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For the purpose of studying the production of L-tryptophan by Escherichia coli,
the deletion mutants of the trp operon (trpAE[) were transformed with mutant
plasmids carrying the trp operon whose anthranilate synthase and phosphoribosy!
anthranilate transferase (anthranilate aggregate), respectively, had been desensi-
tized to tryptophan inhibition. In addition to release of the anthranilate aggregate
from the feedback inhibition required for plasmids such as pSC101 trp-I15, the
properties of trp repression (1rpR) and tryptophanase deficiency (1naA) were both
indispensable for host strains such as strain Tna (trpAE! trpR tnaA). The gene
dosage effects on tryptophan synthase activities and on production of tryptophan
were assessed. A moderate plasmid copy number, approximately five per
chromosome, was optimal for tryptophan production. Similarly, an appropriate
release of the anthranilate aggregate from feedback inhibition was also a neces-
sary step to ward off the metabolic anomaly. If the mutant plasmid pSC101 trp-115
was further mutagenized (pSC101 ¢rp-115-14) and then transferred to Tna cells, an
effective enhancement of tryptophan production was achieved. Although further
improvement of the host-plasmid system is needed before commercial production
of tryptophan can be realized by this means, a promising step toward this goal has

been established.

During the past 2 decades, a number of work-
ers have been engaged in the study of L-trypto-
phan production by fermentation, using Esche-
richia coli (2, 16, 26), Bacillus subtilis (21),
Corynebacterium glutamicum (10), or other or-
ganisms (6). However, the production of L-
tryptophan in these studies has not necessarily
been satisfactory to meet the economic feasibil-
ity of producing the aromatic amino acid by
fermentation on an industrial scale.

With the present dissemination of information
on genetic manipulation, much attention has
been paid to the possibility of enhancing the
production of L-tryptophan by improving strains
that overproduce amino acids. Tribe and Pittard
(26) were harbingers of this direction. The essen-
tial feature of their work on E. coli could be
pinpointed as having: (i) 3-deoxy-Dp-arabinohep-
tulosonic acid-7-phosphate synthase, anthrani-
late synthase (ASase), and phosphoribosyl an-
thranilate transferase (PRTase) desensitized to
end product inhibition, (ii) double auxotrophs of
phenylalanine and tyrosine secured (Fig. 1), and
(iii) trp operon enzymes derepressed in addition
to the removal of attenuation. They also used
ColV trp or F'trp, which was resistant to 5-
methyl-DL-tryptophan, both ASase and PRTase
having been desensitized to tryptophan inhibi-

tion. Apparently, these plasmids were used to
study the gene dosage effect.

Tribe and Pittard dealt mainly with the genetic
improvement of E. coli rather than with ColV trp
and F'trp (copy number per chromosome, ~one
[11]} and one to three [7], respectively) for the
production of tryptophan. In spite of their en-
deavors, the production of tryptophan still re-
mains to be improved (26). In contrast, emphasis
was placed here on the use of various mutant
plasmids. In other words, the various mutants of
pSC101 trp (copy number, ~five [4]) which
became insensitive to feedback inhibition by
tryptophan were transferred to E. coli W3110
trpAE!l trpR taA (Table 1) for further improve-
ment in the production of tryptophan by E. coli.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains (de-
rivatives of E. coli K-12) used are listed in Table 1. E.
coli W3110 trpAE! is a deletion mutant of trpA-£ and
is designated AE1, E. coli W3110 trpAE! trpR27(Am)
is a (rp repressor amber (nonsense) mutant and is
designated Ram, and E. coli W3110 trpAEI trpR tnaA
is a rp repressor (missense mutant) and tryptophan-
ase-deficient mutant and is designated Tna (14).
pSC101 srp is a composite plasmid wherein the whole
tryptophan operon of E. coli is cloned (18). The
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FIG. 1. Main pathways of vL-tryptophan biosynthesis. Abbreviations: EP. p-erythrose 4-phosphate; PEP,
phosphoenolpyruvate; DAHP, 3-deoxy-p-arabinoheptulosonate 7-phosphate: Tyr, tyrosine: Phe. phenylalanine:
Gln, glutamine; Glu, glutamate; PRPP, 5-phosphonbosyl-1-pyrophosphate: PP;, pyrophosphate; PRA, 5-
phosphoribosyl anthranilate; CDRP, 1-(o-carboxyphenylamino)-1-deoxyribulose 5-phosphate; InGP, indole-3-

glycerol phosphate; Ser, serine; TP, triose phosphate.

remaining plasmids in Table 1 will be referred to
below,

Media. Several kinds of culture media were used,
and glucose was usually added to these media, except
for L broth. Glucose and the remaining components in
these media were sterilized separately at 121°C for 10

min. The compositions of L broth, L agar (13). mini-
mal medium (MM), and MM agar (14) have been
described previousiy.

MM medium was the basis of the following media
designated MTI to MTIII for the production of trypto-
phan and contained. per liter: KH.PO,, 3 g: K;HPO,,

TABLE 1. Bacterial strains and composite plasmids

Strain/plasmid Relevant properties/phenotype Source/reference

E. coli

W3110 trpAEI F. Imamoto (14)

w3110 rpAEl 1rpR27(Am)® F. Imamoto (14)

w3110 trpAE] trpR tnaA* F. Imamoto (14)
Plasmid

pSC101 1rp Tc" Trp™* K. Sakaguchi (18)

pSC101 (rp-115 Tc" Trp* 17 This work

pSC101 irp-115-14 Tc" Trp™ 1~

pSC101 1rp-MI33 Tc" Trp™ 1™

pSC101 irp-M147 Tc" Trp* 1™

pSC101 trp-MI51 Tc" Trp* 1

RP4 1rp-115 Ap" Km" Tc" Trp™ |

RSF1010 trp-115 Sm" Trp* 1™

pBR322 irp-I15 Ap" T¢” Trp*

2 Deletion mutant of trpA-E, designated AE1,
® trp repressor amber mutant, designated Ram.
¢ Tryptophanase-deficient mutant. designated Tna.

4 1~, Insensitivity to feedback inhibition by tryptophan.

- 30 —



VoL. 43, 1982

7 g: NH.CI, 3 g; MgSO,-7H,0, 0.2 g; FeSO,-7TH-0, 10
mg. When FeSO,-7H,O was deieted from MT medium
(16) and the medium was supplemented with glucose
(30 g) and Casamino Acids (1 g/liter), it was called MT1
medium; MTII medium contained, per liter: glucose.
30 g; Casamino Acids, 3 g; anthranilic acid. 0.8 g; and
an antibiotic (tetracycline or streptomycin), 10 mg, in
addition to the components of MT medium. For MTI11
medium, glucose, Casamino Acids. anthranilic acid,
and tetracycline were added to MT medium at 50, 10.
and 0.5 g/liter and 10 mg/liter, respectively. The initial
pH of each medium was adjusted to 7.0 with 2 N
NaOH.

Materials. Ampicillin (Ap), tetracycline (Tc), choris-
mic acid, lysozyme, S-methyl-pL-tryptophan (5-MT),
and 6-fluoro-pL-tryptophan were all purchased from
Sigma Chemical Co., St. Louis, Mo. Streptomycin
sulfate (Sm) and kanamycin sulfate (Km) were from
Meiji Seika Co. Ltd., Tokyo, Japan.

5-Phosphoribosyl-1-pyrophosphate was from P-L
Biochemicals, Inc., Milwaukee, Wis. Restriction en-
donucleases EcoRI and Hindlll were purchased from
Takara Shuzo Co. Ltd., Kyoto, Japan. Vector plasmid
pBR322, T4 ligase, and bovine serum albumin were
from Bethesda Research Laboratories Inc., Rockville,
Md., and ADNA was from Miles Laboratories. Inc.,
Elkhart, Ind.

Tryptone, yeast extract, and Casamino Acids were
from Difco Laboratories, Detroit, Mich. All other
reagents were from Wako Chemical Industries. Osaka.
Japan, unless otherwise noted.

Mutagenesis of composite plasmids. Composite plas-
mids. which encode anthranilate aggregate desensi-
tized to tryptophan inhibition, were obtained originally
from 5-MT-resistant mutants of AE1 that harbored
pSC101 trp. pSC101 trp (moderate copy number: see
above) was used exclusively, because selection of
stable transformants, when needed., was more easy
than for RSF1010 srp or pBR322 wrp (larger copy
numbers; see below): transformants with the latter
plasmids would be potentially unstable due to the
larger copy numbers. Both Ram{pSC101 ¢rp) and
Tna(pSC101 trp) exhibited high specific activities of
the trp operon enzymes ASase and tryptophan synth-
ase (TSase) (14). Consequently. these strains were
rarely sensitive to 5-MT and were apparently unsuited
to acquiring mutants resistant to 5-MT. On the other
hand, AE1(pSC101 trp) was suitable. because the
specific activities of both ASase and TSase were
considerably lower than those in Ram(pSC101 trp) and
Tna(pSC101 trp) (14).

AEl(pSC101 1rp) was treated with N-methyl-N'-
nitro-N-nitrosoguanidine (200 pg/ml) (1), and mutants
were selected on MM agar containing 5-MT. 200 or
2,000 pg/ml. Each mutant was culitivated in MM in test
tubes for 16 h at 37°C, and ASase activities of intact
cells were then measured. pSC101 1rp-115 was extract-
ed from the mutants (resistant to 5-MT at 200 pg/ml).
whose ASase activities were not inhibited by trypto-
phan (0.2 mM). By the same procedure, pSC101
trp-M133, pSC101 trp-MI47, and pSC101 trp-MIS1
were also extracted from other mutants (resistant to 5-
MT at 2.000 pg/mi) whose ASase activities were rarelv
or not inhibited by tryptophan (15 mM).

It was confirmed from transformation of AE1 with
each composite plasmid, i.e., pSC101 p-115 to
pSC101 trp-MI151, that the insensitivity to feedback
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inhibition was attributable to a mutazion of the trp
operon, because the plasmid transfer into AE! was
accompanied by the appearance of insensitivity to
feedback inhibition by tryptophan (0.2 to 15 mM).
Also, pSC101 1rp-115-14 was exiracted from 5-MT
(6,000 pg/ml)-resistant mutants of AEl(pSC101
trp-115), whose ASase activities were rarely inhibited
by tryptophan (15 mM).

Transformation, digestion of plasmid DNA with re-
striction endonuclease, and ligation. The procedures for
transformation of host bacteria, digestion of plasmid
DNA with EcoRl. and ligation with T4 ligase are
described elsewhere (13).

Gel electrophoresis. Electrophoresis was carried out
in agarose dissolved in Tris-borate buffer as previously
described (14). ADNA digested with Hindlll was used
as an internal reference (13).

Preparation of plasmid DNA and construction of
composite plasmids. Plasmid DNA was extracted by
the rapid alkaline extraction procedure of Birnboim
and Doly (3). Covalently closed circular DNA was
purified by CsCl-ethidium bromide density gradient
centrifugation (24) and dialyzed against Tris-sodium
EDTA buffer after removal of the dye (13).

Vector plasmids, RSF1010 and RP4, were prepared
from RSF1010 ¢rp and RP4 /rp DNA by digestion with
EcoRl and subsequent ligation with T4 ligase. Both
RSF1010 trp and RP4 (rp were obtained from K.
Sakaguchi (18). Sm' Trp~ and Tc¢" Trp~ transformants
of AE1 were selected for RSF1010 and RP4. respec-
tively. For construction of RSF1010 trp-115. RSF1010
and pSC101 1rp-I15 DNA were digested with EcoRl,
followed by ligation with T4 ligase. and Sm" Trp*
transformants of AE1 were selected. RP4 trp-115 was
constructed likewise by using RP4 and pSC101 1rp-115,
and Ap* Km" Trp* transformants of AE1 were select-
ed. Finally, pBR322 trp-I15 was constructed from
pBR322 and pSC101 trp-115. The construction of these
composite plasmids was confirmed by agarose gel
electrophorests.

