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Abstract Analytical ultracentrifugation studies indicated that
the C-terminal domains of IF2 comprising amino acid residues
520^741 (IF2 C) and 632^741 (IF2 C-2) bind fMet-tRNA with
similar affinities (Kd at 25³C equal to 0.27 and 0.23 WWM,
respectively). Complex formation between fMet-tRNAfMet and
IF2 C or IF2 C-2 is accompanied by barely detectable spectral
changes as demonstrated by a comparison of the Raman spectra
of the complexes with the calculated sum of the spectra of the
individual components. These results and the temperature
dependence of the Kd of the protein^RNA complexes indicate
that complex formation is not accompanied by obvious
conformational changes of the components, and possibly depends
on a rather small binding site comprising only a few interacting
residues of both components.
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1. Introduction

Initiation of protein biosynthesis requires the correct posi-
tioning of charged initiator tRNA, fMet-tRNAfMet, in the
ribosomal P-site of the mRNA-programmed 70S ribosomes.
This is accomplished by translation initiation factor IF2,
which interacts with GTP and 50S ribosomal subunits
through its central 40 kDa G domain and with fMet-tRNA
through its C-terminal domain (IF2 C) [1^5]. Knowledge
about the molecular nature of this interaction is particularly
relevant in light of the vital importance of this interaction
which represents a new target for a new class of speci¢c anti-
bacterial agents.

Recently we have shown that the fMet-tRNA binding site is
localised in a small C-terminal sub-domain of IF2 C (IF2 C-2)
[6^8]. Because of their small size IF2 C and IF2 C-2 from
Bacillus stearothermophilus, obtained by expression in Esche-
richia coli [4,8], are useful models to study the interaction of
IF2 with fMet-tRNA.

Here we present data on complex formation between fMet-

tRNAfMet and IF2 C and IF2 C-2. Analytical ultracentrifuga-
tion was used to determine the dissociation constants of the
complexes at various temperatures, while Raman spectrosco-
py was used to investigate the nature of speci¢c interactions
and possible conformational changes in the protein or RNA
which might occur during complex formation.

2. Materials and methods

2.1. Chemicals
All chemicals were of analytical grade unless indicated otherwise.

The formyl donor N10-formyltetrahydrofolate for the transformyla-
tion reaction was prepared according to the published procedure [9].

2.2. Proteins and tRNA
IF2 C and IF2 C-2 from B. stearothermophilus were prepared and

puri¢ed according to [3] and [8], respectively. tRNAfMet was supplied
by Subriden (Seattle, WA, USA).

2.3. Aminoacylation and formylation of tRNAfMet

The reaction mixture contained 30 WM tRNAfMet in 20 mM imida-
zole^HCl pH 7.5, 150 mM NH4Cl, 4 mM MgCl2, 10 mM L-mercap-
toethanol, 2 mM ATP, 42 WM methionine and 1 mM N10-formylte-
trahydrofolate. After 15 min incubation at 37³C with E. coli
methionyl-tRNA synthetase [10], E. coli formyltransferase [11] was
added and incubation continued for an additional 5 min. The result-
ing fMet-tRNAfMet was puri¢ed by phenol extraction, ethanol precip-
itation and hydrophobic interaction chromatography [12]. Immedi-
ately after elution, the fractions containing fMet-tRNAfMet were
pooled, the pH adjusted to 6 and the sample dialysed against
20 mM K-acetate bu¡er, pH 5.4, 0.4 mM EDTA, 20 mM L-mercap-
toethanol.

2.4. Sample preparation
Proteins, fMet-tRNAfMet and tRNAfMet were concentrated in Ul-

trafree devices (Millipore) with a 5 kDa cut-o¡. Charged and un-
charged tRNA were transferred into 10 mM HEPES, pH 5.6, 5 mM
MgCl2, 300 mM NH4Cl. RNA concentrations were determined
spectrophotometrically at 260 nm using an absorption coe¤cient of
606 060 M31 cm31 (tRNAfMet, Mr 26 250; fMet-tRNAfMet, Mr
26 410). The IF2 domains were transferred into 10 mM HEPES^
KOH, pH 7.2, 5 mM MgCl2, 300 mM NH4Cl.

