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Abstract

Bacterial translation initiation factor IF2 is a multidomain protein that is an essential component of a system
for ensuring that protein synthesis begins at the correct codon within a messenger RNA. Full-length IF2
from Escherichia coli and seven fragments of the protein were expressed, purified, and characterized using
nuclear magnetic resonance (NMR) and circular dichroism (CD) methods. Interestingly, resonances of the
6 kD IF2N domain located at the extreme N terminus of IF2 can be clearly identified within the NMR
spectra of the full-length 97-kD protein. 15N NMR relaxation rate data indicate that (1) the IF2N domain is
internally well ordered and tumbles in solution in a manner that is independent of the other domains of the
IF2 protein, and (2) the IF2N domain is connected to the C-terminal regions of IF2 by a flexible linker.
Chemical shifts of resonances within the isolated IF2N domain do not significantly differ from those of the
corresponding residues within the context of the full-length 97-kD protein, indicating that IF2N is a
structurally independent unit that does not strongly interact with other regions of IF2. CD and NMR data
together provide evidence that Domains I–III of IF2 have unstructured and flexible regions as well as
substantial helical content; CD data indicate that the helical content of these regions decreases significantly
at temperatures above 35°C. The features of structurally well-ordered N- and C-terminal domains connected
by a flexible linker with significant helical content are reminiscent of another translation initiation factor,
IF3.
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dynamics

The initiation of translation in bacteria is promoted by three
protein factors, IF1, IF2, and IF3. Translation initiation fac-
tors IF1 and IF2 are found in all living organisms. During
the translation initiation process, IF1 binds to the A-site of
the small (30S) subunit of the ribosome, IF2 binds on top of
IF1, and the initiator fMet-tRNAf

Met binds to the P-site. The
preinitiation complex is completed by the binding of the
small ribosomal subunit to the translation initiation region
of the mRNA. The exact order in which each of these com-
ponents binds to the small ribosomal subunit is not yet fully
understood. The large (50S) ribosomal subunit joins the
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preinitiation complex, and GTP bound to IF2 is hydrolyzed
to GDP and Pi in a ribosome-dependent reaction. The
initiation factors leave the complex, which undergoes a
conformational change, and is ready for the elongation
phase of translation. For recent reviews of the translation
initiation process, see Gualerzi et al. (2000), Boelens and
Gualerzi (2002), Ramakrishnan (2002), and Sørensen et al.
(2002).

Bacterial IF2 is encoded by the infB gene, which in Esch-
erichia coli encodes three forms of the protein, designated
IF2-1, IF2-2, and IF2-3, with molecular weights of 97.3 kD,
79.9 kD, and 78.8 kD, respectively (Nyengaard et al. 1991).
The three forms of IF2 differ in their initiation site on the
infB mRNA. Hence, the forms of IF2 have identical C ter-
mini and differ only in the absence of the first 157 and 164
amino acid residues for IF2-2 and IF2-3, respectively, as
compared to IF2-1 (Mortensen et al. 1995). The cellular
content of IF2-2 and IF2-3 is close to that of IF2-1 (Howe
and Hershey 1982), and the presence of both the large and
smaller forms is required for optimal growth of E. coli
(Sacerdot et al. 1992). The presence of more than one iso-

form of IF2 is not peculiar to E. coli, but has been found in
several other enterobacteria (Laursen et al. 2002b).

Translation initiation factor IF2 is the largest of the bac-
terial initiation factors, and can be divided into domains
based on interspecies homology. IF2 in E. coli is composed
of six domains (Mortensen et al. 1998), as shown in Figure
1. The conserved C-terminal region consists of Domains
IV–VI, and a less conserved N-terminal region corresponds
to Domains I–III (Steffensen et al. 1997; Sørensen et al.
2001). The most conserved parts of IF2 are involved in the
binding and hydrolysis of GTP, as well as binding of fMet-
tRNAf

Met. Although there is no direct structural information
available for Domains IV–VI of E. coli IF2, the structure of
the homologous protein aIF5B from the archaea Methano-
bacterium thermoautotrophicum has recently been solved
by X-ray methods and is shown in Figure 1 (Roll-Mecak et
al. 2000); amino acid sequence homology predicts a similar
structure for Domains IV–VI of bacterial IF2.

