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We have determined the DNA sequence of the two adjacent genes for the a and p 

chains of tryptophan synthase in Pseudomonas aeruginosa, along with 34 S-flanking 

and 799 3’-flanking base pairs. The gene order is trpBA as predicted from earlier 

genetic studies, and the two cistrons overlap by 4 bp; a ribosome binding site for 

the second gene is evident in the coding sequence of the first gene. We have also 

determined the location of three large deletions eliminating portions of each gene. 

A detailed comparison of the deduced P. aeruginosa amino acid sequence with 

those published for E. coli, Bacillus subtilis, and Saccharomycks cerevisiae shows 

much similarity throughout the p and most of the a subunit. Most of the residues 

implicated by chemical modification or mutation as being critical for enzymatic 

activity are conserved, along with many others, suggesting that three-dimensional 

structure has remained largely constant during evolution. We also report the con- 

struction of a recombinant plasmid that overproduces a slightly modified a subunit 

from P. aeruginosa that can form a functionally effective multimer with normal 

E. coli f3z subunit in vivo. 

Introduction 

Tryptophan synthase, the last enzyme in the tryptophan synthetic pathway, is a 

well-studied example of a complex enzyme with interdependent subunits. The overall 

reaction that it catalyzes can be divided into two half-reactions: (1) indole-3glycerol 

phosphate - indole + D-glyceraldehyde-3-phosphate; and (2) indole + L-serine - 

L-tryptophan. Half-reaction (1) is accomplished by an active site localized in the a 

subunit of the bacterial 02p2 tetramer; half-reaction (2) is dependent on an active site 

in the p chain that binds the pyridoxal phosphate cofactor for the enzyme and is active 

only when self-associated to a p2 dimer (Yanofsky and Crawford 1972; Miles 1979). 

In Saccharomyces and Neurospora, in contrast to the situation in prokaryotes, green 

algae, and plants, the genes for the two subunits are fused, forming a single polypeptide 

having N-terminal and C-terminal portions resembling in sequence the prokaryotic 

a and p chains; this fusion product dimerizes to perform both reactions (1) and (2) 

(Tsai et al. 1974; Matchett and DeMoss 1975; Zalkin and Yanofsky 1982). In several 

gram-negative bacteria and Bacillus subtilis the genes for the tryptophan synthase 

subunits are adjacent and transcribed in the order trpB (p chain)-trpA (a chain) (Craw- 

ford 1975). This order is reversed in the fungal fusion product, where the segment 

homologous to the c1 chain is N-terminal. 

In the enteric bacteria, where they have been best studied, the a and p polypeptides 

are each organized into two independently folding domains, separable after limited 

1. Key words: tryptophan synthase, Pseudomonas aeruginosa, nucleotide sequence. 
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192 Hadero and Crawford 

proteolysis and capable of reassociating in solution (Crawford et al. 1978; Higgins et 

al. 1979; Miles 1979). 

Comparative sequence information for bacterial tryptophan synthase is available 

only for E. coli, for its close relative Salmonella typhimurium (Nichols and Yanofsky 

1979; Crawford et al. 1980), and for B. subtilis (Henner et al. 1984). In these cases 

the trpB and trpA genes are found in five- or six-gene trp operons in association with 

genes for earlier enzymes in the tryptophan pathway. As yet there is no sequence 

information from other bacteria in which the trp genes are dispersed to three or four 

different, well-separated locations, often showing independent regulation. 

It has long been known that in Pseudomonas putida and P. aeruginosa the trpB 

and trpA genes are separate from the structural genes for the other enzymes of the 

pathway and are regulated by induction rather than by repression (Crawford and 

Gunsalus 1966; Gunsalus et al. 1968; Calhoun et al. 1973). The relevant chromosomal 

segment from P. aeruginosa PAC174 has recently been cloned. It has been shown 

that the tryptophan synthase genes are transcribed in the order trpB-trpA and that a 

regulatory gene producing a trans-acting product involved in their induction lies just 

upstream from them (Hedges et al. 1977; Manch and Crawford 198 1, 1982). We 

report here the nucleotide sequence of P. aeruginosa trpB and trpA, along with some 

of the flanking sequence, confirming homology of the genetically separate form of the 

enzyme in Pseudomonas with the operonic form found in the enteric bacteria and 

Bacillus. 

Material and Methods 

The construction of the plasmid pZAZl67 used as the source of DNA for se- 

quencing has been described (Manch and Crawford 198 1). A detailed restriction map 

of the distal two-thirds of the 4%kb insert of Pseudomonas aeruginosa chromosomal 

DNA in this pBR322 derivative is shown in figure 1. Plasmid DNA was purified as 

earlier described (Manch and Crawford 198 1) by CsCl-ethidium bromide equilibrium 

centrifugation. After digestion with commercial restriction endonucleases, fragments 

to be sequenced were electroeluted from acrylamide gels and end labeled with 32P by 

one of three methods: 5’ labeling with T4 polynucleotide kinase and [Y-~*P]ATP 

(Maxam and Gilbert, 1980), 3’ labeling with terminal transferase and [a_32P] 2’-3’- 

dideoxyadenosine triphosphate (Yousaf et al. 1984), or 3’ fill-in labeling with the large 

fragment of E. coli DNA polymerase I and the appropriate radioactive deoxynucleotide 

triphosphate (Maxam and Gilbert 1980). When the procedure used resulted in both 

strands being labeled, the strands were separated as described earlier (Crawford et al. 

