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The dsg Gene of Myxococcus xanthus Encodes a Protein Similar
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The dsg mutants of Myxococcus xanthus are defective in fruiting body development and sporulation, yet they
grow normally. The deduced amino acid sequence of the dsg gene product is 50 and 51% identical to the amino
acid sequence of translation initiation factor IF3 of both Escherichia coli and Bacillus stearothermophilus,
respectively. However, the Dsg protein has a carboxy-terminal extension of 66 amino acids, which are absent
from its E. coli and B. stearothermophilus homologs. The Shine-Dalgarno sequence GGAGG and 5 bases further
upstream are identical in M. xanthus and several enteric bacteria, despite the wide phylogenetic gap between
these species. The infC gene, which encodes IF3 in enteric bacteria, starts with the atypical translation
initiation codon AUU, which is known to be important for regulating the cellular level of IF3 in E. coli.
Translation of the Dsg protein overexpressed from the M. xanthus dsg gene in E. coli cells initiates at an AUC
codon, an atypical initiation codon in the AUU class. The dsg mutants DK429 and DK439 carry the same
missense mutation that changes Gly-134 to Glu in a region of amino acid identity.

Myxococcus xanthus, a gram-negative bacterium, undergoes
multicellular development with cellular aggregation and sporu-

lation. When development is induced by nutrient limitation,
about 1iO M. xanthus cells glide into a center of aggregation, in
which they build a fruiting body and differentiate into spores
(17). Since myxobacterial cells feed cooperatively, the fruiting
body guarantees a large cell population for efficient growth
when nutrients are available. The nutritional conditions that
induce development include amino acid limitation, carbon and
energy starvation, phosphate starvation, and the addition of
competitors that inhibit the amino acid charging of a specific
tRNA (16). Despite starvation, the synthesis of new and
specific proteins is essential for development. The levels of
more than 30 proteins, identified as bands separated by gel
electrophoresis, change according to a well-defined time
schedule (4, 12, 24).
The dsg mutants were isolated as development-deficient

mutants. They grow normally in rich and minimal media, in
which their growth rate is similar to that of dsg+ cells (3). The
dsg mutants can initiate development, form early aggregates,
and express early developmentally regulated Tn5-lac transcrip-
tional fusions (2). However, they fail to complete aggregation,
are 103-fold deficient in sporulation, and are deficient in the
expression of a particular set of Tn5-lac fusions which would
normally be expressed after 4 to 6 h of development.
We previously reported the cloning and localization of the

dsg gene to an 850-bp region of the genome. TnS insertions
within this segment are lethal, indicating that the dsg gene is
essential for cell viability. However, dsg point mutants that are
developmentally defective are viable (2, 3). This paper reports
the nucleotide sequence of the dsg gene, the homology be-
tween the Dsg protein and translation initiation factor IF3
from both Escherichia coli and Bacillus stearothermophilus, and
the utilization by the Dsg protein of the unique translation
start codon AUC. IF3 serves vital cell functions in dissociating
70S ribosomal complexes when they have completed transla-
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tion of an mRNA (7) and in scanning a new molecule of
mRNA for the proper site to initiate translation and set the
reading frame (5). Since IF3 is essential for protein synthesis,
few infC mutants in any organism have been isolated or

studied. A comparison of IF3 from E. coli with the wild-type
and mutant forms of M. xanthus Dsg proteins may help to
elucidate the relationships among IF3 structure, function, and
regulation because of the phylogenetic distance between these
proteins. The possibility that dsg encodes IF3 in M. xanthus is

surprising, since a defect in the protein synthesis machinery
would be expected to affect growth as well as development.
Although a dsg null mutation is lethal, two dsg point mutants
grow normally but are defective in development. The present
work aims to understand why the dsg gene is vital for growth
and development and how a missense mutant can grow nor-

mally but have a strong defect in development.

MATERIALS AND METHODS

Bacteria, plasmids, and culture conditions. The strains and
plasmids used in this study are listed in Table 1. M. xanthus
strains were grown in CIT broth or on CIT agar plates (10).
E. coli strains were grown in or plated on Luria-Bertani
medium at 37°C (18).