The structure of Domain I of E. coli IF2 (corresponding
to the first 157 residues of IF2-1) was recently investigated
by nuclear magnetic resonance (NMR) methods (Laursen et

Figure 1. Schematic representation of IF2 from E. coli and the fragments used in this study. (Top) A representation of the structure
of IF2 from E. coli with the domains indicated in different colors. The cartoon models of the regions of known structure are derived
from PDB entry 1ND9 for the N-terminal IF2N domain and PDB entry 1G7T for the C-terminal region. The cartoons were prepared
using the program MOLMOL (Koradi et al. 1996). (Bottom) Schematic representation in which lines illustrate the content of the
different fragments of IF2 characterized in this study.

Domains of IF2 are connected by a flexible linker
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al. 2003). The first 50 residues of this E. coli protein were
found to form a well-ordered and compact globular domain,
which has now been named IF2N in the protein families
database, Pfam, and the NCBI conserved domain database.
Amino acid sequence comparisons show that a similarly
structured domain is present in most bacterial and plastid
IF2s. In many bacteria, including E. coli, a second copy of
the IF2N domain can be found just before the GTP binding
G-domain of IF2. No specific function has been assigned to
the IF2N domain at the present time. NMR results show that
residues 51–97 do not form a regular structure and are rela-
tively flexible, whereas residues 98–157 form a helix con-
taining a repetitive sequence of mostly hydrophilic amino
acids (Laursen et al. 2003).

A less conserved region of IF2, corresponding to Do-
mains II and III, is located between the IF2N domain and
the conserved C-terminal domains of the protein, and is not
well characterized in terms of structure. Interspecies se-
quence comparisons show that Domains II and III vary sig-
nificantly in both primary structure and length (Steffensen
et al. 1997; Sørensen et al. 2001). Domain II of E. coli IF2
has been shown to interact with the ribosome (Moreno et al.
1998, 1999), and there is evidence that Domains I and II
interact with the infB mRNA (Laursen et al. 2002b).

The present work describes the results of NMR and cir-
cular dichroism (CD) studies of full-length IF21 from E.
coli and seven different fragments of the protein, with the
aim of further characterizing the structures of the N-termi-
nal domains.

Results

Figure 1 schematically describes the different fragments of
IF2-1 that were recombinantly expressed and purified for
this study. All protein fragments were stable and quite
soluble in the medium ionic strength buffer used for puri-
fication. However, the fragments that did not contain Do-
main I were significantly less soluble in the low-ionic-
strength buffers needed for the CD and NMR studies.
Therefore, 100 mM NaCl or 100 mM NaF were included in
the buffer for the NMR and CD studies, respectively, for the
fragments that did not contain Domain I. The observation
that Domain I enhances solubility has led to a proposal that
this may be one function of the N-terminal region of IF2
(Sørensen et al. 2003).

Circular dichroism and secondary structure analysis

CD spectra of IF2 and its fragments all reveal spectra typi-
cal of helical proteins, with characteristic minima at 207 and
222 nm (Fig. 2). Deconvolution of the individual spectra
yields the relative content of secondary structure elements
in each fragment, as summarized in Table 1. The fragment
containing Domains I–III has a significantly higher content

of helix than any of its isolated components, specifically
Domain I, II, I–II, and II–III. This suggests that additional
helix structure forms when all three of the domains are
present.

To investigate the stability of the different fragments, CD
spectra were acquired at temperatures ranging from 5°C–
70°C. All of the fragments of IF2, with the exception of
Domain III–VI and Domain II–III, begin to unfold at
35°C–40°C; a similar unfolding temperature has previously
been observed for Domain I and the full-length protein
(Laursen et al. 2002a, 2003). The Domain II–III fragment is
less stable and starts to lose structure at even lower tem-
peratures, whereas the Domain III–VI fragment is more
stable against thermal denaturation than the other frag-

Figure 2. CD spectra used for determining the relative content of second-
ary structure in IF2 and its fragments. The spectra were recorded in 10 mM
phosphate (pH 7.5) at 20°C and the units converted to mean residue ellip-
ticity. An additional 100 mM NaF were included in the sample buffer for
the fragments corresponding to Domains II, II–III, III–VI, full-length IF2-
1, and IF2-2, as required to keep the protein soluble. All spectra show the
shape characteristic of proteins with substantial �-helical content, with
minima at 207 and 222 nm.

