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ABSTRACT: Three protein factors ensure rapid and accurate
initiation of translation in bacteria. Translation initiation factor
IF2 is a ribosome-dependent GTPase, which is important for
correct positioning of initiator tRNA on the 30S subunit as
well as ribosomal subunit joining. The solution structure of the
free C-terminal part of IF2 (IF2C, comprising domains IV to
VI-2) was previously determined by small-angle X-ray
scattering (SAXS) [Rasmussen, L. C. et al. (2008)
Biochemistry 47, 5590—5598]. In this study, adding GDP or
nonhydrolyzable GTP analogue GDPNP to the protein in
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solution caused structural changes in the protein, in agreement with recent data determined via isothermal titration calorimetry
[Hauryliuk, V., et al. (2009) J. Mol. Biol. 394, 621—626]. The p(r) function indicated an elongated conformation supported by
radii of gyration of 40.1 and 44.9 A and maximum dimensions of ~125 and ~150 A for IF2C with GDPNP and GDP,
respectively. The SAXS data were used to model the structure of IF2C bound to either GDPNP or GDP. The structural
transitions of IF2C upon GDPNP binding and following nucleotide hydrolysis support the concept of cofactor-dependent
conformational switching rather than the classical model for GTPase activity.

Protein synthesis in bacteria is initiated on the ribosomes by
the combined action of three translation initiation factors,
one of them being the essential translation initiation factor IF2.
In this process, the AUG start codon of an mRNA is positioned
in the peptidyl site (P-site) of the 30S ribosomal subunit for in-
frame translation. IF2 ensures correct binding of initiator tRNA
and accelerates association of the 50S ribosomal subunit to the
308 initiation complex." IF2 has a ribosome-dependent GTPase
activity, and when the subunits are joined, this is contacted by
the GTPase-activating center of the 508 subunit™® and GTP is
hydrolyzed to GDP by IF2. This GTP hydrolysis drives the
release of IF2 from the 70S complex” and the transition to an
elongation-competent conformation.’

Escherichia coli IF2 can be divided into six domains, where
the C-terminal domain may be further divided into two
subdomains. The domain breakdown is based on interspecies
homology4 (Figure 1). The C-terminal part (domains IV to VI-
2) is highly conserved among species, whereas the N-terminal
region (domains I-III) varies in both length and amino acid
sequence but shows intraspecies homology in being completely
conserved within the strains of E. coli.> Domain IV is the GTP-
binding domain also known as the G-domain, and switch I and
switch II regions in the nucleotide binding site allow
discrimination between GTP and GDP.

Orthologues of IF2 are found in both eukaryotes [eukaryotic
initiation factor SB (eIFSB)] and archaeabacteria [archaeal
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initiation factor SB (alF5B)],*'® and alFSB from Methano-
bacterium thermoautotrophicum (M. therm.) is the only full-
length IF2 orthologue crystallized to date. This archaeal
orthologue and IF2 both facilitate ribosomal subunit joining
and exhibit GTPase activity, but only IF2 is involved in initiator
tRNA adjustment.” The alF3SB protein corresponds to domains
IV to VI-2 of E. coli IF2, because it lacks all of the N-terminal
domains (I-III). The structure was determined both for the
protein without ligand and for the protein with GDP and
GDPNP (a nonhydrolyzable GTP analogue) ligands. The
protein displays a chalicelike structure, and a modest conforma-
tional change in domain IV (the G-domain) results in a minor
~5 A movement of the C-terminal domain upon nucleotide
binding (domain IV is called domain I in ref 6 because of the
use of a different domain nomenclature). However, these
crystals are in the same space group and have the same crystal
packing, so the extent of conformational difference might be
larger in solution.