1980). Sequencing reactions were carried out according to the procedure of Maxam 

and Gilbert ( 1980), then developed by urea-polyacrylamide gel electrophoresis ac- 

cording to the method Sanger and Coulsen ( 1978). The resulting data were analyzed 

with the aid of the PCS computer program (Lagrimini et al. 1984). 

Plasmid construction by ligation of acrylamide gel-purified fragments to cleaved 

and phosphatase-treated vectors, followed by transformation into competent E. coli 

cells and selection of antibiotic-resistant transformants, was done according to the 

procedures detailed by Maniatis et al. ( 1982). 

Results 

Sequence of the Structural Genes 

Figure 1 shows the fragments whose sequences were determined in assembling 

the 2,839-bp-long sequence of figure 2. The sequence of both strands was obtained- 
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Pseudomonas trpBA Sequence 193 
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FIG. 1 .-Restriction map of the sequenced Pseudomonas aeruginosa DNA. The location of the trpB 

and trpA genes is indicated by a heavy line. The direction of transcription is from left to right. Below the 

restriction map are indicated the fragments used to obtain the sequence. Solid lines indicate regions of the 

fragments where the sequence was readable. Black dots indicate the labeled end, and arrowheads the direction 

of sequencing. Restriction enzyme abbreviations: AC, AccI; Ah, AhaII; Av, AvaII; Be, BstEII; Bg, BglII; Bn, 

BanI; Bm, BamHI; Bt, BstNI; H, HinfI; M, M!uI; Na, NarI; NC, NcoI; Ps, Psti; Pv, PvuI; Pv2, PvuII; Sa, 

SalI; Sp, SphI; Ss, SstII; Su, Sau961; and T, TaqI. 

except for the final 10 bp, where only the coding strand was available-and all re- 

striction sites were overlapped at least once. Given the size of the smallest labeled 

fragments, we believe that our coding strand sequence ends -7 bp from the BamHI 

site defining the end of the Pseudomonas chromosomal DNA insert in pZAZ167. 

From the orientation and approximate location of the trpB and trpA genes de- 

termined earlier (Manch and Crawford 1982), it was easy to recognize the corresponding 

open reading frames, which have been translated in figure 2. The trpB gene begins at 

bp 35, preceded by an acceptable ribosome binding site (GGAG) at bp 25-28. The 

first stop codon in this reading frame is TGA at bp 1,238- 1,240, which shares its first 

two bases with the trpA gene start codon at bp 1,237. TrpA ends with a TGA stop 

codon at bp 2,038-2,040. Codon usage in the two Pseudomonas structural genes is 

given in table 1. Figures 3 and 4 illustrate these deduced Pseudomonas polypeptides’ 

extensive amino acid sequence similarity to the trpB and trpA gene products of E. coZi 

and Bacillus subtilis, as well as to the B and A domains of the fused tryptophan 

synthase gene in Saccharomyces cerevisiae. From this we infer that the sequences are 

homologous. 

The 4-base cistron overlap between trpB and trpA and P. aeruginosa (ATGA) is 

intermediate between the l-base overlap seen in E. coli and its closextives 

(TGATG) and the 8-base overlap found in B. subtilis ATGTTTAA). In all three cases 

the trpA start codon is preceded by an acceptable ribosome binding site, in this case 

AGGAG at bp 1,224- 1,228 comprising the glutamine and glutamate codons near the 

end of trpB. On the grounds of similarity of structure it would not be unreasonable 

to assume that translational coupling occurs between the two Pseudomonas genes as 

it does for the corresponding enteric bacterial ones (Das and Yanofsky 1984), but the 

critical experiments, especially those involving frameshift mutants and ablation of the 

ribosome binding site, remain to be done. 

Although little protein structural information exists for P. aeruginosa tryptophan 

synthase, the enzyme from its close relative P. putida (Palleroni et al. 1973) has been 

studied to some extent. For the p subunit C-terminal alanine was identified (Maurer 

and Crawford 197 1). (The C-terminal residue is isoleucine in E. coZi and valine in B. 

subtilis.) The molecular weight of the P. putida p2 dimer found by acrylamide gel 
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194 Hadero and Crawford 

Met Thr Set- Tyr Arg Asn Cly Pro Asp Ala Lys Gly Leu Phe Gly 

GATTCTGCCC ATACCTCATT TCCTGCAGCC TTCC ATG ACT TCC TAT CCC AAC CCC CCC GAC CCC AAC GCC CTG TTC CCC 

50 

0 20 40 

Phe Cly Gly Gln Tyr Val Ala Glu Thr Leu Met Pro Leu lie Leu Asp Leu Ala Arg Glu Tyr Glu Lys Ala Lys 

TTC GGC GGC CAG TAC GTC GCC GAG ACC CTG ATG CCC CTG ATC CTC GAC CTC GCC CGC GAG TAC GAG AAG GCC AAG 

100 150 

60 

Asp Asp Pro Ala Phe Gln Glu Glu Leu Ala Tyr Phe Gln Arg Asp Tyr Val Gly Arg Pro Ser Pro Leu Tyr Phe 

GAC GAC CCG GCG TTC CAG GAG GAA CTG GCC TAC TTC CAG CGC GAC TAC GTC GGT CGG CCG AGC CCG CTG TAC TTC 

200 

80 

Ala Glu Arg Leu Thr Glu His Cys Gly Gly Ala Lys Ile Tyr Leu Lys Arg Glu Glu Leu Asn His Thr Gly Ala 

GCC GAG CGC CTC ACC GAG CAC TGC GGC GGG GCG AAG ATC TAC CTC AAG CCC GAG GAG CTG AAC CAT ACC GGC GCG 

250 300 

100 

His Lys Ile Asn Asn Cys Ile Gly Gin Ile Leu Leu Ala Arg Arg Met Gly Lys Lys Arg Ile Ile Ala Glu Thr 

