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The isoamylase gene from Flavobacterium odoratum KU was cloned into and expressed in Escherichia coli
JM109. The promoter of the gene was successful in E. coli, and the enzyme produced was excreted into the
culture medium, depending on the amount of the enzyme expressed. The enzyme found in the culture medium
showed almost the same M, heat-inactivating constant, and N-terminal sequence as those of the enzyme
accumulated in the periplasmic space. This result indicated that the enzyme accumulated in an active form at
the periplasm was transported out of the cell. The primary sequence of the enzyme, which was deduced from
its nucleotide sequence, showed that the mature enzyme consisted of 741 amino acid residues. By changing five
possible residues to Ala independently, it was found that Asp-374, Glu-422, and Asp-497 were essential. The
sequences around those residues were highly conserved in isoamylases of different origins and the glycogen
operon protein X, GlgX. The comparison of the distance between these essential residues with those of various
amylases suggested that the bacterial and plant isoamylase but not GlgX had a longer fourth loop than the
other amylases. This longer fourth loop had a possible role in accommodating the long branched chains of

native glycogens and starches.

Isoamylase (glycogen 6-glucanohydrolase; EC 3.2.1.68) com-
pletely hydrolyzes an a-1,6-glucosidic linkage inside starches
and glycogens (48). Thus, isoamylase is useful not only for the
structural analysis of these polysaccharides and derived oligo-
saccharides but also for the starch industry in producing glu-
cose, maltose, and higher oligosaccharides from starch with the
concomitant action of exo-type hydrolases. Isoamylase is also
used to introduce branches into cyclodextrins (1) to improve
their solubility and hemolytic properties (27) through the re-
versed action of the enzyme.

The enzyme was first reported to be present in yeast (22),
and then Harada and his coworkers (11, 47, 48) found isoamy-
lase in a bacterium, Pseudomonas amyloderamosa, isolated
from soil. The latter group examined the nature of the enzyme,
its action, and the differences in properties between isoamylase
and bacterial pullulanase, which debranches pullulan and
starches, but not glycogen. Since then, several bacteria and one
yeast have been reported to produce isoamylase (8, 9, 15, 33,
36), although the enzyme from P. amyloderamosa is the only
enzyme available commercially. The genes of isoamylase from
Pseudomonas have been cloned (3, 6, 44) and expressed (6).

We have identified a strain, Flavobacterium odoratum KU,
isolated from soil, that produces extracellular isoamylase (37).
The enzymatic properties are similar to those of Pseudomonas
isoamylase for practical purposes except for the optimum pH
for action (12). The enzyme from Flavobacterium shows the
highest activity at pH 6.0, while the optimum activity of
Pseudomonas occurs at pH 3.5. Because many amylolytic en-
zymes prefer mild-acidic pH for their optimal activity, the
enzyme of Flavobacterium is much more suitable for the con-
comitant action with exo-acting amylases, such as soybean
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B-amylase or Pseudomonas stutzeri maltotetraose-forming
amylase (34), to produce maltooligosaccharides from starch.

As our final aim is to understand the relationship between
the function and structure of isoamylase, we first sequenced
the entire isolated DNA fragment and deduced the primary
sequence of isoamylase of F. odoratum. In this report, we
describe the expression of the enzyme in Escherichia coli and
the catalytic residues of isoamylase clarified by site-directed
mutagenesis and then discuss the difference in the architecture
of the enzyme between isoamylase and a-amylase. We also
discuss the significance of the long loop 4 in isoamylases for
their debranching action.

MATERIALS AND METHODS

Bacterial strains and DNAs. F. odoratum KU is maintained in our laboratory
(37). E. coli IM109 (Allac-pro) endAI gyrA96 hsdR17 N~ relA1 supE44 thi [F' lacI?
lacZAM15 proAB traD36]) was used throughout this study. Multicopy plasmids
pHSG398 (Takara Shuzo, Kyoto, Japan), having cam’, and pUC18 and pUC19,
having Amp", were used as vectors. A low-copy plasmid, pMW119, was obtained
from Nippon Gene Co. Ltd. (Toyama, Japan). Nucleotide primers for PCR were
synthesized by Nippon Gene Co. Ltd.

DNA manipulation. General DNA manipulation was done according to the
method of Sambrook et al. (31). DNA fragments separated by agarose gel
electrophoresis were purified with Gene Pure (Nippon Gene Co.). Plasmids were
introduced into E. coli by electroporation with an 0.1-cm cell (1,250 V, 100 €, 50
wF) on The Electroporator IT (Invitrogen). DNA sequencing was carried out on
both strands on the A.L.F. DNA sequencer (Pharmacia Biotech) with an Auto-
Read sequencing kit (Pharmacia Biotech) after creating nested deletions with
exonuclease IIT and S1 nuclease. DNA sequence was analyzed by Genetyx-Win
version 3 (Software Development Co. Ltd., Tokyo, Japan).

