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ABSTRACT The gene for protein synthesis initiation fac-
tor IF2 in Escherichia coli, infB, is located downstream from
nusA on the same operon. We sequenced about 3 kilobases of
DNA beginning within nusA and including the entire infB
structural gene plus another 392 bases downstream. This re-
gion contains no obvious strong promoter signals, but a possi-
ble transcriptional termination or pausing site occurs down-
stream from infB. The putative initiator codon for IF2a
(97,300 daltons) is AUG; that for IF2, (79,700 daltons) is
GUG, located 471 bases downstream in the same reading
frame. The codon usage for IF2 is typical of other highly ex-
pressed proteins in E. coli and suggests that IF2 mRNA is effi-
ciently translated. IF2a contains two adjacent regions (resi-
dues 104-155 and 167-214) that are rich in alanine and
charged amino acids and that show striking periodicities in
their sequences. These regions may alternate between flexible
and helical conformations, thereby drawing together the NH2-
terminal and COOH-terminal globular domains of the factor
as EF2 interacts with ribosomes or tRNA. Certain regions of
the DNA and protein sequences of IF2 share strong homologies
with elongation factor EF-Tu and lesser homology with EF-G.
In particular, a region of EF-Tu implicated in GTP binding
contains sequences and secondary structure that are conserved
in IF2. The homologies indicate that the genes for IF2 and the
elongation factors are derived at least in part from a common
ancestor.

Initiation of protein synthesis in Escherichia coli is promoted
by three initiation factors called IF1, IF2, and IF3. IF2 is
involved in at least two steps in the initiation pathway: the
binding of formylmethionyl-tRNA (fMet-tRNA) to 30S ribo-
somal subunits and the hydrolysis ofGTP when the 50S sub-
unit joins the 30S initiation complex to form the 70S complex
(for reviews, see refs. 1 and 2). The role of IF2 in initiation
may be compared to that of elongation factor EF-Tu, which
promotes the binding of aminoacyl-tRNAs to 70S ribosomes
and hydrolyzes GTP during elongation. Whereas EF-Tu
forms a stable ternary complex with aminoacyl-tRNA and
GTP in the absence of ribosomes, a similar complex contain-
ing IF2, fMet-tRNA, and GTP has not been isolated. How-
ever, IF2 specifically protects fMet-tRNA from spontaneous
hydrolysis of the aminoacyl ester bond (3).
To obtain more detailed information on the function of

IF2, we isolated the infB gene for IF2 (4). The gene maps at
68.5 min on the E. coli map (4) and is cotranscribed with the
tRNA"1et gene and with nusA, whose product is involved in
transcription termination (5). InfB codes for two molecular
mass forms of IF2, called IF2a (97.3 kDa) and IF213 (79.7
kDa), both of which are found in E. coli cells (6). Here we
report the DNA sequence of the infB gene and its proximal
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FIG. 1. Fine restriction map of the HindIII-BgI II DNA fragment
containing the infB gene. E. coli strain CSR603 was used to host
plasmid pB16-1 (7). Plasmid DNA was isolated from cleared cell ly-
sates according to Clewell (8). The horizontal arrows starting from
the cleavage sites show the nucleotides sequenced by the Maxam
and Gilbert method (9) on each DNA strand as described (10). Sites
(a) are HindIII, Xho I, Sma I, and Pst I sites. Sites (b) are Hpa I,
HindIII, and EcoRV sites. The arrow labeled infB at the bottom
corresponds to the region coding for IF2a.

surrounding regions and describe interesting features of the
primary structure of IF2.

RESULTS
DNA Sequence of the infB Gene. A plasmid pB16-1 was

constructed that contains a 3.2-kilobase (kb) HindIII-Bgl II
fragment cloned into the HindIII and BamHI sites of the tet-
racycline resistance gene of pBR322 and that expresses both
IF2a and IF2,3 (7). The insert was sequenced by the Maxam
and Gilbert method by using the strategy shown in Fig. 1,
and the complete sequence is shown in Fig. 2. The sequence
contains a portion of the nusA gene, the nusA-infB intercis-
tronic region, the whole infB structural gene, and a 392-base
sequence downstream from the gene. Several interesting fea-
tures of this sequence are discernible. The infB structural
gene starts 21 base pairs (bp) downstream from the second
UAA stop codon of nusA and therefore is in the same read-
ing frame. The putative AUG initiator codon (positions 142-
144) is preceded by an A-A-G-G-A Shine-Dalgarno (11) se-
quence (132-136). Following this AUG is an open reading
frame of 2667 bp that codes for a protein of 890 amino acids.
The calculated mass of the protein is 97.3 kDa, which is com-
patible with reported molecular masses for IF2a (1). A GUG
initiator codon (613-615) for IF2, was identified that lies 471
bp downstream from the IF2a initiator codon and generates
a protein of 79.7 kDa in the same reading frame as IF2a. This
codon is preceded by a GGA (600-602) and an AAG (605-

