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ABSTRACT Hybrid tryptophan synthetase at and .3 polypep-
tides were produced by genetic .recombination between the
trpB-trpA regions ofEscherichia coli and Salmonella typhimurium
contained on compatible, multicopy plasmids. Intragenic recom-
bination was decreased but still evident in recA cells. Genetic ex-
change occurred at many sites within trpA, but every recombinant
gene produced a functional a polypeptide despite many amino
acid differences from one or the other of-the parental polypep-
tides. The five hybrid tryptophan synthetase a subunits examined
resembled the parental polypeptides in catalytic function but dif-
fered in thermostability. The stability differences suggest that, as
amino acid changes occurred in these proteins during the course
of evolution, subsequent changes were limited to those. that would
allow retention of a desired protein conformation.

The gene trpA ofEscherichia coli and Salmonella typhimurium
encodes the a polypeptide subunit of the a2f82 tryptophan syn-
thetase complex. Comparison ofthe nucleotide sequences ofthe
trpAs of the two species reveals that there are 199 sequence
differences in the 804 nucleotide pairs in this gene (1). The cor-
responding a polypeptides have 40 amino acid differences in
their 268 residues. Thus, most of the nucleotide differences
between the two trpAs are in synonymous codons. Despite the
40 amino acid differences between the two a subunits, the poly-
peptides are functionally interchangeable, both in vitro (2-4)
and in vivo (3, 5). In this and comparable examples, the question
arises as to whether the nucleotide and amino acid sequence
differences that are seen in homologous genes and proteins are
selectively favored in their respective organisms.
The functional significance of the amino acid differences in

the two tryptophan synthetase a subunits can be assessed by
constructing hybrid trpAs containing sequences from both spe-
cies and examining the properties of the corresponding hybrid
polypeptides. By using this approach, one class of hybrid tryp-
tophan synthetase a polypeptides was isolated and studied (6).
Unfortunately, such recombinants were extremely rare and
were obtained only when trpA' recombinants were selected in
crosses between trpA mutants of the two species. The single
class of hybrid a subunits examined resembled the parental
polypeptides in all the functional tests that were performed.

In this investigation, the difficulty ofobtaining hybrid a sub-
-units was overcome by incorporating inactive trpB-trpA seg-
ments of the two species into compatible multicopy plasmids
and introducing both plasmids into bacteria with the trpB-trpA
region deleted. The two plasmids were constructed so that the
region of nucleotide sequence homology was confined to the
trpB-trpA segment and so that genetic recombination in this
segment could reconstitute intact trpB and trpA. Using this

approach, we readily recovered hybrid trpBs and trpAs con-
taining varying segments from the parental genes. It was also
possible to modify the selection procedure slightly so that we
could determine whether the hybrid trpAs obtained formed
active or inactive a subunits. We also compared the properties
of several of the hybrid a subunits with those of their parental
polypeptides.

METHODS
Media. Supplements to L broth or minimal medium were

to the following final concentrations: glucose, 0.4%; acid-hy-
drolyzed casein, 0.5%; indole, 10 mg/liter; chloramphenicol,
20 mg/liter; ampicillin, 40 mg/liter.
DNA Manipulations. Plasmid DNA was prepared as de-

scribed (7). Restriction endonucleases were-either purchased
from commercial suppliers (Bethesda Research Laboratories;
New England BioLabs) or prepared in this laboratory by pub-
lished procedures. Pseudomonas BAL 31 double-stranded DNA
exonuclease was a gift from Horace Gray. BAL 31 reactions were
performed as described (8). DNA ligation and bacterial trans-
formation were carried out as described (7). DNA sequences
were determined by the method of Maxam and Gilbert (9, 10)
using the polyacrylamide/urea gel system of Sanger and Coul-
son (11).
The 3' ends ofthe HindIIL sites ofDNA fragments were filled

in by using 3 units of Klenow DNA polymerase I (New England
BioLabs) in 10 mM Tris HCl, pH 7.4/10 mM MgCl2/10 mM
2-mercaptoethanoV50 mM NaCl containing dATP, 1TP, dCTP,
and dGTP at 0.025 mM each. The mixture was incubated at
20'C for 60 min.