Table 1. Content of secondary structure elements in IF2 and
its fragments

Helix (%) Strand (%) Other (%)

IF2–1 40 ± 3 12 ± 3 49 ± 4
IF2–2 34 ± 2 16 ± 4 50 ± 5
Domain III–VI 42 ± 2 16 ± 5 42 ± 7
Domain I 60 ± 6 6 ± 2 35 ± 7
Domain II 50 ± 5 10 ± 4 40 ± 7
Domain I–II 54 ± 4 7 ± 3 40 ± 4
Domain I–III 70 ± 7 3 ± 2 28 ± 7
Domain II–III 39 ± 3 10 ± 6 50 ± 5

The relative content of secondary structure for each fragment was calcu-
lated based on the deconvolution of the CD spectra acquired at 20°C and
shown in Figure 2.
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ments. Thus, the loss in structure that occurs in the native
IF2-1 and IF2-2 at 35°C–40°C can be accounted for by a
loss of structure in Domains I–III in the N-terminal region
of the protein.

The dependence of buffer conditions was tested by re-
cording CD spectra of Domain I–III and full-length IF2-1 at
pH 6.0 and 7.5, and MgCl2 concentrations varying between
0 and 10 mM. The concentration of NaF was also varied
between 0 and 100 mM for the Domain I–III fragment. No
significant difference in the CD spectra recorded at these
different conditions was observed.

Nuclear magnetic resonance

NMR spectroscopy was used to further characterize the IF2
protein and its N-terminal domains. Resonances with
chemical shifts that differ significantly from the values typi-
cal of random coil structure are good indicators that a pro-
tein is folded. The one-dimensional (1-D) 1H NMR spec-
trum of Domain I (Fig. 3, bottom) shows peaks with dis-
perse chemical shifts; this is expected because the first 50
residues of this fragment are known to form a folded do-
main, based on a previous detailed structural study (Laursen
et al. 2003). It is possible to identify some of the well-
resolved peaks arising from Domain I within the 1-D spec-
tra of all of the fragments containing the domain (Fig. 3).
The clear observation of peaks assigned to Domain I within
the spectrum of the 97-kD IF2-1 (Fig. 3, top) is rather sur-
prising, because resonances of such high molecular weight
proteins would be expected to be very broad and therefore
difficult to detect; this observation provided an initial indi-
cation that Domain I tumbles independently of the rest of
the protein. About 30 well-resolved resonances are ob-
served in the two-dimensional (2-D) 15N-1H HSQC-
TROSY spectrum of the full-length IF2-1 (Fig. 4); the ma-
jority of these resonances were assigned to Domain I, based
on a comparison of the three-dimensional (3-D) NMR spec-
tra of the full-length IF2-1 and of the isolated Domain I
(Fig. 5).

Because it is known that Domains IV–VI of IF2-1 are
folded into globular structures (Fig. 1), it is expected that
nuclei associated with these domains would have disperse
chemical shifts. However, it is clear from Figure 4 that
nearly all of the resonances with disperse chemical shifts are
assignable to Domain I. The lack of observed disperse NMR
signals from Domains IV–VI can be attributed to resonance
broadening due to the relatively high molecular weight (and
slow tumbling time) for these regions of the protein. Reso-
nances from nuclei in flexible regions located in Domains
II–VI may have short enough rotational times to be observ-
able in the NMR spectra, but flexible regions typically have
chemical shifts near the random coil values, with NMR
peaks in the crowded central region of the spectrum shown
in Figure 4. The disperse resonances from nuclei in the

well-ordered regions of Domain I are only observable be-
cause this domain is attached to the C-terminal regions of
IF2-1 by a flexible linker.

