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Aspar:okmase 11 of Bocdius suhtiiis is composed of t a o  nomdent~cal subonns, a and P, arranged in an x,O, 
structure T!le two subunits are &coded by in-phase overlapping genes, whlcli constjtute a smgiz operon. The 
promoter overlaps an adjacent open reading frame and IS followed by an extensive leader seqDencc that appears 
to function as a trsnscnplion altenuatar. The transcription terminator of the aspartokinase I1 opcnm is shard 
with a convergiug transcription unit. The lranslation initiation sltes of the aspartobiime l i  a and B subunlts were 
defined bv seauence analvsis and aitz-directed mum mnesis. The study of s~ecific deletion. frame-shift. and rniasense . . . . 
mutations clearIy demonstrated that the aspartokinase I1 subun~ts are translated independently Crorn overlappmg 
genes. 

Key words: DNA scqurncc, transcriptmn initiation, promoter, transcription attenoator, transcriprio~ terminator, 
translation in~tiation, alte-directed mutagenesis, enzyme subon~ts 

Earlier structural studies on aspartokinasc 11 from B. subtilis showed that the enzymc is 
composed of two nonidentical subunits, termed a and P, with molecular weights 43,000 
and 17,000, respectively (for review, see ref. 1). The subunits are arranged in an x,B, structure 
and have a high degree of homology, the smaller /i subunit corresponding to the C-terminal 
portion of the a subunit. In order to understand the biochemical basis for the homology 
between the aspartokinase subunits, we undertook the examination of the DNA sequences 
encoding these polypeptides. Upon screcning a 1. Charon 4A library of 5. subtilis DNA 
for polypeptides cross-reacting with antisera against aspartokinase 11, we identified a 5.8-kb 
EcoRI fragment that encoded both aspartokinase subunits and which could be further 
reduced by PstI cleavage to an active 2.9-kb fragment. Additional cleavage of the 2.9-kb 
fragment by BamHI led to the loss of the ability to direct the synthesis of the aspartokinase 
subunits. Instead, two cross-reactive polypeptides of molecular weights 40,000 and 14,000 
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were produced, each 3,000 daltons shorter than the corresponding aspartokinase subunit, 
The simplest interpretation of this result was that the two aspartokinase subunits are 
encoded by a single DNA sequence, and that the dclclion produced by BamHI cleavage 
removed the portion that encodes the C-terminal scqucncc of both the polypeptides. This 
provided an explanation for the homology between the /I subunit and the C-terminal 
portions of the cc subunit. It also allowed the alignment of the coding sequence for 
aspartokinase I1 with the restriction map of the 2.9-kb Pstl fragment, thus preparing the 
way for the elucidation of Its nucleolide sequence. 

2. Wncleotide sequence of the aspartokinase I1 coding region 

The nucleotide sequence of the entire cloned 2.9-kb PstI fragment containing the coding 
region for the aspartokinase I1 subunits was determined by the dideoxynucleotide 
chain-termination method2, using sequencing vectors that were progressively shortened 
either by random DNase P cleavage or treatment with exonuclease 111. Analysis of the 
sequence3 revealed three major open reading frames: residues 1-264; residues 612-1835; and 
(with opposite polarity) residues 2328-1885 (fig. 1). The coding sequence for the aspar- 
tokinase I1 subunits could be assigned to the central open reading frame (residues 612-1835) 
on the basis of the following evidence: The BamHI site, whose cleavage leads to the 
shortening of both aspartokinase subunits4, is located at position 1645; the N-terminal 
nonapeptide of the aspartokinase 11 a subunit cormsponds to the codons a t  positions 
615-641; the N-terminal hexadecapeptide of the P subunit corresponds to residues 
1347-1394; the carboxyl-terminal sequence alanyl-valine, common to both aspartokinase 
subunits, corresponds to the codons at residues 1830-1835, which are immediately followed 
by tandem peptide chain-termination codons; and the molecular weights of the aspar- 
tokinase I1 subunits (43,000 and 17,000) are in good agreement with those of the polypeptides 
defined by the putative coding sequence (43,710 and 17,728, respectively). The sequence 
data thus confirmed our preliminary conclusion, based on restriction mapping, that the 
two aspartokinase subunits are translated from in-phase overlapping coding regions4. 