Materials. Restriction enzymes were supplied by New En-
gland Biolabs, IBI, and Boehringer Mannheim Biochemicals.
35S-dATP (>1,000 Ci/mmol) was purchased from Amersham.
DNA preparation and sequencing. DNA fragments to be

sequenced were cloned into pBluescript II SK+ and pBlue-
script II KS' vectors (Stratagene, La Jolla, Calif.) and propa-
gated in E. coli XL-lBlue to be used for the generation of
single-stranded DNA (23). Double-stranded DNA was pre-
pared by the modified boiling miniprep method of Holmes et
al. (18). Nested ExoIllI deletions of pYLC102 and pYLC107
for sequencing were obtained by use of a nested deletion kit
supplied by Pharmacia LKB (Piscataway, N.J.). The dideoxy-
nucleotide chain termination method of Sanger et al. (19) was

used at 37°C with Sequenase T7 DNA polymerase as recom-
mended by the manufacturer (United States Biochemicals,
Cleveland, Ohio). To reduce electrophoretic band compres-
sion, dITP reactions were run in parallel with dGTP reactions.
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Source

Strains
M. xanthus
DK101 sglAI 11
DK429 dsg-429 sgLAJ
DK439 dsg-439 sgL4l
DK4870 dsg-439 sglA1 2

E. coli
DH5a supE44 AlacU169 (+80 lacZAM15) hsdRJ7 recAl gyrA96 thi-J reL4J 18
XL-lBlue supE44 recAl hsdR17 lacF'::TnlO proA+ laCq lacZAM15 relAl endA41 gyrA96 (Nalr) thi 18

Plasmids
pBluescript II KS' 2.958-kb phagemids derived from pUC19 Stratagene
pBluescript II SK+ 2.958-kb phagemids derived from pUC19 Stratagene
pYLC102 0.9-kb SmaI-SmaI dsg+ in KSa This work
pYLC201 to pYLC212 Deletions of pYLC102 This work
pYLC107 0.9-kb SmaI-SmaI dsg+ fragment in KS, in an orientation opposite that in pYLC102a This work
pYLC701 to pYLC711 Deletions in pYLC107 This work
pYLC121 0.9-kb XhoI-MluI dsg+ fragment in SK" This work
pYLC123 0.9-kb XhoI-MluI dsg-429 fragment in KS' This work
pYLC124 0.9-kb XhoI-MluI dsg-429 fragment in SK" This work
pYLC125 1.2-kb XhoI-MluI dsg-439 fragment in KSa This work
pLK103 1.1-kb NdeI-MluI dsg+ 13
a Each of the fragments indicated was cloned into the pBluescript II KS or pBluescript II SK vectors.

The incorporation of 7-deaza-GTP instead of dGTP in the
reactions was also used to confirm sequencing results. For
reliability, the sequence was determined from both strands
several times and confirmed by the overlap ofDNA fragments.
The DNA sequence of the dsg initiation region in pLK103,
used in the production of the Dsg protein in E. coli, was also
determined and found to be the same as that originally
determined. The DNA sequence of the dsg region has been
assigned GenBank accession number U04438.

Purification of the Dsg protein for the N-terminal sequence
determination. Fifty milliliters of E. coli DH5ot containing
plasmid pLK103, which encodes dsg, was grown overnight in
LB medium containing carbenicillin (100 mg/liter). The cells
were harvested by centrifugation at 7,000 x g in a Beckman
JA-20 rotor at 4°C. The pellet was washed with a cold solution
of 10 mM Tris (pH 7)-10 mM MgCl2 and resuspended in 2 ml
of the same buffer. The cells were broken by French press cell
disruption, and the cell lysate was fractionated into S30 and
P30 fractions by centrifugation at 30,000 x g (16,000 rpm in a
Beckman JA-21 rotor) for 50 min at 4°C. The 30S fraction was
further separated into S150 and P150 fractions by centrifuga-
tion at 150,000 x g (61,000 rpm in a Beckman TLA 100.3
rotor) for 2 h at 4°C. The ribosomal pellet (P150) was
resuspended in 10 mM Tris (pH 7)-10 mM MgCl2. Samples of
the P150 fraction were separated by sodium dodecyl sulfate-
15% polyacrylamide gel electrophoresis and blotted onto an
Immobilon-P polyvinylidene difluoride membrane (Millipore).
Proteins on the blot were visualized by staining with Coomassie
brilliant blue R-250. The location of the band corresponding to
Dsg was determined by comparing P150 fractions of E. coli
DH5a(pUC19), which does not encode dsg, and E. coli
DH5ca(pLK103), which does. A band of approximately 30 kDa
was observed only in the DH5o(pLK103) extract. This band
was also found to react with anti-M. xanthus Dsg and anti-E.
coli IF3 sera. The Dsg band was cut from the polyvinylidene
difluoride blot and sequenced by Edman degradation at the
Stanford University Protein and Nucleic Acid facility.
RNA isolation and Northern (RNA) blot analysis. M. xan-