Sequence alignment. The primary sequences of isoamylases were aligned by
ClustalX (43) and GeneDoc (26). The sequences of isoamylases of P. amyloder-
amosa SB-15, Pseudomonas sp. strain SMP-1, Flavobacterium sp., and Zea mays
were obtained from the DDBJ/EMBL/GenBank database. These have accession
no. J03871, M25247, U90120, and U18908, respectively. The sequences of GlgX
from Arabidopsis thaliana, E. coli, Chlamydia trachomatis, Haemophilus influen-
zae, Mycobacterium tuberculosis, Synechocystis sp. (two sequences), and Sulfolo-
bus solfataricus have accession no. AC005278 (PID:g3850573), AE000419 (PID:
£2367229), AE001278 (PID:g3328433), U32815 (PID:g1574821), 274020 (PID:
£1403478), D90900 (PID:g1651771) and D90908 (PID:g1652733), and Y08256
(PID:g1707700), respectively.
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Mutation Sequence
Region 2
D374A 5 - GTG GAC GGC TAC CGG TTC CTG GCC TCG GTG -3’
Agel
Region 3
E405A 5 - CTG AAC CGC ATC GTC |GCA| GCG CTG CCG CCA CGC -3’
FEcod7 11
E422A 5'- GAC CTG ATC GCC |GCA|CCA TG GCC ATC GGG -3
Nco |l
E442A 5 - GC GGC TGG GCC|GCG|TGG AAT GGC GCC TAC CGC GAC -3’
Nar1
Region 4 ’
D497A 5 — GTC AAT TTC ATT ACT GCG CAC GGC TTT ACG C- %
Fspl
Upstream 5 - CGG GCC TGA AAG CGG GGG CGC TG -3
Downstream 5 - AAA AAC AAG CTT ATT TTG CAA TCA GGA GC -3

FIG. 1. Primers for site-directed mutagenesis. Shading indicates substituted nucleotides, and boxes indicate the positions of mutations where Asp or Glu is replaced

with Ala. New restriction enzyme sites are underlined.

Enzyme assay. Isoamylase activity was measured by the iodine method (37).
When necessary, the enzyme solution was diluted with 50 mM sodium acetate
(pH 6.0) containing 0.005% bovine serum albumin and 1 mM CaCl,, not ex-
ceeding an AA4sg, of 0.2. The value is the limit of the linearity (amount of enzyme
versus activity) in this method. One unit of isoamylase activity is defined as the
amount of enzyme that increases 0.1 Asg, per h.

Cloning of the isoamylase gene. Chromosomal DNA of F. odoratum KU was
partially hydrolyzed with Sau3Al, and the fragments of 4 to 7 kbp in size were
isolated through electrophoresis on 0.8% agarose. Then, the fragments were
ligated into the dephosphorylated BamHI site of pUC19. The resulting plasmids
were introduced into E. coli JM109 by electroporation, and the recombinant
having the iam gene was selected as a colony surrounded by a blue zone after
flooding 0.2% 1,-2% KI onto Luria-Bertani agar medium containing 0.5% waxy
rice starch.

Cell fractionation. The cells of E. coli JM109 harboring constructed plasmids
were grown overnight on Luria-Bertani or M9 medium (50 ml) containing suit-
able antibiotics. The latter medium was supplemented with thiamine and glucose
as a carbon source. The cells were fractionated as reported previously (2).

ELISA. Polyclonal antibody against Flavobacterium isoamylase was raised in
New Zealand White rabbits by using TiterMax R-1 (Vaxcel, Inc.) as the first-time
adjuvant. The enzyme-linked immunosorbent assay (ELISA) was done according
to the work of Yagi et al. (45) with anti-rabbit immunoglobulin G-alkaline
phosphatase complex from goat (EY Laboratories, Inc.) and an ELISA plate
reader (Bio-Rad Japan, Tokyo, Japan).

N-terminal sequencing. The N-terminal sequence of the purified enzyme was
determined on an Applied Biosystems 477A protein sequencer.

Site-directed mutagenesis. Site-directed mutagenesis was done by the mega-
primer-PCR method (7) with primers (Fig. 1) and Ultma DNA polymerase
(Perkin-Elmer Applied Biosystems, Chiba, Japan). A new restriction site was
created on each primer as a silent mutation.

Briefly, a fragment obtained by the first PCR with an upstream primer and one
of the mutant primers was purified by agarose gel electrophoresis and recovered
with Gene Pure (Nippon Gene). Then the second PCR was performed with this
fragment as a megaprimer and a downstream primer. A product was isolated and
cut by NotI and PpuMI. Then the fragment was ligated with a large fragment of
pHIF2 cut with the same enzymes. The fragments were confirmed to be free
from any error due to misincorporation of PCR by the sequencing of both
strands.

