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ABSTRACT: Initiation of protein synthesis in bacteria involves the combined action of three translation
initiation factors, including translation initiation factor IF2. Structural knowledge of this bacterial protein
is scarce. A fragment consisting of the four C-terminal domains of IF2 from Escherichia coli was expressed,
purified, and characterized by small-angle X-ray scattering (SAXS), and from the SAXS data, a radius of
gyration of 43 = 1 A and a maximum dimension of ~145 A were obtained for the molecule. Furthermore,
the SAXS data revealed that E. coli IF2 in solution adopts a structure that is significantly different from
the crystal structure of orthologous alF5B from Methanobacterium thermoautotrophicum. This crystal
structure constitutes the only atomic resolution structural knowledge of the full-length factor. Computer
programs were applied to the SAXS data to provide an initial structural model for IF2 in solution. The
low-resolution nature of SAXS prevents the elucidation of a complete and detailed structure, but the
resulting model for C-terminal E. coli IF2 indicates important structural differences between the alF5B
crystal structure and IF2 in solution. The chalice-like structure with a highly exposed a-helical stretch
observed for the alF5B crystal structure was not found in the structural model of IF2 in solution, in which
domain VI-2 is moved closer to the rest of the protein.

§

Initiation of protein synthesis in bacteria is carried out by
the aid of three translation initiation factors, one of them
being the essential protein, translation initiation factor IF2.
Orthologues of this protein are found in both eukaryotes
(eIF5B) and archaeabacteria (alF5B) (/-3). Three isoforms
termed IF2-1 (97.3 kDa), IF2-2 (79.7 kDa), and IF2-3 (78.8
kDa) are present in Escherichia coli as well as in other
members of the Enterobacteriaceae family (4, 5), and
Bacillus subtilis is the only organism outside the Entero-
bacteriaceae family experimentally determined to express
more than one IF2 isoform, namely, IF2-1 and IF2-2 (6).
The reason for the existence of the smaller isoforms of IF2-1
is not yet known, but they may have a function in cold-
shock response (7, 8).

During translation initiation, IF2 mediates base pairing of
the initiation tRNA anticodon to the mRNA initiation codon
located in the ribosomal peptidyl-site (P-site)' and stimulates
association of the 50S ribosomal subunit to the 30S initia-
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tion complex. The role of the IF2 GTPase activity during
translation initiation is not yet fully understood, but it has
been suggested to be important for IF2 release from the 70S
complex (9-11), adjustment of initiator tRNA in the P-site
(12), and cell viability (/3-16). However, it has also been
suggested that neither IF2 ejection from the ribosome nor
IF2 recycling require GTP hydrolysis (17, 18); therefore, this
IF2 activity needs to be further investigated.

IF2 is a multifunctional protein in that it also exhibits
chaperone activity, promoting functional folding of proteins
and forming stable complexes with unfolded proteins (/9).
In accordance with this, IF2 expression is upregulated during
cold-shock conditions (8, 20). Another aspect of the role of
IF2 in translation is its importance for the translation of
leaderless mRNAs (27-23).

IF2 was first divided into six domains based on interspecies
homology (24), and domain VI was subsequently divided
into the subdomains VI-1 and VI-2 (Figure 1). The C-
terminal part (domains IV—VI-2) is highly conserved among
species, whereas the N-terminal region (domains I—III) varies
in both length and amino acid composition but shows
intraspecies homology in being completely conserved within
the strains of E. coli (25). Domain IV is also known as the
G domain, because it is responsible for GTP binding.

Attempts to crystallize full-length E. coli IF2-1 have thus
far been unfruitful, and the only structural knowledge of IF2
has come from X-ray crystallography of orthologous proteins
(26), circular dichroism (CD) and nuclear magnetic resonance
(NMR) studies of IF2 and IF2 fragments (27, 28), and cryo-
electron microscopy (cryo-EM) of ribosomal complexes (29, 30).
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FIGURE 1: Translation initiation factor IF2 and structural homo-
logues. The structure of E. coli IF2N as determined by NMR
spectroscopy is shown in purple on the left [Protein Data Bank
(PDB) entry IND9]. The structure of IF2 orthologue alF5B from
M. thermoautotrophicum as determined by X-ray crystallography
is shown on the right (PDB entry 1G7T), and this protein
corresponds to IF2C in E. coli. The orientation of the two structures
relative to each other is unknown and is depicted here only for
illustrative purposes. The domains of alF5B are color-coded
according to the chart, which displays the roughly equivalent
domain nomenclatures used for IF2 in the literature (24, 38, 57).
The color coding of the domains will be used throughout this paper.

