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ABSTRACT 

We cloned the gene encoding the first enzyme of proline synthesis from tomato 

(L. esculentum) by complementation of a proB mutation in E. coli with a Agt-ll cDNA 

library of tomato fruit. We obtained seven phages which were able to restore proline 

prototrophy to the proB mutant. The insert from one of the complementing phages, PR01, 

was subcloned into plasmid pBluescript IIKS+. When transferred into a mutant tlproBA 

(which is deficient in both the fIrst and second enzymes of proline biosynthesis, y-glutamyl 

kinase and y-glutamyl phosphate reductase), the PR01 gene was able to complement this 

deletion mutation. Assays of the coupled y-glutamyl kinasefy-glutamyl phosphate reductase 

activity of E. coli proB or tlproBA mutant strains revealed that these strains have elevated 

levels of both y-glutamyl kinase and y-glutamyl phosphate reductase. These results indicate 

that the PRO 1 gene is a hybrid locus which specifIes both enzymatic activities. 

Nucleotide sequence analysis revealed that the 5' portion of the PRO 1 locus contains 

an 849 bp open reading frame which has the coding capacity for a protein with extensive 

amino acid sequence similarities to y-glutamyl kinase from E. coli, yeast and ALpyrroline-5-

caroboxylate synthetase from moth bean, and the 3' region specifies a 1287 bp open reading 

frame with the coding capacity for a protein with extensive similarity to y-glutamyl phosphate 

reductase from E. coli and ALpyrroline-5-carboxylate synthetase from moth bean. 

Surprisingly, there is a TAA translation termination codon within the PR01 region between 

the open reading frames that encode y-glutamyl kinase and y-glutamyl phosphate reductase. 

The structure of the PR01 mRNA, which resembles polycistronic messages in prokaryotes, 

is unusual in eukaryotes because of difficulties in continuing translation across translation 

termination codons. As expected, in E. coli, the T AA codon is recognized as a translation 
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tenninator, so that in this host, the PRO] mRNA is translated into two proteins with apparent 

molecular masses of 30 and 45 kd. We do not know the nature of the translation product of 
the PRO] gene in plants: whether only the 30 kd 'Y-glutamyl kinase encoded at the 5' end of 

the mRNA is made, whether the downstream 'Y-glutamyl phosphate reductase is translated as 

a separate polypeptide as a result of internal reinitiation, or whether the translation product is 

a long hybrid protein composed ofy-glutamyl kinasety-glutamyl phosphate reductase, which 
arose as a result of editing the TAA codon from the mRNA, by splicing or skipping over it by 

translational frameshifting. 

INTRODUCTION 

A large variety of plants accumulate the compatible solute proline upon exposure to 

conditions of high salinity, osmolality, or drought (Delauney and Verma 1993). The function 
of proline and other compatible solutes is thought to be the maintenance of turgor in 
environments of reduced water potential. Despite the importance of proline in osmotic 

adjustment, its biosynthetic pathway in plants has been elucidated only recently. In bacteria 

and fungi, proline is synthesized from glutamate via four reactions (Fig. 1): the fIrst. second 

and fourth reactions are catalyzed by 'Y-glutamyl kinase, 'Y-glutamyl phosphate reductase. and 
aL pyrroline-5-carboxylate reductase, respectively, and the third step proceeds spontaneously 

(Csonka and Baich 1983; Li and Brandriss 1992). In Escherichia coli, the genes encoding 
the three enzymes, in sequential order, are called proB, proA, and proC. 
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Figure 1. The proline biosynthetic pathway in bacteria and fungi. 
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~LPyrroline-5-carboxylate reductase has been demonstrated in a number of plants 

(Huber 1974; Treichel 1986; Delauney and Venna 1990; LaRosa et al. 1991; Szoke et ai. 

1992; Williamson and Slocum 1992), and it has been generally accepted that the last step of 

the proline biosynthetic pathway is the same as in bacteria. However, until recently, it was 

not clear whether ~Lpyrroline-5-carboxylate is synthesized by the reactions found in bacteria 

and fungi, or whether it is made from ornithine via ornithine transaminase (Csonka and Baich 

1983; Delauney and Venna 1993). 

