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The structure of the translational initiation factor IF1
from E.coli contains an oligomer-binding motif
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The structure of the translational initiation factor
IF1 from Escherichia colihas been determined with
multidimensional NMR spectroscopy. Using 1041 dis-
tance and 78 dihedral constraints, 40 distance geometry
structures were calculated, which were refined by
restrained molecular dynamics. From this set, 19 struc-
tures were selected, having low constraint energy and
few constraint violations. The ensemble of 19 structures
displays a root-mean-square deviation versus the aver-
age of 0.49 A for the backbone atoms and 1.12 A for
all atoms for residues 6—36 and 46—67. The structure
of IF1 is characterized by a five-stranded B-barrel.
The loop connecting strands three and four contains a
short 3,5 helix but this region shows considerably
higher flexibility than the B-barrel. The fold of IF1 is
very similar to that found in the bacterial cold shock
proteins CspA and CspB, the N-terminal domain of
aspartyl-tRNA synthetase and the staphylococcal
nuclease, and can be identified as the oligomer-binding
motif. Several proteins of this family are nucleic acid-
binding proteins. This suggests that IF1 plays its role
in the initiation of protein synthesis by nucleic acid
interactions. Specific changes of NMR signals of IF1
upon titration with 30S ribosomal subunit identifies
several residues that are involved in the interaction
with ribosomes.

Keywords NMR spectroscopy/protein—-RNA
interactions/protein structure/protein synthesis/ribosome
binding

Introduction

Initiation of protein biosynthesis consists of a number of
interrelated steps preceding the formation of the first
peptide bond. IrEscherichia coli in addition to MRNA,

fMet-tRNA and ribosomal subunits, the initiation mechan-

and enhance the stability of the ternary complex (for
reviews, see Hershey, 1987; Gualerzi and Pon, 1990).

Initiation factor IF1, the smallest of the three factors,
is @ monomeric protein consisting of 71 residues (Pon
et al, 1979). IF1 is a highly conserved element of the
prokaryotic translational apparatus and has been found
also in the chloroplasts of several plants. The gene
encoding IF1 inE.coli, infA, has been identified and
cloned (Sandst al, 1987). The expression dhfA in
E.coli is under growth-rate control (Cummingst al,
1991) and its inactivation cannot be tolerated by the cell
without loss of viability (Cummings and Hershey, 1994),
indicating that one or more of the activities of IF1 must
be essential for the cell.

Several functions have been reported for IF1. These
include: (i) the enhancement of the rate of 70S ribosome
dissociation and subunit association (Godefroy-Colburn
et al, 1975); (ii) the stimulation of the activity of IF2
and IF3 in the formation of the 30S initiation complex
(Wintermeyer and Gualerzi, 1983; Pon and Gualerzi,
1984); and (iii) the modulation of the interaction of IF2
with the ribosome, increasing its affinity for the 30S
ribosomal subunit when IF1 is bound and indirectly
favouring its release when IF1 is ejected (Stringeal,
1977; Celancet al,, 1988). In addition, by binding to the
A-site of the 30S ribosomal subunit, IF1 may contribute
to the fidelity of the selection of the initiation site of the
MRNA (Moazedet al,, 1995).

Equilibrium binding studies have shown that IF1 binds
to the 30S ribosomal subunit in a 1:1 ratio (Zucker and
Hershey, 1986; Celanet al, 1988). The binding affinity
depends strongly upon the ionic strength and upon the
presence of IF2 and IF3 which increase its affinity for the
ribosome; theK, ranging from 5<1(° to 2.5x10® ML,
Interaction with 50S ribosomal subunits was also observed,
but the affinity is considerably lower than for the 30S
ribosomal subunits. Stable interaction with 70S ribosomes
has never been observed; in fact, the addition of 50S to
30S subunits bearing IF1 promoted the release of the
factor, suggesting that recycling occurs when the two
subunits join to form a 70S initiation complex (Celano
et al, 1988).