The extremely soluble domain I of E. coli IF2 (31) contains
a subdomain of approximately 50 residues termed IF2N, the
structure of which has been solved by NMR spectroscopy
(28) (Figure 1). This small subdomain shows structural
homology to folds and domains of different tRNA syn-
thetases. IF2N is internally well-ordered and tumbles in
solution independently of the other domains (27). This is
possible, because IF2N is connected with domain IV through
a highly flexible linker region of significant helical content
(domains I—III) (27).

The crystal structure of the orthologous alF5B from
archaeabacterium M. thermoautotrophicum has been solved
(26) (Figure 1). This protein corresponds to domains
IV—VI-2 of E. coli IF2 (throughout this paper termed IF2C),
and sequence homology is most significant for domain IV
(32) (Figure 2A). It consists of an eight-stranded S sheet
(26) including a GTP-binding motif, which is found in at
least four other proteins involved in translation [EF1A
(formerly EF-Tu), EF2 (formerly EF-G), RF3, and SelB (33—
35)].

The crystal structure of M. thermoautotrophicum alF5B
also reveals a (3-barrel structure for domain V and an offa
sandwich for domain VI-1, which is connected with another
p-barrel structure in domain VI-2 by a long a helix (26).
The protrusion of this single and highly exposed a helix
seems puzzling in that it must confer an element of instability
to the protein in addition to a high degree of flexibility.

The solution structures of C-terminal domains IF2-C1 and
IF2-C2 of Bacillus stearothermophilus 1F2 have been
elucidated by NMR spectroscopy. IF2-C1 structurally re-
sembles domain VI-1 of M. thermoautotrophicum IF2,
although there are distinct differences that could have
important functional consequences (36). IF2-C2 (PDB entry
IDIN) contains a 3-barrel structure with homology to both
domains V and VI-2 of M. thermoautotrophicum 1F2 (37).
The alignment of the C2 sequence to E. coli domain VI-2
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shows great homology between these two sequences (Figure
2B); therefore, the IF2-C2 structure can be useful in the
modeling of the E. coli IF2C solution structure.

The cryo-EM reconstruction of the E. coli 70S initiation
complex has been obtained using nonhydrolyzable guany-
lyliminodiphosphate (GDPNP) to stall the progression of
initiation (29). The complex included 30S and 50S subunits,
mRNA, initiator tRNA, and all three initiation factors. The
different components were located in the density map by
the aid of individually determined X-ray structures. E. coli
IF2-2 was found to be located in the intersubunit space in
contact with both 30S and 50S subunits as well as initiator
tRNA. However, the crystal structure of free M. thermoau-
totrophicum 1F2 in its GTP form did not fit the density
expected to be IF2-2 in the cryo-EM map; therefore, the
domains of the IF2 crystal structure were modeled to fit this
density (PDB entry 1Z01).

Cryo-EM structures were also obtained on 7. thermophilus
70S complexes comprising mRNA, initiator tRNA, and IF2
with either GDP or nonhydrolyzable guanylyl 5'-(f,y-
methylenediphosphonate) (GMPPCP) (30). In this cryo-EM
map, the crystal structure of M. thermoautotrophicum alF5B
was also used to model IF2 and was docked onto the
ribosome without domain rearrangements. Transition from
the GTP analogue bound to the GDP-bound state was found
to involve substantial conformational changes of both IF2
and the entire ribosome. This conformational change resulted
in a reduced interaction of IF2 with the ribosome, and the
contact of IF2 domain VI-2 with 16S rRNA and initiator
tRNA in the P-site was lost, suggesting a “ready-to-leave”
state. IF2 in this structure contacts the D loop of initiator
tRNA and not the fMet moiety as found in other studies (38).
However, because this complex is lacking IF1 and IF3, it
might correspond to a later stage in initiation.