In order to identify the proline biosynthetic pathway in plants and to study its 

regulation, we cloned in E. coli the gene for the first enzyme of proline synthesis from tomato 

(Lycopersicon esculentwn). The analysis of the gene revealed that the cDNA clone that we 

obtained contains infonnation for two proteins that show sequence similarity to the E. coli 

proB and proA gene products. Thus, the tomato genetic locus for the first enzyme of proline 

biosynthesis is a hybrid site which can direct in E. coli the synthesis of two enzymatic 

activities corresponding to the first and second enzymes of proline synthesis. Our results 

have been published in preliminary fonn in the Abstracts of the Third International Congress 

of Plant Molecular Biology (Garcfa-Rfos et al. 1991). Hu et al. (1992) reported the cloning 

of the first gene for proline synthesis from moth bean (Vigna aconitifolia), which also proved 

to specify a hybrid y-glutamyl kinase/y-glutamyl phosphate reductase (~Lpyrroline-5-

carboxylate synthetase). 

RESULTS 

Cloning of y-glutamyl kinase gene from tomato. We isolated the gene for the first 

enzyme of proline synthesis from tomato by in vivo complementation of a proB mutation in 

E. coli. A 500-fold amplified phage Agt-11 cDNA library of ripening tomato (L. esculentwn) 

fruits, obtained as the generous gift of Dr. Robert Fisher (University of California, 

Berkeley), was infected at a multiplicity of 1 phage/cell into E. coli strain G13 (proB thr leu 

thi lac rpsL A- F-) and G9 (proA thr leu thi lac rpsL A- F-). The infected cells were cultured 

on minimal maltose medium containing the required supplements threonine, leucine, and 

thiamine-HCI. Because the foreign genes in the expression vector Agt-11 are under the 

control of the lac promoter (Ausubel et al. 1989) we included in the medium 1 mM IPTG, to 

induce the lac promoter. Uninfected control cultures of the recipient strains G 13 and G9 did 

not give any proline prototrophic revertants under the same conditions. We isolated seven, 

not necessarily independent, derivatives of strain G 13 which had acquired proline 

prototrophy (Pro+) on proline-deficient medium, each of which carried a A prophage. We 
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obtained four, not necessarily independent transductants of strain 09 which became Pro+; 

these have not been characterized extensively, but are of interest because they could contain A. 
phage carrying the tomato homologue of 'Y-glutamyl phosphate reductase. Phage DNA was 

isolated from two of the Pro+ transductants of 013; restriction mapping revealed that one 

carried a 3.0 kbp insert, subsequently, named PROl, and the second a 3.7 kbp insert, 

named PR07. The PROl insert was transferred into plasmid pBluescript IIKS+ 

(Stratagene), resulting in plasmids pPROl-l and pPROl-6 which carry the insert in two 

opposite orientations. In Southern analysis of total DNA from tomato and tobacco, the PRO 1 

insert hybridized as a single copy sequence to DNA from both species (data not shown). 

The locus PRO} encodes both 'Y-glutamyl kinase and 'Y-glutamyl phosphate 

reductase. Unexpectedly, when we transformed plasmids pPROl-l and pPROl-6 into 

E. coli strains that carry a deletion of both the proB and the proA genes, such as HB 101 and 

CSH26 (Mahan and Csonka 1983), we found that the plasmids could complement this 

double mutation. This result could have arisen either if the insert on the plasmids specifies 

both y-glutamyl kinase and 'Y-glutamyl phosphate reductase, or if it carried a suppressor gene 

encoding some enzyme that supplies L1Lpyrroline-5-carboxylate by some other biochemical 

route (for example, ornithine transaminase [Delauney and Yerman 1993; Delauney et al. 

1993] or ornithine acetyl transferase [Csonka and Baich 1983]). In order to distinguish 

between these possibilities, we performed assays for the coupled 'Y-glutamyl kinase/'Y

glutamyl phosphate reductase activity in crude extracts of E. coli proB or IlproBA IlI:utants 

carrying the cloned insert. We found that the strains carrying the cloned gene had an elevated 

L1Lpyrroline-5-carboxylate synthetase activity (Table I). Furthermore, this L1Lpyrroline-5-

carboxylate synthetase activity was sensitive to feedback inhibition by proline (Table 1), 

which supports the idea that PROl encodes a physiologically relevant proline biosynthetic 

enzyme. 