CAC AAG ATC AAC AAC TGC ATC CGC CAG ATC CTC CTG CCC CGG CGC ATG GGC AAG AAA CGC ATC ATC GCC GAG ACC 

350 

120 140 

Gly Ala Gly Met His Gly Leu Ala Thr Ala Thr Val Ala Ala Arg Phe Gly Leu Gln Cys Val Ile Tyr Met Gly 

CGA CCC GGC ATG CAC GGG CTG GCC ACC GCC ACC GTC CCC GCG CGC TTC GGC CTG CAG TGC GTG ATC TAC ATG GGC 

400 450 

160 

Thr Thr Asp Ile Asp Arg Gln Gln Ala Asn Val Phe Arg Met Lys Leu Leu Gly Ala Glu Val Ile Pro Val Thr 

ACC ACC GAC ATC GAC CGG CAG CAG GCC AAC GTC TTC CCC ATG AAG CTG CTG GGC GCC GAG GTG ATC CCG GTG ACC 

500 

180 

Ala Gly Thr Gly Thr Leu Lys Asp Ala Met Asn Glu Ala Leu Arg Asp Trp Val Thr Asn Val Asp Ser Thr Phe 

GCC GCC ACC GGT ACC CTG AAG GAC CCC ATG AAC GAG CCC CTG CGC GAC TGG GTG ACC AAC GTC GAC AGC ACC TTC 

550 600 

200 

Tyr Leu Ile Gly Thr Val Ala Gly Pro His Pro Tyr Pro Ala Met Val Arg Asp Phe Gln Ala Val Ile Gly Lys 

TAC CTG ATC GGC ACG GTC GCC GGC CCC CAT CCC TAC CCG GCG ATG GTC CGC GAC TTC CAG GCG GTG ATC GGC AAG 

220 0 
PI4650 

240 

Glu Thr Arg Glu Gln Leu Ala Glu Lys Glu Gly Arg Leu Pro Asp Ser Leu Val Ala Cys Ile Gly Gly Gly Ser 

GAA ACC CGC GAG CAA CTG GCC GAG AAG GAA GGG CGC CTG CCC GAT TCG CTG GTC CCC TGC ATC GGC GGC GGC TCC 

700 750 

260 

Asn Ala Met Gly Leu Phe His Pro Phe Leu Asp Asp Ala Gly Val Gln Ile Val Gly Val Glu Ala Ala Gly His 

AAC GCC ATG GGC CTG TTC CAC CCG TTC CTC GAC GAC CCC GGG GTA CAG ATC GTC GGC GTG GAA GCC CCC GGC CAC 

800 

280 rm 

Gly Ile Asp Thr Gly Lys His Ala Ala Ser Leu Asn Gly Gly Val Pro Gly Val Leu His Gly Asn Arg Thr Phe 

CCC ATC GAC ACC CCC AAG CAC CCC CCC AGC CTG AAC GGC GGG GTT CCC GGC GTG CTG CAC GGC AAC CGC ACC TTC 

850 900 

300 

Leu Leu Gln Asp Ala Asp Gly Gln Ile Ile Asp Ala His Ser Ile Ser Ala Gly Leu Asp Tyr Pro Gly Ile Gly 

CTG CTG CAG GAC GCG CAT GGC CAG ATC ATC GAC GCA CAC TCC ATC TCC CCC GGC CTC GAC TAT CCC GGC ATC GGC 

950 

320 340 

Pro Glu His Ala Trp Leu His Asp Ile Gly Arg Val Glu Tyr Thr Ser Ile Thr Asp Asp Glu Ala Leu Glu Ala 

CCG GAA CAC GCC TGG CTG CAC GAC ATC GGC CGC GTC GAG TAC ACC TCG ATC ACC GAC GAC GAA CCC CTG GAG CCC 

1000 1050 

360 

Phe His Thr Cys Cys Arg Leu Glu Gly Ile Ile Pro Ala Leu Glu Ser Ser His Ala Leu Ala Glu Val Phe Lys 

TTC CAT ACC TGC TGC CGC CTC GAA GGC ATC ATC CCG CCC CTG GAA AGC TCC CAC GCC CTG GCC GAG GTC TTC AAC 

IId 0 

1100 

380 

Arg Ala Pro Ser Leu Pro Lys Glu His Ile Met Val Val Asn Leu Ser Gly Arg Gly Asp Lys Asp Met Gln Thr 

CCC GCG CCC AGC CTG CCC AAG GAG CAC ATC ATG GTG GTG AAC CTG TCC GGT CGC GGC GAC AAG GAC ATG CAG ACC 

1150 1200 

FIG. 2.-DNA sequence of trpB and trpA from Pseudomonas aeruginosa, along with 34 bp of 5’- 

flanking and 799 bp of 3’-flanking sequences. Only the coding strand is shown. Deduced amino acid residues 

for the trpB and trpA gene products are shown above the DNA sequence, with stop codons indicated by 

asterisks. The residue numbering is determined by the alignments shown in figs. 3 and 4, not the consecutive 

electrophoresis and ultracentrifugation, 86,000 + 2,000 (Maurer and Crawford 197 1 ), 

is in close agreement with that calculated from the P. aeruginosa sequence, 87,002. 

