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The genes encoding the thermostable a-amylases of Bacillus stearothermophilus and B. licheniformis were
cloned in Escherichia coli, and their DNA sequences were determined. The coding and deduced polypeptide
sequerices are 59 and 62% homologous to each other, respectively. The B. stearothermophilus protein differs
most significantly from that of B. licheniformis in that it possesses a 32-residue COOH-terminal tail.
Transformation of E. coli with vectors containing either gene resulted in the synthesis and secretion of active
enzymes similar to those produced by the parental organisms. A plasmid was constructed in which the
promoter and the NH,-terminal two-thirds of the B. stearothermophilus coding sequence was fused out of frame
to the entire mature coding sequence of the B. licheniformis gene. Approximately 1 in 5,000 colonies
transformed with this plasmid was found to secrete an active amylase. Hybridization analysis of plasmids
isolated from these amylase-positive colonies indicated that the parental coding sequences had recombined by
homologous recombination. DNA sequence analysis of selected hybrid genes revealed symmetrical, nonrandom
distribution of loci at which the crossovers had resolved. Several purified hybrid a-amylases were characterized

and found to differ with respect to thermostability and specific activity.

The a-amylases secreted by a variety of Bacillus species
have been intensively studied. Interest has been focused on
their mode of secretion, regulation of synthesis, protein
structure, and industrial applicationis. In recent years, the
amylase genes of B. coagulans (4), B. subtilis (26), B.
amyloliquefaciens (22), B. licheniformis (21), and B.
stearothermophilus (15, 16) have been cloned and expressed
in either B. subtilis or Escherichia coli.

The mesophile B. licheniformis and the thermophile B.
stearothermophilus produce amylases which are active at
temperatures in excess of 75°C (7). It is therefore of interest
to determine their primary structures and compare them
with each other and with those known for other amylases to
ascertain which sequences are associated with the unusual
thermophilicity of these enzymes. In this study we showed
that the B. stearothermophilus and B. licheniformis enzymes
differ markedly in their specific activities and thermostabil-
ities. Primary structure analysis might also offer clues to
these differences. ;

It has been known for some time that the mesophilic
amylase of B. amyloliquefaciens has considerable amino
acid homology with the B. licheniformis amylase but no
homology to the B. subtilis enzyme (21). Recently, compar-
ison of the B. stearothermophilus and B. amyloliquefaciens
primary structures has revealed that these proteins are also
evolutionarily related (16). In addition, strong similarities
between the restriction endonuclease cleavage maps of the
amylase genes of B. coagulans and B. licheniformis indicate
that these genes may also show homology (21).

Since DNA sequence divergence has led to differing
chemical properties of the encoded proteins, it is expected
that further diversity in this enzyme family might be found in
additional natural Bacillus isolates. Alternatively, methods
to generate amylase DNA sequence divergence in the labo-
ratory might also lead to enzymes with new properties.
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We cloned and determined the DNA sequences of the
amylase genes of B. stearothermophilus and B. lichen-
iformis. To obtain further diversity in this gene family, a
rapid method for generating single crossovers between these
genes in vivo has been devised. Selected hybrid genes
created by this method were analyzed in detail, and their
encoded proteins were characterized. A preliminary account
of some of the data presented in this paper was previously
prepared (M. W. Rey, C. Requadt, S. E. Mainzer, M. H.
Lamsa, E. Ferrari, P. J. Lad, and G. L. Gray, in A. T.
Ganesan and J. A. Hoch, ed., Genetics and Biotechnology of
Bacilli—1985, in press).

MATERIALS AND METHODS

Bacterial strains and plasmids. B. stearothermophilus NZ-3
was isolated by us from the Rotorua thermal area of New
Zealand. This strain has tentatively been assigned this species
name because it is an obligately aerobic, gram-positive,
spore-forming rod which grows optimally at 70 to 75°C. The
sequence of its amylase gene is essentially identical to that
from another B. stearothermophilus strain (16). B.
licheniformis NCIB 8061 (14) was obtained from the National
Collection of Industrial Bacteria, Aberdeen; Scotland. B.
subtilis 1A289 (arol906 metB5 sacA321 amyE) was obtained
from the Bacillus Genetic Stock Center; Ohio State
University, Columbus. E. coli 294 (endAl thi-1 hsdR17) (1)
was obtained from Genentech, Inc. (South San Francisco,
Calif.). Transformation of competent bacteria with plasmids
was carried out by standard methods for E. coli (12) and B.
subtilis (26). Transformarits were selected on LB agar plates
supplemented with 20 pg of ampicillin or 10 pg of
chloramphenicol per ml. In experiments in which it was
desired to detect amylase production, the agar was
supplemented with 0.5% potato starch. Brief exposure to
iodine vapor was used to reveal zones of starch hydrolysis (4).
Cells were cultured in antibiotic-supplemented LB medium
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for the preparation of plasmid DNA. Plasmid DNA was
prepared by a cleared-lysate method (13).

Isolation of amylase clones. High-molecular-weight
genomic DNA was prepared from B. licheniformis or B.
stearothermophilus cells cultured in Saito medium (18). The
DNA was purified from lysozyme lysates as previously
described (15), except that the lysate was digested with
proteinase K (10 pg/ml) prior to centrifugation in cesium
chloride gradients. The DNA was partially digested with
Sau3A, and DNA fragments larger than 6 kilobases (kb)
were separated on 10 to 40% sucrose gradients. The
bacteriophage vector A1059 (8) was digested with BamHI
and treated with calf intestinal alkaline phosphatase to
minimize self-ligation. We ligated and packaged vector and
bacterial DNA fragments in vitro by using a commercial
(Promega Biotec, Madison, Wis.) packaging extract and then
used them to infect E. coli Q358 and Q359 (8). The number
of recombinant plaques was approximately 2.5 X 10*/pg of
DNA in typical reactions. Approximately 5.0 X 103 plaques
were screened on LB-starch agar plates for amylase activity.
Five positive plaques were found in the A1059-B.
licheniformis library, and three positive plaques were found
in the A1059-B. stearothermophilus library.

Plasmid constructions. DN A was prepared from one of the
\1059-B. licheniformis amylase bacteriophage by standard
methods (13). The DNA was digested with BamHI and
EcoRI and subcloned into similarly digested pBR322. Re-
striction endonuclease analysis of plasmids isolated from
amylase-producing colonies showed that the entire amylase
gene (amyL) was contained on a 9.4-kb BamHI fragment or
a 3.2-kb EcoRI fragment. One EcoRI subclone, desighated
pBR322BL, was saved for further analysis.

