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Background: A central question in translation initiation is how GTPase activity and fMet-tRNA positioning are connected.
Results: NMR shows large structural rearrangements in the IF2-G2 subdomain upon nucleotide binding and considerable

flexibility within the fMet-tRNA binding domain.

Conclusion: The GDP-induced rearrangements in G2 are not forwarded toward the fMet-tRNA binding C2 subdomain.
Significance: There appears to be no structural relationship between GTP hydrolysis and fMet-tRNA positioning.

Bacterial translation initiation factor IF2 promotes ribosomal
subunit association, recruitment, and binding of fMet-tRNA to
the ribosomal P-site and initiation dipeptide formation. Here,
we present the solution structures of GDP-bound and apo-
IF2-G2 of Bacillus stearothermophilus and provide evidence
that this isolated domain binds the 50 S ribosomal subunit and
hydrolyzes GTP. Differences between the free and GDP-bound
structures of IF2-G2 suggest that domain reorganization within
the G2-G3-C1 regions underlies the different structural re-
quirements of IF2 during the initiation process. However,
these structural signals are unlikely forwarded from IF2-G2
to the C-terminal fMet-tRNA binding domain (IF2-C2)
because the connected IF2-C1 and IF2-C2 modules show
completely independent mobility, indicating that the bacte-
rial interdomain connector lacks the rigidity that was found
in the archaeal IF2 homolog alF5B.

An early step in bacterial protein synthesis is the assembly of
the 70 S initiation complex (70 S IC),” where fMet-tRNA is
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adjusted in the peptidyltransferase center of the ribosome for
the first transpeptidation reaction (1-3). The 70 S IC is assem-
bled in two steps. First, 30 S-bound IF2 recruits fMet-tRNA and
promotes its P-site decoding by the mRNA initiation triplet
with the help of initiation factors IF1 and IF3 to form a 30 S
initiation complex (30 S IC) (4). Subsequently, the 50 S ribo-
somal subunit joins the 30 S IC to yield 70 S IC through a pro-
cess accompanied by IF2-dependent GTP hydrolysis and con-
formational rearrangements of components of the complex.
The GTP hydrolysis is not required for the docking of the 50 S
subunit to the 30 S IC, which occurs also in the presence of the
nonhydrolyzable GTP analog GDPNP (5, 6), but rather to dis-
sociate the acceptor end of fMet-tRNA from the IF2-C2
domain because the dominant-lethal phenotype caused by
mutations in IF2-G2, which inactivate the GTPase of IF2 (7),
can be suppressed by mutations in the IF2-C2 domain, which
drastically reduce the affinity for the initiator tRNA (8). Ulti-
mately, the conformational changes occurring during the 30 S
IC to 70 S IC transition bring about the dissociation of IF1 and
IF3, the disengagement of inorganic phosphate from IF2:GDP-
P, the detachment of fMet-tRNA from IF2-C2 (the extreme
C-terminal module of IF2), and eventually the release of IF2
from the ribosome (6, 9—11).

Besides their similarity in biological outcome, differences
exist between the translation initiation systems of prokaryotes
versus those of the highly similar archaea and eukarya. Most
importantly, bacterial translation initiation is performed by
only three initiation factors, whereas in higher organisms 13
translation initiation factors have already been recognized (12).
In terms of amino acid conservation, bacterial IF1 is homolo-
gous to elF1A and IF2 to elF5B, although IF3 has no apparent
eukaryotic homolog. Bacterial IFs and their counterpart elFs
cannot be functionally substituted. The difference in the num-
ber of involved initiation factors has two consequences. First,
bacterial initiation factors combine the activities of several
eukaryotic elFs. For instance, bacterial IF2 directly interacts
with both 30 S and 50 S ribosomal subunits, plays a crucial role
in the ribosomal assembly, and also delivers fMet-tRNA™¢" to
the ribosome. Whereas its eukaryotic homolog elF5B does
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FIGURE 1. Domain organization of IF2 and alF5B. A, domain nomenclature for IF2 homologs from M. thermoautotrophicum (Mth), E. coli (Eco), and B.
stearothermophilus (Bst). B, sequence alignment for IF2 homologs from B. stearothermophilus (Bst), E. coli (Eco), Homo sapiens (Hsa), and M. thermoau-
totrophicum (Mth). Amino acid numbering is for B. stearothermophilus IF2. More and less conserved residues are depicted in black and gray, respectively.
Below the sequence alignment the helices (H) and B-strands (S) found in M. thermoautotrophicum alF5B crystal structures are indicated, connected by
colored lines, representing IF2-G2 (light green), IF2-G3 (dark green), IF2-C1 (blue), and IF2-C2 (red). Above the sequence alignment the secondary
structure elements as found by NMR on B. stearothermophilus IF2 are shown. Guanine nucleotide binding boxes G7-G4, loops L1-L5, and Switch-1 and
Switch-2 regions are indicated; red triangles indicate residues that contact the ligand. C, M. thermoautotrophicum alF5B domain organization. Domain-
connecting helices H7, H8, and H12 are colored gray; Switch-1 and Switch-2 are colored orange. Two C-terminal a/elF5B helices H13 and H14, not
occurring in B. stearothermophilus IF2, are colored yellow. D, crystal structures for the free (gray), the GDP-bound (red), and the GDPNP-bound (green)
states of M. thermoautotrophicum alF5B fit on the G2 domain backbone (excluding the Switch-1 and Switch-2 regions). E, secondary structure elements

of the M. thermoautotrophicum alF5B-G2 domain.