Recent studies on the ribosome interaction of eIF5B
indicate that the overall orientation of eIF5B on 80S
ribosomes is similar to that of IF2 on 70S ribosomes (39).
In fact, these studies provide indirect evidence in favor of
elF5B domain arrangement as in the cryo-EM reconstruction
of ribosome-bound IF2 mentioned above (29). Because the
80S complex investigated in this study does not contain IF1
or IF3 orthologues, the eIF5SB structure would be expected
to resemble the IF2 crystal structure as docked in the bacterial
70S complex also lacking IF1 and IF3. Because this is not
the case, the domain arrangement performed by Allen et al.
(29) may prove a better model for ribosome-bound IF2 than
the crystal structure.

To expand the structural knowledge of E. coli IF2 and
investigate whether the chalice-like X-ray crystallographic
structure of M. thermoautotrophicum alF5B is also present
in E. coli TF2, we decided to apply small-angle X-ray
scattering (SAXS) to the C-terminal part of E. coli IF2. When
the requirements of good crystals for X-ray crystallography
and low molecular mass for NMR spectroscopy can not be
met by a particular protein, SAXS is a useful alternative,
which allows the study of the protein in solution close to its
physiological environment. Hence, the aim of this study has
been to apply SAXS to domains IV—VI-2 of E. coli IF2 to
elucidate structural information and compare this to the
existing structural knowledge of IF2 and its homologues (26).
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FIGURE 2: Alignment of E. coli IF2C to M. thermoautotrophicum alF5B and B. stearothermophilus IF2. (A) Sequences of E. coli IF2C and
M. thermoautotrophicum alF5B were aligned and colored according to the following color code: identical residues, red; similar residues,
magenta; remaining residues, cyan; gaps, not colored. The domains of IF2C are indicated below the sequences according to the color code
of Figure 1. The o helices and 3 strands of alF5B are also indicated below the sequences (Eco, E. coli; Mth, M. thermoautotrophicum). (B)
Sequences of domain VI-2 of E. coli IF2 and the corresponding domain C2 in B. stearothermophilus IF2 were aligned and colored according
to the color code used in A. Numbering of IF2-C2 is according to Meunier et al. (37). The S strands of the IF2-C2 NMR structure are
indicated below the sequences. Numbering of IF2-VI-2 is the same as in A (Eco, E. coli; Bst, B. stearothermophilus).
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EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids. Construction of an expres-
sion vector encoding domains IV—VI-2 of IF2 with a
C-terminal His tag was performed by polymerase chain
reaction (PCR) amplification of the infB sequence using the
following primers: 5’-TTTCCATGGCGCCGGTTGTGAC-
CATCATGGGTCAC (forward primer domain IV; under-
lined, restriction site; bold, start codon) and 5-GGGGAAT-
TCATTAGTGGTGGTGGTGGTGGTGAGCAATG-
GTACGTTGGATCTC (reverse primer domain VI-2).
Genomic DNA from E. coli strain JM109 was used as a
template. The sequences were inserted into a pET24d vector
using the restriction sites Ncol and EcoRI. The JM109
transformants obtained were subjected to sequence analysis
to verify the presence of the expected sequences. The
constructed plasmid pET24d-IF2C was purified and trans-
formed into BL21(DE3) cells for protein expression.

