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ABSTRACT

Study on the development of improved alginate lyase (alyVI)

Kim Mi Sun

Advisor: Prof. Cho Hoon, Ph.D.

Department of Advanced Parts and Materials Engineering,
Graduate School Of Chosun University

Alginate is a gelling polysaccharide found in great abundance as part of the cell
wall and intracellular material in the brown seaweeds. It is composed of three
different types, homopolymeric G blocks, homopolymeric M blocks and
heteropolymeric G/M blocks, which can be degraded through the p-elimination by
alginate lyases.

Alginate appears to play a key role in the stabilization of biofims formed by
Pseudomonas aeruginosa and some other pseudomonas, with most Pseudomonas
strains producing large amounts of extracellular alginates. Because of the high
molecular mass and negative charge of bacterial alginate, the polysaccharide is
highly hydrated and viscous. Alginates occupy the majority of the extracellular
polymeric substance (exopolysaccharide; EPS) of mucoid P. aeruginosa and have
been implicated in the development and maintenance of the mechanical stability of
biofilms and prevents antibiotic uptake.

The gene of alyVl is encoded for the alginate lyase of marine vacterium Vibrio

_\/l_



sp.QY101. It was cloned by using PCR, sequenced and then expressed in E. coli
Through the assay test of alginate lyase, it was confirmed that 52 amino acids of
alyVl in N-terminal region behaves as a signal peptide which leads the alyVI
enzyme to outside of the plasma membraine in E. coli Molecular weight of alyVi
was 34 kDa after elimination of the signal peptide.

Several mutants of alyVl (W165A, W165D, W165G, W165R, H171F, H171A,
K174E, K174A, K218E, K218H, K218A, L224V, D226G, D226K, D226A, D226L,
F228A, F228G, F228L, F228D, F228K, Y306F, K308A, K308E, K308H, Y312F
Q314K, Q314H, L224V/D226G, D226A/F228G and L224V/D226G/F228G) were
produced by using site-directed mutagenesis to achieve better activity of alginate
lyase. Mutants were transformed, expressed as glutathione S-transferase (GST)
fusion enzymes in E. coli, purified by using GSH-agarose affinity chromatography,
and tested by thiobarbituric acid (TBA) assay.

It was shown that three residues in alyVl, His-200, Asn-217, and Tyr-306, are
involved in the interaction with alginate. Mutants W165A, W165D, W165G, W165R,
H171F, K218H, K308A, K308E, Y312F, K308H, Q314K and Q314H were found to
be inactive. However, mutants L224V/D226G, F228G and D226A had higher activity
than the wild type. Especially, the activity of L224V/D226G was increased nearly
2-fold. Therefore, improved mutants of alyVl will be valuable for the therapeutic

management of cystic fibrosis patients.
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Alginate lyasei= ZZF[8-9], dAFE[10-11], dFeZHFH st FFol[12],
A13-14] Te2HE AAlstel 2 54l BaFe] Sl7]& &tk Alginate lyase:
25t F99 FR/  wEl  B-D-mannuronate (mannuronate lyase)9t «a
-L-guluronate (guluronate lyasse)[5] + 7F4& EF #3l& 4 S+ hetero type©]
k. oF 40 Aol 16714 9] alginate lyaseE encodingstE geneo] B E Q=
alyP [15], algl. [16], alxM [17], A1-I [18], alyA [19-20], Alyl I [21], algl. [22-23],
alyL [24], alyVGI1, alyVG2 and alyVG3 [25] 72|31 alyPEEC [26]0] 3low o]%
alyP, alxM, alyA, alyPG, alyVGl, alyVG2 2 alyVG3+= G typewS Aeld oz £
}a1[25] alyPEECS 2+714Fe] G type® M type2 EF Halsts= o=z daA vt
[27].

B AFgME #% vAE F Vibrio 9 QY10] 22X H F%49 alginate lyase

£ encoding 3t U= ARSI alyVI (Fig. DI2RIE v 22 site-directed mutagenesis

N

=3 3D computational studyE ©l&3 3 7]d-& ¥ stal, alginate lyase®]
JS F7hA A alginate HEE E&FH T FEdtE AES ST QYIOIgA &

FAE G typeths E&8tE AT hetero typeo] &, E Ao A&d FAAt
= G typetts MElx o g Rl @aaolth AlVIe] 3387 olv|iAt & oF 527
olv| - 2to] signal peptide$] (28] At o2 E4F7HE 98] ®HEZ 32709 mutant

© B B2 ofuigte]l AAHE AHE 22 wHUth
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Fig. 1. Types of alginate; poly B-D-mannuronate, poly a—-L-guluronate, poly B

—D-mannuronate and poly a-L-guluronate.