interact similarly with the ribosomal subunits (13), it does not
interact with initiator amino acid-tRNA in aqueous solution.
Alternatively, in eukarya early initiator amino acid-tRNA inter-
actions are mediated by elF2, which is not present in pro-
karyotes. Second, although some of the functions of bacterial
and eukaryotic IFs may be conserved (for instance, the interac-
tion between eIF5B and eIF1A (14)), eIFs show activities that do
not exist in bacterial IFs, for instance to support their mutual
interactions.
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Bacterial IF2 and its homologs from other phylogenetic
classes contain multiple modules (schematically represented
in Fig. 1A). A mostly unstructured N-terminal domain (N
domain), with limited size and sequence conservation (15,
16), anchors IF2 to the 30 S and perhaps also to the 50 S
ribosomal subunit. This domain gives IF2 a high affinity for
the ribosome, but is dispensable in vitro and in vivo under
optimal growth conditions (7, 17-19), and is not present in
IF2s of higher organisms. A large (~42 kDa) G domain, con-
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sisting of the three subdomains G1, G2, and G3, follows the
N domain. IF2-G1 has unknown function and is likely
unstructured. It is not always present in bacterial IF2s and is
not present in Methanobacterium thermoautotrophicum
alF5B, an archaeal homolog of bacterial IF2 (15). IF2-G2 and
IF2-G3 interact with the 50 S and with the 30 S ribosomal
subunit, respectively (19-24). The 19-kDa guanine nucle-
otide-binding subdomain G2 is the most conserved region of
IF2, with amino acid homology to other G-proteins (Fig. 1B)
(25, 26). Based on its homology with alF5B domain II, IF2-G3
is predicted to be a B-barrel module, homologous to domains
II of elongation factors EF-G and EF-Tu, and to subdomain
C2 of IF2 itself (15). The C-terminal region of IF2 (C domain)
includes two modules of similar size, IF2-C1 and IF2-C2
(27), connected by a ~25-residue long linker. Whereas
[F2-C2 recognizes and binds fMet-tRNA (8, 16, 28), no def-
inite function has been assigned to IF2-C1. Structures of
both IF2-C1 and IF2-C2 of Bacillus stearothermophilus have
been reported (29, 30), and they share extensive homology
with domains III and IV of M. thermoautotrophicum alF5B,
respectively.

The crystal structure of M. thermoautotrophicum alF5B
shows an overall elongated shape (Fig. 1C), with a maximum
distance of over 100 A between its G domain and domain IV.
The most striking feature contributing to the extended shape
of alF5B is the long a-helix (H12) connecting domains III
and IV. In alF5B, this helix gives the protein the shape of a
pendulum, which upon GTP hydrolysis transmits a confor-
mational change occurring within the “clock” region
(domains G, II and III) to the remote C-terminal end of the
molecule (Fig. 1D; 15).

Because of the structural conservation of isolated IF2-C1 and
IF2-C2 compared with alF5B domains IIl and IV, it is tempting
to describe the functionality of IF2 extrapolating from the
structural similarity between IF2 and alF5B. In addition, it is
conceivable that the IF2 efficiency increases when its activities
are partially linked. For instance, an elongated shape in bacte-
rial IF2 would allow the simultaneous placement of the fMet-
tRNA anticodon stem loop in the ribosomal 30 S P-site and the
acceptor end in the 50 S peptidyltransferase center. However,
despite their structural similarity, substantial deviations exist
between bacterial IF2 and archaeal/eukaryal a/elF5B functions.
Indeed, although IF2-C2 is crucial for initiator-tRNA binding in
bacteria, in archaea this function is not performed by alF5B but
by a/elF2 (31). More or less subtle structural differences, possi-
bly at the level of the inter-modular contacts, most likely under-
lie this functional divergence between the different classes of
initiation factors. Because no details are yet available concern-
ing the structure of IF2-G2 and the structural adaptability of
bacterial IF2 as a result of ligand binding, we isolated the IF2-G2
domain, and after establishing its functionality, we elucidated
its structure in the presence and absence of GDP. In addition,
subdomain arrangement and overall shape of the C1-C2 region
of IF2 were determined. Together, the results demonstrate that
the behavior of bacterial IF2 is substantially different from its
archaeal homolog alF5B.
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EXPERIMENTAL PROCEDURES

B. stearothermophilus IF2-G2 and IF2 C1-C2 NMR Sample
Preparations—B. stearothermophilus 1F2-G2 (residues 241—
414) was expressed as a GST fusion protein in Escherichia coli
strain BL21pLysS (Cm") grown in M9 minimal medium (32).
The fusion protein was purified on a glutathione-Sepharose
column (Amersham Biosciences) and subjected to thrombin
cleavage to yield IF2-G2, which was further purified by anion-
exchange chromatography using a POROS HQ column with a
linear 0-0.25 M NaCl gradient in 50 mm Tris-HCI, pH 6.8,
followed by Superdex G-75 gel filtration in 20 mm NaP;, pH 6.5,
150 mm KCI, 1 mm DTT, and 0.01% NaNs. B. stearothermophi-
lus IF2 C1-C2 (cloned in pEV1-C) was expressed, and the 26.6-
kDa (240 residues) protein product was purified essentially as
described (16). Isotopic labeling of the proteins was done with
'SNH,Cl and either ['*C]- or ['**C]glucose. [*H,"*C,"*N]IF2-G2
was obtained using sodium [**Clacetate and °NH,Cl in
medium containing 97% D,0, 3% H,O.