In an effort to search for evidence of structural differ-
ences between the isolated Domain I and Domain I within
the context of the full-length IF2-1, the 3-D 15N-1H-1H
HSQC-TOCSY and HSQC-NOESY spectra of the full-
length IF2-1 and the isolated Domain I were compared (Fig.
5); we have previously assigned the chemical shifts of the
isolated Domain I, available as entry 5624 in the Bio-
MagResBank. Resonances of nearly all of the first 50 amino
acids of Domain I (corresponding to the region of the pro-
tein now called the IF2N domain) were identified in the
spectra and found to have essentially the same chemical
shifts, whether they are in the isolated Domain I or in the
context of the full-length protein (Fig. 5). No resonances
were observed with significant chemical shift differences in
the isolated domain versus the full-length protein. These
NMR results provide evidence that the IF2N domain in the
N-terminal region of Domain I does not have contacts with
any of the other domains within IF2-1, and is therefore a
structurally independent domain.

Resonances were assigned for only about 15 residues past
amino acid 51 within the spectra of the full-length IF2-1;
most of these resonances probably appear in heavily over-
lapping regions of the 2-D and 3-D spectra, or are unob-
servable due to unfavorable line widths. Assignments for
D95 are indicated in Figure 5; also, the side chain H�1
proton of Trp 215 was easily assigned because this is the
only tryptophan residue in Domains I–III.

Homonuclear 2-D 1H-1H NOESY and TOCSY spectra of
Domains I–II, II, and II–III were acquired (not shown) and
revealed very few NOE cross peaks other than those already
assigned to Domain I. This observation suggests that Do-
mains II and III are not folded into globular structures, at
least when they are isolated from the context of the full-
length protein. NMR can potentially be used to further in-
vestigate the structural features of the combined Domains
I–III, although, with a total molecular weight of over 40 kD,
this would present a very challenging problem.

Dynamics of Domain I within the context of
full-length IF2-1
15N relaxation rate data (T1, T2, and 15N-1H NOE) were
acquired and analyzed with the purpose of further charac-
terizing the motions within the N-terminal region of IF2-1.
15N relaxation rates were measured using 2-D 15N-1H cor-
related spectra of the full-length IF2-1, where resonances of
31 backbone amide nitrogens of residues in the range of
5–96 are resolved. The relaxation rate data were acquired at
20°C and 30°C with similar results. The 30°C relaxation
rate data are summarized in Figure 6 and compared with
data for the isolated Domain I, obtained in a previous study,

Domains of IF2 are connected by a flexible linker
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Figure 3. Five-hundred megahertz 1H NMR spectra of full-length IF2-1 and its fragments. Spectra were acquired at 20°C. Several
peaks arising from nuclei within Domain I are easily identified in all of the fragments that contain the domain. Several of the
best-resolved resonances are labeled.

Laursen et al.
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also at 30°C (Laursen et al. 2003). Within full-length IF2-1,
residues 5–50 (the IF2N domain) have strikingly uniform
values of T1, T2, and the heteronuclear NOE, averaging 0.62
sec, 0.12 sec, and 0.56, respectively (Fig. 6). The relaxation
rate data were interpreted using the Model-Free approach of
Lipari and Szabo (1982), implemented in the program Mod-
elfree 4.15 (Palmer et al. 1991; Mandel et al. 1995). The
motional model that best accounts for the observed relax-
ation rate data is a simple isotropic diffusion model, where
the protein is assumed to have an approximately spherical
shape, and its tumbling is described by a single global ro-
tational correlation time �m equal to 7.8 ns. In comparison,
a rotational correlation time �m of 6.7 ns was obtained for
the first 50 residues of IF2-1 when they are in the context of
the isolated Domain I (Laursen et al. 2003), indicating that
the rotation of the first 50 residues of IF2-1 is only slightly
restricted by being attached to the full-length 97-kD protein.
Order parameters (S2) for the individual amide 15N nuclei
within the first 50 residues of IF2-1 were found to be uni-
form, averaging 0.86, a value typical of well-ordered struc-
ture, and similar to the order parameters averaging 0.81 for
the same residues in the context of the isolated Domain I.