Protein concentrations were determined at 280 nm using absorption
coe¤cients of 10 672 M31 cm31 for IF2 C (Mr 24 540) and 7800
M31cm31 for IF2 C-2 (Mr 12 890).

2.5. Gel electrophoresis
Complex formation and stability were checked by non-denaturing

PAGE on 8% gels before and after Raman spectroscopy applying
0.5 Wl of each sample. 20 mM MOPS, pH 7.5, was used as gel and
electrophoresis bu¡er. Protein, tRNA and complex were detected by
silver staining [13].

2.6. Analytical ultracentrifugation
Sedimentation equilibrium experiments were carried out using an
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XL-A type analytical ultracentrifuge (Beckman) equipped with UV
absorbance optics. Sample concentrations were adjusted such that
extinctions were between 0.2 and 0.8 (path length 1.2 cm). Sedimen-
tation equilibrium was analysed using externally loaded six-channel
centrepieces of 12 mm optical path usually ¢lled with 70^80 Wl of
liquid. This cell type allows the analysis of three solvent solution pairs
[14]. Three of these cells were employed to simultaneously analyse
di¡erent samples (free protein, free tRNA or mixtures of both). Sed-
imentation equilibrium was reached after 2 h of overspeed of 28 000
rpm, followed by an equilibrium speed of 24 000 rpm for about 24 h
[15]. The radial absorbances of each compartment were scanned at
three di¡erent wavelengths, 280 or 230 nm for protein absorbance and
260 nm for RNA absorbance; radial concentration distributions were
calculated using the molar absorption coe¤cients given above.

Molecular masses were calculated from the sets of three radial ab-
sorbance distribution curves using our computer program Polymole
[16]. The partial speci¢c volume was calculated from the nucleotide
and amino acid composition (fMet-tRNAfMet, 0.55 ml/g; IF2 C,
0.7475 ml/g; IF2 C-2, 0.7382 ml/g). The association reactions were
analysed by Polymole [16] in terms of the number of possible binding
steps and the dissociation constant.

2.7. Calculation of free energy vG, enthalpy change vH, and entropy
change vS of complex formation

The enthalpy change vH of complex formation was calculated from
the slope of the van't Ho¡ plot (ln K versus 1/T) of the temperature
dependence of Kd. vG was calculated from the dissociation constant
Kd and the entropy change vS was obtained from vG and vH.

2.8. Raman spectroscopy
Raman spectra were measured as described earlier in more detail

[17] with the spectrometer T64000 (Jobin Yvon, France). Home-made
cuvettes consisting of cylindrical quartz bodies with plane quartz bot-
toms and Te£on stoppers were ¢lled with approximately 12 Wl sample
solutions. The samples were excited with the 488 nm line of an Innova
90 argon laser (COHERENT, Santa Clara, CA, USA), and the Ram-
an scattering was collected in a 90³ setup. The measurements were
repeated with 514.5 nm excitation. Interference ¢lters were used to
eliminate plasma lines. The excitation energy at the sample was about
150 mW. Rayleigh scattering was separated by Notch ¢lters, and
Raman scattering was recorded with a liquid nitrogen-cooled CCD
detector. Temperature was held constant at 23³C. To enhance the
signal to noise ratio, 10 spectral scans of 20 s each at four spectrom-
eter positions were averaged for the region 600^1720 cm31.

Raman data analysis, including bu¡er subtraction and background
correction, was performed with the software package Spectramax (Jo-
bin Yvon) and GRAMS/32 (Galactic Instruments Corp.). Solution
spectra were corrected by subtraction of the bu¡er spectrum. A slight
£uorescence background was approximated by a polynomial curve.

For the calculation of the sum spectrum the single component spec-
tra were normalised in such a way that intensity di¡erences with
regard to the complex spectrum are minimal in the 990^1010 cm31

and 1080^1120 cm31 regions. These regions were selected for the
normalisation procedure because the intensities of their prominent
Raman bands are supposed not to change with complex formation.
The band at 1003 cm31 is assigned to breathing vibration of the
phenyl ring which is insensitive to protein conformation [18]. The
band at 1100 cm31 is assigned to the stretching vibration of the
phosphate dioxy group which is insensitive to protein^RNA complex
formation [19].