Abbreviations: IF, initiation factor(s); EF, elongation factor(s); kb,
kilobase(s); bp, base pair(s).
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Asp Lou Ala Giu Gin Sly Ile Asp Asp Leu Ala Asp Ilie Giu Bly Leu Thr Asp Glu Lys .-4a Gly Ala Leu Ilie Met Ala Ala Arg Asn
BAT CTC GCC GA CAB GGC ATT GAT GAT CTG GCT BAT ATC GAA GGG TTG ACC SAC BAA AAA (ICC GGA GCA CTG ATT ATG GCT GCC CGT AAT

Ile Cys Trp Ph. Gly Asp Giu Ala ... ri~etIThr ASP Val TrIle Lys Thr Leu Ala Ala Biu Arg
ATT TGC TGB TTC GGT BAC BAA BCB TAA TAA ACT BTA GCA GGA ABG AAC ABC AT ACABAT GTA ACG ATT AAA ACG CTG GCC GCA BAG CBA

012(0 0150 0180
Bin Thr Ser Vai Glu Arg Leu Val Bin Gin Ph. Aia Asp Ala Sly Ile Arg Lys Ser Ala Asp Asp Ser Vai Ser Ala Gin Biu Lys Gin
CAB ACC TCC BT6 BAA C6C CTB BTA CAB CAA TTT 6CT BAT GCA 661 ATC CGG AAG TCT GCT GAC SAC TCT GTG TCT 6CA CAA GAG AAA CAB

0210 0240 0270
Thr Lou Ile Asp His Lou Asn Bin Lys Asn Sor Siy Pro Asp Lys Leu Thr Leu Gin Arg Lys Thr Arg Ser Thr Leu Asn Ilie Pro Sly
ACT TTG ATT BAC CAC CTB AAT CAB AAA AAT TCA BBC CCG GAC AAA TTG ACG CTG CAA CST AAA ACA CGC ABC ACC CTT AAC ATT CCT BGT

030(3 0330 0360
Thr Bly Siy Lys Ser Lys Ser Vai Bin Ile Glu Vai Arg Lys Lys Arg Thr Ph. Vai LYS Avg Asp Pro Gin Giu Ala Giu Arg Leu Ala
ABC 661 BBA AAA ABC AAA TCB GTA CAA ATC GAA GTC CGC AAG AAA CGC ABC ITT GTB AAA CBC BAT CCG CAA GAB BCT GAA CGC CTT BCA

0390 0420 0450)
Ala Glu Glu Bin Ala Bin Arg Glu Ala Blu Blu Gin Ala Arg Avg Giu Ala Biu Biu Ser Ala Lys Arg Glu Aia Bin Bin Lys Ala Blu
GCG GAA GAG CMA 6CB CAB CBT BAA GCG GAA BAG CAA 6CC CST CST BAG GCA BAA BAA TCG GCT AAA C6C BAG GCG CMA CAA AAA GCT BAA

Arg Glu Ala Ala Biu Gin Ala Lys Arg0480 Ala Ala Glu Gin Ala Lys Arg Glu Aia Ala Blu Lys Asp Lys [VlSrAn i i s
CST BAG 6CC GCA BAA CAA 6CT MBG CBT BAA 6CT 6CT BAA CAA GCG AAA CST BAA (WT GCG66AAAAGAC AAA ~jJAGC AAT CAA CAA BAC

0570 0600 A0630
Asp Met Thr Lys Asn Ala Bin Ala Blu Lys Ala Arg Avg Biu Gin Glu Ala Ala Blu Lou Lys Arg Lys Ala Glu Giu Glu Ala Arg Avg
BAT ATG ACT AAA AAC GCC CAB GCT BAA AAA 6CC CGC CST GAB CAB BAA BCT 6CA BAG CTC AAG, CGT AAA GCT BAA GMA GAA GCG CST CST

0660 0690 0720
Lys Lou Glu Glu Biu Ala Arg Arg Val Ala Biu Glu Ala Arg Arg Met Ala Glu Biu Asn Lys Trp Thr Asp Asn Ala Biu Pro Thr Glu
MAA CTC BAA BAA BAA BCA CST CBC BIT BCT GAA BAA 6CA CST CBT ATG BCB BAA BAA AAC AAA TBG ACT BAT AAC BCB GAA CCB ACT BAA