Plasmid Construction. Plasmid pWS1 was constructed by
mixing pACYC184 (12) and pBN24 (13) DNAs, digesting with
BamHI and Sal I, partially digesting with Bgl II, and ligating
the mixture of fragments. The ligated DNA was used to trans-
form E. coli W3110 A[tonB trpBA17] his to trpB+ and chlor-
amphenicol resistance (Cmr) (Fig. la). Transformants contained
a 7.8-kilobase (kb) plasmid composed of the 3.7-kb Sal I/
BamHI fragment ofpACYC184 and the 4. l-kb Bgl II/Sal I frag-
ment of pBN24 (containing E. coli trp C+ B' A+).

Plasmid pWS2 was constructed by first digesting pWS1 with
Hpa I. The free ends of the linear plasmid DNA were digested
with the double-strand exonuclease BAL 31. The linear DNA
molecules were circularized by ligation and used to transform
E. coli W3110 trpA33 to Cmr (Fig. la). Trp- colonies were de-

Abbreviations: kb, kilobase(s); Cmr, chloramphenicol resistance; bp,
base pair(s); Apr, ampicillin resistance; Tcr, tetracycline resistance;
In-*Trp, indole + serine-*tryptophan; InGP--Trp, indole glycerol
phosphate--*tryptophan; Aps, ampicillin sensitive.
* Present address: Department of Biological Sciences, University of
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FIG. 1. Construction-ofplasmids pWS1, pWS2, andpWS4. (a) Seg-
ments of pBN24 and pACYC184 were combined to generate pWS1
which was subsequently reduced to generate pWS2. (b) The HindllI/
Pvu II segment of pBN2 was removed to generate pWS4.

tected by testing for growth on minimal medium. Plasmid DNA
was isolated from many Trp- Cmr colonies. The approximate
length of the BAL-produced deletion was determined by re-

striction analysis. The trpA plasmid with the shortest deletion
was selected. This plasmid, pWS2, was identical to pWSl ex-

cept for a deletion of 272 base pairs (bp) from trpB codon 335
to trpA codon 28, as determined by DNA sequence analysis.

Plasmid pWS4 was constructed by digesting pBN2 (1) with
Pvu II and HindIII, filling in the staggered ends, and ligating
the mixture of fragments (Fig. lb). The resulting plasmid prep-

aration was used to transform E. coli W3110 trpR AtrpEA2 to
ampicillin resistance (Apr). Apr colonies contained a plasmid,
designated pWS4, that was identical to pBN2 except that the
HindIII/Pvu II segment was deleted. This deletion removed
the last 69 codons of trpA of S. typhimurium. It also removed
the tetracycline resistance (Tcr) region that would be homolo-
gous with a corresponding region of pWS2.

Selection of Intragenic Recombinants. E. coli strain W3110
trpR AtrpEA2 was transformed with pWS2 and pWS4 to Cmr
and Apr. Twenty-four single colonies containing both plasmids
were grown in separate 4-ml L-broth cultures containing am-

picillin and chloramphenicol. A 0. 1-ml sample of each culture
was plated on minimal agar supplemented with glucose, acid-
hydrolyzed casein, indole, and chloramphenicol to select for
trpB+ colonies. Colonies collected from each Petri plate were

pooled. Pools were grown separately in liquid minimal medium
supplemented with glucose, acid-hydrolyzed casein, indole,
and chloramphenicol. Plasmid DNA was prepared from these
cultures, digested with Pst I, and used to transform E. coli
W3110 A[tonBtrpAC4] to trpB+ and Cmr. Transformants were

screened for ampicillin sensitivity and for trpA+1- by replica
plating to medium containing ampicillin and medium without
indole, respectively.

Determination of Frequency of Recombination. Colonies
derived from single cells containing both plasmids were grown

overnight in L broth containing chloramphenicol and ampicil-
lin. Serial dilutions were used to inoculate tubes containing 5

ml of L broth with chloramphenicol and ampicillin. Overnight
cultures that had been inoculated with 20-100 cells were diluted
to 50 ml and grown to stationary phase. Each culture was cen-
trifuged at 2500 X g for 5 min, resuspended in 10 ml ofminimal
medium lacking glucose, and centrifuged again. The washed
pellet was resuspended in 0.5 ml of minimal medium lacking
glucose. The cell suspension was serially diluted and plated on
L-broth agar containing chloramphenicol and ampicillin, on
minimal medium supplemented with acid-hydrolyzed casein,
indole, chloramphenicol, and ampicillin, and on minimal me
dium supplemented with acid-hydrolyzed casein, chloram-
phenicol, and ampicillin.
Enzyme Assays, Antibody Inhibition Tests, and, Thermal

