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B—E IF
1.1. fBHEaE

MEDEFIR(CH VT, RERIBEFEBTFHRNSHEORMKICUN D FETOEBHADBIZL.
AN SIEFZRR(C U\ DIEFEAEIR . R (CTRIRD RABMODIBIE (C X DITHONDREMRIBIE.
TR 2K T 2D (CTERRICIAE DATEEIZD 4 DOIBFE(CHEEEND (Huijser and Schmid,
2011), HEYDHARBOIMACHFEE (CH SN DHIIREE & KENDBERE. CNSDBIR(CHNT
RO, MRS, SHRRRRZAR. HERRME - MRRIEIEOHIE. HMEEDORR. >0 HIUr
. ARBAE. 1B18. KIBHERE. KB E—BBDA A DETEI/IAE . IR (CEERGEZHES
TWL3 (Albersheim et al., 2010; Taiz and Zeiger, 2010). F/z. #EMIHRE(CISC TTOH
FREMEISE B H LUBEBE IS (Lampugnani et al., 2018) =&, MEYIDEREEIATTLIED
FMALZD I BH(CFENICRENDERDIEEE(CRE I DERNUBERTRTHD. —HC.
EVERER EOMEN ISHRERZELE U CTHEHREZ DAL, RRZEXUHETDERLE
KERZE TL\D (Kubicek et al., 2014; Rytioja et al., 2014; Berlemont and Martiny, 2016).
WMEMNELE T DERE. I TITHEMMREDBSHFIT LR mOREFRBmORA R EDAE
TERECHASNTOWTAREEBATH DN, LT TOIERFE N RBRIAIGERTE .
Flo. M)A A ADOKRED (SHIREEETH D, ULITh > THEMDAEREZIBAR U TEFE UL VRS
ZHIDLDCHELED., JMAATYRELVLTEMBERULILD ITDZHICE,. HREBED™ZED
BE - BIBE(CEAS I IEMBBDOBERICIT TR, MAEYBROER(ICEAL CEFEMICHATE
ITOCTENIFRICEETHD.

1.1.1. —RHBFREE & ZIRAfRaEE

TEY) DMRBEE (L. TOBEEHECEDET—RMMRE (primary wall) & ZRHffEEE
(secondary wall) @D 2 DICHFEENS (Somerville et al., 2004; Burton et al., 2010), —
IHAREE (FHARZRRDIMACRFN (TR SND . MIRRDRICARBRAMEEETH D, wLO—X,
ANZILO—RARITF2EMENDIARE DT T3 DD RAAUCLDERESNSD (Zablackis
et al., 1995; Somerville et al., 2004; Keegstra, 2010), —XHifeEEDIBSEETILE LTI,

NEEORESHERATH2LO—-X=Zo0T« TIILENTOSHERTHINZILO—-XN
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225 (Rose et al., 2002; Scheller and Ulvskov, 2010; Pauly et al., 2013). ZJLARDRD
FoNZOREZFIET D EVDETILAMMEIEESNTLS (Fig. 1-1) (Carpita and Gibeaut,
1993; Harholt et al., 2010).

—73. ZIXAHRREE (SRR AMERR U e (C—RMRREEDORAIICIEE I 5. fEY)(C5E SRt E S
2 DIEEARTHD (Speck and Burgert, 2011). E(C)ILO—X. AZ)LO-X, UTZ>(C
KO THM NS (Keegstra, 2010; Li and Chapple, 2010; Speck and Burgert, 2011), t
NWO—X=o0OT« TIILEANZIILO-IANEEL. TIRHRRE (SN (CRond I/ —
JVERUR—THDUITZ oM )lO—-RX— "SI O—-RAZHE T DBEETI/LARIBENT
VD (Speck and Burgert, 2011), U > (3. ffg@EEEHE DKOBESICESLZDT
DIz, EMHIELETEXRIEL. REABIICHDIZD TEXR I DHICEERER CHD (Li and
Chapple, 2010; Neutelings, 2011; Speck and Burgert, 2011), =F/z. ZXHHIREE(CEMER
NERTFUNEFIET D (Gorshkova et al., 2018; Torode et al., 2018), LIEh>T. RY
F2FILO—RA0AZZ)LO— X EEERIC—IRIREEE 217 T < TIRARREE (CH W TEIFRIC
BEERQGEIZIESZEETH D EEXISND.

Cellulose microfibrils are cross-linked to matrix

polysaccharides (i.e. hemicelluloses and pectins)

(APAP1) @li! S 4
T

Homogalacturonan

aaaaaa

+ Xyloglucan-cellulose interaction

« Important to convey biomechanical
stability to the wall during
development and stress

@ CMU proteins

CELLULOSE SYNTHASE-
INTERACTING 1

KORRIGAN

D CCOMPANIONS OF
CELLULOSE SYNTHASE

Cellulose is synthesized at the plasma

membrane by the cellulose synthase

complex (CSC). It becomes activated and csc
tracks along cortical microtubules. CSI1, the

CC and the CMU proteins are involved in membrane

connecting the CSC to the microtubules, and lipid bilayer

KoRAIGANmaVjscton CHliesTsTalce © J. Cell Sci. (2018) doi:10.1242/jcs.207373

Fig. 1-1. Structure model of the primary cell wall in growing cells from
Arabidopsis thaliana (Lampugnani et al., 2018).



Rhamnogalacturonan-I (RG-I)

Rhamnogalacturonan-Il (RG-I)

4 a azb/\a
> Mo

Homo-
galacturonan
(HG)

@0oGlcpo @o-Manp () D-Galp Yy D-Xylp Yy L-Araf
A -Fucp A -Rhap () p-Kdop () D-Dhap () L-AceAf
& 0-GlcAp & D-GalAp J Acetate 1 Methyl
Fig. 1-2. Schematic diagram of the structure of pectin. The structures are
illustrated based on O’Neill and York (2003).



Table 1-1. The ratio” of polysaccharides and lignin in the cell wall.

Cell wall % (w/v)

Polymer Primary wall Secondary wall™*
Eudicots Poaceae Angiosperms Gymnosperms
Cellulose 20-30 20-30 37-57 38-52
Hemicellulose™" 25-30 30-70 20-37 16-27
Pectin™™"" 30-35 1-5 <10 <10
Lignin 0 0 17-30 26-36

“The ratio is average of species and organs. It does not include protein amount because
of the rate depends on species.

**Secondary wall also includes a few amount of primary wall.

“"Hemicellulose includes xyloglucan, xylan, and 3-1,3/1,4-glucan.

“Ppectin includes HG, RG-I, and RG-II.

The data is based on Rose et al. 2003; Albersheim et al. 2011; A& and #E 2013.



1.1.2. ROF2DFETELHEEE

NROF 2 (IEVIDRFRBIZ(CH N T, Mg M EE LA EDEIRFH (CEER
"ENZIBOSLHERD 1 DTHD. a< NS v AT —1RREDT I ULRIREEHEFLERRI DS > )(
DBDRLER. 1BHFRE. BRI E U TRRAFICLANSNTVS., T2, bitm
PEERICEAVNSNTNDZY., EENCEHIFR(CERLIZIEETHDIENR D,

NRIF(F, —IKRBEENSEUKEE, FL — MTXDIMESNDSEREREN SIBRSND
NTOZHEREDEINTH D, D-HSOVOLE (GalA) 22 <EBTD. NIFUREHSD
w7 > (homogalacturonan; HG) . S A/ H>2wWOF>-1 (rhamnogalacturonan-I; RG-
) . SA/AZoYVOF>-1T (rhamnogalacturonan-II; RG-II) @ 3 DD RAA(CKDIE
=N (Fig. 1-2) (Harholtetal., 2010). HG (&. GalA H'B-1,4-#&& UIcE#EIRD/RERY
J—7C. —R(IC—RMBEDF TRADEISZLHSD (Mohnen, 2008). %< DIFE(L 6 1D
JLUIRZILENXAFILIAFIUE. 2 fiIFfeld 3ok ROFZEN7EFIUEEN TS (Ishii,
1997; Saulnier and Thibault, 1999; Rose et al., 2003; Albersheim et al., 2010)., RG-I (&,
a-1,4-GalA-a-1,2-.-5 ./ —X (Rha) OZ#EEDIRUESEDEHZRFS (Lau et al., 1985;
Carpita and Gibeaut, 1993; Ulvskov et al., 2005). GalA @ 2 fiiZx/z(d 3 ik ROFZE
M7 EF)IUEENTEHD (Komalavilas and Mort, 1989; Carpita and Gibeaut, 1993; Ishii,
1997). &5(C 20~80%® Rha %&&(CBR-1,4-H505> (typel HSUHF>) 2rFSE/HS
09> (type I HS05>) . a-1,3/1,5-7SEF 2R EDOFERERAENES UIe D IvRUY
— T3 (Lau et al., 1985; Carpita and Gibeaut, 1993; Ulvskov et al., 2005). RG-II (&R
DF>DIAFT—RAA>THD (Matsunaga et al., 2004). FHE(E HG EEHKk(Ca-1,4-FE5
LTz GalA (CK> TSNS (Whitcombe et al., 1995), AISE(IC(E 12 FEEEDENER S 7.
20 AU LTV REEN OB SNDIFR(CHEMMEEZED (Ridley et al., 2001;
O'Neill and York, 2003; Matsunaga et al., 2004; Harholt et al., 2010), =5I(C. fHfaEEH
(CHFEITDRIRNTZARD RG-II HZHBR-EW(CRIBLUTRIBZSA—IILIRAFTILERD
(Ishii and Matsunaga, 1996; Kobayashi et al., 1996)., > 0O- X} X7 (Arabidopsis thaliana)
DETI(E. ROFU(F—KHHREED 50% (w/v) EEZ 8D (Zablackis et al., 1995) M. #
REEEFR(ICHNWTRIF N EDH DEIEGVORBASIEADEI S S LOBS(IEIE. B/E. KK

g, #B#k. E£BRIEB(CK D TREMRSB (Albersheim et al., 2010; Harholt et al., 2010). —7A.
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ZIRAARBEES W T(EHTH® G BIRE(C RG-I 2 type I HSUFNRFEN(CHSNDZEN
I/ESNTLVD (Roach et al., 2011; Gorshkova et al., 2015, 2018),

1.1.3. SO DEAELTERR

BSOSV ZEN T DL ISHEICBTE T 2R TH D, TDBENSTSE /A
S05>-1 (AG-1) E7SEHSOFI-I (AG-II) D 2 DICKELDEEEIND. AG-T (FB-
1,4-HS0F>F#HC L-JOES /=X (Fuc) . L-7SE/ TS /—X (Ara) . 4-0O-AF)L-
D-JILOO> B (4-O-Me-GlcpA) Y° Gal HMAlEEE U TRRE LIBiEZ &5, ROFOFEMR
13D 1 DTHD RG-1 DAEEERT D (Fig. 1-2) CEMNSRIOFUMEHS U5 (pectic
galactan) EEXKIEN. v HATE (Solanum tuberosum) @ RG-1 DEBE/RHEERIZE T AG-
[ THDEHMBNTULD (Dbro et al., 2004), AG-I (FFENTER. £, BE. BFREDRFTHK
ENBRABBICHONDLHERET. WILO-X—RUOFHEERICES D26, HR2DRk
ROHS5WBEEICHWTEETHD (McCartney et al.,, 2003; Ulvskov et al., 2005;
Zykwinska et al., 2007, 2008; Corral-Martinez et al., 2019). >0+ XFXF(CTHWNTB-5
SO R —UZBRIFRSETB-1,4-735 05 > QI HRREER (CHERE L/RWVWK DT L. B-1,4-7
509> DFEEERABUITRR T, B-1,4-15 059 > (FHIkaERDE 1 R HHRREERZ AL DER
(CF2O0ILAAO)ILoO ) F S UREDNZEILO— A (CHIEESNDLHERZEY) (CAE
U IEU Kb 9 B IeH (CEEBRMEENKEIZIB D EBASMC/RD Tz (Moneo-Sanchez et al.,
2019, 2020). Ffz. LEBDS|5RD THEHEROEMESD CHMTIFIEEMLDE Gal 28N'%
<\ B-1,4-ASUF>FHICR-1,6-HSTIHAIHE UTHRES UITIREBTHRIET D LRESN
THDO (Mast et al., 2009; Gorshkova et al., 2015; =iF, 2016). $F(C/EHEdD THI(CTHULT
(FEBLOASILO-RE L THEIEL TS (Mast et al., 2009), AG-1 DB-1,4-H5045>%
HIIKBRPICHVWTHEES 6 OighEdis%s &5 (Ryttersgaard et al., 2002; Le Nours et al.,
2009).

AG-II (IRTF> D RG-1fIH. 77SE/HS05>TOF71> (AGP) OFEfHMEE. HS5Y
YDIDMIRECHSH, B-1,3-HS5TF2HSIRDEHER-1,6-HS TN SRDAIFHICEKD
BEARBENHEBR NS (Swenson et al., 1969; Fincher and Stone, 1983; Willfor et al.,
2002; fa%& and #8%, 2013; Tsumuraya and Kotake, 2017). BIEDB-1,6-H505>(C(%



& 5(C Ara 2 4-0-Me-D-GIcA WMEE T D EEH D (Swenson et al., 1969; Willfor et al.,
2002), B-1,3-HS505 > EHFKERPICENTHEES 6~8 MiFfeiBSZT LD, =5(IC 3K
DB-1,3-BS U HMEE Do L =FIREBEZ 5. B-1,6-AIFHNEELTLDIHEIC(E
RIHER DN = EIRFEDIMAUCHE DBET £ DD, AIFHNES U TOWTEEHEARDII > T4 A
—2 3 & JEDLETODEECRSRVNEEZ SN TL\D (Chandrasekaran and Janaswamy,
2002; Kitazawa et al., 2013)., XB. &EEFRDHZOF> (B-1,3-. B-1,4-. B-1,6-H5
05>) OiE% Fig. 1-3 (CRUTS.

OB, AG-1 1 AG-II (F)ILO—A0OAZ)ILO-XEHEERULIZDBEID RG-1 3FD
FRMERERIEE CAEBEVER LTz D ZIRHIRREE DK (CRAS LI D 331z, HIRBEEDSEE DRIF(CIE
BCEETHD. UNUIRNSEHD RG-1 ANOIEEDIEE P HNERISHOIENE. TSR
I (FHEVTEHE. PR (CKDRRDTZSH. TDOBEPEE ([CDNTIFWEIZESMNTED
TULRWREZLN,

AGP (JHE¥(CHBNDTOTAT VA D 1 DTHOD. HIREDHEDRE CERN IR
L. HRRIMEIRD F & LTSI FIUREDHIEME. HABRZARDBIHIR & Dk 2 IR EIRFIIRR
(CBA5 L TTUL\3 (Fincher and Stone, 1983; Seifert and Roberts, 2007). AGP 1775 >)\
OB(FE(C Ser. Thr, Hyp MSi@pE. AG-11 ¥E#EN Hyp HE(C O-J U3 REELTULS
(Tsumuraya et al., 1984; Majewska-Sawka and Nothnagel, 2000; Ellis et al., 2010) (Fig.
1-4) o AGP M%< (& N KIEDZ I FILRTF RICK DB CEX SN, CERiwDI UL
IRARAT7F2I)IL1 /< h—)L (glycosylphosphatidylinositol; GPI) 77> —(C Kk DHHARE
TS L TULS (Oxley and Bacic, 1999; Majewska-Sawka and Nothnagel, 2000; Gaspar
et al., 2001; Seifert and Roberts, 2007; Ellis et al., 2010), GPI 7>AH—hU)\—E(CLD
N3 & AGP (FHlRREER (C NS (Oxley and Bacic, 1999; Majewska-Sawka and
Nothnagel, 2000; Gaspar et al., 2001). EEDIBYIARICEED AGP MFEL. J775> )T
BYOEHOBEICEZ<DNUI-—23 > 5D, LWKE(ITHETDBEDOEE(FIHSHTR
DCLVRLY (Gaspar et al., 2001; Seifert and Roberts, 2007; Ellis et al., 2010),

CDXDCHZUT> (AG-1. AG-II. AGP #ESH) (JHEY)(C &> CIRBICEEMED FOU &
DTHDTD. HEVIDOMRIEBZIRR T DITOHCIHN SIS OEE R ZFl(CIER TS
ENHFETH D, KC—HBT/INAARADKRES (FHRBEETH DTz, HRBEEDFEIMBAL D



THZIIO-RAPAZTIILO-RZLOBERT DEHICENSOLEREMEEIERTD
HSOI2DBEZIEFEIT D LIEETH D, Ko, SABMDBEHITZITORICIITDESHE
F(CER I DEBNKDHRBERZRAND LN THDIEH. KRARKICENWTIFHSIT>
KRS DEERICEB LT,
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Fig. 1-3. The structure of 3-1,3- (A), B-1,4- (B), and B-1,6-galactan (C).
8
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a 3
B
6
Q=000 N Q-
O AN AR N AN
o 3 6 a 3
§

6
a 2 a 3 M

QO p-Galp iy L-Araf A\ L-Fucp
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Fig. 1-4. Schematic diagram of the structure of arabinogalactan protein.

The structures are illustrated based on the sugar ratio in Tsumuraya and Kotake (2017).
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1.2, HEERhERER

REYDHRFREEAB R ZHERADIEY) B & ([C KX DIBES JUBBE, MEMCKDINEICIIFR(ICEL
DEIIINOBRES LTS, CNSDFI/I\IE(CILHEEDOERK (FEERfEE3R,; Glycosyl
Transferases; GTs) . g (WEBHKDEEEEZR. Glycoside Hydrolases, GHs; Z#ED 77—,
Polysaccharides Lyases. PLs; RK{E¥)TX>S—tZ. Carbohydrate Esterases. CEs) (Cf
HEIDIWRASEN., CNSEHEINLU THEERERS (Carbohydrate Active enZymes;
CAZymes) &EME(EINTULSD (http://www.cazy.org/) (Henrissat and Grenoble, 1991;
Henrissat and Bairoch, 1993, 1996; Davies and Henrissat, 1995; Henrissat and Davies,
1997)., CAZymes M&BEZREF I, 7=/ EEARCHIDEEMEICEDUVT GHs. GTs. PLs. CEs i*€
NTI 170, 114,41, 18 DT 7 SU—(CHFESNTWNS (2021 £ 2 A 22 BHE. RESD).
FfeE5(C. CAZymes (CIE GHs. GTs. PLs. CEs & U TER T E4{LETEESR (Auxiliary
Activities; AAs) @ 16 J7 =V —&ERKIEMDICHESE T DES 1 —/JL (Carbohydrate Binding
Modules; CBMs) ® 88 J7=U—E5%MNSD (Lombard et al., 2014) (2021 & 2 A 22 HIR
) INTOEMN NS DEERZEE L. EamaECAVTVLD M, IR TEEY)(E CAZymes
% HRBEE DIBEEBHBEE(TJER L TLY3 (Minic and Jouanin, 2006; Minic, 2008). —A T.
EMFTNSD CAZymes ZEARIMC s U THEYDHERREE Z DR L. 2R U TTHEREZ BRI (CHY
NIAATREREUTHWBSZEMNISNTLSD (Kubicek et al., 2014; Rytioja et al., 2014;

Berlemont and Martiny, 2016).

1.2.1. EENKDERERODTA

GHs (&Y I3 REEDIIK DRI ZMIE LU NS 7Y —ILE@EAZTF—)LEXd
B9 270U =ittt I DEEREF CH D . GHs (& O-. N-. S-ESHEHEZIKDRTCED, 2
NSE@7 = JEEIMNOHERMICEDWZ I 7 U —RIFTIEFRL, IMNBED T A —)LT« >0
DIBENS T 7 ZU—D HAIHFETEH D clan EWSTIIL—TF(CEHFEEIND. =5(C. GHs (&
FEFIDRBIET T TR BEYAT (THVEFZEID RE) | RIGXHDZX L QIR
BIFZ(IARERR) | BRES (Enzyme Commission; EC numbers) (CKD>THEDFETE
Do Ffo. GHs (FAMESMI(CRBOES ) —RFRF TS/ —AEMBERAIT DU T U1 ~ET

10



ENZYA bZBLTED., MKPBRIEMNEC DI UIS RiEEZEERE U TIRRTRRAIZ
NAFTRA BrXinfle TSR EL, SHEEREZRHM U CHEHEERI ERER2EEDI YIS
RFEMNSIEVWBECENTNY I YA -1 i, -2 i, -3 £, +1 £, +2fI. +3 fiI--- EIFHR
9% (Fig. 1-5) (Davies et al., 1997).

THY (exo) BEBKXUI> R (endo) BUFE GHs OMEBHDDEHRNICE D NEETHH. T
FYVRIIHESED KR, T RE(IMEHEOAEZ TNENDREET D (Davies and Henrissat, 1995;
Henrissat and Davies, 1997), ) JE-ZHERRIEENEEES UICiBEZ & 31z, E
HZRIDIEKRIKGICAIET D 1 DDV I N—RZFEDH CHD. CDETEZERT 7 )N —RE=N
B9 BKin&ZiETEKIG (reducing terminal) . MBADXRIHZEIEZE LK (non-reducing
terminal) &MU (Henrissat and Davies, 1997). THFYVEIDEESR (C(IIEETERIHNSIERT
DEDEERTKRIFNSAEBT D2EDNH D,

RIEANZXAC LD DT IRIGEDRTERIHD T ) X —RKEROEEHRICH EREET D
BDZIARERE (Inverting mechanism) . —E9 2 5D Z L AfRHKFEE (Retaining mechanism)
EMT D WINDRIEANZXALICHIESNDER(CEWTEMERIG(CEE ERD T
HE(L 2 DO = JBEKE (Asp F/ZIX Glu) THDZENZLL LWINHDEEIEIK
Bz K8 UTCERDINRMEDIER Z VBRI EDFINEH SN, FIZEDLDIBIANDZX A
THUKDEER IS ZBIE T DOMASHMNIRD TLWRWI 7= U—-E%L) (Koshland, 1953;
Henrissat and Grenoble, 1991; Henrissat and Bairoch, 1993, 1996; McCarter and Withers,
1994; Davies and Henrissat, 1995; Henrissat and Davies, 1997).

EC&ES (Enzyme Commission numbers) (&, EF4ELEDFEY)FESEREZES (NC-
IUBMB) DN I DRICOBACEDVWTORL THSLTVWSE S TH D, 77 JEERC
SICHEREMENRVWERTER URICZAE T S15a R CESHEIDZH TSNS (McDonald et
al., 2009), Fz—AT. EHNDHEEHENSH > TERIURGZAET D LRSI 1 DDOGH T
7IU—(CBRIRECESZEDERNMDESNTVDIHEEEHD. =5(C. FIREGH3I DO
ARXFXFDa-L-7SE ) TS/ SH-TEEER-1,4-F> O35 —CEMOMA ZRITER

(AtBX3) TIXEC3.2.1.37 £ EC3.2.1.55D 2 DD ECHEBHEZIS5NTVDLDIC. EED
Rt iR I DEER(C(3EED EC HFESHEDHTOENDHEEHD. GHs DAREDZEHHDHE
D O-Fz(X S-HEEZE DRI DEEZRIE EC 3.2.1.X. N-JUTIS RMbEWMZDRT DERICIE
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EC 3.2.2.X. S-JUDS RMEEWMEDFTET DEERICIF EC 3.2.3.X LLWOHESHAENETNEIDS

TBNTLS (http://enzyme-database.org) (McDonald et al., 2009).

Cleavage site

Non-Reducing end o N o N8 o N8 o 52 = =3 . Reducingend

N ANAAAN

-3 -2 -1 +1 +2 +3

Fig. 1-5. The schematic diagram of subsite.
The arrow indicates the cleavage site, left and right side are non-reducing end and

reducing end, respectively.

1.2.2. GHs DRIGA =X I

Inverting IBRORIGEA D =X /A

Inverting ISR T, @ Asp /(3 Glu D—AELANEIAE (general acid) BKU—ARIE
EmEE (general base) EMEIND 2 DOBEMEREN 6~11ABNEECAICMNBELTH
D, INSHES L TBBRREHN—ERZ > TREDJ VIS RMEEZTI TS, CORIEAN
— XTIV REEEN general acid 570 M ZFIFEID. general base (CkD> TE
ML S NITRBIKD S RRIMEZEZ T, ATV IR LA 7 > HRR S IEEN D PR Z R
TV J/XR—HKREL. RIGNT T I 282 Z#ED (Fig. 1-6. A) (McCarter and Withers, 1994,

Davies and Henrissat, 1995; Rye and Withers, 2000; Vasella et al., 2002).

Retaining BIEESRDORIEA D =X n

Retaining BYEEZRDEA - X /s “Classical Koshland retaining mechanism” &6
(ENBANZXALT. I 5.5ABNIZECB(CAIE L. —HREL/IEEANE IR E (general acid/base)
B KUK EAIEFEE (nucleophile) &K(ENSD 2 DOEEMHERENRES U T —EBIRRIGZR T
MKDBRRSZANET D AN LTHD (Fig. 1-6. B) . £I3TUI)ULEFENDRIED
51 X5 w I Tldnucleophile i 772U 1> D77 J I —HLVERZINE L TI7IU 1> ZhiEt U,
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V) -BEEPRAEEK T B, EIF(C. general acid/base h'EEE L THEEL. U TOSIL
BERzTORACT D, OB 7 IX—REN—EREI D. BIVIIULEIFENDE 2
AFw I T general acid/base HMEE & UTER U TKD FERBZMICKE L CTHRTO hAL
UTEHEL. U2 —BERPEAENC OB UKD FICRRINEZZ TR ETHE
7 IR —RFBNMNREELU ., NKDERIGHT T ITD. CDXDICT I/ N—REDRENZEH D
DT. RIGCOFIETDT /I—DEE (HFFEND (Fig. 1-6.B) . CHE2RFvITIUT
)L —BERPREMAE RIZE T DDNKDF TR <IEDF TH D IIZEIC(IFERIG T H DHER
BRIGHE UGS (Koshland, 1953; McCarter and Withers, 1994; Davies and Henrissat,

1995; Rye and Withers, 2000; Vasella et al., 2002).

A acid _ -
I Lo QLO OLO
i
(o] oc* I (o)
oR - \_dlk - m‘ R— OH
%/H —_— o —~—
(_J‘H OH
YO H..\fo Ho\fo
base - transition state -
B acid/base r 7
[o} OLO
{Q :
H
R—OH

(0]
nucleophile - transition state  ~ mcr/o\H
1 1 o
: T

[} o

00" 67" glycosyl enzyme

K": oH _ U ~ / intermediate

B
A H
HOTO 'o\./fo

transition state

Fig. 1-6. The reaction mechanisms of glycoside hydrolases.