3. Results and discussion

3.1. Gel shift experiments
Previous reports [20,21] have demonstrated that fMet-

tRNAfMet, but not uncharged tRNAfMet, forms complexes
with IF2. Preliminary gel shift experiments, carried out in
the course of this work (not shown), extended this premise
as far as IF2 C and IF2 C-2 are concerned demonstrating that
both proteins form stable complexes with fMet-tRNAfMet,
while neither binds to uncharged tRNAfMet. Gel shift experi-
ments were then routinely performed to assess the formation

of the complexes and to demonstrate that they remain stable
over an extended period of time (e.g. for several days after the
Raman measurements).

3.2. Molecular mass determinations
The molecular masses of IF2 C, IF2 C-2 and fMet-

tRNAfMet were determined by sedimentation equilibrium cen-
trifugation and ¢tting the radical concentration distributions
using the program Polymole [16]. All samples were found to
be in the monomeric state since the experimentally determined
masses are close to those derived from the nucleotide or ami-
no acid sequence of the molecules. The masses determined
were: fMet-tRNAfMet, 26 740 þ 377 Da; IF2 C, 24 510 þ 941
Da; IF2 C-2, 13 388 þ 857 Da.

3.3. Analytical ultracentrifugation studies of complex formation
IF2 C or IF2 C-2 was mixed at di¡erent molar ratios with

fMet-tRNAfMet and centrifuged at 10, 20, 25, 30, and 37³C.
Control experiments were performed with uncharged
tRNAfMet. Radial concentration distribution curves were cal-
culated from the radial absorbances. Deconvolution consider-
ing mass conservation and optimal ¢t by Polymole [16] yields
a small portion of free reactants (not shown) and predomi-
nantly 1:1 complexes for both IF2 CWfMet-tRNAfMet and IF2
C-2WfMet-tRNAfMet interactions. The dissociation constants,
Kd, were calculated for each temperature from these data
(see below).

The interaction of fMet-tRNAfMet with IF2 C and IF2 C-2
was also studied over a broader range of protein^RNA ratios.
Independent of the ratio, IF2 C and IF2 C-2 were found to
form 1:1 complexes with fMet-tRNAfMet with Kd = 26 nM
and 20 nM, respectively, at 10³C (Fig. 1A). When substituting
fMet-tRNAfMet by uncharged tRNAfMet only a very small
portion of 1:1 complex was observed indicating an at least
two orders of magnitude lower binding constant.

The temperature dependence of the dissociation constants
calculated from the above data is shown in Fig. 1B as a van't
Ho¡ plot (ln Kd versus 1/T). Between 10 and 37³C, the Kd

values were found to range from 25 nM to 1.4 WM and their
values as well as their temperature dependences were found to
be very similar for the complexes formed by fMet-tRNAfMet

with IF2 C and IF2 C-2. The free energies vG corresponding
to the dissociation constants determined between 10 and 37³C
range from 39.9 to 38.3 kcal mol31.

Experiments of fMet-tRNAfMet protection at 37³C yielded
an apparent Kd value of 1.8 WM for the complexes of fMet-
tRNAfMet with IF2, IF2 C and IF2 C-2 [8,22]. Gel shift ex-
periments described earlier, on the other hand, established an
upper limit of 0.2 WM for the dissociation constant of the
complex of fMet-tRNAfMet and IF2 C at room temperature
[5]. Considering the temperature dependence of Kd observed
here, these values agree reasonably well with our estimates at
30³C which gave Kd values of 0.59 WM and 0.81 WM for IF2 C
and IF2 C-2, respectively.

