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INTRODUCTION

The past decade has witnessed a truly unprecedented number of fundamental discov-
eries in molecular biology and genetics. This has brought new insight into mechanisms
of gene action and control, and this information must markedly affect the way bioche-
mists approach the study of internal metabolism and its regulation. This review focuses
on the use of recently developed genetic and biochemical methods (‘‘recombinant DNA
techniques’’) in analyzing the gene-enzyme relationships and regulation of a single bio-
synthetic pathway in microorganisms. The pathway of tryptophan synthesis is taken
as the exemplar. After describing recent studies of this pathway in bacteria, the review
will close with a critique of the use of these methods in evolutionary studies.

Until quite recently genetic diversity during evolution was assumed to have arisen
chiefly as a result of an accumulation of point mutations, i.e., single base pair changes
that, when they occur in structural genes, result in amino acid substitutions, premature
termination of transcription, or frameshift events. Sporadic tandem duplications were
evoked to give rise to “‘free’’ segments of raw material for such piecemeal evolution.
The general similarity in the amino acid sequence of homologous proteins from related
species (sometimes even distantly related ones) seemed in agreement with this mecha-
nism, although the rather common occurrence of gaps or insertions of a few amino
acids between blocks of homologous sequence' was somewhat disconcerting.

Recently microbial geneticists have become increasingly preoccupied with illegiti-
mate recombinational events. By this is meant recA-independent recombination not
requiring extensive regions of DNA homology and often associated with insertion se-
quences and transposons,’ as well as in vitro recombination of unrelated DNA seg-
ments through recombinant DNA technology. These events give rise to deletions, in-
sertions, inversions, and transpositions, the kinds of chromosomal rearrangements
that have been studied in eucaryotes for a long time. It is now apparent that, at least
under some conditions, the frequency of these events in procaryotes rivals the fre-
quency of point mutations.? This review will examine some implications of this knowl-
edge for the interpretation of established facts and the design of new experiments.
Most of the conclusions are based on comparative analyses of the genes and enzymes
of the tryptophan pathway.

There have been numerous reviews of the gene-enzyme relationships,** enzymol-
ogy,*"? and regulation'®-'? of the tryptophan pathway in Escherichia coli. A review of
comparative studies® pointed out that the structural genes for the tryptophan-specific
enzymes of the pathway (whose reactions are diagrammed in Figure 1) assume a variety
of chromosomal arrangements in the several major taxa of bacteria and fungi exam-
ined. Several examples of gene fusion (or fission) have been noted. Each chromosomal
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FIGURE 1. Biosynthetic pathway for tryptophan. Chorismic
acid is the last intermediate common to the synthesis of aro-
matic amino acids and vitamins. Abbreviations: AS, anthranil-
ate synthase (the physiological glutamine amidotransferase re-
action is shown*); PRPP, S-phosphoribosyl pyrophosphate;
PP, pyrophosphate; PRT, anthranilate phosphoribosyltrans-
ferase; PRA, N-phosphoribosylanthranilate; PRAI, phosphor-
ibosylanthranilate isomerase; CDRP, 1-(o-carboxyphenylam-
ino)-1-deoxyribulose phosphate; InGP, indoleglycerol
phosphate; InGPS, indoleglycerol phosphate synthaste; Gly-3-
P, D-glyceraldehyde-3-phosphate; TS, tryptophan synthase;
TS-A and TS-B, the A and B half-reactions of tryptophan syn-
thase.

arrangement seems to be associated with a particular regulatory scheme, one bearing
little resemblance to the other. Examples of end-product repression, substrate induc-
tion, and fixed levels of enzyme production are all found in one or another portion of
the tryptophan pathway, sometimes all in the same organism. As these regulatory var-
iations are observed in the presence of demonstrable amino acid sequence
similarity,**® it appears that a considerable remodeling of regulatory elements has
occurred during evolution. The rearrangements in chromosomal location and the var-
iations in regulatory pattern imply the frequent intervention of mechanisms that can
mobilize and reinsert gene-sized or larger DNA segments.

Although in its comparative aspects the tryptophan pathway probably received ear-
lier'* and more extensive investigation than other metabolic pathways, only a few of
the available bacterial taxa have been thoroughly investigated, and the coverage of
eucaryotes is even more sparse. This review will concentrate on procaryotes; Figure 2

- diagrams the chromosomal gene distributions found in several of the best studied ma-

jor procaryotic taxa.