Enzyme assays. Bacteria were grown until the late
logarithmic phase at 37°C in 100 ml of MM. Details of
harvesting, washing, and disruption of the cells to
obtain crude extract are described elsewhere (14).
ASase (EC 4.1.3.27) in the crude extract was assayed
by the method of Hiraga (12). However. for screening
of the strain that harbors the feedback inhibition-
resistant mutant of the trp operon plasmid. ASase
activity was measured with intact cells for conve-
nience of handling many samples.

PRTase (EC 2.4.2.18) was assaved by the method of
Ito and Yanofsky (15). whereas the method proposed
by Smith and Yanofsky (23) was used to assay TSase
(EC 4.2.1.20).

Protein assay. Protein concentration was measured
by the method of Lowry et al. (17), with bovine serum
albumin as a standard. )

Cultivation. (i) Shake flasks. Bacteria precultured at
37°C overnight in test tubes (L broth. 5 ml. plus Tc or
Sm, 10 pg/mi) were inoculated (0.5 ml) into MT! (50
ml) or MTIl (50 ml) medium in 500-ml shake flasks.
Cultivation continued at 37°C for 36 to 48 h. and the
pH of the medium was adjusted to 7.0 with 2 N NaOH
every 3to S h. )

(ii) Fermentors. A bench-scale minifermentor (ca-
pacity, 2 liters: type MD-250, Marubishi Co., Tokyo.
Japan) was used. The cells newly transformed with the
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plasmid (e.g., pSC101 trp-115) were precultured at
37°C for 16 h in shake flasks (100 ml) containing L
broth (20 ml) plus Tc (10 pg/mi). A 2-ml portion of the
precultured broth was transferred into another flask
(500 ml) that contained L broth (100 ml) plus Tc (10 pg/
ml) for more shaking (5 h) at 37°C. The cells were
totally transferred into MTIII medium (1.5 liters} in the
minifermentor to carry out the run at 37°C under pH
control of the medium. The pH was controlled auto-
matically at 7.0 with NH,OH (12 to 14%, wt/vol).

When anthranilic acid in the medium was reduced to
about 0.3 g/liter, the feeding of anthranilic acid was
started at a rate of 50 mg/liter per h with a peristaltic
pump (type MP, Tokyo Scientific Instruments Co.,
Tokyo. Japan). An antifoam agent, AF-emulsion (Na-
karai Chemical Co.. Kyoto, Japan) was used if need-
ed. Air flow rate and agitation speed of an impeller in
the fermentor were 1.0 volume of air/volume of liquid
per min and 500 rpm, respectively. Culiture broth
(about 10 ml) was sampled at intervals of 3 h. and
immediately after the sampling, the broth was centri-
fuged (10,000 X g, 5 min) at 4°C to obtain supernatant
liquid for assays of glucose. anthranilic acid, and
tryptophan.

Analyses. Optical density was measured at 660 nm
with a spectrophotometer (model 100-20, Hitachi
Works Ltd., Tokyo. Japan) for a quick check of the
cell density in the sampled broth. Dry cell weight was
determined by filtering the broth on a membrane filter
(pore size, 0.4 um: Millipore Corp., Bedford, Mass.)
and drying the cells at 100°C for 2 h. One optical
density unit at 660 nm corresponded to 0.53 g of dry
cells per liter. Glucose was determined by Glucostat
reagent (Worthington Diagnostics, Freehold, N.J.)
(27). The method presented by Smith and Yanofsky
(22) for anthranilic acid was simplified as follows:
samples were diluted with 0.5 M citrate buffer solution
(pH 4.5), and 1 ml of the solution was mixed with 4 mi
of ethyl acetate. Anthranilic acid extracted into ethyl
acetate was measured photometrically at 336 nm with
a spectrophotometer (model 100-20, Hitachi Works
Ltd.). The method described by Dickman and Crock-
ett (5) was used to analyze tryptophan.

Stability of composite plasmids. Phenotypic stability
of composite plasmids was assessed by the procedure
described elsewhere (14). The stability in this category
was defined by the fraction of host cells (harboring
composite plasmids) that expressed the phenotype.
such as Trp™ Tc', after 10 to 20 generations. Another
stability studied was defined by the relative magnitude
of specific activities of TSase in the host cells that
might change during storage. Initial TSase activity was
used as a reference. Storage conditions for media of
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the host cells were as follows: (i) L agar plus Tc (20 pg/
ml), room temperatures or 4°C; (ii) MM agar, room
temperatures or 4°C; (iii) L broth plus Tc (10 pg/ml),
—80°C: and (iv) MM, —80°C.

RESULTS

Tryptophan production in shake flasks. (i) Min-
imal requirements for host strains and composite
plasmids. AE1, Ram, and Tna were transformed
with pSC101 trp-115 to examine the production
of tryptophan in shake flasks. Transformants
with pSC101 rrp were used as a control.

Tryptophan in MTI medium (without anthra-
nilic acid) observed in the shaking culture at
37°C for 36 h is shown in Table 2. It is clear that
both repression (trpR) and inhibition (I”; feed-
back resistant) were minimal requirements for a
marked production of tryptophan. When both
trpR and I~ were provided, the accumulation of
tryptophan was almost sevenfold higher than
when only I™ was given. The phenotypic expres-
sion of 1rpR was of importance from the view-
point of tryptophan production, regardless of a
nonsense (in Ram) or missense (in Tna) muta-
tion. In addition to the minimal requirements,
the deficiency of tryptophanase activity in the
host bacteria was also effective for tryptophan
production (Table 2).

According to Kida and Matsushiro (16), who
developed a double mutant (trpR, 17) of E. coli
K-12, the accumulation of tryptophan in MTI
medium (shaking culture at 37°C for 42 h) was
~180 pg/ml. Although the difference between
the production (180 pg/ml) they found and that
in Table 2 (360 wg/ml) could not be attributed to
the previous use of the trp operon on the chro-
mosome versus the composite and multicopy
(ca. five) plasmid here, it was postulated that
multicopy plasmids would be useful for the
production of a specific metabolite (tryptophan
in this study).

(ii) Effect of copy number of composite plas-
mids. The earlier observation that tryptophan
accumulation was enhanced (Table 2) when re-
pression was removed may be supported by the
enhanced activities of enzymes relevant to the
trp operon. Hence, it was considered worth-
while to study the production of tryptophan with

TABLE 2. Shake flask cultures of AE1. Ram, and Tna strains“

Strain Plasmid Repression Inhibition Tryptdphanase T(?n :;](:&i;z;n s(ail:ist?l(d% )
AE1l pSC101 trp + + + 7 ~100
AEl pSC101 1rp 115 + - + 11 ~100
Ram pSC101 wrp - + + 7 ~95
Ram pSC101 #rp-115 - - + 70 ~95
Tna pSC101 1rp - + - 8 ~85
Tna pSC101 1rp-115 - - - 360 ~85

@ Cells were grown in MTI medium (without anthranilic acid) at 37°C for 36 h.
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TABLE 3. TSase activities of AE1 and Tna strains“
Plasmid
Strain TSase ) P[a_smid
(U/mg of protein) Copy no./ Reference stability (%)
chromosome

AE1(RP4 trp-115) 4 1-3 7 ~100
AE1(pSC101 trp-115) 25 ~5 4 ~100
AE1(RSF1010 1rp-115) 47 10-50 9 ~100
AE1(pBR322 trp-115) 114 60-80 25. 28 ~80
Tna(RP4 trp-115) 36 1-3 7 ~100
Tna(pSC101 1rp-115) 107 ~5 4 ~85
Tna(RSF1010 trp-115) 215 10-50 9 ~35
Tna(pBR322 trp-115) —t 60-80 25,28 —

2 Cells were grown in MM at 37°C until the late log phase.

& _, Stable transformants difficult to obtain.

various composite and feedback-resistant plas-
mids transferred to AE1 or Tna. Thus, the gene
dosage effect on activities of specific enzymes of
the 1rp operon could be assessed if composite
plasmids with various copy numbers were used.

Assuming that TSase activity represents those
of the trp operon enzymes, TSase activities
measured with transformants of AE1 or Tna are
summarized in Table 3. The copy numbers of
RP4, pSC101, RSF1010, and pBR322 are taken
as 1to 3 (7), ~5 (see above), 10 to 50 (9), and 60
to 80 (25, 28), respectively. The copy number of
the vector plasmid in the references was as-
sumed to represent, on a relative basis, that of
the composite plasmid. The gene dosage effect
was then manifested in AE1 (Table 3), because
the increase of TSase activity in AE1l cells
almost corresponded to the copy number of the
plasmids in the host cells.

Although the gene dosage effect could also
be noted in Tna, the fact that the activity of
TSase in Tna(pBR322 trp-I15) was beyond as-
sessment does not necessarily negate the gene
dosage effect but was apparently due to the

difficulty in obtaining stable transformants. The
anomaly of metabolism that might have been
triggered by the large copy number of pBR322
trp and the absence of the trp repressor in Tna
cells might have made it difficult to acquire the
transformant. In fact. about 4 days were re-
quired to obtain the transformant of Tna with
pBR322 ¢rp-115S on MM agar (37°C), the period
being two- to threefold longer than that needed
for acquiring all other transformants listed in
Table 3. In addition, colonies of this specific
transformant [Tna(pBR322 1rp-115)] on MM agar
were small in size, suggesting that the growth
rate of the transformant was low.

The phenotypic stability of AE1 shown in
Table 3 (lines 1 to 3) was nearly 100%, whereas
that of AE1(pBR322 1rp-115) was about 80%. In
other words, the stability deteriorated when
TSase activity increased (14). Since TSase activ-
ity in Tna was larger than in AE1, phenotypic
stability in Tna would not always be warranted.
Actually, the stabilities for Tna carrying RP4
irp-115, pSC101 ¢rp-115, and RSF1010 trp-115
were of the order of 100, 85, and 35%, respec-
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FIG. 2. Shake flask cultures of Tna strains in MTII medium: (a) Tna(RP4 1rp115_): (b) Tna(pSC101 trp-115);
(c) Tna(RSF1010 trp-115). Symbols: O, glucose; O, tryptophan: A, optical density at 660 nm (ODeso); @,
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tively (Table 3), whereas the stability for Ram
carrying pSC101 trp-115 was ~95% (Table 2).

We examined the relationship between the
copy number of the plasmids and the production
of tryptophan rather than the activity of TSase.
In this context, shake flask cultures of Tna
carrying RP4 trp-115, pSC101 ¢rp-115, or
RSF1010 trp-115 in MTII media are shown in
Fig. 2a, b, and c, respectively. For RP4 trp-115
and pSC101 (rp-115, the maximum concentration
of tryptophan (1.7 and 3.1 g/liter, respectively)
was nearly linear with the copy number of these
plasmids; i.e., the larger the copy number, the
higher the product (tryptophan) concentration.

However, the close correlation among copy
number, TSase activity, and accumulation of
tryptophan in culture medium ceased to exist
when the copy number exceeded a certain level.
For Tna(RSF1010 trp-115) (Fig. 2c¢), the maxi-
mum tryptophan concentration (2.6 g/liter) ap-
parently deviated from the relationship between
the copy number and tryptophan produced, al-
though the TSase activity was still proportional
to the copy number.

The gene dosage effect observed here and the
de facto limitation most probably suggest the
optimum plasmid copy number for tryptophan
production. The use of pSC101 trp-I15 or its
derivative hereafter in this paper originated from
the above inference.

