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The structural gene for translation initiation factor IF2 (infB) was isolated from the myxobacterium
Stigmatella aurantiaca on a 5.18-kb BamHI genomic restriction fragment. The infB gene (ca. 3.16 kb) encodes
a 1,054-residue polypeptide with extensive homology within its G domain and C terminus with the equivalent
regions of IF2s from Escherichia coli, Bacillus subtilis, Bacillus stearothermophilus, and Streptococcus faecium. The
N-terminal region does not display any significant homology to other known proteins. The S. aurantiaca infB
gene encodes a single protein which cross-reacted with antiserum to E. coli IF2 and was able to complement
an E. coli infB mutant. The S. aurantiaca IF2 is distinguished from all other IF2s by a sequence of 160 residues
near the N terminus that has an unusual composition, made up essentially of alanine, proline, valine, and
glutamic acid. Within this sequence, the pattern PXXXAP is repeated nine times. Complete deletion of this
sequence did not affect the factor’s function in initiation of translation and even increased its capacity to
complement the E. coli infB mutant.

Myxobacteria are gram-negative, rod-shaped soil bacteria
which, in response to starvation, undergo a developmental
cycle leading to multicellular structures termed fruiting bodies.
These specialized structures enclose dormant cells, the myxo-
spores (41). Multicellular development of myxobacteria is reg-
ulated by intercellular signals, with some of them presumably
transduced by GTP-binding proteins as in eukaryotes (8, 25),
and by cell-cell interactions (10). The expression of specific sets
of genes is coordinated via various signalling compounds, thus
triggering the different stages of multicellular development
(24). For another sporulating bacterium, Bacillus subtilis, Tip-
per et al. (45) suggested that some components of the trans-
lational machinery, namely ribosomal proteins and elongation
factor G, could play a specific role during the spore formation
process. In agreement with this idea, Cheng et al. (6) identified
the lesions in a Myxococcus xanthus development-deficient
strain displaying a mutation in dsg, encoding a protein similar
to translation initiation factor IF3. Compared to IF3s from
other species, the Myxococcus IF3 is much larger and bears a
C-terminal extension which was shown to be necessary for
developmental functions but not for viability, even though dur-
ing vegetative growth, colonies were shown to be more com-
pact and to be a darker tan color (19).

In addition to IF3, at least two other factors, IF1 and IF2,
are required for the initiation of mRNA translation in pro-
karyotes. The genes for all three factors, namely, infA (IF1),
infB (IF2), and infC (IF3), were first cloned in Escherichia coli
(30, 36, 43). These three proteins play essential roles in several
steps of translation initiation, from the selection of the initiator

tRNA (15) to the control of the entry into the elongation cycle
(26).

The infB gene, encoding IF2, is located on the E. coli chro-
mosome at 69 min and is part of a complex polycistronic
operon, the nusA-infB operon (22, 30, 31, 37). IF2 is an essen-
tial protein in E. coli (23) and is present in the cell in two major
cellular forms, a (97.3 kDa) and b (79.7 kDa) (27, 28, 33). It
was also shown that IF2b comprises two barely distinguishable
forms (b1 and b2) arising from two internal in-frame initiation
codons, GUG and AUG, respectively, separated by only 18
nucleotides (34). So far, the occurrence of two IF2 forms has
also been established for B. subtilis (39), but this has not been
investigated with other bacteria, such as Bacillus stearother-
mophilus, Streptococcus faecium, and Streptomyces aureofa-
ciens, for which this factor has also been studied (4, 12, 18).
IF2, the largest initiation factor, belongs to the class of GTP-
binding proteins (9). The homology among known IF2 factors
is very extensive over the C-terminal three-quarters of the
protein and is greatest near the central region which binds
GTP, the G domain.

In this work, we report the molecular cloning and the in vivo
characterization of the infB gene of the myxobacterium Stig-
matella aurantiaca. Taking advantage of the strong homologies
present in the central part of the protein, the S. aurantiaca infB
G domain was amplified by PCR, providing a DNA fragment
that was used as a homologous probe to clone the entire infB
gene and the flanking regions from the S. aurantiaca genome
(2). Compared to other known IF2s, the IF2 from S. aurantiaca
has a much longer N-terminal region. The expression of this
newly described infB gene, the second reported for gram-neg-
ative bacteria, was analyzed, and the occurrence of several
forms of the factor was investigated.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Tables 1 and 2. S. aurantiaca DW4 (ATCC 33878) was grown
to late exponential phase in 1% Bacto Casitone (Difco) with 8 mM MgSO4 at
308C and harvested at ;4 3 108 cells/ml. E. coli strains were propagated at 30,
37, 40, or 428C in Luria-Bertani (LB) broth or on LB agar plates (1.5%, wt/vol)
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(35). If required, ampicillin (100 mg ml21), chloramphenicol (10 mg ml21), IPTG
(isopropyl-b-D-thiogalactopyranoside) (50 mg ml21), and X-Gal (5-bromo-4-
chloro-3-indolyl-b-D-galactopyranoside) (50 mg ml21) were added. Strain Y1090
was grown in the presence of 0.4% maltose. Growth of liquid cultures was
monitored by measuring the optical density at 650 nm (OD650).