DNA prepared from one of the A1059-B. stearothermo-
philus amylase bacteriophage was digested with a variety of
restriction enzymes, separated on a 1.0% agarose gel, trans-
ferred to a nitrocellulose filter, and subjected to DNA-DNA
hybridization. The probe used was a PstI-Sall fragment
containing most of the B. licheniformis amylase coding
sequence (see Fig. 2C). This fragment was radioactively
labeled with [a-*2P]ATP by the nick translation method (13).
Hybridization and washing were performed under standard
high-stringency conditions (6). A 1.8-kb BamHI fragment
and a 1.8-kb Sall fragment were among the positively
hybridizing bands. These fragments were separately
subcloned into BamHI- and Sall-cleaved pBR322, yielding
pBR322BS-B and pBR322BS-S, respectively. Shown in Fig.
1 are the steps in which these plasmids were used to derive
pUCI13BS, which contains the entire B. stearothermophilus
amylase gene (amyS).

We joined the E. coli-B. subtilis shuttle vector (Cm")
pBS42 (25) cleaved with EcoRI to the amyL-containing
EcoRI fragment of pBR322BL to produce the amyL expres-
sion vector pBS42BL. We joined pBS42 cleaved with
BamHI and Xbal to the amyS containing BamHI-Xbal
fragment of pUC13BS to produce the amyS expression
vector pBS42BS. (The Xbal site at the 3’ end of the amyS
gene is derived from the pUC13 polylinker sequence [23].)

DNA sequencing. Restriction endonuclease maps of the
amy gene containing inserts of plasmids pBR322BS-S,
pBR322BS-B, and pBR322BL were generated, and various
subfragments were subcloned into the M13 cloning vectors
mpl8 and mp19 (17). Preliminary sequencing by the dideoxy
chain termination method was performed (19). It was found
that, for both the amyS and amyL genes, sequences near the
Kpnl site were highly homologous to those of the amy gene
of B. amyloliquefaciens (amyA) (22). The assumption that all
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three of these amy genes were closely similar allowed
prediction of which regions of the B. licheniformis and B.
stearothermophilus subclones were likely to comprise the
amy genes. These regions were sequenced completely. We
sequenced the crossover regions in the recombined amy
genes of plasmids pal.hybl through pal.hybl8 by collapsing
the supercoils with sodium hydroxide followed by enzymatic
sequencing (3) using as primers the synthetic oligonucleo-
tides described below.

Generation of hybrid amylase plasmids. A single pal
transformant colony of E. coli 294 was grown in ampicillin-
supplemented LB broth. This passage of plasmid pal in E.
coli 294 resulted in a low level of recombination between the
regions of homology between the amyS and amyL genes. To
reduce the proportion of unrecombined plasmid in the plas-
mid preparation, we digested the DNA with PstI prior to
retransformation. Transformants containing recombinant
amy genes were detected by their ability to generate zones of
starch hydrolysis on LB-starch agar plates.

Mapping of crossovers in plasmids pal.hybl through
pal.hyb18. Nine sequences of 16 to 22 bases of the amyS
gene separated by intervals of about 150 to 200 base pairs
(bp) were selected. Corresponding oligonucleotides were
synthesized by the triester method (5) and then end labeled
with [y-*?P]JATP and T4 polynucleotide kinase for use as
hybridization probes to detect amyS sequences in hybrid
amy genes. Colonies postulated to contain plasmids with

Hindit HI HindW Sal |
Sall
Af Ly . —BomH|
pelmzssj J
£ BamHi “
© \sar1
Hind I BamH\, Sal| Hind W, Sall
BamH| partial isclate ~1600bp fragment Isolate vector
Isolate ~2300 ment fragment
l T4 DNA ligase

Pst|, Sst|
Isolate vector fragment

Pst1, Ssti
Isolate ~1750 bp fragment
‘1'4 ONA ligase
TGA (stop)

FIG. 1. Construction of pUC13BS and pal. The coding regions
for mature amylase polypeptides are indicated by the shaded boxes;
cross-hatched boxes indicate signal peptide codons; 5’ and 3’
noncoding sequences are shown as open boxes. Single-headed
arrows show the direction of transcription. The fragments isolated
are shown by double-headed arrows. The TGA stop codon occur-
ring early in the out-of-frame amyL coding region of pal is shown.
This figure has been published elsewhere (Rey et al., in press;
published here by permission from Academic Press, Inc.).
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hybrid amy genes were inoculated onto each of nine nitro-
cellulose filter strips. We placed these strips on an LB agar
plate to allow colony growth. The filters were then prepared
for colony hybridization by standard methods (6). In sepa-
rate vessels, the nine strips were incubated with each of the
probes under conditions for low-stringency hybridization
(6). The filters were washed in 0.3 M NaCl-0.03 M sodium
citrate (pH 7.0)-0.1% sodium dodecyl sulfate at 37°C and
then autoradiographed.

Cellular localization of amylase in E. coli. Transformants
were grown in LB medium supplemented with 20 pug of
ampicillin per ml. We added isopropyl B-p-thiogalactoside (1
mM) to induce the cytoplasmic marker enzyme B-
galactosidase. Cells were pelleted by centrifugation, and the
culture supernatants were saved. The cells were then frac-
tionated by the osmotic shock method (9). In this procedure,
cells are first washed in a buffer which sensitizes them to
osmotic shock. We have found that this wash often results in
release of a significant portion of the periplasmic enzyme
B-lactamase but very little of the cytoplasmic enzyme B-
galactosidase. Thus, we consider the sum of activities of the
wash buffer and the actual osmotic shock fluid to represent
the periplasmic component. The shocked cells contain cyto-
plasmic and membrane-bound enzymes and are assayed
after the cells are disrupted by sonication.

Characterization of parental and hybrid amylases. For
production of amylase in the native (Bacillus) hosts, cells
were grown in starch-supplemented Saito medium. The
enzymes from cloned DNA were obtained from the periplas-
mic fractions of E. coli transformants as described above. To
purify the enzymes, we adjusted the periplasmic fractions to
50 mM morpholinepropanesulfonic acid (MOPS; pH 7.0)-5
mM CaCl, (MC buffer) and poured them at 4°C over a
column containing insoluble starch, which resulted in
amylase binding to the starch. The enzymes were eluted
from the column in MC buffer by raising the temperature to
50°C. Starch was removed from the enzymes by gel perme-
ation chromatography on a P-2 column (Bio-Rad Laborato-
ries, Richmond, Calif.) followed by DEAE chromatography.
The proteins were judged pure by their homogeneity on
Coomassie blue-stained sodium dodecyl sulfate-polyacryl-
amide gels (11).

Purified amylase concentrations were determined by the
dye binding method of Bradford (2). To measure amylase
specific activities, we assayed equal concentrations of puri-
fied enzymes over 60-min periods by the Phaedebas amylase
assay (Pharmacia, Inc., Piscataway, N.J.). Specific activities
are expressed as units per microgram of enzyme. One unit is
the amount of enzyme that catalyzes the hydrolysis of 1
wpmol of glucosidic linkages per min. To measure amylase
thermostabilities, we incubated equal concentrations of pu-
rified enzyme at 90°C for 0 to 120 min in MC buffer and then
assayed them using starch as a substrate. The reducing
equivalents generated in 10 min were measured.