ORF ~ t t e ' n u a t o r  ASPARTOKINASE l l  ORF 
Leader Peptide 

170. 1. Disposition of open reading frames in the 2.9-kb PstI fragment of B. subtilis DNA containing the coding 
remon for aspartokinaseII.Thenumbers mdicate the distancein basepairsfromoneofthe PstIsites,and themino- 
and carboxyl-termini of the reading frames are indicated by N and C,  respectively. The nucleotide residues 0 
numbered as in Chen er al'. 
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3. Conrroii of transcription 

Various DNA segments upstream of the translation start sites of the aspartokinase II 
subunits were introduced into promoter probe plasmids and tested for promoter activity3. 
As shown in Table I, the shortest segment to yield full promoter activity included residues 
1-380, while cleavage at the unique BgiII slte (residue 261) yielded two inactive fragments. 
These observations suggested that the promoter is relatively distant from the translation 
start and involves essential elements on both sides of residue 261. No promoter activity 
was seen within 0.4 kb of the translation start site of the subunit, indicating that the two 
aspartokinase subunits were translated from a single transcript. 

The transcription initiat~on site was defined more precisely by transcript mapping using 
a primer elongation procedure5. The annealing of mRNA, isolated from a strain of B. 
subtilis that overproduced aspartokinase I1 or from E. coli transformed with a recombinant 
aspartokinase I1 plasmid, to M13mp18 or M13mp19 carrying appropriate regions of the 
cloned 5. subtilis DNA partially inhibited primer extension beyond residue 281 i 1 3. This 
indicated that the mRNA population contained molecules complementary to residues 
282+1 and above, thus defining residue 282 + 1 as the 5'-end of the aspartokinase 11 
transcript. Examination of the DNA sequence 10 and 35 nucleotides upstream from the 
transcription start revealed sequences homologous to those seen in promoters recognized 
by the E. coli and the 5. subtilis a43 RNA polymerase holoenzyme (fig. 2). The unique BglII 
site at residue 261 is thus between the - 10 and - 35 regions of the promoter, consistent 
with the absence of promoter activity in either fragment produced by BglII cleavage. It is 

Table I 

Fragment inserted Plating efficiency in the presence of 
into pPL703 chloramphenicol a1 a concentration of (%I 

Residues 1-598 100 10 2 0 
Residues 1-577 100 50 8 0 
Residues 1-498 100 100 100 100 
Residues 1-380 0 0 0 0 - 
Residues 1-243 0 0 0 0 
Residues 1-260 0 0 0 0 
Residues 262-598 0 0 0 0 
Residues 957-1484 0 0 0 0 

Analysis of the promoter activity of various B. subtilis DNA 
fragments inserted into a promoter-probe vector and expressed m B. 
subtilis. DNAfragments wereligated into the BamWI and SalIsites of 
the polylinker region of pPL703 adjacent to the chloramphenicol 
acetyltransferase (CAT) gene and introduced into B. subtilis BR151. 
Cells (lo4) were plated at the chloramphenicol concentrations 
indicated and the number of colonies was compared to the number 
obtained in the absence of antibiotic. Nucleotides are numbered as in 
fig. 1 (From Chen r t  ai3). 
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FIG 2. Promoter region of the B, sulmli, asp;~rtoktnasc I t  opcron Nuclcot~do\ arc niimbcrcd as in fig. 1 The 
consensub scqoct~ce shown is that o! the promoter for thc 8. mhrilrh o" RNA-polyn~er:~rc holocncyrne. 

of interest that [he -. 35 promoter clcmcnt ovcrlaps the open rcading frame of the 
unidentified gene that precedes aspartokinase 11. 

