig. 3D). These unfa-
vorable interactions thus may destabilize the complex.

In order for this rearrangement of EF-Ts to occur, the C-terminal
half of EF-Ts helix 3 connecting the N-terminal domain and subdo-
main N of EF-Ts unwinds from position sG44 and becomes
extended. The “breaking point” at sG44 is conserved as a glycine
in more than 90% of known EF-Ts sequences. In the remaining
10% of known EF-Ts sequences, a glycine is found in the subse-
quent position. In addition, a small movement of the EF-Ts helices
4,5,6,and 7 of up to 1.7 A is observed (Fig. S4). The C-terminal
extension of EF-Ts is released from EF-Tu and electron density is
seen for the first part of the extension folding back onto subdomain
C. Electron density for GDPNP is clearly seen, whereas density is
only observed for parts of pulvomycin. The Mg?* ion has been
included in the model and is within density although a distinct
peak in the electron density cannot be observed at this resolution.

4. Discussion

In this study, the structures of five intermediate complexes
formed during the EF-Ts-catalyzed guanine-nucleotide exchange
reaction on EF-Tu have been determined at resolutions between
1.84 and 3.5 A. The most prominent structural change is the rear-
rangement towards a GTP-like conformation of EF-Tu observed in
the TTTPuM structure. In addition, a comparison of the structures
determined to better than 2.2 A resolution identifies a set of inter-
actions important for the nucleotide exchange reaction: uk24 with
either uD80 or the phosphates of the nucleotide, sK51 with uD21,
uK136 with uD21(mc), uH22 with uD109 and uD138 with the gua-
nine ring of the nucleotide.

The structures presented here along with previously deter-
mined structures can be ordered to provide a detailed description
of the course of guanine-nucleotide exchange as follows:
EF-Tu:GDP:Mg?* (Song et al, 1999), EF-Tu:GDP:Mg**:EF-Ts
(undescribed); EF-Tu:GDP:EF-Ts (TTDPa and b, this study);
EF-Tu:PO4:EF-Ts (TTP, this study); EF-Tu:EF-Ts (Kawashima et al.,
1996b); EF-Tu:PO4:EF-Ts (this study); EF-Tu:GDPNP:EF-Ts (TTTP,
this study); EF-Tu:GDPNP:pulvomycin:Mg?*:EF-Ts (TTTPuM, this
study); EF-Tu:GDPNP:Mg?* (Kjeldgaard et al., 1993). The course
of the individual events is outlined in the following and summa-
rized in Fig. 4. Selected biochemical data for wild-type and mutant
forms of EF-Tu and EF-Ts are presented in support of the model.

4.1. Binding of EF-Ts to the EF-Tu:GDP:Mg?* complex

The flexibility within EF-Ts, demonstrated by the TTTPuM struc-
ture, suggests that binding at both helix D and domain 3 of EF-Tu is
possible without affecting the relative domain orientation in
EF-Tu:GDP and hence occurs before the exchange reaction pro-
ceeds (Fig. 4, step a). The establishment of stable contacts at both
interfaces appears to be required, since the double mutations
SM19E/sM20E or sV234E/sM235E located on the EF-Ts side of the
interfaces completely destroy overall EF-Ts function (Zhang et al.,
1998). Likewise, mutations of residues in EF-Tu interacting with
the N-terminal domain of EF-Ts, i.e. L148A and E152A, reduce the
rate of initial complex formation (Wieden et al., 2002).

However, the structure of the initial EF-Tu:Mg?":GDP:EF-Ts
complex must be slightly different from any of the structurally
characterized complexes to avoid a clash between helix B of
EF-Tu and subdomain N of EF-Ts. Thus, adjustment of the interface
between subdomain C of EF-Ts and domain 3 of EF-Tu is required,
which is probably accompanied by a small movement of helix C of
EF-Tu caused by the interaction of sR12 with the carbonyl groups
of uD109 and uP111. The importance of sR12 during binding is
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Fig. 3. Structural details related to the TTTPuM structure. (A) Cartoon view of TTTPuM rotated by 90° with respect to the view in Fig. 1, but with the same color coding. TTDP
is superimposed using Co-atom coordinates of EF-Tu domains 2 and 3 to show the movement of the EF-Ts coiled-coil helices 10 and 11. Selected helices are labeled for
reference with roman capitals in EF-Tu and numbers in EF-Ts. Lines indicate the positions of the areas highlighted in panels (B), (C) and (D). (B) Contacts between helices 3a
and 10 of EF-Ts. (C) Interactions in the TTDPa structure of the conserved sQ231 with EF-Ts helices 11 and 12 forming part of the hydrophobic interface between subdomain C
and domain 3 of EF-Tu. (D) Interface between the N-terminal domain of EF-Ts and domains 1 and 3 of EF-Tu showing the proximity between the prokaryotic conserved loop