0750 0780 0810
Asp 6er Swr Asp Tyr His Val Thy Thr Ser Gin His Ala Avg Bin Ala Biu Asp Glu Ser Asp Arg Blu Val Blu Gly Gly Avg Giy Avg
BAT ICC ABC BAT TAT CAB GTC ACT ACT TCT CAA CAT BCT CBC CAB GCA 6AA BAC BAA AGC BAT CGT BAA GIC BAA GGC GBC C6T GGC CST

0840 0870 0900
Sly Avg Asn Ala Lys Ala Ala Arg Pro Lys Lys Gly Asn Lys His Ala Glu Ser Lys Ala Asp Avg Biu Biu Ala Avg Ala Ala Val Avg
66T CST AAC GCB AAA BCA GCB CST CCG AAG AAA BGC AAC AAA CAB GCT BAA TCA AAA GCT BAT CST BAA BAA BCA CGC GCA GCA GTA CBI

0930 0960 0990
Sly Sly Lys Sly Bly Lys Avg Lys Sly Ser Ser Lou Bin Bin Gly Ph. Bin Lys Pro Ala BIn Ala Val Asn Arg Asp Val Vai Ile Bly
BGC GBT AAA B6C GBA AAA CST AAA GGT TCT TCG CTG CAB CAA GGC TIC CAB AAB CCT BCT CAB 6CC GTT AAC CGT SAC GTT GTG ATC GGC

10210 1050 1080
Glu Th Ilie Thy Val Sly Glu Lou Ala Asn Lys Met Ala Val Lys Gly Ser Gin Val Ilie Lys Ala Met Met Lys Lou Sly Ala lMet Ala
BAA ACT ATC ABC GTT BGC BAA CT6 GCG AAC AAG ATG GCG GTT AAA GGC TCT CAB BTC ATC AAA GCG ATB ATG AAA CTG BB GCA ATG GCA

1110 1140 1170
Thr 1ie Asn Gin Val Ilie Asp Bin Biu Thr Ala Gin Lou Val Ala Glu Glu Met Bly His Lys Val Ilie Lou Avg Avg Biu Asn Glu Lou
ABC ATC AAC CAB BIT ATC BAT CAB BAA ACC 6CA CAB CTB GTT GCT BAA BAG ATB BBC CAT AAA BIT ATC, CTG CGT CST BAA AAC GAB CTG

1200 1230 1260
Biu Glu Ala Val Hot Sev Asp Arg Asp Thy Sly Ala Ala Ala Glu Pro Avg Ala Pro Val Val Thr Ilie Met Sly His Val Asp His Sly
BAA BAG BCB GTA ATG ABC SAC CST GAB AC6 661 GCT GCB GCT BAA CCB CBC GCG CCG BIT GTG ACC ATC ATG GGT CAB GTT GAB CAB 661

1290 1320 1350
Lys Thr Ser Lou Lou Asp Tyr Ile Avg 6er Thr Lys Vai Aia Ser Gly Glu Ala Bly Sly Ilie Thr Gin His Ilie Bly Ala Tyr His Val
AAA ABC TCT CTG CTB BAC TAB ATT CST TCA ABB AAA BTG 6CC TCT GGC BAA BCB BBC GGC All ABC CAB CAC All GGT 6CA TAB CAB BIT

1380 1410 1440
Glu Thy Blu Asn Bly Het Ile Thr Ph. Lou Asp Thy Pro Bly His Aia Ala Ph. Thr 6er Met Arg Ala Avg Gly Ala Bin Ala Thr Asp
GAA ABT BAA AAC BGC ATB ATC ABC TIC CTB SAB ACC CCG GBG CAB 6CC GCB ITT ACT TCA ATB CST GCT CST 661 GCG CAB GCA ABB GAB

1470 1500 1530
11e Val Val Leu Val Val Ala Ala Asp Asp Sly Val Met Pro Gin Thr Ilie Biu Ala Ilie Bin His Ala Lys Ala Ala Gin Val Pro Val
ATC BTA BIC CTB BIT GTT OCT 6CC BAC BAC GGT GTG ATG CCG CAB ABC ATC BAA BCA ATC CAB CAB GCG AAA BCB GCG CAB BTA CCG BIB

1560 1590 1620
Val Val Ala Val Asn Lys Ile Asp Lys Pro Biu Ala Asp Pro Asp Arg Val Lys Asn Glu Leu Ser Gin Tyr Sly Ilie Lou Pro Blu Blu
BTB BIT GCA BGT MAC MB ATC BAT AAA CCA BAA BCT BAT CCG BAT CBC, GTT AAG AAC BAA CTC TCC CAB TAB BBC ATC CTG CCG BAA BAG