The following NMR samples were used. (a) 0.4—0.9 mm I[F2-
G2 £ 0.6-1.2 mm GDP (Sigma) in 20 mm KP;, pH 6.5, 150 mMm
KCl, 5 mm MgCl,, 1 mm DTT, 0.01% NaN,, 10% D, O, and trace
amounts of EDTA-free protease inhibitor mixture (Roche
Applied Science). For ["°N]IF2-G2:[**C,'>N]GDP samples,
[*3C,'>N]GTP (Isotec) was added to [**N]IF2-G2 and left over-
night at 37 °C to allow GTP hydrolysis. (b) 0.5 mm [F2 C1-C2 in
20 mMm KP;, pH 5.2, 200 mm KCI, 10% D,0O, 0.02% NaNj,, and
EDTA-free protease inhibitor mixture.

NMR Spectroscopy—Unless stated otherwise, NMR experi-
ments were performed at 315 K using Bruker Avance 600 MHz
spectrometers. For free and GDP-bound IF2-G2, backbone
assignments were performed from triple resonance experiments.
For side chain assignments, '"N-FHSQC, H(C)(C)(CO)NH-
TOCSY, (H)C(C)(CO)NH-TOCSY, HCCH-TOCSY, *C-HSQC-
CT, and histidine-specific '”N-HSQC spectra were used, either in
H,O or D,O. Aromatic side chains were assigned using two-di-
mensional HB(CB)(CG)(CD)H, (HB)CB(CG)(CD)H, '*C-HSQC-
CT, and NOESY spectra.

For distance restraints, two-dimensional NOE and three-di-
mensional NOESY-"*N-HSQC and NOESY-'*C-HSQC spec-
tra were recorded on Bruker AVANCE 600 and 900 MHz spec-
trometers. Also, three-dimensional ¢,-proton and ¢;-carbon
versions of four-dimensional **C-HMQC-NOESY-**C-HSQC
were recorded for [F2-G2-GDP. In all NOESY experiments, the
mixing time was 80 ms.

The experiment to detect through hydrogen bond scalar
couplings between GDP phosphate and IF2-G2 amide groups
was a variation of a Jyp spin-echo difference experiment
reported before (33, 34). The *'P*-**N and *'PP-'*N spin-echo
difference ""N-HSQC-CT spectra for [*°N]IF2-G2:GDP were
recorded at 298 K on a Bruker AVANCE 500 MHz spectrome-
ter equipped with a z-gradient QNI probe.

The assignment of IF2 C1-C2 was based on the previous
assignments of the free C1 and C2 domains (29, 30) and veri-
fied and complemented using three-dimensional HNCA,
HNCACB, CBCA(CO)NH, and NOESY-**N-HSQC spectra of
IF2 C1-C2. '°N relaxation data of IF2 C1-C2 were acquired as
described (35). For '°N-R, rates, relaxation delays of 100, 200,
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400, 500, 600, 700, 800, 1000, and 1200 ms were used. '°N-R,
rates were determined from Carr-Purcell-Meiboom-Gill spec-
tra recorded with 8, 16, 24, 36, 48, 76, 96, 120, 148, and 192 ms
relaxation delay. ">’N{'H}heteronuclear NOEs were determined
from normalized signal intensity differences between two
experiments as follows: one with proton saturation for 3 s to
achieve steady state magnetization and one without proton sat-
uration. The "N relaxation data for IF2-C1 and IF2-C2 had
been recorded previously (29, 30) and were reanalyzed similarly
to IF2 C1-C2.

Data Analysis—NMR spectra were processed with NMRPipe
(36) and analyzed using NMRView 5.0.3 (37). Chemical shift
values were used to determine the presence and position of
secondary structure elements employing the programs CSI (38)
and TALOS (39). From these analyses, torsion angle restraints
were also obtained.

Relaxation rates '°N-R, and *°N-R, were determined by two-
parameter exponential fitting using Curvefit (A. G. Palmer III).
Estimated errors in *°N-R, and '°N-R, values were 3% for iso-
lated [F2-C1 and IF2-C2 and 4% for IF2 C1-C2 because of over-
all line broadening. For "*N{'H} heteronuclear NOE values,
errors were fixed at 0.05. For model-free analyses (40), FAST-
Modelfree (41) and TENSOR2 (42) were used. Input structures
for these programs were the lowest energy structures of IF2-C1
(Protein Data Bank code 1Z9B) or IF2-C2 (Protein Data Bank
code 1D1N), reoriented in the frame of inertia using PDBINER-
TIA (A.G. Palmer III). The output from FAST-Modelfree
(using axial symmetric anisotropic rotational diffusion) is
shown in the results; TENSOR?2, using full tensor asymmetry,
gave similar results.

Structure Calculations—IF2-G2 structures were calculated
with ARIA1.2 (43) using the Parallhdg5.3 force field with
PROLSQ parameters. Structure calculation parameters were
default, except for the following: (i) all annealing stages were in
Cartesian space, and (ii) the number of MD steps was doubled
for every annealing stage. Structure analysis, validation, and
visualization were done with Procheck-NMR (44), What-If
and What-Check (45, 46), MolMol (47), and PyMOL (W. L.
DeLano).