The enteric bacteria contain a fusion of two trp genes that are separate in all other
bacterial groups investigated, trpC (for InGPS, the fourth enzyme), and trpF (for
PRALI, the third enzyme). A subgroup of the enteric bacteria termed Class I, containing
the genera Escherichia, Shigella, Salmonella, and Enterobacter, also possesses a second
fusion involving the gene for the small, glutamine-binding subunit of the first pathway
enzyme (trpG) and that for the second enzyme (trpD). The result is that the best studied
tryptophan operons, those of Escherichia coli and Salmonella typhimurium, have the
anomalously low number of five discrete genes for the pathway. No other well-studied
bacteria have so few, although present evidence suggests that the eucaryote Euglena
gracilis may use only two gene products to catalyze the same series of reactions.’ All
other enteric bacteria belong to Class II with respect to their tryptophan gene organi-
zation; in their case, the trpC-trpF gene fusion is present, but trpG and trpD are dis-
tinct. Class II includes a great variety of organisms, from Serratia-and Aeromonas
having GC ratios near 60%, to Proteus with some species having GC ratios near 40%,
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FIGURE 2. Tryptophan gene distributions in bacteria. Anal-
ogous genes are given the same letter designation throughout,
but the trp prefix for all gene symbols has been omitted for
simplicity. Gene-enzyme key (see legend to Figure 1 for enzyme
abbreviations): trpA, TS a-chain; trpB, TS f-chain; trpC,
InGPS; trpD, PRT; trpE, AS large subunit; trpG, AS gluta-
mine amidotransferase subunit; trpR, tryptophan repressor.
The gene fusions in the enteric bacteria are shown with func-
tional components in the correct order; the component in pa-
rentheses is not ordinarily used to designate the gene. In Aci-
netobacter, the gene order in the three-gene clusters is not
certain; the most probable order is shown.

and even the marine luminous species Beneckea harveyi.'® A reasonable view is that
Class I is a small subset of enteric organisms descended from a progenitor in which
the trpG-trpD fusion occurred. Class II then includes all the rest of the enteric family,
defined loosely enough to include Aeromonas and even certain marine species. All
enteric bacteria seem to have the five or six structural genes for the tryptophan pathway
clustered in one operon under the control of a single regulatory region.

The aerobic pseudomonads are a large and diverse group of Gram-negative bacteria.
As with the enteric group, it would be surprising if all of them were to utilize a single
pattern of chromosomal organization of the trp genes. Two members of the fluorescent
pseudomonad subclass that have been studied in detail, Pseudomonas putida and P.
aeruginosa, are very similar. Four genes responsible for the first, second, and fourth
enzymes of the pathway are located near each other on the chromosome and are regu-
lated by tryptophan repression. The gene for the third enzyme is separate and consti-
tutively expressed. The two genes for the last enzyme, tryptophan synthase, are at a
third location and are regulated by substrate induction.'® There is genetic evidence that
this inducibility involves autogenous regulation.'’

Recently it has become apparent that this pattern of trp gene distribution and control
is not the only one possessed by pseudomonads. P. acidovorans, investigated by Bu-
vinger and Heath'® and Morriss and Heath,'® resembles more the next group of bacte-
ria to be discussed, typified by Acinetobacter calcoaceticus. 1t is still too early to assess
the taxonomic significance of this striking division in organisms presently sheltered
under the Pseudomonas umbrella, but it may well reflect a major chromosomal and
organizational difference.

The third major taxonomic cluster of Gram-negative bacteria includes Acinetobac-
ter, Moraxella, and Neisseria;** ' perhaps Rhizobium and Agrobacterium belong with
this group rather than with their present companions in Bergey’s Manual, the pseudo-
monads. The single organism from this group whose trp genes have been well studied
is Acinetobacter calcoaceticus. This organism has its seven trp genes at three chromo-
somal locations but with a distribution different from that of the fluorescent pseudo-
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monads (Figure 2). One interesting feature is that the gene for the glutamine amido-
transferase subunit of anthranilate synthase (trpG ), which also provides the same
function for p-aminobenzoate synthase, is associated with genes for the second and
fourth enxymes (trpD and trpC) and is separate from trpE, the gene for the large
subunit of the enzyme.?*?* These four gene products are regulated in concert** but not
over as wide a range as those of the enteric group and the pseudomonads. The gene
for the third enzyme (trpF) is linked to those for tryptophan synthase (trpA and
trpB) but seems not to be regulated coordinately with them; the regulatory range for
this cluster is even more restricted than for the other four genes, amounting to less
than a sixfold difference at the extremes.