Fig. 2. Ribbon structure of alyVI without signal peptide.
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61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321

tctaaattac
ttactaagcc
aaattgtatt
aaccgctcett
attacaaatt
gtttatctct
agagcttaaa
agttagtggt
agaatgtaat
gtctgttaat
tacagcaaac
aaatcgatgc
gacagtgagc
tctcggccaa
tgaaaataag
tagcgactgt
ttacacgatt
atcagagcgc
gttgtcaaaa
aaagccttca
tgatcataga
acggegtgtg
actcgctaag

gcttccccat
gtatacgaaa
gagatgtgtt
tagccaatga
attttfafaE
agtggattat
acatgcacag
gacgattact
gotaaagagt
ggcgaagaac
acaaaatacg
agcactaaag
gttoatcagt
attcatggta
ccggtacgtg
cagccattca
cgectcgatg
ttcttacctt
gcatggttaa
agagagtttg
tagagtgtca
ggtatctcat
ttaaacttgc

cgaacatgca
accaacctca
tttgggatcg
aaacctcatg
tcaactatca
tactcgetog
attgcaattg
acaacaatgg
acttaaccaa
gtctaaaatt
ctcgttcgga
accaaaactg
tcccgaataa
aagacattaa
ttgttctgaa
gtgtcaacct
agcaaggtat
ggggcatcga
aggaagagta
ctggtcaagt
ccccatcagt
ccatacgeceg
gttcaaatga

aaaggatttg
ttgactctag
gtagctcaaa
gtttatcgat
acaaccttta
ctgtgaagcet
gaacatcgag
ccgtageage
cgacactcat
caccgttgat
acttcgtgaa
ggcggtaaca
agacgtgaca
acaagcgcta
cgattcattt
aggagtcgea
ttacctttca
aacagaagat
ctactttaaa
attctcggtt
tgtgtctaaa
ttttatcact
cctegectaa

catgatcgtt
ctctagetcce
gctctgtcaa
aaagtttgct
aaatacctca
aatgctaaaa
caatggaaaa
gcagecgage
cttecettogt
cttogtggtc
ttgtataagt
gggacacatg
ggcagtgacc
gtgaaattgc
ctaccaggaa
cctgcaaacc
acactcatta
cgtgatggta
gceggtettt
agcttttcga
atcactactg
gatacgccca
gcaagg

cagagaatca
ataactagaa
caaaatgtaa
caccttttgt
aagttgctgce
gcgaacaagce
tcacccttce
tcattcccca
tctctegtoa
aagtttcaac
tcaataccga
aacttaaagc
caaaagtcgt
agtgggatgg
acaaaatgtg
tggattggga
atgacgaatt
acaaggttac
acgcccaaat
agatcaatat
atacttgaaa
cgacatcgca

Fig. 3. The nucleotide sequence of gene alyVI, pubmed locus number ay221030.
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7}. AlyVI-GST fusion protein?] &%14

)

GST vector?l pGEX-4T-1 (Amersham Co., USA) vector W A ¢g DNA o
2 WE7] $1% PCR #}4 % nPfu DNA polymerase (Biostream Co., Korea)E AF
A TE Vector?t DNA 2ek2 A3 4 EcoR1¥ Xhol (TaKaRa Co., Japan)2 * 2]
se] T4 DNA ligase (Invitrogene Co., USA)E Y il vector?} DNA ©¥H S A 435t
o} AA3] AlgE L2523 XL-10 gold ultra compentent cell (Stratagene Co.,
USA)o] 2L plasmid HAAE 98] Intron (Korea) AF¢] DNA plasmid purification kitE

g3t

op

. dgel o wwa wds A

akt-e vl syl 918 AA9 1 LY LB broth (Difco Co., USA) 25 g8 492
A& ThEo] AMESA T dillE S whEo YEE A8ste UEFEAZ Isopropyl-
B-D-Thiogalactopyranoside, IPTG (Sigma Co., USA)E H7lsld . @3d HAE=
18] GE healthcare A} (USA)2] GST 4B sepharose9t wHa 248 943 dialysis tube
(Spectra., USA)E o] &3}t

o). Aly VI mutant A|Zt

AlyVIE 822 st9 PCR 7le2 °l838t9 mutantE A#bsh= 34 < 59

directed mutagenesis kit (Stratagene Co., USA)E ©]-&3} %t}
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=1

Mz

oX

HPLC AFHl2 Al2"E Aojste SIMADZU (Japan)Ake] SCL-10A, §#&
pumping st A2 LC 6AD, =4EE &3 HE7VIEA RID-10A, =<l
CTO-10A 183 A% A5 FY712 SIL-10ADvp ZAE o]&3st3tt. Columnl =

@)
i

+ PSS (Polymer standard service., Germany)A el 48 GPC columng A&+
g EAES Hd 800 kDazk#] 4% 4 vl £33 Class-VPehe ZEZ 18 E& ARE-

skl thrl GPC dHlolBH =2 WHEels 3y T ZFEHAS UEE dH AR AlREE

T

PSSALSY] pullurang AHE35t3 T Table 12 ZF7] & ExF=Ee- Zkal 9+ pulluran

(¢}
o) A% gE %S e Rot

Table 1. Retention time of standard materials with different molecular weights

Molecular weight (Da) Retention time (min)
788,000 20.062
112,000 22.997
11,800 26.172

342 32.045




A2Ad A8y

1. Aly VI-GST fusion protein®] &34

7}. Ay221030-pGEX-4T-1 &3 plasmid A&}

(1) PCR primer #|%}
Vivrio %% QY1014 =3t alginate lyase, alyVlI cDNAZE ©|&3}o] primer
2 A Astdrt. a8y alyVIE signal peptideE 2t AL FaEE [28]00 4
Yol B 4= glgir) wwld Pz BA Za @ (Signal [P 3.0)8 o] L3t alyVId
signal peptide®] ExolF-¢k ojtjo] Q=A5 thr] &Ql sfa 1 Axp o 527) ofv]
wAke] FAae Nuw HZo] oF 527 o} =4ke] signal peptide A ¥9& ztal L&
b 4= ol olE FHely] 9% AR aly Ve NEwo] ket ofn|eibe zhar
O 7 HE 52 olu| A2 A A3 DNA fragmentE 7272t pGEX-4T-1
el A kg ete] @A el & B4 43S ok3lth Fig 5olA &
i ’d
N