Nucleotide sequence accession number. The DDBJ accession no. for the
sequence reported in this paper is D88029.

RESULTS

Cloning of isoamylase gene and its expression. We obtained
one clone, which was positive by the starch-iodine test, from

3,000 transformants. The clone had a 3.4-kbp insert on the
vector (pIF1). The small Apal fragment (1.1 kbp) of this in-
serted DNA was isolated and labeled with digoxigenin accord-
ing to the directions of the manufacturer. The hybridization of
this labeled fragment with either BamHI-cut or PstI-cut chro-
mosomal DNA of F. odoratum KU gave a single band, but not
with E. coli chromosomal DNA or plasmid vector (data not
shown). This proved that the isolated gene originated from the
genomic DNA of F. odoratum.

The PstI-Xbal fragment (3.1 kbp) of pIF1 was subcloned
into pUC19 and pUCIS, giving pIF12 and pIF13, in which the
fragment was integrated in the same direction as and the op-
posite direction from pIF1 in respect to the lac promoter on
the vector, respectively. E. coli JM109(pIF12) and E. coli
JM109(pIF13) produced isoamylase without addition of IPTG
(isopropyl-B-p-thiogalactopyranoside), and the specific activi-
ties of the enzymes were 85.9 and 85.5 U/A, respectively.
The productivity of 91 U/ml of culture was attained in both the
transformants, and this value was eight times as high as that for
the original bacterium, F. odoratum KU.

pHIF2 and pMIF3 were constructed by inserting the above
Pstl-Xbal fragments into pHSG398 and pMW119, respectively.

Location and properties of the enzyme. Fifty-two percent of
the isoamylase activity was found in the culture broth, and the
remainder was found in the periplasmic (46%) and intracellu-
lar (2%) spaces of E. coli IM109(pIF12) grown in M9 minimal
medium (Table 1). Another periplasmic protein, B-lactamase,
was located in the extracellular fluid and periplasmic and in-
tracellular spaces in the ratio of 56:42:1, while 93% of malate
dehydrogenase, a cytoplasmic protein, was detected in the in-
tracellular fraction. These values were almost the same when
E. coli IM109(pIF13) was fractionated.

This transportation was independent of the incubation tem-
perature since cultivation at both 30 and 37°C gave similar
distribution ratios. The enzyme activity was not needed for the
translocation, since the inactive, mutant enzyme, E422A (de-
scribed below), was found to be distributed in the extracellular
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TABLE 1. Distribution of activities of isoamylase, B-lactamase, and
malate dehydrogenase in transformants®

ESSENTIAL RESIDUES OF FLAVOBACTERIUM ISOAMYLASE 4165

TABLE 2. Characterization of extracellular and
periplasmic isoamylases

Introduced Fraction Isoamylase B-Lactamase deh%?(])agfnase
vector (%) (%)

(%)

pIF13 Ex 56 50 3
Pe 42 50 5

In 1 0 92

pIF12 Ex 52 56 4
Pe 46 42 6

puUC19 Ex 0 6 0
Pe 0 90 6

In 0 4 94
pMF13 Ex 6 ND ND
Pe 93 ND ND
In 1 ND ND

“The values are the averages of three experiments. Ex, extracellular; Pe,
periplasmic; In, intracellular; ND, not determined.

and periplasmic fractions in the ratio of 55:45 by ELISA. When
pMIF3 was introduced into JM109, the total amount of en-
zyme produced decreased to 9.0 U/ml of culture, and this value
was 9.8% of the total activity produced by E. coli
JM109(pIF13). Ninety-three percent of isoamylase activity
produced by E. coli IM109(pMIF3) was located in the periplas-
mic space after cultivation for 12 h (Table 1).

Both the enzymes from the culture fluid of E. coli IM109
(pIF13) and the periplasmic fraction of the cells were purified
by starch adsorption (Fig. 2). The purity of both enzymes was
more than 97% by densitometry with the purification factor of
350-fold and the yield of 50% in both cases. They were found
to have almost identical properties, such as M., the constant for
heat inactivation, N-terminal sequence, etc., as shown in Table
2.