DNA manipulations, cloning, and transformation. Total genomic DNA was
isolated from S. aurantiaca DW4 by the method of Starich and Zissler (44).
Plasmids from E. coli were extracted and purified as described by Sambrook et
al. (35). Plasmid and genomic DNAs were digested with restriction enzymes
(Gibco-BRL) according to the supplier’s recommendations. Analytical and pre-
parative agarose gel electrophoreses in Tris-borate–EDTA (pH 8.3) were per-
formed as described by Sambrook et al. (35). DNA restriction fragments were
purified from agarose gels by using the Prep-a-Gene kit (Bio-Rad Laboratories,
Richmond, Calif.). Ligation was obtained by using T4 DNA ligase (Gibco-BRL)
according to the manufacturer’s recommendations. Competent E. coli cells were
prepared and transformed as described by Hanahan (14).

Screening of an S. aurantiaca lgt11 library. The lgt11 library was kindly
provided by H. U. Schairer (Heidelberg, Germany). This library was constructed
by partially digesting S. aurantiaca genomic DNA with HpaII and selecting
fragments ranging from 2 to 6 kb. These fragments were appended with HpaII-
EcoRI adapters and cloned into the EcoRI site of lgt11. DNA products ampli-
fied by PCR with oligonucleotides specific to the G domain (2) were labeled with
[a-32P]dCTP (ICN Biomedicals) by random priming (11) and used to screen
15,000 previously plated clones (35).

Construction of a restricted genomic library. Five micrograms of S. aurantiaca
genomic DNA was digested with BamHI. The digest was run on a 0.8% agarose
gel, transferred to a nitrocellulose membrane, and hybridized with a radiolabeled
probe. Fragments ranging from 4.5 to 5.5 kb were excised and purified with the
Prep-a-Gene kit. The DNA was recovered by ethanol precipitation and used
directly in ligation reactions with pBluescript II SK1 treated with BamHI and
bacterial alkaline phosphatase. Transformant colonies were screened by colony
lift for the presence of plasmids bearing the genomic fragment hybridizing to the
PCR-synthesized probe.

Hybridization. Plasmid and chromosomal DNA fragments, digested with the
appropriate restriction endonucleases and analyzed by agarose gel electrophore-
sis, were transferred onto nylon membranes (Hybond-N1; Amersham) as de-
scribed by Southern (42) and treated according to the supplier’s instructions. The
membranes were prehybridized for at least 1 h at 658C and then hybridized
overnight with the labeled probe at 658C. After being washed, the membranes
were autoradiographed with X-ray films.

DNA sequencing and computer analysis. The 5.18-kb BamHI insert from
pLBYC5 was digested with PstI, giving two fragments of 4.1 and 1.1 kb which
were subcloned in pBluescript II SK1 (see below and Fig. 1) (pLBYC5-1 and
pLBYC5-2). Random nested deletions were then created by using the Erase-a-
Base system (Promega Corporation) to generate plasmids for sequencing. DNA
sequencing was performed by the dideoxy chain termination method (38) with an
automated sequencer (A.L.F.; Pharmacia). Sequencing was carried out with
fluorescent universal and reverse primers and T7 DNA polymerase (Autoread
sequencing kit; Pharmacia). Sequence analysis was performed with the program
of the Genetics Computer Group (Madison, Wis.) sequence analysis software
package.

Maxicell analysis. Maxicell analysis of plasmid-encoded proteins was per-
formed as described previously (35a).

Curing of l infB transducing phage from strain SL598R. E. coli SL598R (23)
was transformed with plasmids carrying the infB gene of S. aurantiaca or E. coli
(as a control). Cells were grown overnight in LB broth supplemented with
ampicillin (100 mg ml21) and chloramphenicol (10 mg ml21), diluted into fresh
medium, and grown at 308C. When the infB expression was dependent on the Trc
promoter, induction was performed at an A650 of 1 by using 0.5 mM IPTG for 1 h
(pLBYC8 carrying the E. coli gene) or 1 mM IPTG for 2 h (pLBYC7 and
pLBYC7D690 carrying S. aurantiaca genes). After dilution of the cell suspension
to an A650 of 0.3, aliquots (500 ml) were transferred to 5 ml of prewarmed LB
broth at 428C, shaken vigorously for 5 min, and then immediately chilled on ice.
Aliquots (1.5 ml) were concentrated by centrifugation at 5,000 3 g and 48C,
plated on LB plates containing ampicillin and chloramphenicol, and incubated
overnight at 428C. Survivors were purified several times on the same plates at
428C, and the loss of l was verified by their sensitivity to lcI2 phage. Southern
blotting of restricted DNA of the strains surviving at 428C was performed to
verify that no rearrangements of the relevant parts of the plasmid clones had
been selected during the 428C treatment and subsequent purifications (data not
shown), as already demonstrated by Laalami et al. (23).