There is a translation termination codon within the PRO} locus. We determined 

the nucleotide sequence of both strands of the PROl gene. The sequence analysis revealed 

two protein domains: an 'Y-glutamyl kinase domain consisting of 283 amino acids at the 5' 

end and a 'Y-glutamyl phosphate reductase domain consisting of 429 amino acids at the 3' 

end. The 'Y-glutamyl kinase domain has a 66-69% amino acid sequence similarity to the 

'Y-glutamyl kinases of E. coli and yeast, and a 69% similarity to the 'Y-glutamyl kinase domain 

of the moth bean L1Lpyrroline-5-carboxylate reductase. The y-glutamyl phosphate reductase 

portion exhibited a 69% and 66% similarity to the corresponding enzyme from E. coli and 

moth bean, respectively. 
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Table 1. Coupled 'Y-glutamyl kinase, 'Y-glutamyl phosphate reductase assays in E. coli 
strains carrying the tomato PRO] clone 

Activity in crude E. coli extracts 
(runol NADPH consumed/min/mg protein) 

Strain G13-1 013 KC562 HB101 
(gerwtype) (proB{A.gtIlPRO] (proB) (IlproBA/pKS-PRO] (IlproBA) 

[PRO] in single copy]) [PRO] in multi-copy]) 

Assay Conditions: 
Complete I 43.8±1.6 5.2±O.2 340.0 1.2 

-ATP 3.8±1.2 3.9±1.3 2.0 
+100 mM proline 8.9±0.2 5.6±0.4 1.5 

IThe assay involved the ATP-dependent conversion of glutamate to y-glutamyl phosphate, followed by 
reduction to y-glutamyl semialdehyde by NADPH. The reaction rate was monitored as the rate of 
disappearance of NADPH at A340• Complete assay mixtures contained 100 mM Tris-CI, 25 mM MgCI2, 
100 mM Na-glutamate, 5 mM ATP, 0.4 mM NADPH, pH 7.2, 10-50l1g cell protein; assays carried out 
at 30°. 

To our surprise. we found an in-frame TAA codon in the tomato PRO] cDNA clone 

between the two segments that specify y-glutamyl kinase and 'Y-glutamyl phosphate reductase. 

Normally, TAA is recognized as a translation termination codon. This TAA codon is 

followed after five bases (that is at a -lor +2 frameshift with respect to the 'Y-glutamyl kinase) 
by a potential translation start A TO codon, which begins the second long open reading frame 
specifying 'Y-glutamyl phosphate reductase. The structure of the PRO] cDNA clone is shown 
in Fig. 2. Unlike the PRO] gene we obtained from the tomato cDNA library, the moth bean 

gene for ALpyrroline-5-carboxylate synthetase isolated by Hu et al. (1992) does not contain 

an internal TAA, but rather it specifies a single hybrid 'Y-glutamyl kinase, 'Y-glutamyl 
phosphate reductase polypeptide. 
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Figure 2. The structure of the tomato PRO] cDNA clone. 
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We were very concerned that the TAA codon within the PRO] locus might be a 

cloning or sequencing artifact. For the following reasons, however, we believe that this is 

not the case. First, we analyzed the expression of PRO] in E. coli maxi cells, and found that 

the recombinant plasmid directed the synthesis of two distinct proteins, of 30 and 45 kd 

(Fig. 3). 

I 2 3 4 

8ta --fIIIa 

" 

MW 
(kd) 

H 
31 

22 
14 

1: pBluescript 3: pPROl 

2: pBluescript + IPTG 4: pPRO 1 + IPTG 

Figure 3. The expression of the tomato PROl gene in E. coli maxi cells. Plasmid pPROl was 
transformed into E. coli strain m761 [~(sr/-recA )-306 sulAll LlJac-l69 thr-) leu-6 his-4 thi-l 
argE3 ilv(ts) galK2 rpsL3l), cells were irradiated with UV light, labeled with 3sS-methionine, 
and the proteins synthesized were analyzed on SDS-PAGE gels. See ref. 18 for details of the 
"maxi cell" procedure. 

The results in this figure demonstrate that, as expected in E. coli, the T AA codon is 

recognized as a translation terminator, so that the PROllocus is translated as two separate 

proteins of the approximate masses predicted from the sequence analysis_ Second, we 

obtained a large collection of 5' and 3' deletions of the PROl gene for the sequence 

determination. We introduced these deletion derivatives on plasmid pBluescript IIKS+ into 

proB and proA point mutant E. coli strains and tested their ability to complement the 

mutations. The results are in Fig. 4. According to this analysis, the PRO] locus clearly 

consists of two independent complementation units (or cistrons): a 5' portion which can 

complement proB mutations and a 3' portion which can complement proA mutations. 

Importantly, the boundary between the two complementation units is in close agreement with 
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the position of the T AA codon in the nucleotide sequence. Third, we used sequencing 

primers near the T AA codon of PRO] to detennine the sequence of the second, independent 

Agt-ll clone, PR07, which was able to complement the E. coli proB mutation. The 

sequence of this clone matched completely that of PRO] in the region of interest, including 

the T AA codon at the identical position. Fourth, we used the peR procedure to amplify a 

780 bp region from chromosomal DNA from tissue culture-tomato cells (cultivar Flacca). 