Sequence of the iam gene. The entire sequence of the insert
on pIF13 was determined on both strands. The insert was 3,056
bp in size, and two overlapping open reading frames were
found, namely, nucleotides (nt) 276 to 2600 (2,325 bp and 774
amino acid residues) and nt 312 to 2600 (2,289 bp and 762
residues). The fragment sizes were large enough to encode a
protein of 80,000 in M, (37). There were several promoter-like
sequences that were effective in E. coli. The nt 166 to 171, 207

Mr Pe Ex Pe Ex
A == B
kD
g7 ===
-— — ~v—
66 =N
36 ==

20 -

FIG. 2. SDS-PAGE of the purified extracellular (Ex) and periplasmic (Pe)
isoamylase produced by E. coli IM109(pIF13). The purified enzymes were sub-
jected to SDS-PAGE and detected with Coomassie Brilliant Blue R-250 (A) and
by Western blotting (B). M, markers: phosphorylase a (97,000), bovine serum
albumin (66,000), glyceraldehyde 3-phosphate dehydrogenase (36,000), and soy-
bean trypsin inhibitor (20,100).

Value for fraction”:
Characteristic

Ex Pe
M, 80,000 80,000
Sp act (U/mg) 6.2 X 10* 6.3 x 10*
Thermal inactivation rate” (min~') -51x107% —-52x1073
N-terminal sequence Identical® Identical®
Antigenicity Identical” Identical?

¢ Ex, extracellular; Pe, periplasmic.

> The purified enzymes were incubated in 50 mM sodium acetate (pH 6.0)
containing 1 mM CaCl, at 50°C.

¢ AINPNKLGAA.

@ Fused on Ouchterlony test.

to 212,210 to 215, and 263 to 268 for the —35 region and nt 189
to 194, 233 to 238, and 284 to 292 for the —10 region, respec-
tively, were found as the candidate for the promoter of E. coli
by Genetyx-Win promoter search. The program is based on the
results of Mulligan et al. (24a). As for the Shine-Dalgarno
sequence, we could find GGAG at nt 302.

Identification of essential residues for isoamylase activity.
In this study, we replaced all five possible candidates (three
Glu residues and two Asp residues [see Discussion]) with Ala.
All the mutant plasmids were sequenced on both strands, and
we confirmed that no error other than the intended mutation
was introduced. The mutant plasmid was electroporated into
E. coli IM109, and the enzyme produced in the periplasmic
space was purified by raw-starch adsorption. The purified en-
zymes showed a single band by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) after silver stain-
ing and immunological detection (data not shown). Every
mutation of D374, E422, or D497 to Ala abolished enzyme
activity, while E405A and E442A enzymes had 94 and 97%,
respectively, of the specific activity of the wild-type isoamylase
(Table 3).

Comparison of the primary structures. In order to find the
sequence specific to debranching enzymes, the deduced pri-
mary sequence of mature F. odoratum isoamylase (FODIAM)
was compared with those of isoamylases and GlgX proteins
(Fig. 3). GlgX protein from E. coli is reported elsewhere as a
debranching enzyme (46).

The primary sequence of FODIAM and that of Flavobacte-
rium sp. isoamylase (FSPIAM) were 75% identical; however,
the number and location of Cys residues differed (Fig. 3). In
the latter enzyme, four Cys residues were found, whereas the
former had six Cys residues. Two Cys residues (Cys-387 and
Cys-391) of FSPIAM corresponded to Cys-383 and Cys-387 of
FODIAM, but the rest (Cys-136 and Cys-156) were unique.
The locations of six Cys residues found in FODIAM were
almost conserved in Pseudomonas isoamylases (Fig. 3).

We then aligned the primary sequences of Pseudomonas
enzyme (data not shown) and found that the sequences of P.
amyloderamosa JD210 isoamylase (PSPIAM) and Pseudomo-
nas sp. strain SMP-1 isoamylase were identical, with a mis-
match of one residue, and that the enzyme from P. amyloder-
amosa SB-15 had a different stretch of amino acid residues at
positions 427 to 457. Finally, the sequences of FODIAM,
FSPIAM, and PSPIAM as a representative of Pseudomonas
enzymes, Z. mays sugary-1 protein (ZMAIAM) and GlgXs
were compared (Fig. 3). The sequences of FODIAM and
PSPIAM resembled each other, although deletion and inser-
tion in FODIAM at positions 386 to 388 and 623 to 630,
respectively, were noted.
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FODIAM : —==——-——————————— y A LISTA~-~~-TGSAEKAKY : 47
FSPIAM : ———-—————=—mmme—e LGA {KNP----TGSQEVARL : 47
PSPIAM : —————==—————————— ﬁ : SAG----YGVQESATY : 47
ZMAIAM : EEVAEERFALGGACRVLAG ' Nysges APGDLKADRVTEEVPL : 66
ECOGLG : ———-—=——==—=-= 7. ‘ ; A-m——— NGQEHRYDL : 48
CTRGLG : —-—=~=———== o LDP----- LSEIHEIPL : 52
SSOGLG : ----MALFFRTRDRPLRPGD _ v : SL-—--- TNQKYPKEI : 59