A and B show “Inverting type” and “Retaining type”, respectively.
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1.3. BHSU5 2 NEEROBTE S TORERT

HSOP>2=DRT DEREIB-HZT MEF—EHDWEHZTIFF—CE LM EIND, TFY
BRSO RRERODDER-HST - HST AU TREOREEMIFRIEMEL .
KRR IMEERRROA T hAVUTWE® p-— O T T ZIL-B-D-HS5 U RES /S R (pNP-B-Gal)
DEIBATEENS Y b—R R ED ST ST MEEIRADEHER (S U TEDHEEZRT D
(EXH L. TFY-HS505F—EIE pNP-B-Gal >S50 b—X (T3 U TFIAkDEFEEE 22 < RS
IRVWHYRUTEMIETTH DN HS5T A VTEOREHRINICH T DRHEENIFRICENENDS
BULWW'HD (Sakamoto and Ishimaru, 2013), B-H50 245 —t (EC 3.2.1.23) (IHESED
IERTTRIINS Gal w9 D TFVEDRIGZRLU. GH 7 ZU—d 1, 2, 3. 35. 39, 42,
59. 147. 163. 165 @ 10 J7 =V — (@3 and (http://www.cazy.org/Glycoside-
Hydrolases.html) ', CNSDEERDZ NS U b—IXAZRENICHERET DERTHD. HZD
G DORFEEENRESNTWVDDIE GH2, 35, 42, 147 (B I DEEFRDH TdHD (Ichinose
et al., 2008; Sakamoto and Ishimaru, 2013; Luis et al., 2018). —A TCHTIIF—TCLE
FRENDERFITFVEETY RE DRNRET DRESERADENNSITFY--1,3-H5 04
F—t (3.2.1.145) . TFY-p-1,4-H5059F—t (EC3.2.1.-) . T2 R-B-1,3-H5%
+—t (EC3.2.1.181) . T>R-B-1,4-H>505F—t (EC 3.2.1.89. EC 3.2.1.102) .
T>R-B-1,6-H50%9F—1 (EC3.2.1.164, 3.2.1.213) ([CHFEEN. GH T 7 =ZU—D 43,
35. 16. 53 BKXU 147. 5 BKU 30 [cENETNET S (Fig 1-8. Table 1-2. http://
www.cazy.org/)(Ichinose et al., 2008; Sakamoto and Ishimaru, 2013).

CNBDHSIF > 3fEEEZRIF clan Al clan B, clan FO 3 DICELTHD. ZNENTIM
(B/a)s /\LILIEIE. B-EBU—O—)UEE. 5 BIMRTORSEE LN di@iEz D (Fig 1-
8. Table 1-2) . HS US> DREEZRDP TROIEE(ICHSNDEEL clan A D TIM (B/a)g/\
LILEEETH D, GH2, 5. 30. 35. 42, 53. 147 (CEBI 20EZRN TIM)\L)LESEZ & D

(http://www.cazy.org/) . HSOF>DEERDSS. clan BDBR-TYU—O—JULEEE clan
FDS5KRIABRTORSEBEZEDI7IYU—FENEN GHI6 & GH43 TH B
(http://www.cazy.org/) . E£/z. CNETICHAEENHSHNIIRD TWBDH SIS > 1 iREE
ROBBERESEMDABOREBE IR (SR IRT Y NIROBE L XRNBDOL DR TIL T KK
DIBE(ICHFESND (Fig. 1-7) . CORBRESEMIOREBE IR ERORICHRI EAEEN D
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D, THFVEDOREZERT EDIFIRTY MRD. T REDORIGZRI EDEFTL T MROEE
etz eNeTNEID (Fig. 1-7) . COFHE LS —EZEUHLET MDAV THECS
VERR(CRICMZE R IMEENNKDRER THON DR EREKRTH D (Davies and Henrissat,
1995; Hrmova and Fincher, 2001).
CDOLDCERRCEZARRH S U > DiRERNFE I DN Y& GH35 B-H50 b
A —CUMRIMNIELE UIRV\DICH U, BEEVCHEREIFVEDOH SIS DEERERS D
fEH'% L\ (van den Brink and de Vries, 2011; Rytioja et al., 2014; Cartmell et al., 2018;
Fujita et al., 2019b). LMURMNS, I R-AST9F—CPZEETDEFRSNTLZD.,
EESNDIIY FEBRANMMIEHZE I DINS IOV ICEDEEEZRSRANDOEDTD
(Kotake etal., 2011), Ufeht>T. BARICHWTEICHSOI > DBROEEZBSDEIF+
VBIDHA SO DHBERTHD EERABND. Fle. BTV OBEFHFZEITDOLTIE £
HEBN I DREBRNZEECRLARESEDOAVUITENERM I 2T REERKIDE. FHD
Gal BfIDEESD D\ EA Y THENEREIT 3TV EREREOANBRATHD. TITARAFRTIE
THVBEDHS I NEERICEEI DL LU,
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Bacterial
GH35
GH43
sub24
( B_ 1 ’ 3)
GH53
(B-1.4)
B. Iicheniforr;xis; 2J74 A. aculeatus; 6Q3R

Fig. 1-7. Structural comparison of galactan degrading enzymes.

Species and PDB IDs for each enzyme are shown below the structure. Their scientific
names are C. japonicus, Cellvibrio japonicus; S. pneumoniae, Streptococcus pneumoniae;
T. reesei, Trichoderma reesei; S. lycopersicun, Solanum lycopersicum; C. thermocellum,
Clostridium thermocellum; P. chrysosporium, Phanerochaete chrysosporium; B.
licheniformis, Bacillus licheniformis; A. aculeatus, Aspergillus aculeatus. 6IK6 and 7BYV

are solved in this study.
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Table. 1-2. GH family, reaction characteristics, and origin species of galactan

degrading enzymes.

Family fggqb”'y Clan EC number Exo/Endo Specificity Organisms
2 - A 3.2.1.23 Exo B-1,4 bacteria
5 16 A 3.2.1.- Endo B-1,6 fungi

bacteria,
16 10 B 3.2.1.181 Endo B-1,3 fungi
bacteria,
30 5 A 3.2.1.164 Endo B-1,6 fungi
3.2.1.233 Exo B-1,6 bacteria
bacteria,
35 - A 3.2.1.23 Exo B-1,3/1,4/1,6 fungi, plant,
animal
42 - A 3.2.1.23 Exo B-1,3/1,4 bacteria
bacteria,
43 24 F 3.2.1.145 Exo B-1,3 fungi
bacteria,
53 - A 3.2.1.89 Endo B-1,4 fungi
147 - A 3.2.1.23 Exo B-1,4 bacteria

1.3.1. GH35 B-H5U b4 —t (EC3.2.1.23)

GH35 ([CHRFEENBB-HSO NS —CEHSOI2FEHSTU b—RBERDIERTK
IRl S Gal ZilERE T DEERTH D, HIE. BERE. EY. BMICL<H5N. BEFTICHAD
BoHIBERE 11 DOIMMESENEEFRSN TS (http://www.cazy.org/) . REZEOIKDFEEE
(CEATDRRIEHRZ <ITONTED. WSO ZRHRIT DERITIT TR ST b—XICIERAT
DEREZEEFNDEMMENTULSD (Wang et al., 2009; Talens-Perales et al., 2016; Liu
et al., 2017; Rico-Diaz et al., 2017; Chanalia et al., 2018)., F/fz. ¥EEFEEMEZRIEERD
FRBRESNTED., RETEBEREEZRANTH SO A UTEZEE I DHFTHNEE <
fTHNTLV3 (Rico-Diaz et al., 2017; Chanalia et al., 2018; Gao et al., 2019)., =5I(C. #H
BIEOEVVREOVRLTIESBIFEMENFEL TS (Kotake et al., 2005; Sakamoto and
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Ishimaru, 2013; Chandrasekar and van der Hoorn, 2016), GH35 (CE9 3B-H50 h34
— PR ED general acid/base. nucleophile (FLVINE Glu THHD., CHOITF7=U—I(C
RIFSNTND, F/z. GH35 B-HS5T b —TIFAMEEMIZ SO TIM /LU R XA > L1588
DB-B> BRI WF RAAINDSEBREN. BFERZBRT SB-U> RD1 v F RAA DI
EMBH IVOEBIIFEM(C K> TERD (Fig. 1-9) (Cheng et al., 2012; Eda et al., 2016).

I TICRICFFHENMIBRESN TLVBIERIC DV TR TS & JHit L TRC OISR Y —
(LB T DERBOEBRHEEFBULTVDIN, BINZISAY— (LB I DdERBOEBRES
(FENETNERSD (Kotake et al., 2005; Sakamoto and Ishimaru, 2013; Chandrasekar and
van der Hoorn, 2016), HIX(ZHEMTES O XFXF 5 & (Solanum lycopersicum)
TE (Prunus persica) TII&17M8. 1= (Oryza sativa) T(E15E. 14 (Physcomitrella
patens) T(36{E & FE—DEMNELRDB-FS T h2F —UEBIFaRIRT D LMRSNTHD.
CNBDEETFEHEImulti gene family EME(EN S (Ahn et al., 2007; Tanthanuch et al.,
2008; Chandrasekar and van der Hoorn, 2016; Guo et al., 2018). HBE¥JERDB-HS2 b
A —COBRRFEICATIMRIFCS O RXFTIXFPIIGHR, hoHSS U,
JAY, A% 0O TR, EE. M MIEDOBADERMZ (U LT DHRA 1SHE
MOEETDIERCEAUTHENEDSNTH D (Pressey, 1983; Carey et al., 1995;
O’'Donoghue et al., 1998; Barnavon et al., 2000; Lazan et al., 2004; Kotake et al., 2005;
Chantarangsee et al., 2007; Ogasawara et al., 2007; Ishimaru et al., 2009; Eda et al.,
2014; Yang et al., 2018). BEMDET A VH A ALAFIZTNENERZIEERFERERT
(Chandrasekar and van der Hoorn, 2016) C &M SHEVIHHREER(CHS VW TERD&EIZIEDS
EEZBND.

—7. HECERGSENECHSND GH35 (CBIDBR-HSU M —TFELFORIGL
B2 < (Sakamoto and Ishimaru, 2013). #E T(d Bacteroides thetaiotamicron VPI-
5482 #kT 3 1@l (http://www.cazy.org/b134.html) . Bifidobacterium longum subsp. longum
IDM30 % T 1 1@ (http://www.cazy.org/b1244.html) . Xanthomonas sp. T 51& (http://
www.cazy.org/b18731.html) Td D . ERECT(& Aspergillus oryzae RIB40 #k. Trichodermea
reesei. Phanerochaete chrysosporium TZNE1 7 {&. 1 8. 3 8T S (https:// mycocosm.

jgi.doe.gov/mycocosm/home) (Wymelenberg et al., 2005, 2006; Martinez et al., 2008;
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Arnaud et al., 2012; Grigoriev et al., 2014; Nordberg et al., 2014), CNSDOEHED GH35
B-7350 b2 —CDOBEERFIEE UTIER-1,3-HEEREN. B-1,4-BEFEN. B-1,3/1,4-E5
FEEM. B-1,2-fEEHREN (F> 00V AABEOXRIG(CHES U Gal) IR ENRESNTHD.
3R (C LD TREMLD (Sakamoto and Ishimaru, 2013). Ffe. 59 h—XZREN(CHEET D
BEZRA°, (KBS >/ \DED N HEEENEHD IV AU TREOIBE T RIGNS Gal Zibtkt 3 S
RELZ<HB5NSD (Jeong et al., 2009; Terra et al., 2010; Cheng et al., 2012; Hu et al.,
2014), IIAEERIAID 11 EldD GH35 B-HSU h2AF—CD55, HMEEKE S E. EFEEX
(X4 &, YIRS 118, EMPERsRIZ 1 ETH D, BRSNIEHDERDIBSIBR UNBASHN I
STHET . HFICERREBDESERDIIAEE (L Aspergillus niger DEEZRT UHMRE =N TLVRH
> fz (http://www.cazy.org/GH35_structure.html) (Rico-Diaz etal., 2017), WX (T4F(CHE
YIXCEMNDB-H ST S2A —COIAEGET>. HEE SBIEE DR EICRT MR >FFEEL
At+3THOZ,

B-1,2-specific
(bacterial)

% g C@k ’Tboer‘
B-1,3/1,4/1,6- specific ’,%
XY gl
ENAVROY (

Wy 5T
304739

B-1,3- specific (bacterial, animal)

Fig. 1-9. Phylogenetic tree of structure known GH35 pB-galactosidases.
The letters in each branch indicate the PDB ID. The domains of each enzyme are colored,
from the N-terminal side, with the catalytic domain (blue) and the B-sheet domain (cyan,

green, yellow, red, and orange). The same color indicates the corresponding domain.
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1.3.2. GH43 I+VY-B-1,3-H509F—t (EC 3.2.1.145)

GH43 (IHR4 REBRFEMZRT Inverting BOBRNEIDIAETRTIFZ7ZIU—-ThHO. 37
DT T7ZU—(CHEMENTLD (Mewisetal., 2016). CDS5E. KFEODHYITT7=ZU—(Z
Glu % catalytic acid. Asp % catalytic base & U THLD (Mewis et al., 2016). ULHUH
S5IFY-B-1,3-H509F—CHEI DY T TI7=1)—24 (sub24) TRHBOB I TI7»=U—(C
RIFESNTUL\S catalytic base DI&E|ZIEDS Asp ZRIBLTULB T EMS. GHA3_sub24 ofit
EEREBCDWTEERLREBNREINTEZ (Jiang et al., 2012; Mewis et al., 2016;
Cartmell et al., 2018). 1% (X Clostridium thermocellum D3k (Ct1,3Gal43A) Tl Glu112
' catalytic base THDEHEE=NI (Jiang et al., 2012) M. B. thetaiotamicron DE&3R

(BT3683) Tl Glu367 (Ct1,3Gal43A @ Glul12 (CHHE I B5%E) (& catalytic base TR
<FEETERIRD Gal D 4 fiik RFOFZEORHICEHS I DEETHD Lidm Ol 5MN. GIn577
NEZEML LT = REER & /3> T catalytic base D1&E|%=IBS S#EESNIZ (Cartmell et
al., 2018), GH43_sub24 &[E#k(IC GH45 YT T 7 = U —(JIRFF Sz catalytic base @
SR E R RIBUTE P. chrysosporium @ GH45 T> RJ)JLHF+—t (PcCeld5A; GH45_sub
C) Tl&, BMHFABERETICLDBEZEEM LU Asn H'1 = REERL &~ /32> T catalytic base & U
THEE I D EBASM(CETNTLD (Nakamura et al., 2015) C &S, BT3683 (CHWLWTE
PcCel45A &[EHK(C GIn MY catalytic base E7223H FE(EIKkBOKZZEILT D ENAJEETH
DEHESNDILHTH D, ULNUBNS. GHA3_sub24 TI(IAMESMI(CAERN (CEBNES
TEEERBENSRESN TRV, CORIGADZIAGFHEECTSRN DI,

HE)E GHA3 (CDFMESNDITFY-B-1,3-HS505F—ERAAZZEITDIN. N RinflChE
Bl RAA>ZBIDH. MEWMD GH43 TFYV-B-1,3-H509F—C & (FHEENRRD &
ZZ BN TUL\S (Ichinose et al., 2008), CNFETIC GH43 DIFYV-B-1,3-H505F—Tl&
B. thetaiotamicron VPI-5482 tk. B. longum sub sp. longum JCM 1217 ¥k. C. thermocellum
ATCC 27405 #k. Streptomyces avermitillis MA-4680 = NBRC 14893 #k. Streptomyces sp.
19 ¥R7iQ EDHIE R DEEZRY® Fusarium oxysporum 12S ¥k, Irpex lacteus NBRC 5367 #k.
P. chrysosporium 12 EDBERERRDEZRICHINT. WINER-1,3-HS5 05> (CEVEEIFE
MZRrU. IBETKHAINS Gal ZEEET D EmRE SN TLND (Tsumuraya et al., 1990;

Ichinose et al., 2005, 2006a,b; Kotake et al., 2009; Okawa et al., 2013; Cartmell et al.,
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2018; Fujita et al., 2019). GH43_sub24 M%< (FB-1,6-HS 05 ANENIBERTRIHD Gal
(CHREUTWTEEHEHD B-1,3-H35 7 bILiEEEDE TE D) 1) COE]" EMENSEHS

(Fig. 1-10) ZRI N\ B-1,6-HS I AENMFET D EFHEDE CSRVEREFEI D
(Cartmell et al., 2018), Ffz. AG-I1 DB-1,6-HS 05 AFEIC(EES(C Ara T Me-GIcA BiE
BULTVDIN. INSOIEMES L TVWRIZEICIF/ 1) CUEEZ R IBEER Ch > THIEHDB-
1,3-A5 059> T D EEHDIKDFREMENEEE (LK T 9D (Ichinose et al., 2005,
2006a,b; Kotake et al., 2009), LTeR>T. RI7=V—(CEIDHTUIF—TEDI\1) (X
EIEOEE CAMEEMIOBEC(SERANG D EER 5ND.

GH43_sub24 D% < (3R R A1 > (CHIX CBM13 F/z(& CBM35 OfESER#RSES 11—/l %
BEaU 2 RXAAHSHE/kEND (Fujita et al., 2014), CBM13 &S UEERE C
thermocellum > S. avermitillis 12 EE (CHIEHBRDERICHSNDH (Ichinose et al.,
2006a,b). CBM35 Z#E& UTcEERR (L P. chrysosporium X° I. lacteus 13 EDERBRDEERR(C
K< H5MND (Ichinose et al., 2005; Ishida et al., 2009a; Kotake et al., 2009)., CBM35 (&
11 RDB->— MBEC KD THBRSNDB-U> RO v FiEiEZE £ D 140 7=/ HEAERRED
INERRRAA ST, Z<DBAF 1 DER(F 2 DD Ca?H#xa iz L. —& Ca’* B KU Mgt
D2 DDEBAA> EREETDEDEHSD (Montanier et al., 2009; Correia et al., 2010).
CNETICIHBENIRE SN/ CBM35 (FFS 5>, JILH> . X>F2PHSORI)ILINY
>F > da-Gal [CHEEHERITEDTH D, Rt L TRU ISR Y —(CET D CBM DfE&EE S
T B EMFSNTLS (Correia et al., 2010) (Fig. 1-11) . P. chrysosporium @
GH43_sub24 (CE@92ITF+V-B-1,3-H5045F—1 (Pcl,3Gal43A) d CBM35 (PcCBM35)
(FS5U h=RB-1,4-HS05>. B-1,3-F>35>. S=ZFU> (B-1,3-TILAH) « SR
HMES U AG-1I (C(EHEEEZERSIRVAN Gal-B-1,3-F 0 h—RXY2B-1,3-Gal2-5 70 h—X.
fFEZRRELUIZ AG-1I (B-1,3-H50452) [ClF@WEaEERrUIzZEMNS,. PcCBM35 (4B-
1,3-A505>D5501< &6 2 DOEHREUEZ Gal BEZRHIDELEESNTND
(Ichinose et al., 2005), L7=H'> T PcCBM35 (IMiDZHEFEZ 2T D CBM35 & (FERD A
HZZXALTUH> RZR#HIDEEZSND,
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(MDnon-branched main chain (@branched main chain (3final products

4x=pJ

Bypassing enzyme

2
&
The enzyme degrade main chain The enzyme bypass the side The main chain is broken down into
chains and cut the main smaller pieces

chain.
Non-Bypassing enzyme

The enzyme degrade main chain The enzyme can't cut the main chain ~ The sugar chain of large DP is
because the side chains interfere with  left.

n main chain ']:'j' side chain ( Bypassing enzyme ‘ Non-Bypassing enzyme
i

Fig. 1-10. Schematic diagram of AGP degradation.

This figure schematically illustrates the process and end product of the enzymatic reaction
between an enzyme that can bypass the side chain (upper) and an enzyme that cannot
(lower). As shown in @, both enzymes can degrade main chain (green). However, as
shown in @, when there is a branch, the bypassing enzyme (magenta) can successfully
avoid the branch and degrade the main chain, while non-bypassing enzyme (blue) cannot
degrade the main chain because it cannot avoid the branch well. Finally, as shown in 3,
the bypassing enzyme degrade main chain into pieces, but non-bypassing enzyme

degrade only at the non-reducing end and leave a large clump.
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Fig. 1-11. The phylogenetic tree of CBM35 and typical structures.

Total 180 Sequences are extracted from GenBank, based on the conserved protein
domain family cd04081, cd04082, and cd04083 and structure protein data bank (PDB).
Sequences were aligned MUSCLE on MEGA X (Kumar et al., 2018; Stecher et al., 2020),
and drawn the phylogenetic tree by using Neighbor-Joining method. The analyses were
conducted in MEGA X. Each structure is shown in a gradient diagram with the N-terminal
side in blue and the C-terminal side in red.
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1.4. AAFRDOERN

INA AR ADKEBD & H6 DHREEZZNZER (CHIA T DHCFZ/ILO—-RPAZZILO—
AT TIRRIOFUEDNFRES DIRENDD. Flo. WSO SHENICE> THEBEN(CEE
IRZHERR T HDIDICH SO > DBENZFHFBIIBBELIZD, I\ A AR EBWER T DIZHIC
FHSOE > OEBEDRFEEIBRIDCENEETHD. ULNUINS, 505> OEERR
PRABEHD DR OERTNE E DFFHSAETIBIE T 5 U5 > (CHER I DBEERDMEEEICBI I SRR E
REATHTHD Iz, Flo—ATHEMEMEN T I NS UI 2 DEREZROBENERRDIZH. TN
TNEIZDANZALTHS OG> ZREUTNDEEZISNDN FLEHFZHMESM Aoz,
ZCTAMRTRBEBRRICHITDIHS IO DRODFRTHDIEERSNDIITFVESS TSI
DERERICEB U, 8D H SO DEERENE—B IS TI7 U —Tdb2D GH35 DR-HS5T
2 —TE LOVEEDIBERNT ICERMEBEFED GH43 OIFYV-B-1,3-H505F—ED 2
DO ZRDEERFE EXABEDHEBEZASMNCU. ESSICEMIEICLDHTUH > DEREIED
ERZEASHNCIDILEZBNE LT

E_ETE M RRELCHSN. B-1,3-. B-1,4-. B-1,6-750 S IUFEES(CH U TIEL <Al
KDREMZ RS GH35 B-HS5U b -t (TBG4) L&HERKDISU NEA - EDE:
SREEESHROIMMESHN. RyF>T2 =3 —>3>2%1T0\. TBG4 DEERMHIBORE
Bzt A1z,

E=EB T AGP DB-1,6-15 045 > AgEE )1 )CA U TB-1,3- 0505 > E#HERFRN(CH
fi# 9 BIBFE P. chrysosporium @ GH43_sub24 T#+Y-B-1,3-152049F—t (Pc1,3Gal43A)
EB-1,3-H50 b NUA—-ROBEZREBEESHRDIAEERFTZITU. AEEZROMAIEE) (1) CR
& CBM (CHBIFD VN> REBHMAEDMEIRZ KA,

BUE(CHBVWTE_BESLVE=E THSN/Z TBG4 & Pcl,3Gal43A (LRI AR = LhEkiE
U, INSOIFHVESSUYDiREEROERFE S REIE S OHEBEYEY CEROH S
D9 fREBEEER Uiz, U EDBMDEH LD, BSOS NRICES T DI+ YVEERD
SRR EMIE(C KD ST DONREIBOERZMIAI D Z2BiE U,
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E_E BMYBMRZ=EHEGH35 B-H502H—ED
REEESHOEERET
2.1. =
RRORILENS 5 > HRER

REVCFHROES"(FENSOMEBEICFHEET DT TR, IFEEXDSE. BRF5CES
RIZDHEEHK(EF T, REDEEZHIFIT DI LIIFECEETH D, REDHIEEE(FE
([C—RHREETH D, BREBRTHINIF>. AZILO-X. WILO—-RDOBEELNRE
DIEE (CEHZ(CBIMRLTULD (Redgwell et al., 1997). ZDBEZAL(C (SHHRBEERERLZHERED
IAMEPED AL T TR REEEZE T EIBBREEFN. INSOZELFEMBEEH
AT D%HEIR CAZymes B ES L TEIEE N3 (Brummell, 2006; Gilbert, 2010), %F(C
RABIE(CH T DMBEOHFERESEDEAMCEBLTHDE. Y M FOA4TIL—Y

(Actiinidia deliciosa) . ¥ 1 (Fragaria x ananassa) .7 =w /2~ — (Rubus fruticosus) .
7IRA R (Persea americana) . X473 (Citrullus lanatus) . 'J>1 (Malus domestica) .
A3 TF> (Pyrus communis) DEMFAE T (TRHAR ELEANHHREERD Gal SEDERE TN
PRFENIZCENS, REOEIL(C(IHF (SHIRREERDHI S U b ILEEDRINESITDEE
ABNTULD (Gross and Wallner, 1979; Gross and Sams, 1984; Redgwell et al., 1997),
N ELE T DMBERDL ST b2 )LEEDRNCEAS5 T DBREDSE. MigEERICowEN
DDIEGH35DBR-HSD b —EDHTEHSD (Smith et al., 1998; Sakamoto and Ishimaru,
2013) fzsb. 1EVIHRREEDSI S0 h—ARBIZIBAR T DC(EB-HST b2 —CDREZFFH(C
BRI D ENMARBIRTH D, T TAETFFTARBRIUREDET)EM THD hY hRE
DFAEEF (CRIRENEIN T DB-HS T hSF—-EICEB U,

F MRROFEEB-HFI -

h NREDAL(CE T DIARIFEZL <fThNTLD. b NREMREFDHS O h2ILE
£(3FTER 10 BHS Mature green EIF(ENDEARIOM (CHIK L. Breaker i*5 Red-Ripe @
HA(ICEBICHT D (Kim et al., 1991), Fiz bY MREDKABIECH W THIRREERDH S
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O b2IULENMEEDET (CHWTFYV-HS T F—EEEN 4~5 F(TIBINT DN (Carey et
al.,, 1995). b REENSKHERUIL 3 DDOB-ASTEAH-CT7AITAL B-HZT RS
—C I I 1) O35, B-HSU AT I HB-1,4-H505 > (CT DRUNIKDEREE
ZRUTZ (Pressey, 1983), MB(C b MREMNSEET 17 BEDB-HS0 25— (TBG)
BILFHEBESN. ZD55 TBG4 EWLWDERNMB-HST M- 11 (CHHETD LRSI
(Smith et al., 1998; Smith and Gross, 2000; Chandrasekar and van der Hoorn, 2016).
ZD TBG4 M mRNA FIREFHA EREDAIFIAIN —H T DT & RARDOIFL > EREDIE
MEHEVMRNARREN ERID L POFEIABEEEAL. TBG4 DFERZINHE LIZRE
TEIEELH 1.4 FHFFNzC ENS. TBG4 ([F hNY MREDEILICSIEECEETHDEER
5NTLVD (Smith and Gross, 2000; Smith et al., 2002)., TBG4 #2139 /NTD TBG 77
VHA A GH35 (CH%ESN. TBG1. TBG4. TBG5 (IBX(C Saccharomyces cerevisiae ¥
Pichia pastoris ZFAWEEBERBRICKDERIFENRE SN TS (Ishimaru et al.,
2009; Eda et al., 2014), CNSDEEZRDFTE TBG4A (FB-1,4-H50 b)UESTZITTIRLB
-1,3-BXUB-1,6-7350 bIUEEERML THIKD#E T DIRLVWEBRHERMEZ R I N ot
YIERD GH35 B-H50 b2 —CDEL(EB-1,3-F2(EB-1,4-HS5 0 bIUEEDHZ LR
BB ([R5 UKD AR 9 D S L\ D55 D (Cheng et al., 2012; Eda et al., 2016) 1z&.
TBG4 (IMBOEESR & (FRIFDBEH B EE I DEEXISND. T/, TBGA DLHEMEENB-
1,4-8H520 hEA—-X(B-1,4-Gal2) Z 100% & 9D EXB-1,3-H5 0 hEA—R(B-1,3-Gal2)
(FH9 70%. *B-1,6-H50 hEA—X (B-1,6-Gal2) (F£J 10% TS (Eda et al., 2016) =
ENBS. EHSU MIUEEDRHIRIIC(HEVWNH D LIHERETND., I TIC TBGE D7 RIEE
BLUORGENTHD Gal EOBEERDIIFKBEFIRESNTE D, MEKXED general
acid/base & nucleophile (FENZEMN Glul81. Glu250 EEEENTLSD (Eda et al., 2016).
UNURHS, BREEESHDIMMMBEIRESNTHSSY . BEERHHBEIASNIRE>T
LWV Tz, E7e. GH35 (CHBWTKRADEE EDESHDIEET A. niger FBZRD 1 FEFRDEEZR
DOHFTUNESHCENTH ST (Rico-Diaz et al., 2017). 4F(CHEYIOEESR TIIESEIEED
RENRL, TOERERHEBIIRBETHD O .
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AECHITBEN

AET(E TBG4 LTDZERAFZANT 3 DOEEHRADHI ST bEA—-X (B-1,3-Gal2. B-
1,4-Gal2. B-1,6-Gal2) LDEEMKRD X #EERBIEHT. 7>P>2TILUIT7A2 AT b Ry
SO L—2 3> AHFENDETITOIZLICKD. TBG4 DIELVWEBERFEGHOER 12D
BEEHBZMIAIT S L ZBNE LT

2.2. MBS LUVEE

2.2.1. BmRAE

TBG4 DFFER! (WT) B KT general acid/base DZEEA E181A DEEEZRDAEE (I Eda et
al. (2015)EERDAETITDZ. BB, FE. E=E L BICGRERIIHF (CEEEH N TRVR DA
FHEEE (KR) SEBALZEDZRAWE.