Relaxation rate data was also obtained for 10 of the resi-
dues between 55 and 96 of IF2-1. These residues have much
less uniform relaxation rates than the first 50 residues, and,
unlike the first 50 residues, have negative NOE values (Fig.
6). These relaxation data are best modeled by significantly
lower-order parameters than the first 50 residues, indicating
a region that is significantly more flexible in solution. The
modeling of the relaxation rate data for these residues also
required an additional term (te) describing fast (picosecond)

timescale movement; this term averaged 147 and 120 psec
for the residues within the isolated full-length IF2-1 and the
isolated Domain I, respectively. This region of the structure
was also found to be flexible when it is in the context of the
isolated Domain I, rather than the full-length IF2-1. As can
be seen in Figure 6, several of the residues (between 70 and
77) have significantly shorter T2 relaxation times in the
full-length protein than in the isolated Domain I; these dif-
ferences in T2 are most consistent with differences in the
time scales of rapid motions, rather than a difference of
ordered versus disordered structure.

The only 15N resonance within Domain II to be specifi-
cally assigned is that of the Trp 215 side chain; this is the
only tryptophan residue within Domain II. Relaxation rate
data for Trp 215 indicate that it is mobile and disordered,
moving independently of the folded domains.

Discussion

The complementary methods of CD and NMR were used to
characterize various fragments of IF2-1, to gain new insight
into the structure and dynamic properties of the three N-
terminal domains of the translation factor. The NMR data
all strongly support a model where the 50-residue most
N-terminal domain (IF2N) is well ordered and connected to
the more C-terminal regions of IF2-1 by a flexible linker.
Consistent with this model, the 15N relaxation rate data
indicate that residues between 55 and 96 are flexible, in the
context of full-length IF2-1 as well as in the isolated 157-
residue Domain I. The CD data indicate the presence of a
substantial amount of helical structure in the N-terminal
Domains I–III; temperature-dependence data indicates that
this structure loses a significant fraction of its helical char-
acter at moderate temperatures, above 35°C to 40°C. A lack
of NOE data attributable to Domains II and III suggests that
the helical content of these regions may be molten globule
in structure. These conclusions for Domains II–III drawn
from the NMR and CD results are consistent, because a
protein with the fundamental properties of a molten globule
can give rise to CD signals in the far UV region (180–250
nm) typical of helix, while exhibiting poor NMR chemical
shift dispersion (Kelly and Price 2000).

Biochemical data support a model with a substantial flex-
ible and hence very accessible structure in the N-terminal
region of IF2-1 (excluding the well-ordered and compact
50-residue IF2N domain). The OmpT protease cuts at least
three places in Domains I–II, whereas the C-terminal Do-
main III–VI is stable against degradation by this same pro-
tease (Steffensen et al. 1994). The same pattern is seen for
the blood coagulation factor Xa protease, which cleaves the
N-terminal Domains I–III, whereas Domain IV–VI is stable
against proteolytic degradation by the protease (B.S.
Laursen, R.F. Andersen, H.P. Sorensen, K.K. Mortensen,
and H.U. Sperling-Petersen, unpubl. ). Domain I–II of IF2 is

Figure 4. 15N-1H HSQC-TROSY spectrum of the full-length 97-kD IF2-1
from E. coli. The spectrum was obtained at 20°C with a proton resonance
frequency of 500 MHz, in 10 mM phosphate buffer (pH 6), 100 mM NaCl,
and 1 mM MgCl2. The most well-resolved peaks that have been assigned
are labeled. Note that almost all well-resolved peaks arise from Domain I.

Domains of IF2 are connected by a flexible linker
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also a highly antigenic region with several epitopes,
whereas the C-terminal region of the native IF2-1 protein
has only a few epitopes (Mortensen et al. 1998). The pres-
ence of several epitopes and high sensitivity to proteases in
the N-terminal region of IF2 indicates a structure with
highly exposed residues as compared to the more compact
structure of the C-terminal region of IF2, which has only a
few epitopes and is more stable against proteolytic degra-
dation.