thus RNA was isolated by use of a protocol described by
Stephens et al. with a buffer containing 4 M guanidine thiocy-
anate (21). RNA was electrophoresed on 1.2% agarose-
formaldehyde gels, blotted onto a Nytran membrane
(Schleicher & Schuell, Inc., Keene, N.H.), and probed with
single-stranded probes labeled by primer extension as de-
scribed by Stephens et al. (21).

RESULTS

Nucleotide sequence and reading frame of the dsg gene. The
dsg gene had been located in an 850-bp segment of the M.
xanthus genome by TnS insertion and deletion mutagenesis
and by gene rescue (2, 3). These experiments had indicated
that the dsg gene resided between the SmaI and MluI sites
shown in the restriction map of Fig. 1. Two overlapping DNA
fragments, an SmaI-SmaI fragment and an XhoI-MluI frag-
ment, were cloned into pBluescript II SK+ and pBluescript II
KS' vectors (creating pYLC102 and -107 and pYLC121 to
-125). Nested deletion subclones of pYLC102 and pYLC107
were generated by Exolll-Sl nuclease digestion or by restric-
tion enzyme digestion. With these subclones, the nucleotide
sequence of the 1,306-bp SmaI-MluI segment of the dsg region
was determined. The nucleotide sequence and the predicted
Dsg peptide sequence are shown in Fig. 2.
To determine the transcriptional orientation of the dsg gene,

dsg RNA was analyzed on Northern blots by hybridization with
single-stranded DNA probes. The dsg RNA is transcribed in
the direction from SmaI to MluI, left to right, as shown in Fig.
3. Two RNA transcripts, 850 and 950 bp in length, were
detected, but no RNA hybridized to DNA probes of the
opposite strand, as shown in Fig. 3. Single-stranded probe B
(bottom strand, 5' right and 3' left) and the opposite single-
stranded probe, probe B' (top strand, 5' left and 3' right),
yielded the same results as probes C (bottom strand) and C'
(top strand); namely, two transcripts were detected with probe
B but not with probe B'. In addition, double-stranded probes
A and E also failed to detect any transcripts, whereas probe D
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FIG. 1. Map of the dsg region. The positions of different Tn5 insertions are represented by circles, closed if a single copy of the insertion in
the chromosome is viable and dsg+ and open if the insertion is lethal. On this map, the dsg gene resides somewhere between the leftmost SmaI
site and the MluI site on the right. The dsg mRNA is depicted as an arrow pointing in the direction of transcription. pYLC102, pYLC107, and
pYLC121 to pYLC125 are overlapping subclones of the dsg region used for DNA sequence determinations.

detected the same two transcripts as probes B and C but very
faintly (data not shown). Two transcription start sites, the A at
nucleotide position 127 and the T at position 231, were
detected in primer extension and Si nuclease protection
experiments (data not shown).
Given the orientation of the dsg RNA, three forward reading

frames are possible. Third-position codon G+C bias for M.
xanthus is expected to be 85% or higher, since the overall G+C
content of the M. xanthus genome is 67% (1, 9, 20). For the dsg
region, only one of the three possible forward reading frames
had a high third-position codon G+C bias. This frame had
86% third-position G+C; the other two frames had 70 and
50%. Moreover, only this frame was delimited by TGA stop
codons separated by a distance compatible with the previous
Tn5 insertion studies and with the observed size of the dsg
mRNA.
The open reading frame (ORF) so identified is delimited by

TGA stop codons at positions 288 and 1058 in Fig. 2. Inspec-
tion of the 5' region of the unique ORF revealed a purine-rich
Shine-Dalgarno sequence, GGAGG (9, 15), at positions 299 to
303. However, no typical translation initiation codon, i.e.,
AUG, GUG, or UUG, was evident 12 bp or less downstream
of the putative Shine-Dalgarno sequence.