1650 1680 1710
Trp Bly Bly Blu Sev Bin Ph. Val His Val Ser Ala Lys Ala Gly Thr Bly Ilie Asp Blu Lou Lou Asp Ala Ilie Lou Leu Bin Ala Glu
166 6BC 661 BAA ABC CAB TIC BIA CAC GTA TCT BCG AAA GC6 661 ABC 661 ATC BAT BAA CIB CIB SAC GCT ATC CTG CTB CAB GCG GAA

1740 1770 1800
Val Lou Biu Lou Lys Ala Val Avg Lys Bly Met Ala Ser Bly Ala Vai Ilie Glu Ser Ph. Leu Asp Lys Sly Arg Sly Pro Val Ala Thr
BIT CT6 GAB CG AMA GCG GIA CST AAA 661 ATB GCG ABC GGT GCG GTT ATC BAA ICC TTC CTC BAT AAA 66T CST BBT CCB BTT GCT ACC

1830 1860 1890
Val Lou Val Avg Biu Gly Thr Lou His Lys Bly Asp Ile Val Lou Cys Gly Ph. Blu Tyr Bly Avg Val Avg Ala Met Avg Asn Glu Lou
GTT CTB BIA CST BAA 661 ACT CTG CAB AAG GGC BAT ATC BIT CTB TGT GBC TIC BAA TAB 661 CST GTT CBT GCG ATB CBT AAC BAA CTB

1920 1950 19800
Bly Bin Biu Val Lou Biu Ala Bly Pro 6e Ilie Pro Val Glu Ilie Lou Bly Lou Ser Gly Val Pro Ala Ala Gly Asp Glu Val Thr Val
S61 CAB BAA BIG CTB BAA GCG GGT CCG ICC ATT CCB BIB BAA ATC CTC BBC CTB ICC GGC GIA CCB GCT GCG 661 BAT BAA BIT ABC GTT

2010 2040 2070
Va1 Arg Asp Glu Lys Lys Ala Arg Giu Val Ala Lou Tyr Avg Bin Gly Lys Ph. Avg Glu Val Lys Lou Ala Arg Gln Gin Lys 6er Lys
BIA CST BAC GAB AAG AMA GCG CST BAA BTT GCA CTC TAT CST CAB GGT AMA TTC CBC GAA BIT AAA CTB GCG CST CAB CAG AMA TCT AMA

2100 2130 2160
Lou Glu Asn Met Ph. Ala Asni Met Thr Biu Sly Glu Val His Blu Val Asn Ilie Val Lou Lys Ala Asp Val Bin Sly Ser Val Glu Ala
CTC BAG MAC AIG TIC 6CC MC ATB ABC BAA BBC BAA BIT CAB BAA BTB MAT ATC GTC CTG AAG BCA SAC GTA CAB 661 ICT GTC BAA 6GC

2190 2220 2250
Ilie 6ev Asp Sev Lou Lou Lys Lou Sev Thr Asp Blu Val Lys Val Lys Ile Ilie Bly 6er Bly Val Gly Sly Ilie Thr Giu Thr Asp Ala
ATC TCC SAC ICC 116 CIB AMA CIB TCT ACT BAC BAA BIT AMA BIG AAG ATC ATC 661 TCI GGC GIA 661 661 ATC ACC GM ABC SAC 6CC

2280 2310 2340
Thr Lou Ala Ala Ala Ser Asn Ala Ilie Lou Val Sly Ph. Asn Va1 Avg Ala Asp Ala Ser Ala Avg Lys Val Ile Blu Ala Glu 6ev Lou
ABC CT6GBCT BCB BCB ICC MAC 6CC ATC CIG 611 GGC TTT MAC BTA CST SCT BAT 6CC ICT BCA CST AMA BIB ATT BAA 6GC BAA ABC CTG

2370 2400 2430
Asp Lou Avg Tyr Tyr Sev Val Ile Tyr Asn Lou Ilie Asp Glu Val Lys Ala Ala Met Sev Sly Met Lou Ser Pro Glu Lou Lys Bin Gin
BAT CIB CS. TAB TAB ICC BIC AIC TAT MAC CIB ATT SAC BAA GTG AMA GCG GCG ATG ABC 661 ATB CTG TCT CCB BAA CTB AMA CAB CAB