SSPGLG : ERIDIHPTHTANGYKLRCGQ 2 : EK---RAPQPFVEIPF : 63

FODIAM : VMTN——S&GE;SET PTSTLS-GQGLGGTIEY}{0g fYNASWTKGSSLGFISDVDAAgz 114
FSPIAM : ALSKDPATQ‘#S!S PTSTIKNTYGITGAY] ﬁYDAAWTKGSATGFVSDVDiﬁg 117
PSPIAM : TLSP-AGS PVSSIK-AAGITGALY {{ASNHGKGS QAGFVSDVDANED : 115
ZMAIAM : Ji——mmm e mmmmm o EREFQY] 111
ECOGLG : ‘ | WO -~ —————————————— AECHIFHEAT : 89
CTRGLG : AMVHIEMAGT SSE———— - - - ~WSFAMILRETDLS — =~~~ === === ————————~= SQ 94
SSOGLG : ‘ P EYRE-—-—=mm—mm—m—m EL@L 103
SSPGLG : -PESFRIENGQCYVIFDLDFE----—--NEE E MEENNF ~ —— === m -~ ==~ ——— Q0! 107
FODIAM EfSHDPTTATMTNGSIYASG---ATYRNIFSGS SAPEGILAGDTQATGT~~~~KPTRALKS : 177
FSPIAM £ S ODPNTATCADGT TYATG- - - AAHRNKSSGLCAS {GTALAADATSVGS -~ ~KPTRALKY : 180
PSPIAM EySQDPLNPSNQNGNVFASG—-—ASYRTT%SGIYAPEGV@LVPSTQSTGT————KPTRAQN! 1 178
ZMATAM VSRGEYGVP-————-————---- APGGSCWPQMAGMIP#PYNKFDWQGD---LPLGYHQKE : 165
ECOGLG OMDGEFKDN-PLLHAGHNE-———~~ PDYRENAATIAPCV),VVDHYDWEDD~~-APPRTPWGS : 149
CTRGLG YSPQLFGSP———————————=~~ KQEKSYAFSYLi- -~ -HEDFDWEGD---TPLHLPKEY : 143
SSOGLG GSVIWNDAVFGYKIGDQNQDLTYDE gsGEYVPQSVQINPYFEWDDEDFIKGKKVPLKQ : 173
SSPGLG V\YSGRDVHGT =~ — == === =-—=—— QPNWDEIYQHRG--{#SFDDFDWEND---SPLDVPLEy : 158
FODIAM 1) TH- T IRZ70BTON-DTNDNDPSS-TS : 242
FSPIAM LWRNDDE -1 T. : 245
PSPIAM QDT —EPAQYgGT T. 243
ZMATAM KHNSE - -KTKHP, NC 227
ECOGLG = Li\Y LHPE -fIPVE T T 213
CTRGLG RDPSE--QVSHPE Y : 208
SSOGLG TTygaL 2% FHEID-QRFLTDKG---— : 237
SSPGLG NTSALE S FEFDEFEHSRYHPETGEF : 226

FODIAM : GD AYDKTPG---GPTR WGHEGAWSETD-K : 308
FSPIAM : GDi AYDKSAG---GPTR! 312
PSPIAM : NQ AYNKAAG---GPTA 309
ZMAIAM : - }4SSSGIRDSGCGAIN 294
ECOGLG : LSI CSP--E~~-TALD! 276
CTRGLG : LC| TYGADPC---APAR: 3 273
SSOGLG : LTI SSTGCLG---GQVLSIAK 302
SSPGLG : LV GuAATGKFG———MQID§L§N§E§EL 291
FODIAM GNYNTRNTIAQNL 377
FSPIAM GNYRTRHEIAQNL 381
PSPIAM NEYTYNTVAQNL 378
ZMATIAM TH CNH§VVRE 356
ECOGLG TLALSHZAVVDYASAC 338
CTRGLG TVINTTTL IR 332
SSOGLG TL‘LSH' VIQ%ﬁga 366
SSPGLG TLYCNN;IVRGM ity 353

Region 2

FIG. 3. Sequence alignment of isoamylases. FSPIAM, Flavobacterium sp. isoamylase; PSPIAM, Pseudomonas sp. strain JD210 isoamylase (6); ZMAIAM, Z. mays
sugary-1 protein (13); ECOGLG, E. coli GlgX; CTRGLG, C. trachomatis GlgX. SSOGLG, S. solfataricus GlgX; SSPGLG, Synechocystis sp. GlgX. The first 93 residues
of ZMAIAM were omitted. Black shading indicates 100%, dark gray shading indicates 80%, and light gray shading indicates 60% conservation, according to the Blosum
62 matrix table.
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FODIAM
FSPIAM
PSPIAM
ZMAIAM
ECOGLG
CTRGLG
SSOGLG
SSPGLG