2.2.2. BBDHRA

B-1,4-Gal2 (& Sigma Aldrich (T X—UM., USA) KDEBALIEEDOZAVE, B-1,3-Gal2.
B-1,6-Gal2 (& Kondo et al. (2020) &EREDAETHEUZ,

2.2.3. X iR ERIBERFTRIRS JUMBISREL

BRILB LVEIRT—5 DIRE

TR (CAVDIEROIELICHIZD . WT OfE&a(d Eda et al. (2015) D&% (CHEE
/D pH ERUTFL>2U0—)L (PEG) 10000 DiEE Z#&ET U Ciamit& Mz mEb Uiz,
16% (w/v) @ PEG10000 (Hampton research. 73U J A4 JLZ77. USA) Z=53 0.1 M HEPES

(pH 7.3) #&&& (Hampton research) Z#E& RIS L. 0.9% (w/v) WT ZfEERIEH 4K
B 1:1 TREL. 2T+ >0 ROV ITEKILECET 4CDA > F 1RSI —HTEHEL T s
B USSRz EEER (CH Uz, /2. E181A OfESEEE WT EEIUESRERIZ L. 1.55 %

(W/V)E181A ZEiESRLHIEMAIELE 1:1 TREL. S v+ >0 RO TESKILECEAICEKD 4°C
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DA >FAR—F—HTITD I,

WT it 9.4 mM B-1,4-Gal2 KT 16% (w/v) PEG10000 Z#=¢> 0.1 M HEPES #&
&® (pH 7.3) ([C 4CTFT 2 BMY—F>2JUEIC 16% (w/v) PEG10000 S&KT 25%
(w/v) PEG400 (Hampton research. 72U 74 )LZ77JM. USA) 5% 0.1 M HEPES (pH 7.5)

BERN SEBREND I SAATOT US> NERICHEUEZELZ (WT_Gal) .

E181A B-1,3-Gal2 mfEga(d 0.146 mM B-1,3-Gal2 BKU 16% (w/v) PEG10000 ZE13
0.1 M HEPES #&@n& (pH 7.3) FTACHOA>FI1R—F—HNIC 1 yAFBELTRELIZED
ZFRWZ.E181A_B-1,4-Gal2 (FF@HE Uz E181A#ESRZ 10 mM B-1,4-Gal 85X 16% (w/v)
PEG10000 Z#=% 0.1 M HEPES #&&i&R (pH 7.3) (CZEY—F>20 UL TH#EEARE L. Humid
Air and Glue-coating (HAG) % (Baba et al., 2013) (CKDHUEENIEZITD 2. HAGET
(& 5% (v/v) TFL>2U0—-)LZzg&0/RUEZILZ)LO—)L (PVA) 4500 % glue &EUTH
L\ 84% MHIHEEFZEIS T T X #MREHFERZIT DO/, E181A_B-1,6-Gal2 (F E181A f&&%= 2.9
mM B-1,6-Gal2 KU 16% (w/v) PEG10000 Z=3 0.1 M HEPES #&&®& (pH 7.3) (C—H&
V—F2 0 UTEERE L, TURBRIITH T (CZDFRF X iRzRE Uiz,

X HRIOHTEER (S A BUAET JEhEES SPring-8 @ BL38B1 (CHUL\T 100 K DEZRUA F TITL).
1.000000 A D X #R7z 885t U CEf7— 57 INE Uiz, UNE LzE#R7 —4 (& HKL-2000 X1 —
b0 35 AM DENZO & SCALPACK ZRWTTOLY S 2 IBIURT—U > T8 %ZiTD

1z (Otwinowski and Minor, 1997),

BEDRES LTHRE(L

BEEERDAIMEE CCP4 TOT S AR — b®D MOLREP OS5 AZAL. WT & Gal D&
&1k (PDB ID: 3W5G) =Y —FEF)LEUTHFEIE (Vagin and Teplyakov 2010) TR
EUR. FREFTILBEESFYIY T 714> A MME Coot (ver. 0.8.9, University of Oxford,
England). CCP4 OO0 S /XA — k@ REFMACS (ver. 7.0,063. Science & Technology
Facilities Council, England) (Vagin et al. 2004). Phenix suite @ phenix.refine (ver. 1.13-
2998-000. Lawrence Berkeley National Laboratory, USA) (Adams et al., 2010; Berkholz
etal., 2011; Afonine et al., 2012) =L\ T R-factor fBNUNER I D E TR DR LITO 2. 15

£ DES)LIE Phenix suite d ensemble_refinement (Burnley et al., 2012; Burnley and
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Gros, 2013; Forneris et al., 2014) (CXDTP>H>2TIVIIT7A > A2 hEiTo e, pTLS 1B
(FVTNDBE(CHUNTE 0.8%ICFHEUT. Idd. 7B TILUIT 742 A hElE XERE
EDOREELEDFENHEEBHEDETCERT S CBE L7 Y IIVEFTIVEER T DT
OJ3 AT, EAMDMEIFRANDMEERIDIENTEDHETHD. CNICKDIEEFT
DI I\NDOBD"DSE"ZaIFIET D ENT]EEETRD (Burnley et al., 2012; Burnley and
Gros, 2013; Forneris et al., 2014). EF )OI &S HE/ERAOERK (& LigPlot + (ver.
1.4.5) (Wallace et al., 1995; Laskowski and Swindells, 2011) XU PyMOL (ver. 2.2.3,

Schrodinger, LLC) ZRAWTERR Uz,

RAA>2FPI)F—S3>

TBG4 D& RXAA > (& Pfam T —4~X—2X (https://pfam.xfam.org) (El-Gebali et al.,
2019) [CEDWTV /FT—23>ZHHTM, 7/ 57—23>TERVWRAAZEH DTz, S
T TBG4 OERELHZAUT NCBI @ conserved domain search (https://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi) TEHBEMEREREZITD/Z. UM URBNSIRTDORAA>
D7) FT—>3>CFWzE5MoTz/zsd. BioXGEM.3D-BLAST Protein Structure Search
server (https://3d-blast.life.nctu.edu.tw/dbsas.php) (Yang and Tung, 2006; Tung et al.,
2007) ZFL\, TBG4 (PDB ID: 3W5F) M 3 RX-> (Asn416-Glu438 & LU Leu586-
Arg724) &% 4 RAA> (Glu439-Gly585) DiEEZEITIEUTRAAMZ T ) F—23>%

o7,

224, RyF>J>=3L—-23>

HE S OEAOEEE TRI)LF—B(CLEE T B /z8(C Chimera 704> L (Pettersen et al.,
2004) (CT AutoDock Vina ZBWT RyF>J> =1L —>3>%47>/z (Pettersen et al.,
2004; Trott and Olson, 2010). AAFR TRE LI WT_Gal #8:& (PDB ID: 6IK5) @ chain A
wBLETH—F2)\OBELUTHEEL. SWEET2 (http://www.glycosciences.de/modeling/
sweet2/doc/index.php) (Bohne et al., 1998, 1999) ZFU\TIBE L Z&&ESEAD Gal2 D
EFINZEVULD REUE LETI—B—FRU 1 —LATS 3 > (F TBGE OBRIESMI(CERTE L.
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EEETE— ROERAREZ 10, REOWEEMZ 8 LTIl —23>%ZTo/k.

2.3. f&R

23.1. RXA>2T7 )F—>3>

TBG4 DERIEEE T TISTRESNTHED., 1 DD TIMNLILRAAZ & 3 DDB->— KR
AA N SEBRENDZ ENBLCIRESNTULE (Eda et al., 2016) I, BERAA>DT )7
—2 3 2UHITONTUVEN DIz, T TARECTEFET RAA D7 ) F—>3>%Z 1oz, it
RXA>ToHD 8 DDB/a repeats 572D TIM JALILRAA UEIARTDBR-HST h4H —
TICRESNTULS (Kumaretal., 2019), UM UIRHS. TBG4 D TIM/ L)L R XA~ (Ser24-
Ala343) (& 5&B & 6 BEDa-AUwIRERIBLTWS (Fig. 2-1. Al) (Edaetal., 2016).
81 0OB->— MRX> (Leu344-Vald15) (& GH35 DR-HSH M4 —CITRFESNTNS
GHD & KIFNBR-H> R4 wF RAA ST (Fig. 2-1. All) . BOD 2 DOR-— KR
AA(IB-Gal #EELIF > THDHLOFUCHEAMZB LTV, £2 DR->—hRXA>

(Fig. 2-1. AIII) (&2 DDBR-A S RD)L— TS =K T D Asn416-Glu438 &iFEF1TR-
B> RO« wFIEEZEIEK I D Leu586-Arg724 5D, CD RAA > (F T« JORTF > 111
BR—/)\—=TJ7=U—EMEMEZRUZ (E-value 1e-07, SCOPe ID: 49265) . J+ JORY
F I B R XA > (SHE. EE. 8. BICEENICE<KRESNTVD RAC>THD., &
YIFHHEREZE NBTMBFT CRIZEI DITHDANR—HY—E U THEELTZD. fIBDOILS—ETE
BEEDESICER I DRIEEMBERE SN TLSD (Campbell and Spitzfaden, 1994), &ED
5 3 DR->— b RXA1> (Fig. 2-1. AIV) (& Glu439-Gly585 (CLo>THERMENTH D, H5D
N—XR#EE R XA X —)\—=T 7 = — (galactose-binding domain-like superfamily; E-
value: 2e-12, SCOPe 1D:49785) &#HEMZERUIZ. CDHST b—RiEE RAA X —/\
—J7=ZU—#8&(F GH35 R TRMDIT 7 ZU—DB-HS0 b2 HF—CCEBILLHFE5ND.
Fle. CORAA>DDSE Leu500-Val548 DRBEIEIIIEFE P. chrysosporium HARIFY-B-
1,3-8H50453F—t (Pc1,3Gal43A) D CBM35 R X > LARUVERIM %R U7z (E-value: 0.02).
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2.3.2. X iRFE GBS RRT

2&I8E

WT BKU E181A &£& Gal2 DIEEERD X RO —4 (FEERDOAEMET % SPring-8
TUREL (Fig. 2-1) \ 4 DOBREBRERDIIMEEZRE LT (Table 2-1. Fig. 2-2) .
ARB(CHBVWTRE U 4 DOESHIBEDEHIBE(CFEVCKEHEVNEHSNT (Fig. 2-2.
B) . &AM RMSD f&(£ 0.364A& (E181A_B-1,3-Gal2 vs E181A_B-1,6-Gal2, Table 2-2) T
Holze ULNULRHS, BiESHERIOD Gal2 OETERBAID Gal [FTNTND UT DERIAIE
(CHEELTULZZS (Fig. 2-3. A-D) . ARSI COBR—EBOBBERADEVWDRIGEDE
WICFET D LzPiECRU.

Fig. 2-1. The appearance of E181A_f-1,3-Gal2 (A) and its diffraction (B).
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Fig. 2-2. Domain organization and comparison of Ca backbones.

A: Overall structure of WT_Gal. Bule (shown as I) is TIM barrel domain, cyan (II) is GHD
domain, orange (III) is fibronectin III domain, and red (IV) shows a domain which is
belonging to galactose binding domain like super family. B: Comparison of Ca backbones.
WT, E181A_B-1,3-Gal2, E181A_f-1,4-Gal2, and E181A_[-1,6-Gal2 are represented as

green, orange, cyan, and magenta, respectively.
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Table 2-1. Summary of data collection and refinement statistics.

E181A B-1,3-  E181A B-1,4- E181A B-1,6-
WT_Gal Gal2 Gal2 Gal2
Wavelength 1.0000 1.0000 1.0000 1.0000
Resolution ranqe | 4128 -1.82 4340 -3.10  46.86 -2.79 44.6 - 2.80
9 (1.885 -1.82) (3.21 -3.10) (2.89 -2.79) (2.90 - 2.80)
Space group P2:2124 P2:2121 P2:12124 P2,2:124
Unit Ce” 92.136 95.335 93.608 97.954 94.032 110.73 92.94 95.95 158.959
158.327 90 90 90 161.252 90 90 90 162.141 90 90 90 90 90 90
Unique 123244 27468 42501 35651
reflections (11826) (2691) (3935) (3480)
Multiplicity 7.1 7.3 7.0 6.6
Comﬁf/:f“ess 98.34 (95.47)  99.88 (99.93)  99.17 (93.60)  99.76 (98.70)
Mean 1/sigma(l) 23.4 (2.68) 9.8 (2.12) 11.0 (1.82) 11.5 (2.11)
W"SOE‘ AB;)‘CaCtor 23.09 45.66 59.09 50.12
R-merge 0.052 (0.615)  0.127 (0.615)  0.200 (0.800)  0.152 (0.755)
Reflections used 123232 27468 42460 35638
in refinement (11825) (2691) (3935) (3479)
Reflections used 6167 (591) 1375 (124) 2148 (177) 1777 (170)

for R-free
R-work (%)
R-free (%)
Number of non-
hydrogen atoms
macromolecules
ligands
solvent
Protein residues
RMS (bonds)
RMS (angles)
Ramachandran
favored (%)
Ramachandran
allowed (%)
Ramachandran
outliers (%)
Rotamer outliers
(%)
Clash score
Average B-
factor (R?)
macromolecules
(R?)
ligands
solvent
PDB ID

17.31 (24.11)
21.23 (29.15)

12055

11062
108
885

1410

0.011

1.71

96.23
3.56
0.21

0.51
8.01
27.35

26.61

46.38
34.39
6IK5

19.22 (29.30)
23.67 (32.04)

11293

11054
130
109

1410

0.012

1.69

92.18
7.40
0.43

0.34
16.09
44.69

44.66

64.87
23.77
6IK7

19.62 (27.57)
27.99 (36.98)

11285

11054
133
98
1410
0.01
1.34

92.67
6.26
1.07

0.25
11.68
54.89

54.66

76.46
51.00
6IK6

17.78 (27.15)
24.63 (33.01)

11450

11054
142
254

1410

0.008

1.57

93.88
5.97
0.14

1.10
17.12
52.39

52.13

90.17
42.45
6IK8
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Table 2-2. Difference in the overall structures of each other (Ca, RMSD, A).

E181A B-1,3- E181A B-1,4- E181A B-1,6-
Gal2 Gal2 Gal2

WT_Gal

WT_Gal 0.309 0.309 0.328

E181A_ p-1,3-
0.329 0.364
Gal2
E181A_ [B-1,4-
0.307
Gal2

E181A_B-1,6-
Gal2

AURERAI TOER L BEOHEEFR

WT_Gal T(3Et#RD#EE (PDB ID: 3W5G. 3.00R) &LEARSREERINE L (PDB ID: 6IK5,
1.82A) . Gal B 3W5G R UMIE(CERAIENEC & 2RIBE(ICKEIT BV &7 1R
U7z, 3.00 A DfRAET(d Gal {° Gal LAEEERT 27 =/ BEREAIHOEFEENEFELLT
FAPD EUNFHZTORMNDTZDICH U, 1.82 ADEREET (S Gal DEFEENZ L ROFE
PAREBRDYSIFETHA. P/ BEREABEOREGHER TEIEZHIC. KDIEFEIC Gal BF
EEEETILICRET D ZEN TS, £z, Gal EOBBFRICES T 37 = BEEMD
KD = JBEEECEA U TCELDEBRE CIUABEZRE I DI ENTE L, ABICBVWTR
EUBELD., Gal (2t FOFSEHE Asnl180-ND2, 3kt ROFZHEHE Tyr74-OH H K
UFAla119-N, 4 Mk ROFSEE Cys118-SG. 6 fiAFO—)LEE Tyr312-OH OB TENTE
TKREESZN U CTHEERLTSD (Fig. 2-3. E) . Glu120. Glul181. Glu250. Trp252.
Trp255. Tyr256. Tyr289 h'fpk 9 DIRUKIMEREICMIE S D ST > T (Fig. 2-3. E)
WT_Gal OBERITICHIED TlE WT #E&E%R-1,4-Gal2 #EUBRICY —+>2 ULTBR-1,4-
Gal2 EDEEHRDIBEDEUSZHTTH. EBITKRIMAID Gal DEFEEFESNEN>fc. BE
BESOBRANDY —F >0z 1 DEEL. BERKR F CESI(CHEE UISIBE(ICERR(CHEE
DDEFEEDH UNBRI SR D Izfzsd. TBG4 (& pH 7.3 DFF7ILAYUHEDBERP(CHL)
TEHENEEICB-1,4-Gal2 ZzofR LIz &EX 5N,
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E181A B-1,3-Gal2 DB TJH A ~-1 I CE3ERETKIHD Gal (Gal.;) FKE(E WT_Gal &FE4k
([C2fit ROF2E &L Asn180-ND2. 3fiit ROFZEE Tyr74-OH XU Alal19-N. 4 fik
ROFZEE Cys118-SG. 6 fiXFO—)LEE Tyr312-OH M ENZENKFREESZNT U THEEE
FAULTWez (Fig. 2-3. F) . U YA b+1 B I DETKRIHAD Gal (Galyy) (FFEIC Glul8l

(Ala) . Glu250. Tyr289 SEUKHICHEMERALTHD. KREESZNMUHEEEREZ 2 It
ROFSEE Lys217 EORITOHF SN (Fig. 2-3. F)

E181A B-1,4-Gal2 ® Gal.; THSNTZKFEEZNT UTAHEFRADE(IE WT_Gal S U
TR DIz, CNIFEIC Tyr312 & 6 it ROFZEEDKFREENHSNREMN Dz &R
E33 (Fig. 2-3.G) » —/5T. Cys118. Glu120. Trp255. Tyr289. Tyr312 1 Gal.; DIEE
B MIEKERAZHUTUE, Galyy EERREDKRESEER SN DM, Lys217.
Asn230. Glu250. Trp252 (& Gal,; EBUKBI(CHELER LU TULVEZ (Fig. 2-3.G) &

CNSDIEIE & (IXEEI(C. E181A_B-1,6-Gal2 D Gal.; (FEDEEHAD Gal.; EIFES ) —
AN ETFREEL, 2 it RFOFSELE 6 UAFO—ILENANED D IzmE THESMIICHES
LTuWz (Fig. 2-3. H) » UAH> REMERS Y MMCEESN TN, JUTS REEH A
KTy ROIMUIZEEWNT U Z/Z8, SEERISNCEE AEARE TV IS Rga& LT
O B> OEZNIEL K TET ([CHIKDFERGZ B TE IRV IFEENRBEESORIETH D LR
N3 (Fig. 2-3. H) « CORDPIFEENRX' REBEFIRYF> IS Z1L -2 3> THHE
mens.
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Fig. 2-3. (previous page) Substrate-enzyme interactions of each complex.

A-D: Surface structure and 2Fo-Fc density maps (1.0 sigma) of catalytic sites. E-H: The
schematic diagrams of interaction mode between substrates and enzymes. The diagrams
were drawn by using LigPlot + (ver. 1.4.5.)(Wallace et al., 1995; Laskowski and Swindells,
2011). Aand E,Band F, Cand G, D and F show WT_Gal, E181A_[3-1,3-Gal2, E181A_p-
1,4-Gal2, and E181A_B-1,6-Gal2, respectively.

2.3.3. 72U IINUITF7A2 AT b

BER(IBRPICHBNTIFEFRLL TLDD TR, BICWSWTWD, ULIZH> T, BEROKR
ICHAB R ERHIBZ IS NI D2 (C(E. IHBEZASHNCTDLEIT TR, BR—E
BEAURSREAMEEMIOBIESY 1 F O RZMRIPI DIRVEND D, TTTAARCHNTIE.
BEO X RERBEFENCHITIBELEDFENF (MD) >ZaL—>3>ZHBHFEDET
B —FC T4 w bUEEB2TIVETIVEER L. BRI D FOIREIZBIFME T 2F &
THDV7>HB2ITINWNIIT A A bEITO Iz, BB, CITEAFUELIZDFOEHRDI> T
AA=ZIIEPESETERIRT D, VBTNV T A2 A ML TESNIBEET
JLOfiEHiEZ Table. 2-3 (CRUTz. FHIBEDWDSETDASTEDIRE(C(E 3 DOBREEERS
& (E181A B-1,3-Gal2. E181A_B-1,4-Gal2. E181A B-1,6-Gal2) B TEENAE SN/ (Fig.
2-4) o UNDULIRAS, WINEREEMIN SN TCEBMW S EDEVNE D 2zsh. CDERG
R (CEEN(CRHE URVWECHRSNZ, MREMICEB LU THD L. DFEREEREL
ZICEEN5T. B-1,6-Gal2 (oD Gal2 EEARTEZ DO TIAX—=23> (Z2U>TILE
7)) Z=RrUTE (Fig. 2-5) . ChldB-1,6-Gal2 (EB-1,3-Gal2 1°B-1,4-Gal2 LtEE& U TR &
OEEERANEVLZHTHD EVR D, Ffe. YA RICEBT 3 & X iRiERIBERTORBE
S5FHEN/ZED. Galg (& Galyy KhESEHNEho e (Fig. 2-5) « NS Galy BAE(C
KEFEZNUTHEERALTOWDDICH U, Galyy (FEKHEABE/ERA TLEEMES <HEE/ER L
TWBTEZRIRLUTVWD S THDEEZSND.
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Table 2-3. Refinement statistics of ensemble refinement.

E181A B-1,3-Gal2

E181A B-1,4-Gal2

E181A B-1,6-Gal2

Refinement parameters
Relaxation time

(pS) 0.2
pTLS (%) 0.8
Conformers (#) 18
Refinement and model statistics
Resolution 43.40-3.10
range (A) (3.21-3.10)

R work (%)
R free (%)

18.71(29.77)
27.47(37.68)

AR work™ (%) 0.51
AR free™ (%) -3.8
Mean RMSD per structure

Bonds (A) 0.007
Angles (°) 1.039
Dihedral (°) 16.1

0.3

0.8
15

48.58-2.79
(2.86-2.79)
20.47(29.29)
27.26(33.59)
-0.85

0.73

0.008
1.098
15.72

0.3

0.8
24

44.60-2.80
(2.87-2.80)
17.09(26.04)
26.15(37.35)
0.69

-1.52

0.008
1.11
16.81

" AR work = [ensemble refinement's R work] - [X-Ray's R-work]

" AR free = [ensemble refinement's R free] - [X-Ray's R-free]

38



Fig. 2-4. Overall structure of ensemble models obtained by ensemble refinement.
The colors show each domain as Fig. 2-1. The stick model show sugars, with each
galactobiose seen in the center of the enzyme and N-glycans seen on the outside of the

enzyme.

Vals4s 4

Val548

Fig. 2-5. Ensemble models of catalytic center with 2Fo-Fc density maps (1.5
sigma). Residues involved in the interaction with substrate in Fig. 2-2 are shown in this
figure and galactobioses are represented as stick models. A, B, and C show E181A -
1,3-Gal2, E181A_B-1,4-Gal2, and E181A B-1,6-Gal2, respectively.
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2.34. RyF>J>=3L—->23>

BELIRIILF—ZFEL. UH> RE TBGA EOHEBFRAKRIZLLE I B/zH(C. AutoDock
Vina ZHWTC RYF>02 =1L —23>%&iTofc. &EEHKRNAD Gal2 (CBALTE5NIES =
1L —>3>0niER%Z Table 2-4 (TIRUTZ. & Gal2 ZUH > REUBROREBERLES TR
F—FENETN-7.0. -7.1, -7.2kcal/mol THD. BEDETH Dz, Flew WINDFEEHRR
D Gal2 (CBVWTHBIBETRIHAD Gal B THA b-1 fICEL. JYUITS REEH AEEE
[CEULTLVZ (Table 2-4. Fig. 2-6) . LM ULIHS, B-1,3-Gal2 d state 9 (-5.0 kcal/mol)
1oB-1,4-Gal2 D state 2 (-6.2 kcal/mol) (FBT B+ b+1 B KU+ 2 L EHEVERRULTULE,
CODFER(ETBGA (CHBWNTBR-1,3-BKUB-1,4- 50 MAUTEEHBEIERATERIEDOY T YA
BAY+H1 AN EEEIFIE I DI ERIET D, =5 (CHERT Y hOBEIC(EB-1,3-BK
UB-1,4-Gal2 ZIRE TE2MMOEET 1 hOFREERSNITIZS, TBGA H'B-1,3-H509>H
KUB-1,4-H509>h5 Gal gt 3 TFYV-HS05F—EEEZRT & (Pressey,
1983; Carey et al., 1995; Ishimaru et al., 2009) ZiBEEN/MFHNSEHATED, —AT
B-1,6-Gal2 DRwH>T =3 L —> 3> DFERTIL, state 6 12 7 HY X RS RESHET TES
NITHER CHERIZEU U TZEBEEARRZ > THED. FEALEDETIL (FIX (S state 2 12 3)
TIIEENIIFESD state 1 E(IEENAMEEMIICRIE U THER(CHES UTERICTEIRNIEEE
HIRAREETHEER U TV SERFHIHB NI,

Fig. 2-6. The interaction modes of simulated by AutoDock Vina.
A, B, and C show E181A p-1,3-Gal2, E181A_B-1,4-Gal2, and E181A_p-1,6-Gal2,

respectively. Each state is showed in different colors. The left binding site is catalytic site.