W

9 A Nz
of 22 2 v 3
FoE g om MAUYE Gash Qo= 52 ohv it AAS) BE Hae] B4

A
Aol wsehE #dekdnh webA mutantE W] 98] EE primer AF Al

=2 AT 52 ofn|ieite] AAHES sHth Eda} Fddtel= AFE S K

Table 2. Two types of PCR primer sequences for ay221030

Forward 5-GTTGTTGAATTCAAAACCTCATGGTTTATCGAT-3
Reverse 5-GGTGGTCTCGAGCTATCTATGATCAATATTGAT-3
Forward 5-GTTGTTGAATTCGAACAAGCAGAGCTTAAAACA-S
Reverse 5-GGTGGTCTCGAGCTATCTATGATCAATATTGAT-3

Type 1 | Full length

Type 2 | N53-C338

% NB3-C338, without signal peptide (52 amino acid)



(a) Full length type (b) N53-C338 type (c) N53-C338 type
of enzyme of the enzyme of the enzyme
(supernatant) (cell pellets) (purified from (b))

Fig. 4. Full length type and N53-C338 type of the alginate lyase, alyVI on 12%
SDS-PAGE. Molecular weights of full length and N53-C338 of enzyme were 38.3
kDA and 325 KDA respectively calculated by using ExPaSy proteomics tools.
Because that of GST is 25 kDa, bands of each enzymes were observed in 63
kDA and 57 kDA. (a) Full legth type of enzyme was released from cells to

culture medium (b) N53-C338 type of enzyme was obtained from supernatant

(C) N53-C338 type of enzyme was purified from (h).

0.005
0.004
_-_ _.
E  0.003
E
E
E 0.002 =+=rull length
8 —#—N53-C338
0.001
0
o i 2 3 4

Substrate (mg/ml)

Fig. 5. The result of assay test with full length and N53-C338 type of alyVI.



1}. Gene alyVI® pGEX-4T-1 vector® = ¢

StA dgskle A3 2ol signal peptideE A A7) fl8l] 527 ofvlieqto] A
A EE A A3 PCR primer® vectore] =9 DNA @& #2389t PCR &
2 95TAA 1 7 & WA, 55TA 30 = &t F2 72T 2 # 30 = &<t 4l
Zale] 30 cycle ot HFSA|HTE th&- 22 PCR purification kitE o]&3dle] S¢E5S
AAskaL, PCR Gbgo] & o] Fo = 2Qlst7] #ls| 1% agarose gel ol oF 5
ULE #7149 % ko] 800 bp Aol A bandE A TE 2 & vectoret o] Agta

A(EcoRl, Xhol)E 37TolAl 4r3F &2k A2

% gel purification st 20 pL= 3

oAt &% 1 ule] vector?t 6 uLe] PCR ¥ 12|31 2 plLel 5x ligation buffer
9 T4 DNA ligase 1 uLE A2 $ 25TCoA] 4A1zF dbgAI#HTE XL-10 gold
ultra—competent cell 50 uloll 5 ulLe] &Y H plasmidE ¥al 30 7 Lo uk
SAZ T 2T 30 23 d S4ES Fo] FEAS A7 v 2 7 ESE A5l
A ks AT 2 tS SOCH) A (Terrific Broth) 250 L& ¥ i1 37°Ce & Hjy|
oA 1 ARF WhEAZ FH gul o] HI7ME LB agar WAo] EF =Eslith 37T
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lacZ_a
M13_pUC_fwd_primer:
M13_forward20_primer
M13_reverse_primer
M13_pUC_rev_primer:
lac_promoter

ORF

Narl 4308

Hpal 4174

EcoRY 4118
Apal 3879

lacl

pBR322_origin

AlyVI full sequence domain
N1 N53

338

Sequence of Signal peptide

Vs

NEE]

ide

N |

tac_promoter
M13_pUC_rev_primer
MscI 465

GST

BstBI 655
pGEX_5_primer
BamHI 930

i
Smal 346

Sall 343

#hol 954

NotI 980

Eagl 960
RGEX_3_primer

piERGTL Aatll 1245

4969 bp

fimpR_promoter
Ampicillin

ORF

PstI 1922

GST |—|

AlyVI N53-C338

PGEX-4T-1

N-2CF 52 of0j - AH0| H|7{ =l DNAZ} vector
PGEX-4T-1 0] ==l 23

Fig. 6. Cloning procedure of alyVI into pGEX4T-1<3>.
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B A2 HEH AL colonyE sty ¢uldde] &9+ 5 mL LB #|x]¢ ¥
37C 2" w7l A ok 16 AZF FF X" wigete] colony FE S FHTH
Colony® %7} 600 nmelx FF%=7F 0.6~0.8°] Hd w2 W3l 6000 rpmol Al
10 # FoF 94 E skt vlge] 22l cell pellet?t E&517] 18] =92 A
%t ¥ DNA plasmid purification kitE /\}9“6}0% plasmidE AAstHE . S22
oF-Z gelaty] S8 AdELE Aol & A7I9E s+ vectorst DNA sizes
gt F AMEE skt