Inactivation Tests. Strains selected for enzyme assays were
grown overnight in 50 ml of minimal medium supplemented
with glucose, acid-hydrolyzed casein, and chloramphenicol.
Cultures were chilled and cells were collected by centrifuga-
tion. The cells were suspended in 4 ml of 0.1 M Tris*HC1 (pH
7.8) and disrupted by sonication. Cellular debris was removed
by centrifugation and the supernatant solutions were assayed
for enzyme activity.

Tryptophan synthetase a subunit activity was assayed in the
indole + L-serine-)L-tryptophan (In--Trp) and the 3-indole
glycerol phosphate + L-serine-*L-tryptophan (InGP-tTrp)
reactions as described (14). One unit of enzyme corresponds to
the synthesis of 0.1 ,umol of tryptophan in 20 min at 370C. An
extract of E. coli W3110 A[tonB trpA905] was used as a source
of tryptophan synthetase 132 subunit for the assay of the a sub-
unit. The 3-indole glycerol phosphate was generously supplied
by Kasper Kirschner.

Antibody inhibition tests were performed as described (6)
with the following modifications. Antibody inhibition of both
In--Trp activity and InGP-+Trp activity was determined. For
the InGP-t'Trp reaction,, 1.2 units of a subunit was incubated
for 15 min at 0°C with sufficient antiserum to inhibit 0.5 unit
of the a subunit activity of E. coli. For In-tTrp, 2.5 units of a
subunit was incubated for 15 min at 0°C with sufficient anti-
serum to inhibit 1.0 unit of the a subunit activity of E. coli.
Antiserum to purified E. coli a subunit was kindly provided by
Terrence Murphy and Stanley Mills.

Heat-inactivation studies with tryptophan synthetase a sub-
units were performed as described (6) with the following mod-
ifications. The E. coli and hybrid a subunits examined were in
crude extracts. The S. typhimurium a subunit used was partially
purified (15). One hundred a units and 100,32 units (InGP-+Trp)
were heated in 2 ml containing bovine serum albumin (4 mg of
protein per ml). Remaining a subunit activity was determined
in the InGP--Trp reaction by using fresh, unheated 2 subunit.

RESULTS
Isolation of Recombinants. When cells of strain W3110 trpR

AtrpEA2/pWS2 + pWS4 were plated on minimal agar con-
taining indole and chloramphenicol, trpB+ Cmr colonies ap-
peared at a frequency of 8/107 cells plated (Table 1). Because
strains with either of these plasmids do not give trpB+ progeny,
the trpB+ Cmr colonies presumably contained a trpB+ recom-
binant plasmid. A single crossover within the trpB segments
of the two plasmids would produce an intact trpB gene (Fig. 2).
The resulting plasmid would be dimeric unless a second cross-
over occurred in the only additional homologous region, trpA.
In this case, the trpB+ Cmr plasmid would be monomeric and
would be just slightly larger than pWS2. In effect, in such a
double recombinant the deleted trpB-trpA junction region of
E. coli would be replaced by the intact segment of S. typhi-
murium. In experiments of this type we could enrich for mon-
omeric pWS2 recombinant plasmids by digesting plasmid DNA

Proc. Natt. Acad - Sci - USA 78 (1981)
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Table 1. Recombination in strains with compatible plasmids
Plasmids Strain B+/total B+A+/total B+A+/B+
pWS2 + w3110 trpR
pWS4 AtrpEA2 8 x 10-7 _ -

pWS2 + W3110 trpR
pWS4 AtrpEA2 recA 2 x 10-8 -

pWS2 + W3110 A[tonB
pWS4 trpAC4] 4 x 10-6 3 X 10-7 9 x 10-2

pWS2 + W3110 A[tonB
pWS4 trpAC4I recA 3 x 10-8 3 x 10-8 1.0

pBN18 + W3110 trpR
pWS2 AtrpEA2 1.0

pBN18 + W3110 trpR
pWS2 AtrpEA2 recA 6 x 10-4

trpB+ recombinants were detected by growth on indole-supple-
mented medium; trpB+A+ recombinants grew on unsupplemented
minimal medium. Deletion tonB trpAC4 removed trpA, trpB, and part
of trpC, whereas deletion trpEA2 deleted the entire operon. Plasmid
pWS2 carried trpC+. Thus, in bacteria with A[tonB trpAC4] and pWS2,
the cells are trpE+, trpD+, and trpC+. If plasmid recombination pro-
duces trpB+ and trpA+, the bacterium can grow in minimal medium.