It is clear (Fig. 2a, b, and c) that the bactenal
growth rate deteriorated conversely with the
enhancement of TSase activity. The decrease in
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the accumulation of tryptophan in Fig. 2¢ was
perhaps due to the poor growth of this strain,
Tna(RSF1010 trp-115), caused by the higher
TSase activity. This interpretation agrees with
the previous observation on the growth of
Tna(pBR322 rp-115) in Table 3. Lastly, the
difference in the order of magnitude for trypto-
phan concentration in Table 2 and Fig. 2 must be
mentioned. MTI medium (without anthranilic
acid) was used in Table 2 primarily for ease of
comparison with the earlier work of Kida and
Matsushiro (16), whereas in Fig. 2 MTII medium
containing anthranilic acid was used, and a
higher accumulation of tryptophan in the medi-
um was obtained in shake flasks. The use or
feeding of anthranilic acid in this paper was
considered.

Tryptophan production in fermentors. (i) Re-
lease from feedback inhibition. The degree of
release from feedback inhibition was defined by
a tryptophan concentration (millimmolar) that in-
hibits ASase activity by one-half of that assayed
in the absence of tryptophan. The higher the
concentration, the higher the degree of release
from feedback inhibition, implying that ASase
activity becomes more insensitive to tryptophan
and vice versa.

Tryptophan accumulation in MTIII medium in
fermentors at 37°C for 30 h was studied with
various mutants of pSC101 trp or a derivative of
pSC101 trp-I15 that were transferred to Tna.
The concentration of tryptophan observed at the
end of each run was plotted against the degree of
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FIG. 3. Production of tryptophan by Tna strains carrying various mutants of pSC101 irp or a derivative of
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release (Fig. 3). It is interesting that tryptophan
production was enhanced in proportion to the
release as long as the abscissa reading was less
than 20 mM.

When the release became more advanced,
tryptophan production was adversely affected
(Fig. 3). Supposing that the release was in the
range given in Fig. 3, specific activities of
ASase, TSase, and PRTase ranged from 16 to
17, 105 to 116, and 6.1 to 7.0 U/mg of protein,
respectively. Regarding both Tna(pSC101
trp-MI33) and Tna(pSC101 rp-MI51), whose
release of ASase from feedback inhibition was
more complete, the activities were 10.8 to 11.0
U/mg of protein for ASase, 90 to 94 U/mg of
protein for TSase, and 3.4 to 3.9 U/mg of protein
for PRTase.

A marked decrease in the activities of ASase
and PRTase (anthranilate aggregate) in these
latter plasmids may be partly responsible for the
decrease of tryptophan production when the
degree of release was 50 mM (Fig. 3). However,
the feedback inhibition of PRTase by tryptophan
must be addressed. Different from the previous
picture for the ASase, the remaining fraction of
PRTase assayed in the presence of tryptophan
for all of the composite plasmids (Fig. 3) leveled
off when the tryptophan concentration was >1
mM (15). Evidently, a particular feature of
PRTase did not permit the convenient use of a
50% inhibition level of tryptophan as for the
ASase. Notwithstanding this fact, it was con-
firmed that the leveling-off fraction of PRTase
for a given plasmid (Fig. 3) corresponded to the
degree of release for ASase of the same plasmid;
i.e., when the release of the ASase increased,
the residual fraction of the PRTase (indicative of
the release for PRTase) was also found to in-
crease (data not shown). Accordingly, the re-
lease from feedback inhibition for ASase activi-
ties might be assumed to represent the overall
picture for both enzymes.

(ii) Batch culture of Tna(pSC101 trp-115-14).
An example of batch cultures of Tna(pSC101
1rp-115-14) is shown in Fig. 4. Although the data
points (optical density at 660 nm) for cell growth
in MTHI medium at 37°C, pH 7.0, exhibited
logarithmic growth up to about 9 h after the start
of this run, the production of tryptophan did not
necessarily correspond to cell growth.

The accumulation of tryptophan terminated
when glucose was exhausted. Correspondingly,
the concentration of anthranilic acid that had
been fed continuously into the medium began to
increase due to the cessation of anthranilic acid
uptake by the cells.

The concentration of tryptophan at 27 h in this
example was 6.2 glliter. The total amount of
anthranilic acid charged into the medium was:
0.5 g (initial) + 50 mg/liter per h x 20 h (feeding
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FIG. 4. Batch culture of Tna(pSC101 1rp-115-14) at
37°C and pH 7.0 in minifermentors (MTIII medium).
Symbols: . glucose; O, tryptophan: 4, optical densi-
ty at 660 nm (OD¢o); @, anthranilic acid.

period) = 1.5 g. A stoichiometric estimate of
tryptophan to be synthesized from this total
amount of anthranilic acid was equivalent to
2.25g (= 1.5 x 1.5). Consequently, it is inferred
that nearly 4 g (= 6.2 — 2.25) of tryptophan must
have been yielded by using the anthrailic acid
that resulted from the initial glucose added (Fig.
1).

DISCUSSION

The advantages of this new approach to the
production of tryptophan by E. coli were that (i)
host strains and composite plasmids could be
treated with mutagen independently; (ii) after
mutagenesis, mutants of the host strain could be
transformed with mutant plasmids; and (iii)
more freedom was available for choice of these
mutant strains and plasmids for transformation.
It is evident that the high production of trypto-
phan (Fig. 4) could not be realized unless this
approach was utilized. Similarly, Tribe and Pit-
tard reported on the production of tryptophan by
E. coli, using plasmid ColV trp or F'trp (copy
number, one to three per chromosome) (26).
Their data showed that 1 g of tryptophan per
liter accumulated after 12.5 h of cultivation, the
productivity being 0.08 g of tryptophan/liter per
h. Their principal concern was in the use of
various mutants of the host strain rather than
plasmids.
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Other recent work on tryptophan production
dealt with either B. subtilis or C. glutamicum,
both of which had been subjected to a series of
mutageneses. According to Shiio et al., the
tryptophan concentration in the culture medium
of B. subiilis was 6.15 g/liter in 48 h (21),
whereas the production with C. glutamicum was
12 gfliter in 96 h (10). For tryptophan yield per
hour, it is clear that the data in Fig. 4 surpassed
the yields for B. subuilis and C. glutamicum.

It must be emphasized that the host strains
used throughout this study were deletion mu-
tants (trrpAE]) having either trpR or deficiency
of tryptophanase in addition to trpR. Conse-
quently, there was no need to use recA strains;
therefore, there was no possibility of recombina-
tion of plasmid DNA with chromosomes. If the
lower growth rate of recA strains is taken into
account, the fact that the deletion mutants in this
work is also significant from the viewpoint of
tryptophan production.

Tryptophan analogs other than the 5-MT, 6-
fluoro-pL-tryptophan, 4-methyl-DL-tryptophan,
6-methyl-DL-tryptophan, and tryptophan hy-
droxamate (all from Sigma Chemical Co.) were
examined to select feedback-resistant plasmid
mutants. However, since all of the mutant
strains tested were insensitive to these analogs
except 6-fluoro-pL-tryptophan, the use of these
analogs was impossible. It must be mentioned
that repeated trials to select feedback-resistant
plasmids from 6-fluoro-pL-tryptophan-resistant
mutants failed for unknown reasons.

It is interesting to point out the following gene
dosage effect: the TSase activities of AE1 carry-
ing the composite plasmids were enhanced near-
ly in proportion to the copy number (Table 3).
The effect was more clearly seen in AE1 than in
Tna. In Tna ceils, the enhanced expression of
TSase activities owing to rrpR might have dis-
turbed the metabolism of the host strain (20).
The metabolic disturbance would be responsible
for the apparent deviation from the proportional-
ity in Tna. The gene dosage effect on tryptophan
production rather than the activities of enzymes
for the biosynthesis of tryptophan was recog-
nized to some extent in Tna (Fig. 2).

An extensive analysis of amino acids in the
broth of MTIII (Fig. 4) with an amino acid
autoanalyzer (model 835-50, Hitachi Works
Ltd.) that assays 17 species of amino acids (not
glutamine, asparagine, and tryptophan) revealed
that concentrations of glycine, serine, and threo-
nine were not detected during the initial 4 to 8 h.
The remaining 14 amino acids decreased rather
than increased in concentration as the cultiva-
tion proceeded (data not shown). The early
disappearance of glycine, serine, and threonine
from the broth would support the metabolic
pathways shown in Fig. 1 functioning normally
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in the culture of Tna cells harboring pSC101
trp-115-14. In this context, however, it is difficult
to rule out the possibility that serine arising from
glucose may have limited the biosynthesis of
tryptophan.

Consequently, an appropriate addition of ser-
ine to the medium during the cultivation would
be effective to increase tryptophan production.
Indeed, ample room is available for further
improvement of tryptophan production by en-
riching the culture medium, by feeding giucose
intermittentiy (rather than the initial dumped
supply) to prolong cellular activities, or by se-
curing a double auxotroph of phenylalanine and
tyrosine. However, the commendable produc-
tion of tryptophan already achieved in a simple
medium (MTIII) by a routine culture manipula-
tion is worthy of attention (Fig. 4).

Finally, the plasmid stability (TSase activity)
during storage of Tna(pSC101 trp-115-14) must
be emphasized. When the composite plasmids
were at —80°C, the enzyme activities remained
almost unchanged during 150 days, whereas at
4°C the activities decreased to 0.8, irrespective
of L agar (+ Tc, 20 pg/ml) or MM agar, taking
the initial TSase activity as unity. Storage at
room temperature was prohibitive because of
deformation and desiccation of the agar during
the 150-day period.
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maltotriosyl)-maltose (b). Broken arrows indicale the very weak
side reaction of neopullulanase. Symbols are as in Fig. 1.

(Fig. 3) must be reliable enough to explain the action of
neopullulanase on pullulan.

In addition to these main reactions, a slight side reaction
of neopullulanase was found. Neopullulanase attacked
mainly the a-(1—6) linkage of 6>-O-a-maltosyl-maltose and
produced maltose. However, a very smaill amount of glucose
was found (Fig. 2c). Therefore, it was most likely that
neopullulanase hydrolyzed the a-(1—4) linkage of 6°-O-a-
maltosyl-maltose very slightly and produced glucose and
maltose (Fig. 5a). A similar reaction might occur with other
substrates. Taking 6%0-a-(6>-0-a-glucosyl-mahotriosyl)-
maltose as an example of an intermediate product, a very
small amount of isomaltose might be produced as one of the
final products from pullulan after neopullulanase treatment
(Fig. 5b). In fact, a faint spot corresponding to isomaltose
was found on the paper chromatogram in Fig. 4, spot a. Spot
b in Fig. 4 was thought to be the intermediate product
6-0-a-(63-0-a-glucosyl-maltotriosyl)-glucose (Fig. S5b).

Recently, some enzymes that demonstrate dual specificity
towards a-(1—4)- and a-(1-—6)-glucosidic linkages have been
reported (3, 10, 12). Thermoanaerobinm sp. strain Tok6-B1
pullulanase (10) and Thermoanaerobium brockii debranching
enzyme (3) can cleave the a-(1—6) linkages {and none of the
a-(1—4) bonds) of pullulan and the a-(1—4) linkages of
starch. On the other hand, Thermoactinomyces vulgaris
a-amylase attacks some of the a-(1—6) linkages in partial
hydrolysates of pullulan as well as a-(1—4) linkages in starch
and pullulan(12). From the viewpoint of the pattern of action
on pullulan and partial hydrolysates of pullulan, B. stearo-
thermophilus neopullulanase has something in common with
T. vulgaris a~amylase. When compared on the same basis of
a final hydrolysis percentage {(reducing sugar/total carbohy-
drate) X 100}, T. vulgaris a-amylase was shown to hydrolyze
pullulan and starch 35 and 50%, respectively (14), whereas
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B. stearothermophilus neopullulanase hydrolyzed putlulan
efficiently (45%) but hydrolyzed starch less efficiently (13%)
(8). Hence, B. stearothermophilus neopullulanase should be
clearly distinguished from a-amylase.