Protein Expression and Purification. A total of 2 x 1.6 L
of 2xTY medium (16 g/L peptone from casein (AppliChem),
10 g/L yeast extract, and 5 g/L. NaCl) containing 50 ug/mL
kanamycin was inoculated using a 2 x 16 mL pelleted and
resuspended overnight culture of BL21(DE3) cells carrying
the pET24d-IF2C expression vector. The cultures were
incubated at 37 °C with constant shaking, until the optical
density at 550 nm reached 0.8. Isopropyl-$-D-thiogalacto-
pyranoside (IPTG) was added to a final concentration of 0.1
mM to induce protein expression, and the cultures were
incubated at 37 °C with constant shaking for 5 h. The cells
were harvested by centrifugation at 9500g for 10 min
followed by a wash in 0.9% NaCl and centrifugation at 4700g
for 25 min. The pelleted cells were resuspended in 2 mL of
buffer A [50 mM Tris-HCI at pH 7.6, 500 mM NaCl, 0.1
mM phenylmethylsulphonyl fluoride (PMSF), and 5 mM
imidazole] per 1 g of cells. The cells were opened by
sonication and ultracentrifuged at 250000g and 4 °C for 75
min. The filtered supernatant was loaded onto a nickel-
charged HisBind IMAC column, and the His-tagged IF2C
protein was eluted using an increasing gradient of imidazole
(5—500 mM). The eluted protein was applied to a hydro-
phobic Phe-Sepharose-FF column and eluted with H,O. The
protein was concentrated on a Q-Sepharose-XL column and
finally dialyzed against SAXS buffer [20 mM Tris-HCI at
pH 7.5, 100 mM NaCl, 1 mM MgCl,, 0.1 mM PMSF, and
1 mM dithiothreitol (DTT)].

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

SAXS. The experiments were performed in the laboratory-
based SAXS instrument at the Department of Chemistry,
University of Aarhus (40). Three concentrations were
measured to control for possible particle aggregation and
other concentration effects. All data reduction was performed
using home-written software. The SAXS intensity is dis-
played as a function of the momentum transfer modulus ¢
[g = 4m/A sin(0), where 4 is the radiation wavelength and
20 is the scattering angle]. Pure water was used as the
primary standard for absolute scale normalization (40). The
characteristic real-space distance distribution functions p(r)
was determined from the scattering data using indirect
Fourier transformation (4/-43). This function corresponds
to a histogram over all distances between pairs of points
within the particle, and it gives direct insight into the particle
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shape and size. Ab initio model calculations were performed
using GASBOR (44, 45). Rigid body and dummy chain
modeling were performed using BUNCH (46). Model
alignment and average was performed using SUBCOMP and
DAMAVER (47). The calculation of theoretical solution
SAXS intensity curves from atomic coordinates of protein
structure and its comparison to experimental data was
performed using CRYSOL (48). Model visualization and the
generation of the model figures were performed using
MOLMOL (49).

Dynamic Light Scattering (DLS). The experiments were
performed in a light scattering instrument from ALV
(Langen, Germany), which is a CGS-8F goniometer system
equipped with an ALV-6010/EPP multitau digital correlator
and a helium—neon diode laser (JDS Uniphase). Measure-
ments were performed at 90°. The software delivered with
the system was used for deriving the hydrodynamic (Stokes)
radius using cumulant analysis. The Stokes radius is related
to the diffusion of a particle in a certain liquid and is a
function of the temperature and the fluid characteristics itself
(Stokes—Einstein equation for a sphere in a liquid: D = kgT/
671 Rsokes, Where D is the translational diffusion constant,
kg is Boltzmann’s constant, 7 is the temperature, 7 is the
liquid viscosity, and Rsekes 1S the Stokes radius). For
clarification, the radius of gyration R, is related to the
rotational properties of a particle, and it is given by the
distribution of electron density around the center of mass of
the particle. R, is thus given only by particle size and shape;
therefore, for a given particle in solution, the Stokes radius
and R, does not necessarily have to be equal but of the same
order of magnitude.

Two sample concentrations were measured, 1 and 0.1 mg/
mL, giving practically the same results. A Stokes radius of
39 + 3 A was found for the IF2C protein in solution. To
compare this value with the three-dimensional models
obtained from the SAXS analysis and also with the crystal-
lographic structures for the homologous alF5B protein, we
have used HYDROPRO (50). The values obtained from the
calculation with this program agree very well with the
experimental value: for the SAXS model, we obtained 41 +
1 /0\; for the alF5B protein structure 1G7T, we obtained
38.5A; and for 1ZO1, we obtained 40 A. Although the Stokes
radii are rather similar for these protein structures (principally
because of the low resolution of the DLS experiments), the
SAXS data indicated that the proteins should have important
differences in shape as shown in Figure 3.