Sequence comparison of the predicted Dsg protein and
translation initiation factor IF3. A computer search of the
Swiss-Prot data bank with the predicted amino acid sequence
of the dsg ORF revealed a high sequence identity to translation
initiation factor IF3 of both E. coli and B. stearothermophilus
(Fig. 4). In the common regions, residues 1 to 180 of the dsg
peptide sequence, the sequence of the predicted Dsg protein is
50 and 51% identical and 85 and 87% similar to the sequences
of the E. coli and B. stearothermophilus IF3 proteins, respec-
tively. The same single-codon gap following proline 164 of the
Dsg protein was required in both the M. xanthus and the B.
stearothermophilus sequences to align them with their cognate
E. coli sequence. Also, the three amino acid sequences have
similar hydropathy profiles (8). The pl of the Dsg protein is
predicted from its composition to be 10.5; the pIs of E. coli IF3
and B. stearothermophilus IF3 are predicted to be 10.4 and
10.7, respectively. The identity and similarity of the predicted
Dsg protein and the two IF3 proteins end 66 amino acids
before the carboxy terminus of Dsg, and the M. xanthus protein
is significantly longer than either of its homologs.

The nucleotide sequences for the independently isolated
dsg-429 and dsg-439 mutants were also determined. Both
mutants contain the same G-to-A mutation at nucleotide 715,
in the middle of the dsg gene. Their sequence identity explains
why the two mutant alleles were never observed to recombine
with each other. This mutation would change the conserved
small neutral glycine 134 residue to a larger charged glutamate
residue in the part of the Dsg protein which is conserved
among M. xanthus, E. coli, and B. stearothermophilus.

Initiation codon for the translation of dsg. When the region
surrounding the proposed Shine-Dalgarno sequence of the dsg
ORF is compared with the corresponding sequences upstream
of the start codon of E. coli infC and the nucleotide sequences
upstream of the IF3 initiation codons of Klebsiella pneumoniae,
Proteus vulgaris, Salmonella typhimurium, and Serratia mar-
cescens (14), striking identities appear (Fig. 5). The Shine-
Dalgarno sequence and 8 bp upstream are identical. The
enteric infC sequences all have the atypical translation start
codon AUU, separated by 7 bp from the end of the Shine-
Dalgarno sequence. In the dsg gene, there is an ATT triplet
separated by 11 bp from the conserved Shine-Dalgarno se-
quence, a distance significantly longer than the 7-bp spacing
found in the infC genes of E. coli and the four other enteric
bacteria. Just preceding ATT is a related codon, ATC, at
nucleotide 315, in the same frame and separated by 8 bp from
the Shine-Dalgarno sequence. The use of this AUC for
initiation would preserve the spacing, although AUC has not
been reported as an initiation codon before.
To identify the actual protein start, the N-terminal amino

acid sequence was obtained by Edman degradation of partially
purified Dsg protein (see Materials and Methods). For this
purpose, the dsg gene was overexpressed from plasmid pLK103
in E. coli DH5ot. Although the level of IF3 is normally tightly
regulated in E. coli, the cells apparently tolerate a higher level
of the heterologous Dsg protein. Proteins from strain DH5a
carrying pLK103 were isolated in two separate experiments;
the N-terminal sequence of the Dsg protein band was deter-
mined twice from each preparation. In each case, the sequence
of the first six amino acids at the N terminus of the Dsg protein
was found to be Met Ile Arg Glu Gln Arg. This sequence
matches the reading frame of the dsg ORF shown in Fig. 2. It
shows that dsg is translated starting with the AUC codon at
position 315, since the protein has a methionine residue
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SmaI
1 GGGCCAAGCAGGGGTGTCACCCTCAGGTGGCCTCTGGGGGGTACATTGGGGGCATGGTTC