3.4. Changes of enthalpy (vH) and entropy (vS) of complex
formation

As seen in Fig. 1B, the temperature dependence of ln K was
found to be linear over the whole temperature range exam-
ined. Linearity of the van't Ho¡ plot is expected for reactions
with a heat capacity change vCp close to zero. For such cases,
according to the van't Ho¡ equation dln K/d(1/T) =3vH³/
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RT, the enthalpy change vH can be obtained from the slope
of the van't Ho¡ plot. Thus, the data shown in Fig. 1B
yielded an enthalpy change vH =329.4 kcal mol31, and
from this a free energy change vG25�C =39.0 kcal mol31

and an entropy change vS =368 cal mol31 K31.
Large vCp values, typically observed when binding of pro-

teins to DNA is associated with conformational changes of
the ligands, are associated with large temperature dependence
of vH and vS and with a non-linear temperature dependence
of vG (or ln K). Thus, as mentioned above, a reasonable ex-
planation for the linear dependence of ln K versus 1/T over an
extended temperature range observed with IF2 CWfMet-
tRNAfMet and IF2 C-2WfMet-tRNAfMet could be a small
vCp. This situation is typical of systems where the compo-
nents do not undergo large conformational changes and be-
have like rigid bodies [23]. The Raman spectroscopic studies
described below are consistent with this explanation indicating

that the conformation of neither IF2 C, IF2 C-2 nor fMet-
tRNAfMet is noticeably changed upon complex formation. Of
course, the experimental determination of vCp (e.g. from iso-
thermal titration experiments of the complex formation at
di¡erent temperatures) would be necessary to verify this prem-
ise.

3.5. Characterisation of IF2 C-2, fMet-tRNAfMet and
tRNAfMet by Raman spectroscopy

The Raman spectrum of IF2 C-2 (Fig. 2A, line 2) is signi¢-
cantly di¡erent from that of IF2 C [6]. The spectral di¡erences
are partly due to di¡erences in their aromatic amino acid
content and also to di¡erences in their secondary structures.
A very low content of K-helix in IF2 C-2 is indicated by the

Fig. 1. Analytical ultracentrifugation of fMet-tRNAfMet, IF2 C and
IF2 C-2 and their complexes. A: Binding plot of the fMet-
tRNAfMetWIF2 C (E) and fMet-tRNAfMetWIF2 C-2 (R) interactions at
10³C; the fMet-tRNAfMet concentration was kept constant at 0.50
WM while the protein concentrations were varied to give the input
protein/RNA molar ratios indicated on the abscissa. A dissociation
constant Kd = 20 þ 9 nM was deduced from this plot. B: Van't Ho¡
plot of the temperature dependence of the dissociation constants
(ln Kd vs. 1/T) of the complexes of fMet-tRNAfMet with IF2 C (E)
and IF C-2 (R). The line shows the linear ¢t through the experi-
mental data.

Fig. 2. Raman spectra of IF2 C, IF2 C-2 and fMet-tRNAfMet. A:
Spectra of IF2 C (line 1), IF2 C-2 (line 2) and di¡erence spectrum
IF2 C minus IF2 C-2 (line 3). B: Spectra of fMet-tRNAfMet (line
1), tRNAfMet (line 2) and three times enlarged di¡erence spectrum
fMet-tRNAfMet minus tRNAfMet (line 3). All spectra were measured
with 488 nm excitation and corrected for the contribution of the
bu¡er. Assignments of major peaks were made according to [25].
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amide III band at 1243 cm31, amide I at 1670 cm31, and weak
bands of C^C stretching vibrations at 902 and 946 cm31. This
is in full agreement with the L-barrel structure of sub-domain
IF2 C-2 which has recently been elucidated by multinuclear
NMR spectroscopy [24]. No structural information is avail-
able yet concerning the N-terminal sub-domain of IF2 C (IF2
C-1). If the di¡erence spectrum (IF2 C minus IF2 C-2; Fig.
2A, line 3) roughly corresponds to the spectrum of IF2 C-1,
the Raman data indicate that this sub-domain has a rather
high content of K-helical structure (strong and weak amide III
bands at 1280 and 1237 cm31, respectively; amide I band at
1665 cm31, intensive bands at 903 and 946 cm31). Further-
more, the weak intensities at 830 and 850 cm31 are consistent
with the presence of only one Tyr residue in IF2 C-1 whereas
IF2 C-2 contains six Tyr.