The P-subunit amino acid composition also shows good agreement with the deduced 

sequence. The 23-residue pyridoxyl peptide from P. putida shows near identity with 

the sequence at bp 278-346, the sole replacements being valine for isoleucine at po- 

sitions 12 and 19 and arginine for lysine in position 23 of the peptide. 
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Pseudomonas trpBA Sequence 

20 
A14A2 -*, 

Gly 
GGC 

Asn Arg Ala Ala Leu Val Thr Phe Val Thr Ala Cly Asp Pro Asp Tyr Ala Ser Ser Leu Glu Ile Leu Lys 

AAC CCC CCC CCC CTG GTG ACC TTC GTC ACC CCC GGC GAC CCC GAC TAC GCG TCT TCC CTG GAA ATC CTC AAA 

1300 1350 

40 60 

Leu Pro Gly Ala Gly Ala Asp Val Iie Glu Leu Gly Met Pro Phe Thr Asp Pro Met Ala Asp Gly Pro Ala 

CTG CCG GGC GCC GGA CCC GAC GTG ATC GAA CTG GGC ATG CCG TTC ACC CAT CCG ATG GCG GAC GGC CCC GCC 

Ile 

ATC 

A9-T---l 

1400 

80 

Gin Leu Ala Asn Ile Arg Ala Leu Glu Gly Gly Gln Thr Leu Ala Arg Thr Leu Gln Met Val Arg Glu Phe 

CAG TTG GCC AAC ATC CGC GCC CTC GAA GGC GGC CAG ACC CTG GCC AGG ACG TTG CAG ATG GTC CGC GAA TTC 

1450 1500 

100 

Arg 
CCC 

Ser Gly Asp Ser Glu Thr Pro Leu Val Leu Met Gly Tyr Phe Asn Pro Ile His His Tyr Gly Val Glu Arg 

AGC GGC GAC AGC GAG ACG CCC CTG GTG CTG ATG GGC TAC TTC AAC CCC ATC CAC CAC TAC GGC GTC GAG CGC 

1550 

120 

Phe 

TTC 

Ile Ala Glu Ala Lys Glu Val Gly Val Asp Gly Leu Ile Val Val Asp Leu Pro Pro Glu His Asn Glu Asp 

ATC GCC GAG GCG AAG GAG GTG CGA GTG GAC GGC CTG ATC GTG GTC GAC CTG CCG CC,G GAG CAC AAC GAA GAC 

1600 1650 

140 160 

Cys His Pro Ala Gln Ala Ala Gly Leu Asp Phe Ile Arg Leu Thr Thr Pro Thr Thr Gly Asp Gln Arg Leu 

TGC CAC CCG CCC CAG GCC GCC CCC CTC GAC TTC ATC CGC CTG ACC ACC CCC ACC ACC GGC GAC CAA CGC CTG 

1700 

180 

Leu 

CTC 

Pro 

CCC 

Thr Val Leu Glu Gly Ser Ser Gly Phe Val Tyr Tyr Val Ser Val Ala Gly Val Thr Gly Ala Asn Ala Ala 

ACG GTG CTC GAA GGC ACT TCC GGG TTC GTC TAC TAC GTG TCG GTG GCG CCC GTC ACC GGC GCC AAC GCG GCG 

1750 1800 

Thr 

ACC 

400 

Val Met His His Met Gin Gin Glu Ser Lys AlaQMet Ser Arg Leu Gin Thr Arg Phe Ala Gln Leu Lys Gln Glu 

GTC ATG CAC CAC ATG CAA CAG GAG TCG AAA GCATG AGC CGC CTG CAG ACC CGC TTC CCC CAG CTC AAG CAG GAA 

200 0 
Leu Glu His Val Glu Glu Ala Val Ala Arg Leu Arg Arg His Thr Asp Leu Pro Ile Gly Ile Gly Phe Gly 

CTG GAG CAC GTC GAG GAA GCG GTG GCG CGC TTG CGC CGA CAT ACC GAC CTG CCG ATC GGT ATC GGC TTC GGC 

Ile 

ATC 

220 00 240 

Arg Ser Ala Glu His Ala Ala Val Ala Arg Leu Ala Asp Gly Val Val Val Gly Ser Ala Leu Ile Asp Arg Ile 

CGC AGC GCC GAA CAC GCC GCG GTC GCG CGG TTG GCC GAC GGC GTG GTG GTC GGC TCG GCG CTG ATC GAC CGG ATC 

1900 1950 

260 

Ala Lys Ala Arg Asp Asn Ala Gln Ala Val Lys Asp Val Leu Ala Leu Cys Gly Glu Leu Ala Glu Gly Val Arg 

CCC AAG GCC CGC GAC AAT CCC CAG GCG GTC AAG GAC GTC CTC GCC CTG TGC GGC GAG CTG GCC GAA GGC GTG CGC 

2000 

Asn Ala Arg -‘- a’ b ~- 
AAC GCA CGC TGA CAGACCCTGA CAGCGGCATT CGC;tGCGCAG GCAACCCGCT GCGCCTGGCC TTGCGTTGCA CGCTGCCAGA ACCGTG 

2050 c d 
-d’ 

C’ 2100 

b’ 