There are only a limited number of structural studies
performed on IF1. Secondary structure predictions and
circular dichroism (CD) measurements indicated a very
low content (5—-12%) obi-helix, and a variable value (7—
50%) for 3-sheet content (Pawlikt al, 1981). A number
of amino acids crucial for the function of IF1 were also
identified by site-directed mutagenesis (Gualestial.,

ism requires the presence of three additional proteins, the1989; Spurioet al, 1991).

initiation factors IF1, IF2 and IF3, and at least one GTP
molecule. The three initiation factors both influence the
kinetics of formation of the ternary complex, increasing

the rate of the process by over two orders of magnitude,
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Here we present the structure determination of IF1,
using multidimensional nuclear magnetic resonance
(NMR) spectroscopy, as well as the dynamic behaviour

of the protein. It is found that the structure of IF1 is very

© Oxford University Press
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Fig. 1. 2D (*5N,*H)-HSQC spectra of initiation factor IF1 frofa.coli

in the absenceA) and presenceB|) of 30S ribosomal subunits. For

(A) the sample contained 200 mM KCI. For (B) the sample contained
500 mM KCI and 30S ribosomal subunits in a molar ratio of 30S to
IF1 of 7.5x10°3. Since both spectra were recorded at a pH of 6.5 to
avoid denaturation of the ribosomes, not all amide protons are visible
in (A). Underlined residues have a different chemical shift in the
presence of ribosomes; the others are selectively broadened. A box
indicates the resonance of Val67, the signal of which disappears in the
presence of ribosomes.

similar to nucleic acid-binding proteins of the oligomer-

binding (OB) fold family, suggesting that IF1 interacts

with the ribosomes through nucleic acid interactions as
well. Several residues which are involved in the binding
to the 30S ribosomal subunit have been identified.

Results

For the NMR assignments of initiation factor IF1, we
made use of°N-labelled material. A 2DN,H)-HSQC

Solution structure of the IF1 protein

assignments of IF1 at pH 5.1 are available as supplemen-
tary material.

The structure determination of IF1 is based on NOE
data as well a$Jyyuq and3Jyqnp coupling constants. A
total of 1041 NOEs was obtained from analysis of the
NOESY spectra with different mixing times. These spectra
contain many long-range NOESs, characteristic fop-a
sheet structure. The existence of sevddaltrands was
confirmed by the large’Jynne coupling constants as
observed in the 3D HNHA spectrum. Figure 2A shows
the distribution of NOEs over the sequence of IF1.

Using distance geometry followed by restrained molecu-
lar dynamics, 40 structures were calculated, 19 of which
were selected on the basis of low constraint energy and
few constraint violations. Figure 3B shows the overlay of
these structures. The root-mean-square deviation (r.m.s.d.)
versus the average for the well-defined region (residues
6-36 and 46-67) is 0.49 A for the backbone atoms and
1.12 A for all atoms. A summary of structural statistics
is given in Table | and Figure 2B—E.

The solution structure of IF1 consists of a five-stranded
B-sheet, arranged as [barrel. The fiveB-strands, as
shown in Figure 3A, range from residues 6 to 16, 19 to
26, 29 to 36, 50 to 56 and 62 to 66, respectively, based
on the long-range NOE data. The first strand contains a
B-bulge at residues 13 and 14. All strands are oriented
anti-parallel, except strands Ill and V. While the turns
connecting strands | and Il (type IV turn) and strands ||
and Il (type I turn) seem well defined, this is not the case
for the region connecting strands Il and IV (residues 37—
49) and the short loop connecting strands IV and V
(residues 57-62). Medium-range NOEs in the region
38-44 indicate the presence of ag8elical structure.
Heteronuclear®N,'H)-NOE data show that the loop from
residue 36 to residue 49 and both the N- and C-terminal
regions have considerable flexibility on the nanosecond
time scale (Figure 2F). The core of the protein is remark-
ably rigid. The coordinates of the structures and the
NMR data will be deposited at the protein data bank in
Brookhaven.