FODIAM
FSPIAM
PSPIAM
ZMAIAM
ECOGLG
CTRGLG
SSOGLG
SSPGLG

FODIAM
FSPIAM
PSPIAM
ZMAIAM
ECOGLG
CTRGLG
SSOGLG
SSPGLG

FODIAM
FSPIAM
PSPIAM
ZMAIAM
ECOGLG
CTRGLG
SSOGLG
SSPGLG

FODIAM
FSPIAM
PSPIAM
ZMAIAM
ECOGLG
CTRGLG
SSOGLG
SSPGLG

FODIAM
FSPIAM
PSPIAM
ZMAIAM
ECOGLG
CTRGLG
SSOGLG
SSPGLG

ESSENTIAL RESIDUES OF FLAVOBACTERIUM ISOAMYLASE

*
I PPREATGGSGVDIFINA L A 2 : 435
gpp “AAGGAGADI# AT : 439
1 REFTVRE, ;448
ISNDI5ILGN-— 421
FT QNCEVLSQ—— 383
OAF{SSDSILSE~-TKIk 378
—————————————————————— LYSVNMLNTFFIAH#QODIEILSQ-~ g 412
——————— DPW——————————————GYPLANPPEEET&AFDEILAR——S1LxAE~ 399
TEOAONKLESVAITTGOMATHFAEESFE X : A B : 502
-KKQNKLﬁ TVTPGTLRATLE ) SI) : 506
HIOAQNE L= SMT IYVTQODIANDES 515
Qg——QFI - TDGFAGAFECLC] 487
--RFWLH-YDLPLGAF\GEFA 447
“1——AFLN?-DAHQVSSFHs§I 443
gﬁ——RFw ﬁ—EALPYSEIaNPL 476
Tug——KFIKg—DAGVIGEMﬁQgLQ; 465
560
564
578
551
511
507
540
529

(GNNN)Y L»SSA%@LN*SRTT—DQNNFQS SKa/
GNNNUNYIIDIEY:V:Y LYﬁSRSA—LEADHET T

mHmRP@Aﬁ?SSWW——G 627

7'1HE2;RP Lg{SRSDIN-—G 631

LT}SWTT-DQSNFYTI3AQR) SHIZAPRPSS#ISGS - - —— - - 1 641
KKEEQSSDLYRGCRL TEQ%&ECES!G—LEDKPTSERL——— : 617
LDISQAS -~~~ SGLTAQTAR LPWRIEAgVEN%Q#EE ——————— : 571
LIttt Y TE#FNT SLSEDT——— - — : 571

FLI)DRLA-ERKELFSI3LCO;
a:v~ﬁ' FRRE QGKKLF~~G : 607
ﬁg;EH*VERNSEHQQNCDYLGVG : 598

EITFDUNLDE-RKSKFLEQVKK
SPFLNGHLLE ~QNQAWFRIJVKHC):

NV-MEQLRWFKPDEGVADATY[INDANN 688
NV—MEQLRWFKPD?AQADSAY NGADN. 692
————— QLTWYQPSFAVADSNY|{INNTSNY2 697
————————— K—WHﬁHQPGKpDus—EASR T - : 664
~G-DGNVRWLNRYAQPLSTDE\QNG-PKQIFQOTLIAS b iy ;622
————————— ITWLNTKGSPREQG--ADHYIFE : 617
MP-LKDVTFYTLEZREVDEKTYS -~ SPTQ 675
FPD-————— ISWHeVKPWHADS -ADSR 656

CGWAEGASQVQAISG-SEALVGGENTAYGLCG=——-——— RGT IAG--- : 741
TWNEGPNAVAL5G-SETLIGGENTVYGMQA- —————— RSLis#*IAG--— : 745
CDWNDGASTFVAILG-SETLIGGAGTTYGQCG-———~——— QSLiseISi-—— : 750

GKEA--PYDFLTDGLPDRAVTVYQFSHFLNSNLYPMLSYSSs: PDV : 725

WPG—AGKSEY /D
WPG-TGK YR%
APP-SGT YR¥

ER--SGFRYED:

AG---—-—- EH ————————————— @PFAGEDNPVITAVWQGPA 656
KPRKEH (£ STTG—————— FFSQILSPKLSLEPYSSLVAIS 666
KG——---- EL%IS"YL —————— REIKE---ERIIEGEKELEIEG 718
APP—VGTTWHVFA&@GAQP——PEDIHP&GQEPPLSS~—QSSLLIGD 706

FIG. 3—Continued.
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TABLE 3. Specific activities of mutant and wild-type isoamylases

Sp act (U/
mg)

Mutant

DISCUSSION

We have cloned the isoamylase gene of F. odoratum. During
the assay of gene expression, we found that the promoter of the
isoamylase gene of F. odoratum could be effective in E. coli,
since the enzyme was produced regardless of its orientation
with respect to the lac promoter of the vector in the absence of
IPTG. The signal sequence of Flavobacterium isoamylase was
effective in E. coli; furthermore, the mature enzyme was trans-
ported out of the cell, since isoamylase activity was detected in
both the periplasmic and the extracellular fractions. This en-
zyme accumulation in culture fluid was not due to cell lysis,
since malate dehydrogenase was always recovered as the intra-
cellular fraction. The small amount of isoamylase found in the
intracellular fraction may due to the incomplete conversion of
the cells into protoplasts.