Another striking aspect of the results shown inTable I is the much lower promoter activity 
in some of the longer DNA fragments tested. It is interesting that this ncgative cffcct was uot 
seen with DNA fragments that lack either a short opcn reading frame or one of four regionsof 
dyad symmetry bctween residues 362 and 544. Closer examination of thesc features revealed 
a structural pattern characteristic of thc transcription attenuator elcmcnts found in many 
biosynthetic operons of enterobacteria" with a coding sequencc for a lysine-rich 24-residue 
peptide, preceded by a strong ribosome binding site and overlapping with the first ofthe four 
regions of dyad symmetry, the last of which rcsernblcs a p-independent transcription 
terminator. When transcribed into RNA, three of the palindromic regions can assume an 
alternative secondary structure, which would be favoured by the arrest of ribosomes near the 
lysine codons of the putative leader peptide, in which the p-independent terminator is non- 
functional (fig. 3), thus providing a mechanism for modulating premature tcrmination of 

A-U 
A-IJ 
U-A 
c -G  
A-il 

FIG. 3. Polentd  transcription alccnuator of the B. rirhtilzs aspartokinase 11 operon. The diagram shows a possible 
secondary struclure of the leader transcript, w~th  an alternative structure indicated by lmes connecting nucleatides 
that could interact by stable base pairing if the leftmost stem-loop structure were disrupted. Nucleotides atL 
nurnbcrcd as in lig. 1. 
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transcription in response to  the availability of lysine, an end produce of thc aspartate 
pathway. 

4. Termination of transcription 

The open-reading frame :rl the beginnmg of the cloned 2.9-kh Pstl fragment is not 
immediately followed by an identifiable transcription termination element and it is possible 
that its termination occurs a t  the putative aspartokinase I f  transcription allenuator. If thls 
were indeed the case. one would expect that, when lysine is limiting so that premature 
transcription termmation a t  the attenuator is suppressed. a run-through transcript encoding 
the aspartokinase subunits as well as the upstream gene mould occur In addition to the 
mRNA initiated at the aspartokinase promoter. .4 similar overlap has been seen between the 
ampC and frd operons in E. coli7. 

The end of the aspartokinase I1 coding region is immediately followcd by a region of dyad 
symmetry, which resembles a p-independent transcr~ption terminator except [hat the run of 
thymidylate residues is within the palindromic region. A similar structure has becn found to  
termmate the converging tonB and PI4 genes in E. roli. where it seems to function as a 
bid~rectional transcr~ption terminatorr. In view of the f x t  t ha t  n Iargc opeli-reading frame 

( 1 8 3 0 1  S C T  TCh T A A  1 G A  C A A l C A A A A A G G C G G G A C l A T ~ C A t i T C A C C G C C T T T T l G A  1 2 1  CAC T G h  1 1 8 9 0 1  
+ 

CGA A G T  A T T  A C T  FTTAGTTTTTCCGCCCTGATACGICAGTGGCGGAAAAACT A A T  GTG ACC 
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F a  4. Bifunctmnal p-mdependenl transcrlptwn termmatul at thc end d t h e  H. ruhtil~s aspartokinuse Il operon (a) 
The DNA sequence lollowmg thc aspartokmase I1 codmg regmn. Nucleot~dcs arc nurnhcrcd as in fig I and reglans 
of dyad syrnrncrry are md~ca tcd  by ~ h r  arrows (h), (c) Thc putntwe 3'-cnds of thc mRNAs that would resuit liom 
the operallnn of the b ldmct~ona l  transcription terminator shown m (a). 
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(residues 2328-1885)converges on the aspartokinase l l  gene (fig. 1 ) .  the symmetricalelement 
intervening between the reading frames could serve as terminator for both. As illustratedb 
fig. 4, transcription ofeither DNA strand would givc risc to a n  K N A  lnolecuie which could 
assume ahairpin structure with five consecutive uridylate rcsidues in its distal end as required 
for a p-independent transcription termination site". 