Using the DALI Server software (Holm and Sander,
1993), the fold of IF1 was identified as the OB fold.
Proteins belonging to this family all bind polysaccharides

or polynucleotides (Murzin, 1993). Figure 4 shows the
similarity in topology between IF1, the cold shock protein

A (CspA), the N-terminal domain of aspartyl-tRNA
synthetase and staphylococcal nuclease. The major differ-
ence between these proteins seems to be the relative
orientation of the fiveB-strands and in the length of the
loop connecting strands three and four. Interestingly,
except for CspA, a helix is present in this loop, as was
also found with IF1. On the other hand, the shear number

spectrum is shown in Figure 1A. The sequential assignmentfor the pB-barrel of IF1 is S= 8, similar to CspA but

procedure was performed according to standard methods

(Withrich, 1986). All the spin systems were obtained
from TOCSY spectra and most sequential connectivities
using a NOESY spectrum with a short mixing time. A
3D NOESY-{N,1H)-HSQC spectrum of*N-labelled IF1
was used for confirmation of the assignment and for
resolving ambiguities due to spectral overlap. Finally, a

different from the other two proteind(B These
proteins homologous to IF1 all bind single-stranded
nucleic acids.

The highest degree of structural homology is observed
with theE.coli CspA. The r.m.s.d. along theoCatoms of
residues 6-36, 46-56, 62—65 and 67—70 of IF1 with the

corresponding parts of CspA is 2.66 A. CspA (also called

3D HNHA spectrum was used to check the assignments CS7.4) is the product of the cold shock gerepA and

of the resonances, in particular of threonines. Most of

has a 61% identity to CspB, the equivalent protein found

the residues were assigned completely. The resonanceén Bacillus subtilis Cold shock proteins were found to
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Fig. 2. Overview of structural parameters of IFAA)(Number of distance constraints per residue. The constraints are classified in long-range,
medium-range, sequential and intra residuB); énd ) r.m.s.d. for the backboneoC N, CO atoms and all atoms versus the residue number,
respectively. The structures are superimposed on the backbone atoms of residues 5-35 and®%8k&®;ngular order parametel) the

g angular order parameter) for the results of thelH-15N) NOE, values ofy (according to the definitions given by Peng and Wagner, 1992)
versus the residue number are given. The secondary structure is indicated at the top of (A).
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Solution structure of the IF1 protein

Table I. Structural statistics for IF1 solution structure

No. of distance constraint violations0.35 A 2
Maximum distance constraint violation (A) 0.64
R.m.s. deviation from average structure §A)

Backbone (N,@,CO) 0.49+ 0.16

All heavy atoms 1.12- 0.25
Average No. of bad non-covalent contdcts 1
Percentage of residueSwith @/ in:

Most favoured regions 60.4

Additional allowed regions 36.1

Values in IF1 Ideal valués

x1 (g-) 58.2+ 21.4 64.1+ 15.7
X1 (t) 189.7+ 16.6 183.6+ 16.8
x1 (g+) -68.2+ 18.6 —66.7+ 15.0
X2 () 1747+ 16.6 177.4+ 18.5
W 179.1*+ 9.0 180.0+ 5.8
Chirality Ca 33.0+ 3.2 33.9+ 35
®Residues 6-36 and 46-67.
bCalculated from the final set of structures with PROCHECK; g(-),
gauche minus; t, trans; ¢(, gauche plus.

‘Residues excluding glycine and proline.
dideal values from Morriet al. (1992; PROCHECK).

CspA

aspartyl-tRNA-synthetase

staphylococcal nuclease

Fig. 4. Comparison of IF1 with CspA and the corresponding parts of
the N-terminal domain of aspartyl-tRNA synthetase and staphylococcal
nuclease. The coordinates of CspA, the N-terminal domain of aspartyl-
tRNA synthetase and staphylococcal nuclease were obtained from the
Protein Data Bank in Brookhaven. The structures were generated with
the Molscript software (Kraulis, 1991).