Blotting and immunodetection of the IF2 protein. The presence of IF2 from E.
coli and S. aurantiaca and also of the S. aurantiaca IF2 truncated derivative was
examined in cell extracts from S. aurantiaca and E. coli strains by the quantitative
immunoblotting procedure (125I-labeled protein A reacting with an E. coli anti-
IF2 antibody) described by Howe and Hershey (17). The relative amounts of
anti-IF2-reacting proteins in the different cell extracts were evaluated by excising
the corresponding band from the blot, measuring the radioactivity present in it,
and comparing the amount to that for IF2a and IF2b in a similar amount of the
wild-type E. coli strain IBPC5321.

TABLE 1. E. coli strains

Strain Genotype Source or reference

DH5a supE44 DlacU169 (f80lacZDM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1 Bethesda Research Laboratories
IBPC5321 F2 thi-1 argG6 argE3 his-4 xyl-5 tsx-29 rpsL DlacX74 29
Y1090 supF hsdR araD139 Dlon DlacU169 rpsL proA1 strA trpC22::Tn10(pMC9) 35
SL598R F2 thi-1 argG6 argE3 his-4 xyl-5 tsx-29 rpsL DlacX74 DinfB::cat-2 recA1 (lGJ9-2) 23
LBYC5 DH5a(pLBYC5) This study
LBYC5-1 DH5a(pLBYC5-1) This study
LBYC5-2 DH5a(pLBYC5-2) This study
SLB18-1 SL598R(pB18-1) This study
SLB7 SL598R(pLBYC7) This study
SLB7D690 SL598R(pLBYC7D690) This study
SLB8 SL598R(pLBYC8) This study

TABLE 2. Plasmids

Plasmid Vector Relevant genotype Source or
reference

pBluescript II SK1 bla 9lacZ Stratagene
pUC18 bla 9lacZ Pharmacia
pTrc99A bla 9lacZ lacIq Pharmacia
pBR322 bla tet 1
pB18-1 pBR322 bla, E. coli nusA, E. coli infB 31
pLBYC5 pBluescript II SK1 bla, S. aurantiaca infB, S. aurantiaca ORF3, S. aurantiaca rbfA This study
pLBYC5-1 pBluescript II SK1 bla, S. aurantiaca infB This study
pLBYC5-2 pBluescript II SK1 bla, S. aurantiaca ORF3, S. aurantiaca rbfA This study
pLBYC6 pUC18 bla, S. aurantiaca infB This study
pLBYC7 pTrc99A bla, S. aurantiaca infB This study
pLBYC7D690 pTrc99A bla, S. aurantiaca infBD690 This study
pLBYC8 pTrc99A E. coli infB This study

VOL. 179, 1997 INITIATION FACTOR 2 FROM STIGMATELLA AURANTIACA 2349



Construction of a shortened form of IF2. The 1.6-kb BamHI-SphI fragment of
pLBYC5-1, carrying the 59 end of the infB gene of S. aurantiaca, was cloned into
M13mp18. Oligonucleotide mutagenesis (21) was used to replace a T by an A
(boldface) in the sequence 59GTCACCGAGCATGCGGGGCTG39, thus creat-
ing an SphI site at the 29th codon of IF2. The mutation was confirmed by DNA
sequencing. The 0.94-kb BamHI-SphI DNA fragment created by mutation was
excised from the M13 replicative form and cloned into pLBYC7 (see Fig. 1) to
replace the wild-type 1.63-kb BamHI-SphI DNA fragment which had been pre-
viously excised. This allowed a 690-bp SphI deletion (corresponding to 230 amino
acids in the N region of the protein), to yield the plasmid pLBYC7D690.

Nucleotide sequence accession number. The overall nucleotide sequence for
the 5.18-kb BamHI fragment from pLBYC5 appears in the EMBL data bank
under accession number X87940.

RESULTS

Cloning and identification of the infB locus. A PCR frag-
ment comprising part of the G domain of the S. aurantiaca infB
gene (2) was used as a probe to screen a lgt11 library of S.
aurantiaca DW4. Only one clone (lLBYC2) was detected; it
carried a 2.1-kb EcoRI insert which was isolated and se-
quenced. It was found to carry only part of the putative infB
gene of S. aurantiaca (Fig. 1).