The color shows green, state 1; cyan, state 2; magenta, state 3; yellow, state 4; wheat,

state 5; white, state 6; slate, state 7; orange, state 8, purple, state 9; marine, state 10.
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Table 2-4. Simulated scores of AutoDock Vina.

B-1,3-Gal2 B-1,4-Gal2 B-1,6-Gal2
binding binding binding
energy lower RMSD upper RMSD position energy lower RMSD upper RMSD position energy lower RMSD upper RMSD position
State
(kcal/mol) (kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol)  (kcal/mol)

1 -7.0 0.000 0.000 correct -7.1 0.000 0.000 correct -7.2 0.000 0.000 correct
2 6.6 1.457 1.764  correct -6.2 1.935 4.049 HUMH 6.4 2.464 6.292 inverted®
3 -5.9 1.724 3.385 inverted® -5.2 5.249 7.249 2nd -6.2 2.605 6.559 inverted®
Subsite +1
4 -5.8 12.319 14.009 2nd -5.2 11.914 13.264 3rd -6.2 1.606 2.376 was not
correct
5 -5.4 11.757 13.308 2nd -5.2 1.860 6.209 inverted ° -6.0 2.358 6.926 inverted®
6 -5.3 10.194 13.065 2nd -5.2 2.192 6.048 inverted ° -5.8 1.732 6.480 inverted®
7 -5.1 12.050 14.361 2nd -5.1 12.716 14.794 3rd -5.6 1.637 6.121 inverted®
8 -5.0 10.578 13.090 2nd -5.0 12.599 13.712 3rd -5.6 1.685 6.616 inverted®
9 5.0 3.898 6.714 ch_m 4.8 10483  13.285 ath 55 13310 15.231 2nd
subsite
10 -5.0 12.073 13.605 2nd -4.8 2.728 4.803 inverted © -5.5 3.786 7.536 +1, +2,
inverted*

Small capitals indicate direction of ligand; a, the direction of ring O is opposite; b, reducing and non-reducing end is opposite; c, the

direction of ring O and reducing and non-reducing end are opposite. RMSD is compared to the best model.
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2.4, ER

MEEIKDEREROR (CEEBR/FEENLVEDEHZ<H D, TOBIE HEEEDRERIC DL
TIETINFTERAISGERMTONTE 2. UNULIENS. EMHEET D GH35 B-H50 K
A —CTIIEROEBETHFIECEA T DAMENR . REOHAHA(C (A (CEEFRIREDIE
MRFHFENDEDD. KEEOHEEC DWTIEREREDMNIEFE(CZ\. KET(E. TBG4 DiZ
HIBEN EDL D (CEBRERM(CHET DINZREDHIC. X REREE#HEITE7> 9> J)LY
T7AAT N RyF2 T2 =20 L -2 3> HAEDE. BEEMFNRE RN ST ZIT

oy fult

2.4.1. TBG4 DEBRHMEAS

X SRAERIBERN T (. SEIRE U 4 DOEESHROEMBER>VH S REULZHS T MAD
THEOEERINICEN ST EIRO7/RMEE (PDB ID: 3W5F) t° Gal £D#EEHAEE (PDB ID:
3W5G) EFFECKIBUTED., MEEMUNDOEBOREDHEE TAST/IMBEEE/LIFHI 5720
ZEMIRENTZ (Fig. 2-2) . FleSh(C, BERHICES I 27X BEREGRBOREHRINIC
KT KLRIFENTULE (Fig. 2-3) « 72U TILUIT7A 2 A bEITUV, BRIRPSE
ZAIFRAEL TIREELTZ £ 2B 2MBEDWP SETDAET E(CEFEETILT LISEWDHSNTIEA
RELDSNTWZD(FIL—T N Kiii. CRIRDMEHTHolzicsh. BERDARE LU TIFHELWE
IETHDEHRENT (Fig. 2-4) - —73 T, MEEMIICHVWTEELOHEEFRICEHS I %R
EUHZ ROWSEICEELTHD L. B-1,3-Gal2 BXUB-1,4-Gal2 (FEEREE<AHBEIEARAL
THED, NSRPSE UHIRSM DTN B-1,6-Gal2 (FRERPSEERL. MDY A ~IHE
BULTWBERBEH#SNIT (Fig. 2-5) « TNIIP-1,6-Gal2 ZEE & T DIRICIFEENIFESN
UKW EZRET D, ULIEH DT TBG4 DLEEM(FB-1,3-Gal2 $KUB-1,4-Gal2 (CtE
AR¥FB-1,6-Gal2 TIFEL <KL (¥ 1/10) (Eda et al., 2016) EWLDEILFHRERDFERZ 55
TED. COTFHBIINNIIT7AAY MOBERERYF LTS ZaL—23 > ORERKD.
TBG4 MDB-1,6-Gal2 (T3 F DRISHENMBOFEERRIND Gal2 SN TERVERER-1,6-Gal2 A
AREBAL(CEEN (CHE UKW E(CERT 2 EEX5ND (Fig. 2-6. Table 2-4) .
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TBG4 OB THA b-1 AITIE Gal (FKFFEECKDEECRH=NDDICH L, BIHA b
+1 I TEECEHKEREERICKD T Gal DARERMSBEESND AN LZEEOTVND, &
DK D REBERHOFFH MO T+ BIDVEBENIK D fREE SR SXEMEN HS5N. RE|RFIE L
T GH3 DA A LF (Hordeum vulgare subsp. vulgare) H3EB-b-J)LAH>J)LdeRO5—E

(HvExol) H&1F5Nn3 (Fig. 2-7) » HvExol (#B-1,2-. B-1,3-. B-1,4-. B-1,6-F)LI R
WEeZENEE U OBERmAINS Glc ZiEEt 3D (Hrmova et al., 1996, 2002; Kotake et al.,
1997; Hrmova and Fincher, 1998). EE4FEMNLAVEER THD. X MRiGmBEHRT & AR Es
RIDBFET YD DFERMN S FEEDIBRTKRIHAID Glc (FBTHA -1 fZIICABLTED.
ALIERT Y RDIK(CAIETD 6 DOV I/ BARLKEEBESZEKRIDEEISNTND
(Hrmova et al., 2001, 2002), TBG4 & HvExol MU TH A ~-1 fI(CH T BEEERAERZLE
BRUTHDE, YTYA b-1 {UZFKRT DRI Y bOXREBIEE 2 DOBERBTHRLULTULE
. TBG4 DA UBITEDILVAAR EIRD TUVE (Fig. 2-7. AL B) - ¥EDERHEICEIND 7=
JEEEEOEAIRRDIEDOD. WINDERGRMOLE ROFZEZTHLUTHD. FC 2141
EROFZEE 31t ROFEDRMANZXAEEUL TWZA, 4 i1k ROFSEDRH
(& TBG4 & HVExol TERD>THED. TNETNE ROFZED AN SHE ALK SRR TIH
BERALTUWE (Fig. 2-7. C. D) . Gal & Glc OI&EDEWNE 4 fiE ROFSBEOEETHD

(Fig. 2-7.E. F) Tz&. CDEWLICKD Gal £ Glc ZH#HBILTWBEEZSND, —AH. BHIY
-« b+1 I THOSNDEEVERDOARED (FAERT v BAO(CAIE I DERK TSR & DRIDIERK
MAREERTH D, KRES(CKDIEEMERELERMNA 2 < (Hrmova et al., 2001, 2002). 2
DO Trp HBE EBKEREER(CKDIEE T DD, TP -1 D Glc (FH TP b+1 14
DED(CIFBMENT . CUSBKEEREMB(CIRENT"BEE"SNDEITTHD EHRESN TN
% (Hrmova et al., 2002), TBG4 (CHWTIFH I+ h+1 fL(CAIiET D Gal %BE (Galyy) (&
2 DO Trp FHETEENTEVVRWAY, ECEKEEEERICK > TBRREICABL THD.
KFREEDIMRNENDS RN HVEXol ERIBRTH Dz, LIzH DT TBGA (CBEWLWTEHITHA
b+1 OFENFEBED R# TR BE" " THD LHREND., 2E. <D GH35 B-H5
O REAA—TTEBIT A b1 IICHBE T DIAEDONRT Y MAOZRK T DEOmAIICEET 3
DOBEHERENHSN. CNSOERENEERHCEETHDExeNTWVD (Fig. 2-

8)(Maksimainen et al., 2011; Cheng et al., 2012; Eda et al., 2016, Rico-Diaz et al., 2017),
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U URRI5, TBGA Z(ZUsH ET DEMDER N SDFEREEDDS 2 DUMEST,
£ 1 DOBEERZEENBRKEERER(CERSN TS EDNZL (Eda et al., 2016). DK
12EEER(E TBG4 LERRICHT YA h+1 AICEHEBZ"ZRH EWVDSLDEOUB"BE"LTLD
EEZBND.

TBG4 (PDB ID: 6IK7) & HvExol (PDB ID: 1J8V) ODft#f/Ra v hDWESZHEE T2 &,
TBG4 DAME/RT Y MIAONARICIEN > IERHADRARE £ 2DICH U HvExol TEALOAN
RIFEARZE Ul ) Z)VIRDRZRZE & B (Fig. 2-9) . Glc & Gal DIEEDENE 4 filk kO
FIEHOMEDHTH D, B-1,4-Gal2 (FFFSvILig, B-1,4-J)LIEA-X (ZOEA—-X)
(FIHBUPIVIHEES EIRDIEe), B-1,4-Gal2 DB EOEA-RXIDEEBMBELRD. U
Tehto T BEROMEART Y FOAODKE ZDBEN/RHEWNIIILAS EHSOF> DT
AA=TIZOENCERATDIEEZISND, BMEREEICHITTA M1 UCHITDEREERE
ER(FBUKMEARBEER TH DN, TEHEEMIOAR FELREEOIARCRBIE SN TNDTZHICE

RBDENZ D,
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“Glu250
Tyr74 Asn180

OH OH
Fig. 2-7. The difference of TBG4 (PDB ID: 6IK7, A, C) and HvExo1l (PDB ID: 118V,

B, D). A and B: The recognition modes of non-reducing terminal sugar. C and D: The

shape of catalytic pocket bottom. E and F: The structural formula of p-Gal and B-Glc.

6IK6), Anf3Gal (B, PDB ID: 5MGC, from A. niger), BgaC (C, PDB ID: 4E8C, from
Streptococcus pneumoniae), and CjBal35A (D, PED ID: 4D1J], from Cellovibrio
japonicus).
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2.4.2. RO b NREHIRZEE(CH 17D TBG 4 DiEl

RwF>J2 =1L —>3>0R. B-1,3-Gal2 &B-1,4-Gal2 iEE I ARSI (C
(FXDZLDIEOB T YA MHFIET DRIBEEN RSN (Fig. 2-6., Table 2-4) . 23 TBG4
B-1,3-BLUB-1,4-HS5 05> % BT DIRC-1 fiiE+1 1D 2 DOBTHA MZIFTRRL,
BHOUTHUA hZ2RAWTCEBZRH I DAl ZR~RE Uz, IBFE P. chrysosporium ERER
Streptomyces sp. SirexAA-E H3R®D GH55 T+YV-B-1,3-J)ILHF+—t (S=TFUF—E.
ZNZMN PcLam55A. SacteLam55A) (3B-1,3-7)LA> DIEETERIHNS Glc Tt 3 DEER
THODBRRACIDIREE 6 DOYTTA b (-1~+5) iMFEI D (Ishida et al., 2009b;
Bianchetti et al., 2015), PcLam55A TIXESE 2 U LAV TEEDEFCIGETH DN, KD
REOAVUTETHIEEBVDEEEERT (Ishida et al., 2009b). TBG4 (& pNP-B-Gal 12
BT SAVUTVEL T TR ASTIENHET BB-HFT h2F—TTHDEMESNTULD
(Carey et al., 1995; Carrington and Pressey, 1996; Ishimaru et al., 2009) 7z&. TBG4 &
EEHDIEDYTYA hEED GH55 ITFYV-B-1,3-JILAHF—TE EARICERDIEDOH T
ZBL. REDOHSIIUCHUTRIDBVIIKDFEE 2RI BlaetEN s D,

GH35 B-HSU hAF—tEdDS5. A. niger BRD GH35 B-HS50 A5 —-ETHD AnB
Gal Tl&. -1 fiins5+2 AIDE T T Y+ hTOEE EOHEBEERFRANHREZN TS (Rico-
Diaz et al., 2017), COB¥RELLEET D E TBGA (CHBUVWTR-1,4-H50 b NUA XN HEEE
9 3BRIC(E Fig. 2-10. ADAL > ZEBORNDABH Y T T b+2 fIICHET D EHESN
% (Fig. 2-10) . AnBGal TEIBIYA M2 MIERDSBZEMNEDS 1 DHDEEISNTL
%2 & (Rico-Diazetal., 2017). 505> DA> T A A—> 3 > (dEEFR (B-1,3-. B-1,4-.
B-1,6-#58) [CLKDTERDIEMNS. TBGE BEEBOY T T b2 UzFI D08t S 5.
E5(C TBG4 ORI v MMIAONL KBTS, I RIgEE & DSAEENEE L/
D EIZATH D CEIKDERELZ R I TIREEN DD, DFED TBG4 (& b MREDKFETR(C
BUWTAG-I 2T RG-1 D AG-II flgHY> AGP OB HMBIRENR I D EEX B5ND.
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2.5. KB D

ARET(EB-1,3. B-1,4. B-1,6-HS U U TIKDEEENEZRT TBG4 DEEDHME
BOMRIAZBIEL. Gal BLUERREERD Gal2 EDEESHRDIMEEZRE LIz, TR,
TBG4 (FHTH M1 fITE5#R<. BIYA 1 I TEHIEEMNEE <& Gal REEAEE/EA L.
g/ Ra Y SAODA < BWZABEZ & B TeO (TR K BEZ R LU TN TE D LHSH
([CUTz, Fz, BIEAHRID Gal2 ADORIGHDE & (FAMESMUINDEBDEENIESD LT
S EHEENH D EZASMNC U,

HHRREE DIBIE AR (ZE CHEYIDE U E TH > THEIEE TRz, b MREDHIEEE
ROHSTI>DREZTE(CBIRI D LR TH D, Fe. HST MAVUTEDRHTE
BICEGEORZTVWHSO MAUTIMERIREGEHRESNTE ST, BRICESES(CHEL. &
FEOAY JHEZRE T D E(FRFE TRz, TBGE Z(FUsHET D TBG 7 VT A LD

b hREMIZER TOERBRORIGZFNT D EIFIEEC/ \— RILAEW., FeEs(C. B
MO I\OBEBRBEEFRIAY D ENLEENEBRER P. pastoris ZRAWTHMAE L THEY)
DA )\DBORBEERRGE UL (Matsuyama et al., 2020), LIEh>T. b MREDR
RANZXLDFTRIMERACEIT TIEVWELLZ < DEENK DN, AETHESNIHRZ B
DIC 1 DFDETAVTALDOHEZRIATDIZLET, MY MREDOKRAANZXLADHTERF
(CEALRFICH T DN SO > DEEINCH S II > DREAN XL EFRATED LERFTED,
Fe. BYMIETIUEMTH D28, MY NREDRAEEZREIRT D & (BT AR
YIVORFEE. RELDB-H ST 245 — T DOHREORRFEAEDRRIR (C DI D LHAfF NS,
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Fig. 2-9. Comparison of surface structure of catalytic pocket and the appearance
of “funnel” and “wide nozzle”.

The upper structures are E181A_f-1,3-Gal2 (A) and HvExol (B, PDB ID: 1J8V). Stick
models indicate B-1,3-Gal2 and B-1,3-laminaribiose (Glc-B-1,3-GIc), respectively. The
lower figures are appearance models of “funnel” (C) and “wide nozzle” (D). Comparing

the top and bottom diagrams, it is possible to see the similarities in their shapes.

Fig. 2-10. Subsite comparison between TBG4 (A, PDB ID: 6IK6) and An3Gal (B,
PDB ID: 5MGC). The dashed orange circle indicates estimated subsite +2 of TBG4.
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$=5 HEFEHEE GH43 IFVY-B-1,3-H509F—ED
EREOESHFDIREHET

3.1, 5

PSEIAS09STOFA>

TSEJASOFTOTA> (AGP) (FEHEOMIER. HMieEE. HMRkECEFEsmICB
93 TIOFATIUHL>D 1 DTHD (Tsumuraya et al., 1984). HEVIDMES KUFZEDE
ECHEFN(ICEE&EIZIBS (Majewska-Sawka and Nothnagel, 2000). AGP D#EHETE
BUFECB-1,3-HS O FEHEB-1,6-H5 T AHIC K > THER =M. =5(C Ara. Fuc,
GIcA RENMAIBEE UTHRESUIEEIEZ &D AG-II #E#HTdH D (Tsumuraya et al., 1984;
Majewska-Sawka and Nothnagel, 2000)., EFEAIFHOR S EANE. (XTI DAIFEDIE
SHEE (JEIECRE . FERME(CKD TRIADICEH. AGP DYEHHEIBOIBEDEE (FHRARIAT
»3 (Ellis etal., 2010), RIAFHEBIADOERZRAWCESHEREZ DRI DT L. TOBSEHE
YCH\ T DHEREZIBAR T DICHICIFE(TENIRFETH D, TFY-B-1,3-H509F—F (EC
3.2.1.145) (IB-1,3-HSUF>DB-1,3-HS0 bIUEEZRHEN (L THREL. 3BET
KRS Gal ZsEE T DR THD. CDOESR(T AGP DOFEHMBIEE DI DERIC Gal £&6
(CSEERDB-1,6-H S0 bA VU TEZ R I 2% Z <9 (Tsumuraya et al., 1990;
Pellerin and Brillouet, 1994) fz&. AGP DHEHDAIFEHDIESEEMTICALD L TIIIER (TR
V—I)LERDERTH D,

P. chrysosporium OIF¥YV-B-1,3-H509F—€

{BF&E P. chrysosporium NEXITDIFY-B-1,3-H5 05 F—1 (Pcl,3Gal43A;
GenBank accession No. BAD98241) (Ichinose et al., 2005) (& CAZy > —4A~X—XT
GH43_sub24 (CHEEINDEME R A1 > & CBM J7 =1 —35 (CHEEINDIEEFS KA1 >
D 2 RAA WS ENS (Ichinose et al., 2005; Ishida et al., 2009a; Mewis et al.,
2016), Pcl,3Gal43A DEEZFEFIES KU CBM RXAA > OIEEHFE(CRI T DMATIL T TIC AL )
—)VE{LMEER} P. pastoris ZFAWTEA U BERZRAOTITHONTE D, GH43_sub24
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TRIFY-B-1,3-H509F—TEMERIBERE LU THIOHT. CBM RAA>TEB-1,3-4H5
D9 NHEEMHZRY CBM35 & UTHISO TEDFRF N EIRE SN TS (Ichinose et al., 2005),
Pc1,3Gal43A (EB-1,3-H5 0 A UTHERRIEDB-1,3-H5 045> AG-11 DFHDB-1,3-fEE
DHZERFEN(CRMLU. RIEEWEUT Gal &B-1,6-H50 MAVUTMERSERET M. B-1,4 5
KUB-1,6-H509>E98 U7RLY (Ichinose et al., 2005)., LIeh>T. Pcl,3Gal43A (EB-
1,3-#5ED Gal ZHFEN(CERH T DIZIFTRRL, B-1,6-735 09 Atz )+ ) VA U TEHDB-
1,3-HEEZNRTETDIERTHDEEZISNTND. U U SARBERDIAMBIE (FRAFIAT
B0, B-1,3-HFUI>DBHANZXLAEHE) A )N T DT EN IR LR D ER (FBASH,

(TR D TLVRLY,

AECHITBEN

Pc1,3Gal43A D7 RBIES SUVROBEDBIERFTZ1TU ). Pcl,3Gal43A DK FEHRE
B ROAIEH) (1) CRHEE. CBM35 DU REBHHIBZ#IA T 2 & zBNE L.

3.2. MRELUVEE

3.2.1. B4 E

Pc1,3Gal43A @ 6 DDEBRARDFIRNT S —(d pPICZaA-Pcl,3Gal43A Zi#5E - L. Table
3-1 (CRITSA~N—2EMALT PrimeSTAR MAX (Takara. BIR) T->/\—X PCR Z{T\L\,
RERZBAUTER U, (FRURRNRDS—OIREES(E DNA > —5 > X%&i7D THER
UTz. #&ERME(C(E Ichinose et al. (2005) &S KU Ishida et al. (2009a) &[E#k(C Pc1,3Gal43A
B FEMBIHAATI P. pastoris KM71H thz KEIEE U THE FFZEIRL. ZEEOHS LD
O MM ST+« —(CKDBERUERZRAVZ. BREEEC(E 500 ML =ATSXOZAL
CTBNELGTFZEAUJP. pastoris ZIFEU BB LEZ 1M ML E-DJLAZS 20 MM
BEES o NU D ABER (pH 4.0) THEHE Uz SkillPak TOYOPEARL Phenyl-650M (c.v.=5ml)
(U, 0.7 M BREED7>EZDAZSD 20 MM B RUDAEER (pH 4.0) TALHIT DR
KOO NS T« —(C LD —BAFRZEIT O ILBERZ Az, 12, HBRE (L SDS-PAGE Z1T
o CHEER LT,

50



Table 3-1. Mutagenesis primer sequences.

Primer name Primer Sequence
E102Q Fw GTTGTCCAACGGCCCAAGGTCATCTTC
Rv  GGGCCGTTGGACAACATTCGATGTCGA
E102A Fw GTTGTCGCTCGGCCCAAGGTCATCTTC
Rv.  GGGCCGAGCGACAACATTCGATGTCGA
E208Q Fw ACCCTGCAAGCACCCGGTATCGTGAAG
Rv  GGGTGCTTGCAGGGTCGCGCCGTTCAT
E208A Fw ACCCTGGCTGCACCCGGTATCGTGAAG
Rv GGGTGCAGCCAGGGTCGCGCCGTTCAT
Q263E Fw TACTCGGAGAACGCGTTCGACCTGCCG
Rv CGCGTTCTCCGAGTACCACGTCCGCGT
Q263A Fw TACTCGGCTAACGCGTTCGACCTGCCG

Rv.  CGCGTTAGCCGAGTACCACGTCCGCGT

The mutation sites are shown in italics.

3.2.2. BERIEIEOF

Pc1,3Gal43A WT BKRUBREENARDB-1,3-Gal2 HKXUB-1,3-HF0 bhUA-X (B-1,3-
Gal3) [CX I DRIGMEZ M I D7z (C. 100 pL ORFSERF (CHLIERE 20 nM D& E#3R & 0.263
mM Gal2 &F7/z(3 0.266 mM Gal3. 20 mM EfEEF bU D LAEER (pH 5.0) ZRIMUL T 30C
T 30 AR >Fa2R— KU, 95CT 5 DEMBAL TREZFELEUZ, RIERD EEE 100%

(v/v) 72 hUJILT 4 BICHRL. 0.22 ym PES J+)LY—TIEBL TRNEWMZRFREL
Iz EagOERZE IO HEIT7OY) &SR (ESA Biosciences, 3: Thermo Fisher Scientific
Corporation. YHF1—tzw Wi, USA) ZRVzERRAFEIOY NI ST+ — (HPLC; LC-
2000 >U—X; BASDM, BR) (CHL. BHE—ODOE—OEECEDWTERE LT Gal 2
22U, DBiHNS/AE Shodex Asahipak NH2P-50 4E (BBFIET. BHR) ZHL\. HSLABRE
40 C. &1 ml/ min (CHBWNT 75% (v/v) P hZRUILTBER U, BREFMHD 1 unit
(FZEEREMFT T 1 93/ 1 pmol @ Gal iR I dEERECER U,
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3.2.3. X #rEERIBERFTRIRS JUMBISEREL

BESRIEEDRITE S KUBSEEATICALV/Z Gal2 B KU Gal3 (& Ichinose et al. (2005) &R
DFETHEUZEDZEEAFIET FRRRASHE—ZEBRE JWIMTHABIR(CEE LT
WZIZWTAWZ. HBREDEESR(E Abs 280 BN 10~15 £33 LS (CHARL. EREty K7
w I 70Tz, BARST —SINE(CERA U FERIRDESRE. 2.1 MEREE7>EZDA, 0.1 M
OITBEF MUDAEER pH 5.5 OfE@IEEIREROEZMNSEIE (WT) o ORISR
16% (w/v) PEG10000. 0.1 M HfE7>E=J /. 0.1 M EX MUREEEE pH5.5. HKU

5.0% (v/v) JUtO—)LOFETRE Ule. TL J XF A= (SeMet) 1Z#kiEgR(E 16% (w/v)
PEG10000. 95 mM HiEE77>EZ-DJ /. 95 mM EX KU XEE®R pH 5.0, 4.8% (v/v) T
UEO—-ILICEVWTHERIEZITV. B—&4h SBRINER (Z2MEF P2,) SBIRER (Z=REF
P2:2121) D2 BADERZRSIZ. E208Q ZBEIK(E. 16% (w/v) PEG10000. 95 mM Fif&7”
SEZIA 95 MM EX MU XEEER pH 5.5, 4.8% (v/v) JUtO—)LDZEMA4T 10 mM Gal3
ZRWCHERbS B LTS, BiRERENES N (E208Q_Gal3) . E208A ZFEK(E. 0.2
M BEESHY D/, 15% (w/v) PEG6000.20 mM T > 85 D AEER pH 4.5, 5% (v/v)
JUtO—)L. 10 MM Gal3 ORHFTHIERIEL. ZH#kiEREZSz (E208A_Gal3) .