5. Initiation of translation 

The N-terminal nonapeptide of the aspartokinase 11 a subunit corresponds to residues 
615-641 of the cloned 2.9-kb PstI fragment3. Directly upstream from this sequence is a 
methionine codon and a potential rihosome-binding site (AAAGG, residues 597-601). Smce 

FIG C Irnrnunolo~ral mdlysls of dqarokmasc 11 ~ ~ b u n ~ \  produced 
tn E c t h  G:f106M I ~mnsfomed ulth mulurom ~h,rn!dr csrn tnc the .. . . - 
wild-type and mutant forms of the B. subtilis aspartokinase I1 gene. 
Western blot analysis was carried out on French press extracts of 
transformed E. eali Gil106M110 as described by Chen et al" The 
samples analyzed were purified aspartokinase I1 (lane I), untransformed 
E. coli Gifl06MI (laneg), and E. colt G1f106MI transformed with 
pNC8641 Oane 2). pNCl.55 (lane 31, pNC2.44 (lane 41, pNC3-6 (lane 5), 
pNC4.9 (lane 6), pNC860 (lane 7), and pNC8OO (lane 8). a and @ 
designates the position of the corresponding aspartokinase subunits in 
the pulified aspartokinase standard. The mutattonal alteration ofeach 
of the plasnuds used is indicated over each lane and is summanzed in 
fig 6. 
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the open-reading frame does not continue further upstream, these elements must represent 
the peptide chain-initiation site of the c i  subunit. On the other hand, the definition of the 
translation-initiation site for f l  subunit was more problematical. The N-terminal 
hexadecapeptide of the fl subunit, which starts with a methionine residue, corresponds to 
residues 1347-1394 and is preceded by a potential ribosome-binding site (AGGAGG, 
residues 1333-1338). However, the reading frame continues upstream as the coding region 
for the a subunit and additional information is therefore required to identify the site of 
translation initiation of the j subunit. Indeed, although earlier pulse-labelling studies had 
indicated an independent translational origin of subuniti0, it was important to establish 
unambiguousiy that the f l  subunit was not derived from the larger a subunit by proteolytic 
cleavage. This question could be addressed by site-directed mutagenesis of the cloned 
aspartokinase I1 gene and transformation of a strain of E. coli lacking aspartokinase with 
plasmids carrying the altered aspartokinase I1 genes, followed by Western blot analysis of 
the synthesis of the aspartokinase I1  subunit^'^. The deletion of most of the coding region 
for a subunit (residues 566-1234) or of a single nucleotide (residue 660) early in the coding 
region for a subunit (causing a shift in the reading frame) completely abolished the synthesis 
of r* subunit but failed to interfere with the production of /I subunit (fig. 5), clearly 
demonstrating that j subunit was not derived from a subunit. To identify the translation- 
initiation site of fl subunit, the nucleotides corresponding to the putative-initiation codon 
for f l  subunit (residues 1347-1 349) were subjected to oligonucleotide-directed mutagenesisi' 
and changed to sequences that would lead to conservative amino-acid substitutions for the 
methionine residue at position 247 of the a subunit but differ in their ability to encode 
peptide chain initiation by N-formylmethionine (fig. 6). Replacing ATG with either TTA or 
AAT had no effect on the synthesis of a subunit but completely abolished the synthesis of 
subunit (fig. 3, indicating that the ATG sequence at residues 1347-1349 is indeed the site of 
peptide chain initiation. As expected, replacement of ATG by GTG had no effect on peptide 
chain initiation. Surprisingly, however, mutation to ATC also had no effect, indicating that 
AUC could substitute for AUG in encoding N-formylmethionine. Analogous experiments 
were carried out with transformed B. subtilis cells, with identical results (Chen and Paulus, 
unpublished experiments). A similar lack of specificity in peptide chain initiation has been 
reportedi2 in the analogous situation of the bacteriophage fl overlapping genes, gene I1 and 
gene X. A mutation of the internal gene X initiation codon from ATG to TTG failed to 
surpress the synthesis of the gene X polypeptidei2. It may be that the presence of the very 
strong ribosome-binding site (AGGAGG) allows a single base substitution in the initiation 
codon to be tolerated-such tolerance has been described in a number of other 
systemsi3. 