Pseudomonas isoamylase expressed in E. coli HB101 is se-
creted almost exclusively into the culture fluid (6), as found by
measuring the activity in the medium and cell extract obtained
by sonication. We were afraid that cytoplasmic a-amylase (29)
in E. coli might interfere with the determination of isoamylase
activity located inside the cell by the iodine method. We, there-
fore, measured separately the activity in both the periplasmic
and the intracellular fractions, since isoamylase was expected
in the periplasmic space. The activity was distributed almost
equally in both the extracellular and the periplasmic fractions,
and their properties resembled each other (Table 2). From
these results, we concluded that the enzyme was first accumu-
lated in the periplasmic space of E. coli in the active form and
then transported to the medium. This transport did not depend
on the cultivation time and its activity but on the amount of
enzyme produced in the periplasm. Therefore, this is the leak-
age of the enzyme protein. Further study is needed to clarify
how a folded, large molecule can penetrate the outer mem-
brane of E. coli.

The sequencing of the entire DNA fragment in pIF13 gave
two overlapping open reading frames; however, the open read-
ing frame from nt 312 to 2600 was likely the one, since the
Shine-Dalgarno region (nt 302 to 306) was found only for this
frame. From the comparison of the deduced primary se-
quences and the result of N-terminal sequencing of the mature
enzyme from F. odoratum, we found that 21 amino acid resi-
dues corresponded to the leader peptide. This signal peptide
was very different from that of Flavobacterium sp. isoamylase
(18) (24 residues long). Several extracellular proteins of Fla-
vobacterium have been cloned, and those genes have been
expressed in E. coli thus far. Those signal peptides were re-
ported to be 45 (41, 42), 42 (21), 40 (5), 39 (41), and 21 (32)
residues long, showing the diversity of Flavobacterium signal
peptides in length.

The enzymes, which belong to the amylase family, share four
conserved regions, Regions 1 to Region 4, and the catalytic
residues of the enzyme are located at Region 2, Region 3, and
Region 4 (25). We could find Region 1, Region 2, and Region
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4 in FODIAM, although Region 3 was difficult to discern. The
sequence surrounding “**EWSV of P. amyloderamosa SB-15,
the region that was reported by Nakajima et al. (25) as Region
3, was not conserved among the bacterial enzymes (data not
shown). The analogy suggested that D374 and D497 of F.
odoratum isoamylase corresponded to D206 and D297 of
a-amylase from Aspergillus oryzae (24) (Taka amylase) based
on its characteristic sequence near the residues (Region 2 and
Region 4). As to the glutamic residue, which corresponds to
E230 (Region 3) of Taka amylase, we found three candidates,
i.e., E405, E422, and E442. E405 and E442 of the Flavobacte-
rium enzyme corresponded to E416 and E454 of Pseudomonas
strain SB-15 isoamylase, respectively. E416 of Pseudomonas
isoamylase was rationally predicted as one of the essential
residues by analogy to the structure of a-amylases (14), and the
latter was suggested to be essential by Nakajima et al. (25). We
mutated three Glu residues (E405, E422, and E442) in addi-
tion to two Asp residues (D374 and D497) to Ala.

The results of the activity determination of the mutant en-
zymes clearly indicated that D374, E422, and D497 were es-
sential for Flavobacterium isoamylase (Table 3), and those
residues were well conserved in all the sequences listed in Fig.
3. Recently, the three-dimensional structure of isoamylase
from P. amyloderamosa has been solved by Katsuya et al. (16).
According to their model, D375, E435, and D510 of Pseudo-
monas isoamylase are located at the bottom of a deep cleft,
and their three-dimensional location resembles those of the
catalytic residues of Taka amylase. These residues corre-
sponded to D374, E422, and D497 of F. odoratum isoamylase,
respectively (Fig. 3). This also supported our conclusion. Since
all the mutant enzymes adsorbed to raw starch granules, the
enzyme activity was not essential to the binding of the isoamy-
lase to the granules.