Pc1,3Gal43A fEEDEIRERE. TREDELRILF—ILRSEFHATEED T A > T 70 b
U— (PF) F£7EITAT7ORI—=TRIN\CZARU>Z (PF-AR) DE—LSA>TITo I

(Table 3-2) ., EI¥FFT—4(L CCD #%&H23 (Area Detector Systems Corp., Poway, 3J J#
JLZT79M, USA) AWV TUNEE U Tz, 1o, BFABIRESR & Gal3 EDBEEHRDT —FIREDZHIC,
WT DfEfZE 1% (w/v) @ Gal3 ZETHERIEHIC 10 PE=RELZ (WT_Gal) . BT —4
(&, HKL2000 OS5 LR« — DTS/ DENZO & SCALEPACK ZERA L THEL. X
—1)>72J Uz (Otwinowski and Minor, 1997).

fitH (& SeMet ZdifamZ AW TEEREEDEN(MAD) JE(C K DRE LTz (Table 3-2) (Ishida
etal., 2009a). #HAMIAE(E. SOLVE/RESOLVE 0005 A%ZRANT 5 DOTL VREFAENS
StE U7z (Terwilliger and Berendzen, 1999), TD#EREBSNIZEZENS. CCP4 OIS A
AA—hCHESNZA—-BMEFTU>Y ARP/WARP JOJSATHEEETIILEBEL
(Perrakis et al., 1999; Winn et al., 2011), BFERB IV H > RIEESHEEDONMMEE. SeMet

SR CRE LIBEFRZEVUAY RIU—BEZETIUEBEL L. CCP4 TOJSLRA —
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N MOLREP 70005 AEBWEDFEINEICK DRELE (Vagin and Teplyakov, 2010).
BEEZR(THEE LI, KD FHIUHRIHE. BASNEBFEEET Y T ICEFTIUEL. Ca**
(. BFEENY T ERAEER (CEDWTETIUEL U, ABER(CIE 3 DO N fEEEEHNEUA
SN, AESNEEETNTNETIUELUIZ. FBETIUBEREDFIIT 72 A ME
E_E &[EHk. Coot (ver. 0.8.9, University of Oxford, Oxfordshire, England) (Winn et al.,
2011). REFMACS (ver. 7.0.063, Science & Technology Facilities Council, England) (Vagin
et al., 2004). Phenix suite ® phenix.refine & KU ensemble_refinement (ver. 1.13-2998-
000, Lawrence Berkeley National Laboratory, USA) (Afonine et al., 2012; Burnley Tom
et al., 2012; Burnley and Gros, 2013; Forneris et al., 2014) ZBW\TITo /2. HEELED
fRetHEZ Table 3-2 (CE L&z, 2B ITINUIT7A A MIHIe> TIE pTLS EZEHD
FHTHREL. DARNCRERUVHEHMEZ RUIZETIVZRRETILE U, 8. HEROFAR
& X RO RER(FHBARZBZRZLEOCHLEMIE L, EREBOBRARIRIEL(CITo TULERWE,

T )LD AES T E/ERAORRRIEE & & EFR(C LigPlot + (ver. 1.4.5)(Wallace et
al., 1995; Laskowski and Swindells, 2011) &S&U PyMOL (ver. 2.2.3, Schrodinger, LLC)
ZRWTER LTz,
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Table 3-2. Summary of data collection statistics.

Data WT_Gal E208Q E208A
_Gal3 _Gal3
WT SeMet )
(peak) (edge)  (low (high Gal3 Gal3 co-  Gal3 co-
remote) remote) soaking crystal crystal
Space group P1 P2, P2, P2, P2, P2,2,2, P2, P3,21
Unit-cell a=40.5 a=66.4 a=50.8 a=66.1 a=156.7
parameters b=66.3 b=50.5 b=66.6 b=50.4, b=156.7
(A, °) c=74.0 c=75.8 c=106.4 c=75.7 c=147.7
a=72.0 a=90.0 a=90.0 a=90.0 a=90.0
B=84.7 B=111.9 B=90.0 Pp=111.3 PB=120.0
y=82.1 y=90.0 y=90.0 y=90.0 y=90.0
PF PF PF PF
PF-AR PF-AR PF-AR
Beam Line PF BL-5 PF PF PF PF
BL-6A BL-6A BL-6A BL-6A NW12 NE3 NE3
Detector ADSC ADSC ADSC ADSC ADSC
Q315 Q4R Q210 Q270 Q270
Wavelength
&) 0.90646 0.97882 0.97950 0.98300 0.96400 1.0000 1.0000 1.0000
A
Resolution 0140 5000 50.0-  50.0- 50.0-  100.0- 50.0-  100.0-
&) 1.80 2.00 2.00 2.00 1.50 2.50 2.30
(1'2(5); (1.86- (2.07- (2.07- (2.07- (1.55- (2.54- (2.38-
' 1.80) 2.00) 2.00) 2.00) 1.50) 2.50) 2.30)
Rsym 0.054 0.079 0.061 0.060 0.062 0.046 0.143 0.167
(0.370) (0.672) (0.307) (0.303) (0.307) (0.109) (0.399) (0.627)
Completeness 95.6 100.0 100.0 100.0 100.0 97.5 96.2 99.1
%
(%) (89.0) (99.9) (100.0) (100.0) (100.0) (94.9) (83.0) (92.0)
Multiplicity 3.8 14.0 7.2 7.2 7.2 9.2 4.4 9.7
(3.1) (12.6) (6.9) (6.9) (7.0) (8.9) (3.0) (5.1)
Average 24.4 36.6 30.9 30.8  31.3 48.9 13.5 17.9
1/o(D) (2.8) (4.7) (8.3) (8.2) (8.2) (21.0) (2.7) (2.7)
Unique 136692 43643 31744 31760 31780 57278 16007 92497
reflections (12747) (4353) (3139) (3144) (3146) (5493) (702) (8510)
Observed
520085 613162 227158 228381 228595 524957 69939 900469
reflections
z 2 1 1 1 4

54



3.3. #&R

3.3.1. X iR ERABERFT

AET(F SeMet ZEERAZAVWZZREEREDEUE(CK D EREYRERD GH43_sub24 DE
REUT, AT ICHEEMZRT CBM35 &L THISHT Pcl,3Gald3A DUH > R EHE
ABUTULWRWEFER (WT) . WT %B-1,3-Gal3 ([CVY—F>0 0L TESNE Gal EDEEK

(WT_Gal) . catalytic acid ® Glu208 @ 2 BDZERK (E208Q HSKUF E208A) &B-1,3-Gal3
DFLFESRD E208Q_Gal3. E208A_Gal3 D 4 DDIEEHERE LTz, T —FUES LUHERLTE
SNIcHREHEIE Table. 3-3 (CE T,
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Table 3-3. Summary of refinement statistics.

Data WT WT Gal E208Q Gal3 E208A Gal3
Resolution range 7.997 - 41.56 - 29.79 - 30.66 -
1.398 1.500 2.499 2.300
(1.448 - (1.554 - (2.588 - (2.382 -
1.398) 1.500) 2.499) 2.300)
Completeness (%) 95.46 97.51 96.41 98.78
(87.82) (94.80) (85.67) (92.17)

Wilson B-factor 12.76 10.11 29.91 30.40
Reflections used in refinement 136655 57105 15762 92011
(12497) (5474) (1381) (8507)

Reflections used for R-free 6862 (630) 2884 (272) 799 (64) 4568 (441)
R-work (%) 15.47 13.43 16.62 16.10
(22.50) (12.71) (25.54) (22.39)
R-free (%) 18.56 16.00 24.39 21.43
(26.28) (17.93) (42.53) (28.28)

Number of non-hydrogen atoms 7966 3923 3576 14570
macromolecules 6615 3290 3235 12886
ligands 109 121 114 678
solvent 1242 512 227 1006
Protein residues 2106 427 428 1708
RMS (bonds) 0.008 0.006 0.008 0.011
RMS (angles) 1.22 0.87 0.94 1.05
Ramachandran favored (%) 97.29 97.41 94.13 95.76
Ramachandran allowed (%) 2.71 2.59 5.87 4.24
Ramachandran outliers (%) 0 0 0 0
Rotamer outliers (%) 0.81 0.55 0.29 0.36
Clash score 2.06 1.95 6.94 3.50
Average B-factor (A%) 17.21 12.45 30.48 32.98
macromolecules 14.97 10.57 29.77 31.60
ligands 29.38 23.33 52.26 56.11
solvent 28.09 22.02 29.74 35.03
PDB ID 7BYS 7BYT 7BYV 7BYX
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Pc1,3Gal43A O2kids

P. pastoris W TESE UIcHBIRX Pcl1,3Gal43A (C(E GIn21-Tyr448 D 428 77 = B&4E
(CHNX. HIPREZSRY - MCHERT D Glul9 & Phe20 M 2 BEMIMESNTULEL. D2 BE
DBEFEZE(SERSNN DIz, ABEZR(E Asn79. Asn194, Asn389 D 3 FPR(IC N iEEHNEH
BEEAIZBLTED. BAlene N BELEHOERER Y MIKDEE>TULE.
Pc1,3Gal43A (F 2 DD RAA U CKDBRENTE D, V—F 2 JEF R EHEREECIDES
UTEE B (FAMEEMIEZ(F CBM35 DU A~ RiEE Y+ b T8I/ (Fig. 3-1) o N Rimflld
il R XA+ > (GIn21-Gly325) ($D GH clan F [CH%BSN BB &R 5 IR TONRS
WEZEo>THED,. C Rimflld CBM35 (CHIESNDMEERES RA1> (PcCBM35; Thr326-
Tyr448) (&. A7 7=V —([CHEN(CHENDB-TYU—-O—)LgE%E &> TLV\c. PcCBM3S (&
UB> MEAE & (FRIBDIREICAET D 1 DEDB-R S RO C Kimfllc Ca’ Eat - ~
ZBELUTHD. TNl CBM35 THREFSN TS 2 DD Ca* iEAEMIn > 5—A (AL Lz, 1
NF EHHEERT DMEHDREEE 686A° THD . AEEZR(IHERILDRIE(C KL DBANEFHIC
HEAREUTHONZHEES (WT_Gal. E208Q_Gal3) &4 (WT) U= (E208A_Gal3)
ELTHENZHZENBDDIZMY. PDBePISA H—)\— (https://www.ebi.ac.uk/pdbe/pisa/)
(Krissinel and Henrick, 2007) T D & BRPTITEHEARE UTHEEIT DEREEINI.

AR R X A AESEE

5 MINR T ORSHEEDHME R A1 > (FERIK (SEVVR THR(C < (FHH 2 Db BiEiE=E LT
B0 TDLK[FHIE 5 WIIRFEIRNEF DHPHREBCFELTCLE (Fig. 3-1) o fd GH43 DB
3R EFRR RO D 50— (FAEEIAI TH D Iz FINMR(EENEN GIn21 FTz(d Asn22-Leu87

(Fig. 3-11) . Ser88-Asp155 (Fig. 3-11I) . Ser156-Gly204 (Fig. 3-1III) . Ala205-Ser257
(Fig. 3-11V) . Ala248-Asp297 (Fig. 3-1V) h SRS TV,

HIERE(CTESNIZ E208Q_Gal3 &M TI(EB-1,3-Gal3 MilEsbIicH SN, HITP 1 k
-1 U5 +2 i1z baH TNz, AETIEH I YA MMIHSNIz Gal ZIFETERimH SIEC Gal.s.
Galy1. Galyo EMHFY D, Gal.y (FAEEPAIDE(CAIE L TH D, Galyr. Galso (FEEZEROIMAINGE
WTULVz (Fig. 3-2) . Galyy D¥FFEFAERT W MMIIBE > THD. Galy, [FRE(CEREK

57



H(CEEHLTWEZ (Fig. 3-2) o

Gal-1 (£ 'S5 skew boat form  (RUNFHE) BB%EE>THD. EHOKRE LKFBEEN
UTHBEER L TULZ. Fig. 3-2. B [ICRUEKD IS Galy D 2 fiie ROFZE(d Arg103 D NH,
BIWKDFZITUTGIN263 D OEL L ZNEIUKFRR—EZRM L. =5 (CTDKDF(EGly228
DO EER/ELTREILLTUVE, 3t FOFZE(G 2 it FOFZ B E(FRRDKDFZNT
LT Glu57 @ OE2 &KF|EE L TULVE, &F/z. Glul02, Tyr126. Asp158. GIn208. Thr226.
Trp229. GIn263 (FEKMHAEEERICEAS L TUWVZ, $F(C Trp229 (& Gal.; D C3-C4-C5-C6 F
EDZH, Tyr126 (F 4 ik ROFZES LU 6 IAFO—)LE, Glulo2 (& 3 I LT 4 fiIkt
ROFEBDRHCENTNES L TuLe (Fig. 3-2) . Galy; Tl 2 ikt ROFE(E GIn208
D NE2 BKLU Gly228 DN &, IRAEEZR (Fig. 3-2. “O5”) (X Asn180 M NE2 &, 6 fIXFO
—I)LE(IKDFZIT LT Asn179 @ OD1 EZENEIUKFRESZR L TULVZ, Ffe. Tyrl26.
Arg157. Asn180. GIn208 MEKMCHE/ERL TLVz, Galy, Tl 2 IS KU 3£kt RO+
SEMN Thr226 M 0G1 KU Asn180 M ND2 EZNZEIUKFEESLTHED. Thr226 (F=5(C
BUKB2MEEERICERS U TU . FzE5(C, Galy & Galy, DRI U TS REED O (&
Asn180 o ND2 LkFEkEEZRM L Tz (Fig. 3-2) o

B-1,3-Gal3 ZY—F>J Ul WT DIBET(E, BIHA M-1AIIC *CLWI RO TAA—3
3>%& Eofza-Gal i"HSNTz. BEEMMIICHSITDREBDY =/ BEE EOHBEBEERERRZ
E208Q_Gal3 &£BHLZERTH>2M, 141 FOFZEMN Gly228 XU GIn263 LKz
LTz, 2O Gal (Y —F>JCAVLEBR-1,3-Gal3 &F7 /X—hREELTa-7 /X —&
IBoTWeZ ENS. V—F 2 TRICNKDERIEN S > TEUERISEN TH D EER BN
7z. E208A_Gal3 Tld. AMEEMI(C (S Gal3 DEFEE (FER =N/ Iz,

AR BEZRE T DICHC WT LARERIGICEE CHD EHREIND 3 DOV BEKED
Bit 6 DOEEMAD Gal2 HXU Gal3 (CHIDDEEEZRELT. WT (F Gal2 [ExULT
111.60+6.92 units. Gal3 (Cx LT 223.10+£7.89 units (1 unit (& 1 22[E(C 1 pmol D Gal =
BRI DIEHICRERERS) ZRUZOCHL. BEAFIVNINE Gal ZiEkt Lidh ofz, &
DFERIFINSD 3 DOFERE(GINIKDEERIG(CHRIERETH D E'2nmUT,
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Fig. 3-1. Overall structure of Pc1,3Gal43A.

In the three-dimensional structure of Pc1,3Gal43A, the five blades of the catalytic domain
are shown in blue (GIn21-Leu87), cyan (Ser88-Asp155), green (Ser156-Gly204), yellow
(Ala205-Ser247), and orange (Ala248-Asp297) with successive roman numerals. The
CBM (The326-Val448) is shown in red. The linker connecting the two domains (Phe298-
Gly325) is shown in gray.
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Asn179

Fig. 3-2. B-1,3-Gal3 binding mode at the catalytic site.

A: The surface structure of the catalytic center. B-1,3-Gal3 is represented as green
(carbon) and red (oxygen) sticks. B: Schematic diagram shows the interaction mode at
the catalytic center. Black, red, and blue show carbon, oxygen, and nitrogen, respectively.
Red lines indicate the hydrophobically interacting residues. This diagram was drawn with
LigPlot + (ver. 1.4.5)(Wallace et al., 1995; Laskowski and Swindells, 2011). C: The 2Fo-
Fc density map is drawn as a gray mesh (0.8 sigma). Residues are shown in white
(carbon), red (oxygen), and blue (nitrogen). Gal3 is shown in green (carbon) and red
(oxygen). Yellow dots indicate hydrogen bonds and/or hydrophobic interaction and red

spheres show water molecules interacting with ligands or residues.
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CBM iE5#1EE

Pc1,3Gal43A (& C RIKICR-PU—O—IL T4 —ILRICKD TR ENS 1 DD CBM35 RX
A2BBUTND, TORAA(EUH> RIMEST DHE & (FRIXRACAIET S 1 DEDBR-R
S> RO C KIKEPS (C Ca* HEEEARBLTH D, THUL CBM35 (CEF SN Ca* i a LB
(CHEHLTULE (Fig. 3-3) . CBM35 M55, E(CUOCEESOEES#EST S CBM35 Tl
UH > RESEMICE Ca? hHEE T BT EMRESNTVSH, PcCBM35 (U > RIEEEMI
TlE Ca* & EH SN o= (Fig. 3-3)

Fig. 3-3. Surface structures of PcCBM35.

A: Substrate binding mode at CBM35. Green, cyan, magenta, and yellow indicate ligands’

carbons of chains A, B, C, and D of E208A_Gal3, respectively, and red shows oxygen.
The left side is the non-reducing end of Gal3, and the right side is the reducing end. B:
Ca®* binding mode at CBM35. Ca’" is represented as green spheres and interacting

residues are shown as stick models. Yellow dots indicate interaction.
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E208A_Gal3 T(&. PcCBM35 DUH > RIEEEMIICB-1,3-Gal3 DEFEEMNH Sz, Fig.
3-4 DEKSI(T. PcCBM35 (FUFH > RDIEETRKIG &8 < HHEVEFAI B type C CBM (Boraston
et al., 2004; Gilbert et al.,, 2013; Armenta et al., 2017) OHEEBEAZEREZRLUIZ,
E208A_Gal3 DIEFRMERMIH(C(E 4 3FD Pcl,3Gal43A BAEFENTHHD. WITNOHBFERE
FROBRINT Gal3 DIBETTKRIHRAID Gal (Gal_site 1) E#EELTULZ, FEDFICBWTHEER
(CR59 27 /BEARBREU TS Eh. FRD Gal (Gal_site 2) SIETKRImAID Gal

(Gal_site 3) (FAELAIFT 2 DOMUEICHFELTHED., 2/ DfEEY A haBI D0
REMENE X BNz, Gal_site 1 (X Tyr355 B KU Arg388 EKFEEZ AL L. Leu342, Gly354,
Tyr438. Asp441 SE/KECHBERL TULVZ, Gal_site 2 (& Gly383 B KT Asp384 & FR/KHY
(CHEMEA L. Gal_site 3 TE(CHSNIAHEERIE Gly409 EOBKEMBREERS LU
Gly410 EDKFERICKDIEEVERATHD/ZHY. Chain C TIEESI(T Asndll EDBUKHEER
EREH5NTZ (Fig. 3-4) .
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& v
Vi il Tl

Fig. 3-4. Ligand interaction mode at PcCBM35.

A, (E, 1), B, (F, 1), C, (G, K), D, (H, L) are each chain of E208A, respectively.

A to D: Interaction modes between ligand and CBM35 residues. Atoms are indicated in
the same colors as shown in Fig. 3-2. E to H: Schematic diagram showing the interaction
mode at CBM35. Sugar binding sites are named Gal_site 1, Gal_site 2, and Gal_site 3
from the non-reducing end of the sugar and in this figure, they are labeled 1, 2, and 3,

respectively. I to L: 2Fo-Fc density maps (1.0 sigma) of Gal3 of each chain.
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3.3.2. 72HIIIVUIT7A2 AT b

Pc1,3Gal43A ORIGERPTOWSETZAIHRLT Dlzb(C. BERILLIEETILZBWTT >
BT 7A A NEITDIZ. BETIVIE 4 DDREIRD pTLS 1B (%; 0.6, 0.8, 0.9,
1.0) ZEREUTERL. FETILDORER pTLS BZE&E ULBRICESNIZET )LD EHEE
Table. 3-4 (TRUTz, Fz. AR R XA > OAMEEMIE CBM DU > RMESEMIOILARZ Z
NEN Fig. 3-5 BKXU Fig. 3-6 [CENTIURLIZ, 28, IEWIMEARICEROD FeSUBE

(WT 8KU E208A_Gal3) (&, INTONFOfERZF LD TRRLIZ,

AIREBAI T (F. BELORAICHS5TARED D E—EDEETRPSETDARET SN 7MKL
RORTHRICER D TLVZ. UH> RERESE UIEABE (Fig. 3-5. B, C. F. G, 1. K) D Tyr126.
Argl157. Aspl158. Asn179. Asn180. GIn181. Trp229. GIn263 DWW S (IVUH> REFES
UTULVRWZRIEE (Fig. 3-5. A, D. E. H. I. L) &HARTIEE/NES, Oz, ORI,
V7> RORMEEMINDIEES (CKDRABHDPSENMNR Uz EZRE L. FEo Gal HiYEE
UlztEE (WT_Gal) & Gal3 iEa UrciEE (E208Q_Gal3) ZLb#d &, E208Q_Gal3
Asn179. GIn181. Glu(GIn)208. Thr226 MW 5= (& WT_Gal KD E&/IMNEh o7z (Fig. 3-5. B,
C. F. G) ZT&NE. INSOEEGTSRAY T O hTUH> ROZPHICBES T D LIRS
Nz, £z, WT BEKUWT_Gal (CHUT catalytic acid D Glu208 iA&E>7z0>TA X —2 3
SNFREL 2DIEHIFENEN. NSO TAA—>3 213 BT3683 DiEseiEE (PDB ID:
6EUG) TIRENTL\BIEDE—H UL (Cartmell et al., 2018), LIeM>T. D Glu208
DZABANDE}E (2 DDA TARA—32) HEMEERICEETHD ERBEEN, GIn263
(&. PcCel45A [CHWTHEEMLICKD A= REERL & /2D T catalytic base & UTHERET D
Asn92 D7 HT)ILI T 7 A > A > hOFER ERARDP S5 E %2R UTz (Fig. 3-5.3-7).Glu102
(X Gal.y DFF2v)Lid 4 il ROFZE BRI DT2HICIBETRIFD Gal DiBiHCER
THD. Ffe. TDGIUL02 DPSEDARETEDRREF WT EEEARTERDTHED. Glul02 D
WS (EVH > ROFEDERET(FIR< Glu208 DFE EEMEN DD LD Tho7e (Fig. 3-5) .
7205, Glul02 (F Glu208 EHEEEAL TS EEX BND. WT & E208A_Gal3 D Asp158
(. WT_Gal KU E208Q_Gal3 ([CLERWSEHNKREMN D7z, Aspl158 (& GH43_sub24 T pKa
EZa1L—HF—THDEBEZISNTULD Asp (CHBET D (Cartmell et al., 2018) H'. 77>H>
TNV T7A A FOFERTHSNIZ Aspl58 DD SE & ZDHERE(C(IMBRANSD D EZ BN
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5. Fig. 3-5. I-M ([CEB32 &, Trp229 W SZDEEICASTRENHSNIZ, E208Q_Gal3

(Fig. 3-5. K) Tl&Trp229 o5& (d a0y, toEE (Fig. 3-6. 1. 1. L) TIEKLDKRE
ROSENHSNI. $FCHEZERMIE Fig. 3-5. I THD. Trp229 (FIFR(CAKZTRPSETERL
TLVz. INSDERMNS. D Trp229 (FECENNTE D, UH> RASEEFLCEETD &
n-nMBEER(ICKDBERMAIBICEAE S DANZXATEERRHN T D LMHERINTZ. TIN50
BEOWSETDIEEZFEN (CHDILHICEERBEO_EADER M5 A% Fig. 3-8 (CRUTZ.

E208A_Gal3 DIFMIREMRICEFEND 4 DFOBERODENTNDOPSST LB LIz E TS,

CBM [CBNTUH > RBH(CES T DEREDD ST DIRE (CASTREFH SN > 12 (Fig. 3-
6)e UMULT7>B TV T 7A 2 A hOFER. U RTHD Gal3 d Gal_site 1 & Gal_site
2 (FHEERY NSRS ETHIRUIEDHZD DT U, Gal_site 3 [FASRDPSETZRLTHED

(Fig. 3-6) . COWSED/\F—> (IEEEMICHIFTDIUH> ROPSED/\F—> L(FER
S>TULVe (Fig. 3-9) . AMESPAICHLTIE. Galy (IR <EER(ICEESA. Gali, (FEEDKE
EAHEFRUGHASFEEN(COSERMNSHELTWSEER SN (Fig. 3-9) « —/ T CBM
([CHBNTIF Gal_site 1 (FERRECSHEESNTNDEDD., Gal_site 3 (FIZHAM(CHSE
RNSIRE L TULD RN (Fig. 3-9) » 7205, MEEMICESWTIEDSVWTWNWDIEE
D#E Gal BENT T I+ Mk s 277X /AR S TNTIREER U TGRES NS DICHT U,
CBM TIEUAY REERNMHERET DLDICHREITDEVDARZE EDCH. BELERRAE
DOHEBVERDORR (CEENHOND EEZ SN,
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Table 3-4. Refinement statistics of ensemble refinement.

Data

WT

WT_Gal

E208Q_Gal3

E208A_Gal3

Resolution range

Completeness (%)
pTLS (%)
Tx (ps)
Wilson B-factor
Reflections used in refinement
Reflections used for R-free
R-work (%)
AR-work (%)
R-free (%)
AR-free (%)
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clash score
Average B-factor (A2)
macromolecules
ligands
Molprobity score

Model number

7.997-1.398

(1.448-1.398)
95.97(82)
0.9
1.0
12.8
136649
6862
13.81 (24.36)
-1.66 (-1.86)
17.08 (26.30)
-1.48 (-0.02)
0.008
1.171
94.06
5.08
0.86

7.45

13.65
13.63
14.97

1.56

100

41.56-1.500

(1.554-1.500)
97.52 (95)

0.9

0.9

10.1

57112

2885
12.08 (10.68)
-1.35 (-2.03)
15.29 (17.10)
-0.71 (-0.83)

0.010

1.312

95.39

4.03

0.58

7.00

9.55
9.54
9.82
1.45

103

20.79-2.499

(2.588-2.499)
96.47 (88)
0.9
0.3
29.9
15759
799
17.82 (24.73)
1.2 (0.81)
23.33 (32.75)
-1.06 (-9.78)
0.007
1.078
88.98
9.19
1.83

11.05

28.32
28.30
28.98

1.87

20

30.66-2.300

(2.382- 2.300)
98.93(87)

1.0

0.4

30.4

91994

4569

15.92 (22.56)
-0.18 (0.17)
20.71 (28.84)
-0.72 (0.56)
0.008

1.090

92.62

7.24

0.74

7.85

32.83
32.66
36.05

1.64

34
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Fig. 3-5. Results of ensemble refinement at the catalytic site.