Therefore, the complete infB gene was cloned by construc-
tion of a limited BamHI genomic library in the pBluescript II
SK1 vector, as described in Materials and Methods. Approx-
imately 3,000 transformant colonies were screened, by colony
lift, against the 2.1-kb fragment. A single colony was found,
which harbored plasmid pLBYC5 (Table 2), consisting of
pBluescript II SK1 bearing a 5.18-kb BamHI insert comple-
mentary to the 2.1-kb probe (Fig. 1). The 5.18-kb BamHI
fragment isolated from pLBYC5 was subcloned in the pBlue-
script II SK1 vector (pLBYC5-1 and pLBYC5-2), and both
strands were sequenced. This sequence (average G1C content
of close to 69%) showed the presence of three open reading
frames (ORFs), including the infB gene. The first ORF is
preceded by 847 bp showing no significant homology to any
known sequence. The first ORF, corresponding to the infB
gene, is composed of 3,162 bp and codes for a protein of 1,054
amino acids with extensive homologies to other IF2 proteins
(see below). The putative AUG initiation codon (positions 848

to 850) is preceded by an A-A-G-C-A Shine-Dalgarno se-
quence (positions 838 to 842), and the ORF terminates with a
UAA stop codon (positions 4010 to 4012). The probability of
the third base of a codon being G or C is 90.5% over the entire
gene, which is an essential characteristic of myxobacterial
genes and confirms the myxobacterial origin of this gene.
Downstream from the UAA stop codon we found a sequence
(positions 4048 to 4077) that can form a stable hairpin struc-
ture (DG 5 229.2 kcal). Moreover, this hairpin structure is
followed by a U-rich region (U-U-U-U-U-U-C-A-U-G-U-U,
positions 4085 to 4096) and thus resembles documented rho-
independent transcription terminators in E. coli and other
gram-negative bacteria (32), although the stretch of Us is sep-
arated from the bottom of the stem by seven nucleotides. The
efficiency of this transcriptional termination or pausing site
remains to be investigated.

The structural infB gene is followed by an ORF (585 bp)
potentially encoding a 21,450-Mr polypeptide, starting with an
AUG codon (positions 4092 to 4094) and ending at a UGA
codon (positions 4677 to 4679). The N-terminal portion of this
putative protein shows 71% similarity with the product of
ORF3, which is located immediately downstream of infB in the
nusA-infB operon of B. subtilis (40) but which is absent from
this operon in E. coli. Considering its location and the homol-
ogy with B. subtilis ORF3, we have named it ORF3 in S.
aurantiaca even though it is twice as large. Compared to the
that of B. subtilis ORF3, the S. aurantiaca ORF3 product bears
a C-terminal extension rich in alanine, proline, and glutamic
acid (Table 3), reminiscent of the C-terminal extension found
in M. xanthus IF3 (6) and the N-terminal segment of S. auran-
tiaca IF2 (see below and Discussion). In this region of the
ORF3 product, glycine, hydrophobic residues like leucine, and
basic amino acids like arginine are abundant. ORF3 is followed
by a 119-codon ORF potentially encoding a 13,090-Mr
polypeptide displaying 66 and 75% similarity with the rbfA
genes of E. coli and B. subtilis, respectively. The rbfA gene (7),
previously called p15B, is located downstream of infB in both
E. coli and B. subtilis, but in the latter organism it is separated

FIG. 1. Schematic overview of the genetic organization around the S. aurantiaca infB gene. The diagram gives the locations and orientations of the infB gene and
two putative ORFs (ORF3 and rbfA). The upper part of the diagram displays a partial restriction map of the 5.18-kb BamHI fragment from pLBYC5. The restriction
fragments cloned within the pBluescript II SK1 plasmid (for pLBYC5, pLBYC5-1, and pLBYC5-2) and plasmid pTrc99A (for pLBYC7D690 and pLBYC7) and the
2.1-kb infB probe are indicated by thick horizontal bars. The 2.1-kb probe was originally isolated by EcoRI restriction from lLBYC2. SphI* denotes the restriction site
created by site-directed mutagenesis (see Materials and Methods for details).
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from infB by ORF3. The initiation codon of this putative rbfA
gene (AUG, positions 4676 to 4678) overlaps the UAG termi-
nation codon of ORF3 (positions 5033 to 5035). The initiation
codons of these two putative genes are not preceded by any
obvious ribosome-binding site, thus raising the question of
whether they are translated efficiently.