NMR studies of the isolated G-domain of Bacillus
stearothermophilus (B. stearo.) IF2 (corresponding to domain
IV of E. coli IF2), either free or in complex with GDP, also
revealed changes in structural conformation upon nucleotide
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Figure 1. E. coli translation initiation factor IF2. The structure of E. coli
IF2C shown next to the structure of the first 50 residues of the protein
(IF2N). The structure of IF2C in solution was determined using
SAXS.' The structure of IF2N was determined by NMR spectroscopy
and is colored purple on the left (PDB entry IND9). The orientation
of the two structures relative to each other is unknown and is depicted
here only for illustrative purposes. The domains of IF2 are color-coded
according to the chart, which displays the domain nomenclature. This
color-coding of domains is used throughout this work.

binding.8 The GTP binding site of this domain was also shown
to bind the alarmone, ppGpp, with an affinity similar to that of
GTP.’ The level of this alarmone increases during conditions of
nutritional stress, while GTP levels decrease. When ppGpp
binds to IF2 domain IV, it inhibits translation, thus mediating a
response to the shortage of nutrients. This has led to the
proposal that domain IV is a metabolic sensor and a
translational regulator.

A cryo-EM reconstruction of the E. coli 70S initiation
complex, including mRNA, initiator tRNA, and all three
initiation factors (though IF3 was not visible in the final
structure), was obtained using nonhydrolyzable GDPNP to stall
progression of initiation.'’ Individually determined X-ray
structures of the components were fitted into the correspond-
ing density in the cryo-EM map. Because only one crystal
structure was available for IF2 orthologues at present, the
crystal structure of free M. therm. alFSB in its GTP form was
used, even though this protein is from a different organism. The
crystal structure did not fit the density expected to be IF2 in the
cryo-EM map, so the domains of the alFSB crystal structure
were reorganized to fit this density. IF2 in this complex was
located in the intersubunit space contacting both 30S and 50S
subunits as well as initiator tRNA.

Another cryo-EM study of Thermus thermophilus 70S
initiation complexes, including mRNA, initiator tRNA, and
only one initiation factor, IF2, was conducted with either GDP
or nonhydrolyzable GTP analogue GMPPCP."" Here the
crystal structure of M. therm. IF2 was docked without domain
rearrangements into the IF2 electron density. The transition
from the GMPPCP-bound to GDP-bound state was found to
involve substantial conformational changes in both IF2 and the
entire ribosome. This conformational change resulted in
weakened interaction of IF2 with the ribosome, and because
this complex is lacking IF1 and IF3, it might correspond to a
late stage in initiation, post-GTP hydrolysis and just prior to
IF2 release.

A concept of cofactor-dependent conformational switching
of GTPases was developed'® to account for the observations
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that some GTPases remain in an inactive (D) conformation
even when GDP is replaced with GTP, while adopting an active
(T) conformation in complex with the ribosome or ligands.
This could explain the modest conformational changes
observed between GDP- and GDPNP-bound alFSB and the
domain rearrangements of alFSB observed in complex with the
ribosome. The theory holds that when the equilibrium between
the D and T conformations of the ligand-free GTPase is greatly
shifted toward the D conformation, exchanging GDP with GTP
may fail to significantly drive the GTPase to its T conformation.
However, in the presence of a cofactor, such as tRNA, GDP to
GTP exchange may readily switch the GTPase into its active T
form.

The structure of E. coli IF2 domains IV to VI-2 (denoted
IF2C, corresponds to domains G and II-IV in alternative
domain nomenclature®) in solution is distinct from the
chalicelike crystal structure of its orthologue, alFSB."* TF2C is
slightly more compact, rendering the link between subdomains
VI-1 and VI-2 less accessible. This is in agreement with
biochemical data showing that domain VI as a whole resists
trypsinization. If this link were easily accessible as in alFSB, it
would be trypsinated as a result of the two lysines located here.

Like alF5B, IF2 has also been shown to change conformation
upon ligand binding." Tsothermal titration calorimetry showed
a large decrease in heat capacity upon binding of either GDP or
GTP, suggesting conformational changes reducing the solvent-
accessible area of nonpolar amino acids. The structural
differences between the protein without ligand and the GDP
form were much larger than the differences between the GDP
and GTP forms. This may be a result of the lack of a cofactor to
drive the GTPase to its active conformation.