The IF2 C1-C2 homology model was based on amino acid
sequence alignments of B. stearothermophilus IF2 and M. ther-
moautotrophicum alF5B and built using the M. thermoau-
totrophicum alF5B crystal structure (Protein Data Bank code
1G7R) using MODELLERG version 2 (48). From 10 calculated
structures, the lowest energy structure was used as the final
model. Predicted values for the overall tumbling properties of
particles in aqueous solution were obtained using the program
HYDRONMR (49).

RESULTS

In Vitro Activities of Isolated IF2-G2—Prior to structural
studies, we tested if the biological properties of the complete
IF2 G domain (42 kDa) are preserved in its isolated G2 module
(19 kDa). Our results demonstrate that the B. stearothermophi-
lus IF2-G2-GTP complex can weakly bind the B. stearothermo-
Pphilus 50 S ribosomal subunits (supplemental Fig. S1Aa) but
not the 30 S subunits (data not shown). Furthermore, I[F2-G2
binds and hydrolyzes GTP in both a ribosome-dependent and
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ribosome-independent manner (supplemental Fig. S14, b and
¢). We conclude that IF2-G2 houses the functional elements
responsible for GTP binding, the catalytic center for GTP
hydrolysis, and at least part of the region for establishing func-
tional interactions with the 50 S ribosomal subunit, although it
does not contain the region responsible for the interaction with
the 30 S subunit. Furthermore, these functional properties are
similar to those of the complete G domain and even of the
native IF2 molecule (18, 19, 50, 51). The structural integrity of
IF2-G2 is further underscored by the fact that NMR spectra
obtained with this domain can be easily recognized within
those of larger IF2 fragments such as the G2-G3-GDP complex
(supplemental Fig. S1B).

Structure of IF2-G2:GDP—Unlike IF2-G2-GTP, IF2-G2:
GDPNP, and to some extent free IF2-G2, whose stability proved
limited in time, [F2-G2-GDP gave a stable complex with invari-
ant spectra during NMR measurements. The HSQC spectra of
[F2-G2 and IF2-G2-GDP are quite different, indicating that the
structures of free and GDP-bound IF2-G2 diverge substantially
(supplemental Fig. S1B). Stepwise titration of IF2-G2 with GDP
gave rise to two sets of NMR signals, one from the free protein,
and the other from the IF2-G2-:GDP complex. This is indicative
for a slow exchange regime on the NMR time scale, implying
that GDP binds tightly to IF2-G2. Most amino acids in the IF2-
G2-GDP complex were assigned, including the non-proline res-
idues of the P-loop (except for Thr?*®), Switch-1, and boxes G3
and G4. The N-terminal region Gly**’-Ile***, preceding
B-strand S1, and the region Lys**’-Ile*"”, including the
Switch-2 region, could not be assigned. For GDP, we were able
to assign the H1, N1, H8, C8, H1', C1', H2', C2’, H4', C4', H5',
and C5’ resonances.

The NMR spectra for IF2-G2-GDP displayed several unusual
features that were also found before for other GDP-bound
G-proteins. Low field resonances for the G1-box/P-loop Asp>>*
and Lys**” amide protons (10.16 and 10.53 ppm, respectively)
suggest their hydrogen bonding to the GDP B-phosphate, like
in Ras*GDP (52). Chemical shift differences between the free
and protein-bound ligand suggest hydrogen bonding between
H1 of GDP and I[F2-G2 (53, 54). In preliminary IF2-G2-GDP
structures, calculated without explicit intermolecular hydrogen
bond restraints, the H1 atom of GDP was always found within
2.5 A from the carboxyl group of Asp>>* of the 3*'NKMD?3>*
guanine-binding G3-box. Thus, this aspartate probably acts asa
hydrogen bond acceptor, exactly like in other G-proteins. The
NMR signal of G4-box Ala**® HY, an atom found within 3.0 A
from O6 of the guanine ring in the preliminary IF2-G2-GDP
structures, is substantially shifted (0.8 ppm) upon GDP binding
(supplemental Fig. S1B), indicating the presence of a contact
seen also in other G-proteins (55, 56). Finally, the unusual pro-
ton signal of GI-box/P-loop His**> H** at 13.1 ppm implies its
protection from solvent exchange, possibly because of hydro-
gen bonding with the carboxyl group of Asp*® that is found
within 2.0 A in the preliminary IF2-G2-:GDP structures.

Besides these indirect protein-ligand contacts, hydrogen
bonding between GI-box/P-loop Thr*** backbone nitrogen
and the GDP a-phosphorus atoms is clearly indicated by a sca-
lar Jyp coupling (Fig. 2; supplemental Fig. S2). Although an
equivalent hydrogen bond has been repeatedly suggested by
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FIGURE 2. IF2 binds GDP through a direct hydrogen bond. The figure
shows the data of the direct detection of intermolecular Jy, scalar couplings.
One-dimensional *'P-">N spin-echo difference "*N-HSQC spectrum of IF2-

G2-GDP and a schematic view of the phosphate-amide proton hydrogen
bonds are detectable with the pulse sequence of supplemental Fig. S2.

crystal structures of GTP/GDP-bound G-proteins (15, 57-59),
to our knowledge its existence is experimentally demonstrated
here for the first time.