S~GGA AAATTTCACG GTAATTTTCA AGAAATGTCT TATTGTCCGC CGACTCTGCC GAAGCCTTGA ATAGCGCCTT AC~CAAATAG CCAACG 

2150 2200 

CATT CAAAGAAGGT TCGCATGAGT AAGGTGCTGA TCGTCGATGA TCATCCCGCT ATCCGCCTGG CCGTGCGCTT GCTGTTCGAG CGCGAC 

2250 

GGTT TCACCATGTC GCGCGAGGCC GACAACGGTG CCGAAGCCCT GCAGGTAGCC CGCAAGAAGT CTCCCGACCT GGCCATCCTG GACATC 

2350 

GGCA TCCCCAAGAT CGACGGTCTC GAAGTGATAG CCCGCCTGAA GTCCCTGAAG CTGGACACCA AGGTCCTGGT CCTGACCCGG CAGAAT 

2400 2450 

CGGT CGCAGTTCGC CCGGCGCCTG CAGGCCGGGC CATGGGCTTC GTCAGCAAAG GGAAAACCTC TCCGAGCTGC TGCTCGCCGC CAAGGC 

2500 2550 

GTGC TGGCCGGTCT ACATCCACTC CCCCACCGGG GCGTTGCGTA GCATCAACCA GCAGAGCCGCG ACAACGAGG CCCCCATGCT GGAAAG 

2600 2650 

CCTT TCCGACCGCG AGATGACCGT GCTGCAGTAC CTGGCCAACG GCAATACCAA CAAGGCCATCG CCCAGCAGC TGTTCCTCAG CGAGAA 

2700 

AACC GTGAGCACCT ACAAGTCACG CATCATGCTG AAACTCAACG CCCATTCCCT GGCCGGCCTGA TCGATTTCG CCCGCCGCCA CGAGCT 

2750 2800 

GAC 

sequence; location of the gaps introduced to increase similarity is shown by ( ) in the residue-numbering 

line. The location of areas of potential secondary structure in the mRNA is shown by under- or overlining 

near the 3’ end of trpA. The observed end points of three deletions in plasmid pZAZlO1 are indicated by 

the designations A2, A9, and A14. 

For the CI subunit the P. putida results include the molecular weight (29,100 

+ 1,500 [Enatsu and Crawford 197 I]; 28,385 by calculation from the DNA sequence) 

as well as the sequence of the first 50 residues determined by Edman degradation 

(Crawford and Yanofsky 197 1). This partial sequence is given in figure 4. With the 

exception of amidated residues, which are often difficult to identify as phenylthio- 
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196 Hadero and Crawford 

Table 1 

Codon Usage in Pseudomonas aeruginosa 

Tryptophan Synthase 

THIRD BASE 

BODY T C A G 

TT ............ 0 23 0 4 

CT ............ 0 14 0 46 

AT ............ 0 37 0 18 

GT ............ 1 23 I 22 

Subtotal . . 1 97 1 90 

TA ............ 2 15 

CA ............ 4 20 O 2; 3 

AA ............ 1 17 3 19 

GA ........... 3 37 18 26 

Subtotal . . . . . . 10 89 24 66 

TC ............ 1 8 0 5 

cc ............ 0 7 0 23 

AC ............ 1 32 0 4 

GC ........... 0 53 3 23 

Subtotal . . . . 2 100 3 55 

TG . . . . . . . . . 0 8 2 2 

CG . . . . . . . . . . 0 33 1 5 

AG . . . . . . . . . 1 9 0 1 

GG . . . . . . . . . . . 4 57 3 6 

Subtotal . . . . . 5 107 6 14 

NOTE.-GC content: total = 68.0%; first base = 68.2%; second base 

= 43.6%; and third base = 92.2%. 

hydantoin derivatives following Edman degradation, there are only eight replacements, 

none in highly conserved residues of the a subunit. 

Sequence Distal to TrpA 

We sequenced 799 bp beyond trpA. On the strand coding for trpB and trpA there 

is a 128-codon open reading frame extending from an ATG at bp 2,225 to bp 2,6 11. 

It does appear to have a suitably positioned ribosome binding site. In a different 

reading frame, open to the end of the sequence, there is an ATG codon at bp 2,646 

separated by 5 bp from a possible ribosome binding site (GAGG). The codon usage 

in these two possible genes shows a bias for G or C in the third position similar to 

that shown by the trpB and trpA genes. On the complementary strand can be found 

several short open reading frames, but none with well-positioned start codons or ri- 

bosome binding sequences. Which, if any, of these putative genes is actually translated 

in P. aeruginosa remains to be ascertained. 
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E.C. 

P.a. 

B.S. 

S.C. 

EDFKSLYS- 

FADFINETNVGLIGVEPGGHGIETGEHGAPLKHGRVGIYFG~KAPnnQTE 

FHPFLDDAGVQIVGVEAAGHGIDTGKHAASLNGGVPGVLHGNRTFLLQDA 

~::~LNRD[26)[ [[I 'ju "1 1 I" 1 -VELIGAEAAGKGIDTPLHAATISKGTVGVIHGSLTYLIQDE 

FSPFEHDTSVKLLGVEAGGDGIVDTKFESATLTAGRPGVFHGVKTYVL DS 

400 410 

LKARGEIQ 

nQQESKA* 

LEEEVKRHV* 

FIG. 3.-Sequence comparison for the p chain of tryptophan synthase in E. coli, Pseudomonas aeruginosa, 

Bacillus subtilis, and the distal 60% of the fused tryptophan synthase polypeptide in Saccharomyces cerevisiae. 