The structure of IF2C in solution and in the absence of any
ligand has been determined previously using small-angle X-ray
scattering."* The aim of this study has been to apply the same
technique in analyzing the structure of IF2C bound to either
GDP or GDPNP and to compare this to existing data on the
structural transitions involved in ligand binding.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. IF2C protein was
expressed from the pET24d-IF2C vector'* in BL21(DE3) cells
and purified essentially as described in ref 14. Briefly, the cells
were cultured in 2XTY medium [16 g/L peptone from casein
(AppliChem), 10 g/L yeast extract, and S g/L NaCl]
containing 50 ug/mL kanamycin, and protein expression was
induced by addition of IPTG. IF2C was purified from the
filtered supernatant of the opened cells by IMAC and IEC.
Concentration and a change to SAXS buffer [20 mM Tris-HCl
(pH 7.5), 100 mM NaCl, 1 mM MgCl,, 0.1 mM PMSF, and 1
mM DTT] were performed using a Vivaspin 20 filter unit
(Sartorius).

The protein concentration was determined by measuring the
absorbance at 280 nm.

GDPNP and GDP (Sigma-Aldrich) were added in molar
excess to IF2C (50 uM GDPNP or GDP to 36.3 uM IF2C),
resulting in >90% binding efficiency (based on the Ky for full-
length IF2 and GDP").

Small-Angle X-ray Scattering (SAXS). SAXS data were
recorded for 2 mg/mL IF2C with either ligand at room
temperature with the laboratory-based SAXS instrument of the
Department of Chemistry of Aarhus University.'® The samples
were thermostated and kept in reusable home-built quartz
capillaries. Home-written software [SUPERSAXS package (C.

dx.doi.org/10.1021/bi200938q | Biochemistry 2011, 50, 9779—-9787



Biochemistry

L. P. Oliveira and J. S. Pedersen, unpublished work)] was used
for all data reduction. This program is available by request.
SAXS intensity is displayed as a function of the momentum
transfer modulus q [q = (47/4) sin(6), where 4 is the radiation
wavelength and 26 is the scattering angle]. The q range was
from 0.0085 to 0.35 A™'. Pure water was used as primary
standard for absolute scale normalization.'® Indirect Fourier
transformation of the scattering data resulted in the character-
istic real-space distance distribution function p(r)."’~*® This
function corresponds to a histogram over all distances between
pairs of points within the particle, and it gives direct insight into
the particle shape and size. The SAXS data were analyzed using
data analysis software from the ATSAS program suite. Indirect
Fourier transformation was performed using GNOM,* and
GASBOR™"** was used for ab initio model calculations. Rigid
body and dummy chain modeling was performed using
BUNCH.” The IF2C sequence was modeled by five rigid
body subdomains connected by flexible linkers. The sub-
domains were selected on the basis of sequence alignments
among E. coli IF2C, M. therm. alF5B, and B. stearo. IF2-C2, and
no rigid body subdomains overlap the domain borders shown
in Figure 1. The sequence input for BUNCH was a hybrid of E.
coli IF2C and the sequences of the rigid body subdomains.
Subdomains and homology to the corresponding E. coli IF2C
sequence are shown in Table 1. Model alignment and averaging

Table 1. Structures Used as Input for BUNCH Modeling

rigid part of IF2C sequence
body modeled source residues identity (%)
1 1-169 M. therm. 1-226 33
alFSB
2 175-265 M. therm. 232—-338 26
alFSB
3 295-323 M. therm. 347-371 35
alFSB
4 324-380 M. therm. 372—433 20
alFSB
N 404—-500 B. stearo. 5—-99 50
1IF2-C2
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Figure 2. SAXS data for IF2C with GDP and GDPNP. The top panel
shows experimental data for IF2C (2 mg/mL in all graphs) either
alone or with GDP or GDPNP plotted as a function of scattering
vector q and compared to the theoretical fit. The data for IF2C alone
are from ref 14. Two of the curves are shifted by a constant factor for
the sake of clarity. The inset shows Guinier plots for IF2C alone or
IF2C with GDP or GDPNP. The bottom panel shows the distance
distribution functions p(r) that indicate the shape of the particle. A
skewed distribution with a maximum at small distances is characteristic
of elongated particles.”" The data for IF2C alone are from ref 14.

were performed using SUPCOMB>** and DAMAVER.*®
Calculation of theoretical solution SAXS intensity curves
from atomic coordinates of protein structure and its
comparison with experimental data were performed using
CRYSOL.*® Model visualization and generation of figures were
conducted with PyMOL.”’