The presence of flexible or disordered structure within
the C-terminal region of Domain I and Domains II–III of
IF2-1 does not indicate that these regions are functionally
unimportant. Partially unfolded protein in solution is not a
rare phenomenon. Despite earlier views that a 3-D structure
is a prerequisite for protein function, many proteins have
now been found to display functions requiring intrinsic dis-
order (Uversky et al. 2000; Dunker et al. 2002; Gunasekaran
et al. 2003). Examples of proteins that are unstructured in
solution can be found among some of the ribosomal pro-
teins, which have globular regions as well as long exten-
sions that penetrate into the ribosome but are unstructured in
solution. Extreme cases are proteins S14 and L39e that are
devoid of a globular structure, and unstructured in solution,
but acquire well-defined structure within the context of the

ribosome (Ramakrishnan and Moore 2001). It may not be
likely that the flexible regions of IF2 penetrate into the
ribosome upon binding as the ribosomal proteins do, but it
is quite possible that the protein does undergo a disorder-
to-order transition and become properly folded when bind-
ing to the ribosome or other possible ligands, such as the
initiator fMet-tRNAf

Met or certain mRNAs with which this
region is known to interact (Laursen et al. 2002b).

The features of structurally well-ordered N- and C-termi-
nal domains connected by an extended linker are reminis-
cent of features previously observed in other translation-
associated proteins, such as ribosomal protein L19 (Biou et
al. 1995; Ramakrishnan and Moore 2001) and translation
initiation factor IF3 (Hua and Raleigh 1998a,b). In the case
of IF3, the similarity is more striking, in that the extended
region connecting the two domains is flexible in solution
and has a substantial helical content that decreases with
temperature (Hua and Raleigh 1998a,b), as is observed in
here for the full-length IF2-1.

The G-domain (Domain IV in E. coli IF2) is in most
bacteria and plastids preceded by a low complexity region
(second part of Domain I to Domain III in E. coli) that links
it to the IF2N domain. The length and sequence of this low
complexity region varies widely between species. This may

Figure 5. Sections of single slices of 3-D 15N-1H-1H HSQC-NOESY spectra. A spectrum of the full-length 97-kD IF2-1 is shown on
the left, and a spectrum of the isolated Domain I containing residues 2–157 of IF2-1 is shown on the right. Both spectra were acquired
at 20°C. Each slice corresponds to a 15N frequency of 124.5 ppm. Several of the best-resolved peaks are labeled. Note that the
resonances of Domain I have nearly identical chemical shifts in the context of the full-length protein as they do in the isolated Do-
main I.

Laursen et al.
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lead to the conclusion that this region is not important for
the function of IF2, however, from earlier studies it is
known that the region is involved in binding to the 30S
ribosomal subunit, and also interacts with the infB mRNA,
and hence is involved in important functions of the factor
(Moreno et al. 1998; Laursen et al. 2002b). The present data
indicate that this region is quite flexible. We may speculate
that this flexibility is an important property of IF2 in the
highly dynamic process of translation initiation. Because
the IF2N domain is linked to the rest of IF2 by a flexible
linker, it might be able to span a much longer distance to
reach its interaction partner than previously thought.

The new information regarding the structure and dynam-
ics of the N-terminal region of IF2 provided by this study
will aid in future characterization of the functions of the
conserved IF2N domain of IF2 and of the interaction be-
tween the N-terminal domains of IF2 and the ribosome.