Protein sequence of IF2. As deduced from the DNA se-
quence data, the S. aurantiaca infB gene encodes a protein of
1,054 amino acids with an Mr of 116,000. The size of the gene
product was verified by expression of the S. aurantiaca infB
gene in E. coli maxicells (data not shown). A protein of the
expected size, putatively IF2, was produced only by the clone
containing pLBYC6 (data not shown). Thus, the myxobacterial
IF2 is longer than its E. coli, B. subtilis, B. stearothermophilus,
and S. faecium homologs by 164, 338, 312, and 269 additional
amino acids, respectively. The S. aurantiaca IF2 displays ex-
tensive homology with the C-terminal two-thirds of other IF2s,
and there is a striking primary-sequence homology (70% iden-
tical residues) between their central regions, corresponding to
the GTP-binding domains (residues 554 to 703 of S. aurantiaca
IF2) (Fig. 2). Relatively little homology between the N-termi-
nal sequences is observed. Moreover, the IF2 protein of S.
aurantiaca has an N-terminal region which is 164 amino acids
longer than that in E. coli and even longer than those in the
gram-positive bacteria. However, by using a hydrophobic-clus-
ter algorithm (13) designed to reveal common conformational
homologies among distantly related proteins, the first 50-resi-
due region of S. aurantiaca IF2 reveals a structural feature
typical of a highly hydrophobic N terminus (data not shown),
as previously described for other IF2s (39). This observation
correlates with a limited amount of amino acid similarity in this
region of IF2s from S. aurantiaca and the gram-positive bac-
teria. The adjacent region (residues 61 to 221) has an abnormal
amino acid composition, made up primarily (66%) of four
different amino acids, i.e., 43 alanine, 29 proline, 17 valine, and
17 glutamic acid residues (Table 3). The presence of regions
rich in alanine, proline, and glutamic acid in the C-terminal
portions of two other myxobacterial proteins, i.e., M. xanthus
IF3 and the S. aurantiaca ORF3 protein (see above), leads us
to propose the name APE sequences for these regions. Re-
markably, within the APE sequence of S. aurantiaca, valine is
also overrepresented, and the pattern PXXXAP is repeated
nine times, of which the majority is PXXEAP, which is re-
peated six times (Fig. 2). The high level of proline (Table 3)
suggests that this repeated domain is nonstructured. The re-
mainder of the N-terminal part of S. aurantiaca IF2 (residues
222 to 553) does not display any particular structural features.

Cross-reaction of S. aurantiaca protein with an antibody
raised against E. coli IF2. Phylogenetically, S. aurantiaca be-
longs to the d subgroup of proteobacteria, while E. coli belongs
to the g subgroup. Nevertheless, ribosomes and their associ-
ated proteins are largely conserved among eubacterial species.
S. aurantiaca DW4 cellular extracts were found to contain only
one protein which cross-reacted with E. coli anti-IF2 antibod-
ies when analyzed by sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) and Western blotting (Fig.
3A, lane 2); a control experiment using a crude protein extract
from E. coli was also performed (Fig. 3A, lane 1). The anti-IF2
serum recognized two bands in the E. coli extracts, correspond-
ing to IF2a and IF2b, respectively.

In vivo complementation of an E. coli infB null mutation.
The 3.3-kb MseI/PstI fragment of pLBYC5-1 was subcloned in
pTrc99A downstream of the IPTG-inducible Trc promoter.
The subcloning removed the 59 untranslated region of the infB
gene. To demonstrate the expression of the S. aurantiaca infB
gene in E. coli, we tested our construction pLBYC7 (Fig. 1),
which synthesizes only S. aurantiaca IF2, for its ability to re-
place the E. coli chromosomal infB gene and to satisfy the
cellular requirement for IF2. We used E. coli SL598R, which
was constructed to test the viability of any infB allele (23). In
this strain, the resident chromosomal copy of infB is deleted
and replaced by a chloramphenicol resistance cassette. A func-
tional wild-type copy of infB is supplied in trans by a thermo-
sensitive lysogenic l phage integrated at attl. After heat in-
duction at 428C, it is possible to cure this l infB phage without
killing the bacteria, but only provided that a viable infB allele
is supplied in trans.

Plasmid pLBYC7, as well as the controls pLBYC8 (carrying
the E. coli IF2 gene cloned in pTrc99A), pB18-1, and pTrc99A,
was used to transform SL598R. Plasmid pB18-1 is a pBR322
derivative multicopy plasmid (Table 2) that carries an E. coli
nusA-infB insert lacking the main promoters of the nusA-infB
operon. The amount of IF2 produced by this multicopy plas-
mid is quite similar to that produced by the chromosomal copy
of the nusA-infB operon (28). The transformants were selected
on LB-chloramphenicol-ampicillin plates at 308C. SL598R
transformed with each one of our plasmids was subjected to
heat curing of l infB (see Materials and Methods for details).
Survivors at 428C were detected at similar frequencies with
pB18-1, pLBYC7, and pLBYC8. No colonies were obtained
with the negative control (pTrc99a) after thermal induction of
the phage. The cured strains were shown to be stable through
several purifications at 42 and 308C.