Gram-positive bacteria have not been genetically or enzymologically investigated as
thoroughly as Gram-negative ones, but it is clear that they too have several different
chromosomal and regulatory patterns for the trp genes.® Only the Bacillus subtilis pat-
tern has been thoroughly characterized (Figure 2). In this case, all the trp genes but
one are present in an operon regulated coordinately over as wide a range as the enteric
bacterial trp operon is. The exception is trpG, the gene for the small glutamine ami-
dotransferase subunit of anthranilate synthase.?® This is located next to the gene for
the large subunit of p-aminobenzoate synthase, leading to the suspicion that in this
organism tryptophan synthesis has become dependent on a folate pathway gene, just
as the reverse may have happened for Acinetobacter.***

All the aforementioned results were obtained using conventional techniques such as
the selection, characterization, and mapping of auxotrophic and regulatory mutations
and the assay of enzyme activity levels under various growth conditions. For the en-
zymes having dissimilar subunits, anthranilate synthase and tryptophan synthase, some
intergroup complementation studies have been done to look for cooperative subunit
interactions; these studies have yielded sporadic positive results® which do not seem to
correlate closely with evolutionary distance as estimated in other ways. A number of
amio acid sequence comparisons and immunological cross-reactivity measurements
have also been performed on favorable trp gene products from an array of bacterial
sources.*> 227 As far as they have been pursued these results are internally consistent,
agree with generally accepted evolutionary distance estimates, and indicate the direct
descent of the genes encoding enzymes of the tryptophan pathway, even those that
have been involved in fusion-fission events or that have become attached to markedly
different regulatory elements.

One recent study of the tryptophan synthetic enzymes in a Gram-positive organism
merits special comment. Brevibacterium flavum is a coryniform organism used com-
mercially to produce amino acids. Although genetic analysis of this organism is in its
infancy, tryptophan auxotrophs as well as tryptophan overproducing mutants have
been selected.?® All the pathway enzymes show repression of synthesis in the presence
of tryptophan, but this repression is not coordinate, except for the third and fourth
enzymes.?* When examined in extracts, the third and fourth enzyme activities were
found to be on separate subunits of a complex enzyme,*° a situation that is intermedi-
ate between the fused polypeptides seen in the enteric bacteria and the totally inde-
pendent polypeptides noted in other Gram-negative bacteria and Bacillus subtilis. Ge-
netic analysis of the trp genes in Brevibacterium is awaited with interest, and by virtue
of the commercial importance of the organism, more information should soon be
forthcoming, perhaps through application of some of the principles to be described in
the following sections.
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NEW FINDINGS WITH THE ESCHERICHIA COLI TRPREGION

The five-gene E. coli trp operon, with its specific control region (promoter-operator,
leader, and attenuator) preceding trpE and a short ‘‘tail’’ extending beyond trpA to
the transcription termination site,*' comprises approximately 7000 nucleotide pairs.
The acquisition of extensive knowledge of the mRNA transcript of this operon over
the past decade has relied upon the existence of a group of trp-transducing phages
derived from the lambdoid phage ¢80 and its hybrids.'* These phage-bacterial combi-
nations are the result of illegitimate recombinational events. By good fortune the ¢80
prophage attachment site (att80) lies quite close to the trp operon. None of the inter-
vening genes is essential for growth, but one of them, tonB, encodes a cell surface
protein used for attachment by phages T1 and ¢80 and several colicins; this permits
the application of a powerful selection for spontaneous tonB mutants, some of which
are deletions. These circumstances have proved very useful in creating an array of ¢80
and ¢80-1 hybrid phages carrying segments of the trp operon suitable for hybridization
with specific trp mRNA molecules. Such studies were invaluable in establishing the
functional liason of the five structural genes as well as the basis for the phenomenon
of polarity distal to a nonsense mutation.'':'* These important studies, along with bio-
chemical analysis of the bifunctional polypeptides and enzyme complexes of the path-
way, make the trp operon one of the best known gene-enzyme systems in this well-
studied organism. Even so, the successful cloning of the trp operon in an amplifiable
plasmid vehicle in 197432 initiated an avalanche of new information concerning its
regulation and mode of functioning. Clearly this has resulted from the availability of
large quantities of pure, cleanly demarcated segments of the operon utilizable for both
functional and DNA sequence analysis. The latter in particular, performed on seg-
ments from mutant and wild type cells primarily by Charles Yanofsky and his associ-
ates, has yielded a rich and unexpected harvest. Much of this information, though
quite new, has been recently reviewed,'? so it will be presented only in outline here.