For the final NMR structure calculations, four hydrogen
bonds (Asp®**-GDP, Lys**’-GDP, Thr***-GDP, and Asp®>*-
GDP) and 24 NOE distance restraints were used to position
GDP in its complex with IF2-G2. In the structure of the IF2-
G2-GDP complex (Fig. 34 and supplemental Table S1), the pro-
tein core is folded like GTP/GDP-binding domains of other
G-proteins (Figs. 1E and 3D) containing a central four-stranded
parallel B-sheet formed by residues 247-251 (S1), 317-322
(S5), 346 -351 (S6), and 381-386 (S8), surrounded by the four
a-helices H1 (residues 258 —266), H4 (330—343), H6 (360—
370), and H7 (394-406). Also typical GDP-binding elements
(P-loop, G3-box, and G4-box) are well defined, but, as in other
free and GDP-bound G-proteins (15, 60—63), Switch-1 and
Switch-2 are unstructured, likely because of internal mobility
(Fig. 3A).

Free Versus GDP-bound IF2-G2—Despite its reduced sample
stability, except for the N terminus and Switch-2 region
(because of line broadening), free IF2-G2 could also be studied
by NMR. After structure calculation, like the IF2-G2-GDP com-
plex, apo-IF2-G2 also shows a typical G-protein architecture
(Fig. 3, B-D and supplemental Table S1). When superimposed
on the well defined regions S5-S6 and H6-S8, excluding all
G-boxes and Switches (residues 317-350, 361-386), the pair-
wise backbone r.m.s.d. between the NMR ensembles of IF2-
G2:GDP and apo-IF2-G2 was 1.0 A. The most pronounced dif-
ferences between the two ensembles are in the orientations of
the helices H1 and H6 and in the relative orientations of the
loops L3 and L5 (Fig. 3E), as underscored by several large chem-
ical shift changes (supplemental Fig. S1B). These loops, con-
taining the guanosine ring-binding G3- and G4-box elements,
move closer to the nucleotide base upon GDP binding. They are
more ordered in the IF2G2-GDP structure, which is likely due
to their reduced flexibility upon GDP binding. Helix H1 is
twisted by ~15° upon GDP binding, and the N-terminal end of
helix H6 is moved by ~1 A toward the guanosine base in IF2-
G2:GDP. There is a possibility that reorientation of helix H1 in
the IF2-G2 structure does not reflect a similar reorganization of
this helix in intact IF2, because only a limited number of long
range contacts were found for this helix. However, the chemical
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shift changes at the beginning of helix H6 are large, indicating
that the position of this helix is substantially modified. Similar
yet much less pronounced structural transitions have been seen
in other G-proteins before. However, the differences between
free and GDP-bound forms in crystal structures of other G-pro-
teins are much smaller than the 1 A that we observed in the case
of the IF2-G2. In the case of aIF5B (15), the backbone r.m.s.d.
difference between free and GDP-bound forms in the regions
corresponding to the core of IF2-G2 is only 0.36 A, whereas for
elongation factor EF-Tu (58, 63), this r.m.s.d. is 0.6 A. It is likely
that the pronounced structural changes induced by GDP bind-
ing to IF2-G2 also occur in intact IF2, because for several of the
residues involved spectral changes were observed in experi-
ments with the G2 domain in the context of a larger IF2 G2-G3
construct (supplemental Fig. S1B). Such rearrangements in the
G2 domain are likely propagated to other regions of IF2.

Effect of GDPNP on IF2-G2 Switch-2—When GTP was added
to IF2-G2, signals indicative for the GDP-bound form occurred
in time due to GTP hydrolysis. This prevented the assignment
of the IF2-G2-GTP complex, but at the same time it showed that
GTP hydrolysis is accompanied by a conformational change.
Titration of IF2-G2 with the GTP analog GDPNP to IF2-G2 did
notyield the large spectral changes that GDP did (supplemental
Fig. S1B). In this IF2-G2:GDPNP complex, the slow hydrolysis
of GDPNP also prevented us from obtaining detailed structural
information, and these data clearly suggest that “GTP”-bound
and apo-IF2-G2 are structurally highly similar, while in the
presence of GDP IF2-G2 adopts a clearly distinct conformation.

Upon GDPNP addition, a number of residues, including
Gly*®' from the P-loop **’GHVDHGKT?*® and Asp®** and
Ser®®” from the guanine ring-binding G3- and G4-boxes, show
behavior that is typical for the “fast-exchange” regime; their
resonances shift with increasing concentrations of GDPNP,
indicating low affinity for this ligand (K, > 10 um). Further-
more, resonances from P-loop His*>*?, His**®, Gly**°, and
Thr**%; L1-loop Met?*%; L3-loop Ile**° and Asn®*'; and L5 res-
idues Lys®*® and Leu®®®, which are expected to contact the gua-
nine ring, broaden or disappear upon GDPNP addition. A sim-
ilar situation was observed for the Ras-GDPNP interaction (62),
which was explained by intermediate conformational exchange
(regional polysterism) in the GDPNP-bound form of Ras. Based
on the observed exchange broadening, the rate for such a pro-
cess in IF2 was estimated to be 10*s™ ' < R, < 10®s™*. Most
important, residues near the G2-box/Switch-2 region (Phe***
and Gly**°) broaden upon GDPNP binding, suggesting that this
region is influenced by the interaction with the GTP analog.
Together, these data demonstrate that GDPNP is bound to IF2-
G2, but it does not induce large conformational changes
beyond the GTP binding region.