Fig. 3. Folding topology A) and 3D structureR) of initiation factor

IF1 from E.coli. (A) Arrows and cylinders indicate th@-strands and

340 helix of IF1, respectively. The fifth strand is shown twice to

indicate the barrel shape. The set of 19 structures superimposed on the
backbone @, N, CO atoms of residues 6-35 and 46—67. The first four
and the last five residues are omitted from the figure because they are 1992; Leeet al, 1994). CspA was reported to have an

severely disordered. RNP1 and a rudimentary RNP2 motif (Schindedinal,,

1994). For IF1, no RNP1 region could be located, but a
rudimentary RNP2 region similar to CspA was found at
play a role in improving cell viability after cold shock residues 31-36.
(Willimsky et al, 1992). These cold shock proteins have A titration of 30S ribosomal subunits to IF1 was
nucleic acid-binding properties (both RNA and DNA, both monitored by a series of!{N,’H)-HSQC spectra. An
single- and double-stranded) and have sequence homology example is given in Figure 1B. Selective broadening or
with eukaryotic Y-box-binding proteins (Wolffet al., shifting of individual cross-peaks was taken as a measure
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of specific interaction. At a molar ratio of 28072 30S demonstrating that IF1 can bind to several single- and
ribosomal subunits to IF1, all the signals disappeared, double-stranded polynucleotides and induce alterations of
probably due to the high overall molecular weight of the their secondary structures; thus, IF1 was found to denature
complex. It should be pointed out that the molecular the helical hairpin form of poly(U), the single-stranded
weight of the 30S particle alone would be ~900 000 Da. stacked form of poly(C) and the poly(A)—poly(U) duplex
Subsequently, the salt concentration was increased in aand to alter the structure of double-stranded poly(C) and
number of steps, which allowed most signals to become single- and double-stranded poly(A) (Sehleth

visible again. Analysis of the relative changes of cross- 1980). Although the significance of these interactions
peak intensities over all spectra of the salt titration revealed remains as yet unclear, it is possible to imagine that one
that some cross-peaks were broadened more significantlyor more of these activities might ensue upon binding of
than others by ribosome binding. The resonances affected IF1 to its RNA target, be it a site on the 16S rRNA or a
were those of the backbone amides of Thr53 and Val67 specific portion of the initiator tRNA molecule. Another

and the side chain amides of Asn42 and Asn27 and, to a potential target of the IF1 nucleic acid-binding surface
lesser extent, those of the backbone amides of Leul3 andmay also be the ribosome-bound mRNA. In this context,
Arg22. Furthermore, the resonances of tAd backbone it should be recalled that CspA was found to affect not
amides of 11e35, lle44 and Arg71 are shifte.2 p.p.m. only transcription, acting as a transcriptional enhancer of
during the binding process. Also, the side chain resonances cold shock genes (LaeTednd991; Joneset al,

of His34 are strongly broadened in the presence of 30S1992), but also protein synthesis by stimulating translation
ribosomal subunits while those of His29 are shifted to a of its own mRNA (Brahdl, 1996).

large extent. The aforementioned residues are located over We have also described experiments aimed at identifying

a large part of the protein, but all on one side. This the specific amino acid residues of IF1 involved in
indicates that IF1 uses a large surface for interacting with the interaction with the 30S ribosomal subunit. Similar
the 30S ribosomal subunits. attempts had been carried out in the pastetPali

1983). Upon gradual addition of increasing (yet sub-
stoichiometric) amounts of deuterated 30S ribosomal sub-
units to IF1, intermediate exchange dynamics between
We have reported here the elucidation of the three- free and ribosome-bound factor caused selective line
dimensional (3D) structure d&.colitranslational initiation broadening and chemical shift changes against the back-
factor IF1 in solution. The most relevant conclusion ground of its gradually disappearifigi-NMR spectrum.
derived from this work is that IF1 displays a striking From the present results, it is suggested that the following
structural resemblance to proteins belonging to the OB residues are involved in or affected by the binding of IF1
family, a class of proteins of which many members interact to the 30S ribosomal subunit: Leul3, Arg22, Asn27,
with single-stranded nucleic acids. Particularly relevant His29, His34, Ile35, Asn42, lle44, Thr53, Val67 and
among these are the major cold shock protein CspA Arg71. For His29 and His34 this corresponds to the results
(Schindelinet al, 1993, 1994; Schnuchedt al, 1993; previously described by Paet al. (1983).