Bl RESULTS AND DISCUSSION

SAXS Data. The C-terminal E. coli IF2 fragment (IF2C)
containing domains IV to VI-2 was purified by column
chromatography and concentrated in SAXS buffer to 2 mg/
mL. GDPNP or GDP was added in molar excess prior to SAXS
analysis. No aggregation was observed, and the monodispersity
of each sample was confirmed both by the Guinier plot
{In[I(q)] vs q*}, which gave a good linearity (Figure 2), and by
the calculation of the protein molecular weights, which
provided values very close to the expected ones for each case.

The radius of gyration (Rg) for a protein characterizes
particle size and can be derived from SAXS data using two
approaches. From the Guinier plot, we obtained values of 39.0
+ 1.5 A for the GDPNP form and 41.5 + 1.0 A for the GDP
form. From the indirect Fourier transformation performed in
GNOM, values of 40.1 + 0.4 A for the GDPNP form and 44.9
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+ 0.4 A for the GDP form were obtained, in good agreement
with the Guinier analysis. In all cases, the general validity
omax ™ 1) was fulfilled.
The R, for IF2C without ligand has previously been shown to

condition for the Guinier analysis (R

be 40 + 2 A by Guinier analysis,16 which is comparable to the
R, values obtained for the same protein with either GDPNP or
GDP.

The maximum dimension D,,, of the particle was estimated
to be ~125 and ~150 A for the GDPNP and GDP forms,
respectively. Comparing R, to the maximum particle
dimension, we find the protein seems to have an elongated
shape in both forms. The distance distribution function p(r)
(Figure 2) also resulting from indirect Fourier transformation
of the SAXS data has a skewed appearance in both cases, which
also indicates an elongated shape. Actually, the peak of the p(r)
functions for both GDPNP- and GDP-bound IF2C is more to
the left than the peak of the ligand-free IF2C p(r) function,
indicating that binding of either nucleotide elongates the shape
of IF2C further. Because the data are normalized to the
absolute scale, the extrapolated forward intensity at q = 0, I(0),
is related to the molecular mass of the protein, which was
determined to be 54.5 kDa (GDPNP form) or 56.4 kDa (GDP
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form), which is in very good agreement with the expected
molecular mass of 55 kDa (Table 2).

Table 2. Values of SAXS Parameters

IF2C—
IF2C GDPNP IF2C—-GDP
Guinier R, (A) 40 £ 2 39.0 + LS 41.5 + 1.0
IFT R, (A) 31 40.1 + 0.4 449 + 0.4
Dy (A) ~145 ~125 ~150
molecular mass 45 + 10 54.5 56.4

(kDa)

The SAXS intensity curve and distance distribution function
p(r) for IF2C without ligand are shown in Figure 2 for
comparison (data from ref 14). It is obvious that the addition of
either GDPNP or GDP results in distinct structural changes in
IF2C. Interestingly, the p(r) function for the GDPNP form has
a small “shoulder” at large distances, which is not present on
the other curves, indicating a correlation between distances
within the protein structure. Another interesting point is the
fact that the SAXS curve for IF2C with GDPNP is slightly
different from the curves of IF2C alone and IF2C with GDP
with large scattering angles. This is a consequence of an
increasing flexibility for IF2C with GDPNP, which was
confirmed by Kratky plot analysis (data not shown).