In principle, the ligand-dependent conformational changes
in IF2-G2 could be communicated to other IF2 domains. Most
likely this occurs directly to subdomains G3 and C1, which,
based on structural homology between IF2 and alF5B, are
expected to contact Switch-2. However, the information con-
cerning ligand binding or GTP hydrolysis in the guanine nucle-
otide binding pocket could also be communicated intrinsically
all the way to the extreme C-terminal C2 domain of IF2. For this
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Switch 1

180°

FIGURE 3. Structures of GDP-bound and apo-IF2-G2. A, “sausage” representation of the IF2-G2-GDP NMR ensemble. The thickness of the backbone repre-
sents the r.m.s.d. Structural elements are indicated; GDP is shown in “ball-and-stick.” B, sausage representation of apo-IF2-G2. C, backbone overlay of the best
structures of the NMR ensembles calculated for apo- (gray) and GDP-bound (red) IF2-G2. D, as C, additionally overlaid with the crystal structure of the G2 domain
from M. thermoautotrophicum alF5B (green). E, different orientations of the reorganization within the B. stearothermophilus IF2-G2 domain between its

apo-state (gray) and GDP-bound (red) state.

to occur, the rigidity of the interdomain regions, as seen for
alF5B, seems a prerequisite.

Structure and Dynamics of IF2 C1-C2—Signaling by guanine
nucleotide-induced conformational transitions, possibly
involving contacts of the Switch-2 region with other domains,
would permit the IF2 domain orientation to be directly con-
trolled by the G2 subdomain. Besides the Switch-2 region of
IF2-G2, the connector between IF2-C1 and IF2-C2, spanning
from Arg®** to Lys®*® in B. stearothermophilus IF2 and corre-
sponding to a-helix H12 of M. thermoautotrophicum alF5B,
could be a region undergoing functionally relevant motions
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(Fig. 1, C and D). In alF5B this long a-helix is in a defined
position, folded back over the dorsal face of the central B-sheet
of domain III, which keeps domains III and IV at a fixed dis-
tance (15). To study the structure and dynamics of this region
for bacterial IF2, the connected B. stearothermophilus C1-C2
subdomains were studied.

Because the NMR structures of the isolated domains IF2-C1
and IF2-C2 are in good agreement with the corresponding
domains of alF5B (15, 29, 30), a homology model for the bacte-
rial C1-C2 domain organization was created based on the alF5B
domain organization (Fig. 44). Minor mismatches between the
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FIGURE 4. Hydrodynamic analysis of B. stearothermophilus IF2 C1-C2. The figure shows the orientations of the rotational diffusion tensors for free and
connected B. stearothermophilus IF2 C1-C2 domains. A, predicted rotational diffusion tensor for the M. thermoautotrophicum alF5B-based homology model for
B. stearothermophilus IF2 C1-C2 assuming a completely rigid linker. B, rotational diffusion tensor for free IF2-C1 using the B. stearothermophilus IF2-C1 NMR
structure. G, rotational diffusion tensor for free IF2-C2 using the B. stearothermophilus IF2-C2 NMR structure. D, rotational diffusion tensor for IF2-C1 when
bound to IF2-C2, using the B. stearothermophilus IF2-C1 NMR structure. E, rotational diffusion tensor for IF2-C2 when bound to IF2-C1, using the B. stearother-
mophilus IF2-C2 NMR structure. Note: for direct comparison, the individual domains were manually rotated to the coordinate frame of IF2 C1-C2 in A. Also, the
rotational diffusion tensors are scaled with respect to their rotational correlation times.

NMR structures of the separate domains and the homology
model are found for the IF2-C1 loop Val***~Arg®”°, connecting
H9 and S21, and the IF2-C1 loop Ala®*°~Asn®%3, connecting
H10 and S22. In alF5B both loops make extensive contacts with
the region corresponding to helix H12. The fact that in IF2
these loops are poorly conserved (Fig. 1B) suggests that in bac-
teria they play no role in defining the position of the connector
between the C1 and C2 subdomains.

In IF2 C1-C2 only four residues of the connector could be
unambiguously assigned, i.e. 11e°**, Tyr®>®, Asn®*®, and Val®*’.
These are the most conserved residues of the connector helix
(Fig. 1B) and directly contact the GTPase domain in the homol-
ogy model based on the crystal structure of alF5B (15). The
chemical shift values of these residues and the strong sequential
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HN-H" contacts for these residues indicate the presence of
helicity (supplemental Fig. S3A), which supports the homology
model for IF2 C1-C2 with at least one helical turn at the N
terminus of the connector. Because, apart from the connector,
the NMR spectra of full IF2 C1-C2 and the separate C1 and C2
domains are very similar, the physical connection of the two
domains introduces neither large differences in their environ-
ments nor extensive interdomain contacts. However, some res-
idues in IF2-C1, clustered on the surface where it contacts the
connector in the model, show small signal shifts or intensity
increases, indicating that their environment is slightly changed.
In addition, the enhanced signal intensity observed for the core
residues 1le**” and Gly>® suggests that the connector causes
increased rigidity within IF2-C1 (data not shown).
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TABLE 1

Tumbling properties of free and connected B. stearothermophilus
IF2-C1 and IF2-C2 domains

For isolated and connected IF2-C1 and -C2 domains, NMR relaxation data were
analyzed by Modelfree analysis. Extracted rotational correlation times and diffusion
tensors were compared with predictions based on structure models.