313-317 and the N-terminal domain of EF-Ts. See also Figs. S4 and S5.

reflected by the severe effect on complex formation observed for
the double mutant sK9A/R12A (Zhang et al., 1998).

4.2. Release of the magnesium ion

After initial binding of EF-Ts, EF-Tu is basically still in its GDP
conformation. Next, the linker between the N-terminal domain
and subdomain N and the interface between subdomain C of
EF-Ts and domain 3 of EF-Tu will relax into the conformation
observed in TTDP. These changes occur in EF-Ts and cause a sepa-
ration of EF-Tu domain 1 from domains 2 and 3 thereby providing
space for helix B to alter its conformation (Fig. 4, step b). This con-
formational change is reinforced by subdomain N of EF-Ts pushing
back on the N-terminal end of helix B causing a displacement of
uD80 away from the Mg?* binding site. Consequently, the Mg?*
ion is released and phosphate binding is destabilized.

The movement of helix B is completed by sD80 stabilizing the
main chain of uH84 and uA85 and the insertion of sF81 between
uH84 and uH118 of helices B and C, respectively. Originally, it
was suggested that the sF81 insertion was driving the separation
of helix B and C, and it was therefore surprising that the sF81A
mutation only had a moderate effect on the overall exchange reac-
tion (Zhang et al., 1996). In our model, the role of sF81 is merely to
exclude water for entering the space between helix B and C, so that

the movements of helix B and C will not be obstructed by the pres-
ence of water. The kinetics of the uH84A mutant reveals the impor-
tance of the conformational change in helix B as the increased
flexibility introduced by substituting the histidine by an alanine
increases the rate of both GDP and GTP release 4 fold (Schummer
et al., 2007). Similarly, the uG83A mutation decreasing the flexibil-
ity of the DXXG loop causes a decrease in the overall exchange rate
(Kjaersgard et al., 1995). The reduction of the rates of nucleotide
dissociation observed upon mutation of uH118 (Dahl et al., 2006)
is most likely caused by preventing conformational changes in
helix C. Furthermore, interactions between sR12 and the main
chain of uD109 and uP111 aid in the separation of helices B and C.

4.3. Destabilization and release of bound GDP

The binding of the phosphates is further destabilized by a flip of
the amino group of ukK24 to form a saltbridge with uD80 as seen in
TTDPaB (Figs. 2A and 4, steps c¢ and d). In TTDPa, the interaction of
EF-Ts with EF-Tu at helix D has not progressed to a change in the
NKXD motif, whereas in TTDPbB, uD138 is retracted slightly from
the guanine ring. (Fig. 2B). This destabilization allows the
B-phosphate to swing out of the P-loop, while the o-phosphate
moves away from the guanine-binding pocket in concert with
the flip of the uV20 carbonyl group (Fig. 4, step d). This movement
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blue arrow.

of the phosphates is accompanied by increased flexibility of the
ribose and guanine ring as observed in TTDPbA and leads to the
state prior to release of the a-phosphate (Fig. 4, step e). Thus, the
B-phosphate and the ribose/base appear to be released
simultaneously.

It has previously been suggested that the decreased rate con-
stant of GDP release observed for the mutations uL148A and
uE152A indicated that these affected the NKXD motif and hence
supported a base-side-first mechanism of release (Wieden et al.,
2002). Since the position of sR12 is stabilized by the salt bridge
with uE152 (Fig. S1), our model suggests that the effects of these
mutations are rather to interfere with the interaction between
sR12 and the main chain of uD109 and uP111 thereby affecting
the separation of helices B and C of EF-Tu. The similarities in bind-
ing of the guanine ring in EF-Tu:Mg?*:GDP and TTDPa support this.