61 CACGGCAGGTGGACAGGTCGGGCGTTATCTCTGGCGTTACCGTCTCCCAAAGAGGAAAGT

121 TCACCCAGGGCTCCCCTTCCTGCCGGGCGAGCGGGCACTGGGATGTACTCCTGCGCCCGC

181 GGGTTACACTGCCAGGCGTGGGTCCCAAGCAGGGCGGGGCGCTTCACATATGTGTACGGT

241 CCCTTGTTGTCGCGGACCTGCCTGCCACACCTTTGGGGGGGCAGCCCTGAAACCCAATTC

301 GGAGGAGAGTCACCATCATTCGCGAACAGAGAAGCAGCCGCGGCGGGAGCCGCGACCAGA
M I R E Q R S S R G G S R D Q R

361 GAACCAACCGTCGCATCCGTGCCCGTGAGGTCCGCGTCGTCGGGTCTGACGGTAGCCAGC
17 T N R R I R A R E V R V V G S D G S Q L

Xhol
421 TCGGGGTCATGCCTCTCGAGGCGGCCCTGGACCGTGCCCGGACCGAGGGGCTGGACCTCG
37 G V M P L E A A L D R A R T E G L D L V

481 TTGAAATCAGCCCCATGGCCAGTCCTCCGGTCTGCAAGATCATGGACTACGGCAAGTTCA
57 E I S P M A S P P V C K I M D Y G K F K

541 AGTACGAGGAGAAGAAGAAGGCCTCGGAAGCGAAGCGTGCCCAGGTCACGGTCCTGCTCA
77 Y E E K K K A S E A K R A Q V T V L L K

601 AGGAAGTGAAGCTCCGTCCGAAGACGGAAGAGCACGACTACGAGTTCAAGGTCCGCAATA
97 E V K L R P K T E E H D Y E F K V R N T

A(715)
661 CCCGCCGGTTCATCGAGGACGGGAACAAGGCGAAGGTCGTCATCCAGTTCCGCGGGCGTG
117 R R F I E D G N K A K V V I Q F R G R E

721 AAATCACGCACAGGGAGCAGGGAACGGCCATCCTCGACGACGTGGCCAAGGACCTGAAGG
137 I T H R E Q G T A I L D D V A K D L K D

781 ACGTGGCCGTCGTGGAGCAGATGCCCCGCATGGAAGGGCGTCTGATGTTCATGATCCTCG
157 V A V V E Q M P R M E G R L M F M I L A

841 CGCCCACGCCGAAGGTGGCGCAGAAGGCCCGCGAGCTGGTTCGTCAGGCCGCCACCGCCG
177 P T P K V A Q K A R E L V R Q A A T A A

SmaI1
901 CCAAGCGGCCCCCGCCGCCGGGAGCCCCGGGCGCGGGCAAGTCGGCCGCCGGTGCCAGCA
197 K R P P P P G A P G A G K S A A G A S S

961 GTGGCGCCGAGGAGAAGGCCGAGGAGACGGCCGAGGAAAAGAAGGAAGCGCAGGCCGCGC
217 G A E E K A E E T A E E K K E A Q A A P

1021 CGGCAGCAGCCGAGGCGCAGAGCCCGACGGCGTCCTGAAGGATTGCCGCCAGCGCGGTGG
237 A A A E A Q S P T A S End

1081 GTCTGGGTTCCCACCGCGTGCGGCGCCTCTCGAAAGTTGGGAAGGTGTGGCCGCCGCCAC

1141 ACGGGCAGGCAGCCAGGCGTGGCTCGCCGCCCACAGGTTCGGCGCACCTTGCCAGGGAAA

1201 GGCCGCCCGAGAGGCTGGCAGGCGACTTGAAAAGGAGGGTACTGCTGCCGCAGTCTGTCC

1261 GCCGCGAACGCTCGCGGACCTCCTTCATCAAGGACGCGTCGTCGAC
Mlul

FIG. 2. Nucleotide sequence of the dsg region extending from the leftmost SmaI site in Fig. 1 to the MIuI site. The sequence is shown in the
transcribed direction, and the base sequence given corresponds to the mRNA. Restriction sites are labeled. The TGA stop codon of the preceding
ORF is shown in boldface type. The Shine-Dalgarno sequence is underlined. The mutation in dsg-429 and dsg-439 of G-715 to A is shown.
Translation of the sequence is shown by use of the single-letter abbreviations of the amino acids.

occupying this position rather than an isoleucine residue that tion. At 3 days of development, sporulation was at least 103-fold
would be specified by an internal AUC codon. decreased from dsg+ levels. Both mutations were linked to TnS

Q1867, with 75% cotransduction by myxophage MX8. TnS
DISCUSSION Q1867 cotransduced dsg+ and dsg alleles with the same fre-

quency, as expected for a mutation in a single locus (2).
Originally, the dsg gene was defined by the dsg-429 and The dsg gene was located to an 0.85-kb segment, within

dsg-439 mutants (2). Both dsg mutants displayed the same which the TnS insertion blocked the ability to rescue the
phenotype: abnormal aggregation and much-delayed sporula- phenotype of both mutants. Tn5 insertions either to the left or
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FIG. 3. Northern blots of RNAs from DK101 (wild type), DK429
(dsg-429), and DK439 (dsg-439); 10 ,ug of total RNA was loaded in
each lane. The blots were probed with different segments ofDNA from
the dsg region defined on the map below the blots. Lanes 1, 2, 3, and
5 were probed with single-stranded fragment C (bottom strand, 5' to 3'
runs right to left). Lane 6 was probed with probe C' (top strand), which
is the complement to probe C. The same RNA sample from DK101
was loaded in lanes 5 and 6, while a sample from a different DK101
preparation was loaded in lane 1. Lane 4 contains labeled molecular
weight standards.