Domain C1 C1-C2“ C1-C2* C2
Rotational correlation times 7, (ns)
Predicted® 5.19 18.4 18.4 6.95

Experimental ~ 9.02 = 0.04 11.59 =0.07 11.44 = 0.05 7.34 = 0.03
Rotational diffusion tensor axis length ratios
Predicted*?
D./D.,, 0.94 0.40 0.40 0.75
D,/D.. 0.98 0.40 0.40 0.83
Experimental®
D./D.,, 0.73 £0.02 0.85*0.03 0.84*+0.02 0.80 = 0.02

“ Domain C1 is considered when connected to domain C2.

? Domain C2 is considered when connected to domain C1.

¢ Predictions were done with HYDRONMR on lowest energy NMR structures of
isolated IF2-C1 and IF2-C2 and on the homology model of connected IF2
C1-C2.

4 Assumed is: D, > D,, = D,,.

¢ Model-free analyses were performed with FAST-Modelfree assuming axial sym-
metry (D, = D,,, hence n = 0).

In alF5B, the rigid helix H12 supposedly acts as a lever, trans-
mitting conformational changes caused by GTP hydrolysis
from the “G-1I-11I” region all the way to domain IV (Fig. 1D; 15).
Although we could not verify the dynamics within the connec-
tor of B. stearothermophilus IF2 directly because of the lack of
assignments for this region, we could establish its mobility indi-
rectly after comparing the tumbling properties of IF2 C1-C2
with those of free IF2-C1 and IF2-C2. Table 1 summarizes the
results obtained from Model-free analyses of the 5N-T,, -T,,
and *N{'H}heteronuclear NOE relaxation rates for IF2-C1,
IF2-C2, and IF2-C1-C2 (see supplemental Fig. S3, Band C). The
experimental rotational correlation times (7.) and rotational
diffusion tensor axis ratios were compared with the ones pre-
dicted for the NMR structures of the free C1 and C2 modules
and for the rigid homology model of IF2 C1-C2 based on the
x-ray structure of alF5B. For the homology model of IF2 C1-C2,
a 7, value is predicted that is more than twice as large as for the
free modules, while the elongated molecule would also show
very different diffusion tensor axis lengths. The experimental
data, however, clearly show that this is not the case. The 7,
values of both C1 and C2 within IF2 C1-C2 are similar to those
of the free modules and much smaller than the values predicted
for the rigid homology model. Also the diffusion tensor shapes
obtained by the Model-free analysis do not change drastically
upon domain connection (Table 1), and the tensors do not align
with those for the homology model, but they also do not change
for IF2-C1 and IF2-C2 upon their mutual attachment (Fig. 4).
These findings can only be explained by an independent mod-
ular tumbling of the C1 and C2 domains. The '°N relaxation
data and the Model-free analyses do show an increase in 7,
values for full IF2 C1-C2 compared with free IF2-C1 and IF2-
C2, so the tumbling of C1 and C2 within IF2 C1-C2 is somewhat
affected by their partners. This can be explained by the pres-
ence of motions slower than the rotational correlation times of
the two modules. Therefore, the presence of a dynamic equilib-
rium between a helical stalk and a predominantly unfolded H12
region cannot be excluded. The increase in 7, however,
remains much less than predicted for a completely rigid homol-
ogy model.
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The positional mobility of the C2 domain is likely also pres-
ent in intact IF2, because NMR signals of the free C2 domain
and of C2 as part of C1-C2 are easily recognized in spectra
recorded for IF2 “G2-G3-C1-C2” (data not shown). In addition,
preliminary analysis of signal intensities indicates that also in
complete IF2-GC the C2 domain tumbles independently from
the rest of the protein. Taken together, the relaxation data indi-
cate that in IF2 the physical connection between the C1 and C2
modules does not lead to the slower and asymmetric tumbling
that is expected if the interdomain connector were completely
rigid. We conclude that from this aspect bacterial IF2 behaves
very differently from archaeal alF5B.

DISCUSSION

The allosteric communication between different IF2 do-
mains emerged clearly from earlier studies. For instance,
IF2-GTP displays higher affinity for the 30 S ribosomal subunit
than IF2-GDP (64), a difference that is magnified when the
N-terminal domain that anchors IF2 to the 30 S ribosomal sub-
unit is missing (18, 19). Because [F2-G3 is the module respon-
sible for functional IF2—-30 S interactions (19, 21-24), this dif-
ferent affinity likely results from a conformational transition
between GTP-bound and GDP-bound IF2-G2 being trans-
ferred to IF2-G3. The nature of its nucleotide ligand influences
also other IF2 activities. In fact, 30 S-bound IF2-GTP allows the
rapid docking of the 50 S subunit to the 30 S IC to yield 70 S IC
(5), whereas the alarmone ppGpp, bound to IF2 instead of GTP
under nutritional stress, selectively inhibits IF2 functioning
(27). Furthermore, only nucleotide-free and GDP-bound IF2
are able to dissociate from the 70 S IC, whereas IF2:GDPNP
cannot, suggesting that conformational changes caused by GTP
hydrolysis are a prerequisite for IF2 recycling (65).