2460 2490 2520
Ilie Ilie Bly Lou Ala Glu Val Avg Asp Val Phe Lys Ser Pro Lys Ph. Sly Ala Ilie Ala Bly Cys Met Va1 Thr Biu Sly Val Val Lys
ATT ATC 661 CTB BCB BAA BIT CST BAB BIB TIC AMA TCG CGB AMA ITT 661 6CC AIC GCA GGC TBI ATG GTT ABC BAA 661 BIB 611 AMA

2550 2580 2610
Avg His Asn Pro 1ie Avg Va1 Lou Avg Asp Asn Val Val Ilie Tyv Biu Bly Glu Lou Biu Ser Leu Avg Avg Ph. Lys Asp Asp Va1 Asn
CST CAB MAC CCG ATC CBC BIT CTG CST GAB MAC GTB 611 ATC TAB GMA GBC BAG CTG BAG ICC CIB CGC CBC TIC AMA BAT BAC BTT MAC

2640 2670 2700
Giu Val Avg Asn Bly Met Glu Cys Gly Ilie Bly Val Lys Asn Tyr Asn Asp Va1 Avg Thr Bly Asp Val Ile Glu Val Phe Blu Ilie Ile
GMA BTC CBT MAC 661 AIB BA 161 661 ATC GGC BIT MB6 MC TAB AAC GAB BTC CBC ACT GGC BAT BIB ATC GMA BIA TTC BAA ATC AIC

2730 2760 2790
Glu Ii. Bin Avg Thr Ile Ala..
SGA ATC CMA CST ABC ATI 6CT TMA 66ITTTTTABGTTCCATG6CBBGATAAGGCGTTTACBBCT6CATCCGGC ATGGATTGCCTGATBTGABGCTBBCGCGTCTTATCAGGT

2820 2850 __.2880
9 E~~~~~~~~MetAla Lys Glu Ph. Gly Avg Pro Bin Avg

CAACGTIGMCAGCCCTTCCACCTGAATAATTM1TTAAAA686GCTAACABCCCCTTTTrTTGTC~A66ATTTATT ATG.~ BCB AMA BAA TT1 661 CGC CCB CAB CBC
2910 2940 ~2970 3000

Val Ala Bin Glu Met Gin Lys Glu Ile Ala Lou Ile Lou Gln Avg Biu Ile Lys Asp Pro Avg Lou Sly Met Met Thr Thr Val 6ev Gly
BIA GCG CAB BAA AIG CMA AMA BAG ATC BCT CTC ATC CTB CAB GBT BAA ATT AMA BAT CCT C6C CTB GGC ATB ATG ABC ABC BTT TCC 661

3030 3060 3090
Val Blu Mlet Ser Avg Asp Lou Ala Tyv Ala Lys Val Tyr Val Thr Phe Lou Asn Asp Lys Asp Glu Asp Ala Va1 Lys Ala Sly Ilie Lys
GIC BAA ATG TCT CBC SAC CT6 WCG TAT 6CC AMA BIA TAT 616 AC6 TTC CIC MAC BAC AMA BAT BAA BAC BCG BIT AMA GCG GGC ATC AMA

3120 3150 3180
Ala Lou Gin Blu Ala
GCG 116 CMA GMA BCT I

FIG. 2. Nucleotide sequence of the infB gene. The DNA sequence of the BgI I-HindIll fragment includes the end of nusA, all of infB, the
beginning of another open reading frame, and intercistronic regions. Corresponding amino acid sequences are shown above the DNA anti-sense
strand. Putative Shine-Dalgarno sequences are underlined before each initiator codon (in boxes) for IF2a, IF2,f, and the last open reading
frame. An extensive region of dyad symmetry corresponding to a possible transcription terminator is indicated by divergent horizontal arrows
above the DNA sequence.
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607) sequence, one of which could be a weak Shine-Dal-
garno sequence. The two initiation sites for IF2 were de-
duced from the NH2-terminal amino acid sequences of IF2a
and IF2,8, from dipeptide initiation assays (12) with infB-
containing plasmids, and from analyses of fused proteins (to
be reported elsewhere).
Codon usage in infB resembles that in E. coli proteins that

are highly expressed (13). Codon usage can be compared by
calculating for each amino acid the ratio of the use frequency
of a codon relative to the frequency of the most used codon
in a group of highly expressed genes (Table 2 in ref. 13).
Such ratios are averaged to give e, the coefficient of expres-
sivity. This coefficient gives a measure of the expressivity of
a coding frame independent of its amino acid composition. It
shows that infB is quite strongly expressed (e = 0.803), ap-
proaching the values for the highly expressed genes tufA (e
= 0.904), tufB (e = 0.892), andfus (e = 0.877) and the genes
of some ribosomal proteins (0.597 < e < 0.900). The part of
infB that corresponds to IF2,f has a slightly higher expres-
sivity (e = 0.831) than the whole structural gene, whereas
the coding region extending from the first initiator codon
(AUG, positions 142-144) to the second one (GUG, 613-615)
is significantly less strongly expressed (e = 0.673), contain-
ing more codons of rare isoacceptor tRNA species. This cod-
ing region may be less efficiently translated and thus pro-
mote initiation at the IF2f3 initiator codon.
Downstream from the termination codon in infB (UAA,