The sequence of the amplified region agreed with that of the same portion of the PRO] cDNA 

clone. Thus, these results demonstrate the T AA codon is present in not only two independent 

cDNA clones, but also in the tomato genome. 

Phenotype: 

ProB ProA 
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Figure 4. Complementation analysis of the tomato PRO] locus. The indicated deletion 
derivatives were introduced on pBluescript I1KS+ into E. coli proB mutant strain G13 (16) and 
proA mutant strain G9 (16). The ability of the plasmids to complement the mutations was 
assessed by testing whether the strains carrying the indicated deletion derivatives could grow in 
the absence of proline. The ProB and ProA phenotypes refer to the ability (+) or inability (-) of 
the indicated deletion derivatives to complement the proB and proA mutations. 
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DISCUSSION 

We had isolated a DNA fragment that specifies 'Y-glutamyl kinase and 'Y-glutamyl 

phosphate reductase from a cDNA library made from tomato mRNA's. Because the insert 

thus obtained hybridizes as a single copy gene to tomato and tobacco genomic DNA, and 

because we were able to amplify an internal position of it with PCR from tomato genomic 

DNA, we conclude that the PRO] locus with the internal TAA codon is present in the 

L. esculentum chromosome. 

The TAA codon within the PRO] gene is unexpected. To our knowledge, a 

translation termination codon within a nuclear gene that encodes a functional biosynthetic 

enzyme is unprecedented. Although there are examples of translation termination codons 

within eukaryotic mRNA's, these are either near the 5' end or found within viral or 

retrotransposon encoded messages (Kozak 1992). In most of the examples of translation 

termination codons in viral mRNA's, these are bypassed by a -1 translation frameshift, which 

results in a hybrid polypeptide made up of fragments upstream and downstream of the 

translation terminated codon (Jacks and Varmus 1985; Bredenbeck et al. 1990; Priifer et al. 

1992). There are, however, limited examples of polycistronic mRNA's which encode two 

proteins, in which the 3' protein is initiated at an AUG codon located within or downstream 

of the coding region of the 5' protein (Chang et al. 1989; Kozak 1992). 

Because we isolated the PRO] gene from a cDNA library, we can conclude that this 

gene is transcribed in tomato fruit. Moreover, because the cloned gene can complement both 

proB and proA mutations in E. coli, the product(s) of this gene are functional enzymes, at 

least in the bacterial host It is intriguing how the T AA codon might be acted on in the plants. 

If it is recognized as a translation terminator, PRO] could direct the synthesis of at least a 

functional y-glutamyl kinase encoded at the 5' portion, whether or not the downstream region 

potentially encoding 'Y-glutamyl phosphate reductase is translated. It is possible that the 

sequences encoding 'Y-glutamyl phosphate reductase are translated as a result of an internal 

reinitiation event at the ATG codon after the TAA. However, there are other possibilities, 

which we will investigate. For example, it is conceivable that the TAA codon is removed by 

mRNA splicing. Alternatively, it could be that the translation termination codon is avoided 

by a -1 translational frame shift which would generate a long polyprotein consisting of 

'Y-glutamyl kinase and 'Y-glutamyl phosphate reductase, along the lines seen in some viruses 

(Jacks and Varmus 1985; Bredenbeck et al. 1990; Priifer et al. 1992). Translation 

frarneshifts have been observed to occur at regions containing polyU or UA tracts (Jacks and 

Varmus 1985; Bredenbeck et al. 1990; Priifer et al. 1992), which are not present in the 

tomato PRO] sequence. However, there is a stretch of 9 nucleotides containing 5 G's and 4 
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A's immediately preceding the T AA codon at the end of the y-glutamyl kinase portion of the 

PROI gene (Fig. 2), which possibly might be involved in a frameshift. If such a frameshift 

is involved in the translation of the y-glutamyl phosphate reductase portion of the tomato 

PR01 locus, then it must occur within 7 bases upstream of the TAA codon ending the 

y-glutamyl kinase region, because there is another T AA codon in the same reading frame as 

the y-glutamyl kinase 7 bases upstream of the translation termination site of y-glutamyl kinase 

(Fig. 2). Lastly, it could be that despite the fact that the PR0110cus we had cloned from the 

cDNA library is transcribed, it is not the actual gene for a functional enzyme, but perhaps 

there is a different locus which specifies the authentic y-glutamyl kinasely-glutamyl phosphate 

reductase. 
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