from pooled trpB+ Cmr colonies with the restriction endonu-
clease Pst I. pWS2 lacks a Pst I site whereas dimeric plasmids
would have the Pst I site of pWS4 and therefore would be
cleaved to linear molecules by the endonuclease treatment.
Because circular plasmids transform with greater efficiency than
does linear DNA (16), a subsequent transformation with the
pooled Pst I-digested plasmid DNA should increase the likeli-
hood of obtaining trpB+ Cmr transformants containing mono-
meric plasmids.

By using this procedure and strain W3110 A[tonB trpAC4]
as recipient, more than 99% of many trpB+ Cmr colonies ob-
tained were ampicillin sensitive (Aps). Thus, almost all of the
transformed cells probably contained plasmids that were mono-
meric or, at least, lacked the Apr region of pWS4. Approxi-
mately 1000 trpB+ Cmr Aps colonies in several experiments
were replica plated to minimal agar to determine what fraction
was trpA+. Every colony grew on minimal medium, demon-
strating that each trpB+ plasmid was trpA+ as well. It appears,
therefore, that crossovers in the trpA regions of the two plas-
mids invariably generate hybrid trpAs that specify functional
tryptophan synthetase a polypeptides.

Infrequently, trpB+ trpA Cmr Apr colonies were recovered.
Restriction patterns of plasmid DNA obtained from such colo-
nies did not resemble those of either of the parental plasmids,
suggesting that plasmids of this type do not arise by simple ge-
netic exchanges. These plasmids were not examined further.

Frequency of Recombination. When cells ofW3110 A[tonB
trpAC4]/pWS2 + pWS4 were plated on indole/chloram-
phenicoVampicillin agar, trpB+ Cmr colonies appeared at a fre-
quency of 1/2.5 x 105 cells plated (Table 1). When trpB+ trpA+
Cmr colonies were selected by plating on minimal chloram-
phenicol/ampicillin agar, colonies appeared at 1/10th the fre-
quency. These findings suggest that the plasmid single recom-

1 trpB 396r trpA 268
335 29Cmr

APr12Apr3
Apr 31

199
pWS2 (E. coli)
pWS4 (S. typhimurium)
nRN1 R (F fnli)

FIG. 2. trpBA regions in plasmids pWS2, pWS4, and pBN18. Dele-
tions are indicated by thick bars. Codon numbers marking the ends of
deletions are shown. trpB and trpA are 396 and 268 codons long, re-

spectively. Dashed vertical lines represent possible sites of genetic
recombination.

binant class (trpB+) is 10 times more frequent than the double
crossover class (trpB'trpA+). Recall, though, that in the ex-
periment described in the preceding section we observed that
every trpB+ colony was also trpA+. This apparent discrepancy
is due to the difference between the procedures used. Un-
doubtedly, most dimeric plasmids generated by a single cross-
over in trpB subsequently experience a second crossover in
trpA.
pWS2 and pWS4 were also introduced into recA strains to

determine whether the recA+ system was required for genetic
exchange between the two plasmids (Table 1). Recombinant
plasmids were still detected, although at 1/100th the fre-
quency. In addition, because the trpB+ and trpB'trpA+ fre-
quencies were identical, it appeared that every trpB+ recom-
binant was also trpA+. The recombinant strains were UV
sensitive, establishing that the recA allele was present. These
findings suggest that a recA+ independent pathway can gen-
erate plasmid recombinants.
We assessed the effect of the 15% nucleotide sequence mis-

match between the trpBs of E. coli and S. typhimurium on the
frequency of recombination in trpB by substituting plasmid
pBN18 for pWS4. pBN18 contains the trpB-trpA segment of
E. coli but lacks the initial portion of trpB (Fig. 2). Recombi-
nation between the E. coli trpB segments ofpWS2 and pBN18
should give trpB+ recombinants. When cells with these two
plasmids were plated, every colony was trpB+, indicating that
recombination is extremely frequent within the identical trpB
sequences. When a recA strain with the two plasmids was ex-
amined, 1 in 1600 cells was trpB+. Thus, a recA+ independent
pathway also promotes recombination between identical
sequences.

