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SUMMARY

To produce and direct the export in Strepromyces lividans of the sweet plant protein thaumatin, thaumatin
I cDNA was fused in the correct reading frame to the f-galactosidase leader peptide, under the control of the
B-galactosidase promoter and ribosome binding site. The export of the recombinant thaumatin may allow the
correct formation of the thaumatin disulfide bonds. The recombinant thaumatin was purified from the medi-
um on an S-Sepharose column and detected with western blots by sheep a-thaumatin antibodies. The recombi-
nant thaumatin was the same size as authentic thaumatin and changed position on an acrylamide gel in
response to reduction by 2-mercaptoethanol in the same manner.

INTRODUCTION

Thaumatin, a sweet protein from the arils of the
fruits of the West African plant Thaumatococcus
danielli Benth, is produced as a family of closely
related sweet proteins (I, II, III [32], b and ¢ [15]).
Thaumatin is nearly 100 000 times sweeter than su-
crose on a molar basis and is only detected by hu-
mans and old world monkeys, making thaumatin a
useful tool in the study of taste in higher primates
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and man {12]. In T danielli Benth, thaumatin is pro-
duced as a pre-pro-protein. The mature protein
contains eight disulfide bonds, 267 amino acids, has
an M, value of 22 000 and an isoelectric point of pH
12 [20].

For the production of a cloned protein it is help-
ful to have the desired protein secreted into the me-
dium. This allows a higher starting purity, avoids
intracellular proteases, avoids interfering with in-
tracellular metabolism and possibly favors the cor-
rect formation of disulfide bonds.

Streptomyces are soil bacteria which efficiently
secrete a large number of proteins. Streptomyces
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spp. remain viable, with active protein synthesis
and production of secondary metabolites, well into
stationary phase [4]. Over 40 years of industrial ex-
perience in the large-scale fermentative production
of antibiotics by Streptomyces spp. and the progress
in the molecular biology of the Strepromyces make
them a useful potential host for the expression of
heterologous proteins. Streptomyces spp. have been
used as heterologous hosts for the expression of bo-
vine growth hormone [13], human interleukin 2 [27]
and Escherichia coli -galactosidase [21].
Thaumatin has been expressed in E. cofi [10], and
in yeast [6,9,23]. We have attempted to produce
thaumatin IT in S. lividans which secretes -galacto-
sidase, an enzyme which has a 56 amino acid long
leader peptide. To allow the sweet conformation of
the recombinant thaumatin to form and to facilitate
its recovery, the thaumatin II cDNA was placed in
the correct reading frame ten amino acids after the
S. lividans f-galactosidase leader peptide cleavage
site, downstream of the f-galactosidase promoter

Pst1

Pst1

SaudAj

and ribosome binding site. An extracellular thau-
matin-like protein of the expected size was pro-
duced.

METHODS AND MATERIALS

Bacterial strains and plasmids. E. coli strain
CAG1574 1s a recA-derivative of MC1061 from Dr.
Carol Gross, University of Wisconsin-Madison. S.
lividans 66 [24], John Innes Institute stock No. 1326
was -used.

pURS520 [33] contains the cDNA of mature thau-
matin IT in pBR322 and was provided by Dr. A.M.
Ledeboer of Unilever Research Laboratories, The
Netherlands. p3SSX-12 (Fig. 1) contains the S. liv-
idans f-galactosidase promoter P3 and leader pep-
tide [8] in a pBR322-pUCY replicon and was pro-
vided by Dr. Dean Taylor of Smith Kline and
French Laboratories, Philadelphia. p3SSX-12 has
the sequence (in bold type} AAC GCG CGG ATC

Pst1
SaudAtl pCIGQ \ Sau3Atl
11.1kb
PSH ECOF“
EcoR1
Pst1
Pstt

Fig. 1. The thaumatin 1T cDNA was fused to the f-galactosidase leader peptide and placed under the control of the f-galactosidase
promoter and ribosome binding site, then placed in the Streptomyces high copy replicon plJ385 as shown in the figure.



CGC G, providing a BamHI site, situated eight
amino acids past the normal leader peptide cleavage
site [8]. pIJ385, a high copy number Streptomyces
replicon derived from plJ101 which confers thio-
strepton resistance [17], was provided by Dr. H.
Motamedi, University of Wisconsin-Madison.

Enzymes. Restriction enzymes, calf alkaline
phosphatase and T4 DNA ligase were purchased
from Bethesda Research Labs, New England Bio-
labs or Boehringer Mannheim Biochemicals. Each
enzyme was used as specified by the manufacturer.