Materials and methods

Protein cloning and expression

Domain I of IF2 (with a sequence corresponding to the first 157
residues of IF2-1) was expressed and purified as previously de-
scribed (Laursen et al. 2003). The DNA coding for seven other
fragments of IF2-1 was amplified by PCR using DNA from E. coli
K12 as a template. DNA fragments encoding Domains I, II, I–II,
and II–III of IF2-1 were inserted into the pET15b expression vec-
tor (Novagen), whereas the fragment encoding Domain I–III was
inserted into the pBAD/MYC-His A expression vector (Invitro-
gen). Fragments encoding IF2-1, IF2-2, and IF2 Domain III–VI
were inserted into the pET24d expression vector (Novagen). The
IF2 Domain III–VI fragment was fused with a N-terminal histidine
tag, whereas all other IF2 fragments were untagged. DNA se-
quencing confirmed the insertion of the correct infB fragments into
each of the vectors. The proteins were expressed in BL21(DE3)
cells for the pET15b constructs, BL21(DE3) pLysS for the pET24d
constructs, and BL21 for the pBAD/Myc-His construct (all strains
were from Novagen). Cells were grown in 2 × TY medium (16 g/L
tryptone, 10 g/L yeast extract, 5 g/L NaCl at pH 7.5) for samples
with the natural abundance of isotopes, and M9 minimal medium
containing 0.6 g/L [15N] ammonium chloride (Cambridge Isotope
Laboratories) as the only significant nitrogen source for the sample
uniformly enriched with 15N. The growth medium was supple-
mented with 100 mg/L ampicillin when using the pET15b or the
pBAD/Myc-His expression vectors, and 50 mg/L kanamycin when
using the pET24d vector. The medium was further supplemented
with 34 mg/L chloramphenicol when using the BL21(DE3) pLysS
expression strain. In all cases, protein expression was induced
when the cells reached an OD550 of 0.6–0.8; induction was with
0.1 mM IPTG for the pET expression systems and 0.2% arabinose
for the pBAD expression system. The cells were allowed to grow
for 5 h at 37°C after induction and finally harvested by centrifu-
gation, washed in 0.9% NaCl, pelleted, and stored at −20°C.

Protein purification

All proteins were purified to at least 95% homogeneity as judged
by SDS-PAGE after the final purification step. Samples of the
IF2-1 and IF2-2 proteins were purified as described in Mortensen
et al. (1991). Purification of the Domain III–VI protein fragment

Figure 6. Summary of the nuclear relaxation rate data for full-length IF2-1
and the isolated Domain I. (A) T1 relaxation times. (B) T2 relaxation times.
(C) Observed values for the 15N-1H heteronuclear NOE for the amide
nitrogen atoms along the backbone. (D) Final optimized order parameters
S2 determined for Domain I in the isolated form and in the context of the
full-length IF2-1, obtained using the observed nuclear relaxation data
shown in A, B and C. Data for the isolated Domain I are shown in blue, and
data for Domain I within the context of IF2-1 are shown in red. Vertical
bars indicate the uncertainty in the values.

Domains of IF2 are connected by a flexible linker
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was carried out using an IMAC procedure as described in Sørensen
et al. (2003).

Purification of Domains II, I–II, I–III, and II–III

Cell pellets were resuspended in 2.5 mL of buffer A (50 mM
HEPES at pH 7.6, 10 mM MgCl2, 1 mM dithiothreitol (DTT), 0.1
mM phenylmethylsulfonylfluoride, 15 mM NaN3) per gram of
cells. The cells were opened by sonication, and the solution cen-
trifuged at 250,000g for 75 min. The supernatant was loaded onto
an anion exchange column (Q-sepharose HP Amersham Biosci-
ences) and bound protein eluted with a 0–500 mM NaCl gradient.
Fractions containing the protein of interest were pooled and further
chromatographed using a cation exchange column (SP-sepharose
HP, Amersham Biosciences). Bound protein was eluted with a
0–500 mM NaCl gradient. This procedure gave very pure protein
for Domains II, I–III, and II–III. An additional gel filtration step
using a 1-m-long column (Aca54, BioSepra) was required for pu-
rification of the construct containing Domain I–II. The identities of
all the purified proteins were confirmed by Western immunoblot-
ting using monoclonal antibodies as described in Mortensen et al.
(1998). The proteins were stored at −20°C in buffer A containing
100 mM NaCl and 50% glycerol. Protein samples were exhaus-
tively dialyzed against the buffer used in the assays as described
below just before use.