Single-letter abbreviations are used, with dashes indicating gaps introduced to improve alignment. Positions 

with identical residues are boldface and boxed; those with similar residues are boldface. Similarity groupings: 

D=E;F=Y;N=Q;K=R;S=T;andI=L=V=F=M. 
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30 40 

PGIEQSLKIIDTLIEAGADA 

1 n 
PDYASSLEILKGLPGACADV 

PCYDASLQILKCLPAAGADV 

J PVPEVSIELAKSLQKACATA 

u 
PTVKDTVPILKGFQDCGVDI 

80 90 

VAPIFICPPNADDDLLRQIASYGRGYTYLLSRAGVTGAENRAALPLNHLV 

LDFIRLTTPTTGDQRLPTVLEGSSGFVYYVSVAGVTGANAATLEHVEEAV 

V:~SLV]TS'60 1 "O 1 fOID 19' -ESRLKTIIEQAEGFVYCVSSLGVTGVRNEFNSSVYPFI 

LSLIPLVAPSTTDELLELLSHIADSFVYVVSRHGTTGVQSSVASDLDELI 

250 260 270 

EPEKMLAALKVFVQPMKAATHS" 

NAQAVKDVLALCGELAEGVRNAR" 

RLISAETRNQALQEFEDYAHAFSGLYSLK 

GKRYDVAKEYVQCILNCAKHKVLSKDEFF 

FIG. 4.-Sequence comparison for the a chain of tryptophan synthase in E. coli, Pseudomonas aeruginosa, 

Bacillus subtilis, and the proximal 40% of the fused tryptophan synthase polypeptide in Saccharomyces 

cerevisiae. The initial 50 residues of the P. putida a chain are also included in the comparison. Symbols are 

as in fig. 3. 

The trpA gene is expected to be near the end of the transcript of the tryptophan 

synthase gene pair in P. aeruginosa, a position like that of its homologue in the E. 

coli trp operon. We searched the entire 799-bp post-trpA region for areas of secondary 

structure resembling trp t, the rho-independent terminator in E. coli (Wu and Platt 

1978). (Trp t is more effective as a terminator in vitro than in vivo. It is followed by 

a rho-dependent terminator, trp t’, that is responsible for most of the termination in 

vivo [Wu et al. 198 11, but the characteristic structure of trp t-i.e., a stable stem and 
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Pseudomonas trpBA Sequence 199 

loop followed by a run of T’s-makes it a more recognizable feature.) The two strongest 

stem-loop structures found are located in tandem just downstream from the trpA stop 

codon between bp 2,061 and 2,132 (fig. 2). The sequence AATTTT following the 

second stem, marked b-b’ in figure 2, is quite suggestive of a terminator, especially in 

view of the high GC content of Pseudomonas DNA, but the significance of this entire 

structure is still speculative. Two weak possible stem-loop structures are also apparent 

in the vicinity of the a-a’ stem-loop. These are marked c-c’ and d-d’ below the sequence 

in figure 2. They would be mutually exclusive with a-a’, of course. 

Sequence of Deletions Lacking Tryptophan Synthase 

Previously a variant plasmid containing the trpB and trpA genes released from 

their normal inducible regulation and transcribed constitutively from the pBR322 Tet 

promoter was synthesized and designated pZAZ10 1 (Manch and Crawford 198 1). 

This plasmid contains a unique MZuI site at position 1,325 in the trpA gene. In an 

attempt at in vitro mutagenesis at this location we isolated several plasmids containing 

large deletions. When transformed into E. coli cells lacking tryptophan synthase, these 

plasmids conferred the ampicillin resistance but not the indole utilization conferred 

by normal pZAZ 10 1. Since deletions are uncommon among spontaneous tryptophan 

auxotrophs of Pseudomonas, we studied three of these with care. Two of them proved 

to have deletions consistent with the DNA manipulations employed, since they ter- 

minate within the MZuI recognition sequence. The other was more interesting. 

DNA sequencing showed absences of 679 bp in the largest of these deletions, 

termed pZAZ 10 lAl4; 428 bp in the next largest, pZAZ 10 lA2; and 3 15 bp in the 

smallest one, pZAZ 10 1 A9. The locations of the deletion end points are shown in figure 

2. Deletions A 14 and A2 extend from different sites in the trpB gene (bp 72 1 and bp 

898, respectively) to the same position in trpA (bp 1,326, the second base in the MZuI 

recognition site). This result could be reconciled with the ligation of a fortuitous, 

nuclease-caused lesion in trpB to the polymerase-filled MZuI site in trpA, an outcome 

compatible with the experimental manipulations. The A9 deletion must have had a 

different origin, however, and examination of its sequence shows that it begins and 

ends somewhere within the 7-bp direct repeats found within positions 1,132- 1,138 in 

trpB and 1,444- 1,450 in trpA. This may have been the result of an illegitimate recom- 

bination event occurring during the growth of the plasmid. Each of the three deletions 

spans the trpB-trpA junction and alters the reading frame, which accounts for the 

phenotype observed. 

Construction of an a Subunit Overproducer 

The fortuitous location of a PstI site involving codons 4 and 5 of trpA suggested 

the possibility of fusing the protein with a short segment of the Zac cc peptide produced 

in the pUC series of expression vectors designed by Vieira and Messing (1982). In- 

spection of the sequence of pUC8 shows that insertion of a 1,089-bp PstI fragment 

(PstI sites located at bp 1,246 and 2,338) from pZAZ167 in the correct orientation 

should result in a polypeptide having the initial (Met) Ser Arg residues of the trpA 

gene product replaced by a (Met) Thr Met Ile Thr Asn Ser Arg Gly Ser Val Asp 

undecapeptide. The construction was accomplished by ligating the appropriate acryl- 

amide gel-eluted PstI fragment of pZAZ 167 to pUC8 cut with PstI and treated with 

calf intestinal phosphatase (Maniatis et al. 1982) to discourage self-ligation. After 

transformation into E. coli JM83, white colonies on P-galactosidase indicator plates 

(Vieira and Messing 1982) were screened for plasmids with inserts of the correct size 
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in either orientation. When one of each orientation was transformed into an E. coli 

strain whose trpA gene had been deleted (IC 15 1 his pro tonBAtrpAl), only the plasmid 

with its insert in the predicted orientation produced ampicillin-resistant colonies able 

to grow without the addition of tryptophan to the medium. Growth without tryptophan 

was clearly slower than that occurring in its presence, and the cells accumulated large 

amounts of indoleglycerol, indicating some deficiency in tryptophan synthase activity. 