The promoter-operator sequence was unambiguously located, its sequence deter-
mined, and competition for binding between active repressor and RNA polymerase at
this site was clearly demonstrated.** The rather generous mRNA leader segment of 162
nucleotides preceding the trpE structural gene was sequenced and found unexpectedly
to contain a strong ribosome binding and translation initiation site, followed by codons
for a 14-residue peptide having tryptophans for its ninth and tenth residues.* This
““mini-gene’’ precedes a conditional transcription termination sequence termed the at-
tenuator, which functions as a second regulatory device in tandem with the operator.
The attenuator is capable of aborting mRNA synthesis after the addition of 142
bases.’® This new regulatory device, like the operator-repressor system, responds to
the requirements of the cell for tryptophan, but in this case it monitors the charged
tryptophanyl-tRNA level rather than the intracellular concentration of the free amino
acid.**-*®* The mechanism for modulating optional transcription termination at the at-
tenuator is intricate, almost certainly involves ribosomal movement along the 14-resi-
due leader peptide gene, and is related to the choice of two alternative secondary struc-
tures assumed by the freshly synthesized leader mRNA segment.*® Similar leader
peptides with even more striking numbers of clustered codons for the appropriate
amino acid have been found upon sequencing analogous regions preceding the his op-
eron in E. coli* and Salmonella typhimurium*' and the pheA gene in E. coli.*?
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The trp promoter-operator and leader sequences of S. typhimuriun?* and Shigella
dysenteriae*® are very similar to those of E. coli, although the latter bears a base sub-
stitution in the promoter making it a very inefficient transcription initiation site and
contributing to the tryptophan auxotrophy of the strain.** Serratia marcescens, occu-
pying a more distant position among the enteric bacterial relatives of E. coli, shows
more divergence in the leader region but still retains a very similar promoter-operator
sequence.*® The trp operon of E. coli functions normally in the cytoplasm of S. mar-
cescens.*

In E. coli, the entire complement of ribosome-binding, translation initiation sites
(six, if that for the leader peptide is included) and the untranslated intercistronic re-
gions are now known.'*3447-%° I instances where the products of adjacent genes form
tightly bound enzyme complexes (trpE-trpD for E. coli, Shigella dysenteriae,
and Salmonella typhimurium; trpE-trpG for Serratia marcescens, and trpB-trpA for
E. coli), there is a one base overlap between the termination codon and the initiation
codon, viz., UGAUG. This doubly constrains the base sequence coding for the last
few residues of the first gene product, for it must allow formation of a complete ribo-
some binding site for the following gene.*! In instances where the two gene products
do not form a complex, the intercistronic region is nine or more nucleotide pairs long.
It remains to be seen whether this result will hold for the tryptophan gene clusters of
organisms other than those clearly related to E. coli or for multicistronic operons other
than trp. It can be seen from Figure 2 that A. calcoaceticus and Bacillus subtilis have
genes for the two subunits of anthranilate synthase at separate chromosomal locations,
suggesting that the enteric bacterial situation may represent a convenience rather than
an imperative for the bacterium.

Although the best studied enteric bacteria, E. coli, Salmonella typhimurium, Shi-
gella dysenteriae, and Enterobacter aerogenes, all have Class I trp operon organiza-
tion, one case of an operon with Class II organization has been compared with them
at the region of greatest interest, the trpG-trpD junction. It was postulated rather early
(reviewed in References 5 and 6) that a mutation obliterating a stop codon at the end
of trpG, thereby allowing continued reading through the trpD gene, could convert a
Class Il organism to a Class I organism. Recent investigation of the trpG-trpD inter-
genic region in Serratia marcescens offers circumstantial support for this mechanism
of gene fusion, for the nucleotide sequence is capable of being converted to that of
the fused genes by a few base substitutions and a single base pair deletion* (Figure
3). :

As mentioned earlier, the Escherichia coli operon has been transported on a plasmid-
vehicle into S. marcescens where it is regulated normally. In the same paper*® a similar
result, effective repression by the product of the host trpR gene, was found for Sal-
monella typhimurium, Enterobacter aerogenes, and Proteus mirabilis. Most taxono-
mists place Proteus at an even greater distance from Escherichia coli than Serratia, a
conclusion strengthened by the recent evidence that the overall chromosomal map of
P. mirabilis differs markedly from that of other enteric bacteria.***-*** From these re-
sults it may be surmised that the repressor-binding sequence of the trp operon is
strongly conserved among the enteric bacteria. The only convincing test of repressor-
operator recognition over greater evolutionary distance to date is the experiment of
Nagabhari et al.,** who constructed in vitro a plasmid carrying the E. coli trp operon
and transferred it into Pseudomonas aeruginosa. E. coli tryptophan synthase was con-
stitutively expressed under these conditions, showing no evidence that the E. coli op-
erator responds to the Pseudomonas trp repressor.