RESULTS

Nucleotide sequence of amy genes. The DNA sequence of
the cloned amysS gene is shown in Fig. 2B. The first 16 amino
acids of the deduced mature coding sequence correspond
completely to the NH,-terminal sequence as determined by
amino acid sequence analysis of the purified secreted protein
(K. Hayenga, personal communication). The GTG, which is
inferred to be the initiation codon and corresponds to
methionine, is located 102 bp upstream of the mature coding
sequence and begins the code for a larger precursor contain-
ing a highly hydrophobic sequence of 34 amino acids (posi-
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tions —34 through —1), presumed to be the amylase signal
peptide. The mature form of the amylase contains 515
residues.

The nucleotide sequence of the cloned amyL gene is
shown in Fig. 2D. The deduced NH, terminus of the mature
enzyme (beginning with position +1) is in agreement with
that determined by direct amino acid sequencing (10). Lo-
cated 87 bp upstream of the mature coding sequence is an
ATG, presumed to be the initiation codon, which begins the
code for a larger precursor containing a highly hydrophobic
sequence of 29 residues presumed to be the signal peptide.
The mature form of the amylase contains 483 residues.

The amyS and amyL nucleotide sequences were compared
(Fig. 3). Overall homology was 59%, clearly indicating
evolution from a common ancestral gene. The inferred
primary amino acid sequences are very similar (62% homol-
ogy), with two exceptions (Fig. 4). First, there is no obvious
homology in the signal peptides per se, although their coding
sequences are 42% homologous. This emphasizes the ex-
treme amino acid sequence divergence which can occur
without impairing the function of a signal peptide. Second,
the COOH terminus of the amyS gene product extends 32
amino acid residues beyond that of the amyL protein. The
product of the B. amyloliquefaciens amy gene (amyA) ends
in a sequence nearly identical to that of amyL. It thus
appears likely that the amyS-encoded COOH-terminal tail
may be a distinctive feature of the amyS protein. The DNA
sequence homologies of the various functional regions of the
amy genes vary greatly. The coding sequences exclusive of
the amyS region encoding the COOH-terminal tail are 63%
homologous, the adjacent 3’ sequences are 43% homolo-
gous, and the 5’ flanking sequences are 32% homologous.
The relatively low degree of homology in the untranslated
sequences is perhaps reflective of the great latitude of
allowable sequences for promoters and transcription termi-
nators. _

As noted above, the amyL and amyA proteins are similar
in sequence at their COOH termini. High homology (79%:;
data not shown) between the entire amyL and amyA mature
polypeptides indicates that the amyL protein is structurally
much closer to that of amyA than to that of amyS (62%
homology).

Expression of amy genes in E. coli and B. subtilis. E. coli
transformed with plasmid pUC13BS, which contains the B.
stearothermophilus amylase gene (amyS), or plasmid
pBR322BL, which contains the B. licheniformis amylase
gene (amyL), produced amylase as indicated by the produc-
tion of halos of starch hydrolysis on starch-containing agar
plates (data not shown). The presence of halos indicated that
at least a fraction of the amylases were produced as extra-
cellular products, either by active secretion or as a result of
partial cell lysis. To further localize the amylase activities,
we separated cells from late-logarithmic-phase liquid cul-
tures from the culture supernatants and then further divided
them into periplasmic and cytoplasm-membrane cell frac-
tions (9). In both 294(pUC13BS) and 294(pBR322BL) cells,
most of the amylase activities were found in the periplasmic
fractions (Table 1). Smaller amounts were present in the
cytoplasm-membrane and culture supernatant fractions. The
presence of most of the periplasmic enzyme B-lactamase in
the periplasmic fraction indicated that periplasmic protein
contents were released by the procedure. Significant cell
lysis during culture or as a result of the cell fractionation
procedure was ruled out by the near absence of the cyto-
plasmic enzyme B-galactosidase in the culture supernatant
fractions. Amylase-negative B. subtilis 1A289 transformed
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ATT CCT TCA CTG ARA AGC AAA ATC GAT CCG CTC CTC ATC GC6 CGC AGG GAT TAT GCT TAT GCG6 AGA ARA CAG TAT GCG TAC GGA GCA CAG CAT GAT TAT TTC GAC CAC CAT GAC ATT GTC
400 410 410 420
gly thr gln his asp tyr leu asp his ser asp 1le ile gly trp thr arg glu gly val gly trp thr arg glu gly asp ser ser val ala asn ser gly leu ala ala leu ile thr
GGA ACG CAA CAT GAT TAT CTT GAT CAC TCC GAC ATC ATC GGG TGG ACA AGG GAA GGC GTT 560 TGG ACA AGG GAA GGL GAC AGC TCG GTT GCA AAT TCA GGT TTG GCG GCA TTA ATA ACA
420 430 430 440
thr glu lys pro gly ser gly leu ala ala leu ile thr asp gly pro gly gly ser lys asp gly pro gly gly ala lys arg met tyr val gly arg gln asn ala gly glu thr trp
ACC GAA AAA CCA GGA TCC GGA CTG GCC GCA CTG ATC ACC GAT GGG CCG GGA GGA AGC AMA GAC GGA CCC GGT GGG GCA ARG CGA ATG TAT GTC GGC CGG CAA AAC GCC GGT GAG ACA T66
w 0 Y ‘6? 1 lu gly trp gly ql
trp met tyr val gly lys gin his ala gly lys val phe tyr asp leu thr gly asn arg h1s asp tle thr gly asn arg ser glu pro val val 1le asn ser glu gly trp gly alu
166 ATG TAC 61T &t i an cac e 2k ARA GTG TTC TAT GAC CTT ACC G6C AAC CGG CAT GAC AT1 ACC GGA PAC CGT TCG GAG CCG GTT GTC ATC AAT TCG GAA GGC TGG GGA GAG
460 470 470 Wy ol , \ :80 ol 483 ~
ser asp thr val thr ile asn ser asp gly trp gly glu phe lys val asn gly gly ser phe nis val asn gly gly ser val ser 1le tyr val gin arg —
AGT GAC ACC GTC ACC ATC AAC AGT GAT GGA TGG GGG GAR TTC AAA GTC AAT GGC GGT TCG 11T CAC GTA AAC GGC GGG TCG GTT TCA ATT TAT GTT CAA AGA TAG AAGAGCAGAGAGGACGGA
480 490 IHCCTWGGAMT((GT"""AIl”GCCCGYCllAIAMHTCTYYGATYACA”"AIM"MTHTMCA
val ser val trp val pro arg lys thr thr val ser thr ile ala trp pro ile thr thr
GTT TCG GTT T6G GTT CCT AGA ARA ACG ACC GTC TCT ACT ATC GCT TGG CCG ATC ACA ACC MGIG?C!‘C‘GC(C]LAWA&UC"GClGACAGTTIWYCGCAIAGGTAAGG(WYUM‘GGCMCGTYA
500 510 515 ICYGAYGYNSCMAM(MAYGTGYCWTGACGG'ATCGCMGTGAYCMYCAYCCTG‘MCYGIGACGGAY
arg pro trp thr gly glu phe val arg trp thr glu pro arg leu val ala trp pro OP
CGA CCG TGG ACT GGT GAA TTC GTC CGT TGG ACC GAA CCA (66 TTG GT6 GCA TGG CCT TGA GAATTGAAARAGC T