4.4. Phosphate release and rebinding

The final part of the GDP that needs to be released is the
o-phosphate (Fig. 4, step f). This step is accompanied by an open-
ing of the P-loop caused by the closer interaction between uD21
and sK51, the position of which is now stabilized by a hydrogen

bond to sQ78. For subsequent accommodation of a new nucleotide,
the reverse sequence of events will take place. The initial binding
of the a-phosphate of either a GDP or GTP molecule causes a con-
traction of the P-loop (Fig. 4, step g).

4.5. Binding of GTP

Next, the guanine ring and ribose is accommodated (Fig. 4, step
h). The structure of the TTTP complex shows the GDPNP trapped in
an otherwise transient state probably both because of the charge of
the phosphates, which is not compensated by the presence of the
Mg?* and due to the interaction between the uV20 carbonyl group
and the y-imino-group of GDPNP as seen in TTTPB and TTTPAB. If a
regular GTP molecule was accommodated in the presence of Mg?*,
the uV20 carbonyl group would instead flip causing a movement of
uD21 whereby the interaction with sK51 would be destroyed. This
state would be similar to TTDPaA except for the presence of the
v-phosphate (Fig. 2A). Step h, being similar to the reverse of step
e, is expected to lead to a state similar to TTDPa, where uK24 has
moved away from uD80 and points towards the phosphates. The
v-phosphate would now be accommodated and assume a position
similar to what is observed in EF-Tu:Mg?*:GDPNP.
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Finally, the accommodation of Mg?* is required for the transi-
tion to the conformation from which EF-Ts later is released, which
is in line with the observation that TTTPuM crystals were obtained
only in the presence of Mg?* and crystals of TTTP only in the
absence of Mg?*. However, a recent structure of E. coli EF-Tu in
complex with GDPNP shows that the tri-phosphate and Mg?* can
be accommodated without triggering the transition to the compact
form of EF-Tu (J.S. Johansen et al., unpublished). A similar phe-
nomenon has been observed for the GTP-bound form of ras p21,
which has been shown to exist in a dynamic equilibrium between
an active and an inactive conformation (Geyer et al., 1996).

Overall EF-Ts acts by stabilizing intermediates in the exchange
reaction facilitating the transition between the active and inactive
conformation of EF-Tu. By separating domain 1 from domains 2
and 3 EF-Ts provides space for rearrangements in the switch I
and II regions. In addition EF-Ts stabilizes the empty
nucleotide-binding site through the salt bridge between uD21
and sK51. This interaction is abolished upon accommodation of
the nucleotide and by virtue of the flexible helix connecting the
N-terminal domain and subdomain N of EF-Ts the exchange com-
plex persists until the proper EF-Tu nucleotide conformation is
reached. As the movement of domain 1 of EF-Tu and the
N-terminal domain of EF-Ts occur, sF81 is retracted from its posi-
tion between helices B and C of EF-Tu (Fig. 4, step i and reverse step
b). During this step, helices B and C are moving in agreement with
the observed reductions in the rate constants of nucleotide binding
for the mutants uH118A and uH118E (Dahl et al., 2006), which are
associated with problems of helix C movement.

4.6. Release of the exchange factor

The structure of TTTPuM shows the exchange complex prior to
release of EF-Ts from EF-Tu:Mg?*:GTP, an intermediate not previ-
ously described structurally for any complex between a
G-binding protein and its GEF. Pulvomycin blocks for the complete
movement of EF-Tu domain 1 to its GTP conformation and thereby
allows the trapping of this intermediate. The binding of pul-
vomycin to EF-Tu is compatible with the binding of EF-Ts and sta-
bilizes a late intermediate in the nucleotide exchange reaction,
where GTP binding is enhanced and GDP binding is reduced
(Anborgh et al., 2004).

At this point in the reaction pathway, the nucleotide has been
accommodated in its binding pocket, but full binding has not yet
been established as the interaction between uT61 of helix A” and
the y-phosphate is not present. Binding of the guanine ring may
also still be incomplete as the destabilizing interaction between
the N-terminal domain of EF-Ts and helix D of EF-Tu persists.

We suggest that the release of EF-Ts from EF-Tu:Mg?*:GTP is
caused by the continuing movement of domain 1 of EF-Tu towards
its GTP conformation whereby destabilizing inter- and
intra-molecular interactions will occur (Fig. 4, step j). The proxim-
ity of the charges on uK313, sK47 and sK51 will be unfavorable
(Fig. 3D). The movement in EF-Tu and the EF-Ts N-terminal domain
will in turn alter the position of the coiled-coil domain including its
C-terminal part, which is hydrogen bonding sQ231. The effect will
propagate to the interface between subdomain C of EF-Ts and
domain 3 of EF-Tu as sQ231 is forming a hydrogen bond to
sH171 (Fig. 3C).