Ab Initio and Hybrid Modeling. Ab initio models can be
generated without prior knowledge of the protein secondary
structure. GASBOR implements a simulated annealing
approach, in which an ensemble of dummy residues is molded
into a model fitting the SAXS data and constrained by a sphere
of diameter D, as determined by GNOM. The chain of

dummy residues corresponds to the sequence and the number
of amino acid residues of the analyzed protein, which is
therefore required as input to model the protein backbone.*'
The intrinsic low-resolution nature of SAXS prevents the
retrieval of one unique model structure, but general features of
the protein shape can be recovered. Twenty independent
models were generated, and the 10 best models (lowest y?)
were averaged using DAMAVER.*** In Figure 3, the best ab
initio model for each form of IF2C is shown in colors and
superpositioned onto the average of the 10 best models by
SUPCOMB. This superposition shows that there is a good
correlation between the generated models and that the best ab
initio model is a good representation of IF2C in each form.
Both ab initio models have an elongated shape as suggested by
the p(r) functions, but there are also differences. The ab initio
model of IF2C with GDPNP is more compact around its
longitudinal axis with two smaller protrusions giving it a
crosslike structure in the y—z plane, whereas the ab initio model
of IF2C with GDP is a bit more elongated and has an almost
perpendicular protrusion from its longitudinal axis giving it a Y
structure instead. Especially the GDPNP form has a relatively
flat shape as seen from the rotation along the z-axis. The graphs
in Figure 3 show a good fit of each ab initio model to the
corresponding SAXS intensity data.

To go one step further in the modeling procedure, it is
necessary to include additional information. Because known
atomic-resolution structures for regions of the protein are
available, they can be used to confine the translational degrees
of freedom and allow the modeling programs to converge to
more reasonable solutions. For modular proteins, high-
resolution structures of domains can be assembled to give the
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Figure 3. Ab initio modeling. Ab initio model fits to the experimental data were generated using GASBOR. The best representative of the 20
calculated models is shown in colors on top of an average of the 10 best models and in three different perpendicular orientations. The small gray
spheres are dummy water molecules added by the simulation program to mimic the hydration shell. The graph shows the fit of the best ab initio
model (generated by GASBOR) to the experimental data: (top) IF2C with GDPNP and (bottom) IF2C with GDP.
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Figure 4. Hybrid modeling. Atomic-resolution structures of homologous sequences were connected by flexible dummy residues and modeled to fit
the experimental data. Twenty hybrid models were generated using BUNCH. The best representative of the calculated models is shown in colors on
top of an average of the 10 best models and in three different perpendicular orientations. The domains are highlighted according to the color code of
Figure 1 with dummy residues colored gray. GDPNP and GDP (cyan) are marked where visible on the surface of the models. The graph shows the
fit of the best hybrid model to the experimental data: (top) IF2C with GDPNP and (bottom) IF2C with GDP (PDB files of the best BUNCH

models can be provided upon request presupposing proper citation).

tertiary structure of the protein. As the conserved residues of
IF2 map to the core regions of each of the four globular
domains of the alFSB crystal structure,® some of these
structures were included in the rigid body modeling of IF2.
Because the G-domain structure of IF2 domain IV is very well
conserved in all GTPases, this entire structure from the alFSB
crystal structure was applied. Domain V of IF2C contains loops
not present in domain V of alFSB, so these missing loops were
simulated by dummy residues but with the known atomic
structures of domain V fixed. Domain VI-1 of alF5B was
divided into two regions of homology to the corresponding IF2
domain VI-1 and also included.

Domain C2 from B. stearo. IF2 shares a high degree of
sequence homology with E. coli IF2 domain VI-2, so the C2
NMR structure was used as input to model domain VI-2. All
these separate structures of atomic resolution were connected
by dummy residues and allowed to move as rigid bodies with
respect to domain V of alFSB, which was fixed in the
simulation. Twenty independent calculations were conducted
for both the GDPNP-bound and GDP-bound IF2C using
BUNCH,” and aligning and averaging the 10 best hybrid
models for each form of IF2C resulted in the structures
depicted in transparent gray in Figure 4. The model
constituting the best representative of the average is shown in
colors according to domain structure and in three perpendic-
ular orientations. The scattering curves of the GDPNP- and
GDP-bound models give a very good fit to the experimental
SAXS data (Figure 4), indicating that the positioning of the
domains should correspond to the protein in solution. Small
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differences observed at high scattering vectors can be related to
the intrinsic flexibility of the protein, which cannot be described
by the rigid body modeling approach, as well as to small
differences in shape between the homologous structures used
for modeling and the actual IF2C structure. The averaging of
the models shows a good correlation between individual
models as seen from the very good agreement between the best
model and the average. The positions of the individual domains
are strongly preserved, indicating that the domains are arranged
in the same way in all reconstructions despite small differences
in orientation.