There is an appreciable tail of mRNA, about 36 bases in length, following the last
gene of the E. coli operon, trpA. At present, this region has no known function other
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FIGURE 3. Hypothetical scheme for establishment of the Class
I enteric bacterial trpG-trpD gene fusion. The E. coliand S. mar-
cescens amino acid sequences and DNA coding strand sequences
are shown. Changes at level 1 (involving one or the other of the
two base pair substitutions in the ochre codon and a single base
pair deletion) allow continuous translation through the intercis-
tronic region and the trpD gene. Changes at level 2 will abolish
any internal initiation of the newly fused gene. Changes at level 3
produce less drastic or inconsequential effects. The portion of the
intercistronic region designated rbi is the ribosome binding and
initiation region. (Modified from Miozzari, G. and Yanofsky, C.,
Nature (London), 277, 486, 1979.

than transcription termination.'*?'** The extent of the tail does facilitate the attach-
ment of other genes such as lacZ to the end of the trp operon, however, where they
participate fully in the regulatory responses of the five trp genes.** Although these trp-

-lac:fusions are artifically created and would doubtless soon be eliminated in the natural

state, they neatly illustrate the point that illegitimate recombinational events can easily
expand the number of individual genetic elements sharing a particular regulatory re-
gion. Clearly this fact must be taken into account when attempting to evaluate the
significance of chromosomal and pathway regulatory variations in evolutionary terms.

OTHER BACTERIA STUDIED BY RECOMBINANT DNA METHODS

In Vivo Constructions

Recently it has become apparent that plasmids other than the F factor of E. coli are
capable of both mobilizing chromosomal segments for transfer during conjugation and
incorporating segments of the chromosome within themselves. When the plasmid is an
antibiotic resistance transfer factor, the latter process is termed R-prime formation, in
analogy with F-prime®® formation by the classical F factor. If, as is sometimes the
case, the R factor has a broad host range, the occurrence of an R-prime places a pow-
erful tool in the hands of the geneticist. With it the chromosomal genes of one orga-
nism can be transported to the cytoplasm of very different organisms where they can
replicate and function (if conditions permit) without the necessity of recombining with
the chromosome of the host. Several examples of such R-primes allowing the transfer
of genes from one Gram-negative organism to another have involved resistance trans-
fer factors of the P1 class, such as RP4, R68.44, and R68.45. For example, the expres-
sion of the nif genes of Klebsiella pneumoniae has been studied in several bacterial
genera.*”** Other examples that involve trp genes are the transfer of the trpAB gene
pair in one case®*** and the trpEG pair in another®*®® from P. aeruginosa into E. coli,
and the transfer of trpE, trpDC, and trpFBA fragments from Rhizobium meliloti to
R. leguminosarum®® and from there to P. aeruginosa and E. coli.’'* The first case is a
reversal of the experiment®* where the trp operon of E. coli was inserted into a class
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P1 plasmid in vitro and moved into P. aeruginosa, where it functioned constitutively
and at a high level. In the case of the P. aeruginosa genes in E. coli, however, both
gene pairs examined produced little enzymic activity at first, although they could be
improved by mutations that proved to be plasmid-borne.*® In the last case, the Rhizo-
bium genes functioned well in the second Rhizobium host, poorly in P. aeruginosa,
and not at all in E. coli.*®* With the rhizobial trpFBA R-prime, however, a mutation
located on the plasmid evoked some activity in E. coli and also improved the activity
in P. aeruginosa without noticeably decreasing their function when returned to Rhi-
zobium. Regulation of the E. coli trp operon in Pseudomonas cytoplasm was nil,** in
sharp contrast to the situation when it was transferred to other members of the enteric
bacterial group.

The Pseudomonas trpAB pair, on the other hand, was regulated by indoleglycerol
phosphate induction in E. coli just as in its home cytoplasm.*** As the chromosomal
segment in this R-prime is rather large (75 Mdaltons), the significance of this observa-
tion with respect to contribution of host factors to the regulatory apparatus, as well
as the putative autogenous nature of the regulation, remains to be determined. No
regulatory information is available concerning the rhizobial gene clusters in foreign
cytoplasm. .