Newkirk et al., 1994), the N-terminal domain of aspartyl- Subsequently, several amino acid residues were analysed
tRNA synthetase (Rufet al, 1991) and the C-terminal by mutagenesis (Spuriet al. 1991). It was found that a
domain of methionyl-tRNA%t transformylase (Schmitt short form of IF1 lacking the C-terminal residues Ser70
et al, 1996). These similarities may give important insight and Arg71 has the same ability as native IF1 to form a

into the mechanism of action of IF1. Thus, the indication complex with 30S ribosomal subunits and to stimulate the
that IF1 binds to the 30S ribosomal subunit through an binding of fMet-tRNA to the ribosomes. Both activities

ionic interaction with 16S rRNA (Zucker and Hershey, are lost in a protein lacking residues 69-71, indicating
1986; Celanet al,, 1988) and the finding that IF1 protects that Arg69 is important for the functionality of the protein.
specific bases of the 16S rRNA from chemical modification The two histidines (His29 and His34) were also mutated
in situ (Moazedet al, 1995) are most relevant in the separately and it was observed that replacement of His34
context of this discussion. These facts, in addition to the with Asp (but not with Tyr) severely impaired the binding
data (summarized below) concerning the mechanism by of IF1 to the 30S ribosomal subunit while His2%sp

which IF1 binds to the 30S ribosomal subunit, strongly mutation allowed substantial binding to the 30S ribosomal
suggest that the nucleic acid-binding surface of IF1 corre- subunit but produced complexes which were essentially
sponds to an active site of this molecule involved in the inactive. Furthermore, His29 mutants proved to be defect-
interaction with an rRNA moiety of the 30S ribosomal ive in the ejection of IF1 from the ribosome during 30S—
subunit. The structural homology between IF1 and the 50S association (Gustleakj 1989). Finally, it was
B-barrel domains of aspartyl-tRNA synthetase and found that Lys38, although in itself not essential (substitu-

Discussion

methionyl-tRNA transformylase, implicated in the inter- tion with lle or Thr produced no loss of activity), could
action with the anticodon of the RNA and in the specific not be conservatively replaced by the bulkier Arg residue
recognition of the acceptor stem of the initiator tRNA without loss of activity (Spwioal, 1991). Taken
respectively, suggests that a specific interaction with the together, the previous mutagenesis data and the results
initiator tRNA might play a role in the mechanism of obtained in the present study on the binding of IF1 to the
action of IF1. It should be noted, however, that, unlike 30S ribosomal subunit are in good agreement. The only

the other structurally homologous proteins which have a discrepancy seems to be R71, for which we observed a
well documented nucleic acid-binding activity, evidence change in chemical shift. Although R71 may be involved

for extra-ribosomal interactions of nucleic acids with IF1 in ribosome binding, this interaction is not vital for the

is weak. In fact, we are only aware of an early report activity of IF1. The residues affected by ribosome binding

1440



Solution structure of the IF1 protein

Fig. 5. Stereo drawing of IF1 indicating residues involved in ribosomal interaction. The figure shows those residues for which signals broaden upon
binding to 30S subunits in red and those residues for which signals display a significant shift in green. Argé9 and Lys38, which were shown by

mutagenesis to affect ribosome binding, are shown in yellow.

are highlighted in the 3D structure presented in Figure 5.
As seen from the figure, all the residues implicated so far
in this activity are exposed to the solvent and located on
the same side of the protein.