Surviving strains were named according to the plasmid they
carry, by replacing the designation pLBYC or pB by SLB (e.g.,
SLB7 is the cured strain derived from pLBYC7-transformed
SL598R). Western blots of crude extracts from several inde-
pendent complemented clones demonstrated that only the S.
aurantiaca IF2 protein was expressed in SLB7 (Fig. 3B, lane 5).
This result suggests that the S. aurantiaca infB gene is tran-
scribed and translated in E. coli and that it is expressed in only
one large form, in agreement with the observation that anti-
IF2 antibodies detect only a single band of 116,000 Mr in S.
aurantiaca extracts and with maxicell analysis. The comple-
mented cells are able to grow in the total absence of E. coli IF2,
with the sole source of cellular IF2 activity being provided in
trans by plasmid-encoded S. aurantiaca IF2. A representative
number of survivors from SLB7, SLB8, and SLB18-1 cells
cured of the l infB gene were purified. We tested the cured
strains for growth at various temperatures. Growth on LB

TABLE 3. Compositions of the APE sequencesa

Protein Position of
APE region

Length of APE region
(amino acids)

%

A P E V A 1 P 1 E

IF2 61–221 160 27 19 11 11 57
ORF3 product 76–195 119 12 10 18 2.5 40
IF3 181–247 66 34 11 14 1.5 59

a The M. xanthus infC EMBL accession number is UO4438.
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plates is summarized in Table 4. Strains carrying the S. auran-
tiaca IF2 are slightly retarded for growth at 30 and 378C com-
pared to SLB8 or SLB18-1, the reference strains. In liquid
medium (LB) at 378C, the cured strain carrying pLBYC8
(SLB8) and the cured strain carrying pB18-1 (SLB18-1) show
an initial doubling time of 30 min and exhibit normal expo-
nential growth, whereas the growth of SLB7 is slower, with a
doubling time of 50 min. After 16 h of liquid culture at 378C,
SLB8 was in the stationary phase with an OD650 of 4, whereas
the OD of SLB7 did not exceed 3. It is interesting that an E.
coli strain expressing only one form of IF2 also exhibits cold-
sensitive growth compared with a strain expressing both IF2a
and IF2b (34).

Function of the N-terminal insertion of S. aurantiaca IF2.
Although the amino acid sequence of S. aurantiaca IF2 is 50%
homologous with those of the other sequenced IF2s for the
carboxy-terminal three-quarters of the protein, there is little or
no homology in the N-terminal region, which is considerably
larger than that of any of the other IF2s and, in particular, has
an unusual sequence of 160 amino acids very rich in Pro, Ala,
Glu, and Val: the APE region. To determine whether this
N-terminal portion is essential for cell viability, we constructed
an S. aurantiaca IF2 mutant in which part of the N-terminal
region, including all of the APE sequences, had been deleted.
The ability of this truncated infB gene to replace the E. coli
chromosomal infB gene and satisfy the cellular requirement for
IF2 was tested.

This deleted form of S. aurantiaca IF2 was constructed in
vitro as described in Materials and Methods. By site-specific
mutagenesis, we created an SphI restriction site, located at the
29th codon of IF2, immediately upstream of the APE region.
Another SphI site is present downstream at amino acid 258. An
in-frame deletion between the two SphI sites eliminates 690 bp
corresponding to 230 amino acids in the N-terminal region of
the protein in front of the G domain. The gene carrying the
deletion of the N-terminal region encoding the 160-amino-acid
APE repeated motif was recloned into pTrc99A to give plas-
mid pLBYC7D690 (Fig. 1). This plasmid produces a 91,000-Mr
protein, in which the entire G domain and C-terminal part
were conserved. Western blot analysis of the protein encoded
by pLBYC7D690 shows that the construct expresses a protein
of the expected size, detected by anti-IF2 antibodies, and that
the full-size S. aurantiaca IF2 is eliminated (Fig. 3B, lane 6). A
faint band, attributed to a degradation product with an Mr of
ca. 60,000, was consistently visible in the constructs expressing
the truncated form of S. aurantiaca IF2.

The plasmid pLBYC7D690 was introduced into SL598R to
test for its ability to permit survival of bacteria after heat curing
of the l infB transducing phage (Table 4). Survivors were de-
tected at similar frequencies in strains containing pLBYC7D690
and pLBYC8. Survivors carrying pLBYC7D690 were called
SLB7D690. Western blotting of the cured strain confirmed the
exclusive expression of the truncated form of S. aurantiaca IF2
(Fig. 3B, lane 7). These clones produced colonies which grow
significantly better than SLB7 (Table 4). They were of uniform
size and stable throughout subsequent purifications. In liquid
medium (LB) cultures at 378C, the exponential growth rate of
the truncated-IF2 strain was only slightly lower (doubling time,
35 min) than that of SLB18-1 and SLB8. This result indicates,
as expected, that the additional N-terminal repeated motif of
S. aurantiaca IF2 is not essential for growth of E. coli but that,
on the contrary, in the latter it is somewhat detrimental to its
activity.