D S
TGCCTGCGATCGCGTTGTAAAGACATTCCGCTCTATCATTGAGGCAAAAMACATGGCCTTGTCCGCCATGAATGGCGG
e
CACAAGGCCGTGTTTGATGTTACCATCCATTTGCTTGCTTCAACTTTTCCTTCGACGGCGTTTCGTAGCGGATGTGCG
TGTCGATGTCGGTCACGTAATACCCGLCGCCGACCGLGTATTGCCCGCGAAGCGLGLOTCATACC
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consensus
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consensus
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consensus
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consensus

b.stear.
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consensus
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consensus
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consensus
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consensus
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consensus
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consensus
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consensus

b.stear.
b.lich.
consensus

b.stear.
b.lich.
consensus

b.stear.
b.lich.
consensus

b.stear.
b.lich.
consensus

b.stear.
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consensus

b.stear.
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consensus

b.stear.
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consensus

b.stear.
b.lich.
consensus

b.stear.
b.lich.
consensus

50
74

100
124

148
124

196
164

246
208

295
246

345
295

392
341

440
390

489
439

539
489

587
537

637
587

687
637

737
687

787
737

837
786

886
830

935
879

984

STRUCTURAL GENES ENCODING THERMOPHILIC a-AMYLASES

TTCTATTTTCGATTCGTGTCAAACTCAAAATTGTTTAAATTCG-ATATTG
AGCTTGAAGAAGTGAAGAAGCAGAGAGGC
A CT AA 6T A A C AA

AAAACGATTACAAATAAAAATTATAATGGGACGTAAACGTTCGAGGGTTT
T-ATTGAATAAATG----AGT-AGAAAGCGCCATATCGGCGCTTTTICTTT
A GA TA A ATAANGGCTA 6 C T

TGGCTTCCTTTTTAGCTCTTTTTATGCAATCG--ATTTCCTTAATTTTTT
TGGAAGAAAATATAGGGAAAATGGTACTTGTTAAAAATTCGGAATATTTA
T C AAT TTT

T66 M T TAG T TC A
AA AAA GAATGCAACATTTG-ATTAAGGGGGAA-GGGCATT

T--A--CAA--CATCATATGTTTCACATTGAA-A--GGGGA-GGAGAATC
A CAA C TC ATG CA T A A GGGGA G G AT

TAACGTTTCACCGCATCATTCGAAAAGGGTGGGTGTTCCTGCTCGC
A----ACAACAAAAACGGCTTTACGCCCGATTGCTGACGCTGTT
[ AG 6 T6T 6CT

GTTTTGGCTCAC-TGCCTCGCTGTTCTGCCCGACAGGACAGCCCGCCAAG
ATTTGCGCTCATCTT-CTTGCTGCC-T-CATT-CTG-~CAG.
TTIT GCTCA T CT GCT6 T C C G CAG.

(3/4)

hyb 1-3
GCTGCCGCACCGTTTAACGGCACCATGATGCAGTATTTTGAYATGGTACT
GGCAAATCTTAATGGGACGCTGAT AT AA ACAT
&G TTAA GG AC (TGATGCAGTATTTTGAATGGTAQ T

| XL ] hyb 4 (1/4)
GCHGGATGATGGCACGTTA]-TGGACCAAAGTGGCC--AATGAAGCCAACA

GCCCAATGACGGCCAAC-ATTGGAAGCGTTTG--CAAAACGACTCGG-CA
GCC ATGA GGC A TGGA T6 € AAGA C CA

AC-TTATCCAGC-CTTGGCATCACCGCTCTTTGGCTGCCGCCCGCTTATA
TATTTGG-CTGAACACGGTATTACTGCCGTCTGGATTCCCCCGGCATATA
TT  C6G C G6 AT AC GC T TGG T CC CC GC TATA

AAGGAACAAGCCGCAGCG-ACGTAGGGTACGGAGTATACGACTTGTATGA
AGGGAACGAGCCAA-GCGGATGTGGGCTACGGTGCTTACGACCTTTATGA
A GGAAC!i!CC GCG A GT GG TACGG 6 TACGAC T TATGA
CTCGGCGAATTCAATCAAAAAGGGACCGTCCGCACAAAATACGGAACAA
TTTAGGGGAGTTTCATCAAAAAGGGACGGTTCGGACAAAGTACGGCACAA

T GG GA 1T GT CG ACAAA TACGG ACAA

hyb5-8 (4/4)
AAGCTCAATATCTTCAAGCCATTCA--AGCCGCCCACGCCGCTGGAATEE
AAGGAGAGCTGCAATCTGCGAT-CAAAAGTCTTCATTCCCGCGACATTA-
AAG A GCATCA AGC C CCGC AT

AAGTGTACGCCGATGTCGTGTTCGACCATAAAGGCGGCGCCGACGGCACG
ACGTTTACGGGGATGTGGTCATCAACCACAAAGGCGGCGCTGATGCGACC

A GT TA GATGT GT TC ACCA AAAGGCGGCGC GA G AC
(1]
[GAATGGGTGGACGCCATCGAAGTCAATCCGTCCGACCGCAACCAAGAAAT
GAAGATGTAACCGCGGTTGAAGTCGATCCCGCTGACCGCAACCGCGTAAT
GAA 6T CGC GT GAAGTC ATCC C GACCGCAACC G AAT

CTCGGGCACCTATCAAATCCAAGCATGGACGAAATTTGATTTTAACGCGC
TTCAGGAGAACACCTAATTAAAGCCTGGACACATTTTCATTTTCCGGGGC
TC GG A C AAT AAGC TGGAC A TTT ATTTT GGGC

GGGGCAACACCTACTCCAGCTTTAAGTGGCGCTGGTACCATTTTGACGGC
GCGGCAGCACATACAGCGATTTTAAATGGCATTGGTACCAT A
6 6 CAC TAC C TTTAA TGGC [TGGTACCAT A]IE%%TTT A

B

hyb9(1/1)
TTGACT CGAAAGCCG“AAATTAAGCCGCATTT‘CA‘ATTCCGCGG
ACCGATTGGGACGAGTCCCGAAAGCTGAACCGCATCTATAAGTTTCAAG-
GA TGGGACGA  CCGAAA T A CCGCAT TA AATT C 6

CATCGGCAAA-GCGTGGGATTGGGAAGTAGACACGGAAAACGGAAACTAT
------ GAAAGGCTTGGGATTGGGAAGTTTCCAATGAAAACGGCAACTAT
AAA GC TGGGATTGGGAAGT CA  GAAAACGG EA;F%}

h 2)

y
GACTACTTAATGTATGCCGACCTTGATA-TGGATCATCCCGAAGQT GA
ATTATTTGATGTATGCCGACATCGATTAT-GACCATCCTGAT CAG

A TA_LIT ATGTATGCCGAC T GAT T GA CATCC GA
R‘EA“I hyb 11 (1/2)
GCTGAAARACTGGGGGAAATGGTATGTCAACACAACGAACATT-GA

CAGAAATTAAGAGATGGGGCACTTGGTATGCCAATGAACTGCAATT-GGA
CGA T AA A TGGGG A TGGTATG CAA A G A T GA

TGGGTTCCGGCTTGATGCTGTCAAGCATATTAAGTTCAGTTTTTTTCCTG

CGGTTTCCGTCTTGATGCTGTCAAACACATTAARTTTTCTTTTTTGCGGE

GG TTCCG CTTGATGCTGTCAA CA TTOTTITIT C 6
hyb12=T3 (2/2)