In conclusion, although the function of IF1 has been
unclear until now, it has been found that the fold of IF1
resembles that of several nucleic acid-binding proteins
with an OB fold. NMR titration studies with 30S ribosomal
subunits show a number of interactions involving specific
residues. Combined with previous biochemical data, this
strongly indicates that IF1 performs its function by direct
interaction with RNA in the ribosomal complex. Recent
work by Moazedet al. (1995) shows that this may be
16S rRNA.

Materials and methods

Purification of "®N-labelled IF1
The assembly of the synthetic modulafA* gene encodingE.coli
translational initiation factor IF1, the construction of the hyperexpressing

vector (pXR201) and the properties of the product have been described

previously (Calogeret al,, 1987).Escherichia coliJM109 transformed
with pXR201 carryinginfA* under the control of the\pL promoter
(Calogeroet al., 1987) and with pcl857 expressing aXs| repressor,
was grown overnight at 30°C in 500 ml of modified M9 minimal medium
containing: (4.4 g/l) KHPO,; (10.4 g/l) KHPO,-3H,O; (50 mg/l)
MgSO,-7H,O; (7 mg/l) (NH)2SOFeSQ-6H,0; (5 g/l) glucose; (10
mg/l) thiamine; (60 mg/l) ampicillin; (25 mg/l) kanamycin and 0.5 g/l
of 1NH,CI (ISOTEC Inc.). This culture was used to inoculate 6.5 | of

pure, as judged by SDS—PAGE. The final yield was ~2.0 mg/l of culture.
Uniformly 1°N-labelled IF1 was concentrated and resuspended in a
buffer containing 200 mM KCI and 20 mM KJPO, with the pH
adjusted to 5.1 using an AMICON stirred cell. The final sample consists
of 3.5 mM in protein, as determined by UV spectroscopy{= 2560

M1 cml). A 1 mM sample of IF1, in the same buffer plus 5 mM
MgCl,, was used for the ribosome binding tests: in this case the final
pH was 6.5.

NMR spectroscopy
Two-dimensional NMR spectra were recorded on a Varian Unity Plus
750 MHz spectrometer. The experiments were recorded at 300 K using
a spectral width of 16.7 p.p.m. and in 95%®-5% D,O, pH 5.1.
Proton chemical shifts are referred to the water resonance at 4.72 p.p.m.;
nitrogen chemical shifts were calculated by indirect referencing (Wishart
et al, 1995). Clean-TOCSY spectra (Griesingetr al, 1988) were
recorded with mixing times of 30, 50 and 90 ms. NOESY spectra (Jeener
et al, 1982) were recorded with mixing times of 50, 100 and 150 ms.
A 2D rotating frame Overhauser enhancement spectroscopy (ROESY)
spectrum (Bothner-Byet al, 1984) with a 50 ms mixing time was
also recorded. Six hundred increments typically were recorded for
homonuclear experiments. These experiments were processed using
shifted sine-bell or shifted squared sine-bell window functions in both
domains. Zero-filling in £ was applied to obtain a final matrix of

X 2048 data points. Processing was carried out on Silicon Graphics
INDY and INDIGOII workstations using the TRITON software.

Most heteronuclear 3D experiments were recorded on a Bruker AMXT
600 MHz (equipped with a triple resonance probe). A spectral width of
33 p.p.m. was usetPMorthus folding the N signals of arginines.

3D TOCSY-HSQC and 3D NOESY-HSQC spectra (Maréairal,, 1989)
were recorded with mixing times of 50 and 120 ms, respectively. After
linear prediction in 4, the final matrix consisted of 1024128x1024
data points. To determird g, coupling constants, a 3D HNHA

the same medium and growth was continued at the same temperature toexperiment (Vuister and Bax, 1993) was performed at 600 MHz. In

an Aggo nm = 1.95 when IF1 hyperproduction was induced by shifting
the culture to 42°C by additionf@ | of the same medium pre-warmed