] =

21 d colonyt plasmid®] %& 93 thA] XL-10 gold competent cell

)
Y

o
ol

1

o] colonyE RHEIL TAl A A 5t Oéo% plasmidE 43 walg a
2 EA 2 BL-21 competent celldl @A 23 3}o] colonyE AAHSFATE o]
o colony® @HAE o g vhE7] 8 ¢ujdde] 239 3 L LBHA
a1 600 nmel A optical density”} 0.6~0.80] & wj7l#] 7% H PTG’} 1 mM
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Without inducer

lacl Pa: 0 lacZ lacY lacA

DNA 1 J#; E— |
& v

mRNA [

| No Transcription
Repressor %
tetramer
¥
With inducer
lacl P 0O lacZ lacY lacA
DNA I T T TR I I 0 T
i] l Transcription
Ll & |

= S Al
Repressor l Translation
tetramer J

Inducer .wv @ (@

4 » ;F [-Galactosidase Permease  Transacety lase
Py e
» w

Fig. 7. Function of IPTG to transcription of mRNA from DNA. IPTG induces the
transcription of the gene coding for beta—galactosidase, an enzyme that
promotes lactose utilization, by binding and inhibiting the Lacl repressor. In
cloning experiments, the lacZ gene is replaced with the gene of interest and

IPTG is then used to induce gene expression<4>,
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gl g by o] Edk F 7000 gell A 20 ®IF AR st dE e Al As)
a1, 7FEReEe cell pelletS- lysis buffer (1x PBS buffer; pH 7.4, 1 mM EDTA % 0.1

mM DTT 7P 100 mLe] 2= d8A7l 5 1 39 30 = &9 sonication 3}o] ol &
6 3 Ax sgon tha] 8000 gollA 20 & EoF AAEY sl enzymes 2 Ul
Cello] EA WA U2 a45 3517 f18 AsAT A Al JFRd &100S

, GST 4B sepharose 400 pLE Y i1 4ToA] 12 A|ZF ©]4F binding* Z t}h. BeadsZ
FAS7] $18] 2000 gol A 10 & FoF AR S AEde WA oqgg H

beadsE column®| ¥ il washing buffer (50 mM Tris-HCl buffer, pH 80, 1 mM

EDTA ¥ 01 mM DTT #7H= 600 nmol Al F3%=7} 0.01¢] 9 w7}*] washing3d}

A Th Washing®] #%Y beadsell & elution buffer (50 mM Tris—HCI buffer : pH 80, 1

mM EDTA, 01 mM DTT = 10 mM reduced glutathione) 10 mL2 ¥ 5 & =

oF Aol A Wb AlZl H g EE FEekd T BA #Hel £ F 50,000 Mw &
3

=
dialysis tubeZ o] &3}o] FA13to 24 glutathioneE A7 8} St}

AA | gulde] w55 F43sl7] 98 Bradfordy &[31] o] &3te F4sttt
48 WE7] 38 bovine serum albuming % 10 mg/ml, 5 mg/mL,

5 mg/mL, 1.25 mg/mL, 0.625 mg/mL, 0.3125 mg/mL % 0.10625 mg/mL°| %%

AAkstel 50 mM Tris-HCl buffer (pH 80)e 3148 % 20 uLA eI 96 welld]
Bradford &<} 200 uLE ®53 & ZFAE9 A" 9 2 ul¥-2 Bradford &
Aol w7l welloll ¥War ol 5 594 nmelA FEFEE SASAT 2FE FAAE

= A
S A =
zhgste] AlmEY sEF AL 3 A3 table 33 £t
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3. AlyVI &5 mutant A&

5278 oful:=ate]l AAH alyVIE GST vector pGEX-4T-1¢] 4 4¥ plasmidE 5
& 0% point mutagenesis 7] &2 ©| 838t mutant A Ze] Eoizkth. Mutant™ & 32
Mol FHRF alyVIE 715522 165, 171, 174, 200, 217, 218, 224, 226, 228, 306, 308
2 312 A ofw] = A2 Bl single point mutant, 27 ©Fv] :=AFE B mutant 371
olu] = Ak-S- v mutant® A ZHE k. PCR W2 317198 10 ng/ule 3 3 ul
2} 10 ng/ule] primer 1.5% #7}s}al site-directed mutagenesis kit®] reaction buffer
9} quick solution buffer, ANTP % pfu turbo polymeraseS Z7}sle] ¥3 2 50 pL=
g 5 95T A 50 &= & WA, 60TelA 50 &= &b F-2F, 68TolA 10 # =<t
Al7Fste] 18 cycle ¥FE AlZ T PCR ¥F2o] #4 % Dpnl 1 ulLE 37C9 A 1 A3F
st At FHE AASAT. Wgo] FEE 2
cell 50 uL9} 2 UL mercaptoethanol2 o] 10 & SoF WF3A17l & ASoA 30 £3F
WEgAl71aL 30 ZF 42Tl 4542 Fo] plasmid’t & 912 = U=E st
AL A 2 ®3F wgAlZl F SOCHIA 250 uLE 4ol 37C e wjgErelA 1 A7k
Bt metH Tt 250 L EFE g o] Eojd LB agarvl] X|e| Zdsto] 37T
k7)o A 16 AlZF EeF HlFSte] colonyE €12 4 ATl ColonyE WAl LBHIA|
of HJ%E = 6,000 rpmellA 10 &+ F¢F YA EZ slo] cell pellets EoF DNA
plasmid purification® 3] &7} £33 W2 %9 mutant plasmidE ¥EAth oW
A Bde 938 o] plasmidE tHAl BL-21 competent celld] & &A% 31od colonyE
Hl| &F s} Sl vt

uLE A3 8k ultra—competent

AV
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Table 3. Yields of wild type and mutants from 3L cultures

. Concentration
Enzyme | Concentration (mg/mL) Enzyme
(mg/ml.)