Determination of the Crossover Points in Recombinant
Plasmids. The Sau3AI and Taq I restriction maps of trpBA of
E. coli and S. typhimurium differ appreciably (Fig. 3). This al-
lows us to distinguish between segments of trpB and trpA from
either organism. Recombinant plasmids were treated with these
two restriction enzymes and, on the basis of the patterns ob-
served, we located the approximate crossover points in trpB and
in trpA of 14 recombinant plasmids. Crossover points in trpA
were located in all regions along the gene that are discernible
by this technique. Six hybrids were chosen as representative
of crossover points throughout trpA, and the exact sites of ge-
netic exchange were determined by DNA sequence analyses.
The sites of exchange in trpA are indicated in Figs. 3 and 4; the
latter also presents the parental nucleotide and amino acid se-

E. coli

S. typhimurium 12-
trpB

3 29
335 129

trpA

19
11 l Ir

6-34a
6-34b
8-32 -------

12-28 '--
14-26
15-25

FIG. 3. Sau3AI and Taq I restriction sites in the trpBA regions of
E. coli and S. typhimurium and the locations of crossover sites in the
hybrids. Thick bars indicate deletions in pWS2 and pWS4. Short and
long vertical lines denote Sau3AI and Taq I restriction sites, respec-
tively, in the sequences ofthe two species. The six lines at the bottom
indicate the segments of trpBA of S. typhimurium that are present in
the hybrids. The dashed extensions represent the regions within which
crossovers occurred in trpB. Crossover points in trpA ofthe hybrids are
known precisely and are indicated by the right-hand ends of the solid
lines.
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FIG. 4. Nucleotide and amino acid sequences ofS. typhimurium andE. coli trpA andregionsofrecombinationinhybrids. The complete sequences
ofS. typhimurium are given. Differences that exist inE. coli sequences are listed below. Solid lines mark areas within which crossovers occur. Dashed
lines mark the end points of deletions in pWS2 and pWS4.

quences. Each recombinant plasmid is numbered to indicate
how many of the 40 amino acid differences between the two
parental a polypeptides are from each parental source. Thus,
6-34 indicates that the NH2-terminal six amino acid differences

are from S. typhimurium and the remaining 34 differences are

those of the E. coli polypeptide.
Properties ofHybrid a Polypeptides. To determine whether

the hybrid a polypeptides differed from the parental polypep-
tides in catalytic activity, the hybrid polypeptides were assayed
in the In--Trp and InGP--Trp reactions. The former reaction
measures the ability ofthe a chain to complex with and activate
the 82 subunit; the latter reaction measures the catalytic site
of the a polypeptide as well as the activation of this site by the

Table 2. Properties of parental and hybrid a polypeptides

Activity ratio, Inhibition by antiserum,
Source of In- Trp % compared to E. coli
a subunit InGP--Trp InGP--Trp In--Trp

E. coli 2.2 100 100
Hybrid 6-34a 2.5 83 83
Hybrid 6-34b 2.2 72 87
Hybrid 8-32 2.8 60 74
Hybrid 12-28 3.0 44 70
Hybrid 14-26 2.6 56 66
Hybrid 15-25 3.1 46 70
S. typhimurium 2.0 50 76

/2 subunit. The ratio of the two activities was about 2 with the
a polypeptide of either parent (Table 2). None of the hybrid a
polypeptides exhibited greatly increased ratios. Thus, relative
catalytic activity and complexing ability appear to be near nor-

mal. To establish that the enzymatic activity in each of the re-

actions was normal per unit of a polypeptide, antiserum to the
a polypeptide ofE. coli was used in activity inhibition tests. The
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FIG. 5. Thermal stability of parental and hybrid a polypeptides.
x, E. coli a; o, hybrid 8-32; e, S. typhimurium a; a, hybrid 15.25; A,
hybrids 6-34a, 6-24b, and 12-28; o, hybrid 14-26.
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antiserum inhibited the hybrid a polypeptides about as effec-
tively as it did the parental chains or gave intermediate values.
The antiserum inhibited the S. typhimurium and hybrid poly-
peptides somewhat less well than the E. coli a polypeptide.
These comparisons suggest that the hybrid a polypeptides are
essentially indistinguishable from the parental polypeptides in
catalytic activity.