=

—~rw'

49

99
73

147
123

195
163

245
207

294
245

344
294

391
340

439
389

488
438

538
488

586
536

636
586

686
636

736
686

786
736

836
785

885
829

934
878

983
927

1033

1034
978

1084
1028

1134
1080

1183
1127

1233
1177

1283
1227

1333
1277

1383
1327

1426
1376

1472
1425

1522
1475

1572
1525

1620
1573

1670
1623

1720
1673

1770
1721

1817
1761

1868
1809

1913
1856

1962
1896

2007
1941

2057

ATTGGTTGTCGTATGTGCGTTCTCAGACTGGCAAGCCGCTATTTACCGTC
ATTGGGTTAATCATGTCﬂGGGAAAAAACGGGGAAGGAAATGTTTACGGTA
ATTGG T ATGT 6 A AC GG AAG AC GT

GGGGAATATTGGAGCTATGACATCAACAA CACAATTACATTA
GCTGAATATTGGCAGAATGACTTGGGC AAAR
G GAATATTGG ATGAC T C GTGAAATA TA RA

AACAAACGGAACGA-TGTCTTTGTTTGATGCCCCGTTACACAACAAATTT
AACAAATTTTAATCAT-TCAGTGTTTGACGTGCCGCTTCATTATCAGTTC
A T TC TGTTTGA G CCG TCA A ATT

hyb 14 (171)
TATACTGCTTCCAAATCGGGGGGCGCATTTGATATGAGCACGTTAATGAA
CATGCTGCATCGACACAGGGAGGCGGCTATGATATGAGGAAATTGCTGAA
AT CTGC TC A A GGG T TGATATGAG A TT TGAA

CAATACTCTCA CGACATTGGOCGTCACCTTCGTTGATA
CGGTACGGTCGTTTCCAAGCATCC TTGAAATCGGTTACATTTGTCGATA
C TaC TCT c6 C GT AC TT GT GATA

ATCATGACACCGAACCCGGCCAAGCGCTGCAGTCATGGGTCGACCCATGG
ACCATGATACACAGCCGGGGCAATCGCTTGAGTCGACTGTCCAAACATGG
A CATGA AC A CC GG CAA AGTC GTC A CATGG

%yblf}-la 4/4)

TTCAAACCGTTGGCTTACGCCTTTATTCTAACTCGGCAGGAAGGATACEC
TTTAAGCCGCTTGCTTACGCTTTTATTCTCACAAGGGAATCTGGATACCC
7 AAE T GCTTACGC TTTATTCT AC GG A GGATACCC

TTTATQGTGACTAT-TATGGCATTCC---ACAAT-ATAAC--
TCAGGTTTTCTACGGGGAT-, ATGTACGGGACGAAAGGAGACTCCCAGCGC
GT TT TA GG GA AT TA GG A A A-T

—-~ATTCCTTCAC-TGAAAAGCAAAATCGATCCGCTCCTCATCGCGCGCA
GAAATTCCTGCC-TTGAAACACAAAATTGAACCGATCTTAAAAGCGAGAA
ATTCCT € TGAAA  CAAAAT GA CCG TC T A G6CG G A

GGGATTATGCTTATGGAACGCAACATGATTATCTTGATCACTCCGACATC
AACAGTATGCGTACGGAGCACAGCATGATTATTTCGACCACCATGACATT
A TATGC TA GGA C CA CATGATTAT T GA CAC GACAT

ATCGGGTGGACAAGGGAAGGCGTTACCGAAAAACCAGGATCCGGACTGGC
GTCGGCTGGACAAGGGAAGGCGACAGCTCGGTTGCAAATTCAGGTTTGGC
TCGG TGGACAAGGGAAGGCG A C TC 66 TGGC

CGCACTGATCACCGATGGGCCGGGAGGAAGCAAAT-GGA-TGTACGTTGG
GGCATTAATAACAGACGGACCCGGTGGGG-CAAAGC-GAATGTATGTCGG
GCA T AT AC GA GG CC GG GG CAAA  GA TGTA GT GG

CAAACAACACGCCGGAAAAGTGTTCTATGACCTTACCGGCAACCGGAGTG
CCGGCAAAACGCCGGTGAGACATGGCATGACATTACCGGAAACCGTTCGG
c CAA ACGCCGG A T ATGAC TTACCGG AACCG -6

ACACCGTCACCATCAACAGTGATGGATGGGGGGAATTCAAAGTCAATGGC
AGCCGGTTGTCATCAATTCGGAAGGCTGGGGAGAGTTTCACGTAAACGGC
A CGT CATCAA GA GG TGGGG GA TT A GT AA GGC

GGTTCGGTTTCGGTTTGGGTTCCTAGAAAAACGACCGTCTCTACTATCGC
GGGTCGGTTTCAATTTATGTTCAAAGA AG--AGCAGAGAGGACGGA
GG TCGGTTTC TTT GTTC AGA [ A A

TTGGCCGATCACAACCCGACCGTGGACTGG--TGAA-TTCGTCCGTTGGA
TTTCCTGAAGGAAATCC-—mmmmmmm GTTTTTTT-ATTTTGCCCGTCTTA
TT C GA AA CC T ATT G CCGT A

CCGAACCACGGTTGGTGGCATGGCC-~TTGATGCCTGCGATCGCGTTGTA
TAAATTTCTT-T-GATTACATTTTATAATTAATTTTAACAAAGTGTCATC
A CAT TA T A GGT T

AAGACATTCC-GCTCTATCATTGAGGCAAAAAACATGGCCTTGTCC-GCC
A-GCCCT-CAGGAAGGA-CTTGCTGACAGTTTGAATCGCATAGGTAAGGC
AGCTC 6 ACT 6CA AT GC T 6 6C

ATGAATGGCGGC-ACAAGGCCGTGTTTGATGTTACCATCCATTTGCTTGC
GGGGAT----G-AA-ATGGCAACGTTATCTGATG-TAGCA--AAGAAAG-
G -AT 6 A A GGC GTT T6T AC 6 6

TTCAACTTTTCCTTCG---ACGGC-GTTTCGTAGCGGATGTGCGTGTC-6
--CAAATGTG--~TCGAAAATGACGGTATCGCGGGTGATCAATCATCCTG
CAA T T TC6 A G CGT TCG G GAT