Another feature of the Western blots shown in fig. 5 that deserves comment is the presence, 
besides the aspartokinase u and f l  subunits, of an immunoreactive polypeptide of M, - 30,000. The absence of this - 30-kDa component in cells transformed with the deletion 
mutant pNC800 (lane 8) and its presence in cells transformed with the u subunit-deficient 
frame-shift mutant pNC860 (lane 7) indicated that it was translated from the a subunit coding 
region, but independently of a subunit. Examination of the aspartokinase 11 coding 
sequence3 shows an internal methioninecodon (residues 1026-1028) preceded by the putative 
weak ribosome binding site AGGA (residues 1013-1016): 
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shine-~algarno site: * * * * * * 
1332r;gG &L.G G-BB l 2 2 . A  XL..C B-T_G G4LB . ' L . L Q 3 5 5  

d subuni t  g lu  g lu  g lu  s e r  s e r  met g l u  
$ subuni t  Fmet g l u  ... T C _ I : G T 4 G _ F L B u  

d subuni t  s e r  v a l  g l u  

$ subunit Fmet g l u  
... ~~~~ 

d subuni t  s e r  i l e  g l u  

$ subunit ? 
... ~ ~ G - 6 L B ~  

d subuni t  s e r  l e u  g l u  

$ subunit 7 
... 3 % _ 1 : B _ B _ T G B B m  

d subuni t  s e r  a - o l r i  
$ subunit Fmet asn 

FIG 6. Nucleotide sequence between residues 1332 and 1355 of tho wild-type B. stihrilb aspartokinase 11 coding 
region' and of the mutant variants described in this paper and the deduced amino-acid sequence in the 
corresponding tegians of thc B. suhtilii aspartokinase 11 a and /$ subunifs. i*) dcnotea thc region 01 
complementarity to the ?'-end of 16.5 ribosomal RNA. 

Shine-Dalgarno site: * * * * 
" " G C A  C G A  T T C  C A A  G G C  A T G  A C A t o 3 1  a subunit --- - -- __ -- -- - --a 

ala gly phe gln gly ntet thr 

A polypeptide initiated at that site would correspond to residues 139 through 408 of the u 
subunit and would have a molecular weight (28,983) and cross-reactivity with anti$ serum 
consistent with the properties of the unidentified - 30 kDa component. It is of interest that 
this polypeptide was not seen in analogous experiments with transformed B. subtilis. This 
suggests that the synthesis of the - 30 kDa component in E. coli may be an artifact due tothe 
somewhat lower stringency of binding-site recognition by E. coli ribosomes compared to 
those of B. subtilis14 and that this material is not produced when the aspartokinase I1 gene is 
expressed in B. subtilis, its physiological host. 

6. Conclusions 

Our results define the operon for B. subtilis aspartokinase I1 as a transcription unit with a 
number of unusual features. The operon is composed of two in-phase overlapping cistrons, a 
situation of special interest because the gene products are subunits of a single enzyme. The 
structural genes are preceded by an exceptionally long-leader sequence that appears to 
function as a transcription attenuator but differs from the only such regulatory element 
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described in B. ~ubtilis'~ by encoding a leader peptide analogous to those found in E. coli. Thc 
promoter overlaps in part with an adjacent operon, which in turn may use the transcription 
attenuator as its termination signal, whereas the transcription termination site of the 
aspartokinase I1 opcron is shared with a converging operon. Tliese unusual elements 
represent interesting examples of genetic economy and regulatory subtlety. In order to 
understand their functioning more fully, it will he necessary to modify them by deletion or 
site-directed mutagenesis and study their expression when reintegrated into the B. suhtilis 
chromosome. Such experiments are now in progress in our laboratory. 
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