Further investigations are now in progress to better un-
derstand the substrate specificity of the enzyme by using
several polysaccharides, such as amylose, amylopectin,
glycogen, and B-limit dextrin.
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Confirmation of the model of action. To examine whether
the action model is correct, we analyzed intermediate prod-
ucts produced from pullulan by neopullulanase. A 10%
pulfulan solution (4.5 ml) and § U of neopuliulanase were
mcubated at S0°C for 4 h, and the reaction was stopped by
heat treatment at 100°C for S min. The reaction mixture was
analyzed by preparative-scale paper chromatography, and &
part of the reaction mixture was visualized by paper chro-
matography after treatment by the glucoamylase dip method
(6) to convert weakly reducing oligosaccharides into glucose
(Iig. 4). Spots A, B, und C corresponded to glucose,
maliotriose, and panose, respectively, as final products.
Spot D seemed (o be a brunched DP 4 oligosaccharide, and
the fraction was extracted from the paper chromatogram.
The sample was hydrolyzed by neopuliulanase, and glucose
and a hranched DP 3 oligosaccharide were produced as final
products. The extracted fruction was hydrolyzed by gluco-
amylase, and only glucose was produced as the final prod-
uct. These results indicated that spot 1) wus 6'-0-a-glucosyl-
maltotriose. Spot E corresponded to a branched DP 6
oligosaccharide, und the fraction was extracted. The sample
was hydrolyzed by pullulanase 10 produce maliose and a
branched DP 4 oligosaccharide and was also hydrolyzed by
glucoamylase to produce glucose and panose. These results
suggested that spot E was 67-0-a-(6'-O-a-glucosyl-malio-
triosyl)-maltose. In this context, the extracted sample from
the spot E fraction was hydrolyzed by neopullulanase, and
punose, maltose, and glucose were produced. From the data
mentioned above, the model of action of neopullulanase

v
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| Final
g f products
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F1G. 4. Paper chromatography of the partial hydrolysis products
produced from pubulan by neopulluiunase. Lane 1 contains the
sumple. Multobenaose and maltobeptaose are indicated by Gé and
G7. respectively. Other ubbreviations and symbols are as in Fig. 1.
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were developed seven and four times, respectively. Sugars
on the paper were detected by the silver nitrate dip method
(11). High-performance liquid chromatography (L.C-6A; Shi-
mazu, Kyoto, Japan; ZORBAX-NH, column; Du Pont Co.,
Wilmington, Del.) was also used for the analysis of reaction
products. Paper chromatography gave superior discrimina-
tion between a-(1—4)- and a-(1—6)-linked oligosaccharides,
as compared with high-performance liquid chromatography
or thin-layer chromatography. The retardation of an a-(1—6)
linkage was about one-half to two-thirds of that of an
additional a-(1—4)-linked D-glucose unit (1). Quantitative
analysis of reducing sugars in the hydrolysate was performed
as described above for the neopullulanase assay. Total
carbohydrate was measured by the phenol-sulfuric acid
method (4).

Extraction of oligosaccharides from paper chromatograms.
After the preparative-scale paper chromatograms were de-
veloped and dried, the oligosaccharide fraction was cut out
and dipped into boiling water (100 ml) for S min. The eluted
oligosaccharide solution was collected by filtration
(Whatman no. 1 filter paper). These elution steps were
repeated twice, and the solution was concentrated by lyo-
philization. The yield of oligosaccharide was about 100%,
with no contamination by other oligosaccharides.

RESULTS AND DISCUSSION

Preparation of branched oligosaccharides. |somaltose was
incubated with starch and cyclodextrin glucanotransferase
to generate various branched oligosaccharides terminated by
isomaltose at the reducing end (7). The oligosaccharides in
the mixture obtained by the coupling reaction with cyclo-
dextrin glucanotransferase were fractionated by preparative-
scale paper chromatography. As a branched fraction with a
degree of polymerization (DP) of 3, isopanose and 6'-O-a-
glucosyl-maltose were produced simuitaneously from iso-
maltose, so it was not feasible 1o isolate them as individual
compounds (1). In the same manner, panose was incubated
with starch and cyclodextrin glucanotransferase to generate
various branched oligosaccharides terminated by panose at
the reducing end, and these oligosaccharides were fraction-
ated. As a branched DP 4 fraction, 6>-O-a-maltosyl-maltose
and 6%-O-a-glucosyl-maltotriose were produced (7) and
could be separated by paper chromatography. The former
migrated more slowly than did the latter (16).

The structures of these branched oligosaccharides were
confirmed by pullulanase and glucoamylase analyses. The
mixture of isopanose and 6'-O-a-glucosyl-maltose was not
hydrolyzed by pullulanase (1) but was hydrolyzed to pro-
duce glucose and isomaltose by glucoamylase (9). 6*-0-a-
Maltosyl-maltose was hydrolyzed by pullulanase, and malt-
ose was produced (1). It was also hydrolyzed by
glucoamylase to produce glucose and to accumuiate panose
as an intermediate product (9).

On the other hand, waxy maize amylopectin was digested
completely by saccharifying a-amylase. The products were
analyzed by preparative-scale paper chromatography, and
the smallest limit dextrin was extracted as 6*-O-a-glucosyl-
maltotriose (16).

Action of neopullulanase on DP 2 and DP 3 oligosaccha-
rides. Maltose, isomaltose, panose, maltotriose, maltotriitol,
and the mixture of isopanose and 6'-O-a-glucosyl-maltose
were digested with neopullulanase, and the time course of
the products was analyzed by paper chromatography. Each
reaction mixture (500 pl) consisted of 0.5% substrate in 50
mM acetate buffer (pH 6.0) and 0.05 U of neopullulanase.

J. BACTERIOL.

After an appropriate incubation period at 50°C, 50-pl sam-
ples were collected, and the reaction was stopped by heat
treatment at 100°C for S min. A 10-pl amount of each sample
was applied to chromatography paper. Neopullulanase did
not hydrolyze maltose, isomaltose, and panose (data not
shown). Maltotriose and maltotriitol could be hydrolyzed,
and both maltose and glucose were produced, indicating that
neopullulanase hydrolyzed a-(1—4) linkages next to both
nonreducing and reducing ends (Fig. 1a and b). It must be
noted that maltotriitol does not produce a spot on a paper
chromatogram with silver nitrate reagent because of the
reduction of a reducing end. The mixture of isopanose and
6-0-a-glucosyl-maltose couid be also hydrolyzed, and both
maltose and glucose were produced (Fig. 1c). These facts
indicated that neopullulanase hydrolyzed not only a-(1—4)
linkages but also a-(1—6) linkages.

Action of neopullulanase on DP 4 oligosaccharides. Using
the same procedures as those described above, we analyzed
the patterns of action of neopullulanase on maltotetraose,
6*-0-a-glucosyl-maltotriose, and 6%-0-a-maltosyl-maltose.
Neopullulanase hydrolyzed maltotetraose and produced
maitose and a smaller amount of glucose (Fig. 2a). These
results showed that the middle position of the three a-(1—4)
linkages was mainly cleaved. 63-0-a-Glucosyl-maltotriose
was hydrolyzed, and panose and glucose were produced
(Fig. 2b). On the other hand, neopullulanase attacked the
a-(1—6) linkage of 62-O-a-maltosyl-maltose and produced
maltose (Fig. 2¢). A very small amount of glucose was
visible on the paper chromatogram; the reason is discussed
below.

Time course of pullulan hydrolysis by neopullulanase. To
investigate the pattern of action of neopullulanase more
precisely, we quantitatively analyzed the time course of the
sugars making up the pullulan hydrolysate by high-perfor-
mance liquid chromatography {(data not shown). Only pa-
nose was detected in the early stage of the reaction (0 to 30

‘min); maltose production followed after 30 min. Glucose

could not be detected in the early stage at all but could be
detected after 60 min. The final molar ratio of panose,
maltase, and giucose (after 360 min) was 3:1:1.

Model of action of pullulan hydrolysis by neopullulanase.

* According to the results mentioned above, a model of the

action of neopullulanase on puliulan is proposed (Fig. 3). In
the first step, neopullulanase attacks only a-(1—4)-glu-
cosidic linkages on the nonreducing side of a-(1—6)-glu-
cosidic linkages of pullulan at random and produces panose
and several intermediate products composed of some panose
units. The endo-cleaving fashion of neopullulanase was
confirmed by the fact that the enzyme could hydrolyze
B-cyclodextrin (data not shown). In the second step, taking
6%-0-a-(6*-O-a-glucosyl-maltotriosyl)-maltose as an exam-
ple of one of the intermediate products, neopullulanase
attacks either a-(1—4) or a-(1—6) linkages and produces
panose or 63-0-a-glucosyl-maltotriose plus maltose, respec-
tively. In other words, the enzyme can hydrolyze not only
a-(1—>4) linkages but also a-(1—6) linkages of partial hy-
drolysates of pullulan (intermediate products), recognizing
the structure terminated by 6%-O-a-maltosyl-maltose at the
reducing end (Fig. 2c). In the third step, 6’-O-a-glucosyl-
maltotriose is hydrolyzed by the enzyme, and glucose is
produced together with panose (Fig. 2b). This model is
basically consistent with the fact that when pullulan was
hydrolyzed by neopullulanase, panose, maltose, and glucose
appeared, in that order, with some intervals, that the molar
ratio of maltose and glucose was 1:1, and that the amount of
panose was greater than those of maltose and glucose.
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FIG. 1. Action of neopullulanase on DP 3 oligosaccharides. Paper chromatograms and the schematic representation of the results are
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The action of neopullulanase from Bacillus stearothermophilus on many oligosaccharides was tested. The
enzyme hydrolyzed not only a-(1—4)-glucosidic linkages but also specific a-(1—6)-glucosidic linkages of
several branched oligosaccharides. When pullulan was used as a substrate, panose, maltose, and glucose, in
that order, were produced as final products at a final molar ratio of 3:1:1. According to these results, we
proposed a model for the pattern of action of neopullulanase on puliulan as follows. In the first step, the enzyme
hydrolyzes only «a-(1—4)-glucosidic linkages on the nonreducing side of a-(1—6) linkages of pullulan and
produces panose and several intermediate products composed of some panose units. In the second step, taking
62-0-01-(6’-0-0(-glucosyl-maltotriosyl)-maltose as an example of one of the intermediate products, the enzyme
hydrolyzes either a-(1—4) (the same position as that described above) or a-(1—6) linkages and produces
panose or 6°-0-a-glucosyl-maltotriose plus maltose, respectively. In the third step, the a-(1—4) linkage of
6>-0-a-glucosyl-maltotriose is hydrolyzed by the enzyme, and glucose and another panose are produced. To
confirm the model of the pattern of action, we extracted intermediate products produced from pullulan by
neopuliulanase and analyzed the structures by glucoamylase, pullulanase, and neopullulanase analyses. The
experimental results supported the above-mentioned model of the pattern of action of neopullulanase on

pullulan.