to the right of this segment retained the capacity to rescue (2).
Although TnS insertions within the 0.85-kb segment are lethal
as haploids, a dominant lethal effect of the insertions can be
excluded because insertions within the 0.85-kb segment are
viable as partial diploids in which they are covered by a dsg+,
dsg-429, or dsg-439 allele.

In the present report, it is shown that mRNA in the range of
850 to 950 bp hybridizes to the dsg region of DNA. Hybridi-
zation with single-stranded probes indicated that the mRNA

P. v.
S.m.
K.p.
S. t.
E. c.

*.G................ATT
... .C...- .. A- -ATT
* C....... .......ATT
*.-C------- A- -ATT

AAA--CAATT-GGAGGAATAAGGTATT
III 11 111111

M.x. TGAAACCCAATTCGGAGGAGAGTCACCATCATT
III 11111

B.s. TGGAAAAAACCTT-GGAGGTGGCTCATTATT

FIG. 5. Alignment of the nucleotide sequences upstream of the
translation start codons of M. xanthus (Mx.) dsg and infC from E. coli
(Ec.), B. stearothermophilus (B.s.), and four other enteric bacteria: P.
vulgaris (P.v.), S. marcescens (Sm.), K pneumoniae (Kp.), and S.
typhimurium (St.). Vertical lines or dots indicate nucleotides identical
to those in the E. coli sequence. The initiation codons and the
Shine-Dalgarno sequences are shown in boldface type.

was transcribed from left to right, as shown in Fig. 1. The
sequence of 1,306 bp of the corresponding DNA region is
presented here. One of the three possible reading frames is
unique in that it has the necessary third-position codon bias
toward a high G+C content and an ORF of significant length
(770 bp). This ORF fits within the vital region defined by the
Tn5 insertion, within the DNA segment hybridizing to dsg
RNA and within the segment that rescues the dsg mutants. We
therefore conclude that this ORF encodes the dsg gene
product.

Strikingly, the amino acid sequence encoded by the dsg gene
is 50% identical and 85% similar to the sequences of amino
acids in translation initiation factor IF3 of both E. coli or B.
stearothermophilus. Since IF3 is essential for the correct initi-
ation of protein translation, a role for Dsg as a translation
factor would explain why dsg is a vital gene and why a Tn5
insertion within it is lethal. It should be noted that there is only
one locus related to this sequence in M. xanthus (13).
The independently isolated dsg-429 and dsg-439 mutants

both have missense mutations that change Gly-134 to Glu.
Since the two mutations are identical, it is now clear why the
two mutants have identical phenotypes, why they show the

Dog 1 MIREQRSSRGGSRDQRTNRRIRAREVRVVGSDGSQLGVMPLEAALDRARTEGLDLVEISPMASPPVCKIMDYGKFKYEEKKKASEAK
I1IIII1I111 III1 I IIIIIIIIlIllIIlIIIl I I

E.coli IF3 1 MKGGKRVQTARPNRINGEIRAQEVRLTGLEGEQLGIVSLREALEKAEEAGVDLVEISPNAEPPVCRIMDYGKFLYEKSKSSKEQK
11 111 1111 111111 I II III III 111111111111 11

Bac.St. IF3 1 MSKDFIINEQIRAREVRLIDQNGDQLGIKSKQEAKEIAARRNLDLVLVAPNAKPPVCRIMDYGKFRFEQQKKEKEAR

Dsg

E.coll IF3

Bac.St.IF3

Dsg

E.coll IF3

Bac.St.IF3

88

86

77

172

171

160

E (dsg429 & 439 )
I

RAQVTVLLKEVKLRPKTEEHDYEFKVRNTRRFIEDGNKAKVVIQFRGREITHREQGTAILDDVAKDLKDVAVVEQMP-RMEGRLM
11 I 11 IIIII I I 11 I I 111 111111 1 1 l 11111 1 I