ATGTCGGTCACGTAATACCCGCCGCCGACCGCGTATTGCCCGCGAAGCGE
A-GACTGTGACGGATGAATTGAAAAAGCT
AGCGT ACGA A & [

GCGTCATACC

639

1083
1027

1133
1079

1182
1126

1232
1176

1282
1226

1332
1276

1382
1326

1425
1375

1471
1424

1521
1474

1571
1524

1619
1572

1669
1622

1719
1672

1769
1720

1816
1760

1867
1808

1912
1855

1961
1895

2006
1940

2056
1968

2066

FIG. 3. Comparison of amyS and amyL DNA sequences. The upper lines represent the amyS gene, the amyL gene is shown in the middle
lines, and the sequences common to both genes appear in the lower lines. The amysS initiation codon (positions 196 to 198), amyL initiation
codon (positions 164 to 166), amyS termination codon (positions 1700 to 1702), and amyL termination codon (positions 1843 to 1845) are
boxed. The sequences of oligonucleotide probes I to IX are also shown in boxes on the upper lines. The crossover positions for plasmids
pal.hybl through pal.hybl8 and their frequencies within the probe region in which they occur are shown boxed on the lower (homology)
lines. The box corresponding to pal.hybl through pal.hyb3 is stippled to indicate that each of these three crossover sequences is slightly

different.

FIG. 2 (facing page). (a) Restriction endonuclease map of the B. stearothermophilus amylase gene (amyS). (b) Nucleotide sequence of the
amyS$ gene. (c) Restriction endonuclease map of the B. licheniformis gene (amyL). (d) Nucleotide sequence of the amyL gene. The shaded
regions of a and c represent the coding regions for the mature polypeptides. The leader peptides are indicated by cross-hatched regions, and
the open regions show the 5’ and 3’ noncoding sequences. In b and d, the signal peptides are represented by residues with negative numbers,
and the mature polypeptides are represented by residues with positive numbers. The boxed sequences are the postulated Shine-Delgarno
regions, the underlined sequences represent possible —10 and —35 sequences, and potential transcription terminator sequences are overlined.
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b.stear. -34 RKGH AEWLIA PIGOPAKAAAPFNGTMMQYFEWY 15
b.lich. -29 LYARLLTLLFALIFLLPHSAAAAANL--NGTLMQYFEWY 14
consensus K P A NGT
hybi-3 hyb 4
b.stear. 16 LPDDGTLWTKVANEANNLSSLGITALWLPPAYKGTSRSDVGYGVYDLYDL 65
b.lich, 15 MPNDGQHWKRLQNDSAYLAEHGITAVWIPPAYKGTSQADVGYGAYDLYDL 64
consensus GITA W PPAYKGTS [DVGYG) YDLYDL
hyb5-8

b.stear. 66 GEFNQKGTVRTKYGTKAQYLQAIQAAHAAGMQVYADVVFDHKGGADGTEW 115
b.lich. 65 GEFHQKGTVRTKYGTKGELQSAIKSLHSRDINVYGDVVINHKGGADATED 114
consensus GEF QKGTVRTKYGTK Al H VY DVV HKGGAD TE

b.stear. 116 VDAVEVNPSDRNQEISGTYQIQAWTKFDFNGRGNTYSSFKWRWYHFDGVD 165

b.lich. 115 VTAVEVDPADRNRVISGEHLIKAWTHFHFPGRGSTYSDFKWHWYHFDGTD 164
consensus V AVEV P DRN ISG I AWT F F GRG TYS FKW
hyb9
b.stear. 166 WDESRKLSRIYKFRGIGKAWDWEVOTENGNYDYLMYADLDMDHPEVVTEL 215
b.lich. 165 WDESRKLNRIYKFQGK--AWDWEVSNENGNYDYLMYADIDYDHPDVAAET 212
consensus WDESRKL RIYKF G AWDWEV Dowp ¥ E
hyb 1O hybll
b.stear. 216 KNWGKWYVNTTNIDGFRLDAVKHIKFSFFPOWLSYVRSQTGKPLFTVGEY 265
b.lich. 213 KRWGTWYANELQLDGFRLDAVKHIKFSFLROWVNHVREKTGKEMFTVAEY 262
consensus K WG WY N DW VR TGK FTV EY
hybi2-13
b.stear. 266 WSYDINKLHNYITKTNGTMSLFDAPLHNKFYTASKSGGAFDMSTLMNNTL 315
b.lich. 263 WQNDLGALENYLNKTNFNHSVFDVPLHYQFHAASTQGGGYDMRKLLNGTV 312
consensus SFDPLH F AS GG DM L NT
hyb 14
b.stear. . 316 MKDQPTLAVTFVONHDTEPGQALQSWVDPWFKPLAYAFILTRQEGYPCVF 365
b.lich. 313 VSKHPLKSVTFVDNHDTQPGQSLESTVQTWFKPLAYAFILTRESGYPQVF 362
consensus P VTFVONHDT PGQE]S V  WFKPLAYAFILTR GYP VF
hyb 15-18
b.stear. 366 YGOYYGIPQY---NIPSLKSKIDPLLIARRDYAYGTQHDYLDHSDIIGWT 412
b.lich, 363 YGOMYGTKGDSQREIPALKHKIEPILKARKQYAYGAQHDYFDHHDIVGWT 412
consensus YGD Y6 IP LK KI P L AR YAYG QHDY DH DI GWT
b.stear. 413 REGVTEKPGSGLAALITDGPGGSKWMYVGKQHAGKVFYDLTGNRSDTVTI 462
b.lich, 413 REGDSSVANSGLAALITDGPGGAKRMYVGRQNAGETWHDITGNRSEPVVI 462
consensus REG SGLAALITDGPGG K MYVG Q AG D TGNRS V I
b.stear, 463 NSDGWGEFKVNGGSVSVWVPRKTTVSTIAWPITTRPWTGEFVRWTEPRLV 512
b.lich. 463 NSEGWGEFHVNGGSYSIYVQR 483
consensus NS GWGEF VNGGSYS V R
b.stear. 513 AwP 515

FIG. 4. Comparison of the amyS and amyL amino acid se-
quences. The upper lines represent the amyS protein, the amyL
protein is shown in the middle lines, and the lower lines show the
residues which the two amylases have in common. The signal
peptides are underlined. The residues corresponding to the cross-
over positions are shown in boxes on the lower lines. For hybrid
proteins 1 to 3 a nonhomologous residue is boxed, indicating
crossovers just 5’ of the homologous regions (see Results).

with the amyS-containing plasmid pBS42BS or the amyL-
containing plasmid pBS42BL was also found to produce
a-amylase (data not shown).

We purified the amyS and amyL gene products to homo-
geneity (see Materials and Methods) from E. coli periplasmic
extracts to compare them to the enzymes derived from the
parent species. We have shown that the cloned enzymes had
the same mobilities on sodium dodecyl sulfate-polyacryl-
amide gels as the natural enzymes, indicating that correct
processing probably occurred in E. coli (Rey et al., in press).
However, proof of this must await determination of the
NH,-terminal amino acid sequences of the E. coli-derived
amylases. To further compare the cloned and natural prod-
ucts, we also measured the relative enzyme activities as a
function of temperature over the range 20 to 90°C. The
profiles of the amylases derived from E. coli were indistin-
guishable from those of the authentic proteins (data not
shown). These and other results indicated that the amylases
synthesized in E. coli transformants are similar to those
secreted by their natural hosts.