Circular dichroism spectroscopy

CD spectra were recorded at the UV1 photobiology beamline at
the Institute for Storage Ring Facilities at Aarhus University, Den-
mark, using synchrotron radiation provided by the ASTRID stor-
age ring. Spectra of all fragments shown in Figure 1 were recorded
using an open 0.1-mm Hellwa suprisil quartz cell. The data were
acquired using three consecutive scans where the signal was av-
eraged for 5 sec in each scan. Each scan was performed using 1-nm
intervals in the range 178–260 nm. The temperature dependence of
the CD signal for each sample was determined using spectra re-
corded from 5°C–70°C in 5°C steps. Samples were allowed to
equilibrate at each temperature for 10 min before data acquisition.
Spectra were recorded in 10 mM phosphate (pH 7.5); however, the
buffer contained an additional 100 mM NaF for the IF2 fragments
corresponding to Domains II, II–III, III–VI, full-length IF2-1, and
IF2-2, as required to keep the protein soluble. The concentration of
each of the protein samples was determined using quantitative
amino acid analysis, and the CD data were converted to represent
mean residue ellipticity. Additional CD spectra of Domain I–III
and IF2-1 were recorded at pH 6.0 and 7.5, and with varying
concentrations of MgCl2 and NaF in order to detect any depen-
dence on buffer conditions as described in the results section.

Secondary structure content in the protein fragments

The relative content of secondary structure elements in each pro-
tein fragment was determined from the CD data using the pro-
grams SELCON (Sreerama and Woody 1993), CONTINLL
(Provencher and Glockner 1981), K2D (Andrade et al. 1993),
CDSSTR, and VARSLC (Compton and Johnson 1986; Manavalan
and Johnson 1987) at the Dichroweb Server (Lobley and Wallace
2001; Lobley et al. 2002). The server provides seven different
reference sets, which were used for all the programs (with the
exception of VARSLC and K2D, which do not use reference sets).
The results were very consistent for all the programs and reference

sets. The values in Table 1 indicate an average of all valid results
from all programs. The validity of a result was determined for each
program and reference set as described (Lobley and Wallace 2001;
Lobley et al. 2002). The uncertainties reported for the values in
Table 1 are based on the reference set with the highest deviation
from the average.

NMR spectroscopy

NMR spectra were recorded at 20°C and 30°C using a 500-MHz
Varian Inova spectrometer equipped with a triple-resonance probe
and z-axis pulsed-field gradient. NMR samples of the IF2-1, IF2-2,
and Domains II, II–III, and III–VI typically contained 10–20 mg of
the protein and 10 mM phosphate (pH 6.0) in 90% H2O/10% D2O,
1 mM MgCl2, 100 mM NaCl, and 0.33 g/L NaN3. Samples of
Domains I, I–II, and I–III were in the same buffer but without
NaCl. Standard 1-D 1H spectra and 2-D 1H-1H NOESY and 1H-1H
TOCSY spectra provided an indication of whether each protein
was folded. A 2-D HSQC-TROSY spectrum (Meissner et al. 1998)
and 3-D 15N-resolved HSQC-TOCSY and 15N-resolved 1H-1H
HSQC-NOESY spectra were acquired for the 97-kD IF2-1 protein.

15N relaxation rates were measured for the resolved and as-
signed resonances of the full-length IF2-1 protein, for comparison
with those of the isolated Domain I. The 15N T1 and T2 relaxation
times and the 15N-1H NOE were measured using pulse sequences
that feature gradient selection and sensitivity enhancement and
pulses for minimizing saturation of the solvent water (Farrow et al.
1994). Six 2-D data sets with relaxation delays of 10, 260, 510,
760, 1010, and 1260 msec were acquired for the T1 relaxation
measurements, and six 2-D data sets were acquired with relaxation
delays of 29, 58, 87, 116, 145, and 174 msec for the T2 relaxation
measurements; in each case the relaxation delay between the ac-
quisition of each free induction decay was 3 sec. The spectra for
measuring the 15N-1H NOE were acquired with either a 5-sec
delay between each free induction decay or a 1-sec delay followed
by a 4-sec-long series of 120° nonselective 1H pulses. The T1 and
T2 data were fitted to a single exponential decay function of the
form I � I0e−t/Td, in which I is the intensity of the signal at time
t, I0 is the intensity at time t � 0, and Td is the decay constant T1

or T2. Rotational correlation times and order parameters were cal-
culated using Modelfree 4.15 (Palmer et al. 1991; Mandel et al.
1995) as described (Lillemoen and Hoffman 1998). Parameters
were derived using a simple isotropic diffusion model.
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