Thus, EF-Ts will adapt to the nucleotide-binding status of EF-Tu
and consequently be released from the EF-Tu:EF-Ts:nucleotide
complex in different conformations depending on the identity of
the bound nucleotide. More extensive structural rearrangements
are required for release of EF-Ts from the EF-Tu:GTP:EF-Ts complex
explaining why EF-Ts dissociates 6-7 times faster from the
EF-Tu:GDP:EF-Ts complex (Gromadski et al., 2002).

The release of EF-Ts from the EF-Tu:Mg?*:GTP:EF-Ts complex
may be further stimulated by the presence of aa-tRNA
(Bubunenko et al., 1992; Romero et al., 1985) and a recent
pre-steady state kinetic study suggests that simultaneous presence
of aa-tRNA and EF-Ts significantly increases the rate of formation
of the EF-Tu:GTP:aa-tRNA complex by facilitating rate-limiting
structural rearrangements in the nucleotide-binding site (Burnett
et al.,, 2013). The present structures allow a refinement of this
interpretation and suggest that the coiled-coil domain of E. coli
EF-Ts may contribute to capturing aa-tRNA and facilitate proof-
reading of the charging status of the tRNA (Fig. 5). Several features
indicate the possibility of binding tRNA to the
EF-Tu:Mg?*:GTP:EF-Ts complex: (1) the length of the tRNA accep-
tor arm fits the distance from the coiled-coil domain of EF-Ts to the
aminoacyl binding site in domain 2 of EF-Tu (Fig. 5A), (2) the
coiled-coil motif of EF-Ts resembles the tRNA-binding domain
found in several aminoacyl-tRNA synthetases as well as other
RNA-binding proteins (Cahuzac et al., 2000) (Fig. 5B), and (3) a dis-
tinct basic patch (Fig. 5C) conserved in all prokaryotic EF-Ts
sequences (Fig. 5D) is found at the surface of the coiled-coil
domain. After the initial capture of the tRNA by EF-Ts, its 3’ end
is guided into the aminoacyl binding site of EF-Tu, where the dis-
crimination between charged and uncharged tRNA takes place
(Nissen et al., 1996). If the tRNA is aminoacylated, accommodation
of aa-tRNA into the ternary complex will proceed with concomi-
tant release of EF-Ts due to steric hindrance between the elbow
region of tRNA and residues 237-240 of EF-Ts. In contrast,
de-acylated tRNA will not be stabilized by interactions in the
EF-Tu binding site and hence dissociate without disruption of the
EF-Tu:GTP:EF-Ts complex. Thereby, the amino-acylation state of
the tRNA is proofread. Since the residues of EF-Tu responsible for
recognition of the amino acyl moiety are all found in domain 2,
the interaction between aa-tRNA and EF-Tu:GTP:EF-Ts can occur
prior to the conformational change from the open to the closed
conformation. Thus, the presence of aa-tRNA leads to an interme-
diate complex that increases the rate of the conformational transi-
tion (Burnett et al., 2014; Burnett et al., 2013).

The potential involvement of the coiled-coil motif of EF-Ts in
capturing and guiding tRNA into the aminoacyl-binding pocket of
EF-Tu for proofreading of charging is supported by the observation
that a mutant strain of E. coli with an EF-Ts lacking the coiled-coil
domain ceases growth at a lower cell density during amino-acid
starvation, which coincides with the point of (p)ppGpp synthesis
(Karring et al., 2003). Codon-specific binding of deacylated tRNA
to the ribosomal A site triggers the production of (p)ppGpp by
the ribosome-associated protein relA giving rise to the socalled
stringent response (Haseltine and Block, 1973). In the mutant
strain, the proportion of uncharged tRNA delivered to the ribosome
is expected to increase due to a less efficient check of charging. This
will be particularly pertinent upon starvation and lead to an earlier
onset of the stringent response.