In this study we determined NMR structures for the G2 sub-
domain of IF2 in free and GDP-bound forms. Because we have
ascertained that ribosome binding and GTP hydrolysis proper-
ties of IF2-G2 are essentially identical to those of the complete
G domain of IF2 and correspond to at least some of those of the
native factor, the structures presented here are likely relevant
for the functioning of this domain in the context of the whole
protein. The structural organization of IF2-G2 is typical of gua-
nine nucleotide-binding proteins. For instance, both unbound
and GDP-bound forms of this domain clearly display nucle-
otide-binding elements such as the P-loop/GI-box and the G3-
and G4-boxes, and interactions between these boxes and the
guanine ring were observed in the IF2-G2-GDP complex. In free
and GDP-bound IF2-G2, the guanine- and phosphate-binding
elements possess almost identical structures, indicating that
the former is already amenable for guanine nucleotide binding.
However, in other parts of the subdomain, the two forms of
IF2-G2 display significant structural differences. In particular,
loops L3 and L5 differ in rigidity, whereas helix H6 undergoes a
significant reorientation. Furthermore, because the NMR spec-
tra indicate that the structures of apo-1F2-G2 and GDPNP-
bound IF2-G2 are overall very similar, the changes in reorien-
tation of loops L3 and L5 and helix H6 upon GDP binding to
IF2-G2 could reflect structure changes that occur when IF2-
bound GTP is hydrolyzed and the phosphate dissociates to yield
IF2-GDP. These conformational changes could be forwarded to
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FIGURE 5. Model for the positional mobility of B. stearothermophilus IF2-C2. The figure shows a backbone representation of B. stearothermophilus |F2
C1-C2. Domain connector “H12” (Arg®#*-Lys®*) is shown in green, and residues belonging to IF2-C1 are blue, and residues forming IF2-C2 are in red. The G23
domains are shown (in gray) based on sequence homology and crystal structures of M. thermoautotrophicum alF5B. Arrows indicate the motional freedom of
the C2 domain compared with the rest of the protein. The inset shows the structural changes detected for IF2-G2 upon GDP binding.

other regions of IF2 during different stages of translation initi-
ation and could also regulate, for instance, interactions between
IF2 and ribosomal subunits and/or be part of the mechanism by
which IF2 promotes the transition from 30S IC to 70 S IC.
Indeed, in the crystal structure of alF5B, helix H6 contacts the
N-terminal part of helix H12, and guanine nucleotide binding
or hydrolysis could be communicated from the G2 subdomain
to this region of intact IF2. In addition, it is possible that in
intact IF2 the reorientation of loops L3 and L5 and helix H6
modulates the affinity of the factor for the 50 S subunit.
Because loop L3, loop L5, and helix H6 do not contact other
domains of IF2, at least based on the crystal structures of M.
thermoautotrophicum alF5B, it is unlikely that these elements
are involved in the intra-molecular signaling initiated by GTP
hydrolysis. Therefore, like in other GTPases Switch-1 and
Switch-2 are probably involved in intramolecular signaling.
These regions could be flexible in apo- or GTP-bound IF2-G2
and rigidify upon GTP hydrolysis. Unfortunately, we could
not confirm this hypothesis directly because these Switches
remained undefined in our structures, and the NMR investiga-
tion of IF2-G2-GTP and IF2-G2:GDPNP was hampered by the
instability of the complexes. Nevertheless, some resonances of
residues near the G2-box/Switch-2 region get broadened in the
spectrum for IF2-G2:GDPNP indicating the existence of con-
tacts between the GTP analog and its anticipated binding site
and the occurrence of changes in Switch-2 dynamics. This sit-
uation could be similar to that seen in alF5B, where Switch-2 is
less well ordered in the presence of GDP, but becomes stabi-
lized (15) upon contacting the GTP y-phosphate and Mg>*.
Events occurring during the transition from 30 S IC to 70 S
IC could be more efficient if IF2 domains were allowed to rear-
range after the initial interactions with the 30 S subunit. In fact,
a rigid connection between the GTP-binding/GTPase region
and the C-terminal fMet-tRNA™*"binding domain seems
incompatible with the positioning of the various IF2 domains
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on different 30 S and 50 S regions within the 70 S IC. The par-
adox regarding beneficial molecular elongation and levering
versus advantageous internal conformational freedom is
resolved by our NMR relaxation analysis of free and connected
IF2-C1 and IF2-C2. It was shown that, despite their physical
connection, the C1 and C2 domains do not interact with each
other and that their overall tumbling is uncorrelated. This
implies that the connecting region in IF2, although partly heli-
cal, is not a continuous, rigid a-helix. Taken together, unless
the flexible connector rigidifies in the presence of cofactors, our
data do not support the levering model described for the C-ter-
minal domain of M. thermoautotrophicum alF5B but indicate a
conformational arrangement that allows rotation and reposi-
tioning of the IF2-C2 module (Fig. 5), which could be required
to facilitate its dissociation from fMet-tRNA. Thus, although
many structural features are conserved between alF5B and bac-
terial IF2, a functionally important difference is seen for the
motional freedom of their extreme C-terminal domain.
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