The lesson to be drawn from these early experiments is that, even when the initial

hurdle of the infrequent generation of these R-primes by illegitimate recombination is

overcome, there sometimes remain severe problems of expression of foreign genetic
material in the cytoplasm of distantly related hosts. The nature of these barriers to
expression is not at all clear and may, in fact, not always be the same.*'* Not all pro-
moters active in one species may function well in a distantly related host. Once initi-
ated, RNA synthesis may terminate prematurely, or the mRNA molecule may bind
foreign ribosomes inefficiently for initiation of protein synthesis. The use of specific
codons among several devoted to a single amino acid could vary between different
organisms, resulting in translational problems. Specific nucleic acid or protein modi-
fication introduced by the new host may impair function. Moreover, there may be
great differences in the stability of mRNAs and proteins designed by evolution for one
organism and then transposed into the cytoplasm of an evolutionarily distant one.
With all the potential pitfalls, however, the technique does provide an approach to
previously unapproachable problems that should be exploited and can be used hand-
in-hand with in vitro synthetic methods.

In Vitro Constructions

Most of the work described in the earlier section on enteric bacteria involved hybrid
plasmids constructed from restriction enzyme-cleaved and ligated components. Exper-
iments of this kind require organisms which have well-established vectors and a trans-
formation system to recover the hybrids constructed. The experiments described in the
preceding section where the E. coli trp operon was inserted into the plasmid RP4**
showed that in vitro constructions can be used with wide host range vehicles as well.
In this case the choice of vector was especially apt, for the same hybrid plasmid show-
ing constitutive expression of the trp genes in P. aeruginosa could be transferred by
conjugation back to E. coli, where the operon exhibited normal regulation.** Clearly
this approach is capable of wide application and considerable refinement. Ordinarily
a defined DNA segment can easily be recovered from the hybrid vector; it can then be
shortened successively by in vitro methods until a particular function is lost or a regu-
latory region removed. Once crucial areas of the cloned segment are identified, their
sequence can be determined. This combination of functional and structural analysis
can reveal evolutionary divergence in detail not attainable heretofore.

The technique of inserting foreign DNA segments into suitable cloning vehicles
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through in vitro manipulation is not restricted to conjugative bacteria. Most bacteria
have the potential to become lysogenized with specific temperate phages. When inves-
tigated, many of these phages should prove to have dispensable segments of their gen-
ome that can be replaced by exogenous DNA. Moreover, a majority of the bacterial
species studied have been found to harbor plasmids. Though many of these are cryptic,
carrying no known selectable markers, techniques to make use of them as vehicles may
not be long in appearing. Introduction of transposable antibiotic resistance markers
would be an especially convenient means to this end. As an example of the opportuni-
ties such approaches can provide, some recent studies with the trp genes of Gram-
positive, spore-forming bacilli will be described.

Although there exist temperate phages for Bacillus subtilis that are potentially utiliz-
able as cloning vehicles,® and certain experiments have been done with enteric bacterial
plamids into which B. subtilis phage genes have been inserted,*® the most encouraging
Bacillus gene cloning results to date have been obtained with a series of nonconjugative
plasmids. So far the plasmids harbored by B. subtilis and its close relatives are either
cryptic or have no selectable intrinsic markers.** Recently, however, Ehrlich® discov-
ered that antibiotic resistance factors from Staphylococcus aureus can be introduced
by transformation into B. subtilis and stably maintained there. This has provided new
and convenient vehicles for recombinant DNA research. Subsequent work in several
laboratories®®-’ showed that such plasmids make suitable cloning vehicles, that anti-
biotic resistance markers active in S. aureus and B. subtilis are also functional in E.
coli ¢ but that similar markers from E. coli R factors do not necessarily confer anti-
biotic resistance on B. subtilis, and that pUB110, a 3.0-Mdalton S. aureus plasmid
conferring kanamycin/neomycin resistance, is a multicopy, amplifiable vehicle in B.
subtilis having single cleavage sites for the restriction endonucleases EcoRl, Xba I,
BamHI, and Bgl 11.%¢ This work also showed that chimeras constructed with such a
vehicle often sustain some subtractive shortening, presumably during their introduc-
tion or propagation in vivo.