positions 2812-2814), we find a sequence (2936-2960) that
can form a stable hairpin and loop structure (AG = -20 kcal;
1 cal = 4.184 J). Moreover, this hairpin structure is followed
by a T-rich region (T-T-T-T-T-T-G-T, 2956-2963) and thus
resembles documented transcription terminators (14). The
efficiency of this transcriptional termination or pausing site
remains to be investigated. The structure is followed imme-
diately by an open reading frame starting at an AUG (2978-
2980) codon and preceded by a good Shine-Dalgarno se-
quence (A-G-G-A-G, 2965-2969). This open reading frame,
which codes for a protein of at least 8.5 kDa from the se-
quence reported here, may correspond to the beginning of
the 15-kDa protein described by Kurihara and Nakamura
(15).
The Protein Sequence of IF2. The overall amino acid com-

position of the IF2a protein predicted from the DNA se-
quence shows few differences compared to the average com-
position ofE. coli proteins (16): there are fewer cysteine resi-
dues (0.33/1.1%), aromatic residues (phenylalanine,
1.7/3.6%; tryptophan, 0.2/1.2%; tyrosine, 1.2/2.6%), and
twice as many glutamic acid residues (11.1/5.5%). We also
analyzed the amino acid sequence for internal homologies by

using the method of Staden (17). As shown in Fig. 3A, two
adjacent regions have highly unusual primary structures.
The first region (residues 104-155; nucleotides 451-606)

has a very abnormal amino acid composition, made up of
essentially only five different amino acids: 16 alanine, 16 glu-
tamic acid, 5 lysine, 7 arginine, 7 glutamine (and 1 serine).
The strict repetition of alanine residues every 4 amino acids,
the pattern Arg-Glu-Ala repeated six times, and a periodicity
of 8 residues are quite remarkable. A helical secondary
structure is predicted for this region by the empirical method
of Garnier et al. (19). The placement of alanine every 4 resi-
dues suggests that a 4-fold helix (e.g., co-helix) is a possibili-
ty. The juxtaposition of amino acid residues in both a-helical
and co-helical conformations is shown in Fig. 4. The regulari-
ty of the alanine residues and the distribution of charged
groups to maximize neutralization are particularly striking.
The second region concerns residues 167-214 (nucleotides

640-783). Its amino acid composition is also rich in alanine,
glutamic acid, lysine, and arginine residues. The pattern Glu-
Glu-Ala-Arg-Arg is strictly repeated three times, and a perio-
dicity of 8 residues is seen (Fig. 3B). A helical structure is
predicted (19), and a- and co-helices are shown in Fig. 4. The
pattern of alternating groups of positive and negative charges
is most apparent in the co-helix conformation. In addition,
the first and second regions share amino acid (50%) and nu-
cleotide (57%) sequence homologies. The functional implica-
tions of these unusual sequences are discussed below.
Homologies in Primary and Secondary Structure Between

IF2 and Elongation Factors EF-Tu and EF-G. Because of sim-
ilarities in the functional roles of IF2 and EF-Tu, we com-
pared their DNA and amino acid sequences. Two regions of
tufA (20) in the proximal and middle portions of the gene
show extensive homologies with middle portions of infB
(bases 1318-1384 and 1513-1644). The DNA sequences are
aligned in Fig. 5 and the corresponding amino acids are
shown along with those for EF-G (21). The first region con-
cerns residues Val-393 to Ile-411 of IF2 and residues Val-14
to Ile-31 near the NH2-terminus of EF-Tu. Of the 19 IF2 resi-
dues, 13 correspond exactly to those in EF-Tu, and a string
of 8 residues is identical in both proteins. Even more striking
is the conservation of the DNA sequence in this subregion,
where 90% homology is observed in a 30-nucleotide se-
quence.
The second region concerns residues Gly-458 to Asp-501

of IF2 and residues Gly-94 to Asp-138 of EF-Tu. Striking
homologies exist from Asp-463 to Glu-481 of IF2: this subre-
gion exhibits 68% homology at the level of both amino acids
and nucleotides. There are also minor homologies of IF2 and
EF-Tu with EF-G; 6 residues and 3 dipeptides are conserved

A B

FIG. 3. Internal homologies of IF2a. (A) Comparison matrix of internal repetitions of the IF2 amino acid sequence. A proportional matching
method based on that of Staden (17) was used with a span of 11 residues, a score at the 1% level of expectation, and the score matrix MDM78 of
Dayhoff et al. (18). (B) An expanded region of A.

