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Alginate lyase (EC 4.2.2.3) is an enzyme that catalyzes the degradation of alginate polymer through a
B-elimination reaction. It is found in brown algae, herbivorous marine gastropods, marine and soil bacteria,
fungi, and Chlorella virus. Recently, enzymatically degraded alginate oligosaccharides with novel
physico-chemical and physiological functions have been sought by biopolymer-based industries to expand the
application areas of polysaccharides. Although marine gastropods that feed on seaweeds have been considered
as major sources for alginate lyases, apart from abalone and turban shell enzymes, general properties and
primary structures have not been extensively investigated. The entire amino acid sequences of gastropod
alginate lyases have been reported in only three enzymes from abalone and turban shell, and they have been
classified as type PL-14 based on hydrophobic cluster analysis. A structure-function study on abalone alginate
lyase was performed recently, but the configuration of catalytic residues is not fully understood. To understand
the catalytic roles of alginate lyases in alginate degradation and to clarify the range of distribution of
PL-14-type alginate lyases in gastropods, it is necessary to study comparatively the enzymatic properties and
primary structures of various gastropod alginate lyases from as many species as possible. In the present study, I
isolated alginate lyases from the gastropods Aplysia kurodai and Littorina brevicula and investigated their
enzymatic properties and primary structures. Escherichia coli expression systems for these cDNAs encoding
the gastropod enzymes were also established. Further, catalytically important amino acid residues of these
enzymes were assessed by site-directed mutagenesis.

In chapter I, two alginate lyase isozymes, AkAly28 and AkAly33, with approximate molecular masses
of 28 kDa and 33 kDa, respectively, were isolated from the digestive fluid of 4. kurodai. Both AkAly28 and
AkAly33 were regarded as endolytic polymannuronate (poly(M)) lyases (EC 4.2.2.3) since they preferably
degraded poly(M)-rich substrate producing unsaturated tri- and disaccharides, and rapidly decreased the
viscosity of alginate solution in the initial phase of degradation. The optimal pH and temperature of both
enzymes were pH 6.7 and 40°C, respectively. The temperature that caused a half inactivation of the two
enzymes during 20-min incubation was also similar, i.e., 38°C. However, NaCl requirement and activity toward
oligosaccharide substrates of the two enzymes significantly differed. Namely, AkAly28 showed practically no
activity in the absence of NaCl and maximal activity at NaCl concentrations higher than 0.2 M, while AkAly33
showed ~20% maximal activity despite the absence of NaCl and maximal activity at around 0.1 M NaCl. The
relative amounts of tri- and disaccharide produced from poly(M)-rich substrate by the two enzymes differed in

the prolonged reaction time, which may be ascribable to the difference in the oligosaccharide-degrading activity
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between AkAly28 and AkAly33. Namely, AkAly28 degraded only a small amount of oligosaccharides smaller
than tetrasaccharide, while AkAly33 could degrade oligosaccharides larger than disaccharide, producing
disaccharide and a-keto acid (4-deoxy-L-erythro-hexoseulose uronic acid). Analysis of the N-terminal and
internal amino acid sequences of AkAly28 and AkAly33 indicated that both enzymes belong to polysaccharide
lyase family 14.