The thermostability of the hybrid a polypeptides was com-
pared with that of the parental a chains (Fig. 5). One hybrid
polypeptide was intermediate in stability; the five others were
more labile than either of the parental a polypeptides. The hy-
brid a polypeptide studied previously (6) had intermediate
thermostability.

DISCUSSION
Production of hybrid genes by genetic recombination can be
facilitated by using cells containing compatible multicopy plas-
mids carrying genes parental to the desired hybrids. The par-
ticipating plasmids can be so constructed that their nucleotide
sequence homology is limited to regions of interest, thus pre-
venting undesired exchanges. In addition, the parental genes,
by being resident in plasmids, can be easily modified by stan-
dard recombinant DNA techniques. And, as done in this in-
vestigation, procedures that allow enrichment for and screening
of hybrid genes without selecting for the function of the hybrid
gene product can be used.

Using compatible multicopy plasmids as described above, we
have produced hybrid trpBs and hybrid trpAs by genetic re-
combination between modified, inactive forms ofthe two genes
from E. coli and S. typhimurium. Genetic exchange occurs at
reasonable frequencies by both recA+-dependent and -inde-
pendent mechanisms. The 15% mismatch between the trpB
nucleotide sequences of the two organisms reduced the fre-
quency of recombination at least 5 orders of magnitude com-
pared with the frequency observed under similar conditions
between identical trpB sequences.

Six different hybrid trpAs coding for five different a poly-
peptides were examined in detail. The crossover junctions in
the hybrids were found to be located throughout the E. coli and
S. typhimurium sequences within which genetic exchange
could occur (Fig. 4). Although it would be reasonable to expect
that the 66-bp region of identity (codons 167-188) in trpB ofE.
coli and S. typhimurium (13) would serve as a recombinational
"hot spot," we note that, in the six hybrids examined here and
in eight others examined by restriction analyses, none of the
crossovers in trpB occurred within this perfectly conserved re-
gion. Sequence analysis ofthe crossover points in trpA indicates
that exchange involves single phosphodiester switching rather
than multiple switching. In addition, the pairing preceding ex-
change must be precise; otherwise, we would have observed
frameshifted, and hence inactive, trpAs. Our results further
suggest that the site of exchange need not involve extended
regions of identical neighboring parental sequences.

Although trpA hybrids were not selected on the basis of
trpA+ function, nevertheless they all produced active a sub-
units. The five hybrid a polypeptides examined in detail were
highly active catalytically and in complementation tests with the
2 subunit, despite the fact that they differed from the parental

a subunits at 6 to 34 amino acid positions. These findings sug-
gest that, with respect to these two a subunit functions, none
of the amino acid residues that are exchanged in the hybrid
proteins plays a unique and essential role in its respective poly-
peptide. Nor do the exchanged residues appear to "balance" one
another in some crucial manner in the maintenance of a func-
tional active site. If the latter were the case, we would expect
the replacement ofone member ofa balanced pair to impair the
function of the protein.

Although the catalytic site appears to have been unaffected
by the amino acid changes that occurred in the two a polypep-
tides since divergence ofthe two bacterial species, it seems that
certain changes in each protein must have been balanced in
order to retain a suitable overall conformation. This conclusion
is based on the finding that several ofthe hybrid a polypeptides
are significantly more thermolabile than either of the parental
a subunits. It appears that, once an amino acid change became
established, it placed constraints on what changes subsequently
would be acceptable in maintaining a desired protein
conformation.
The procedures we have developed probably can be used to

generate hybrid genes and proteins by recombination between
any two homologous, nonidentical genes. In addition, these
methods should make it possible to force recombination be-
tween nonhomologous genes. This would allow the production
ofnovel hybrid proteins that do not exist in nature but that have
particularly desired characteristics.
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