It is interesting that Region 3 of isoamylases and GlgX
proteins share a Glu-(Pro/Ala)-Trp-(Ala/Asp) stretch (Fig. 3).
The third residues in this region of all the proteins were noted
to be Trp, which is suggested to be located at the P1 site in
Pseudomonas isoamylase (16). Branching enzymes have differ-
ent sequences at Region 3 of Glu-Asp-(Ser/Val)-(Thr/Ser) (20,
40), suggesting that isoamylase and branching enzymes have
different structures in the vicinity of one of the catalytic resi-
dues and different substrate-binding modes.

Although FODIAM, FSPIAM, and PSPIAM resembled
each other, particularly at their central areas, they showed
differences in properties such as optimum pH and tempera-
ture, resistance to heat inactivation, and stabilization by Ca**.
The study to find the components responsible for those
differences is in progress. The central areas of ZMAIAM
and GlgX proteins were also similar to those of FODIAM and
PSPIAM, suggesting that all the enzymes had a common ar-
chitecture in their main domain.

Table 4 shows the comparison of distances between the
essential residues of various amylases. Every amylase has three
essential residues, Asp, Glu, and Asp, and X-ray analysis of
some amylases shows those three residues located at the end of
the fourth, fifth, and seventh B-strands of the («/B)g barrel
structure. Isoamylases from bacteria, sugary-1 protein, and
branching enzymes for starch or glycogen were shown to have
clearly longer distances between the first Asp and Glu than
a-amylases and cyclodextrin glucanotransferase, which act
solely on «-1,4-glucosidic linkage, and GlgX proteins.

Isoamylase has been shown elsewhere to have an (a/B)g
architecture similar to that of a-amylase (16). However, the
enzyme must have a different shape of active site, because
isoamylase has to accommodate two chains, main and side
chains, of a substrate to hydrolyze its branch point, while one
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TABLE 4. Span lengths between essential residues of the enzymes in the amylase family

Span length (no. of residues)

Enzyme Source and reference Region Region
2-D ~ 3-E¢ 3-E ~ 4-D?
a-Amylase Bacillus subtilis (38) 31 60
Aspergillus oryzae (24) 23 66
Barley (isozyme 1) (35) 24 85
Porcine pancrease (28) 35 66
Cyclodextrin glycosyltransferase B. circulans (17) 27 70
Neopullulanase Bacillus stearothermophilus (19) 28 66
Amylopullulanase Thermoanaerobacter ethanolicus (23) 28 76
Pullulanase Klebsiella aerogenes (14) 28 127
Isoamylase F. odoratum (this study) 47 74
P. amyloderamosa (JD210) (predicted in this study) 59 74
Maize (sugary-1) (predicted in this study) 53 72
Chlamydia (GlgX) (predicted in this study) 36 70
E. coli (GlgX) (predicted in this study) 34 71
Branching enzyme B. stearothermophilus (40) 42 68
Maize (isozyme II) (20) 55 68

“ Span length between Asp in Region 2 and Glu in Region 3.
’ Span length between Glu in Region 3 and Asp in Region 4.

chain is enough for a-amylase to act. Most of the longer region
of isoamylases could correspond to the fourth loop of the
(a/B)g structure. According to the three-dimensional structure,
the loop consists of the side wall of the active-site cleft of the
enzyme. The role of this unique loop has not been clarified,
and any similarity in their sequences has not been found yet.
However, the loop, particularly its conformation, may play an
important role in the action of isoamylases on native polysac-
charides as described below.

ZMAIAM has been expressed in E. coli, and the action
properties of the protein have been found to be similar to
those of bacterial isoamylases (30), although its primary se-
quence is rather similar to that of GlgX proteins (Fig. 3). One
debranching enzyme has been isolated from E. coli (15), and it
was reported that phosphorylase-limit dextrins of glycogens,
which have a branch degree of polymerization of 4, are good
substrates, but native starches or glycogens are inert. Yang et
al. (46) reported that this enzyme corresponds to GlgX. Maize
sugary-1 protein and E. coli GlgX resemble each other but
differ in the length of the fourth loop (Fig. 3 and Table 4). The
latter enzyme, which has the shorter fourth loop, prefers the
substrate of short branches as mentioned above, suggesting
that loop 4 has a possible role in accommodating a long
branched chain in a-glucans. From these comparisons, it was
suggested that the isoamylases of Flavobacterium and Pseudo-
monas and maize sugary-1 protein belong to one of the sub-
families of isoamylases, while GlgX proteins belong to another
subfamily.

Pullulanase is an enzyme that cleaves the pullulan and
starch, and its essential residues have not been elucidated yet.
However, this enzyme seemed to have rather short and very
long distances between the first Asp residue and Glu and
between Glu and the second Asp residue, respectively, from
the predicted catalytic residues (14) as shown in Table 4.
Neopullulanase acts on both a-1,4- and a-1,6-glucosidic bonds
(39) but has the short first Asp-Glu distance like a-amylases.

Thus, these enzymes may have architectures rather different
from that of isoamylase.
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