RESULTS AND DISCUSSION

SAXS Data Collection and Comparisons to Orthologous
Structures. The C-terminal E. coli IF2 fragment (IF2C)
containing domains IV—VI-2 was cloned and expressed in
BL21(DE3) and purified by three different column chroma-
tography methods. After the buffer change to SAXS buffer,
IF2C was subjected to SAXS analysis. For the first measure-
ments, protein concentrations of 2.5—10 mg/mL resulted in
aggregation effects, indicated by the calculated molecular
weight and particle dimension (data not shown). A more
controlled and stable situation was obtained at 1—2 mg/mL,
because aggregation is absent at such low protein concentra-
tions. The SAXS curves normalized by the concentration in
these two cases were practically identical, indicating also
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FIGURE 3: SAXS data on IF2C. To the left, experimental data for IF2C (2 mg/mL in all graphs) is plotted as a function of the scattering
vector g and compared to the theoretical fit. (Inset) Guinier Plot for IF2C SAXS data. To the right, the distance distribution function p(r)
indicates the shape of the particle. A skewed distribution with a maximum at small distances is characteristic of elongated particles (44).

the absence of structure factor effects. The monodispersity
of the samples were also confirmed by the Guinier plot
[In(I(¢)) versus ¢°], which gave a reasonable linearity (Figure
3), and light scattering measurements.

The radius of gyration R,, which characterizes the particle
size, was derived from the SAXS data using two approaches.
From the Guinier plot, we obtained a value of 40 + 2 A.
From the indirect Fourier transformation method (see the
Experimental Procedures), a value of 43 £ 1 A was obtained,
in very good agreement with the Guinier analysis. In the
same analysis, the maximum dimension of the particle was
estimated to be ~145 A. For comparison, the long o helix
protruding from the “cup” of the alF5B chalice-like structure
has a length of 40 A. Furthermore, the skewed appearance
of the distance distribution function p(r) (Figure 3), which
was derived from the data by the indirect Fourier transforma-
tion, is indicative of an elongated shape. The forward
scattering /(0) is related to the molecular weight of the
protein, and it was determined to be 45 £+ 10 kDa. The
expected molecular weight is 55 kDa, which is just within
the uncertainties of the measurement. Note that imprecision
in the determined protein concentration and also in the
calibration with the primary standard on SAXS experiments
(in the present work, water at 20 °C) might contribute to
the discrepancy between expected and experimentally de-
termined molecular weights.

To compare the structure of alFSB (PDB entry 1G7T) to
the SAXS data on IF2C, it is possible to calculate the
theoretical SAXS intensity from the atomic coordinates and
use it to fit the experimental data (48). The CRYSOL
program (48) was applied for this calculation. R, for alF5B
was found to be 36.49 A, with a maximum dimension of
121.2 A; therefore, the dimension differences between the
two proteins might indicate differences in the structures of
the two proteins. As will be shown later, this is supported
by the poor fit of the experimental SAXS data by the alF5B
atomic structure.

As mentioned in the introduction, a slightly different
domain arrangement for alFSB (PDB entry 1Z0O1) on the
ribosome was suggested by Allen et al. (29). The CRYSOL
program was again used to predict the solution scattering
curve of the model from the atomic coordinates. As can be
seen in Figure 4, for both structures, we have a poor fit,

alF5B (1G7T)

alF5B (1Z201)
90°

'8

10"
owoa%
10?4
= o IF2C Exp. Data
< 10°4 1G7T Structure Fit
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FIGURE 4: Comparison between alF5B and IF2C SAXS data. The
crystal structures of alF5B (PDB entry 1G7T) and alF5B as
modeled onto the ribosome (PDB entry 1Z01) are shown above.
The color coding used throughout this paper is the same as in Figure
1. Below, the predicted solution scattering curves of the alFSB
crystal structure and ribosome-associated structure are compared
to the experimental data on IF2C.

which gives a strong indication that the structure of IF2C is
different from these two structures.