Four types of pullulan-hydrolyzing enzymes have been
reported: (i) glucoamylase (glucan 1,4-a-glucosidase; EC
3.2.1.3) (15), which hydrolyzes puliulan from nonreducing
ends to produce glucose; (ii) pullulanase («-dextrin endo-1,6-
a-glucosidase; EC 3.2.1.41) (2). from Klebsiella pneumo-
niae, which hydrolyzes a-(1—6)-glucosidic linkages of pull-
ulan to produce maltotriose; (iii) isopullulanase (EC 3.2.1.57)
(13), from Aspergillus niger, which hydrolyzes a-(1—4)-
glucosidic linkages of pullulan to produce isc panose (6-O-a-
maltosyl-glucose); and (iv) neopullulanase, which hydro-
lyzes a-{1—4)-glucosidic linkages of pullulan to produce
panose (6°-O-a-glucosyl-maltose). The last enzyme was re-
ported to be a new type of pullulanase from Bacillus stear-
othermophilus TRS40 in our previous paper (8).

Neopullulanase from B. stearothermophilus TRS40 could
hydrolyze pullulan efficiently and only hydrolyzed a smail
amount of starch. When pullulan was used as a substrate, the
main product was panose, and small amounts of glucose and
maltose were simultaneously produced (8). Therefore, neo-
pullulanase was obviously different from the pullulan-hydro-
lyzing enzymes previously reported (2, 13-15) and shouid be
considered as a new enzyme (8).

To produce glucose and maitose in addition to panose
from pullulan, neopullulanase has to hydrolyze «-(1—6)-
glucosidic linkages as well as a-(1—4)-glucosidic linkages.
The present investigation was conducted to reveal the attack
point of glucosidic linkages of pullulan by neopullulanase.

This paper describes the action of neopullulanase on many
oligosaccharides and pullulan. According 1o these observa-
tions, a model of the pattern of action of the enzyme on
pullulan is proposed and discussed.

* Corresponding author.

MATERIALS AND METHODS

Substrates and reagents. Maltotriose, maitotriitol, panose,
and pullulan were purchased from Hayashibara Co., Ltd.,
Okayama, Japan. lsomaltose and maltotetraose were ob-
tained from Sigma Chemical Co., St. Louis, Mo. Unless
otherwise specified, glucose, maltose, B-cyclodextrin, and
all other reagents were purchased from Wako Pure Chemical
Industries, Osaka, Japan. :

Enzymes. Neopullulanase from B. stearothermophilus
TRS40 was purified as described previously (8). Saccharify-
ing a-amylase (EC 3.2.1.1) was prepared from B. subtilis as
described by Fukumoto and Okada (5). Cyclodextrin gluca-
notransferase (cyclomaltodextrin glucanotransferase; EC
2.4.1.19) from B. macerans was purchased from Amano
Pharmaceutical Co., Ltd., Nagoya, Japan. Pullulanase from
Klebsiella (Aerobacter) aerogenes and glucoamylase from
Aspergillus niger were obtained from Sigma.

Assay of neopullulanase activity. Neopullulanase activity
was assayed as described previously (8). The reaction mix-
ture (500 pl) consisted of 1% pullulan in 0.2 M sodium
acetate buffer (pH 6.0) and the enzyme. The reaction was
stopped after an appropriate incubation period at 60°C by the
addition of 3,5-dinitrosalicylic acid reagent (1 m!). The
reagent was prepared by mixing 0.5 g of 3,5-dinitrosalicylic
acid dissolved in 20 ml of 2 N NaOH and 30 g of sodium
potassium tartrate dissolved in 50 ml of deionized water and
adjusting the volume to 100 mi with deionized water. One
unit of neopullulanase activity was defined as the amount of
enzyme which released 1 wmol of reducing sugar as glucose
per min under the assay conditions described above.

Analysis of hydrolysis products. Paper -chromatography
was carried out in the ascending mode on Toyo no. 50 filter-
paper with a soivent mixture of n-butanol-pyridine-water (6:
4:3 or 6:4:4, by volume). Preparative-scale (40- by 40-cm)
and analytical-scale (18- by 20-cm) paper chromatograms
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higher thermostability in the first and the second halves, respec-
tively. Therefore, the amino acid substitution in thermostable
neutral protease was confined to the first haif. The substitution
Gly to Ala is available for positions 47, 61 and 144. Since Gly
144 is in the a-helix which combines two domains (Fig. 2), the
amino acid substitution Gly 144 to Ala 144 (mutation M1)
should increase the internal hydrophobicity, stabilize the a-helix
and thus improve the thermostability of the protease. Since it
requires only the addition of a methyl group this replacement
minimizes interruption of function or internal residue packing
arrangements. Another mutation, M3 (Thr 66 to Ser 66) should
decrease thermostability of the enzyme. Amino acid substitu-
tions were performed by site-directed mutagenesis (Fig. 3).

Thermostability of wild-type (WT) neutral protease of B.
stearothermophilus and thermolysin was tested at 75 °C (Fig. 4a).
Thermolysin was more thermostable than the WT protease from
B. stearothermophilus. When M1 mutation (Gly 144 to Ala 144,
GGG to GCG) was introduced, the M1 enzyme was found to
be more thermostable than WT enzyme (Fig. 4a, b). The M3
mutation (Thr 66 to Ser 66, ACC to TCC) was found to produce
fairly thermolabile enzyme (Fig. 4b). The double mutant M13
was constructed, with both the M1 and M3 mutations. Surpris-
ingly, M13 enzyme had the same thermostability as M3. When
a different thermostability increasing mutation, M2 (Gly 61 to
Ala 61, GGC to GCC), was added to M3, the double mutant
enzyme M23 showed the same stability as M3. But when both
mutations M1 and M2 were introduced into M3, the stability
of the triple mutant enzyme M123 recovered to some extent
compared to that of M3 (Fig.4b). It is interesting that two
mutations are required simultaneously to enhance the ther-
mostability of M3 enzyme.

The statistical data in ref. 6 were obtained from many simul-
taneous replacements of amino acids between thermophilic and
mesophilic enzymes. We attempted single amino-acid substitu-
tion to test the hypothesis and found that a single substitution
does not always enhance thermostability.

The thermostability of an enzyme is influenced by many
factors, including amino acid sequence, three-dimensional
structure, cofactors and pH. The Bacillus neutral proteases
require Ca ion as the most important enzyme stabilizing factor.
Four Ca-binding sites were found in thermolysin (Figs 1 and
2)'*'. Some Ca-binding sites, Asp 141, Asp 188, Glu 193 and
Asp 194 are conserved for all proteases examined (Fig.1).
However, a Ca-binding site, Glu 180, of thermostable proteases
from B. stearothermophilus and B. thermoproteolyticus is deleted
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Fig. 4 Thermostability of neutral proteases. Extraceliular pro-
tease produced by B. subiilis carrying nprT™ gene was purified by
the method described previously’. Remaining activity after heating
at: a, 75°C; b, 65°C was assayed as described carlier” and was
expressed as the percent of original activity. ©, Thermolysin; @,
wild-type enzyme (WT) from B. stearothermophilus; O, mutant
MI1; A, mutant M3; A, double mutant M13; [J, double mutant
M23; H, triple mutant M123.

in the proteases from B. subtilis and B. amyloiiquefaciens (Fig. 1).
This might account for the fact that the latter proteases are
rather thermolabile. If the amino acid sequence from Thr 177
to Phe 181 were inserted in the B. subtilis protease, the enzyme
would become more thermostable. Studies on other mutations
using this approach are in progress.
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on the manuscript.
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Fig. 2 Three-dimensional structure of thermolysin'*. Open
circles, a-carbon positions. Zinc atom is drawn stippled with its
three protein ligands shown diagramatically as broken lines. Four
calcium atoms are shown as solid circles. The amino acid number
from the NH,-terminus is for B. stearothermophilus neutral pro-
tease; originally, Gly-Tyr-Tyr at positions 29-3]1 are absent in
thermolysin.
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Fig. 3 The scheme of site-directed mutagenesis and DNA construction. The B. stearothermophilus nprT* gene has been cloned in pNP22-2,
which is a deletion derivative of pNP22-1 (ref. 8). Since the plasmid contains three Sall sites, one Sall near an EcoRI site was eliminated by
partial digestion of pNP22-2 with Sall, digestion with Bal3I, and ligation. The plasmid thus obtained is designated pNP22-3. The 888 base
pair (bp) Sall fragment containing most of the extracellular portion of protease was isotated from pNP22-3 (Npr™), and the resulting plasmid
{Npr~) was designated as pDMPI0. The 888 bp Sall fragment was cloned as described'® in M13mpl1, and single-stranded (ss) DNA was
isolated. The ss DNA was annealed with a synthetic oligonucleotide whose 5’ end had been phosphorylated with polynucleotide kinase. After
DNA extension using the primer and ligation, the double-stranded DNA was digested with both EcoRI and Pstl. The EcoRI~Pstl fragment
was ligated with larged EcoRI1-PstI fragment of pBR322. The ligation mixture was used to transform Escherichia coli. Recombinant plasmids
were isolated from the transformants (Tc” Ap*). Mutated DNA was screened by cither restriction enzyme treatment (mutated primer
5.CGTCGTGGCGCATGAGT-3, Hhal for mutation M1 and 5-GACCGATGCCGACAACC-¥, SfaNI for mutation M2; asterisks, indicate
mismatches and underlined sequences the new restriction site) or colony hybridization’® and the mutation was confirmed by DNA sequencing.
The 888 bp Sall fragment with mutation was isolated from the recombinant plasmid, and ligated with Sall treated pDMPI10. The ligation
mixture was used to transform B. subtilis MT-2 (Npr)” to Km” Npr*. B. subtilis MT-2 carrying the mutant plasmid was used to produce
extracellular neutral protease.
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A new way of enhancing
the thermostability of proteases

Tadayuki Imanaka, Mitsuyoshi Shibazaki
& Masahiro Takagi

Department of Fermentation Technology, Faculty of Engineering,
Osaka University, Yamada-oka, Suita-shi, Osaka 565, Japan

Thermostability of enzyme can be enhanced by single amino acid
substitutions”?, Recent advances in genetic engineering have made
it possible to create novel proteins in a predictable manner where
structural information for the protein is available. This ‘protein
engineering” has already been used to enhance enzyme thermosta-
bility*®, but it is usually not clear which amino acid substitutions
should be made. We consider that the following approach should
be helpful in engineering proteins with enhanced thermostability:
highly conserved residues should be left unchanged ; the sequences
of known mesophilic and thermophilic proteins should be used to
suggest the kinds of changes likely to increase thermostability®;
and substitutions should be made that increase internal hydropho-
bicity and that stabilize helices for strong internal packing. We
describe here the use of this approach to alter the thermostability
of the thermostable neutral protease of Bacillus stearother-
mophilus, the sequence of which is known®. Surprisingly we find
that a single mutation that decreases thermostability can require
two mutations that increase stability to compensate for it. The
effects on stability are not additive, suggesting cooperativity.

Comparison of primary structures of enzymes of the same
function but different origins is useful to determine the essential
regions for activity, because active and/or substrate-binding
sites are highly conserved in the homologous regions®. Amino
acid sequences of four neutral proteases from B. stearother-
mophilus®, Bacillus thermoproteolyticus'®, Bacillus subrilis'' and
Bacillus amyloliquefaciens'? were therefore aligned and com-
pared (Fig. 1).