to 70°C. After 20 min at 42°C, the temperature of the culture was shifted
to 37°C and the incubation continued for 1 h, at which time the cells
were harvested by centrifugation. Sixty grammes of labelled cells were
lysed by sonification and treated with 10 g/l of polyethyleneimine. The
supernatant containing IF1, obtained after centrifugation at 10 000 r.p.m.
for 30 min, was dialysed against buffer A [20 mM Tris—HCI pH 7.1;
10% glycerol; 1 mM EDTA; 0.1 M NHCI; 6 mM [-mercaptoethanal;
0.2 mM phenylmethylsulfonyl fluoride (PMSF)] and loaded onto a
phosphocellulose column ¥X20 cm) equilibrated with the same buffer.
Elution was performed with a 0.1-0.7 M N8I linear gradient in buffer

A, and fractions containing IF1, as monitored by SDS-PAGE, were
pooled and concentrated by batch elution with buffer A containing 1 M
NH,4CI from a small phosphocellulose column (&3 cm). The sample
was then loaded onto a Superd@golumn (Pharmacia; HiLoad 26/60)
equilibrated with buffer B (20 mM K phosphate buffer pH 7.6; 0.15 M
NaCl; 1 mM dithiothreitol). Following gel filtration, IF1 was95%

addition, a 3D HMQC-NOESY-HSQC @kata 1990) was recorded
at 750 MHz for identifying helical contacts.

Titration studies of 30S ribosomal subunits and IF1
The preparation oE.coli 30S ribosomal subunits and the experimental
design to study the interadfiNF@belled IF1 with the 30S ribosomal
subunit were essentially as previously described (FRacal, 1983).
Several 2MN,{H)-HSQC spectra (Bodenhausen and Ruben, 1980)
were recordedX = 5 ms) to follow the titration of 30S ribosomal
subunits to IF1. A120,1H)-HSQC spectrum witth = 22 ms was
performed to observe the connectivities between the HD2 and the HE1
protons with the ND1 and NE2 nitrogen of the ring of the histidines.
These spectra were recorded at pH 6.5 in order to prevent denaturation
of the 30S ribosomal subunits.

Structure calculations

Distances were extracted from the NOESY with a mixing time of
100 ms. The contacts were classified as strong, medium and weak. The
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upper bounds of the distance constraints were set to 2.8, 3.5 and 5.0 A, TOCHBY-fevton spin systems identification in macromolecules.
respectively. Additional constraints from the 150 ms NOESY were set  J. Am. Chem. Soc110, 7870-7872.

to 6.0 A to take spin diffusion into account. Lower bounds were set to Gualerzi,C.O. and Pon,C.L. (1990) Initiation of mRNA translation in
the sum of the Van der Waals radii of the involved atoms. Pseudoatom  prokaryotesBiochemistry29, 5881-5889.

corrections were applied for methylene and aromatic ring protons Gualerzi,C.O., Spurio,R., La Teana,A., Calogero,R., Celano,B. and
(Withrich et al, 1983). Constraints involving methyl groups were Pon,C.L. (1989) Site-directed mutagenesis B&cherichia coli
corrected for the three-proton intensity and a pseudoatom correction of  translation initiation factor IF1. Identification of the amino acids
0.3 A was applied (Koninget al, 1990). In total, 1041 distance involved in its ribosomal binding and recyclingrotein Eng, 3,
constraints were obtained, of which 102 are medium-range NOEs and 133-138.

266 long-range NOEs. From the ratio of cross-peak to diagonal-peak in Hershey,J.W.B. (1987) Protein synthesis. In  Neidhardt,F.C.,

the 3D HNHA experiment, 5&},yuq Were identified. The corresponding Ingraham,J.L., Low,K.B., Magasanik,B., Schaechter,M. and
@ angles were converted to dihedral constraints with a range 80° Umbarger,H.E. (eds)Escherichia coli and Salmonella typhimurium:
to account for inaccuracies in the measured coupling constants. Also 22 cejular and Molecular BiologyAmerican Society for Microbiology,
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