Wild type 0.162 F228A 0.280

H171A 0.205 F228D 0.477

K174A 0.365 F228G 0.261

K174E 0.284 F228K 0.135

K218A 0.430 F228L 0.285

K218E 0.584 Y306F 0.105

L224V 0.301 L224V/D226G 0.222

D226A 0.275 D226G/F228G 0.279

D226G 0.200 1.224V/D226G/F228G 0.562

D226K 0.135

72kD
55kD ....
|C) £« < &, X
g & & F F L
R @ A < L 3
& o
Vv
g

Fig. 8. SDS-PAGE of wild type, 1.224V/D226G, Y306F, F228G, K218E and K174A.
Purified 2 ng of enzymes were loaded on 12% acrylamide gel.
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Table 4. The primer sequences of alyVI mutants

Primer .
Num. | Mutant Primer segeunce
type
1 WI65A Forward 5" AAAGACCAAAACGCTGCGGTAACAGGGS'
Reverse 5'CCCGTGTACCGCAGCGTTTTGGTCTTTS’
9 W16sD Forward 5" AAAGACCAAAACGACGCGGTAACAGGGS’
Reverse 5'CCCGTGTACCGCGTCGTTTTGGTCTTTS’
3 WI65G Forward 5'AAAGACCAAAACGGCGCGGTAACAGGGS!
Reverse 5'CCCGTGTACCGCGCCGTTTTGGTCTTTS’
4 W165R Forward 5'AAAGACCAAAACGCTGCGGTAACAGGGS'
Reverse 5'CCCGTGTACCGCCGTGTTTTGGTCTTTS’
5 HITLA Forward o' GTAACAGGGACAACGGAACTTAAAGCGS
Reverse 5'CGCTTTAAGTTCAGCTGTCCCTGTTACS
6 HI7IF Forward o' GTAACAGGGACATTTGAACTTAAAGCGS
Reverse 5'CGCTTTAAGTTCAAATGTCCCTGTTACS
7 K174A Forward 5" ACACATGAACTTGCTGCGACAGTGAGCS'
Reverse 5'GCTCACTGTCGCAGCAAGTTCATGTGTS!
3 K174E Forward 5'ACACATGAACTTGAAGCGACAGTGAGCS!
Reverse 5'GCTCACTGTCGCTTCAAGTTCATGTGTS
9 H200A Forward 5'GGCCAAATTCATGAAGGTAAAGACATTS’
Reverse S5'AATGTCTTTACCTTCATGAATTTGGCCS'
10 K21SE Forward 5'GATGGTGAAAATGCTCCGGTACGTGTTS3
Reverse 5'AACACGTACCGGAGCATTTTCACCATCS’
1 K218A Forward 5'GATGGTGAAAATGAACCGGTACGTGTTS
Reverse 5'AACACGTACCGGTTCATTTTCACCATCS’
19 N217D Forward 5" TGGGATGGTGAAGATAAGCCGGTACGTS'
Reverse 5" ACGTACCGGCTTATCTTCACCATCCCA3’
13 LooAV Forward 5'GTACGTGTTGTTGTCAACGATTCATTTS'
Reverse 5'AAATGAATCGTTGACAACAACACGTACS
14 D9%6A Forward 5'GTTGTTCTGAACGCTTCATTTCTACCASZ'
Reverse 5'TGGTAGAAATGAAGCGTTGACAACAACS
15 D9%G Forward 5'GTTGTTCTGAACGGTTCATTTCTACCAS’
Reverse 5'TGGTAGAAATGAACCGTTGACAACAACT
16 DO%K Forward 5'GTTGTTCTGAACAAATCATTTCTACCASZ'
Reverse 5" TGGTAGAAATGATTTGTTGACAACAACS'
Forward 5'GTTGTTCTGAACCTGTCATTTCTACCASZ'
17 Dzz6L Reverse 5'TGGTAGAAATGACAGGTTGACAACAACS
18 F228A Forward 5'CTGAACGATTCAGCTCTACCAGGAAACS'
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Reverse

O'GTTTCCTGGTAGAGCTGAATCGTTCAGS'