4.7. Comparison with other structures of transient G-protein:GEF
complexes

Despite the high structural similarity between the
guanine-nucleotide binding domains of G-proteins, the corre-
sponding GEFs display no common structural features across
classes. Nevertheless, the mechanism of EF-Ts-catalyzed
guanine-nucleotide exchange on EF-Tu presented here shares fea-
tures with the mechanisms of the GEF-catalyzed exchange reaction
for small G-proteins (Thomas et al., 2007) and eEF1ABa (Andersen
et al., 2001). The general outline of the reaction for small G proteins
describes that first the Mg?* ion is released as a result of the GEF
action, which leads to either the opening of the binding site
through interactions with the switch I and II regions or directly
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occludes the Mg?*-binding site. Next, phosphate binding is further
destabilized by the formation of the salt bridge between the con-
served P-loop lysine and either an acidic residue in the switch II
region or an acidic residue provided by the GEF. Thereby, the
P-loop lysine is hindered from exerting its stabilizing interaction
with the phosphate group. The phosphates are then released and
the P-loop either adapts to the absence of the phosphate and/or
the P-loop conformation is stabilized by interactions with the
GEF. After phosphate release, the rest of the nucleotide dissociates
from the G-protein:GEF complex and the conformation of the
NKXD-loop adjusts to the absence of the guanine base.

Overall, the mechanism of guanine-nucleotide exchange
employed by EF-Ts appears to follow the general mechanism out-
lined above. Upon binding of EF-Ts to EF-Tu, the switch I region is
displaced by the C-terminal helix of EF-Ts. Also the switch Il region
is moved upon binding due to pushing by subdomain N.
Altogether, these changes disrupt the coordination of the Mg?*
ion, which dissociates. In contrast to many other G-proteins, there
is no obvious intrusion of amino acid residues from the GEF (as
seen for e.g. Cdc42:DOCK9 (Yang et al., 2009) or ARA7:VSP9a

(Uejima et al., 2010)) or the G-protein itself (as seen for e.g.
ROP:PRONE (Thomas et al., 2007)) into the Mg?* binding site.
Next, binding of the phosphate moiety of GDP is destabilized by
establishment of a salt bridge between uLys24 (from the P-loop)
and uAsp80 (from the DXXG motif). A similar mechanism of phos-
phate destabilization has been observed for ROP:PRONE (Thomas
et al., 2007), while in other cases, the GEF inserts one or more resi-
dues into the phosphate-binding site (e.g. Arf:Sec7 (Goldberg,
1998)) with the same result that the P-loop lysine is stabilized.
At this point in the reaction pathway, the structural changes caus-
ing destabilization of phosphate binding propagates from the
P-loop to the guanine binding pocket possibly through the lysine
of the NKXD motif or direct interaction between the GEF and resi-
dues in the vicinity of the NKXD motif. This results in the shift of
the o-phosphate position and guanine base. In this way, the release
and binding of the base and B/y-phosphate moieties of the guanine
nucleotide may be coordinated, while o-phosphate release/binding
is the last/first event during GDP release/GTP binding. This could
potentially be a mechanism also employed by other G-GEFs, which
would be in agreement with the G-protein:GEF structures



20 S.S. Thirup et al./Journal of Structural Biology 191 (2015) 10-21

observed with a phosphate or sulfate ion in the P-loop (Buchwald
et al,, 2002; Guo et al., 2013; Kristelly et al., 2004; Renault et al.,
2001; Worthylake et al., 2000). So far, however, EF-Tu is the most
prominent example of a G-protein in which a destabilization at the
base side appears to play a role during nucleotide exchange.

5. Conclusion

This study has advanced the structural characterization of
guanine-nucleotide exchange by providing structures of a number
of intermediary states along the reaction pathway of
EF-Ts-mediated replacement of GDP with GTP in EF-Tu. Even
though similar intermediates have been characterized for other
G-proteins, this is the most complete structural study of the pro-
cess of guanine-nucleotide exchange allowing an ordering of indi-
vidual steps along the pathway. The structures suggest a novel
sequence in nucleotide release as compared to previously studied
G-protein:GEF complexes: first a concerted destabilisation of the
B-phosphate and base occurs followed by final release of the
o-phosphate. Additionally, a unique complex trapped by the
antibiotic pulvomycin sheds light on the very last step before
release of the GTP-bound form of EF-Tu from EF-Ts. This latter
structure also provides a structural framework for suggesting a
mechanism of proofreading the charging status of tRNA.
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