1 VAGASTVGVGRGVLG
2 ITGTSTVGVGRGVLG
3 AAA T GSGTTLKG

Fig. t Comparison of amino acid 4 AAT T GTGTTLKG
sequences of various extracellular A(M2)

neutral  proteases. Amino acid 1 5(M3)
residues are shown by single letters: -C t

1 GDNQFTASYDARAVD
2 ADNQFFASYDAPAVD
3TTKTFTSSSQRAAVD
4 TTNQFTTSSQRAAVD

A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; 1, Ile; K, Lys;
L, Leu; M, Met; N, Asn; P, Pro; Q,
Gin; R, Arg; S, Ser; T, Thr; V, Val;
W, Trp; Y, Tyr. A blank indicates the
absence of corresponding amino acid
of this position. Enzyme sources are:
1, Bacillus stearothermophilus®, 2,
Bacillus  thermoproteolyticus'®; 3,
Bacillus subtilis''; 4, Bacillus amy-
loliguefaciens'?. Homologous
sequence regions are surrounded by

1 SQUVYGDGDGQTFLP
2 SEMVYGDGDGQTFIP
3 DQMIYGDGDGS[FFSP
4 DQUMIYGDGDGSFFFSP

6098, pp. 695-697, 18 December 1986
urnals Ltd., 1986

The amino acid sequence of thermostable neutral protease
from B. stearothermophilus was homologous (85% ) with that of
thermolysin from B. thermoproteolyricus. Similarly, the sequen-
ces for thermolabile neutral proteases from B. subrilis and B.
amyloliquefaciens were also homologous (89%). In contrast, the
homology between the thermostable and thermolabile enzymes
was lower (~45%) (Fig.1). Nine regions were found to be
conserved in all four enzymes. These highly homologous regions
are likely to be essential for the enzyme activity. In fact, it has
been reported that His 234 and Arg206 are the active and
substrate-binding sites of neutral protease (or of thermolysin),
respectively'®. Zn ion is essential for the enzyme activity of
thermolysin, and the three protein ligands for Zn (His 145,
His 149 and Glu 169)"? are conserved in all enzymes (Fig. 1).
Glu 146, which promotes the attack of a water molecule on the
carbonyl carbon of the substrate'?, is also conserved in these
enzymes (Fig. 1).

The comparison of B. stearothermophilus protease and therm-
olysin revealed that the amino acid frames were completely
matched except for additional three amino acids (Gly-Tyr-
Tyr, 29-31) in the enzyme from B. stearothermophilus (Fig. 1).
Therefore, the three-dimensional structure of B. stearother-
mophilus protease would be basically similar to the known
tertiary structure of thermolysin'* shown in Fig.2. Although
His 234 (active site), Arg 206 (substrate-binding site), Leu 205,
Glu 193 and Asn 162 are far apart in the primary structure of
the enzyme (Fig. 1), these amino acid residues are near the active
site in the three-dimensional structure (Fig.2) and are com-
pletely conserved in the four neutral proteases tested. Therefore,
alteration of amino acids in the highly conserved sequence
should be avoided.

We decided the position and species of amino acid to be
replaced to give enhanced enzyme thermostability according to
the procedure outlined. The amino acid substitutions between
B. stearothermophilus protease and thermolysin were examined
in the light of statistical data on amino acid substitutions which
increase thermostability® (Fig. 1). Thermolysin and B. stearother-
mophilus protease contain some amino acids which promote

. . . -+ . Ca
DQKYINTTYSSYYGYYYLQDNTR GSGIFTYDGRNRT VLPGSLWTD 60
DQKNIRTTYSTYY YLQDNTR GDGIFTYDAKYRT TLPGSLWAD |
ATVPLN ISYEGGXYVLRDLSKPTGTQIITYDLQNRQSRLPGTLVSS

KTVSLN ISSESGKYVLRDLSKPTGTQIITYDLQNREYNLPGTLVSS

+ .
TRSTVHY GR
[RSSVHY S{Qd
IVSSVHYGTQ
LvSSVHYGISR

YNNAFWNG 120
YNNAFWNG
YNNAAWTG
YNNAAWIG

YAGVVYDYYKNVHGRLSYDGSNAA
AHY[YAGVTYDYYKNVHNRLSYDGNNAA
AHYINLGKVYDYFYSNFKRNSYDNKGSK
AHYINLGKVYDYFYQKFNRNSYDNKGGK

ARY]

. Zn. Ca
JAVTDYTAGLVYQNESGALINEAMSDIFGTLVE
VIDYTAGLIYQNESGAINEAISDIFGTLVE
VIQETANLIYENQPGALNESFSDVFG
VIQETANLNYENQPGALNESFSDVFG

FSGGI 180
LSGGIL
LSGSY

LSGSH

DVTAHEMTH
DVTAHEMTH]

N Ca. CacCa .+Ca+ . . . .
rectangles. Active and substrate- 1 FYANRNPDWEIGED IV TPGVAGDALRSHMSDPAKYGDPDHYSK RYT  GTQDNGGVATINSGII 240
binding sites of thermolysin are indi- 2 FYANKNPDWE IGEDVIYTPGISGD|SURISMSDPAKY[GDPDHYSK RYT  GTQDNGGV®INSGII
cated by O and 0], respectively. Pro- 3 YFNDTEDWDIGEDI| T VSQPALRSLSNPTKY[NQPDNYANYRNLPNTDEGIDYGGVHTNSGIP
tein ligands for Zn and Ca ions for 4 YFNDTEDWDIGEDI| T VSQPALRSLSNPTK‘{GQPDNFKNYKXLPNTDAGbYGGVHTNSGIP
thermolysin are indicated above the
sequence. Subslitutions expected to )
icxzh:fml:; f:iﬁf:‘i%ﬁﬂﬁﬂ?ﬁﬁi'ﬁe 1 FRAAYILLSQGGVHYGVSYNGIGRDKMGKIFYRALVYYLIPTSNFSQLRAACVQAAADLYG 300
: - : 2NKAAjLISQGGTHYGVSVVGIGRDKLGKIFYRALTQYLTPTS\'FSQLRAA.-\VQSAYDLYC
in comparison with that of thermoly- 3 NKAAYNTITK LGVSKSQQIYYRALTTYLTPSS[TFKDAKAAL IQSARDLYG
sin from B. thermoproteolyticus are q NKAAﬁNTITK IGVNKAEQIYYRALTVYLTPSSITFXDAKAALIQSARDLYG
indicated above the sequence by + —
or —, respectively. Vertical arrows,
amino acid substitutions in B. .
stearothermophilus protease. 1 ST|SQEVNSVKQAFNAVGVY 319
2 STISQEVASVKQAFDA
3STD AAKVEAAWNA
4s AASVEAAWNA

VGVK
VGL
VGL
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The gene (np{T) for a new type of pullulan-hydrolysing enzyme, neopullulanase, from Bacillus
stearothermophilus TRS40 was sequenced. The DNA sequence revealed only one large open
reading frame, composed of 1764 bases and 588 amino acid residues (M, 69144). Although the
thermostable neopullulanase contained eight cysteine residues, they did not provide
conformational stability by disulphide bonds. A comparison was made of the amino acid
sequences of a-amylase, neopullulanase, isoamylase, pullulanase and cyclodextrin glucanotrans-
ferase. All the enzymes examined contained four highly conserved regions which probably
constitute the active centres of the enzymes. The amino acid residues required for the specificity
of neopullulanase are compared with those of a-amylase and other amylolytic enzymes.

INTRODUCTION

Four types of pullulan-hydrolysing enzymes have been described (Imanaka & Kuriki, 1989):
(i) glucoamylase (glucan 1,4-a-glucosidase; EC 3.2.1.3), which hydrolyses pullulan from
nonreducing ends to produce glucose; (ii) pullulanase (a-dextrin endo-1,6-x-glucosidase; EC
3.2.1.41), which hydrolyses a-(1-6)-glucosidic linkages of pullulan to produce maltotriose; (iii)
isopullulanase (EC 3.2.1.57), which hydrolyses a-(1—4)-glucosidic linkages of pullulan to
produce isopanose (6-O-a-maltosylglucose); and (iv) neopullulanase, which hydrolyses a-(1-4)-
glucosidic linkages of pullulan to produce panose (62-O-a-glucosylmaltose). The last enzyme was
reported to be a new type of pullulan-hydrolysing enzyme from Bacillus stearothermophilus
TRS40 (Kuriki et al., 1988a). We have cloned the genes for the neopullulanase and pullulanase
in Bacillus subtilis (Kuriki et al., 1988a, b, respectively). The neopullulanase could hydrolyse
pullulan efficiently and only hydrolysed a small amount of starch. Further studies revealed that
neopullulanase hydrolysed not only a-(1-4)-glucosidic linkages but also specific a-(1-6)-
glucosidic linkages of several branched oligosaccharides (Imanaka & Kuriki, 1989).

It was previously demonstrated that four highly conserved regions existed in eleven different
a-amylases (EC 3.2.1.1) (Nakajima et al., 1986) and the regions were most likely to be the
active and/or substrate-binding sites of the enzymes (Matsuura et al., 1984). These homologous
regions have also been discussed for other kinds of amylolytic enzymes (Amemura et al., 1988;
Binder et al., 1986 ; Kimura et al., 1987; McPherson & Charalambous, 1988; Sakai et al., 1987).

This paper describes the nucleotide sequence of the cloned neopullulanase gene. To further
investigate the unique action pattern of the neopullulanase at the molecular level, the amino acid
sequence of the neopullulanase is compared with those of a-amylase, isoamylase, pullulanase
and cyclodextrin glucanotransferase, and the specificity of the neopullulanase is described.

METHODS

Bacterial strains, plasmids and phages. The Bacillus strain used was Bacillus subtilis NA-1 (arg-15 hsmM hsrM
Amy~ Npr~) (Kuriki et al, 1988a). Escherichia coli MV1184 [ara A(lac—pro) strA thi ($80Alac/ZAM15)
A(srl~recA)306 - : TnlXTet”); F':traD36 proAB lacBZAM15] was used as a host for plasmids pUCII8 and
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pUC119 and for phage M13KO7 (Vieira & Messing, 1987). Plasmid pPP10 [Tc" np/T* (structural gene of the
neopullulanase from B. stearothermophilus TRS40)] was described previously (Kuriki er al., 19884).

Plasmid isolation, restriction enzyme treatment, and ligation of DNA. Plasmid DNA was prepared by either the
rapid alkaline extraction method or CsCl/ethidium bromide equilibrium density gradient centrifugation as
described previously (Imanaka et al., 1982). Treatment of DNA with restriction enzymes and ligation of DNA
with T4 DNA ligase were done as recommended by the manufacturer.

Transformation. Transformation of £. cofi with plasmid DNA, and transformation of competent B. subtilis cells,
were done as described previously (Imanaka er al., 1981).

Gel electrophoresis for DN 4 analysis and isolation. For the analysis of DNA, gel electrophoresis with agarose or
polyacrylamide was done under standard conditions (Maniatis et al., 1982). A GENECLEAN kit (BIO 101, La Jolla,
Calif., USA) was used for the recovery of DNA from agarose.

DN A sequencing analysis. DNA sequencing was done by the dideoxy chain-terminating method (Sanger et al.,
1977) with a SEQUENASE kit (United State Biochemical Corporation, Cleveland, Oh., USA). For preparing single-
stranded DNA, pUC118/119 and helper phage M13KO7 were used (Vieira & Messing, 1987). Some strands were
analysed by the dideoxy sequencing method using alkaline denatured plasmid templates (Hattori & Sakaki, 1986).
Although some parts of the DNA were analysed from one strand, those sequences could be determined without
any ambiguity on the sequencing gels, because the substitution of dGTP by the nucleotide analogue dITP with the
SEQUENASE kit was successful in elimination of compressed regions. All restriction sites were overlapped by
sequencing across them.

Detection of neopullulanase-producing colonies and assay of neopullulanase activity. Neopullulanase-producing
colonies were selected on PLL agar plates and neopullulanase activity was assayed at 50 °C as described previously
(Kuriki er al., 1988a4).

Purification of neopullulanase. B. subtilis NA-1(pPP10) was cultivated in LSII broth (Kurikieral., 1988a)at 37 °C
for 16 h. The culture supernatant was used for enzyme purification. Purification procedures for the neopullulanase
were described previously (Kuriki e al., 1988a). )

Amino acid composition and amino-terminal amino acid sequence. Using neopullulanase purified to homogeneity,’
the amino acid composition was analysed as described previously (Matsumura er a/., 1984). The amino-terminal
amino acid sequence was analysed by Edman degradation as described elsewhere (Takagi et al., 1985).