19 F298D Forward 5'CTGAACGATTCAGACCTACCAGGAAACST
Reverse S GTTTCCTGGTAGGTCTGAATCGTTCAGS’
920 F299G; Forward 5'CTGAACGATTCAGGTCTACCAGGAAACT
Reverse 5'GTTTCCTGGTAGACCTGAATCGTTCAGS’
o1 F298K Forward 5'CTGAACGATTCAAAACTACCAGGAAACS
Reverse S'GTTTCCTGGTAGTTTTGAATCGTTCAGS’
99 F298L Forward 5'CTGAACGATTCACTGCTACCAGGAAACS'
Reverse 5 GTTTCCTGGTAGCAGTGAATCGTTCAGS’
93 V306 Forward 5'AAGGAAGAGTACTTCTTTAAAGAAGGTS3’
Reverse 5’ ACCGGCTTTAAAGAAGTACTCTTCCTTS
o4 K303A Forward 5'GAGTACTACTTTGCTGCCGGTCTTTACS
Reverse 5'GTAAAGACCGGCAGCAAAGTAGTACTC3’
95 K30SE Forward 5'GAGTACTACTTTGAAGCCGGTCTTTACS
Reverse 5'GTAAAGACCGGCTTCAAAGTAGTACTC3’
9% K308M Forward 5'GAGTACTACTTTGATGCCGGTCTTTAC3
Reverse 5'GTAAAGACCGGCATCAAAGTAGTACTCS'
o7 V319F Forward 5'AAGGAAGAGTACTTCTTTAAAGAAGGTS'
Reverse 5’ ACCGGCTTTAAAGAAGTACTCTTCCTTS
9% Q314K Forward 5'GGTCTTTACGCCAAAATAAAGCCTTCAS'
Reverse 5" TGAAGGCTTTATTTTGGCGTAAAGACCS'
9 Q314H Forward 5'GGTCTTTACGCCAAAATAAAGCCTTCAZ’
Reverse 5'TGAAGGCTTTATTTTGGCGTAAAGACCS'
5'GTTGTTGTCAACGGTTCATTT
Forward
30 1.224v/ CTACCAGGAAACAAAATGS
D226G N 5'CATTTTGTTTCCTGGTAGACC
cverse TGAACCGTTAAAAACAACS’
5'GTTGTTCTGAACGCCTCAGGT
Forward
a1 D226A/ CTACCAGGAAACAAAATGS
F228G N 5'CATTTTGTTTCCTGGTAGACC
everse TGAGGCGTTCAGAACAACS’
32 D226G/
S'CATTTTGTTTCCTGGTAGACC
F228G Reverse
TGAACCGTTGACAACAACY

X% The underlined bases indicate the bases that were changed.
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7}. Thiobarbituric acid (TBA) 34 213

g4 e vEHe] ¥ 500 L F 20 ugol AFEHEE 80 ng/mLoE A
&l tris-HC1 buffer (pH 80, 1 mM EDTA % 01 mM DTT)ZE &4 & 250 uL
=9 sodium alginate 250 uL¢} 40Co A 20 ¥ E<F vk A AT 71d9] &
=+ 0.02 mg/mL, 004 mg/mL, 0.06 mg/mL, 0.1 mg/mL, 0.2 mg/mL, 04 mg/mL,
0.8 mg/mL, ¥ 1 mg/mLE AHsle] SAATE 20 #o] Fvtar o % 714
A T g 48 AAT FEdA TBA g S435H7] ¢ 10 & &< 10

A~ HR&

-Jv(:g_—‘—l—— T O
]_

0C ol
A 7kdstar, Agl = REg) 200 LR FElste] AEE AlFbeRglth g o=
0.125 N HzS040 0.025 N9 HIOsol 491 &= &ulE 250 L il 2ol A 20 #3F
HEgAI T 12]a1 05 N HCl# 226 sodium arsenite”b 41¢1 &v& 500 L ¥ %
Hoia 2 7 s HEgAIZ = 0.3% TBAAISF 2 mL& #H7bste] 10 & &<F 100C F
ZoA ZhEetREY HeMew ®Wske e 98 F A ol E AgF grom

Z=2317] 98 549 nmol A FHEES =73}

1}. TBA 24 93

L& S4cte Wy S otuE st o9

x| o] B3 Ao bkgo] doju} HEAH ox WA YE malonaldehyde® TBA A

oko] 2:1 W&o g Hhgsle] FLAo EAE A dElE o] &g Zlot) o]

3 2% AL alginate E|E 4] 98] R|E alginate ¥ ArEEA AAEE

NSy
7t

=

4-deoxy-L-erythro-hex-4-enepyranosyluronated] = &4 st2 2 Fig 99 2o
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¢H CHO CHO

HO~¢H HlO; — CH CH. o7BA
CHI — = C—OH == ¢=0 — =
GH COOH COOH s:<
T - i
COOH B - formyl-pyruvic acid OH

(Pink colored)

Fig. 9. The principle of TBA assay.
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5. Michaelis—Menten & lL.ineweaver—-Burk kinetics

TBA A3ol4] 42 ARghs e 22 Michaelis-Menten plot # Lineweaver-Burk
plot& °]83t Knm #3 K #2 73FATh Kn #t2 7120 theh &9 33
Hehl= 2R Ka #to] 295 240] ofsty 7| dzbe] Ad#o] gk Zolil Kn
gtol Zreas Vdae dggoel A%t Aok W Ke #H2 WAL 352t shef &

& 2ol K #2 F2 Via 88 9

a9y g5 A "l wrt vbeelth o] Ade A= Ky, 4

23 K
g Michaelis-Menten plote T3 % °l& x5 y& Feol 95 FHste =A@

Lineweaver-Burk plot-g& o] &3}t %% Lineweaver-Burk plotoﬂ A R Zke] 0.999]
Aol HE&E e 1o gk WA S o] &3 Kn #h Ka#t g 758t 53] Kea
T w2

1 pgo] @A 1 & 5 Ealites dvivk & 5 U= A=z Ao
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of AFEHEJE Ea FHE 20 ugd WEAZE 20 &
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Michaelis—Menten plot
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[

Lineweaver-Burk plot

Fig. 10. Michaelis — Menten plot and Lineweaver—-Burk plot. Ky is the Michaelis -

Menten constant, Vmax is the maximum reaction velocity, and [S] is the

substrate concentration.
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6. GPCEZ o]£3 alginate &3] &9 2x =%