Keggins and co-workers®®%® showed that ‘‘shotgun’’ cloning of EcoRI digests of B.
pumilis, B. licheniformis, and B. subtilischromosomal DNA using pUB110 as a vehicle
can provide hybrid plasmids able to complement the B. subtilis trpC2 mutation. None
of the original group contained the entire trp operon, as evidenced by their inability

‘to complement certain trp-mutations outside trpC. One contained the genes trpCFBA

in a functional state, another the trpEDCF group, and others still smaller segments of
the operon. These do not appear to be reassemblies of an operon containing two or
more EcoRI cleavage fragments, but rather represent the end products of the deletion
and shortening events mentioned above, for in two cases only a single EcoRI cleavage
site was found in the constructed plasmid although the chimeras were larger (by about
1.7 and 2.6 Mdaltons) than the original vector.®® None of the plasmids complemented
aroBor tyrA mutations; these are genes known to flank the trp operon closely. Hybrid
plasmid DNA was shown to be able to transform a trprecE4 strain; recE4 strains take
up chromosomal DNA normally during transformation but cannot form stable recom-
binants. It appears that homologous DNA segments, e.g., B. subtilis trp genes, on the
vector and chromosome can complement one another but cannot recombine in this
strain. This conclusion was confirmed in an experiment® where a segment of the B.
pumilis trp operon bearing a particular trpC mutation was combined with the replica-
tory region of an indigenous, cryptic B. subtilis plasmid. This plasmid is compatible
with pUBI110. When it was present in rec*cells harboring a pUB110-trp hybrid with a
different trpC mutation, recombination between the two plasmids readily generated
trp*cells. When the host for the plasmid pair contained recE4, however, no recombi-
nation ensued. Thus, it seems that reassortment of mutational lesions can be avoided
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in either of two ways, by cloning homologous but nonpairing chromosomal segments
from different species or by using a recE"recipient.

When cells containing these hybrid, nonconjugative plasmids were examined for trp
enzyme activities complementary to chromosomal trp~ mutations, modest, fixed levels
of activity were found.” The majority of these plasmids lack the normal transcription
initiation site at the head of the operon, and perhaps all do; so-the means of expression
of these genes remains to be shown. When this system has been developed further it
should become apparent whether the Bacillus trp operon is a unit of function in the
same sense the enteric bacterial one is. The regulatory gene mtr (methytryptophan
resistance) in B. subtilis has been compared with trpR in E. coli. Proof of this and an
elucidation of the mechanism of regulation of the trp operon, whether by repression,
attenuation, or both, should be forthcoming.

The unusual circumstance of a single gene, trpG, being linked to pabA rather than
the trp operon (Figure 2) invites speculation that B. subtilis has lost an ordinary trpG
gene by deletion or inactivation and that normal functioning of the first pathway en-
zyme has become dependent on the very similar glutamine amidotransferase subunit
of p-aminobenzoate synthase. If this scenario is correct, there should be evidence of a
functional trpG gene in the expected location, between trpE and trpD, in relatives of
B. subtilis, as well as some trace of its former presence in that location in B. subtilis.
In addition, some effort to examine a wider selection of Bacillusspecies should indicate
whether or not this large group of Gram-positive spore-formers represents a homoge-
neous natural taxon like the enteric bacteria. As S. aureus plasmids form the backbone
of this Bacillus effort, it is possible that the trp genes of this organism, of Micrococcus,
and even Streptococcus species could become objects of study. The actual range of
these nonconjugative staphylococcal plasmids remains speculative, but certainly the
future will bring as many transformation experiments in Gram-positive species as prud-
ence allows.

CRITIQUE

From the foregoing it should be clear that recombinant DNA methods can be fruit-
fully applied to the analysis of the effect of evolution on the genetic disposition and
control of pathways of intermediary metabolism. These techniques are proving useful
at all stages of investigation of the tryptophan pathway, from the first analysis of the
chromosomal location of the genes of the pathway (as in Rhizobium) to the most
detailed investigations of the nucleotide sequence of structural genes and regulatory
regions as well as the elucidation of gene fusion mechanisms (exemplified by studies
of the enteric bacterial operon). In fact, it is difficult to imagine that studies such as
the reconstruction of the trpG-trpD fusion event or the analysis of functional capabil-
ities of particular genes in foreign cytoplasm could be approached in any other way.
It is probably useful to stress this point as another ‘‘benefit’’ of the recombinant DNA
methodology, to be balanced against its still, fortunately, hypothetical “‘risks’’. It is
not unreasonable to suppose that as methods improve and information accumulates
we may be able to reconstruct the steps in the evolution of the pathway in a present-
day organism by furnishing it with genetic raw material resembling that of an ancestral
form and examining the progressive changes evoked by selective forces under presumed
‘“‘normal’’ environmental conditions for that organism.