Enzymes and chemicals. Restriction endonucleases, T4 DNA ligase, and DNA polymerase I (Klenow fragment)
were purchased from Takara Shuzo Co., Kyoto, Japan. Tetracycline was from Sigma. All other chemicals used
were from Wako Pure Chemical Industries, Osaka, Japan.

Analysis of amino acid sequence homology. This was done with an NEC PC-9801 computer (Nippon Electric Co.)
and the GENETYX system (Software Development Co., Tokyo, Japan).

RESULTS
Nucleotide sequence of the neopullulanase gene

We have previously shown that the structural gene for the neopullulanase (np!/T) from B.
stearothermophilus TRS40 is cloned in a 3-4 kb (2-2 MDa) HindIII fragment of plasmid pPPI10
(Kuriki et al., 19884). Fig. 1 shows the restriction map of the 3-4 kb HindIII fragment. Using a
frame-shift mutation generated by end-filling with DNA polymerase I, we confirmed that a
single Sall site was located in np/T. The nucleotide sequence of np!/T was determined (Fig. 2),
according to the strategy shown in Fig. 1.

To correlate the nucleotide sequence data with the structure of the neopullulanase, the amino-
terminal amino acid sequence of the enzyme from B. subtilis NA-1(pPP10) was determined
through five cycles of the Edman degradation procedure (Allen, 1981). The first five amino acids
of the enzyme were Met-Arg-Lys-Glu-Ala. This sequence completely matched that deduced
from the nucleotide sequence only when ATG was taken as the initiation codon at position + 1
(Fig. 2).

Starting from the ATG codon at position + 1 and terminating in a TAG nonsense codon at
position + 1765, the single open reading frame was composed of 1764 nucleotides (Fig. 2). The
maximum length of other open reading frames was 474 nucleotides in the two other reading
frames of the same strand and the three reading frames of the complementary strand.

At 6 bases upstream from the ATG codon, there was a 10-base sequence, AAGGAGGAGA
(=16 to —7), which exhibited complementarity with the 3’ end of the 16S rRNA from B.
stearothermophilus (Kozak, 1983) and B. subtilis (Moran et al., 1982); hence it is the most
probable ribosome-binding site (Shine-Dalgarno sequence) of np/T. The free energy of
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Fig. 1. Restriction map and sequencing strategy of the 3-4 kb HindIII fragment of pPP10. The location
and size of the neopullulanase gene are shown by the open bar. Arrows indicate the direction and length
of individual sequence determinations. Asterisks indicate the regions analysed using dITP.

formation of the most stable pairing was calculated as —18-0 kcal mol=! (—75-3 kJ mol-!)
(Tinoco et al., 1973).

Two putative promoters (~35 and —10 regions) are shown in Fig. 2; one is
TTGACTTTTTTTCTCTCTTTTCGTACTCT (—90 to —62) and the other
TTTTTTTCTCTCTTTTCGTACTCTTTAAT (-85 to —-57). However, these two putative
promoters are somewhat different from the consensus sequence for the 642 factor (TTGACA for
the —35 region and TATAAT for the — 10 region) in B. subtilis (Moran et al., 1982). The
distance between the — 35 region and the — 10 region was 17 bp for each promoter, which is the
same as the consensus distance in B. subtilis (Moran et al., 1982). Furthermore, 39 bases
downstream from the termination codon at position + 1765 was a palindromic sequence (Fig. 2)
that might act as a transcription terminator (Rosenberg & Court, 1979).

Amino acid analysis

The M, of the neopullulanase, calculated as 69 144 from the amino acid sequence (588 amino
acid residues), is in reasonable agreement with the direct assessment (M, 62000) by SDS
polyacrylamide gel electrophoresis (Kuriki et al., 19884a). The amino acid composition of the
neopullulanase agreed with that deduced from the nucleotide sequence (data not shown). The
codon usage was rather randomly distributed, without clear bias for any particular third-
position base, and was nearly the same as that of B. stearothermophilus a-amylase (Nakajima et
al., 1985).

The neopullulanase contained eight cysteine residues (Fig. 2). If some disulphide bonds
existed, they might provide conformational stability (Perry & Wetzel, 1984). To examine
whether disulphide bonds were present in the neopullulanase, we compared the thermostability
of the enzyme in the presence or absence of a reducing agent. 2-Mercaptoethanol (final
concentration 10 mM) was added to the enzyme solution and the thermostability at 60, 65 and
70 °C was measured as described previously (Kuriki er al., 1988a). The thermostability and
specific activity of the reduced neopullulanase were rather higher than those of the native (non-
reduced) enzyme, although the reason is not clear yet (data not shown). This result implied that
the neopullulanase did not contain any disulphide bonds necessary for enzyme activity or for
stability.

Comparison of the amino acid sequences of homologous regions in several amylolytic enzymes

We analysed the homologous amino acid sequences for a-amylases (Nakajima et al., 1986), the
neopullulanase, isoamylase (Amemura et al., 1988), pullulanase (Katsuragi et al., 1987) and
cyclodextrin glucanotransferases (Binder et al., 1986; Kimura et al., 1987; Sakai e al., 1987). As
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-100
AAGCTTTTTRCTACTGAATETGACTTTTT TC TCTC TTTHCGTACTC T AA TCAGAGGATGGCGATCATGCAAACGATAGCTTTTATAT ATGAAGGAGEAGAGGCCAA
—_— o ———— s

-3% region -10 region
o] 120

ATGAGGAAAGAAGCCATCTACCACCGCCCEGCTGACAAC I TCGCCTATGECTATGATAGTGAGACACTTEATCTTCGGCTTCGAACAAAAAAAGACGATATCGATCGTGITGAGCTGCTG
!zsﬁngx:glgﬁiellcTyersArqProA1|AsplsnP50AlaTyrA1aTyrAlpS;;C1uThrLeuHxsLeuAquaJAquhrLysLysAspAspI1eAspAquulGluL0uLou
1

240
CATGGTGACCCGTATGACTEGCAAAATGGAGCTTGGCAGTTTCAAATGATGCCGATGCGAAAAACAGGAAGTGACGAGTTGTTTGATTATTGGTTCGCCGAAGTCAAACETCCCTATCGE
H18GlyAsSpProTyrAspTrpGlnAsnGlyAlaTrpGlnPheGlnMetMetProMetArglysThrGlySerAspGluleiPheAspTyrTrpPheAlaGluvallysProProTyrArg

60

360

CGGTTACGCTACGGCTTCGIGCTGTATTCAGGAGAGGAGAAGCTCGTTTATACAGAA AAAGGGTTTTACTTTGAGGTTCCAACCGATGATACGGCTTACEACTTTTGC TRTCCC T TC T

ArgLeuArqTyrGlyPheValleuTyrSerGlyGluGluLysleuValTyrThrGluLysGlyPheTyrPheGluValProThrAspAspTheAlaTyrTyrPheCysPheProPheleu
100

480

CATCGAGTCEACTTG TTCGAGGCGCCGGATTGGGTAAAGGATACAGTCTEGTATCAAA T T TCCCTGAGEGGTTCGCCAACGGCAACCCATCAATCAGTCCAGAAGGATEGCGGCCETGE

HisArgValAspleuPheGluAlaProAapTrpValLysAspThrValTrpTyrGlnllePheProGluArgPreAlaAsnGlyAsnProSerlleSerProGluGlySerArgProTrp
160

600

GGGAGCGAGCATCC AACACE AACCAGCTT R I TTGGCGGCEACTTGCAAGGGATTATCGATCATCTCGATTACCTTGTTGACCTTGGTATTACCGGTATT TACTTAACGCEGATCTTCCGT

GlySerGluAspProThrProThrSerPhePheGlyGlyAspleuGinGlyIlelleAspHisLeuAspTyrLeuValAspleuGlyIleThrGlyIleTyrLeuThrProllePheArg
180

120
TCTCCGTCAAACCATARATACGATACCGCTGATTATTTTGAAGTCGATCCACACTTTGGGGATAAAGAAACGTTGARAACGCTCATCGACCGTTGCCATGAMAAAGGTATCCGCGTTATE

So;ProSorAlonsLysTyrAlpThrA1.A:pTerh-GluVl1AspPronsPthlyAspLysGluThrLeuLysThrLauI1aAspAquysH1:GluLysGlyI1¢Aqu11Het
220

840
CTCGATGCCETGTTTAACCATTGCGGCTATGAGTTCGCCCCGTTCCAAGATGTATGGAAAAATGGTGAGTCCTCAAAATATAAGGAC TGETTTCACATTCATGARTTTCEGCTGCAAACA

LeuAspAlavalPheAsrHisCysGlyTyrGlaPheAlaProPheGlnAspValTrplysAsnGlyGluSerSerLysTyrLysAspTrpPheHisIleH1sGluPheProLeuGlnThr
260

960

GAGCCGCGGCCGAATTACGATACATTTCGATTCGTGCCACAAATGCCAARGC TGAACACCGCCAATCCAGAAGTGAAGCETTATTTGCTT GATGTTGCGACATATTGGATTCGTGAGTTT

GluProArqProAsnTyrAspThrPreArgPheVslProGlrMetProlysLeuAsnThrAlaAsrProGluvallysArgTyrLeuLeuAspValAlaThrTyrTrplleArgGluPhe
200

1080

GACATTGACGGTTGGCGGCTTGATGTTGCE AATGAAATCGACCACGAAT T TGGCGCGAGTTCCGCCAGGAGGTAARGGCACTGAAACCEGACGTATACATCCTCGGGGARATTTGGCAT

AsplleAspGlyTrpArgleuAspvalAlaAsnGlulleAspHisGluPreTrpArgGluPheArgGinGluvallysAlaleulysProAspValTyrIlelLeuGlyGlulleTrpHrs
%0

1200

GATGCGATGECGTGGCTGCGCGGTGACCAGTTTGACGCAGTCATGRACTACCCGTTTACAGACGGGGTGE TCCGCTTTTHCGCCAAGGAAGAGATTAGTECACGCCAGTHTGCTAATCAR

AspAlaMetProTrpleuArgGlyAspGlnPheAspAlavalMetAsnTyrProPheThrAspGlyValleuArgPhePheAlalysGliLGlulleSerAlaArgGlnPheAlaAsnGln
380

1320

ATGATGCATGTACTTCATTCGTATCCGAAC AATGTCAACGAGGCCGCATICARTTTGCTCGGCAGTCATEATACATCAAGAATTCTCACCGTTTGCGGCGGGGATATCCGCAAGGTGAAG
MHetMetHrsValleuNisSerTyrProAsnAsnValAsnGluAiaAlaPreAsnLeuleuGlySerHisAspThrSerArglieleuTrvalCysGlyGlyAsplleArglysVallys
&20

1640
TTGTTATTTITGTTTCAACTGACGTTCACEGGTTCACCATGCATTTACT ATGGGGATGAR ATCGGCATGACGGGCGGAAACGATCCCGAGTGCCGGAAGTGCATGGTGTGGGATCCGATG
LeuLeuPhelLeuPheGlrLeuThrPreThrGlySerProCysIleTyrTyrGlyAspGlulleGlyMet ThrGlyGlyAsnAspProGlLCysArgLysCysMetValTrpAspProMet

460

1560

CAACAAAACAAAGAGCTGCACCAACACGTCAAGCAGCTGATAGCGCTGCGCAAACAGTA TCGGTCACTACGCCGCCGGARATCTCCTTECTTCATGCCGATGATGARATGAACTATCTT
GlnGlnAsnLysGluleuHisGlnH1sVallysGlnLeulleAlaleuArglysGlnTyrArgSerLeuhrgArgGlyGlilleSerPreLeuHisAlaAspAspGluMetAsnTyrLeu
500