Each model is divided into three parts for clarity. A (E, I), B (F, J), C (G, K), and D (H, L)
show WT, WT_Gal, E208Q_Gal3, and E208A_Gal3, respectively. Although WT and
E208A_Gal3 contained multiple molecules in an asymmetric unit, the results obtained
with multiple molecules were considered as an ensemble of one molecule in the present
study. Atoms are indicated in the same colors as Fig. 3-2. Gal3 of the structure of
E208Q_Gal3 obtained by X-ray crystallography is arranged in each figure to maximize

ease of comparison.
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A B C D

Leu342 Leu342 Leu342 Leu342
Gly354 @ Gly354 ‘f Gly354 ;" Gly354 ‘%ﬁ
Tyrss‘m MAspdd1 Tyr355}* pdd Tyr355 2% Aspadt TyrBS@ Asp441
*‘ p e, Gly409 }aA \ Q’Iy409 ,‘j.« Gly409 Gly409
NI L ) NS )
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Arg388  Asp384 Arg388 Asp384 Arg388 Asp384 Arg388 Asp384

Fig. 3-6. Results of ensemble refinement at the CBM ligand-binding site.

A, B, C, and D: Residues related to ligand interaction. In this figure, Gal3 of chain A of
refined E208A_Gal3 is drawn for comparison. E, F, G and H: The ligands of each chain.
Green, cyan, and yellow show in order from the non-reducing terminal Gal. A and E, B
and F, C and G, D and H represent chain A, B, C, and D of E208A_Gal3, respectively.

Atoms are indicated in the same colors as Fig. 3-2.
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Fig. 3-7. Fluctuation of catalytic residues in PcCel45A.

Ensemble refinement was performed for Pc1,3Gal43A with PcCel45A D114N complexed
with cellopentaose (PDB ID: 3X2K). In total, 86 states were calculated, representing all
catalytic residues and ligands (two molecules of cellopentaose). Histograms of the
dihedral angles of the three residues involved in the catalytic reaction are shown in the

diagram.
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Fig. 3-8. Histograms of the dihedral angles of each conformation obtained by
ensemble refinement of amino acid residues involved in catalysis and/or substrate
recognition.

A-H indicate GIlu102, Asp158, Glu(GIn)208, Trp229, GIn263, Tyr355, Arg388, and
Tyr438, respectively.
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Fig. 3-9. Ligand conformation of ensemble refinement at a glance.
A: Ligand conformation of E208Q_Gal3 ensemble model. B: Ligand conformation of
E208A_Gal3 ensemble models with four chains aligned. Green, cyan, and yellow are used

in order from the non-reducing terminal Gal.

3.4. BE

GH43_sub24 (CHFEENDITFYV-B-1,3-H505F—TEDZ < H CBM35 F/z(F CBM13 (C
DFASNDIESEESES 1)L 2B I D (Fujita et al., 2014), KET(IB-1,3-HT I (CHE
&z Rd CBM35 Z#H 9D GH43_sub24 D7 REES SUROBIEE YD TREIT D &I
BN UTz. FlzE5(C, SEASMNC UIBE FERAEYIERD GH43_sub24 & L THDB-1,3-
HSOBCiEEEZERYT CBM35 & U TRIIDIBE TH DTz,

3.4.1. Pc1,3Gal43A DK DRGNS

GH43 (& Inverting BIE#32 T D . Glu BKU Asp Z=Z N €M catalytic acid. catalytic base
EUTRHWSBNM, GH43_sub24 (ECTdDS5 catalytic base (CHET S Asp ZRIBLTLD
(Cartmell et al., 2011; Mewis et al., 2016), Cartmell et al. (2018) (CKXD T GH43_sub24
(FEZEM LTI REEIERSZ Gin AY catalytic base & UTHEET DN HBDWEZD
GIn NRKZRFLTTO > ZTER T D & TIKD RS Z AR S DalREN ReEn

73



(Cartmell et al., 2018), Pc1,3Gal43A ([CHWTHERIGICEAS T EETFESND 3 DD’
FEFRED 6 DOERKDERETZRE ULHER. RICROERZEHTUIZ HPLC 000X h
O MSALT Gal DE—o (3 Eh oz (Fig. 3-10) fz&b. NS DIKE(FNIK DB
RISOEE(CHEBARTIRTH D, Glul02. Glu208. GIn263 D&EEIFZENETN 4 ik ROFZH
DRk, catalytic acid. catalytic base TH 2 EHEELUE, fERIEER(CHSNTIKDFERT
= BSREOKRIEETIRERERE K D ABER (L Fig. 3-11. A DK DIPKRIEERY D —0%
R LUTHD., $F(C Argl03. Aspl58. Asp279. Trp281 (3 = REEEI /XD Tz GIn263 D&
ECESLTWDEEZBND. Fo. COMEKREERY MD—T(CED < ENKDERRIE
DEMERF(C(X Fig. 3-11. BOKSRAMFRTTIO > DIREZITOTVD EER BN, LML
N5, X #f72RREEBERNT C(KREFEFER TSR, LD TEBRICZOAHNZX
ALATTOMOEZZITOTLWIHZRAL. MEXNDZXAERRIAT DCHIC (KRR FZE]
RILT DT ENTETDHEFRZERVWTHERBEFIT 2T ORENS D, 138, Pcl,3Gal43A T
HEEZREE ULz 3 DOKE (Glul02. Glu208. GIn263) (& GH43_sub24 THRIFSNTWDIZ
8. GH43_sub24 (LK COANZXLATHKDRRISZRIET D RSN D,
GH43_sub24 ([CH%EEND 150 OEEERDY = BERLY S SUEBIERIAMD BT3683 HKLU
Ct1,3Gal43A DIBEZR U E TS, MERIG(CEND 7 = JBAREIZIT TR EE DR
BYEAICES5 927 S VBEREDE <M GH43_sub24 TILLBREFESNTHD. MERTY bdD
REBESEREUL WD DM oz (Fig. 3-12) . HFICHT YA b1 U CHEFRBICEA5TDT
NTDEKE (Pc1,3Gal43A @ Glu57. Glu102. Arg103. Tyr126. Asp158. Glu208. Trp229.
GIn263) (FMRFE=NTULVE (Fig. 3-12) . =5(C. EEEED GH43_sub24 M7’ =/ BERCHID
RIVFTIVTSA A hOFER (Fig. 3-13) h56. GH43_sub24 DHEBEIMIFE . < D%
EMRESNTVDENR D, IRODE, YT 51 b-1 fICH T DHEEMEARINE GH43_sub24
THREFESNTVD EHREND, Flo, VB2 TILUIT7A> A bORBRICED< & (I
BB AU TCOVRVMBEE(CHUWT Trp229 ([FAS/aw5EZ/rUTz (Fig. 3-5.1-L) . BT3683
D Trp541 (Pc1,3Gal43A D Trp229 (CAHY) (I Gal EBUKMI(CHEEERT 2 EHiRESNTULD
(Cartmell et al., 2018) Z&EMS. Pcl,3Gal43A D Trp229 (FHERFTHSWNTH D, UH>
RS CHE T SERICEHKEEEERICKDEEZH S RIADKRE ZEOTND EERS
N3, —77TAsn179 KU Thr226 (& BT3683 Tld Asp210 & Cys258 (C. Ct1,3Gal43A T
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(& Glu199 & Cys247 [CENTNETWESNTLZ,

Gal2

Intensity

e

T 1 T T T 1
15 20 5 10 20 25

Retention time (min) Retention15time (min)
Fig. 3-10. HPLC analysis of hydrolysis products formed from 3-1,3-Gal2 (A) and
B-1,3-Gal3 (B) by Pc1,3Gal43A_WT and its mutants.

Chromatograms of incubation mixtures of 0.263 mM 3-1,3-Gal2 (A) and 0.266 mM [3-
1,3-Gal3 (B) with WT and each mutant. The enzyme (20 nM) was incubated with each

o

5

substrate in 20 mM sodium acetate, pH 5.0, for 30 min at 30 °C. The reaction mixtures

were subjected to HPLC. The amount of released Gal was calculated based on the peak

area.
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Fig. 3-11. Estimated hydrogen bond networks (A) and proton transfer pathway
(B) of Pc1,3Gal43A.
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W GluB7/ Gluld1d/ Glusd v Glus7/ Glu318/ Gluss
R+ &

=

Fig. 3-12. Catalytic domain structure comparison.

A: Visualization of the degree of preservation of GH43_sub24. The degree of conservation
for amino acid residues in the catalytic domain of GH43_sub24 was visualized using the
ConSurf server (https://consurf.tau.ac.il)(Glaser et al., 2003; Landau et al., 2005;
Ashkenazy et al., 2010, 2016; Celniker et al., 2013). The BLAST query was set to
Pc1,3Gal43A and the degree of conservation was analyzed based on 150 sequences in
the ConSurf server. Conservation degrees are shown in a gradient with cyan for the
lowest degree of preservation and blue for the highest. B: Catalytic domain comparison
of Pc1,3Gal43A and two GH43_sub24 galactanases. Catalytic center of E208Q_Gal3 of
Pc1,3Gal43A (white, PDB ID: 7BYV), BT3683 (cyan, PDB ID: 6EUI), and Ct1,3Gal43A
(pink, PDB ID: 3VSF). Red, blue and yellow represent oxygen atoms, nitrogen atoms,
and sulfur atoms, respectively. Residue names mean Pc1,3Gal43A/ BT3683/ Ct1,3Gal43A.
C, D, E: Surface structure of Pc1,3Gal43A (C), BT3683 (D), and Ct1,3Gal43A (E). For
easily comparison, B-1,3-Gal3 of Pc1,3Gal43A are shown in all three models in each

structure.
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Fig. 3-13.

basidiomycetes, one mold, and two bacteria. The alignment was built by using
MUSCLE on MEGAX: Molecular Evolutionary Genetics Analysis (Kumar et al., 2018;

Stecher et al., 2020),

(http://espript.ibcp.fr/ESPript/ESPript/)(Robert and Gouet,
conservation of the GH43_sub24 region (up to approximately the sixth row in this

alignment) is high, although C-terminal region is less well conserved because of the

differences of the CBM.
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3.4.2. fUEH) () CRikAE

B-1,6-HS U5 ABEMMEE L TVWTEBR-1,3-HS5 05 > it CE S Pcl,3Gal43A D
RIZH) (1 ) CZAHERB (I D T B MCHIFBB-1,3-Gal3 D 6 IAXAFO—/LEDEAENSHATE S,
Gal.; D 6 IAFO—)LEFFECELLUTH D, =5(C Galy & Gali, D 6 fUXFO—-ILEEES
HCEB5ETNTVDEH. AIEEMEE L TWTEBREIIREEZHS <30 (Fig. 3-2) . U
N> T\ Pcl,3Gal43A (FEHHNICR-1,6-H 509 AEMES U TWTER-1,3-H5 05 > FH#H
TR TE D EHREIND,GHSES ([CHFEESNDB-1,3-TFYV-JILAF—C(EB-1,6-T)L A
7)) (R U, B-1,3-DILAh> F#HED#R L OBEETRIRAIN S Glc ZiH I B3R THD.
Pc1,3Gal43A OfREMIMOERIEEZ CNSDEER ELEE TS &, Pcl,3Gal43A (& PcLam55A
EEHRIC Gal.1 D 6 fiIlCHES Ul ERE CE/NSMTy kB LTV (Fig. 3-14. A,
B) (Ishida et al., 2009b), E/=. Pc1,3Gal43A dD Gal,;. Gali, THSNIZ 6 AIXFO—)LE
B (CEEH UTUL\D4F#E SacteLam55A TEREERTH Dz (Fig. 3-14. A, C) (Bianchetti
et al., 2015), =5(C. JEBRTFKIHD Gal (CB-1,6-FEE UTAEZ A T2 2 1@EMNFH(
GH43_sub24 (CIL<H#BNiz (Fig. 3-12, 3-13) . —7. GH3 (CH$EENDIF/ (1 /(RED
Trichoderma reesei (Hypocrea jecorina) H3RB-IL 14—t (HjCel3A) Tl IBETFK
IHD Glc D 6 AIXFO—ILENHENRST Y hOEAZEVWTE D, AliEZEDMEHEMEELLD
EITDHEECFIAEENECD (Fig. 3-14. D) fzsb. B-1,6-TILH>AEE%E )+ ) X TSR
WEHREND, 905, flfHzE) /(R Y DEER TEIBETRIHDIED 6 AIAFO—)LED
BCHDIBEOARSSOZEMNS D, [EOTT YA MNIAIET DEHOENBEAIICEL IS
ECK> THEMES UIZBE TH D THEMERT Y MIRBTED LD (CIRD TWND, RN
(C. fIgEZE) A )\ TERVERTEP I YA b1 AIDIEE(CABEZ TS TET DL DRZEMAR
Wz (CAlfEZZEF TE/R0 (Fig. 3-14) » —A T AREICHUT Pcl,3Gal43A Edisz R
L7z BT3683 Y2 Ct1,3Gal43A (FWINES T T b-1 fnAF(CEMZR T D/, BERROHE
THIgEZE) (1) CA LTV EERENSD (Fig. 3-12) » UM U. Ct1,3Gal43A (& Pc1,3Gal43A
ELEE T B &) CRIEHENSELY (Ichinose et al., 2005, 2006b). AR v MDI&EE
Pc1,3Gal43A & Ct1,3Gal43A TREREWIRWEDD., BIHA b+1 4L, +2 fICFETD
Pc1,3Gal43A @ Asn179 8K Thr226 M. Ct1,3Gal43A TlE Glul99 & Cys247 ([CENEN
BIENTUN\DZ &2 Pcl,3Gal43A TlE CBM35 ZHB 3 2D(Cxt L. Ctl,3Gal43A Tld CBM13
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ZEIDENDENWNSD. ULIzh> T /\A)CEEDBS (CFIEDD T YA bzt I 577
= BETREORME R A1 > (CHEE LTz CBM DIFMNEZH KE T LEXSND,

ABCHWVWTESMBEZRE Uz E208Q_Gal3 TI&. B-1,3-Gal3 OEFEE N ARIEERMIL(C
gz, LU, D<K EBED 1 DOBTYA hERD SJIBENRBNHDZENS,
AEBERQLITHAR TRARSNZELDIC-1 hS5+3 D 4 DOYTHA hEHFT S (Ichinose et al.,
2005) EDEHREND, Lk U@ D AREER(FIFETRIG Gal D 6 fIlCEE Ut RE
TEDBEZ EDN B-1,3/1,6-H5 05 (T DRAEMEFEIFIRDB-1,3-HS5 05 > D)
1/5 T3 (Ichinose et al., 2005). &&RFPDB-1,3-HS5 05> (EB-1,6-FEE LIz Gal flgE &
DERZPHLTZHIC6-8FED Gal i 1 -2 ZEM I 2EES=ERMBET LD EEZXISN
TULYD (Chandrasekaran and Janaswamy, 2002; Kitazawa et al., 2013), UM ULRHNS,
BREEBENRERD ES(CENSUYUNERRA CEESND D (CIRIRDIRED Fig. 3-15
DX D (OBBFEDBERP E(FRRDIRE(CIRD, DR ICAEFLT. HDUNHMAEEE EHTHEHDOE
EAELUTUFESaREENEWN. LA DT, B-1,3/1,6-H5 05> 8B & UZBRICIEEHD
IRRBEDREICHSB-1,6-735 045 > (Gal) AIFRE . & D W\ (SAIEH & EFHDE TSN E D,
TNICHWETIRDB-1,3-H5 05> 2BEB L UEHZa LD ENFHEEME T I RSN D,
UTieht> TEHIROEREB LAlIHZB I 22Uk UTZREE (CX I DRISHEDIE FEEER DORITEERID
BE TR, BETHIBHODIBENFHICER T EZEX5ND.
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Fig. 3-14. Structure comparison of the catalytic sites of Pc1,3Gal43A (A), GH55
exo-B-1,3-glucanase from P. chrysosporium (B; PcLam55A; PDB ID: 3EQO), GH55
exo-B-1,3-glucanase from Streptomyces sp. SirexAA-E (C; SacteLam55A; PDB ID
4PF0), GH3 B-glucosidase from H. jecorina (D, PDB ID: 3ZYZ).

A, B, and C hydrolyze the main chain of -1,3-galactan (A) or B-1,3-glucan (B), bypassing
B-1,6-branched side chains (Ichinose et al., 2005; Ishida et al., 2009b; Bianchetti et al.,
2015). D hydrolyzes four types of B-glucoside bonds, and it does not bypass side chains
(Korotkova et al., 2009; Karkehabadi et al., 2014). The upper panels show the overall
surface structure and the lower panels show an enlarged view of the catalytic region.
Orange dashed circles indicate the space near the C-6 position of Gal or Glc at the non-

reducing end.

Fig. 3-15. Comparison in the conformation of galactan.

Comparison of Gal3 conformations between catalytic-site-bound Gal3 of Pc1,3Gal43A_
E208Q (white) and the “ideal” conformation of Gal3 (green). The ideal model was built
by using web tool “SWEET2” (http://www.glycosciences.de/modeling/sweet2/doc/

index.php) (Bohne et al., 1998, 1999).
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3.4.3. CBM35 DU > RERGHHENE

CBM35 £4&D 77 =/ BECHIDOEBEIMEE < (FRVH. UH> REZHIICES I 7 I BEE
(FXRLRFESNTLD, CBM35 ([CETF D CBM (FXRFETICKD 4 DDIL — RICHITEND
. UL — RREBNTNERIBEMUERI oD, BB UL — RETOUH> REKU Ca**
"I T DEREDZHRENS VA RIFEMZRIATEZS (Correia et al., 2010). LA UM
5. PcCBM35 DU A > REFH(ICEAS5 I 2EERFRACIL - RICEBIDHSU b F > Da-Gal
RIFH(CHES I D CBM35 DUN Y REBHICHAS I EREL(FRRDOTLD., Tdha-Gal ([CHEEH
%z R I ESEEEAND CBM35 (& C. thermocellum @ cellulosomal protein DR-F=0O345 - T
BB EFRENBY>IIBE (Cte_2137; Fig. 3-15) O—EFTHS (Correia et al., 2010).
Cte_2137 Da-Gal LMHEERA T D%EE PcCBM35 MDB-Gal SAHEERA T IEREC(EWL< DN
DIEWVWNH D, BIZ (L. PcCBM35 D Ala352-Tyr355 S KU Tyrd38-Asp44l (> ROYFE
H(CRIMRT DM, CDrEE(d Cte_ 2137 Tl Val39-Gly42 S KU Ser136-Asn140 (CHETD

(Fig. 3-15. A) . %FIC Cte_2137 M Asn140 (FUH> REEEMUDKICAIE T DEXET.
PcCBM35 Tld Asp [CEBENTWVD., Flzeslc, ES/—RBRERXIYVITDKENZES
Cte 2137 @ Trp108 (& PcCBM35 Tl Gly (BN T3 (Fig. 3-15. B. C) . DED.
PcCBM35 (& Cte_2137 ERIUOSRI—ICBI DN VA RORHICES I DAREFELED
THD. COEENMB-Gal £a-Gal. HSTIZEHSTI R FOHINCEBELTNDEER
5Nd., =5(C. PcCBM35 Tl& Gal f#&&H - b3 DM, Cte_2137 (C Gal-a-1,6-Man %=
EFUSIUTHDE. FFRITKIRD Gal ZR:#H I DY MMIBEI DN Man OFBFHH 1 ~IF
EUIRVLNDERE L TEMES Thd EEX SN (Fig. 3-15. B, C) . LZM>T. PcCBM35 (&
RO T 1 bZAVTB-Gal Z4FRICFRHEL TLDDICH LT Cte_2137 (FEICIBHETR
ImdDa-Gal &5k L TWLD EWNZ D,
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PcCBM35_Gal_7BYS

PCcCBM35_Gal_7BYS 326
CtCBM35_Gal_2Wz8 7
AgCBM35_Glc_5AWO 496
BCcCBM35_1_GIc_3WNK 420
LmCBM35_Glc_4KMQ 965
PspCBM35_1_Glc_5X70 850
PSpCBM35_2_Glc_5X70 988
PspCBM35_1_Glc_5X7G 421
PSpCBM35_2_Glc_5X7G 749
PaCBM35_Man_32zM8 19
Metagenome_CBM35_Man_6UEH 2
CjCBM35_Man_2BGO 8
PbCBM35_Xyl 40B1 402
CjCBM35_Xyl 2W46 9
uncultured_bacterium_CBM35_Uronic_2W3J 1
CtCBM35_Uronic_2WlW 3
RoCBM35_Uronic_2VZP 2
consensus>70

PcCBM35_Gal_7BYS

PCcCBM35_Gal_7BYS 364
CtCBM35_Gal_2WzZ8 51
AgCBM35_Glc_5AWO 536
BcCBM35_1_GIc_3WNK 460
LmCBM35_Glc_4KMQ 1006
PspCBM35_1_Glc_5X70 897
PspCBM35_2_Glc_5X70 1030
PspCBM35_1_Glc_5X7G 461
PspCBM35_2_Glc_5X7G 788
PaCBM35_Man_3zM8 69
Metagenome_CBM35_Man_6UEH 51
CjCBM35_Man_2BGO 40
PbCBM35_Xyl 40B1 444
CjCBM35_Xyl 2W46 51
uncultured_bacterium CBM35_Uronic_2W3J 43
CtCBM35_Uronic_2W1W 44
RoCBM35_Uronic_2VZP 43
consensus>70

PcCBM35_Gal_7BYS

PCcCBM35_Gal_7BYS 409
CtCBM35_Gal_2Wz8 107
AgCBM35_Glc_5AWO 585
BCCBM35_1_GIc_3WNK 505
LmCBM35_Glc_4KMQ 1050
PspCBM35_1_Glc_5X70 942
PspCBM35_2_Glc_5X70 1076
PSpCBM35_1_Glc_5X7G 506
PspCBM35_2_Glc_5X7G 831
PaCBM35_Man_3zM8 110
Metagenome_CBM35_Man_6UEH 96
CjCBM35_Man_2BGO 83
PbCBM35_Xyl 40B1 490
CjCBM35_Xyl 2W46 98
uncultured_bacterium_CBM35_Uronic_2W3J 88
CtCBM35_Uronic_2W1W 90
RoCBM35_Uronic_2VZP 89

consensus>70
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Fig. 3-16 (previous page). Sequence alignment of structure known CBM35s (A)
and structure comparison between CBM35s of Pc1,3Gal43A (B) and Cte_2137 (C).
A: Taxon names are shown as scientific names, ligand specificity and PDB ID. When the
same enzyme contains two CBM35 domains, the number indicates with 1 on the N-
terminal and 2 on the C-terminal CBMs. Gal, Glc, Man, Xyl and Uronic means ligand-
binding specificities. Among these, 3ZM8, 6UEH, and 2BGO, which bind to Man, are Type
B CBMs which show endo-type binding, while the other 14 are all Type C CBMs, which
show exo-type binding. The alignment was built by using MUSCLE on MEGAX: Molecular
Evolutionary Genetics Analysis (Kumar et al., 2018; Stecher et al., 2020), and the figure
was generated with ESPrint 3.0 (http://espript.ibcp.fr)(Robert and Gouet, 2014). Orange
and green boxes represent ligand binding and Ca®* binding residues, respectively. B and
C: Ligand binding residues of Pc1,3Gal43A (chain A of E208A_Gal3, PDB ID: 7BYX) and
Cte_2137 (PDB ID: 2WZ8) with modeled ligand (Gal-a-1,6-Man). Red and blue mean

oxygen and nitrogen, respectively. The green stick model represents -1,3-Gal3.

3.5. AE Dk

ARET(HUEEZ /) 1)\ XBJREIRH ST F—TED/\A )R AHZX s CBM DUF > RERHIR
NDOFM/RARIAZEIE L. Pcl,3Gal43A OV REKk, BEESHKDERIBIEZRE LI,
Pc1,3Gal43A (& Glu208 % catalytic acid. GIn263 % catalytic base & U CHULYD Inverting
Bfgm=TH D, BEOAENAMIERIGZEE UIRVMIB LIRSS @EZB LD, LIEh
O C ABEZR(EB-1,6-HS5 T AEMNMES UTWTER-1,3-HS5 05 > FHZEDEAIEE T H D,
TDEDE HSUF2ZEFEUDHETDIRACTFET DLSTERIC(IERL R FEENH DM, B
RFENSOEMICHIGUBEZB L., BB CETDLIICLTVNDLDTH D, AETHSN
EHIRZE E(CEBERHICHS T RE(CERTEA U CRER Mtz (b S B IeE Rz PR
ITBDZEICKD. AGP HEEHDIBIEAAT OB RIAA U THEORR (LRI D EHFFEND.
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BT B

HS0 NIHEYD—RIREEES SV IRHRZEE, MIFRREEICIL <F1E T DM THD &
NS, BMDREADZXLZFRUTHREZI> bO—JLUEED. RIB(SELABY (CRZEL
ZD. JAARREUTHRUIZD T B2HIC(FZDIBEDER « DR ICES I DEERDIEEE
BT DCENIFRICERTHD. TITAMRT(HMBEMEENRIF>D RG-1 QDI ST
5> BB Y DBRICANDBR-HS U A —CEBTFRNEE T DB-1,3-H5 05 > DfEER
D2 EHRADERICER U, JSEROBERFECIIABE EOEBEZRE L.

EZETCRLAVWEBERRMZERY bY MRERED GH35 B-H50 h245 -t (TBG4) &£ 3
EREOBEAKRIDOA ST NEA - ADOEREBESARORBEBSHFT. 79> ITr7A>
A RyFSO3=ZaL—23>%170)\, TBGE MBLKBBZRHMIDANILZHAR
UTze RARICEWTRE UIEBESRDOIAEE JHBMHRRDB-H S0 b F - L U TRID
W& THho e (http://www. cazy.org/GH35_structure.html) . X fRiGERABERRTOERN S,
TBG4 DEE L DHEEFAHFR FREORSHRICEAN ST Gal, TEEHRDKRESZNLT
M<EBECHEBEERALTLVZOICH U, Galyy EFECHKEMEEERZTL TS <HBEERL
TWLWBDHTHDIZ (Fig. 2-3) b, BT YA b+1 ALICHIFDHEEEREFSEVEBES MU,
F/z. TBG4 (FAMERT Y hDORARZEAONLEWRHAE T2 & T 3 BEOBEEFRADEEL)
HSOF2wBHCTETRELICUTVE. EBIC RyF2 I3 23 L —2 3> 0ERED TBG4
(FBTHA b-1 I +1 AT TR, EHROEOY T Y+ haB U CEEZZMI Dok
heg <SrENJz (Fig. 2-6) » LIEZAY D T, TBG4 (& b RREDHIREEER(ICHSWNTHS T AU
THEDHT(FIR< . REHD AG-1 1> AG-11. AGP DFESHIBIRDDR(CEES L. REEEDSM
IMETZBI ST ErEeniz.