In chapter II, isolation, cDNA cloning and bacterial expression of another alginate lyase isozyme,
AkAIly30 of A. kurodai, were described. AkAly30 was purified from the digestive fluid of 4. kurodai by
ammonium sulfate fractionation, followed by TOYOPEARL CM-650M column chromatography. The cDNA
encoding AkAly30 was amplified by RT-PCR from A. kurodai hepatopancreas cDNA. Cloned cDNA that
included the entire translational region of AkAly30 consisted of 1,313 bp and encoded the amino acid sequence
of 295 residues. The deduced amino acid sequence of AkAly30 comprised an initiation methionine, a putative
signal peptide for secretion (18 residues), a putative propeptide (9 residues), and a mature AkAly30 domain
(267 residues). AkAly30 shared ~42% identity with molluscan alginate lyases and 21% identity with Chlorella
virus VAL-1. Such high sequence similarity indicates that AkAly30 is a new member of PL-14-subfamily-3
alginate lyases. An E. coli BL21(DE3)-pCold I expression system for recombinant AkAly30 (recAkAly30) was
constructed, and recAkAly30 was produced as a fusion protein possessing an N-terminal hexahistidine-tag. The
recAkAly30 purified by Ni-NTA affinity chromatography, showed similar biochemical properties to that of
native AkAly30 (natAkAly30). The optimal temperature and pH were around 55°C and pH 6.0 in both
recAkAly30 and natAkAly30. Temperatures that caused a 50% inactivation during 20-min incubation were
48°C for natAkAly30 and 46°C for recAkAly30. Both enzymes showed considerably high pH stability, i.e.,
their activities did not significantly decreased at pH 4.5-9.0, e.g., retained more than 80% of the original
activity, after incubation at 40°C for 30 min. Both recAkAly30 and natAkAly30 similarly produced tri- and
disaccharides as major end products from poly(M)-rich substrate.

In chapter III, the primary structure of a L. brevicula alginate lyase isozyme LbAly28 was determined
by the ¢cDNA method, and the recombinant LbAly28 (recLbAly28) was produced by an E. coli expression
system. The cDNA encoding LbAly28 was amplified from Littorina hepatopancreas cDNA by the PCR using
degenerated primers designed based on the N-terminal and internal amino acid sequences of LbAly28. The
deduced amino acid sequence of LbAly28 comprised a putative signal peptide region of 14 residues, a
propeptide-like region of 16 residues, and a mature enzyme domain of 260 residues from the N-terminus. The
amino acid sequence of the mature LbAly28 domain showed 43-53% identity with other molluscan alginate
lyases and 22% identity with the corresponding region of Chlorella virus vAL-1. Amino acid residues known
to be catalytically important in two PL-14 enzymes, abalone HdAly and Chlorella virus vAL-1, were also
conserved in LbAly28. This indicates that LbAly28 is also a member of family PL-14. The recLbAly28 was
produced with the pCold I-E. coli BL21(DE3) system as a fusion protein bearing an N-terminal
hexahistidine-tag. General properties of recLbAly28 were similar to those of native enzyme; however,
recLbAly28 appeared to be more labile than LbAly28, i.e., the temperature that caused half-inactivation of
recLbAly28, 47°C, was approximately 5°C lower than that for LbAly28. This low stability suggests that the
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folding structure of recLbAly28 slightly differs from that of native enzyme, since post-translational
modification systems, which stimulate maturation of enzyme proteins in eukaryote cells, are absent in
prokaryote cells.