Ab Initio and Hybrid Modeling. Because the sequence and
the number of amino acid residues of IF2C were known,
the dummy chain approach could be applied in retrieving a
low-resolution model for IF2C in solution (44). The protein
backbone was modeled as a sequence of connected spherical
units, of which the three-dimensional arrangement was
optimized to produce the best fit of the SAXS data. The
intrinsic low-resolution nature of SAXS prevents the retrieval
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FIGURE 5: Ab initio modeling. To the left, the fit of the experimental data on IF2C given by the ab initio model. For the 10 calculated
models, the fit quality is similar. To the right, the most representative structure of the 10 ab initio models is shown in three different
perpendicular orientations. The small spheres are dummy water molecules added by the simulation program to mimic the hydration shell.

of one unique model structure, but general features of the
protein shape can be recovered. A total of 10 independent
models were determined, and they were averaged and
compared (45, 47). From this averaging process, the best
representative of the set was obtained, and it is shown in
Figure 5 together with the fit of the experimental data. The
elongated shape of the alF5B structure suggested by the p(r)
function is also recognized in the ab initio model, which
displays a relatively flat shape as seen from the rotation along
the z axis. However, because of the low resolution of the
model, it is difficult to indicate where the domains of IF2C
should be located.

As already mentioned, the SAXS technique is intrinsically
of low resolution, and the data contain only a modest amount
of information. Therefore, it is necessary to use additional
information (as known atomic resolution structures) on the
structure to decrease the number of degrees of freedom of
the problem, enabling the modeling programs to converge
to more reasonable solutions.

Considering the sequence homology between B. stearo-
thermophilus TF2-C2 and E. coli IF2 domain VI-2, the
structure of domain C2 was included in the modeling. The
C2 structure was used to model domain VI-2, whereas
domain VI-1 of the alF5B crystal structure was divided into
two regions of homology to the IF2 domain VI-1. These three
regions were allowed to move as rigid bodies with respect
to domain V of alF5B, which was fixed in the simulation.
Some loops (present in domain V of IF2C but not in alF5B)
were also simulated but with the known atomic structures
of domain V fixed. Because the G-domain structure of IF2
domain IV is very well-conserved in all G proteins, this entire
structure from the alF5B crystal structure was included in
the modeling and allowed to move in relation to domain V.
These rigid bodies were connected by dummy residues,
which were used to model the missing loops. A total of 10
calculations were made using the BUNCH program (46), and
aligning and averaging these 10 independent fitting models

resulted in the model depicted in transparent gray in Figure
6. The model constituting the best representative of the
average is shown in colors according to the domain structure.
The scattering curve of this model gives a good fit to the
SAXS data for IF2C (Figure 6), with some difference in
the beginning part of the curve but within the range of the
experimental error bars of the measured data. The first part
of the curve is very sensitive to the presence of small
fractions of aggregates in the solution, and this effect can
cause the observed small discrepancy. The DLS experiments
excluded the formation of a significant fraction of aggregates,
but because the scattering intensity scales with the volume
square of the scattering particles, even a very small fraction
of aggregates (not visible on the number distribution of sizes
given on DLS measurements) can produce changes at low
scattering vectors. However, for ¢ > 0.028 A~! we have a
very good fit of the experimental data, indicating that the
positioning of the domains should correspond to the protein
in solution. Indeed, this is also confirmed by the averaging
of the models. As can be seen in Figure 6, the averaged
model (semitransparent gray spheres) preserved the positions
of the IF2 domains almost in the same place, indicating that
in all simulated models (despite of small differences in
orientation) the domains are arranged in the same way in all
reconstructions. The small differences at high scattering
vectors can be related to intrinsic flexibility of the protein
(which cannot be described by the applied approach, because
we are using a rigid-body modeling) and also with small
differences of the shape of the used atomic structures from
the homologous proteins when compared to the ones present
in the IF2 structure.

The model is also very similar to the one obtained from
the ab initio modeling, as seen when superpositioned (Figure
6C). The overall shapes of the hybrid and the ab initio model
show many similarities, and the alignment of these two
structures indicates that the positions of the IF2 domains can
also be seen in the ab initio model. Apart from small
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FIGURE 6: Hybrid modeling. (A) A total of 10 models were obtained by hybrid modeling using atomic resolution structures of homologous
sequences. The scattering curve calculated from one of these models is shown together with the experimental data of IF2C. For the 10
calculated models, the fit quality is similar. (B) Transparent gray spheres represent an average of the 10 models. It is depicted here as a
closed packing of spheres with a radius of 3 A. The best representative of this average model is shown in colors, with the dummy residues
of the flexible regions depicted in dark gray. (C) Superposition of the ab initio model with the hybrid model using known atomic structures.
As can be seen, there is a very good agreement between the two model approaches, supporting the conclusions about the changes on the

tertiary structure of the protein when compared to its homologue.