Biochemistry: Sacerdot et aL
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B. Residues 167- 214

a-helix w-helix

FIG. 4. Highly repetitious IF2 amino acid sequences. Shown is
the amino apid sequence of IF2a from residues 104 to 155 and from
residues 167 to 214 as open representations of a- and w-helical con-
formations. Alanine residues are solid circles; + represents arginine
and lysine residues; - represents glutamic acid and aspartic acid
residues; Q is glutamine, S is serine, N is asparagine, L is leucine, V
is valine, and M is methionine.

in all three factors. The secondary structure of this region of
the EF-Tu protein has been reported recently (22): an a-heli-
cal region is flanked by two p8-strands as shown in Fig 5. The
junction between. p-strand 3 and a-helix II (EF-Tu residues
110-113) is involved in the binding of GTP (22), and 3 of 4
residues are identical in IF2. The junction between a-helix II
and ,-strand 4 consists of the dipeptide Val-Pro (EF-Tu resi-
dues 127-128), which is conserved in all three factors. More-

over, the secondary structure predicted (19) for IF2 in this
part of the protein also is similar to the known EF-Tu struc-
ture. The region from Ile-464 to Ala-471 consists exclusively
of hydrophobic residues and is predicted to occur in a p-
strand structure, similar to P-strand 3 of EF-Tu. The IF2 re-
gions homologous to the a-helix II and ,-strand 4 of EF-Tu
are predicted to occur as an a-helix followed by a p-strand.

DISCUSSION
We have determined the DNA sequence of the infB gene,
which provides both the primary structure of IF2 and the
structural basis for evaluating the expression of the gene.
Our sequence extends the DNA sequence of the tRNAfMet-
nusA-infB operon (5) by about 3 kb. No strong consensus
promoter-like sequence has been found in our sequence, but
a putative termination or pause site is found distal to the
infB gene. Further work is necessary to evaluate the role
played by the termination site and other transcriptional sig-
nals in controlling expression of the infB operon.

Evaluation of the amino acid sequence of IF2 reveals
some remarkable features. The clearly defined periodicities
in the primary structure between residues 104 and 214 (Fig.
4) suggest a regular helical conformation. The region con-
tains a large number of polar groups, which make its penetra-
tion into a hydrophobic core unlikely but which could stabi-
lize the helical conformation through salt linkages. Con-
versely, the absence of large hydrophobic side chains argues
against a stable helix. It is probable that in the absence of
other stabilizing interactions, the putative helical structure in
this region would be unstable. Therefore, the IF2a molecule
in solution may consist of two globular parts, a small NH2-
terminal domain and a large COOP-terminal domain, con-
nected by a flexible link. It is tempting to postulate that the
flexible region could assume a helical conformation as the
result of an interaction of IF2 with the ribosome or fMet-

Val Asn ValGyThr ILE Gly HIS Val ASP His GLY LYS THR,
GTT AAtC GT GGT ACT ATC GGC CAC 6TT GAC CAC GGT AAA ACT
8 i*8* $Ss. SS$ Is 81$ 9*1 SS 8**S it St
GCG CCG GTT GTG ACC ATC ATG GGT CAC GTT SAC CAC GGT AAA ACC
Ala Pro Val Val Thr ILE Met Gly HIS Val ASP His GLi LYS THR

Asn Ile Sly lIe Ser Ala HIS IleASP AlaGLY LYS THR

Thr Leu Thr Ala Ala PI1E Thr Thr Val LeU
ACT CTG ACC GCT GCA ATC ACC ACC GTA CTG
** tts1 S I

TCT CTS CTG GAC TAC ATT CGT TCA ACG AAA
Ser LeU Leu Asp Tvr ILE Arq Ser Thr Lvs 415

Thr Thr Thr Giu ArqLE Leu Phe Tvr Thr

ti-strand k- a-hel II

EFTu 94 Gly Ala Ala Gln Met ASP 8ly Ala Ile Leu VAL Val Ala ALA Thr Aso GLY Pro Met PRO GLN Thr Arg GLU i117
tuf A GGT GCT GCT CAG ATG GAC GGC GCG ATC CTG GTA GTT GCT GCG ACT SAC GGC CCG ATG CCG CAB ACT CGT GAG