E=ETIHEFE P. chrysosporium HEAT D GH43_sub24 (CHFEENDIFYV-B-1,3-
HS505F— (Pc1,3Gald3A) DT RAEFH KLU catalytic acid D Glu DEEAKREB-1,3-Gal3 &
DEERD X SERBERRNTE KO 772 B > TIVIU T 7 A2 A MEITD e AARICKDRE
UTEABIE FERAEYID GHA3_sub24 HKIUBMIRERIC Gal3 MEE LIeBE L U THROEE

ToHho e (http://www.cazy.org/GH43_24_structure.html) . 10D GH43_sub24 D7 =
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FERCHI DLEBACAIEERAI(CHES UTE Gal3 L&ERELDIER. 77>H>TJILUIT7A A KT
BONTCMRE XDEERIGICEER Y = BERBEOZRRZFH L. TNSOBRETOZELE
AT UIHERMNS. Pcl,3Gal43A D catalytic acid (& Glu208. catalytic base (FEZREML(C
KD = REEEL LT D THEBET D GIn263. FEETTRIm Gal D 4 fiie ROFZEH L KFR-EZH
B U C Gal MEReH(CRE5 9 27AE(E Glul02 THDERFE L, Fe. ME/RT Y hOREEIE
ZAIEE) 1 ) COEMZ R 9 GH55 THY-B-1,3-0)LT345F —E &/ 1) CESERE/AGH3
B-IILIASAH—C LB UAER. FIBRTKIHODIED 6 it RO+ B(CHHET DAIE (CZE/N
FHEI D EB-1,6-DIR UIcliEZ) () CABJEETH DN TDZEMMMFIE LWL EAIEH) (7)) TX
W AREJEETHD SN LT (Fig. 3-14) « =5ICB-1,3-HS U5 (CHEET D CBM35 & U
THIH T, AEEZRD CBM35 DiEEZ A S M LTz, PcCBM35 M2AtEiE34thdd CBM35 L 4B
LTWT, Ca* &+ he 1 DBLTHD (Fig. 3-1) . 45T Gal3 DIBRTRIKD Gal &35
9D type C (CHEE=NSD CBM THhDERUTZ (Fig. 3-3. 3-4) .

HBSORH—ECEHSOHFT—E

THYVENS O DREERIC(IEE K A5 MIVEEZ R L THIKDRRRIGZ AR 3
BB-HSU b —CEFEDREERRDII S T5 > ZFRNCEH U TIK D FRRICZ At g
BDIFYV-HSUFF—ED 2 ENDD. ZZTIIZDRIGHEDENZERDIBEDEVNSE
£ID,

SESFTEERRDH ST > ZIKDEEOIEE/R TBG4 &B-1,3-FEE(ICHENICIFRTS
Pc1,3Gal43A OEBEREFRNZER I D L. BITYA M1 fICfIiET D Gal (Galq) (FFEITK
FREBICL > THLRHEINDIAFHETHSD (Fig. 2-3. 3-2) » —AT. HIYA b+1 41D
Gal(Gals+1) ([ TBG4 T EICHKHMEEIEAIC KDV MEEMFR TOHR#HMSNTND (I U,
Pc1,3Gal43A TREUKES (SR TKRES TN I DEERMBVVEE/ERTERE SN TLID, &
DESRIFYVESIS OB 2RI EBROFFIITIL > HEIBRTTRIEND S DRI DR-T
WA —CETFY-D)ILAF—ETEREEINTVD, HIX (&, B-1,2. B-1,3. B-1,4. B-1,6-
EEURDIVA> ZDHERTE S GH3 D HvExol {2 HjCel3A. GH1 D > R+ 7R (Rhauwolfia
serpentina) BARAKNUD R BR-DJI)LISAF -0 NIEOIDS (Zea maize) HERB-TIL
A2 —EDYTTA h1 fICHIT2BE—EEROREFREE(CHRKEEEERATH D &
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RESNTHED, B GHL TEBITYA b1 fIZEH I 277 = BEEEDREFE (HMENS &h
5. GH1 OB-J)ILASAF—C@FBT YA b1 UZBRMESED T ECKD, SHSFEREVER
HECBEUEEFERTRERLZEKRL TWDEEXSNTUD (Czjzek et al., 2001;
Hrmova et al., 2001, 2002; Barleben et al., 2007; Karkehabadi et al., 2014), —/37T. B-
1,3-JILA > (HREBIR GHS5 MR-V 1S4 —tTdH D SacteLam55A (&, HIH h+1 1
BELU+2 fICHVWTKREES EFEEERE(CKDBKNRZA T v F > OVERATREE SHHEEA
93 (Bianchetti et al., 2015), Ffe. ARD GH1 DB-TILASA —ELTEBT YA -1 arh
5+4 fID 5 DOBTHA MIBVWTENTNERDKRESZM L. BEZRGRHIDE
MESINTND, CDEERIFR-1,4-TILAH> (BILO—X) RIFTRLIB-1,3-IILA> (S=F
V) DTN, BEEEDASTVSIFU(CHITDINAELERET I EMNBESNT
\\3 (Chuenchor et al., 2008, 2011), F/ADBE. HSH RSAH—LPIILISSF—L TN
IKDEREENEZE R I PRICIBRETTRIRD Gal F/z(d Glc ZKBRREESICL > TREET DN, ETER
InIDYEE 12 (E070 U D2 BB TOHREBEVER (3D < FTREZME/RT v hOBYRMIE(CE
E'IREENCTERNENR D, —ATHSOIF—EWRIILAF—EBTEFBITTA b1 AL
(TTIRL+1 I CORB EDIHBIFRAGRER#MICEETHD . =5(C+2 UEDOB T YA KT
CEELHEFRIIHBER I LHICHRENE < BO>TVDEEXBND, UELD. I
FVEEENIKDREROBRBRFREEORAFREEOBE S (IY T 51 M1 AIBEDOEDY D
HA MBI DHEEERDRE CABENG D, A5 O SF - (DIILOSF—F) THDINH
SO5F—T (DILHF—T) THIMNEIBITHA b1 ALCHITDEE EDEBIERDREHR
ELTWDEFERDITBND, IdB. T REDHSUY > DfEfEZERTIE GH53 DI R-B-1,4-
HS0FF—COIEEBEDHNASHNIRD> TWLDH (Fig. 1-7) « GH53 DHSUFF—E(C
BWTHEEDODYTHA MEFTTRLB I YA M1, +2 fLCHIFDEELERANSEL (Le Nours et
al., 2009) CEMS. BT > DEERIDZRHICIFIEDH T HA ROFENKETNEWNR D,

BSOS - (TBG4) . TFV-HS505F— (Pc1,3Gald3A) . Aspergillus aculeatus
K GH53 I> R-AH505F—t (AaGal) OREEBEZ LR T D & TBGA OFEMEMRT v MK
AODE < FAVWZENRWRSHROEEZ & 2DICHK U, Pcl,3Gal43A (AR RAONS
KTy hOEFE TREEDBEROEROEEZ LD, E5(CIBRITFKIRD Gal (Gal.1) D 61D
BN SIRZERZED (Fig. 3-14. A, 4-1) . LA > T TBG4 TIFARE/RTw BAONL L
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HICERA AR OBRE CTHIREE(CR5T . BA DFELEZREDBECIRDTUD,

ZNISHUT, Pcl,3GalA TIFB-1,3-HS U5 EHODFECFHELTZESEZ ED>TWD, TD
KDIBERNFHC KD TBGA H'B-1,3-H5 05> &0 DIRIC(EB-1,6-35 05 AlfH=E )\
1)VCAET Pc1,3Gal43A (IB-1,3-FEEUNDIIS U b2 )UEEZ DA UIZWEBNGRIATE
Do FIE—73TI FEID AaGal TIFAHEEMIIX<HAWCZIL T MBEZ Lo TH D, BDY
THA MUICFEEELRD S DBENMFTELRL (Fig. 4-1. C) fz8IC GH53 [FWRU X —DAERZ
DEITDCENFETHDENZD. UEKD. BSOYDEBEZRORIGAEE-2 D&Y
TYA bOFEOHEETIY RENMTFVENREDFSN. TLTHIT YA b1 UDRHD
S TRAEMUOEBEREMENEVNMEVD. IRDEAST MY —ENHSI5FT—EMNNR

EDT5NS.

WM EWMEMDI S DB >3 REE

EMEB-FIS D R —UBILFaEHEL. FEVPHRREMICKDEBRZEVDITTND
(Smith and Gross, 2000; Tanthanuch et al., 2008; Chandrasekar and van der Hoorn,
2016). BIZ(E. MY RRETHEIRI D 17 D TBG 71 VT A LADSBEERFFENMFHO TSN
TULBDDIETBGL, TBG4. TBG5 D 3 DCTHD (Ishimaru et al., 2009; Eda et al., 2014),
ZDSE TBGL (FREDRZHACIEEN (SECTFRIREMEN L. TBG4 (IFHADHR THESF(C
HREEER DA ST b IUEEMDEENME T I DRHACBLFRIRENEE (CIENMUZDORIET
IRDDICH U, TBGS B FIFIEEMICHEIRL TLDIM, FFICHEEIER SRFHAICBLFOFR
MEMBEMNIT D, CDKDICTINS 3 DOERDBILFFWVWITNEHMEHAICHKIRT DIEHICRE
DFALICEAS5 T B EEZ SN TLYS (Smith and Gross, 2000), TBG4 (EB-1,3. B-1,4. B-1,6-
HEEDOAVUIWECH U Tk EEEME%~I (Ishimaru et al., 2009) B, PAVYHTALATHD
TBG1 (FB-1,3. B-1,6-H50 bAUTHECH U THIKDEREEZRL. S5 (CHEEREMERT
(Eda et al., 2014), TBG5 (&B-1,3. B-1,6-ASU bAUTHEICK U THIKDERESEZTRT
(Ishimaru et al., 2009) 7z, b hRETI(IERHEACHKIR T DIFMEDEIRDERZEVD T
TWBENRD. CORDIRBERDENDFE Y MRS TMOEN TERS =N TS D, fl
ZE2OA4RXFXFTEENTNERDMEEER I D 17 OB-HS0 b3 -T2 ENDITF TN
DEHRETNTLVS (Ahn et al., 2007; Dean et al., 2007; Gantulga et al., 2009; Sampedro
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et al., 2012; Chandrasekar and van der Hoorn, 2016).

WINT> RBEDH SO DfFiETREEEE T GH35 B-HS5U b F—EDHZEEEE
IHEARELTE, MREDHFIBEDHMIFOAIRFEN (CERRANSUY > 2T REIDEER
TRHBCHREITDLDE. TFVEBERTHRAICHEIDAMMENCEO>TEELLWNSTHD
EEBZBND. FICREDBICEFCHWTIINRTFUAFIVIAFTS—EWORUASOVOF—
v, B-HSO G-, 7SEI) TS /SF—TCREDEROFRIREMENL. RTF> DR
SEvINEE. AIBEHOPHEOIBZIRE (C5ISEI I T EICKDRRISHIRRED HFHIREN
KT 93 (Brummell, 2006; Prasanna et al., 2007; Wang et al., 2018). #lf2EEhT(d RG-
I OFMBRAIE TS D HSIIPTSEF R EOEENM)ILO—-X =007 1« TUILPFS
OJIWH>Z(FUSHETIAZTILO-R, BID RG-1 BFEHAEIER UM EI8OHRCES
I3 (Zykwinska et al., 2007, 2008) /z&. HHFREEDHFEMEE EEERDBMRICDWLTIASH
([CFTBDLETE ARIFEHCIEAT DERIZ T TR AHIC/ER I 2L DERENEE TH D,
b RRETERUASOVOF—TEGFORRZIH L. ROFORESZINH U TER
EDOFILDIZE (FEFER & EARBUCDIRE (CKERE(EHSNRM D2 (Kramer et al., 1992)
. ASO A —TELTFORRZIHE T EREOTEAMIFI =N/ (Smith et al., 2002)
128, BFCEIEDBIRICHNWTIEH ST b —TEEMNIERICEETH D, IR0 5. ENE
BSOS —CEBLFORRICIDASOS>ORHEEI hMO—-ILI D ETREOEEE
LU TVWDEWVNR D, UIER DT, COZTENSTIEMEHNS U2 "2S S LIHHET DT
> R-BSOFF—EXDERGNSIRL (CRRTDB-HSD A —TZEGFO EHEREND.
T REELDUMNCHEERE. HF (Diospyros kaki) BE. A FIRERETHEMKRICREDHE
E, BIER(CB-HS0 b —TCELCFRIAREDIE /N AHS5NSD (Trainotti et al., 2001; Ban
et al., 2016; Guo et al., 2018). O RXFXFTIIHENNRILE> D—ETHDIZ v AE B
CHREUVUTCELFNESELCRRIDITAVIALEERLERLRVWIAYTALNSD
(Gantulga et al., 2009). 1 R T(FEFRE(CKDEBLTFRREMEN T D71 VT A LADIEREER
HAN'R/2D (Chantarangsee et al., 2007) 2E LW EIREND D, DEDEYIIFIEERPE %=
AU DRIBICHEICISE T RIZHIC. HOPIMERHICHNTORINCHSII>ZDHEY
DIFVEDERZRANTWLWDEEZSND,
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Exo Endo:

Fig. 4-1. Surface structure comparison of exo- and endo-acting galactan

<
<

degrading enzymes.

A: GH35 B-galactosidase, TBG4 (PDB ID: 6IK6), B: GH43_sub24 exo--1,3-galactatnase,
Pc1,3Gal43A (PDB ID: 7BYV), C: GH53 endo-B-1,4-galactanase, AaGal from A. aculeatus
KSM 510, (PDB ID: 6Q3R).

BRIFRL BRI 7 IV—(CBI DI REL THVEDHS U > NiEMEZTRZELE I D (Table.
1-2) B SNEEASTIHFETDIRIBECENEBURD LI IRIC(E. DFEDAETVZHE
HERINKBELEFRANCEDAD DD FEICETHRIDREND Dz (Pakula et al.,
2005; Husain, 2010). FEEM(CEFENLRIY REBSIUVIFVROEBZRZAVWTRRICES
BEZETITDILLCELD. NRORWIS T DORREMDIAFHZBIREIC LTS EHERIEN
%. BFENEIDHSTY > DEBRELFREHITFOOIENE I DN STY > DHRERERT
BECLEXTIREETHELIR (Table. 4-1) . Flz. BEREH ST > DEEZRLSNIERDTF
> DEEMERKRKT TPD HG. RG-1. RG-1I FiHEDHEI DTV /RUSSoOVOF—EPI>
R-RUASOVOF—C, ROFUF-CABEOT7SEF > 2RRITDI7oEFF—E, 7
SE IS )2 —TCREDRLAIRRROF O RERZFILL (van den Brink and de Vries,
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2011; Rytioja et al., 2014). CNSI(IHRANCERAIDIEZEZISNTLSD (Kondo et al.,
2020) HY WIEDBFENELET DRI F 2 DHEEREILFOBEDRTFOSEICLERIEE(C
DIRLY (van den Brink and de Vries, 2011; Benoit et al., 2012; Rytioja et al., 2014), £
1z HEDHF T3 X (EREAHHED B. thetiotaomicron VPI-5482 ¥k TINS5 045 > D fiRtER &
LT GH2. 35. 42, 53. Bifidobacterium longum subsp. longum JCM1217 #£TI(& GH2. 30.
42, 43_sub24, 53 ([CHFENDIERZETNETNEBLTWSD., —7A. TIEME®D Clostridium
thermocellum (3 GH30.43.53. Streptomyces sp. NA04227 (£ GH16_sub10.35.43_sub24,
fiizs L > HERKED S. pneumoniae ATCC49619 #kIE GH35 (CHEEINDIBRZENTNEITD
RE HEEERCRRICET DSV NEHEEROBRPHRIIERECKI O TEIRED, L.
HSO5 > DEREEFREFDOPR TEHFC. GH16_10 ([CHEENBII> R-B-1,3-H509F—E(&
gum arabic Y2HSIVDFSE I HSUF> (LWAG) DLD/RB-1,6-H505 AUHD I
SAREMNE UV AG-II ([C(IERTE R0 WY AGP OB Z B S D AG-11 DX SR ISSERE DK
WAG-II (W UTIHMERT D EWDHEENSHD D (Kotake et al., 2011; Kalomoiri et al., 2019).
P. chrysosporium > I. lactes DK SRBRAMBHEIE GH16_10 OHSIFF—CZEBET
(Table. 4-1) . P. chrysogenum DX DRI EX, Streptomyces sp. NA04227 MDD LSt
BICERBUTIEMORIERE E /8D K DREIE GH16_10 #5925 (Table. 4-1) . &J/z. GH35
B-HSU A —COHRICIFAENMES LU TVWDERIGTERVEREHD (Kondo et al.,
2020). GH43_sub24 OIFHY-B-1,3-73505F—ED) 1) CEE (SHERERDERLDE
BEERROEZROANE L (Ichinose et al., 2005, 2006 a,b). GH53 DI > R-B-1,4-757
S —CORERICEY SHEDER T (IRARBRESEDOA U IEZIERH I 2D(CH UERDEE
R TCIIHEMES —ExEE I D (Sakamoto and Ishimaru, 2013) 72&, ZEROFME(SHRRD
HDBMAC KD TERD. CDED . SEXIFRENE T DHS UL D IREE IR OIEFEF L.
ZOHEPBAFERNEB U CWDRBPECRRREE U TCVWDIEEDENCERTDEERS
N3, SSCRENE I DINRTFUNREREE ORUASoYOF—EPRIF U7 -0 E)
V. BT OREDDRICENDEER (PS8 IS /3BT 035-U1RE) OF
FEVOHICEA L CTEREBZROEENFHSNSD (van den Brink and de Vries, 2011; Benoit et al.,
2012) 1z, BRDH SO DB ZIASNC I DIZHICEAS T b -CPOHSO5 T
— LS DOBERICEEB U TR ZITOREN DD, ULIEht>T. BRAFTHW\WSNDHSD
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NA U THEOLEERD/ A AT ADOELIRE DFEENZRRICERLERY. 505> OEEHE
HICAWDERZ AU -9 3R ICIIBEEOEYECEEEHI D ENEETH D,

B EDEKD(CAAFRTIE GH35 [CBI D B-HST hSAF—T & 3 DOBERRDH ST hE
FA—REDEREEESHOEE (BB25) . GH43_sub24 (CBIDIFV-B-1,3-H5045F
—CDT7REIUEREEESHDIEIE. CBM35 (CE I IEER[SETS 1—/LOIMFIEE (=
5) ZTNTIUEMEBRDB-HS 0 M-, BEREROIFYV-B-1,3-H505F—E. B-
1,3-HS5 05 4&EME RS CBM35 EUTENTENHIO TREL. BEROEERMEIES X
UfEMAE S CBM DU REZEHABZIASHNC Uz, HT045 > (SBYIRRREE D FHEE
ZERFUEDMREZIBEIDISOXITEERLZIERE THOD (Moneo-Sanchez et al., 2019,
2020). $F(CREPEFEQREOERMDKEVPER/ A AT A 2N - BIERT DH(CEES
S92 FUDHETIRTFUDOBEEEERENTHD (Edwards and Doran-Peterson,
2012). E5(CHTU MAVTHEEERRDFCSVNTEIEEN TS (Picard et al., 2005;
Husain, 2010) (CEBENST . CNSOBRICIHFB(CERIZA S U > DEEERICEA T MR
FLETDEFEVENDC. ZOLDIRRRCH VN TARRATSHBYI VO EFADEE SR DY & YL K18
EEOHEBICEAL TERNRHMRZEIE5 UIcEWR D, FleeHIC, SEROBEERHMICED
DV HBREEREL, RHHBTIRIELCIC Y. RERZEAUTCENOIFMZE T dEER
ZER T DIEHDENMND ER2DEHRZEZSIT ENTSZEEZSND, Fe. WLO—-X
DR TIRIBESN TS (Master et al., 2004) DERRRICHTIE > DEECHVNTHEID U
IO, WEMIERCHEHOESEZ R T ICIBREELET D EHESHCLEEZD. HSUH
SRRICERZRAVDIRICEENICEDEERROERZAVNDCENBRATHD ERUE, K
MR TESNIZCNSDIMENMEN CEFTND IS TH > OrEEIBIE. FIAICET HRDOFE
RICHFS L. RN (CHFRARIGHARDOERO—iHZED C L ZBEOVMMEE T 5.
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Table 4-1. Gene numbers of galactan degrading enzymes in fungi.

. GH5 GH16 GH30 GH43
Organisms 16 10 5 GH35 24 GH53 Total

Aspergillus

Ascomycete niger CBS 1 0 0 5 1 1 8
513.88
Fusarium
oxysporum 2 1 1 6 0 2 12
Fo47

Neurospora
crassa OR74A

Penicillium
chrysogenum

Saccharomyce
S cerevisiae 0 0 0 0 0 0 0
B14

Trichoderma
reesej

Armillaria
Basidiomycete mellea DSM 1 0 0 8 1 2 12
3731

Flammulina
velutipes

Gloeophyllum
trabeum

Irpex lactes
CCBAS Fr. 238 0 0 0 4 1 1 6
617/93

Phanerochaete

chrysosporium

Pleurotus

eryngii 0 0 0 4 1 1 6
ATCC 90797

Trametes
versicolor

The number of genes are based on CAZy database (http://www.cazy.org/) and The
fungal genomes resource https://mycocosm.jgi.doe.gov/mycocosm/home (Grigoriev et
al., 2012; Nordberg et al., 2014)
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Abstract
Main conclusion TBG4 recognize multiple linkage types substrates due to having a spatially wide subsite + 1. This
feature allows the degradation of AGI, AGII, and AGP leading to the fruit ripening.

Abstract f-galactosidase (EC 3. 2. 1. 23) catalyzes the hydrolysis of p-galactan and release of p-galactose. Tomato has at
least 17 B-galactosidases (TBGs), of which, TBG 4 is responsible for fruit ripening. TBG4 hydrolyzes not only p-1,4-bound
galactans, but also p-1,3- and p-1,6-galactans. In this study, we compared each enzyme—substrate complex using X-ray
crystallography, ensemble refinement, and docking simulation to understand the broad substrate-specificity of TBG4. In
subsite — 1, most interactions were conserved across each linkage type of galactobioses; however, some differences were
seen in subsite + 1, owing to the huge volume of catalytic pocket. In addition to this, docking simulation indicated TBG4
to possibly have more positive subsites to recognize and hydrolyze longer galactans. Taken together, our results indicated
that during tomato fruit ripening, TBG4 plays an important role by degrading arabinogalactan I (AGI), arabinogalactan II
(AGII), and the carbohydrate moiety of arabinogalactan protein (AGP).

Keywords f-galactosidase - Substrate-recognition - X-ray crystallography - Simulation

Abbreviations E181A_p-1,6-Gal, EI181A_p-1,6-galactobiose complex
TBG4 Tomato p-galactosidase 4 CBM Carbohydrate-binding module
AGI Arabinogalactan | DP Degree of polymerization
AGII Arabinogalactan II
AGP Arabinogalactan protein
GH Glycoside hydrolase Introduction
WT_Gal Wild type_b-galactose complex
structure Plant primary cell wall has a very complicated structure

E181A_f-1,3-Gal, EI81A_f-1,3-galactobiose complex and is mostly composed of cellulose, hemicellulose, pectin,
E181A_f-1,4-Gal, EI81A_f-1,4-galactobiose complex and proteoglycans, with structural proteins filling the gaps.
Especially during fruit development, the cell wall structure
changes; some relationships between the content of galac-
tosyl residue in the cell wall and fruit ripening have been
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with attached carbohydrate moieties, whose main chain is
f-1,3-galactan and side chain is 3-1,6-galactan (Kotake et al.
2005), hence, indicating that galactose is released from these
regions during fruit ripening.

p-galactosidases (EC 3.2.1.23) are widespread glycoside
hydrolases (GHs) characterized by their ability to hydrolyze
non-reducing terminal galactosyl residues of f-p-galactans,
galactosyl compounds including AGP, human milk oligo-
saccharide, lactose, and so on. The enzymes are currently
classified into eight GH families, i.e., GH1, GH2, GH35,
GH39, GH42, GH59, GH147, and GH165 in Carbohydrate-
Active enZymes (CAZy) database (https://www.cazy.org;
Henrissat and Grenoble 1991; Henrissat and Bairoch 1993,
1996; Davies and Henrissat 1995; Davies et al. 1997; Lom-
bard et al. 2014). GH43 also contains enzymes that exhibit
f-1,3-bond specific p-galactosidase activity (EC 3.2.1.145,
CAZy database), but here we focus on the -galactosidases
in EC 3.2.1.23. While p-galactosidases of GH1, GH2, GH39,
GH42, GH59, GH147, and GH165 have been found in
microorganisms, those of GH35 are widely found in micro-
organisms, animals, and plants. Vast number of genes coding
for p-galactosidase have been identified in plant genomes,
and they are mainly assigned to GH35 (Ishimaru et al. 2009).

In plants, B-galactosidases play important roles in physi-
ological events, including cell expansion and cell wall deg-
radation, and in the turnover of signaling molecules during
fruit ripening (Gilbert 2010). Especially in tomato, galacto-
syl group content changes significantly during fruit devel-
opment, and f-galactosyl content in cell wall is reduced to
half at 10 days post-pollination (dpp) till the mature green
stage (approximately 40 + 5 days), and further reduced to
half from the breaker stage to the red-ripe stage (approxi-
mately 8 +2 days); exo-fB-galactanase activity is known
to increase in the fruit developing stage (Kim et al. 1991;
Redgwell et al. 1997). Physiological studies have suggested
exo-f-galactanase activity to increase by 4 to 5 times with
increase in free galactose content, which may be related
to the reduction in galactosyl content of the tomato fruit
cell wall (Pressey 1983; Kim et al. 1991; Carey et al. 1995;
Smith et al. 2002); however, actual mechanisms of these
changes still remain unknown. Smith and Gross (2000) had
reported seven B-galactosidases (EC 3.2.1.23) in tomato, and
later, and Chandrasekar and van der Hoorn (2016) found ten
additional p-galactosidases. Thus, at least 17 B-galactosidase
(TBG) genes have been identified in tomato. Smith and
Gross (2000) revealed that transcriptional level of one of the
genes, TBG4, is high during the breaker to red-ripe stage.
Down regulation by antisense tbg4 resulted in 1.4-times
firmer tomato fruits than control, clearly indicating TBG4 to
be responsible for tomato fruit softening (Smith et al. 2002).