AN

%

HHH o2 alginate lyaseo] 28] ¥ F alginate #3 AHE2] EA# E¥X L9
W32 3elst7] 98] Gel performance chromatography (GPC) columng ©]&3F &
2 =3 Ago Eojzitl. WA HPLCO columng F2HslA e oA 0.05%
5} a1 GPC 44 columng 23 5 01 mmHgolA F50] 1
¢ FHE F 8ME oo ER Ak
ol E&jFo] 71715 okt A F Y Sample 54 Al 42 1 mL/min&

st al, #8ES o83ty EAE AV|E HEsle A28 AR aEa
FEA B2 pullurand ARSSFAAL A T 7 380,000 Da, 459,000 Da % 5600 Da
¢l Z+7be) pullurang #A4ste] REHAE AAASATE A2 alginate®t wild type
22 Edd 24 223 mutant T 7P &0 £ 1224V/D226G R4 Hald

AL A7 10~15 g/LZ 8ko] 100 nlA &850 SA AT

A sampled THE7] {84, signal peptideE A ASHA] -2 AFE] oA
Gl Aol E ocoli AXE Sk A 2d @ u) signal peptideo] €8] Al¥x9k wko =z wixu}
= 7 RS Stk Wb alyVIZE @A HojdlE WS 718 5 7,000 rpm
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off 1,
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X AMERE dto] E coliE pellete® Eelstal o] = dlEdS ghe
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1. TBAE o] £3 mutant S =4 243}

7}. Mutants D226A, D226G, D226K, F228A, F228D, F228G, F228K
F228L 2! 1.224V/D226G &4 vl u

o} 7T A

=

AEAE encoding S YT FHA alyVIe] 2260 A ofw|:=Ak]]
aspartic acidZ® ZZ} glycine, alanine % lysine 59 O ofv|x4to® wlygE
mutant D226G, 1.224V/D226G, D226A 2 D226K<] &4 A8 A= Table 58 &%
=

r—1u:
=

N

Wild type @& Hls] B w] D226G+ Kan @ Ko k] wild type®] 2713 ¢}
2T Ko/Ke e 227 02d @40 2 War} 998 felad. S
1.224V/D226G+ 224 A 2] o}u| = AkQl leucine® valinel. = npre]l ZF3b F Al 226

WA o] ofm=2to] glycinee & BHl Aol A= H Kea/Km $42 Hl2LE] & w] wild type
Hry gdoe] oF 2n) ¢ Erhe 28 & F AT =S 2260 A ofv]=4te] alanine 2
2 v ASd s &4o] ki a1, alanineo. 2 AHE H 9= FA7F S o
v w5k g vt

3 228 A o}u] Akl phenyl alanine2- 717} lysine, glycine, alanine, aspartic
acid ¥ leucine®} #& UE olu|:Ato® HIHE mutant F228K, F228G, F228A,
F228D % F228L¢] 443 A3} wild typed} H|aLs] & w phenyl alanineg 73
ot =4t o 2 HHY  FW mutant F228GeF F228AE8 A9d We A mutantE-S
Kea/Km #to] ®olA= B3e HFom Knd Kadt 7 wild typed H|E Fs4e
e FAhATIE BE BT Aole oFshAvE F228Ge] A5 S7bstA o
Michaelis-Menten plotl] WERE FHdAME 2 Ze]lE B 4 vy 2y F228A9 4
G- = Keathol 53] ZashiA F228GEY Ke/Kn#kol @l A3 wild typed} Blszet &

o i
e 2a e Ale

[e]
TORNE

s

i)
2
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Table 5. K, Kcar and Kca/Km values of mutants D226A, D226G, D226K, F228A,
F228D, F228G, F228K, F228L and 1.224V/D226G

Enzyme Km (mg/mL) Keat Keat Relative ratio
Wild type 0.448 3.14 7.01 1.00
D226A 0.535 5.97 11.16 1.59
D226G 0.433 3.32 7.67 1.09
D226K 0.396 3.04 7.68 1.10
F228A 0.403 2.88 7.15 1.02
F228D 0.259 0.92 3.57 0.57
F228G 0.453 4.60 10.15 1.45
F228K 0.463 1.84 3.97 0.57
F228L 0.404 0.31 0.78 0.11
L224V/D226G 0.543 7.50 13.81 1.97
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Fig. 11. Michaelis—Menten plot of mutants D226A, D226G, D226K, F228A,
F228D, F228G, F228K, F228L and L224V/D226G.
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Fig. 12. Lineweaver-Burk plot of mutants D226A, D226G, D226K and 1.224V/D226G.

_26_



*WT
1/0Ds5490m WF228K
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Fig. 13. Lineweaver—-Burk plot of mutants F228A, F228D, F228G, F228K and
F228L.

Fig. 14. Schematic view of the interactions of alginate with alyVI.
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Y. Mutants H171A, K174A, K174E, K218A ¥ K218E &4 vl

[S1374IPN

=

i
ot

FEAE encoding JFAL U= FAA alvVIe 174WA]  olv] w4kl
lysine2 Z}Z} alanine 1|3l glutamic acid®} #2 thE olu]w-Ato & HlH = mutant
K174A, K174E¢] &4 A3d A3+ Table 63 Z3kt).