Isolation of plasmid DNAs. Plasmid DNAs were
prepared by the rapid alkaline lysis method of Birn-
boim and Doly [3] and were purified by CsCl equi-
librium centrifugation in the presence of cthidium
bromide. Large DNA fragments and plasmids were
separated by agarose gel electrophoresis and small
DNA fragments were separated by polyacrylamide
gel electrophoresis. For preparative purposes,
DNA fragments in agarose gels were electroeluted
onto NA-45 DEAE membrane (Schleicher and
Schuell).

Transformation of E. coli. Competent E. coli
was prepared and transformed by the method of
Mandel and Higa [26].

Transformation of S. lividans. Protoplasts were
produced and transformed by the method of Hop-
wood et al. [17].

Production and purification. S. lividans was
grown in YEME [1] plus 34% sucrose, 1% galac-
tose and 50 mM MOPS pH 7.0 containing thio-
strepton (10 pug/ml) for 2-3 days at 28°C. The cells
were discarded and the broth was treated with ace-
tone (1:1.7) at 4°C. The precipitated proteins were
washed on a 10 000-MW YM10 Amicon filter, run
on an S-Sepharose fast flow column and eluted with
a 0-0.25 M NaCl (0.02 M Tris-HCI pH 7.65) gra-
dient [32].

Antiserum. Sheep antiserum raised against
thaumatin was kindly provided by Dr. Henk Van
der Wel, Unilever Research Labs, The Netherlands.

Western blot analysis. After electrophoresis in
sodium dodecyl sulfate-12% polyacrylamide gels
[22], thaumatin was visualized by the western blot
method {30] with the use of sheep a-thaumatin se-
rum, rabbit a-sheep serum and an ABC-AP kit
(Vector Labs).
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RESULTS

Construction of pCI69

The thaumatin IT cDNA was placed in the Strep-
tomyces expression vector p3SSX-12 as shown in
Fig. 1. pUR520 was cleaved with Sau3A and the 1
kb fragment containing the mature thaumatin II
cDNA [10,33] was gel-purified and ligated into
BamHI-cleaved p3SSX-12 to form pCIl60-3 and
transformed into E. coli CAG1574. pCI60-3 has the
mature thaumatin Il ¢cDNA, minus its first four
amino acids, fused in the correct reading frame to
f-galactosidase downstream of the f-galactosidase
ribosome binding site and promoter. The fusing to
p-galactosidase occurs ten amino acids after the
leader peptide cleavage site. pCI60-3 and the Strep-
tomyces high copy number plasmid plJ385 were
both cleaved at their unique PsfI sites and ligated
together to form pCI69 and transformed into E. coli
CAGI1574. S. lividans 1326 was then transformed
with pCI69.

Production of thaumatin

S. lividans transformed with pCI69 and plJ385
were grown in YEME plus sucrose and galactose

1 2 3504

Fig. 2. A western blot using sheep o-thaumatin on a polyacryl-

amide gel of acetone-precipitated media (0.2 ml) of S. lividans—

pClI69-2-2 (lane 1), S. lividans—pCl69-5-5 (lane 2), S. lividans—

plJ385 (lane 3) and thaumatin, 0.4 ug (lane 4). All samples were
reduced with 2-mercaptoethanol.
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and after 3 days the broths were analyzed on a po-
lyacrylamide gel. The arrow in Fig. 2 indicates a
band in the pCI69-2-2 and pCl69-5-5 lanes which is
absent from the plJ385 lane of a western blot
probed with e-thaumatin sheep antibody. The yield
of recombinant thaumatin is estimated to be 0.2
mg/l. A western blot probed with a-thaumatin
sheep antibody showed cross-reactions (approxi-
mately ten bands) with the cell pellets from S. livid-
ans containing pCI69-2-2, pCl69-5-5 and plJ385,
but no discernable difference was seen between
plJ385 and the pCl69 lanes (data not shown).

Purification of thaumatin
To further purify the recombinant thaumatin, 2
liters of S. lividans pCl69-2-2 were grown for 3

Fig. 3. A western blot using sheep a-thaumatin on a polyacryl-

amide gel of recombinant thaumatin purified from S. lividans—

pClI69-2-2 media on an S-Sepharose column as described in the

Methods section (lane 1) and thaumatin (lane 2). All samples
were reduced with 2-mercaptoethanol.

days. The cells were discarded, the media acetone-
precipitated and the precipitate washed on a 10 000-
MW cut-off Amicon filter and then loaded on an
S-Sepharose column.

Following elution of the recombinant thaumatin
from the S-Sepharose column at a position in the
0-0.25 M NaCl gradient expected for thaumatin
([32]; G. Larson, unpublished results), a western
blot of a sample from the peak using the a-thauma-
tin sheep serum gave a positive reaction with a pro-
tein the same size as thaumatin (Fig. 3). When 2-
mercaptoethanol was omitted from the loading
buffer, the position, due to the eight cysteine di-
sulfide cross-bridges in thaumatin, on the western
blot of both thaumatin and the recombinant thau-
matin shifted to an equivalent extent (data not
shown). It is uncertain whether the recombinant
thaumatin is in the correct conformation and sweet.