KKQKVIQVKEIKFRPGTDEGDYQVKLRSLIRFLEEGDKAKITLRFRGREMAHQQIGMEVLNRVKDDLQELAVVESFPTKIEGRQM
111111 111 II III III II 11 11 11 1 11 11 I 1111 1 1 11 1
KKQKVINVKEVRLSPTIEEHDFNTKLRNARKFLEKGDKVKATIRFKGRAITHKEIGQRVLDRLSEACADIAVVETAP-KMDGRNQ

247FMILAarTsrvaQKREVRKwTAKRPPPPAPGAGSAGASSGEKAEETAEEKEQAPAAEQSPTAS
I III

IMVLAPKKKQ
III

FLVLAPKNDNK

180

170

FIG. 4. Amino acid sequence comparison of the Dsg protein and translation initiation factor IF3 of both E. coli and of B. stearothermophilus
(Bac. St.). Vertical lines mark identical amino acid residues. The G-to-E mutation at amino acid 134 in the dsg-429 and dsg-439 mutants is shown.
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same linkage to Tn5 fQ1867, and why they have never been
separated from each other by recombination. Since the change
of Gly-134 to Glu is within a highly conserved part of IF3 and
replaces a neutral, small amino acid side chain with a nega-
tively charged, much larger side chain, the mutation very likely
affects the function of the Dsg protein in some (unknown) way.
Although this particular mutation is the only missense dsg
mutation available, there are seven different Tn5 insertions in
dsg that create null alleles in the locus and three different
deletions in the carboxy-terminal extension.
The DNA sequence just upstream of the dsg ORF contains

14 conserved bases that include the Shine-Dalgarno sequence
GGAGG (Fig. 5). The conserved sequence starts with the A of
a TGA codon, which may be the termination codon of a
preceding ORF. Apparently, the DNA base sequence at the
beginning of the dsg ORF has been conserved despite the
contrast between the average 50% G+C content of E. coli and
the other enteric bacteria shown in Fig. 5 and the 70% G+C
content of M. xanthus. Evolutionary pressure for sequence
divergence from infC is reflected in the observed divergence of
the base sequence immediately downstream of the coding
region of the Dsg protein, in which DNA sequence identity
falls to about 50%. Conservation implies an essential role for
this base sequence. Presumably, the conserved sequence of dsg
mRNA interacts with the 30S ribosomal subunit to select the
start codon and reading frame of the dsg gene.
Downstream of this highly conserved Shine-Dalgarno se-

quence, there are no AUG, GUG, or UUG translation start
codons. These three are the typical start codons, which are
found in 91, 8, and 1%, respectively, of a catalog of 300
ribosome binding sites (6). Instead, downstream of the con-
served Shine-Dalgarno sequence in the dsg gene, there is an
AUC immediately followed by an in-frame AUU. AUU and
AUC are atypical translation start codons and are translated at
1 to 3% the level of the typical start codons in E. coli, as
measured with a lacZ translational fusion (22). In E. coli, an
AUU is the demonstrated initiation codon for IF3, and this
atypical start codon is important for the regulation of IF3
expression (5). In the present work, we found that when dsg is
expressed in E. coli, translation initiates at an AUC codon, also
an atypical start codon. It may be similarly involved in transla-
tional regulation. AUC has not previously been reported as an
initiation codon for any natural gene. A low abundance of the
Dsg protein in cells as well as instability in extracts has so far
precluded the isolation of sufficient protein from M. xanthus for
an N-terminal sequence determination. M. xanthus may, on the
one hand, use AUC to initiate dsg (as E. coli does), since AUC
is the first possible start codon downstream of the Shine-
Dalgarno sequence. On the other hand, M xanthus may use
AUU instead, because AUU starts all other known IF3 genes.

Given the sequence similarities to IF3, Kalman et al. (13)
pose the following question: is the Dsg protein really trans-
lation initiation factor IF3 in M xanthus? Since the Dsg pro-
tein is longer by 66 amino acid residues than other reported IF3
proteins, does this fact imply that an initiation complex
inM xanthus, presumably consisting of a 30S ribosomal subunit,
mRNA, fMet-tRNA, and IF1, IF2, and IF3, has a structure
different from that of the initiation complex in E. coli? Experi-
ments done to test the necessity and function of the C-terminal
tail of dsg are also reported by Kalman et al. (13).
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