differences in the maximum size between the two model
approaches (which can be induced by the presence of small
fractions of aggregates on the system, which might force
the ab initio model to larger dimensions), there is a very
good agreement between the two obtained models. This
agreement supports the rigid-body modeling strategy used
to model the IF2C structure. Domains IV and V were
assumed to be in the same conformation as in the crystal
structure of alF5B, whereas domain VI was enabled to
change the disposition of its subdomains in the modeling,
enabling the determination of the conformation for IF2C in
solution.

To give further support to this model for IF2C, DLS
measurements were performed on this protein in solution at
a protein concentration of 1 and 0.1 mg/mL. DLS is a very
low-resolution technique, which does not allow for the
identification of structural differences at the same level as
SAXS, but the method is very useful for measuring the
overall protein shape. From these DLS data, a Stokes radius
of 39 & 3 A was obtained for IF2C. The HYDROPRO (50)
program was used to estimate the Stokes radius of the SAXS
model to 41 + 1 A. This shows that the size of the model
obtained from the SAXS data is in agreement with the one
obtained by the light scattering measurements and, thus, that



Solution Structure of C-Terminal IF2 by SAXS

IF2C alF5B (1G7T) alF5B (1201)

FIGURE 7: Visual comparison of the proposed structure for IF2C in
solution to the crystal structure and ribosome-associated structure
of alF5B. For this visual comparison, domain V (yellow domain)
was fixed in the same orientation for each structure. For IF2C, the
dummy chains connecting the domains are depicted in orange, gold,
light green, and cyan to reflect their connection to domains IV, V,
VI-1, and VI-2, respectively.

there are no significant aggregation at the higher concentra-
tion used in the SAXS experiment.

Model of C-Terminal IF2 in Solution. The proposed
structure of IF2C in solution is displayed next to the crystal
structure of alF5B and the suggested domain rearrangement
of alF5B on the ribosome (Figure 7). According to this visual
comparison, domains IV and VI-1 are moved further away
from domain V in the solution structure. Conversely, domain
VI-2 is moved closer to the rest of the protein. When IF2-1
is trypsinated, domain VI as a whole resists trypsination and
remains intact (57), and this does not correspond well with
the highly exposed a-helical stretch observed between
domains VI-1 and VI-2 in the crystal structure. The corre-
sponding region in E. coli IF2-1 contains two lysines, which
make this region prone to trypsination when present in
solution; therefore, a closer packing of this region to the rest
of domains VI-1 and VI-2 conforms to the biochemical data.

The difference between the suggested solution structure
and ribosome-associated structure may be a result of induced
fit. When IF2 binds to 30S through interactions of domain
IT and possibly domain V (to IF1), it may result in the
rearrangement of domains to facilitate interactions with IF1
and initiator tRNA on the 30S subunit.

Biochemical data on IF2-1 in solution are scarce. The
GTPase activity (52) as well as IF1 interaction (53, 54) are
ribosome-dependent, just as a stable interaction with initiator
tRNA is expected to be, because the observed binding of
initiator tRNA to domain VI-2 in solution (55) is too weak
to facilitate complex purification (56). However, IF2-1 in
solution has been shown to possess protein chaperone activity
and is capable of discriminating between unfolded and native
proteins (/9). It is possible that this activity depends upon a
specific structure of IF2-1 in solution and that this flexibility
in the IF2-1 structural conformation enables it to perform
different functions in solution and associated with the
ribosome.

Future work regarding the structure of IF2-1 involves
attempts to crystallize IF2C. This will hopefully reveal
whether the difference between the proposed model for IF2C
and the crystal structure of alF5B is a result of solution versus
crystallization or E. coli versus M. thermoautotrophicum.
Investigating the solution structure of alF5B by SAXS
analysis will add further results to this comparison. Structural
knowledge of IF2-1 in complex with a permanently unfolded
protein, such as reduced carboxymethyl a-lactalbumin (R-
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CMLA), would provide information on the particular chap-
eroning function of IF2-1 in solution.
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