To further support the use of the rigid body modeling
strategy, we superpositioned the hybrid models onto the
GASBOR models for comparison (Figure 5). The overall
shapes of the hybrid and the ab initio models show many
similarities. For GDPNP-bound IF2C, the crosslike, flat
structure of the GASBOR model can be recognized in the
hybrid model, and for GDP-bound IF2C, domain VI-1 is placed
to fit the protrusion giving the Y shape of the GASBOR model.
Small differences in the maximum dimension of the two model
approaches can be a consequence of modeling algorithms. For
the ab initio (GASBOR) model, the maximum dimension
obtained from the p(r) curve is a model constraint, whereas for
the rigid body modeling, it is not. In any case, there is a very
good agreement between the two types of models obtained.
The alignments show how the positions of the IF2C domains
can be observed in the ab initio models, as well, showing the
agreement of the two modeling approaches.

dx.doi.org/10.1021/bi200938q | Biochemistry 2011, 50, 9779—-9787
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IF2C with GDPNP

Figure S. Model comparison. Superposition of each hybrid model
onto the corresponding ab initio model shown in three different
perpendicular orientations. As one can see, there is a very good
agreement between the two model approaches, supporting the
conclusions about the changes in tertiary structure of IF2C upon
nucleotide binding: (top) IF2C with GDPNP (ab initio model colored
light blue) and (bottom) IF2C with GDP (ab initio model colored
light red).

Structural Transitions upon Nucleotide Binding.
From the analysis and modeling of the SAXS data, one can
conclude that IF2C changes conformation when going from
ligand-free to GDPNP-bound to GDP-bound form. The
question is how to quantify these changes. The intrinsic low-
resolution nature of SAXS prevents the direct comparison of
structures at the atomic level, but an overall idea of the changes
involved can be deduced. SUPCOMB is used to optimize the
alignment of three-dimensional objects. The carbon backbones
of the hybrid models are aligned, and the output from
SUPCOMSB includes a value for normalized spatial discrepancy
(NSD),** which is used to quantify the agreement between
individual structures. Values of <1.0 indicate close structural
proximity. NSD for GDPNP-bound IF2C aligned with GDP-
bound IF2C is 1.33. The values are much higher for alignments
between ligand-free IF2C and GDPNP-bound or GDP-bound
IF2C (1.99 and 1.88, respectively). This shows that the largest
structural transition of IF2C occurs upon binding of either
nucleotide. A smaller transition occurs upon GTP hydrolysis
(between GDPNP- and GDP-bound forms), at least outside
the context of the ribosome. This is illustrated in Figure 6. The
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Figure 6. Graphic representation of NSD and AC, values for structural
comparisons. NSD values are represented as relative distances among
the three forms of IF2C or alF5B: ligand-free, GDPNP-bound, and
GDP-bound. A short distance indicates structural proximity. The
change in heat capacity, AC, is another measure of structural
transition. Absolute AC, values are represented in the same way using
relative distances among the three forms of IF2 (GTP was used
instead of GDPNP), and short distances (small changes in heat
capacity) indicate structural proximity. The AC, values are from ref 15.
For both IF2 and IF2C, the GDPNP/GTP- and GDP-bound forms
are closest to each other, whereas for alF5B, the ligand-free and GDP-
bound forms are closest to each other.

points representing the GDPNP- and GDP-bound forms of
IF2C are closer to each other than to that of the ligand-free
form.