The Raman spectra of charged and uncharged tRNAfMet

(Fig. 2B, lines 1 and 2) are very similar and characteristic
for the A-form of RNA (811 and 1099 cm31) and C3P-endo/
anti sugar phosphate backbone geometry. The di¡erence spec-
trum in Fig. 2B, line 3 (three times enlarged), shows bands,
assigned to cytosine and adenine, which re£ect an intensity
increase (ca. 10%) in the spectrum of fMet-tRNAfMet attrib-
utable to a structural di¡erence at the 3P-ACC acceptor end of
the tRNA caused by the aminoacylation.

3.6. Characterisation of IF2 CWfMet-tRNAfMet and IF2
C-2WfMet-tRNAfMet complexes by Raman spectroscopy

For the spectroscopic analysis of the RNA^protein com-
plexes, the spectra were carefully normalised using two bands,
one for the protein and one for the tRNA, considered to be
conformation-insensitive: the Phe band at 1003 cm31 and the
phosphodiester group band at 1100 cm31.

The Raman spectrum of the fMet-tRNAfMetWIF2 C complex
(line 1) and the calculated sum of the component spectra (line
2) are presented in Fig. 3A. Similarly, the spectrum of the
fMet-tRNAfMetWIF2 C-2 complex (line 1) and the calculated
sum of the individual spectra (line 2) are presented in Fig. 3B.
As seen from the di¡erence spectra (four times enlarged) be-
tween the complexes and the sum of the spectra of their re-
spective components (lines 3 of Fig. 3A,B), the spectral
changes occurring upon formation of both complexes are
very small. Albeit small, the di¡erences due to complex for-
mation can be appreciated by comparison with the case in
which no complex is formed (namely, when either IF2 C or
IF2 C-2 is mixed with uncharged initiator tRNA). Thus, the
few small spectral di¡erences attributable to formation of the
complexes evidenced by the di¡erence spectra (lines 3) are in
contrast with the featureless spectra obtained by subtracting
the experimental spectra of a mixture of uncharged tRNAfMet

and either IF2 C (Fig. 3A, line 4) or IF2 C-2 (Fig. 3B, line 4)
from the calculated sum of the spectra of the individual com-
ponents.

Taken together, the above data indicate that upon complex
formation neither the RNA nor the protein moiety undergoes
major conformational changes resulting in large spectral
changes. Of the small spectral di¡erences caused by complex
formation, the most pronounced are seen for the complex
between fMet-tRNAfMet and IF2 C-2 (Fig. 3B, line 3). This
is likely due to the fact that the size of IF2 C-2 is approxi-
mately half that of IF2 C, so that the same fMet-tRNA bind-
ing site would encompass a proportionally larger portion of
the protein with a consequently larger contribution to the

features of the spectrum by the residues directly participating
in the interaction. Of the weak di¡erence bands observed (Fig.
3A,B, lines 3), bands at 790 cm31 (cytosine and a contribution
from the backbone), at 1315 cm31 (adenine and guanine) and
at 815 cm31 (sugar phosphate backbone) can be attributed to
the fMet-tRNA moiety of the complex. As to the protein, the
spectra do not provide information regarding conformational
changes or interactions involving speci¢c amino acid residues.

Fig. 3. Raman spectra of the fMet-tRNAfMetWIF2 C and fMet-
tRNAfMetWIF2 C-2 complexes. A: fMet-tRNAfMet complexed with
IF2 C (line 1); sum of separately measured spectra of fMet-
tRNAfMet and IF2 C (line 2); enlarged (four-fold) di¡erence spec-
trum between line 1 and line 2 (line 3); enlarged (four-fold) di¡er-
ence spectrum between the spectrum of a mixture of tRNAfMetWIF2
C and a calculated sum of the individual spectra of tRNAfMet and
IF2 C (line 4). B: fMet-tRNAfMet complexed with IF2 C-2 (line 1);
sum of separately measured spectra fMet-tRNAfMet and IF2 C-2
(line 2); enlarged (four-fold) di¡erence spectrum between line 1 and
line 2 (line 3); enlarged (four-fold) di¡erence spectrum between the
spectrum of a mixture of tRNAfMetWIF2 C-2 and a calculated sum
of the individual spectra of tRNAfMet and IF2 C-2 (line 4).
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