Generation of hybrid amy genes in vivo. The construction
of the hybrid precursor plasmid pal is outlined in Fig. 1. It
contains the promoter and codons —34 to +338 of the amyS
gene joined at a naturally occurring PstI site to codons —4 to
+484 of the amyL gene. This PstI site is unique in pal. Since

J. BACTERIOL.

the two amy fragments are joined in the same orientation but
out of frame, the translation product of pal is expected to
contain the amyS residues followed by a nonsense amyL
region terminating prematurely at the first stop codon (TGA
contained in codons +7 and +8) and therefore to be enzy-
matically inactive.

Homologous recombination can occur over the homolo-
gous region of the amyS and amyL genes present in pal, that
is, between codons —4 and +338. Such recombination
events result in deletion of the unique Pstl site between the
amy gene fragments. Since only recombined plasmids should
be resistant to Pst]I cleavage, predigestion with this enzyme
should enrich for recombinant plasmids in a plasmid prepa-
ration containing only a small proportion of recombined
plasmids. In one experiment, after transformation of E. coli
294 with 0.1 ng of pal DNA, approximately 800 Ap® colonies
arose. None of these produced amylase. Indeed, only about
1 in 5,000 such colonies was amylase positive. In contrast,
transformation with 10 ng of PstI-digested pal DNA resulted
in only 49 Ap" colonies, but 14 of these were amylase
positive. Thus, Pstl digestion reduced the background of
unrecombined pal over 1,000-fold in this experiment,
thereby allowing the appearance of numerous well-isolated
amylase-positive colonies on a single plate. It is possible that
a portion of the amylase-positive colonies which arose from
Pstl-digested pal may have resulted from transformation

TABLE 1. Localization of amylases in E. coli 294 cells

% of total

Plasmid and fraction

a-Amylase B-Lactamase B-Galactosidase

pUC13BS

Culture supernatant 0.7 18.8 0.0

Periplasm 87.7 81.2 1.2

Cytoplasm-membranes  11.6 0.0 98.8
pBR322BL

Culture supernatant 0.4 8.1 0.0

Periplasm 83.0 91.9 4.4

Cytoplasm-membranes  16.6 0.0 95.6
pal.hybd

Culture supernatant 0.5 3.6 0.0

Periplasm 96.5 96.4 5.4

Cytoplasm-membranes 3.0 0.0 94.6
pal.hyb6

Culture supernatant 0.3 0.0 0.0

Periplasm 89.2 96.3 3.7

Cytoplasm-membranes  10.5 3.7 96.3
pal.hyb.9

Culture supernatant 0.3 0.0 0.0

Periplasm 91.3 99.5 35

Cytoplasm-membranes 8.4 0.5 96.5

“ Cells were removed from culture supernatants by centrifugation and
separated into periplasmic and cytoplasm-membrane fractions as described in
Materials and Methods. Activities are given as percentages of whole culture
extracts. B-Lactamase and B-galactosidase were measured as previously
described (6). Total B-lactamase activities for the various transformants were
0.8 to 1.2 pmol of 7-(thienyl-2-acetamido)-3[2(4-N,N-dimethylamino-
phenylazo)pyridinium methyl}-3-cephem-4-carboxylic acid hydrolyzed per
min per mg of protein at 37°C (pH7.0). Total B-galactosidase activities were 55
to 95 wmol of o-nitrophenol generated per min per mg of protein at 28°C (pH
7.0). The Phaedebas colorimetric assay (Pharmacia) was used to measure
activity. Total amylase activities for the various transformant cultures were
more variable at 3.4 x 10 to 7.2 X 10* U/mg of protein. These differences
were generally reflective of the different specific activities of the various
amylases.
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with linear DNA which recircularized in vivo by homologous
recombination (24) between the amyS and amyL sequences.

Mapping of amy crossovers. We subjected plasmid DNA
extracted from several amylase-positive transformants to
restriction enzyme mapping to verify that single crossovers
had occurred. It was found that the amy genes contained the
restriction sites expected for the 5’ amyS and 3’ amyL
sequences (data not shown) and therefore occurred as a
result of single crossovers. To study the crossovers in more
detail, we developed a fine-structure mapping and sequenc-
ing strategy as follows. Nine regions of 16 to 22 nucleotides
from the amyS sense strand at intervals of around 150 bp,
which showed low homology to the amyL gene, were
selected (indicated by boxes on top lines in Fig. 3). Corre-
sponding oligonucleotides were synthesized and radioac-
tively labeled (probes I to IX). Colony hybridization with a
particular probe was expected to indicate the presence of the
corresponding amyS sequence in that region, whereas
nonhybridization would indicate the presence of amyL se-
quences. Using this strategy, we mapped the amy crossovers
in the plasmids of 96 amylase-positive colonies. Crossovers
were found in all intervals except between probe regions 11
and III (II-III crossover). Therefore we examined another
192 colonies using these probes to search further for II-I1I
crossovers. One was found. The results (further detailed in
Rey et al., in press) show that the crossovers were well
distributed over the amy homologous region in pal but that
II-III and VII-VIII crossovers were relatively rare.

DNA sequences of amy crossover loci. To precisely locate
the positions of individual amy crossovers and to study the
distribution of crossovers within a particular probe interval,
we directly sequenced 18 recombined pal plasmids,
pal.hybl through pal.hybl8, by the supercoil method. The
most 3’ probe which hybridized was used to prime synthesis.
The crossover loci thus determined are indicated by boxed
regions on the lower lines of Fig. 3.

The results for the most 3’ (VIII-IX) and most 5’ (I-1I)
crossovers were particularly striking. The crossover points
in the four plasmids with VIII-IX crossovers, pal.hybl5 to
pal.hybl8, all mapped to the same CGCT tetranucleotide.
Interestingly, this tetranucleotide represents the most 3’
region of amy homology on the pal plasmid. It is possible
that these four plasmids are siblings derived from the same
crossover event. However, sequencing of a single VIII-IX
crossover generated in an independent experiment yielded
an identical result. An apparent bias for extreme 5’ cross-
overs was also observed. Three of four I-II crossovers
mapped to the nucleotide region represented by the stippled
box of Fig. 3, which is just 5’ of the extreme 5’ region of amy
homology of the pal plasmid. Their sequences were slightly
different, indicating that they were generated by independent
crossover events. Most of the other crossovers mapped to
relatively long stretches of perfect homology (8 to 23 bp),
although crossovers occurred with some frequency in
shorter regions of homology, e.g., crossing over in
pal.hybll occurred at a tetranucleotide. To determine
whether any crossovers resulted in the formation of hybrid
genes encoding inactive amylases, we mapped 96 amylase-
negative colonies from the Pstl enrichment experiment. All
contained unrecombined pal plasmids. ]