FIG. 3. Immunodetection of IF2 proteins. (A) Crude cell extracts of S. au-
rantiaca DW4 (S.a) and E. coli DH5a (E.c) were fractionated by SDS–7.5%
PAGE, blotted onto nitrocellulose, and probed with an antiserum raised against
E. coli IF2 and 125I-protein A (17). Lanes: 1, E. coli DH5a (IF2a and IF2b); 2,
S. aurantiaca DW4. (B) Western blot analysis of the cured strains. Cultures were
grown in LB medium at 378C and harvested during late exponential growth
(A650, ;1). Cells were lysed by boiling in SDS sample buffer. Proteins were
separated by SDS–6% PAGE, transferred to a nitrocellulose membrane, and
treated with anti-IF2 antibodies and 125I-protein A as described previously (17).
Lanes: 1, E. coli SL598R carrying pTRC99A at 308C (before curing); 2, SL598R
carrying pLBYC8 at 308C (before curing); 3, SLB8 at 378C; 4, SL598R carrying
pLBYC7 at 308C (before curing); 5, SLB7 at 378C; 6, SL598R carrying pL-
BYC7D690 at 308C (before curing); 7, SLB7D690 at 378C.

TABLE 4. Analysis of the cured strains derived from SL598R

Plasmid Frequency of
cured strainsa

Resulting
strain

Doubling time
(min) at 378C

Growth on platesb at:

428C 408C 378C 308C

pB18-1 1024 SLB18-1 30 1111 1111 1111 111
pLBYC8 9 3 1025 SLB8 30 1111 1111 1111 111
pLBYC7 3 3 1025 SLB7 50 1111 111 11 1
pLBYC7D690 5 3 1025 SLB7D690 35 1111 111 111 111
pTrc99A —c

a Number of survivors at 428C divided by number of bacteria exposed to 428C.
b 1111, very good growth after 18 h; 111, good growth but smaller colonies after 18 h; 11, growth producing small colonies after 24 h; 1, growth visible only

after 24 h.
c —, no survivors.
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DISCUSSION

The infB structural gene from the myxobacterium S. auran-
tiaca has been identified on a 5.18-kb chromosomal fragment
and sequenced. It encodes a protein which has amino acid
sequence homology with IF2s from E. coli and several gram-
positive bacteria. In E. coli, the genetic organization around
infB is quite complex. The infB gene belongs to the polycis-
tronic nusA-infB operon, encoding, in order, a minor form of
initiator tRNA (metY), the gene for a putative protein p15KA,
the gene for a protein involved in transcriptional termination
(nusA), infB, the gene for a ribosome binding factor (rbfA), and
the gene for another protein of unknown function (p35K). A
similar but not identical arrangement of genes is found in B.
subtilis. The B. subtilis infB operon comprises seven ORFs
(four of which are homologous to genes present in the E. coli
nusA-infB operon): Bsp15A, nusA, two genes encoding pro-
teins of unknown function (ORF1 and ORF2), infB, and then
a 92-codon open reading frame called ORF3 which is imme-
diately followed by Bsp15B, which has homology with rbfA of
E. coli (40). The analysis of the S. aurantiaca 5.18-kb fragment
revealed the presence of two putative genes downstream of
infB. The first ORF is predicted to encode a protein with
significant homology to the B. subtilis ORF3 product (40),
which is absent from E. coli. The second ORF is homologous
to rbfA, found both in E. coli and B. subtilis. This conservation
of genes in the infB operon of these different organisms is
remarkable, but the intergenic sequences and distances are
apparently not conserved. The conservation of the same ge-
netic organization between the two distantly related organisms
S. aurantiaca and B. subtilis is surprising. They do have one
common property: both organisms form spores upon starva-
tion. Whether a specific function is provided by the ORF3 gene
during sporulation remains to be established.

We have sequenced 800 bp upstream from infB, and surpris-
ingly, the gene encoding NusA, flanking infB in E. coli, was not
found in S. aurantiaca. Neither did we find any homology to
ORF2, which overlaps both the 39 end of nusA and the begin-
ning of infB in B. subtilis. However, we found two interesting
features in the 800-bp segment of S. aurantiaca: first, a stem-
and-loop structure (between nucleotides 89 and 127; the stem
and the loop are 15 and 9 bp long, respectively) that might act
as a transcription termination or pausing site (calculated free
energy, DG0 5 231.5 kcal mol21); and second, the end of an
ORF from the beginning of the sequence to nucleotide 420,
displaying no homology to any known protein. This ORF nev-
ertheless has a typically high GC content in its DNA. The
coding sequences of myxobacterial DNAs share a particular
feature, namely, a strong preference (above 90%) for GC at
the third codon position, a lower preference for GC at the first
position, and a preference of below 50% at the second posi-
tion. In the 39 region of the putative ORF, the GC contents are
91, 71, and 48% at the third, first, and second codon positions,
respectively.