S t8$ t i8*8 SS t8* t8* St t8* S*t StSt*
in4b GGT 6CG CAG GCA ACG GAC ATC GTA GTC CTG GTT GTT GCT 13CC GAC GAC GGT STG.ATG CCG CAG ACC ATC GAA
IF2 458 Ala Gin Ala Thr ASP Ile Val Val Leu VAL Val Ala ALA Asp Asp GLY Val Met PRO GLN Thr Ile GLU 481

EFG 101 Arg Ser Met Arg Val Leu ASP Gly Ala V et Tyr Cys ALA Val Sly SLY Val Gin PRO GLN Ser t24

a-helix II *- Oi-strand 4

EFTu 118 His Ile Leu Leu Gly Arg Glu Val Gly VAL PRO Tyr Ile Ile Val Phe Leu ASN LYS Cys ASP Met VaI 1i4
tufA CAC ATC CTG CTG GGT CGT CAG GTA GGC GTT CCG TAC ATC ATC GTG TTC CTG AAC AAA TGC GAC ATG GTT

18*81 * * * ** *8* * $* *8* t* |1
infB GCA ATCI CAG CAC GCG AAA GCG GCG CAG GTA CCG GTG GTG GTT GCA GTG AAC AAG ATC GAT AAA CCA GeA
IF2 482 Ala Ile Gln His Ala Lys Ala Ala Gln VAL PRO Val Val Val Ala Val ASM LYS IlejASP Lys Pro GIlu 5(14

EFG 125 Thr Val Trp Arg Gin Ala Asn Lys Tyr Lys VAL PRO Arg Ile AaPhe Val ASN LYS Met ASP Arg Met Gly 149

FIG. 5. Amino acid sequence homologies between IF2 and elongation factors EF-Tu and EF-G. The infB DNA sequence was compared to
that for tufA (20) and two regions of extensive homology were detected: the first region (upper group) and the second region (middle and lower
group). Related infB and tufA DNA sequences were aligned and stars between them signify nucleotide identities. The corresponding IF2 and
EF-Tu amino acid sequences are shown, along with that for the same regions of EF-G (21). Exact amino acid homologies between IF2 and
elongations factors are boxed. Amino acids identical in all three proteins are in uppercase letters. The numbers refer to the amino acid
sequences. In the second region of homology, secondary structural elements of EF-Tu (22) are indicated above the amino acid sequence.

A. Residues 104-155

a - helix

EFTu 12
tuf A

infB
IF2 391

EFG 12
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tRNA. This would lead to the drawing together of the two
globular domains of IF2 and possibly to additional binding
interactions with the ribosome. Crosslinking experiments
have shown that IF2 is in close proximity to 16S ribosomal
RNA (23), and fMet-tRNA is known to interact with the fac-
tor (3). The NH2-terminal domain and first region of internal
homology may be important in these interactions, because
IF2a but not IF2,/ (which lacks these structures) is retained
on an RNA-Sepharose column (24). Detailed chemical and
physical studies of IF2 are required to elucidate how these
unusual structures contribute to IF2 function.

Insight into the function of IF2 was obtained by comparing
its protein and DNA structure with those of other proteins or
genes involved in translation. We did not find any significant
homology with initiation factors IF1 (25) and IF3 (26) nor
with methionyl-tRNA synthetase (27, 28) which, like IF2,
reacts with tRNAf et. In contrast, amino acid sequences in
the middle of 1F2 show striking homology with regions of
EF-Tu and to a lesser extent with those of EF-G. Both IF2
and EF-Tu bind to tRNAs, and all three factors possess GTP
binding and hydrolysis activities. Thus, structural homolo-
gies between these factors are especially attractive.
One of the regions of EF-Tu (residues 94-140) with IF2

homologies contains two adjacent residues reported to be in-
volved in GDP binding: Asn-135 and Lys-136 (22). The two
residues as well as the nearby Asp-138 are conserved in IF2
and in EF-G. Thus, the Asn-498 and Lys-499 residues of IF2
may be part of the GTP binding site. The region around these
residues in IF2 shows some homologies with the GTP bind-
ing proteins a- and p-tubulin and a stronger (42%) homology
between IF2 (residues Gln-478 to Asp-501) and the human
bladder protein p21 (29). Two residues of EF-Tu (His-66 and
Cys-81) known to be involved in tRNA binding (30) are not
found in regions homologous to IF2. If there are common
features involved in tRNA binding, these are not yet appar-
ent. Nevertheless, conservation of functional regions in IF2,
EF-Tu, and EF-G suggests that the genes for the three fac-
tors are at least in part derived from a common ancestor.
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