The significance of this interspecific subunit complementation is discussed below. 

Discussion 

Gene Structure 

The level of amino acid sequence conservation found along the entire length of 

the tryptophan synthase subunits from three diverse prokaryotic and one eukaryotic 

species (figs. 3 and 4) is considerable: 35.5% of the residues in trpB and 15.6% of those 

in trpA are absolutely conserved. Although at present there does not appear to be a 

consensus in the literature concerning similar, frequently interchangeable residues, 

one possible collocation results in an increase in similarity to 5 1.8% for trpB and 3 1.2% 

for trpA (see legend to fig. 3). To make these trpB comparisons we increased similarity 

via the introduction of single-codon gaps at positions 16 for Pseudomonas aeruginosa, 

56 for Saccharomyces cerevisiae, 78 for E. coli, 256 for Bacillus subtilis, 227 for all 

except S. cerevisiae, and 374 for all except E. coli. For the trpA sequences we introduced 

single-codon gaps at positions 159 for B. subtilis, 20 1 for all except S. cerevisiae, and 

222 for B. subtilis and S. cerevisiae, as well as a two-codon gap at 22 l-222 for P. 

aeruginosa; all positions are in the distal half of the gene. 

The greater evolutionary conservation of sequence in the p chain compared with 

the a chain of the same molecule has been noted earlier in immunological (Rocha et 

al. 1972) and sequence (Crawford et al. 1980) comparisons of the two subunits in 

several enteric bacterial species. The present result shows that this trend persists over 

much wider evolutionary distances. 

There is one gene pertinent to the tryptophan pathway for which more compar- 

ative information exists than for trpA and trpB-i.e., that for the paralogous glutamine 

amidotransferase subunits of anthranilate and p-aminobenzoate synthases (Kaplan et 

al. 1985). In that comparison larger gaps of three and six residues are required at two 

locations to improve sequence similarity, which also seems to be localized more to 

six or seven distinct regions of the approximately 200-residue molecule. 

The results reported here imply that the secondary structure of tryptophan syn- 

thase may be conserved throughout during evolution, with the possible exception of 

the C-terminal 30 residues of the a subunit, where little sequence similarity is found. 

We have subjected these sequences to several secondary-structure prediction programs 

(data not shown) and noted considerable similarities through the p and much of the 

a chain for all four organisms. Given the empirical nature of these predictions, however, 

and the fact that the three-dimensional structure of the molecule is not yet available 

for any species, we have deferred a more critical analysis of this matter. Instead, in 

view of the extensive information on catalytically essential residues in the E. coli 

enzyme (Yanofsky and Crawford 1972; Miles 1979), we will discuss their conservation 

in the other three species. 

The /32 subunit of the E. coli enzyme can be cleaved by limited trypsin digestion 

into two independently folding domains, Fl and F2. This cleavage can occur at any 

of three basic residues numbered 279, 282, and 290 in figure 3. None is preserved as 

a lysine or arginine residue in all four species. It is interesting, however, that the three 
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Pseudomonas trpBA Sequence 20 1 

glycine residues in this “linking” peptide are absolutely conserved and that residue 

285 is maintained as either isoleucine or valine, facts suggesting that the sequence in 

this region of the polypeptide is not entirely free to change. 

Most of the catalytically important residues of the p2 subunit, including the co- 

factor binding site, are in the Fl domain. The lysine at position 93 that forms a Schiff’s 

base with pyridoxal phosphate is conserved, as are both nearby histidine residues at 

88 and 92, one of which is known to play an important role in catalysis (Miles 1979). 

An essential cysteine residue at 237 is also conserved. Although the cysteine at position 

136 is conserved too, it has not been shown that its function is essential. The N- 

ethylmaleimide-reactive cysteine at 176, which has not been directly implicated in 

catalysis, has not been conserved. An arginine at 154 has been shown by Tanizawa 

and Miles (1983) to interact with the carboxyl group of the substrate L-serine; it is 

conserved and lies within a very highly conserved region extending from position 15 1 

to position 160. Inactivating mutations occur at position 122 (glycine to glutamate; 

L. Eberle and I. P. Crawford, unpublished results) and near the C-terminus at position 

382 (lysine to aspartate; Cotton and Crawford 1972); both of these residues are com- 

pletely conserved. The tryptophan content of the trp operon genes in E. coli (Yanofsky 

et al. 198 1) and B. subtilis (Henner et al. 1984) is quite low, which is logical for a 

protein set that is expressed only in response to tryptophan deprivation. The single 

tryptophan residue in the p subunit of these organisms is conserved in P. aeruginosa 

and S. cerevisiae (position 183), implying a possibly critical role for it. The tryptophan 

residue at position 322 in the P. aeruginosa trpB gene product, on the other hand, is 

a tyrosine in the other three organisms. 

In the E. coli a subunit the arginine at position 179 is thought to interact with 

the phosphate of the substrate indoleglycerol phosphate. It is not conserved in P. 

aeruginosa and B. subtilis, and it is not obvious which basic residue in the sequence 

plays this role. The arginine at 188 is the site of cleavage by trypsin to yield two 

domains, al and a2 (Higgins et al. 1979); this residue is not conserved. Missense 

mutations have been observed at the following positions: Phe 22, Glu 49, Tyr 175, 

Leu 177, Thr 183, Gly 2 12, Gly 235, and Ser 236 (Yanofsky and Crawford 1972). 