This is compared to the NSD values for the structures of
alFSB with and without ligand: aIFSB—GDPNP versus alFSB—
GDP, NSD = 0.42; alFSB—GDPNP versus alFSB, NSD = 0.49;
alFSB—GDP versus alF5B, NSD = 0.25. The NSD values are
markedly lower than those for the IF2C models, indicating
structural proximity among the three alF5B forms, which have
identical crystal packing with different nucleotides (even in the
absence of nucleotide). Here, the ligand-free and GDP-bound
forms of alF5B are very similar. The largest structural transition
occurs upon GTP binding, but GTP hydrolysis induces an
almost equally large structural transition. These transitions (as
seen in the crystal structures) are conferred by modest changes
in the switch 2 region of domain IV® correlating with the
classical model for GTPase activity,”® but the structural
transitions observed here for IF2C do not show the same
characteristics.

Another quantification of structural transitions can be
deduced from the thermodynamic changes involved in ligand
binding. These thermodynamic changes can be expressed as the
heat capacity change, AC, which through an empirical
expression can be linked to a change in solvent-accessible
area.” A large decrease in heat capacity is characteristic of a
large reduction in the solvent-exposed area of nonpolar amino
acids, whereas globular protein unfolding usually has a positive
AC,. The heat capacity changes for full-length IF2 upon
binding of either GTP or GDP have been recorded previously
using isothermal titration calorimetry (ITC):"* 1F2 to IF2—
GTP, ACP = —868 cal/mol; IF2 to IF2—GDP, ACp = —-577
cal/mol; IF2—GDP to IF2—GTP, ACP = —291 cal/mol (the
difference between the two other AC, values). These data are
also visualized in Figure 6. The AC, values were translated into
changes in solvent-accessible surface area (ASA): IF2 to IF2—
GTP, ASA = —2170-3210 A% IF2 to IF2—GDP, ASA =
—1440—-2140 A% IF2—GDP to IF2—GTP, ASA = —725—1074
A This study showed that the structural changes in IF2 upon
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Figure 7. Structural transitions of IF2C. SUPCOMB was used to align the three different forms of IF2C: (left) GDPNP-bound IF2C (blue)
superimposed on ligand-free IF2C (gray), (center) GDP-bound IF2C (red) superimposed on ligand-free IF2C, and (right) GDPNP-bound IF2C
superimposed on GDP-bound IF2C. GDPNP and GDP (cyan) (nucleotide binding site colored white in the case of ligand-free IF2C) are marked
where visible on the surface of the models. All superpositions are shown in three different perpendicular orientations. Indicated angles and distances

were measured in PyMOL.

binding of either ligand are much larger than the difference
between GTP- and GDP-bound IF2.

The hybrid models of ligand-binding IF2C presented here
are in line with these findings as opposed to the classical
GTPase behavior of alFSB. CRYSOL output includes the
surface area of the analyzed models: IF2C, SA = 9112 A%
IF2C—GDPNP, SA = 8362 A% IF2—GDP, SA = 8071 A’ This
allows calculation of the changes in surface area among the
three hybrid models: IF2C to IF2C—GDPNP, ASA = —750 A%
IF2C to IF2C—GDP, ASA = —1041 A% IF2C—GDP to IF2C—
GDPNP, ASA =291 A% Compared to the ITC data, the hybrid
models also show large decreases in surface area upon binding
of either ligand. Because the hybrid models were generated for
IF2C and the ITC data were recorded for full-length IF2, the
surface area changes are expectedly smaller for the IF2C hybrid
models, but the trend is the same. However, the change in
surface area observed when changing from GDP- to GDPNP-
bound IF2C has the opposite sign as measured by ITC, because
the GDPNP-bound form has a larger surface area than the
GDP-bound form. This discrepancy may relate to the use of
GDPNP instead of GTP in the SAXS analysis, because some
GTPases have a weaker affinity for GDPNP than for GTP."