Wild typed} ®lats] & o) FdetE zt= ofv| kARl lysines T4 ofv| At
alanine2. 2 v FU W mutant KI174A%] &/¢] 1/2 AEZE "HolHom S7sE
= olu] =2kl glutamic acid® P mutant K174E S A] 4]0l d A3 7AETS
2 7 AT skH 218AHA ofn| Al lysineS 717t alanine ¥ glutamic acid®t
& g ol Ao 7 Bl S mutant K218A 9+ K218E9] &4 test 23 wild type
Has] & o) SASE ZhE olv| kAl lysines &4 oFv| :=4FQ] alanineo®E B
# FJ9 mutant K218A9] 3% &
glutamic acid® w5 K218A9 749 mutant K174A0A &/do] dAs| HoiH 7|
ool K218A%] 74-¢&= "ol Zlolg}t o & HAARE Ao & ®37) glas BHA
=3

Tk el 7o R A8 ¢ = 171HA histidineg alanine &2 vlFrolE g &

e dA3] A Es #Addsirh

o W o

i

o
m

&

ol EolHARE FdsE gt ofu Akl

Table 6. Km, Kcat and Kca/Km values of mutants HI171A, K174A, K174E, K218A

and K218E
Enzyme Km (mg/mL) Keat Keat Relative ratio
Wild type 0.448 3.14 7.01 1.00
H171A 0.491 0.63 1.28 0.18
K174A 0.414 1.68 4.06 0.58
K174E 0.287 0.32 1.11 0.16
K218A 0.374 2.34 6.26 0.89
K218E 0.34 2.68 7.88 1.12
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Fig. 15. Michaelis—Menten plot of mutants H171A, K174A, K174E, K218A and
K218E.
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Fig. 16. Lineweaver—-Burk plot of mutants H171A, K174A, K174E, K218A and
K218E.
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). Mutants 1224V, D226A/F228G R 1.224V/D226G/F228G &4 H]

olde] AFdAINE vHIEOZ wild type HU Aol EUW mutantE
1.224V/D226G $7] wliZel 2247 ¥lt mutant, 1.224V/D226Ge 228% mutant &
stajo]l 71 E:E F228GE HEAZ] mutant, 1]l 22609 single mutant & &
Aol 7b Eokwl D226ASt 228% mutant®E F 7HF A o] EkW F228GE HEA
7l mutant® ®HEo] #4E W] Wkt I A3 wEolxl mutants L1224V,
D226A/F228G % 1.224V/D226G/F228GR L 274 test A= Table 73 Z St}

Mutant 25  wild typeZ} H]g EAREE 2= Zlow  EQIFith
L224V/D226G/F228G+ K #h % Kear %40l wild type®] A3 2R 7 Keo/Kn #62 2
k7] wEe] Zde] 2 Wyl gles ettt @A FEE g S-S 3749
mutant 57+ wild typeel W8] Kn ghel wtol 7183 313k5 o]
o] ztol &3 Hol wild typed] Kew/Km @3 B Zpol7} gAY thd HolA a1 vk
Lol At

Table 7. Km, Kcat and Keat/Km values of mutants 1224V, D226/F228G and

1.224V/D226G/F228G
Enzyme Ku (mg/mL) Keat Keat Relative ratio
Wild type 0.448 3.14 7.01 1.00
L224V 0.431 3.19 7.40 1.06
D226A/F228G 0414 2.82 6.81 0.97
1.224V/D226G/F228G 0.432 3.1 7.10 1.02
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Fig. 17. Michaelis—Menten plot of mutant L1224V, D226A/F228G and
1.224V/D226G/F228G.
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Fig. 18. Lineweaver-Burk plot of mutant L1224V, D226A/F228G and

1.224V/D226G/F228G.
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2}, Mutants H200A, N217A 2@ N217D &4 vl

vl =+ Kentucky <F8}tg}o] A 3D computational studyE 53 ezl alyVI &
42 3D models BIRo®E 200017 ofn ARl histidine®t 217917 ofm] mARS]
asparagine “1#] 31 306W A o}v| :=Akel tyrosine®] alginate 3 mechanismeol # €%
of e Ao= yERth

wepa 2 AE T o] ofv|iike] #gT|e] JEE 9dd] Al $18 HE of
v APE R BTk 1 A 306 A oFv] Akl tyrosine2 2+ phenylalanine 2. &
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Table 8. Km, Kcat and Kea/Km values of mutants N217D and Y306F

Enzyme Km (mg/mL) Keat Keat Relative ratio

Wild type 0.448 3.140 7.01 1.00
N217D 0.526 3.959 7.50 1.07
Y306F 0.759 1.390 1.83 0.26
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Fig. 19. Michaelis—Menten plot of mutants H200A, N217D and Y306F.
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Fig. 20. Lineweaver—-Burk plot of mutants H200A, N217D and Y306F.
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of alyVI in the mechanism of alginate degradation.

Fig. 21. Residues
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Table 9. Comparison of average molecular weight between sodium alginate and

its degraded products

Type of sample Mn(Da) Mw(Da) Mz(Da) Mw/Mn
No enzyme 601,901 2,386,985 27,621,329 3.96574
Wild type 349,846 1,281,910 7,093,282 3.66421

L224V/D226G 252,990 877,042 3,030,262 3.46671

% Mn (Number—-average molecular weight) = XMiNi/=Ni
Mw (weight-average molecular weight) = SMi“Ni/=MiNi
Mz (Z-average molecular weight) = SMiPNY/EMi“Ni
Mw/Mz (Molecular weight distribution)
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Fig. 22. GPC data of alginate and its products degraded by the wild type of
alyVI and mutant 1.224V/D226G.
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