In chapter IV, structure-function analyses were conducted for AkAly30 and LbAly28 enzymes using
theoretical modeling methods. Site-directed mutagenesis for AkAly30 and LbAly28 were performed to assess
catalytically important amino acid residues that had been found in PL-14 abalone enzyme HdAly and Chlorella
virus enzyme vAL-1. Amino acid residues that extrude toward the active cleft and play key roles in the
catalytic reaction and/or substrate binding of HdAly and vAL-1 were conserved in both AkAly30 and
LbAly28. Replacements of Lys99, Argl128, Tyr140 and Tyr142 of recAkAly30 and Lys97, Arg123, Tyr135 and
Tyr137 of recLbAly28 by Ala and/or Phe greatly decreased their activities as in the case of HdAly and/or
vAL-1 enzymes. These results also indicate that both AkAly30 and LbAly28 are PL-14 alginate lyases. His213,
an essential residue for Chlorella virus enzyme to exhibit activity at pH 10.0, was originally replaced by
Asn120 in AkAly30 and by ArgllS in LbAly28. The reverse replacement of Asn120 by His in recAkAly30
increased its activity at pH 10.0 from 8 to 93 U/mg; however, the activity level at pH 7.0, i.e., 774.8 U/mg, was
still much higher than that at pH 10.0. This indicates that Asn120 is not directly related to the pH dependence
of AkAly30, unlike His213 of vAL-1. S219, which was critically important for vAL-1 and is a highly
conservative residue in PL-14 enzymes, was replaced by T121 in LbAly28. Replacement of such a residue i.e.,
$126 in AkAly30 and T121 in LbAly28, by Ala also decreased their specific activities to 15~39%, which
suggests that these residues are important for the catalytic actions of both AkAly30 and LbAly28. Interestingly,
the mutation of T121 to Ala also decreased the specific activities toward sodium alginate and random(MG)-rich
substrate less than it decreased the activity toward poly(M)-rich substrate for LbAly28. Thus T121 is
considered to be an important residue for substrate-recognition of LbAly28. Another basic amino acid mutant
K94A of LbALy28 and its corresponding mutant R92A of HdAly, whose mutation sites were located in the
entrance of the active cleft of LbALy28 and HdAly, showed a decrease in activities of up to ~25% of their
wild-type enzymes. This suggested that the residues surrounding the active cleft also participated in the
enzyme-substrate binding. Almost complete inhibition of recombinant Haliotis, Aplysia, Littorina and
Chlorella virus lyases by site-directed mutants of lysine and arginine indicated that they were the key residues
which more directly and commonly involved in the catalytic mechanism of PL-14 enzymes.

In conclusion, both AkAly30 and LbAly28 were considered to be the superior materials for
protein-engineering studies on gastropod alginate lyases since these enzymes could be expressed in E. coli with
a sufficient amount for the determination of enzymatic properties. The higher thermal stabilities of AkAly30
and LbAly28 may be advantageous for the production of recombinants in E. coli cells. Further, it was
confirmed that the catalytically important amino acid residues are highly conserved among bacteria, Chlorella
virus, and gastropod PL-14 enzymes. The structural similarities among all sources of enzymes suggest the
common origin of PL-14 alginate lyase genes. Studies on the distribution of PL-14-type alginate lyase genes in

connection with the host phylogeny studies are important to elucidate the molecular evolution process of PL-14

enzymes.
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Characterization of PL-14 alginate lyases from some gastropod
marine mollusca and their structure-function analyses
(BREPL- 4B 7 VX VB 7 —EOMIR & HrE - ¥EeE M)

B EFHEYIC L ZEREEOLRE - WL, THICHEET BRI 1477/ uy
— B TOBELBEE>TND, TAXVEBEY 7T—FIE, BEOTERELZE THEITAX MY p-
BB L D O pBER TH Y, TLEVBEORY v X a VBERICERTAIRY MU 7—F
(EC4.223) LHRY Vo U BEEISICERT A RY G V7 —F¥ (EC4.22.11) IKBl&ENhD, £7-—K
WEEDBKY 5 A Z—ITcES%, 2 7—F¥ 77 I Y — (PL) -5,-6,-7,-14,-15,-17 B L V-18
SEIND, FEERIL, WEREDCTIENE, HARMERELREICHMT A, BREOBRICHET
LR EIIRENOBEZEDFNIE_RTHRBDRVORBRIRTH D, AFEIT, BREEL LTERKR
(Anaspidae) BEUHHEE (Mesogastropoda) (ZBTAHT A7 7V BIUPFwF N AIZERL, Z
NOPEETDITAX B 7T —EOBERBERC—REREEL, BERO7 VR COREERE
(Archeogastroposa) D33 2EEHE L LLBEIT T 5 & & HiZ, cDNA #FA L= KIFERRROBEE, X
DICEAFRERIEIC X 2SS ICEES T3 7 I VBEBEOBIT 21T b0 TH D, ThHOHE
REICESE, BEEREOTLXVEY 7—PItBT 3 £FNE L OO FEYEHERIED R
Too AFERROMEBIILLTOEY TH D,