To visualize how changes in IF2C structure occur upon
nucleotide binding, SUPCOMB was used to generate the best
pairwise superposition of the models (Figure 7). It is clear that
both GDPNP- and GDP-bound IF2C are more elongated than
ligand-free IF2C. For the GDPNP-bound form, domain VI-2
seems to be flipped away from the rest of the protein at an
angle of ~50°. Because this domain contacts initiator tRNA on
the ribosome, it makes sense that this domain is stretched out
to ensure this contact. For GDP-bound IF2C, domain VI-2 is
pulled back a bit; however, the overall structure is still more
elongated than ligand-free IF2C, and domain IV is also moved
farther away. Upon comparison of the two nucleotide-binding
forms of IF2C, they are obviously much more alike, even
though differences can be observed. When GDPNP is
exchanged for GDP, domain VI-1 moves ~15 A downward at
an angle of ~45° in relation to domain V. At the same time,
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domain VI-2 is moved ~25°, resulting in the observed less
elongated shape. Domain IV is moved ~15 A sideways, which is
best seen from the top view (Figure 7, right panel).

IF2C on the Ribosome. On the basis of the classic model
for GTPase activity, IF2C should show a more dramatic
structural change between binding GDPNP and GDP than
between the ligand-free and GDP-bound forms. However, this
is not the case as shown by these SAXS data, and the same has
been found for several other GTPases involved in ribosome
function.'”” This led to the concept of cofactor-dependent
conformational switching of GTPases, suggesting that the
binding of GTP alone is not enough to shift the GTPase to its
active form. Only on the ribosome in contact with cofactors as
initiator tRNA does the GTPase adopt its active conformation
and hydrolyze GTP. Our data seem to support this concept.
There are differences between the GDPNP- and GDP-bound
forms of IF2C, like the stretching of domain VI-2, but the
overall structures are rather similar.

When IF2 in a GTP-bound form joins the 30S ribosomal
subunit, it ensures the correct placement of initiator tRNA. The
structure of T. thermophilus IF2 in the 308 initiation complex is
very elongated, but here domains IV and V seem clustered and
separated from domains VI-1 and VI-2 by a long thin stretch.*
This structure of IF2 in the 308 initiation complex has not been
deposited in the Protein Data Bank, so direct comparisons are
not possible; however, this structure is clearly different from the
models determined in this study. It is possible that IF2 has one
conformation when GDPNP-bound and in solution, and this
structure changes upon binding to 30S and initiator tRNA.
When 508 joins, this induces further changes in IF2,%° resulting
in active GTP hydrolysis by domain IV (the G-domain) now
positioned in the GTPase-activating center of the S0S subunit.

The electron density of IF2C on the 70S ribosome was
recorded,'” and the domains of the crystal structure were
rearranged to fit this electron density. This new structure was
deposited in the Protein Data Bank as entry 1ZO1. Figure 8
shows GDPNP-bound IF2C superpositioned on this ribosome-
associated structure, and it is clear that GDPNP-bound IF2C is
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Biochemistry

Figure 8. IF2C on the ribosome. GDPNP-bound IF2C (color-coded
according to Figure 1) was superimposed on the structure of
ribosome-associated IF2 (gray, PDB entry 1Z01) using SUPCOMB.
The superposition is shown in three different perpendicular
orientations. Arrows indicate the required movement of GDPNP-
bound IF2C domains to fit the ribosome-associated structure.

not yet in the right conformation found in the 70S ribosome.
The stretching of domain VI-2 seems to fit very well with the
ribosome-associated structure, but in addition, the three other
domains need to be clustered at a point even farther from
domain VI-2. This suggests that the binding of GDPNP results
in only an intermediate structure in the transition to an active
GTPase on the ribosome, and that the binding to the ribosome
itself induces further conformational switching. It is possible
that using GTP instead of GDPNP would induce larger
conformational changes, but because the ITC data showed only
modest structural transitions between GTP- and GDP-bound
IF2, this hypothesis seems unlikely.
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Bl ABBREVIATIONS

alFSB, archaeal translation initiation factor 5B; cryo-EM, cryo-
electron microscopy; GDP, guanosine 5-diphosphate; GDPNP,
guanylylimino diphosphate; GMPPCP, guanylyl 5"-(f3,y-meth-
ylenediphosphonate); IF, translation initiation factor; IF2C,
domains IV to VI-2 of E. coli IF2; ITC, isothermal titration
calorimetry; NSD, normalized spatial discrepancy; PDB,
Protein Data Bank; P-site, peptidyl site; SA, surface area;
SAXS, small-angle X-ray scattering.
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