1680
ATTTACAAAAAAACAGATGGAGATGAAACGGTGTTAGTCATCATCAATCGGAGCGACCARAAAGCCGACATCCCOATCCEGCTCGATGCAAGAGGAACATGGCTCGTTAACCTCTTGACT
IleTyrlyslysThrAspGlyAspGluThrvalleuvalllelleAsnArgSerAspGlnLysAlaAsplieProlleProLeuAspAlaArgGlyThr TrpleuvalAsnleuleuThr

540

1800

GOGGAACGGTTTGCAGCCGAGGCAGAAACECTTTGCACCTCCTTACCGCECTATGGGTTH GTACTTTATECAATAGAACATTGGTAGACE TGTTTCATAGACAATCATAATAGCAGECAR
GlyGluArthoA1uA1uG1uA1lGluThrLcuCysThrSorLeuProProTerlyPhaValLauTyrAlaIlecluHxsTrp'"
580 588

1920
TATATGAACACCGGTGCAGCCGCTGCACCEETETTATACGCGTTOGGCTA TACGCCGATACTCAGTCGGEGTCATCCCTTCCATTTTTTTARATAAACGEGAGAARTAAGCGCTGTCATE

2040
ARTGCCAACHCGTTTGECGATGGCCTCGACCGTTTCATTTGTTTCAGCCAACCATTGTTHCGCCTTTGAC AA TCGGTAGTACGCCAAATAATGGC TAAAGCCCATCCCGAGCGTTCTTTE

CATGC
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Nucleotide sequence of neopullulanase

Region 1 Region 2 Region 3 Region 4
AMY Consensus DAVINH GFRLDAAKH EVID FYDNHD
AMY A. ory. M7 0vVaNME 20261 R I1{ET vEH 230ENLID 292 P VENHD
AMY B. stearo. DVYFDH 230GERLDA ll{ 2610_K‘YHS 320 FYDNHKD
AMY B. amylo. DVVLEN 227GFRIDAARK 261 ZYWQ 323FVENHD
AMY B. sub. DAYINHR 172GERFDAARKE 20EILQ 266 WYESHD
AMY Rat DAXVIKH I9OGFRLDAAKK 230BVID 292FVDNHD
AMY Mouse, s DAVINH 193GFRLDASKR 233EV.ID 295FVDNHD
AMY Mouse, p DAVIMNHE 1S0OGFRLDAARN 230EVID 292FYDNRD
AMY Hog DAVIME 193GFRIDASEH 233EVID 295FVDNHD
AMY Human,s 99DAVIMNK 199 GFRIDASKH 236 EVID 29 FVDNHD
AMY Human,p 99DAVINH 196GFRLDASKH 236 EVID 298 FVDNHD
AMY Barley 101 DIVIMH 127DGRLDVNGPH 218EVWD 299 FVDNHD
NPL B stearo. 262 DAVFRK 320 GWRLDVANE 35TEIWH 419LLGSHD
IAM P amylo. 291 DVVYNH 370 GFRFDLASY 454EWSY S02FIDVEHED
PUL K. aeroo 600DVVYNH 67VGFRFDLMCGY 706 BEGWD 827 YVSKHD
CGT K.pne. 130DYADNH 219AIRIDAIXKH 257TEWFG 328FMDNHD
CGT B.mace. 35DFAPNH 225CIRFDAVEKH 258EWFL 32 FIDNHD
CGT Alk. B. 135DFAPNH 225GIRVDAVEHR 268EYHQ 323FIDNHD

CGT B stearo. 131 DFAPNK 221GIRMDAVEE 253EWFL 319FIDNXED

Fig. 3. Highly conserved regions among a-amylase, neopullulanase, isoamylase, pullulanase and
cyclodextrin glucanotransferase. The amino acid residues identical with the consensus sequence of a-
amylase are shaded. Amino acid residues are shown by single letters as follows: A, Ala; D, Asp; E, Glu;
F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr;
V, Val; W, Trp; Y, Tyr. Enzymes are abbreviated as: AMY, a-amylase; NPL, neopullulanase; IAM,
isoamylase ; PUL, pullulanase; CGT, cyclodextrin glucanotransferase. Enzyme sources are abbreviat-
ed as: A. ory., Aspergillus oryzae; B. stearo., Bacillus stearothermophilus; B. amylo., Bacillus
amyloliquefaciens; B. sub., Bacillus subtilis; P. amylo., Pseudomonas amyloderamosa; K. aero., Klebsiella
aerogenes;, K. pne., Klebsiella pneumoniae; B. mace., Bacillus macerans; Alk. B., alkalophilic Bacillus; s,
saliva; p, pancreas. For the reference of each amino acid sequence, see the text. Numbering of the
amino acid sequences of the enzymes starts at the amino-terminal amino acid of each mature enzyme.
Active sites and substrate binding sites proposed by Matsuura et al. (1984) for Taka-amylase A from A.
oryzae are indicated by O and (3, respectively.

the results demonstrate (Fig. 3), the four highly conserved regions previously demonstrated in
a-amylases were also found in the neopullulanase, isoamylase, pullulanase and cyclodextrin
glucanotransferases. The arrangement of regions 1, 2, 3 and 4 from the amino-termini among
these enzymes were the same. The other parts of the neopullulanase showed almost no similarity
to those of a-amylases, isoamylase, pullulanase and cyclodextrin glucanotransferases.

DISCUSSION

We have determined the complete nucleotide sequence of the gene for a new type of pullulan-
hydrolysing enzyme, designated neopullulanase, from B. stearothermophilus TRS40. An open
reading frame, composed of 1764 bases and 588 amino acid residues, was found. The
thermostable neopullulanase contained eight cysteine residues. However, they did not provide
conformational stability through disulphide bond formation.

Fig. 2. Nucieotide and amino acid sequences of the neopullulanase gene. The nucleotide sequence is
presented from the HindlIII site (nucleotide —109) to the Sphl site (nucleotide +2045). The nucleotide
sequence is counted from the first base of open reading frame. The amino acid sequence is shown
beneath the nucleotide sequence. The amino-terminal amino acid sequence of the neopullulanase,
determined by the Edman method, is denoted by half-head arrows. The first amino acid of the
translation (Met) is counted as 1. A probable Shine-Dalgarno sequence (nucleotide —16 to ~7) and
putative promoter regions (—35 and —10 regions) are shown by solid lines below the nucleotide
sequence. Asterisks indicate a stop codon. The sequence containing inverted repeat structures
downstream from the termination codon TAG is designated by — «.
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Fig. 4. Proposed substrate-binding model of Taka-amylase A (Matsuura et al., 1984) and conservation
of corresponding amino acid residues in other a-amylases, neopullulanase, isoamylase, pullulanase and
cyclodextrin glucanotransferases (see Fig. 3). The glucose residues of amylose (as a substrate) are
specified by the numbers |1 to 7. Enzymes are abbreviated as in Fig. 3. O, Conserved residue; x, non-
conserved residue.

Table 1. Action of various amylolytic enzymes

Relative hydrolysis and transglucosylation rates are indicated as follows: + +, strong; +, medium; +, weak;
—, none. a-(1-4), a-(1-4)glucosidic linkage; a-(1—+6), a-(1-+6)-glucosidic linkage.

Pullulan Starch/amylopectin Glycogen

p - - ; A 5 / A \ Trans-
Enzyme a-(1-4) a-(1-6) a-(1-+4) a-(1-6) a-(1-4) a-(1-6) glucosylation
a-Amylase - - ++ - +
Neopullulanase ++ + + +
Isoamylase - - - ++ - ++
Pullulanase - ++ - + 4 - +
Cyclodextrin - - ++ - T+

glucanotransferase

Although most of the amylolytic enzymes are secretory proteins, no typical signal sequence
was found in the amino-terminal region of the neopullulanase. When B. subtilis NA-1(pPP10)
was cultivated for 13 h (early stationary phase), about 20%; of the total neopullulanase activity
was detected in the culture supernatant. Since a major portion of the activity (about 809) was
found in the cell extract, which was prepared by sonication (19-5 KHz, 10 min), we purified the
intracellular neopullulanase, and the amino-terminal amino acid sequence was compared with
that of the enzyme purified from the culture supernatant. The sequences of the first five amino
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acids of the enzymes from the two different preparations were identical. Since the
neopullulanase was exclusively extracellular in B. stearothermophilus TRS40, the different
localization of the neopullulanase in B. subtilis remains to be investigated.

We found four highly conserved regions in a-amylase, cyclodextrin glucanotransferase, and
even in the neopullulanase, isoamylase and pullulanase, whose different patterns of action are
summarized in Table 1. This finding might be very interesting to point out the homologies
between o-(1-4)-glucanohydrolases (x-amylase and cyclodextrin glucanotransferase) and a-
(1-6)-glucanohydrolases (isoamylase and pullulanase). Pullulanase hydrolyses pullulan, whereas
isoamylase does not. The neopullulanase hydrolyses not only a-(1-4)- but also a-(1-6)-glucosidic
linkages (Imanaka & Kuriki, 1989; Kuriki ef al., 1988a). The enzyme could hydrolyse pullulan
efficiently and only a small amount of starch (Kuriki er al, 1988a). Therefore, the
neopullulanase is a novel enzyme which might be classified between a-amylase and pullulanase
from the viewpoint of its action pattern.

In this context, we analysed the homologies of other glucanohydrolases, such as glucoamylase
(EC 3.2.1.3) (Yamashita er al., 1985), B-amylase (EC 3.2.1.2) (Rhodes et al., 1987), cellulase
(EC 3.2.1.4) (Béguin et al., 1985; Fukumori et al., 1986), maltase (x-D-glucosidase; EC
3.2.1.20) (Hong & Marmur, 1986) and isomaltase (oligo-1,6-glucosidase; EC 3.2.1.10)
(Hunziker et al., 1986). However, no significant homologies were found (data not shown).

A molecular model and catalytic residues of Taka-amylase A from Aspergillus oryzae were
reported by Matsuura et al. (1984). Using the alignment of amino acid residues in homologous
regions {Fig. 3), this model was applied for other a-amylases, the neopullulanase, isoamylase,
pullulanase and cyclodextrin glucanotransferases (Fig. 4). Glu230 and Asp297 were proposed as
active sites of Taka-amylase, and His122, Asp206, His210 and His296 were proposed as
substrate-binding sites (Matsuura et al., 1984). These active and substrate-binding sites were
surprisingly conserved in other a-amylases, the neopullulanase isoamylase, pullulanase and
cyclodextrin glucanotransferases (Figs 3 and 4). However, one substrate-binding-site residue,
corresponding to His210 of Taka-amylase, was substituted by Glu, Val or Tyr in the
neopullulanase, isoamylase or pullulanase, respectively. It is interesting that only these three
enzymes can hydrolyse a-({-6)-glucosidic linkages (Table 1).

Plant et al. (1987) suggested the presence of a carboxyl group with pKa 4-3 at the active site of
Thermoanaerobium pullulanase. It was considered most likely that the pKa value of 4-3
represented the ionization of a Glu or Asp carboxyl group, and this view was confirmed by
chemical modification with a carboxyl-group-specific reagent, 1-(3-dimethylaminopropyl)-3-
ethylcarbodi-imide (Plant er a/., 1987). This finding is consistent with the hypothesis that Glu
and/or Asp might be active-site residues in all the amylolytic enzymes shown in Figs 3 and 4.

To further investigate the role of the amino acid residues for catalytic activity and action
pattern of the neopullulanase, and also to improve the characterization of the enzyme at the
molecular level, amino acid substitution in the probable active site by site-directed mutagenesis
is now in progress.
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