1. TRA75OELIERNSSF 8 28,000 & 33,000 Dty RRIOTAX Y 77— (AKAlY28 35L&
R AKAIy33) #BBEL, Zhoid, pH6.7 BLUM0°CIZBWTRAEMELZRL, 38°C £ TiIL
ETHHENWSTULEMEER Lz, £0O—FT, AT NaCl BR%E & RIGHIE THENRD
b, AkAlY28 IXBKIEHEERT72HIZ 02 M UL EDORE D NaCl % HE & L7z AKAly33 134
WL, Tz, AKAlY28 (T4 LU LD KE DAY TEREEEL SRR T 548 AkAly28 13 3 5L E
EORTARTRR TV, B, INABITMAT, SFE30,000 D7 VX UEBY 77—
AkAly30 DHBEIZ H T L, il AKAly28 LEEEIDORMEETR LIz, ORI, TAT S
VORI EEDOTAX L BY 7T BT AV 74— LB EETHZ E2HALNIT LT,
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2. ¥KIZ, PCRIEIZE Y AKkAly30 D cDNA 2B L, ZOHEERFIEZMBITT A LItV L7 I /B
BSIEHEE LT, FORBE, AKAIYO0 IFERDOT7 Y ERYF DT NVE L BY 7—E0 T I ) BE
FIEK 40%DT I JBEHB—EL, PL-4 BB INT, EbiZ, 7a—{LL7- cDNA ZHWT
KIBHERBEROBEICRIIL, 250 ml BERBEOME X KIFHEED L8 0.6 mg OFME»OEE
HOEHZ AKAlY30 2R L7, ZORERAWT7EEO AKAlY30 REREKEZEH L, ARfEYE
5T 357 I BORE LR, Lys99, S126, R128, Y140 3 X TX Y142 1T ABER OfbiEEICE
BRTI/EBTHY, ¥ Lys99 & RI128 1T Z OBEEHICUNADOKRETHDHZ EEHALMNI LK,

3. AR HAOKRHLL 3IBEOTAXFUVBY 7T —E2EEEL, ZOFTHTE 28,0000
LbAly28 OEERFFEZAENT L=, TORER, IhbFwF XA OBRIIBD TEWVIRERENR
LFUPHREWZFTTZ LALLM L, 77205, BEREEOEFEEIIMN 50°C TH O, 45°C
T30 DRI OME TIHAFEET, £ 30°C DLBIZB W TiZ pH 5~10 DIV pH BHETEETH -
T INDH3BDI X ENTABERDOS D, RHHFED/NEVLbALY28 {2V TPCRIZL Y ¢cDNA
BB LT-, TOMEET I/ BESIIL 260 BENORY, BEHOT U LYo LA TH
HWZLETAZ7IFVOT AR BRI T—EBOT I ) BESHI & 40%0T I/ BF—FE2R LT,
IDTENS, FeXFEHAOTLX U B T—F L PL-4BOBETHL I EEHALNTILE,
IHIZ, ZOCDNA ZFA L TKBEREREEBET DI L LI, TOREZFALLTBEOAE
BARZEH LSS 57 IV BEIT LT, TORR, 4 VA OBROMERE
CHESNDTI/BIL, TAZ7I7RPMOPL-I4 BT AX U EBY 7—8 L E—DMBIZFEEL,
EELIZER—-THDHZL2HLMI L, UEOREREREL, BREOPL- 4T LY RBRY
TR\ TIE, MEREIBD TR EREIN TV LRSI,

Pl AFRIIEEEREOT A 7S VBIV0Z-X AL ENEFNIEOTAXE B 7T—F
PHEEL, TAODILOEETA VYA LIZOVWTDNA Za—r=r e KIBRRERZEHEEL,
SHIEEH WEEOMSREREBEFEHT I LI Lo TBERRED PL- 4RI T AU B 7—
POMBIEEICEETLIT IV BREEZREL, ABROF AV ETFHEREZEBHLI-bDOLLT
ELIETED, Lo TEEE—RIIHBENEL OKERSE) ORTE2EBEINIBEROHE LD L
HIE L7z,
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