The observation of a potential terminator upstream of infB
raises the question of the presence of promoter sequences
downstream from the above-mentioned putative termination
site. Taking into account the consensus sequences TTGCNN
(235) and AANGCT (210) determined for another myxobac-
terium, M. xanthus (20), or the boxes that we have previously
identified in the tRNA-tufB operon of S. aurantiaca (3) (TTT
CCA and AGGGCG at 235 and 210, respectively), no obvi-
ous promoter can be identified. However, promoter sites are
not sufficiently well documented in myxobacteria, and tran-
scriptional analysis of the infB gene within S. aurantiaca itself
is necessary to give a definite answer to this question.

Several S. aurantiaca infB constructs were expressed in E.
coli devoid of its chromosomal copy of the IF2-encoding gene
(23). Plasmids which retained the upstream 800-bp sequence
produced only a few transformants, and those clones grew
poorly, whereas plasmids expressing S. aurantiaca infB in the
absence of the upstream sequence allowed almost normal
growth of E. coli. At least in E. coli, this might imply that the
above-mentioned secondary structure can stop any transcrip-
tion coming from the vector promoter.

Immunodetection experiments showed that only one IF2
form (ca. 120 kDa) was clearly visible in S. aurantiaca cells,
whereas two or even three different forms of the factor had
been described for E. coli and B. subtilis (16, 34, 39).

The role of the N-terminal region of IF2 is still unclear,
since, in E. coli, it does not appear to be essential for the
initiation of protein synthesis under many circumstances (5,
23). In S. aurantiaca IF2, this region is longer than any other
identified to date (see Results). It was consequently tempting
to delete it and test whether truncated forms could still com-
plement E. coli cells devoid of their endogenous IF2. After
site-directed mutagenesis, a deletion mutant of S. aurantiaca
infB was created, yielding a protein shortened by 230 amino
acids at the N terminus. This did not alter the viability of the
transformant clones, which grew as well as the control strain.
We measured the relative amounts of IF2 in the different cured
strains grown at 378C, using a quantitative immunoblotting
technique (see Materials and Methods). The expression of S.
aurantiaca IF2 in strain SLB7 is only about twofold higher than
that of the E. coli chromosomally derived IF2 (a1b) in the
reference strain IBPC5321. The decrease in doubling time
(from 30 to 50 min) was thus not due to a lack of IF2 factor in
strain SLB7. Furthermore, SLB7D690 cells (corresponding to
IF2 of S. aurantiaca lacking 230 amino acids in the N-terminal
region of the protein) express only 80% of the total amount of
E. coli IF2 in the wild-type strain and grow much better at 378C
than SLB7 cells do. These data show that the absence of the
230-amino-acid segment in the N-terminal region of the IF2
protein of S. aurantiaca results in better growth of E. coli cells.
This is very likely due to the fact that the deleted form of S.
aurantiaca IF2 has a structure closer to that of its E. coli
counterpart, and the slow growth of SLB7 probably reflects an
inhibitory effect of the very atypical N-terminal region of the
protein.

The lack of importance of this region of S. aurantiaca IF2 in
E. coli leaves open the possibility of another role, perhaps
related to the multicellular development in myxobacteria. A
striking observation comes from the comparison of the amino
acid compositions of the IF3 C-terminal extension, the ORF3
C-terminal extension, and the IF2 N-terminal additional re-
gion in S. aurantiaca described here. These regions of all three
proteins are extremely rich in three amino acids, i.e., alanine,
proline, and glutamic acid, and we propose the term APE
sequence to describe them (Table 3). In M. xanthus IF3, the
C-terminal APE extension is shorter than that in S. aurantiaca
IF2 (66 compared to 160 amino acids), with alanine (34%),
proline (11%), and glutamic acid (14%) representing together
59% of the overall composition. As already mentioned, the
same amino acids make up 40% of the 119-amino-acid C-
terminal extension of the ORF3 product. Within the additional
160 amino acids of IF2, alanine, proline, and glutamic acid are
overrepresented (57% total [27, 19, and 11%, respectively]). In
addition, valine is very abundant in IF2 (11%) but not in IF3 or
the ORF3 product. Moreover, M. xanthus IF3 and the S. au-
rantiaca ORF3 product do not carry the repeated motif
PXXEAP found in IF2. However a 50% similarity appears
upon continuous alignment of the amino acid sequences found
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in both IF3 and IF2 from myxobacteria. The fact that a devel-
opmental mutation in M. xanthus has been mapped to this
region in IF3 (6) makes it very tempting to speculate that these
two regions could play a common but as yet unknown role in
development, possibly also involving the ORF3 C-terminal ex-
tension. Experimental data are now needed to prove that N-
terminally deleted forms of IF2 lead to developmental mutants
in myxobacteria.
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