These residues have all been conserved in the other species, except for Leu 177, for 

which valine seems to be fungible. There is no obvious similarity in the a-chain se- 

quences beyond position 240, and the point where the role of the S. cerevisiae poly- 

peptide changes from that of an a-chain homologue to that of a linker to the P-chain 

homologue cannot be established by inspection. 

Codon usage in these two P. aeruginosa genes is skewed toward those codons 

having G or C in the third position (table 1). The sole exception to this generalization, 

and the amino acid responsible for nearly one-third of the total codons ending in A 

or T, is glutamine, where GAA is used 18 of 44 times. That the average GC content 

of these structural genes is 68%, while that of the genome as a whole is reported to be 

65% (Shapiro 1968), suggests that regulatory regions might have GC contents < 65%, 

which is not unexpected. Further elimination of codons ending in A or T obviously 

could make only a small additional increase in total GC content, and the shift from 

first-base T- to first-base C-containing leucine codons and from first-base A- to first- 

base C-containing arginine codons has already largely transpired. The total lysine 

content of the two subunits is only 22 residues, compared to 3 1 for E. coli, 44 for S. 

cerevisiae, and 45 for B. subtilis (GC contents are 50%, 40%, and 42%, respectively), 

with an opposite bias in arginine content, suggesting that, in positions where only a 

basic residue is called for, arginine codons, with their higher GC content, have been 

preferred. It will be interesting to ascertain the mechanism by which some bacteria, 
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202 Hadero and Crawford 

such as Micrococcus Zysodeikticus and certain actinomycetes (Shapiro 1968) attain 

GC contents as high as 75%. 

The striking difference in codon usage between P. aeruginosa and E. coli does 

not result in problems in high-level expression from plasmids containing strong E. 

coli promoters. The marked codon bias in Pseudomonas appears to be a result of a 

series of AT-to-GC substitutions occurring chiefly in the third-codon position, a process 

whose beginnings can be seen when comparing different strains of E. coli (Milkman 

and Crawford 1983) and closely related enteric bacteria (Nichols and Yanofsky 1979; 

Crawford et al. 1980). A correlate of this is that the extensive amino acid conservation 

observed in the four very diverse microbes under discussion, especially that seen for 

the trpB gene product, indicates a large proportion of highly constrained residues, 

whether these constraints be for participation in the active site (as in many of the 

catalytically critical residues singled out above) or to maintain a necessary three-di- 

mensional conformation. 

Heterologous Subunit Complementation 

If, as we would argue, the subunits of tryptophan synthase have conserved a 

particular polypeptide conformation during evolution, it should come as no great 

surprise that, when the a subunit of P. aeruginosa is copiously produced in E. coli 

cytoplasm, it can complement the E. coli p2 subunit and yield a functional enzyme 

molecule. This is, however, contradictory to information published earlier (Enatsu 

and Crawford 197 l), which indicated that purified a and p2 subunits from E. coli and 

P. putida were ineffective in complementing each other in heterospecific combinations. 

There are three possible reasons for the divergent results. The earlier work was done 

with P. putida rather than with P. aeruginosa subunits, and the latter may be compatible 

with E. coli’s subunits while the former may not. Because the two fluorescent pseu- 

domonads are similar in many ways, including the unusual regulation and disposition 

of their tryptophan synthase genes, this seems to us unlikely, but it cannot be ruled 

out, in view of the amino acid sequence differences shown in figure 4. A second 

explanation is that in the earlier experiments the assays were done in vitro and the 

interaction of dissimilar subunits may occur more easily in the cytoplasmic milieu 

than in the test tube. That possibility also has not been ruled out, but the third hy- 

pothesis-that the heterologous subunit affinity is low but not zero and that the effective 

molar concentration of the subunits within the cell is much higher than was attained 

in the earlier in vitro experiments-seems to us most probable. 

Flanking Sequences 

The nature of the transcription initiation site in the region ahead of trpB has not 

been investigated in this study for several reasons. Little is known about Pseudomonas 

promoters other than that they may differ considerably from those of E. coli (Mermod 

et al. 1984). This one in particular functioned poorly when first brought into E. coli 

cytoplasm and was subjected to a protracted and ill-defined selection process to increase 

its activity (Hedges et al. 1977). It is quite possible that the actual promoter now being 

used in E. coli is different in sequence and even in location from the original one. 

The existence of a sequence resembling trp t of E. coli just downstream from 

trpA in P. aeruginosa suggests that this structure may have been conserved during 

evolution, but the fact that in E. coli most transcription does not stop at trp t and that 

its main function may be to retard exonucleolytic degradation from the 3’ end (Wu 

et al. 198 1) makes an assignment of function to the P. aeruginosa structure hazardous. 
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Pseudomonas trpBA Sequence 203 

Until means are developed to assess the transcriptional response of Pseudomonas 

RNA polymerase to specific sequences, the resemblance of the region between bp 

2,111 and 2,138 in figure 2 to a rho-independent terminator in E. coli must remain 

an observation without proved significance. The identity of the initial 16s ribosomal 

RNA sequences in Pseudomonas and the enteric bacteria, however, puts the identi- 

fication of translational initiation sequences on much firmer ground. The location of 

Shine-Dalgarno sequences ahead of both the trpB and trpA initiation codons is quite 

obvious, and the relationship of the trpB stop and trpA start codons is reminiscent of, 

though not identical to, that found in E. coli and Salmonella typhimurium. It en- 

courages the prediction that there should be translational coupling between the two 

genes in Pseudomonas, as there is in the enteric bacteria. 
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