But rather than heap praise on a technique still in its infancy and undergoing vigor-
ous development, it may be more useful here to present a list of caveats for investiga-
tors encouraged to embark on studies of this type. Some of these pitfalls can be
avoided by a wise choice of existing methods, some may be solved by the development
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of new methods as work progresses, and some may be intrinsic to the process and,
hence, a perennial concern.

Investigators must be alert to the possibility that perfectly normal chromosomal seg-
ments from one organism may appear to contain nonfunctional genes even when prop-
erly cloned in a suitable vehicle in a different organism.%'®* As there are now several
instances of eucaryotic genes functioning coherently in procaryotes, this is not a very
predictable event, but it would seem reasonable at this time to assume that the likeli-
hood of successful functioning decreases with greater evolutionary distance between
donor and host. At times this functional disability can be overcome,®'=-%'* and perhaps
further study will allow a rational approach to performing the experiments in ways
that will avoid it. If it results from a failure of the promoter sequence of the donor to
be recognized by the RNA polymerase of the host, it may be possible to insert the gene
in such a way that a surrogate promoter on the plasmid can initiate transcription.
Other possibilities exist, but for now it is well to remember that mutations in or near
the cloned segment may restore some level of function, and if severe selection has been
employed in the recognition and propagation of the host-vehicle combination, such a
mutation may have already occurred, making the cloned segment abnormal. Whenever
possible it would be wise to compare the sequence of the cloned segment with the
original or to reintroduce it into its home cytoplasm to observe its ability to function
there successfully.

In examining the level of expression of genes on plasmids that are not stringently
controlled it is well to remember that the copy number may vary with cultural condi-
tions and with the nature of the inserted DNA segment. Where possible it would be
desirable to establish regulatory relationships in systems where the foreign DNA is
inserted into a stringently controlled plasmid, or still better, a temperate phage vehicle
where the copy number is assured to be one per chromosome. When selection is re-
laxed, as in the imposition of repression by supply of the end product, chimeric plas-
mids can delete their inserts or even be lost from the cell, since they are often of nega-
tive selective value.”"

Another possibility for being misled in measurements of the level of expression in-
volves interaction of the foreign gene product with host proteins. The interaction could
be either an enhancement or a diminution of activity, and the interacting component
may be specific or nonspecific, like a protease. It should be kept in mind that the
foreign gene product evolved in a cell with a very different internal milieu, and unex-
pected interactions can take place. On the other hand, the foreign gene product might
be influenced by the enzymes of the same pathway in its new host. Interactions between
subunits of complex enzymes across rather large evolutionary gaps have been re-
ported.”>’* An interaction with the inactive product of the homologous gene of the
host can be imagined. In any case where apparent regulation has been observed, it
should be established that the real substance varying in amount is not a product of
the host genome.

When working with DNA segments from a closely related organism, the possibility
of recombination with the host genome exists. Recombination between E. coli and
Salmonella typhimurium is infrequent but well documented.” Such an event could
have the effect of bringing the foreign gene under control of the regulatory apparatus
of the host. It should be avoided by use of rec”recipients whenever this is reasonable
and prudent. Less closely related sequences may recombine by illegitimate means, and
such events are not precluded in rec”hosts. After all, this is merely the reversal of the
mechanism of formation of an R-prime in vivo. Although not apparently a highly
frequent event, if drastic selection has been required to reveal the clone being exam-
ined, it will always be necessary to show that the chimeric vehicle it contains remains
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unchanged. Inserting a foreign DNA segment into the chromosome of the host may
have unpredictable effects on the functioning of genes in that segment, but it will have
predictable effects on the genetic behavior of the host, making future recombination
with homologous segments of foreign DNA possible.*?

Finally, the uncontrolled and unexpected tendency of certain vehicles containing
foreign DNA to shorten themselves spontaneously must be emphasized. This also
seems to be part of the two-edged sword of illegitimate recombination. One cannot
usually maintain selection for all the functions on the inserted segment of DNA. Dele-
tions of various sizes can place the genes of interest under the control of plasmid pro-
moters and modify the copy number of the vehicle. If the gene of interest interacts in
any way with neighboring genes, deletion of these genes and loss of their products may
have drastic consequences.

Many of these forewarnings may turn out to be gratuitous, but each of them has
some basis in fact or experience. As the study of cloned exogenous chromosomal DNA
segments becomes more quantitative and precise, the pitfalls posed become more seri-
ous and likely. Most of them are avoidable by good methodology and adequate con-
trols, however, and it is not likely that they will impede for long the ‘acquisition of
new and unsuspected facets in our knowledge of the evolution and control of metabolic
pathways in microorganisms.
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