Characteristics of amy hybrid gene products. The amy gene
products ericoded by pal.hyb4, pal.hyb6, and pal.hyb9
amy genes are predicted to contain the amyS signal peptide
and NH,-terminal amyS mature polypeptide regions of 15,
58, and 163 residues, respectively (see the boxed regions on
the lower lines of Fig. 4), the remaining residues being
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FIG. 5. Comparison of purified hybrid amylases. (A) The specific
activities at elevated temperatures. (B) The residual activities after
incubation at 90°C. Symbols: A, E. coli 294(pBR322BL); A, E. coli
294(pUC13BS); @, E. coli 294(pal.hyb4); O, E. coli 294(pal.hyb6);
@, E. coli 294(pal.hyb9). This figure has been published elsewhere
(Rey et al., in press; published here by permission from Academic
Press, Inc.).

derived from the amyL gene. It was therefore of interest to
determine whether these were secreted and processed nor-
mally. Cell fractionation experiments (Table 1) showed that
each of the hybrid amylases, like the parental enzymes, were
secreted into the periplasmic space of E. coli. In addition,
the purified pal.hyb4, pal.hyb6, and pal.hyb9 proteins
have mobilities similar to those of the parental enzymes on
sodium dodecyl sulfate-polyacrylamide gels (Rey et al., in
press), suggesting that they may also be properly processed
from their signal peptide-containing precursors. Of course,
NH,-terminal amino acid sequencing is needed to confirm
this.

Altered intramolecular contacts within the various hybrid
amylases might result in novel temperature sensitivities.
Thus, the specific activities of the purified pal.hyb4-,
pal.hyb6-, and pal.hyb9-derived amy gene products as a
function of temperature were determined and compared with
those of the E. coli-derived parental enzymes. The amyS
gene product had a substantially higher specific activity than
the amyL gene product at all temperatures tested (Fig. 5A).
The pal.hyb4 gene product, which differs from the amyL
gene product only at its 15 NH,-terminal residues, had an
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activity profile similar to that of the amyL gene product. The
pal.hyb6 and pal.hyb9 gene products, which contain in-
creasingly longer amyS-derived NH,-terminal regions (58
and 163 residues, respectively), were more amyS-like in that
they had increasingly higher specific activities than the amyL
gene product. On the basis of this small sampling of amy
hybrid gene products, it appears that the very high specific
activity of the amyS protein is contributed by continuous
regions of its primary structure.

The thermostabilities of the three purified hybrid gene
products were also compared with those of the parental
enzymes (Fig. 5B). The amyL product retained all of its
activity after heating at 90°C for 120 min, whereas the amyS
gene lost about half of its activity. The pal.hyb4 product,
which differs only slightly in primary structure from that of
the amyL parerit, had a similar high thermostability. How-
ever, the pal.hyb6 and pal.hyb9 products, which contain
longer amyS-derived NH,-terminal sequences (58 and 163
residues, respectively), had lower residual activities (65 and
10%, respectively). Thus, based on these limited data, it
appears that increases in the length of the NH,-terminal
regions contributed by the amyS gene product decrease
hybrid enzyme stability with respect to the amyL enzyme,
whereas these same increases enhance specific activity
relative to amyL.

DISCUSSION

The amylases of B. licheniformis (amyL) and B.
stearothermophilus (amyS) are related as indicated by ho-
mology at the DNA and protein levels. They belong to an
enzyme family with members which also include the
amylases of B. coagulans and B. amyloliquefaciens (amyA)
but not that of B. subtilis. It is intriguing that the homology
relationships among the alkaline proteases of B. subtilis, B.
amyloliquefaciens, and B. licheniformis contrast strongly
with those of the amylases. The amyL and amyA amylases
are highly homologous to each other but unrelated to the B.
subtilis amylase, whereas the alkaline proteases of B. subtilis
(20) and B. amyloliquefaciens (25) are extremely similar to
each other and also show low but obvious homology to that
of B. licheniformis (J. Wells, personal communication).

The method described here for the generation and se-
quence analysis of hybrid amylase genes should be applica-
ble to any DNA sequences which have homology. Indeed,
we have applied a modification of it to the Bacillus alkaline
protease gene family (manuscript in preparation). In this
case, the precursor plasmid contains a polylinker with three
unique restriction sites separating the homologous genes.
Predigestion with three enzymes allowed reduction of the
background of unrecombined plasmids to an insignificant
level (2%). A low background is expected to be of particular
importance when very low recombination frequencies due to
low homology are anticipated. The method may also be used
to generate multiple crossovers by construction of a precur-
sor plasmid in which one of the homology regions is derived
from a previous crossover.

Using a somewhat different approach, Weber and Weiss-
mann (24) have generated hybrid leukocyte interferons by
recombination in E. coli. The methods they describe for
enrichment for particular classés of recombinants should be
equally applicable to our approach for amylases.

The distribution of crossover loci that we observed in
one recombined plasmid population may be strongly biased
by enrichment for hybrid genes generated early in culture
growth. This may also account for multiple plasmids con-
taining identical crossover loci. However, the plasmid prep-
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aration isolated from a second independent pal transforma-
tion experiment produced a crossover distribution also char-
acterized by a rarity of II-III and VII-VIII crossovers. In
addition, sequencing of one each of I-II and VIII-IX cross-
overs revealed terminal crossover loci identical to those
found for pal.hyb2 and pal.hybl5-18, respectively. It is
possible that the crossovers observed are from a narrow
population which gave rise to amylase-positive colonies,
whereas other crossovers occurred but were undetected
because they yielded amylase-negative colonies. However,
this appears not to be the case, as all of the amylase-negative
colonies which arose after the PstI enrichment step were
found to contain unrecombined pal rather than plasmids
with recombined amy genes. Finally, it is possible that those
crossovers which gave rise to improperly folded proteins
were lethal to the cells and thus went undetected. We are
investigating this idea by examining the effect of deletion of
the amylase promoter on crossover distribution.

The tertiary structures of proteins are in part stabilized by
noncovalent interactions between amino acid residues hav-
ing positions widely separated in the primary structure. It
would be expected that in the hybrid amylases some of these
bonds might be weakened or strengthened by the presence of
nonhomologous residues in some of these positions. This
might lead to alterations in various amylase physical prop-
erties such as thermostability and temperature optimum.
Thus it is not surprising that our data on the specific
activities and thermostabilities of three hybrid amylases
show dramatic differences with the parental enzymes. We
anticipate that further characterization of other hybrid
amylases will reveal enzymes which show a wide spectrum
of values for these and other properties.

Site-directed mutagenesis in recent years has been the
preferred method of changing the catalytic properties of
enzymes. This approach has yielded significant results but
depends on detailed X-ray crystallographic data to obtain a
picture of the three-dimensional structure of a protein. Such
ddta are unavailable for the Bacillus amylases and many
other enzyme families. Random generation of hybrid genes
followed by characterization of the encoded proteins is a
promising method for alteration of such enzyme families
until information on their tertiary structures becomes avail-
able.
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