DISCUSSION

Recombinant thaumatin was produced using the
p3SSX-12 secretion vector system in S. lividans uti-
lizing the promoter, ribosome binding site and lead-
er peptide of the S. lividans B-galactosidase gene to
express thaumatin IT cDNA and to direct secretion
of recombinant thaumatin. If the secondary struc-
ture of native thaumatin is disrupted or its eight
cysteine disulfide bonds misform, the sweetness of
thaumatin is lost [31]. The appropriate oxidation-
reduction potential required for the correct pairing
of cysteines is evidently not present in bacterial cy-
toplasm. In 7. danielli Benth thaumatin is produced
as a pre-pro-protein [10]. To mimic its natural pro-
duction we have produced thaumatin as a pre-pro-
tein, using the S. /ividans f-galactosidase leader
peptide. The ¢cDNA of thaumatin II in pURS520
lacks both the pre- and the pro- regions, containing
only the mature thaumatin coding regions.

A number of exported Streptomyces proteins
have been cloned and shown to contain leader pep-
tides, including S. lividans (-galactosidase {4,8], S.
coelicolor A3(2) agarase [2,5], S. griseus protease A
and B [14], S. hygroscopicus a-amylase [18], S. limo-
sus «-amylase [25], S. plicatus endoglycosidase H



[29] and Streptomyces R61 DD-peptidase [7]. To ex-
press thaumatin II in S. lividans the promoter and
leader peptide of the S. lividans p-galactosidase was
attached to the mature thaumatin Il coding se-
quences lacking the first four amino acids in the
correct reading frame ten amino acids after the
leader peptide cleavage site. The four amino acids
removed from the natural mature thaumatin II,
Ala, Thr, Phe and Glu, are expected to be replaced
by (1)Ala, (2)Asp, (3)Glu, (4)Pro, (5)Pro, (6)Glu,
(7)Trp, (8)Asn, (9)Ala and (10)Arg. This replace-
ment could affect the recombinant thaumatin’s
sweetness. The carboxy terminal pro- sequence of
native thaumatin, removed during the processing of
mature thaumatin, may be required for the forma-
tion of the correct sweet conformation of thauma-
tin. The lack of a sweet recombinant thaumatin
may also be due to the low yields, with a small pro-
portion of the molecules having the correct sweet
conformation.

Western blots with a-thaumatin sheep antibody
of the cell pellet of S. lividans containing pCI69
failed to detect the presence of recombinant thau-
matin. This could be due to only low levels of un-
exported recombinant thaumatin being present or
the dilution by cellular protein of the recombinant
thaumatin. The export of the recombinant thauma-
tin provides a major enrichment for further puri-
fication and the high thaumatin isoelectric point
(pH 12) allows a highly specific purification of the
recombinant thaumatin via ion exchange chroma-
tography.

The recombinant thaumatin was estimated to be
produced at 0.2 mg/l. Other proteins expressed in
Streptomyces using the f-galactosidase promoter
and leader peptide of the p3SSX series of plasmids
have produced protein at 2-10 mg/1 (D. Taylor, per-
sonal communication). The low level of recombi-
nant thaumatin production could be due to a num-
ber of causes, including lack of optimization of the
fermentation conditions and media or proteolysis
by the host strain S. lividans 1326. In Fig. 2 the
recombinant thaumatin bands in lanes 1 and 2 look
heterogeneous. The heterogeneous band could be
caused by proteolysis, incorrect or noncleavage of
the leader peptide, presence of a mixture of protein
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conformations with incomplete reduction by 2-mer-
captoethanol or impurities in the broth sample (0.2
ml). Some mycelia started to lyse after 3 days of
fermentation and may be a source of improperly
processed recombinant thaumatin. The purification
of the recombinant thaumatin using the S-Sepha-
rose column gave a homogeneous band.
Streptomyces DNA has a 73% G + C base com-
position [11] and the codon usage in Streptomyces
genes strongly favors codons with G or C in the
third position. All 61 possible sense codons can be
expressed by Streptomyces and it is not known
whether the codon usage bias corresponds to the
abundance of different tRNA species in Strepro-
myces [16]. The third position in the mature thau-
matin Il cDNA is 91.3% G + C and the thaumatin
IT ¢cDNA shows a codon usage [9] more similar to
Streptomyces [16] than, in decreasing order, B. sub-
tilis, E. coli [28] or Saccharomyces cerevisiae [19].
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