Most of pB-galactosidases belonging to GH35 recognize
and hydrolyze p-1,3- and/or pB-1,4-bound galactans (Cheng
et al. 2012). On the contrary, TBG4 hydrolyzes not only

@ Springer

p-1,4-galactan, but also p-1,3- and f-1,6-galactans (Ishi-
maru et al. 2009), suggesting TBG4 to adopt a mechanism
to recognize and hydrolyze more various types of galac-
tosyl linkages then other GH35 p-galactosidases. Relative
activity of TBG4, revealed against -1,3-galactobiose and
[-1,6-galactobiose, is approximately 0.67 and 0.10 times that
against p-1,4-galactobiose, respectively (Eda et al. 2016).

Eda et al. (2015, 2016) heterologously expressed TBG4
using the yeast Pichia pastoris, characterized rTBG4 and
solved the X-ray crystal structure of the enzyme with
and without p-galactose. TBG4 was seen to comprise of
a catalytic (p/a)g-TIM barrel domain, followed by three
p-sandwich domains (Eda et al. 2016). While the core
structure of the catalytic domain has a conserved GH35
B-galactosidase, its substrate specificity varies from other
enzymes (Eda et al. 2016). Furthermore, there is no struc-
tural evidence of how TBG4 recognize such various linkage
types of ligands. Therefore, in this study, we compared three
linkage types of ligand-substrate complexes using X-ray
crystallography, ensemble refinement, and docking simula-
tion to reveal the mechanisms of broad substrate-specificity
of TBG4.

Materials and methods
Protein production, purification, and crystallization

The production and purification of recombinant TBG4 (wild
type; WT) and E181A, which is the mutant of catalytic
acid/base residue, were performed as described previously
(Eda et al. 2015), with the crystallizing conditions being
12-16% (w/v) Polyethylene glycol 10,000 (PEG10000,
HAMPTON RESEARCH, USA) with 0.1 M HEPES buffer
(HEPES 1.0 M solution, HAMPTON RESEARCH, USA),
pH 7.3-7.5. Protein concentrations were optimized for crys-
tallization; 0.9% (w/v) TBG4 and 1.55% (w/v) E181A were
used, respectively. Under these conditions, crystals grew to
maximal dimensions of approximately 0.2 0.1 x0.05 mm
in one month. Protein concentration was assayed using Brad-
ford method using Quick Start protein assay kit (BIO-RAD,
Hercules, CA). For structural analysis of the liganded struc-
tures, p-1,4-galactobiose was purchased by Sigma-Aldrich
(St. Louis, Missouri, USA) and the -1,3-galactobiose and
B-1,6-galactobiose were prepared in the same methods as
described previously (Kondo et al. 2020).

Data collection

The crystal of WT was first soaked for 2 h in a solution com-
posed of 9.6 mM f-1,4-galactobiose, 0.1 M HEPES buffer,
pH 7.3, and 16% (w/v) PEG10000 at 277 K. Thereafter, this
crystal was soaked in a cryoprotectant solution consisting
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of 0.1 M HEPES buffer, pH 7.5, 16% (w/v) PEG10000, and
25% (w/v) PEG400.

The crystal of EI81A was grown in a solution composed
of 0.146 mM f-1,3-galactobiose, 0.1 M HEPES buffer, pH
7.3, and 16% (w/v) PEG10000 at 277 K for one month. It
was then soaked in cryoprotectant as described above. Crys-
tal of E181A, without ligand, was soaked for two days in
a solution composed of 10 mM f-1,4-galactobiose, 0.1 M
HEPES buffer, pH 7.3, and 16% (w/v) PEG10000 at 277 K.
It was then treated by Humid Air and Glue-coating (HAG)
method (Baba et al. 2013). We used polyvinyl alcohol (PVA)
4500 (Japan VAM & POVAL Co. Ltd, Japan) containing 5%
(v/v) ethylene glycol (Wako Pure Chemical Industries Ltd,
Japan) as the glue and mounted the crystal at 84% relative
humidity. The crystal of E181A was soaked overnight in
a solution composed of 2.9 mM f-1,6-galactobiose, 0.1 M
HEPES buffer, pH 7.3, and 16% (w/v) PEG10000 at 277 K.
It was then directly mounted on the testing section.

All X-ray diffraction images were collected at a wave-
length of 1.000000 A on beamline BL38B1 of SPring-8
under cryogenic conditions at 100 K, and the diffraction data
were processed and scaled using HKL-2000 (Otwinowski
and Minor 1997).

Structure determination and model refinement

Each complex structure was determined by molecular
replacement (MR) using MOLREP (Science and Technol-
ogy Facilities Council, England; Vagin and Teplyakov 2010)
in CCP4 (ver 7.0.063, Science and Technology Facilities
Council, England, Winn et al. 2011; Potterton et al. 2003).
The structure of TBG4 and p-galactose (PDB ID: 3W5G)
complex was used as the search model. Modeled structures
were refined in stepwise cycles of manual model building
using phenix.refine (Berkholz et al. 2011; Afonine et al.
2012) in Phenix (ver 1.13-2998-000, Lawrence Berkeley
National Laboratory, USA, Adams et al. 2010), Coot (ver
0.8.9, University of Oxford, England, Emsley et al. 2010),
and restrained refinement using Refmac5 (Science and
Technology Facilities Council, England, Vagin et al. 2004)
in CCP4 until the R-factor converged. These model struc-
tures were applied to ensemble _refinement (Burnley Tom
et al. 2012; Burnley and Gros 2013; Forneris et al. 2014)
in Phenix. Ensemble refinement is a method that restricts
the number of structures modeled and prevents over-fitting
of the data. All figures of protein structures were prepared
using PyMOL (ver 2.2.3, Schrodinger, LLC).

Domain annotation
Each domain was annotated based on Pfam database (Protein

ID: O081100_SOLLC and https://pfam.xfam.org/family/
Glyco_hydro_35); however, all domains were not annotated.

Therefore, we used NCBI conserved domain search (https://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), based on
full-length amino acid sequence of TBG4 (accession num-
ber: AAC25984.1). Search options were set as default. Since
it was still found to be insufficient to annotate all domains,
we used BioXGEM.3D-BLAST Protein Structure Search
server (https://3d-blast.life.nctu.edu.tw/dbsas.php; Yang and
Tung 2006; Tung et al. 2007). PDB files of third domain
(Asn416 to Glu438 and Leu586 to Arg724) and fourth
domain (Glu439 to Val415) were uploaded in the server,
followed by 3D-BLAST; setting options were as default.

Docking simulation

In order to compare the difference of binding modes, we
performed docking simulation using AutoDockVina (Oleg
and Olson 2010) on Chimera (ver 1.13.1, the University of
California, USA, Pettersen et al. 2004). Chain A of WT_Gal
(PDB: 6IK5) was used as the receptor, and each linkage type
of galactobiose made by SWEET?2 (https://www.glycoscien
ces.de/modeling/sweet2/doc/index.php, Bohne et al. 1998;
Bohne et al. 1999) was used as ligand. Receptor search vol-
ume options were set on TBG4's catalytic region (center
coordinates were x= — 50.77, y=— 31.93, and z=51.36,
sizes were x=29.38, y=39.12, and z=36.97). The maxi-
mum number of binding modes was set to 10, and exhaus-
tiveness of search was set to 8.

Statistical analysis

The results obtained from protein crystallography include
statistically processed results. The values are summarized
in the tables in the “Results” section.

Results
Domain annotation

Although the overall structure of TBG4 had been revealed,
each domain had not been annotated; therefore, we attempted
to do so first. Catalytic TIM barrel domain is known to be
conserved in all B-galactosidases. While a typical TIM barrel
domain, shown in I of Fig. 1a, has eight p/a repeats, that of
TBG4 (Ser24 to Ala343) lacks the fifth and sixth a-helices
(Eda et al. 2016). The first f-sheet domain, shown in II of
Fig. 1a, Leu344 to Val415, is a f-sandwich domain that
is conserved across GH35 family p-galactosidases (GHD,
Pfam ID: PF17834). The latter is similar to galectin, which is
a p-galactose-binding lectin. Second f-sheet domain, shown
in IIT of Fig. la, is formed by residues Asn416 to Glu438,
which consists of loop regions and two B-strands, and
residues Leu586 to Arg724, with anti-parallel -sandwich
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Fig.1 Domain organization and comparison of Ca backbones a
is overall structure of WT_Gal. Colors shoe each domain. Blue
(I) is TIM barrel domain, cyan (II) is GHD domain, orange (III) is
fibronectin type III domain, and red (IV) shows a domain belong-
ing to galactose binding domain like superfaily. b Shows compared
Ca backbones of each complex structures. WT_Gal is shown in
green, E181A_-1,3-Gal, is shown in orange, E181A_f-1,4-Gal, is,
magenta: E181A_p-1,6-Gal,, respectively

structure. This domain is similar to that in fibronectin type
III superfamily (E-value 1e-07, SCOPe ID: 49265), which
is conserved across bacteria, fungi, plants, and animals.
The last B-sheet domain, shown in IV of Fig. 1a, compris-
ing of Glu439 to Gly585, is an anti-parallel p-sandwich
domain. This domain belongs to galactose-binding domain-
like superfamily (E-value: 2e-12, SCOPe ID: 49785, Yang
and Tung 2006; Tung et al. 2007), which is found in
[-galactosidases, and not only in GH35 family. Residues
Leu500 to Val548 of TBG4 showed low similarity (E-value
0.02) with Carbohydrate-binding module (CBM) family 35,
which includes galactan f$-1,3-galactosidase (exo-p-1,3-
galactanase) from Phanerochaetechrysosporium (https://
www.cazy.org/CBM35_structure.html; Ichinose et al. 2005;
Ishida et al. 2009a).

Interaction between ligand and enzyme
in the catalytic center of each complex

Sets of diffraction data were collected from WT and E181A
crystals, containing ligands, using synchrotron radiation
(Table 1), and four structures of substrate-ligand complexes
were determined. In WT_Gal, p-galactose was located at
the same position as previously reported (PDB ID 3W5G),
although the resolution was obviously higher (1.82 A; pre-
viously 3.00 A). As shown in Fig. 1b, superposition of all
four ligand-bound TBG4 did not show any significant dif-
ference from each other; R.M.S.D. value was a maximum of
0.364 A (E181A_pB-1,3-Gal, vs E181A_p-1,6-Gal,) as listed
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in Table 2. However, three galactobioses, i.e., p-1,3-Gal,,
B-1,4-Gal,, and p-1,6-Gal,, were accommodated quite dif-
ferently at the subsites — 1 and+ 1, as shown in Fig. 2b—d,
clearly indicating that the difference in reactivity of the three
substrates was due to the difference in recognition at the
catalytic region.

In WT_Gal, some residues interacted with p-galactose by
making hydrogen bonds with O2 (Asn180-ND2), O3 (Tyr74-
OH and Alal19-N), O4 (Cys118-SG), and O6 (Tyr312-OH),
respectively, whereas Glu120, Glul81, Glu250, Trp252,
Trp255, Tyr256, and Tyr289 provided a hydrophobic sur-
face, as shown in Fig. 2e. We also tried to solve the WT
structure with $-1,4-Gal, as a ligand, but failed to observe
the galactose unit at the reducing terminal. This indicated
that TBG4 hydrolyzed f-1,4-Gal, immediately when the
crystal was soaked in the substrate-containing solution, even
in a very short soaking time (1 min, data not shown).

In subsite -1 of E181A_f-1,3-Gal,, non-reducing galac-
tose unit was similarly recognized as in WT_Gal, and it
interacted via hydrogen bonds with O2 (Asn180-ND?2),
03 (Tyr74-OH and Alal19-N), O4 (Cys118-SG), and 06
(Tyr312-OH). The clear density of reducing galactose unit
was observed in subsite + 1, while only Lys217 made hydro-
gen bonds with O2, and majority of the interaction with
Alal81, Glu250, and Tyr289 was hydrophobic, as shown
in Fig. 2b, f.

In case of E181A_p-1,4-Gal, complex, the number
of hydrogen bonds was less than that at subsite -1, rela-
tive to that in WT_Gal and E181A_f-1,3-Gal,. This is
mainly because of the lack of interaction of Tyr312 with
the hydroxyl group at C6 position, as shown in Fig. 2g.
On the other hand, Cys118, Glul120, Trp255, Tyr289, and
Tyr312 provided a hydrophobic surface that interacted with
the galactose residue. As in E181A_p-1,3-Gal,, no hydro-
gen bond was observed in subsite + 1 of E181A_f-1,4-Gal,,
although Lys217, Asn230, Glu250, and Trp252 interacted
hydrophobically with the reducing terminal galactose
(Fig. 2f).

In contrast, non-reducing galactose residue was found to
be completely upside down in E181A_p-1,6-Gal, (Fig. 2d,
h), compared to the residue in other structures. Although
the ligand is fixed at the subsites of TBG4, it could be a dis-
advantage for hydrolysis, since the glycosidic linkage faces
the other side of active site, thereby preventing any reac-
tion of catalytic amino acids with the glycosidic bond. This
“inverted” conformation was confirmed by docking simula-
tion, as described below.

Ensemble refinement of each linkage type
of galactobiose complexes

To elucidate the dynamics of overall and catalytic region
structure, each enzyme—substrate complex was refined
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Table 1 Summary of data-collection and refinement statistics

WT_Gal E181A_f-1,3-Gal2 E181A_B-1,4-Gal2 E181A_f-1,6-Gal2
Wavelength 1.0000 1.0000 1.0000 1.0000
Resolution range 41.28-1.82 (1.885-1.82) 43.40-3.10 (3.21-3.10) 46.86-2.79 (2.89-2.79) 44.6-2.80 (2.90-2.80)
Space group P212121 P212121 P212121 P212121
Unit cell 92.136 95.335 158.32790  93.608 97.954 161.25290  94.032 110.73 162.141 90  92.94 95.95 158.959 90

90 90

90 90

9090

90 90

Unique reflections 123,244 (11,826) 27,468 (2691) 42,501 (3935) 35,651 (3480)
Multiplicity 7.1 7.3 7.0 6.6
Completeness (%) 98.34 (95.47) 99.88 (99.93) 99.17 (93.60) 99.76 (98.70)
Mean I/sigma (I) 23.4 (2.68) 9.8 (2.12) 11.0 (1.82) 11.5 (2.11)
Wilson B-factor (A2) 23.09 45.66 59.09 50.12
R-merge 0.052 (0.615) 0.127 (0.615) 0.200 (0.800) 0.152 (0.755)
Reflections used in refine- 123,232 (11,825) 27,468 (2691) 42,460 (3935) 35,638 (3479)
ment
Reflections used for R-free 6167 (591) 1375 (124) 2148 (177) 1777 (170)
R-work (%) 17.31 (0.2411) 19.22 (0.2930) 19.62 (27.57) 17.78 (27.15)
R-free (%) 21.23 (0.2915) 23.67 (32.04) 27.99 (36.98) 24.63 (33.01)
Number of non-hydrogen 12,055 11,293 11,285 11,450
atoms
Macromolecules 11,062 11,054 11,054 11,054
Ligands 108 130 133 142
Solvent 885 109 98 254
Protein residues 1410 1410 1410 1410
RMS (bonds) 0.011 0.012 0.01 0.008
RMS (angles) 1.71 1.69 1.34 1.57
Ramachandran favored (%) 96.23 92.18 92.67 93.88
Ramachandran allowed (%) 3.56 7.40 6.26 5.97
Ramachandran outliers (%) 0.21 0.43 1.07 0.14
Rotamer outliers (%) 0.51 0.34 0.25 1.10
Clashscore 8.01 16.09 11.68 17.12
Average B-factor (A2%) 27.35 44.69 54.89 52.39
Macromolecules (A2) 26.61 44.66 54.66 52.13
Ligands 46.38 64.87 76.46 90.17
Solvent 34.39 23.77 51.00 42.45
PDB ID 6IK5 61K7 61K6 6IK8

Table 2 Difference of overall structures (RMSD, A)

WT_Gal EI8IA_B- EISIA_B- EISIA_B-

13-Gal2  14-Gal2  1,6-Gal2
WT_Gal 0.309 0.309 0.328
E181A_p-1,3-Gal2 0.329 0.364
E181A_p-1,4-Gal2 0.307

E181A_f-1,6-Gal2

using ensemble_refinement, that is, by combining X-ray
structure refinement with molecular dynamic (MD) simu-
lation in order to produce ensemble models fitted to dif-
fraction data, thereby making local molecular vibrations
(fluctuations) visible (Burnley Tom et al. 2012; Burnley

and Gros 2013; Forneris et al. 2014). The refinement
statistics of ensemble refinement and improvements in
statistics compared to the normal refinement are summa-
rized in Table 3. There were several differences in the
overall fluctuations across the three structures with p-1,3-
(Fig. 3a), p-1.4- (Fig. 3b), and B-1,6-Gal, (Fig. 3c); they
were basically at the surface of proteins, and hence not
able to affect substrate specificity. On the other hand, when
the view was zoomed into the catalytic region, -1,6-Gal,
showed various conformations (Fig. 4c) compared to other
ligands, although the resolution of these structures was
almost at a similar level. This indicates that p-1,6-Gal,
fluctuated more in the enzyme while p-1,3- and p-1,4-Gal,
were similarly fixed at the active site. As predicted from
the static information of ligand binding mode in Fig. 2c,
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Alal8l

Alunm’ 54

Cyst18 \gusf .
e

Tyr256

Al &
Cysl18 C
Tyr312

Tyr312

Fig.2 Substrate-enzyme interactions of each complex. a-d are sur-
face structure and 2Fo-Fc omit maps (1.0 sigma) of catalytic sites. e—
h are the schematic diagrams interaction modes drawn by using Lig-

Table 3 Refinement statistics of ensemble refinement

(g) (h) V“lf;‘g 13};7::4

8 Sl

Asn180 ;’,"n

Lys217 g

Hyeoso ir 120
'l'rplﬁ% %3 2

Tyr256

Plot (+ ver 1.4.5 Wallace et al. 1995; Laskowski and Swindells 2011).
a and e show WT_Gal, b and f show E181A_f-1,3-Gal, ¢ and g show
E181A_f-1,3-Gal,, and d and f show E181A_f-1,6-Gal,, respectively

E181A_f_1,3-Gal2

E181A_B_1,4-Gal2

E181A_p_1,6-Gal2

Refinement parameters

Relaxation time (ps) 0.2
pTLS2 (%) 0.8
Comformers (#) 18

Refinement and model statistics

Resolution range (A) 43.40-3.00 (3.10-3.00)

R work (%) 18.71 (29.77)
R free (%) 27.47 (37.68)
AR work (%) 0.51

AR free (%) —-38

Mean RMSD per structure

Bonds (A) 0.007

Angles (°) 1.039
Dihedral (°) 16.1

0.3 0.3
0.8 0.8
15 24

48.58-2.79 (2.86-2.79)

44.60-2.80 (2.87-2.80)

20.47 (29.29) 17.09 (26.04)
27.26 (33.59) 26.15 (37.35)
-0.85 0.69

0.73 -1.52

0.008 0.008

1.098 1.11

15.72 16.81

*AR work =ensemble refinement’s R work — X-Ray’s R-work

* ARfree = ensemble refinement’s R free — X-Ray’s R-free

non-reducing galactose residue is tightly recognized by
hydrogen bonds, although the reducing unit is rather fluc-
tuating. This is mainly because of the fixation of reducing
galactose unit mainly by hydrophobic interaction rather
than by hydrogen bonds accepting various connections of
galactobioses.

@ Springer

Docking simulations

To evaluate the binding energy and to compare the interac-
tion between a ligand and TBG4, docking simulations were
performed using AutoDock vina (Oleg and Olson 2010). Ten
types of ligand-enzyme interaction modes, for each linkage
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Fig.3 Overall structures of
each ensemble refinement
model. a is E181A_f-1,3-Gal,,
bis E181A_f-1,4-Gal,, cis
E181A_B-1,6-Gal,, respectively.
The colors mean same domains.
Sugars are represented as green
(carbon) and red (oxygen)

Asn180

* Alal81

Fig.4 2Fo-Fc omit maps (1.5 sigma) of based on results from each
ensemble refinement. a is E181A_fB-1,3-Gal,, b is E181A_p-1,4-
Gal,, ¢ is E181A_-1,6-Gal,, respectively. Amino acid residues are

type of galactobiose, are listed according to binding energy,
in Table 4. In all the ligands, the lowest binding energy
was similar, — 7.0, — 7.1, and — 7.2 kcal/mol for $-1,3-,
p-1,4-, and B-1,6-Gal,, respectively, and all of them retained
the productive conformation, i.e., non-reducing galactose
unit locates at — 1 subsite and glycosidic bond faces cat-
alytic residue (Fig. 5; Table 4). However, in some cases,
the ligand state 2 of p-1,4- (— 6.2 kcal/mol) and state 9 of
B-1,3- (— 5.0 kcal/mol) interacted with subsite+ 1 and + 2,
suggesting the existence of more positive subsites interact-
ing with p-1,3- or p-1,4-galactooligosaccharides in TBG4.
There also exist other regions around the active site pocket
that can accommodate $-1,3- and p-1,4-Gal,, suggesting that
the enzyme hydrolyzes the terminal galactose residue even
from polymer, like 3-1,3-galactan or p-1,4-galactan (Fig. Sa,
b). However, according to the docking simulation of p-1,6-
Gal,, most simulated models possessed some limitation for
proceeding with the reaction; some were inverted from the
ideal position of galactose at subsite — 1, causing difficulty
of B-1,6-galactobiose in binding at the right position for

Al 181/;;.
7N

represented as white (carbon), red (oxygen), and blue (nitrogen). Sug-
ars are represented as green (carbon) and red (oxygen)

being hydrolyzed by the enzyme, while the non-reducing
galactose residue remains conserved (Fig. 5c).

Discussion

Various glycosidases are well known to have rather wide
substrate specificities, and their structure—function rela-
tionship has been discussed previously. However, similar
information is lacking in case of plant GH35 galactosidases,
due to which, the actual function of galactosidase remains
unclear, although apparent induction is observed during fruit
ripening. Here, we tried the combination of X-ray crystal-
lography, ensemble refinement, and docking simulation of
TBG4 to unravel the molecular mechanisms of its substrate
specificity.

In X-ray crystallography, overall structures of the avail-
able four models were very similar to the apo (PDB ID:
3WS5F) and holo structures, regardless of the ligand shape,
indicating that no drastic conformational change occurs

@ Springer
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Fig.5 The results of AutoDockVina. a is E181A_f-1,3-Gal,, b is
E181A_B-1,4-Gal,, ¢ is E181A_p-1,6-Gal,, respectively. Colors show
each simulated model. Each color means state 1: green, state 2: cyan,

with and without substrate or with $-1,3-, $-1,4-, or B-1,6-
galactobioses (Fig. 1). Moreover, side chain conformation
of residues interacting with the ligands at the catalytic site
was well conserved (Fig. 2). To visualize local fluctuations,
we performed ensemble refinement and tested the variation
of structures. Although there were some differences across
the structures after accommodating each ligand, they were
not conformational differences, suggesting a stiff structure
of TBG4 (Fig. 3). On the other hand, regarding fluctuation
of substrates, B-1,3- and p-1,4-Gal, were fixed well, while
B-1,6-Gal, showed various patterns of binding at a subsite
(Fig. 4). This supports the previous kinetics results reported
by Eda et al. (2016) that pB-1,6-Gal, is less active compared
to the other substrates, -1,3- and p-1,4-Gal,. According to
the docking simulations in the present study, p-1,6-Gal, is
often inserted in upside-down conformation, which might
be the reason of low activity against the substrate (Fig. 5;
Table 4).

Based on our results, we realized the similarity of TBG4
with other glycosidases that hydrolyze glycosidic bonds and
produce monosaccharides from the non-reducing end; the
interaction of hydrogen bonds at — 1 subsite is quite strict,
while subsite + 1 is fixed by hydrophobic residues without
recognizing the acceptance of various types of linkages
by the hydroxyl residue of sugar unit. A typical example
is B-p-glucan glucohydrolase (BGL) of GH family 3 from
barley. This enzyme can hydrolyze $-1,2-, B-1,3-, f-1,4-,
and p-1,6-linked p-glucosides (Hrmova et al. 1996, 2002;
Kotake et al. 1997; Hrmova and Fincher 1998). Based on
X-ray crystallography and molecular modeling of the active
site, all linkages of non-reducing terminal glycosyl resi-
due, occupying subsite — 1, form hydrogen bonds with six
amino acid residues at the bottom of the active site pocket
(Hrmova et al. 2001, 2002). At subsite + 1, most of the
interactions occur with hydrophobic residues located at the
entrance of catalytic pocket; however, there are relatively

state 3: magenta, state 4: yellow, state 5: wheat, state 6: white, state
7: slate, state 8: orange, state 9: purple, and state 10: marine, respec-
tively

fewer hydrogen bonds and it binds the reducing unit only
when glucose dimer is presented (Hrmova et al. 2001, 2002).
The reducing terminal glucose moiety shows hydrophobic
n-interactions with Trp residues (Trp286 and Trp434); thus,
subsite + 1 is not “recognized” like subsite — 1, rather just
“fixed” by insertion between hydrophobic residues (Hrmova
et al. 2002). This feature has an advantage of permitting
various sugars and various types of glycosidic linkages while
making it difficult for researchers to decide the actual sub-
strate of the enzyme.

When the active site pockets of TBG4 (PDB ID: 61K7)
and barley p-p-glucan glucohydrolase (PDB ID: 1J8V) are
compared in Fig. 6, apparent difference was seen only in the
shape of the entrance. The entrance of the catalytic pocket of
TBG4 is like a “funnel,” and subsite — 1 is located at the end
of the funnel, whereas the catalytic-pocket of barley BGL
looks like a “wide nozzle” with rather thinner entrance. This
difference can be related to the conformation of glucans and
galactans. pB-1,4-galactobiose shows bulkier structure than
B-1,4-glucose (cellobiose) since axial equatorial conforma-
tions of hydroxyl group at C4, respectively. Although the
binding feature at+ 1 site is commonly hydrophobic in both
enzymes, shape of the active site is well designed to fit their
substrates.

Results of docking simulation suggested more subsites
around the active site, where p-1,3- and p-1,4-Gal, inter-
act and proposed a possible role of TBG4 in hydrolyzing
B-1,3-galactan and B-1,4-galactan polymers. In exo-f-
1,3-glucanases (laminarinases) of GH family 55 from the
basidiomycete P.chrysosporium (PcLam55A) and bacte-
rium Streptomyces sp. SirexAA-E, the glucose moiety is
released from non-reducing terminal of pB-1,3-glucan, and
there are at least six subsites (— 1 to+5) that exist on the
surface of the enzyme (Ishida et al. 2009b; Bianchetti et al.
2015). PcLam5S5A can hydrolyze oligosaccharides whose
DPs are smaller than 6 (laminaribiose, laminaritriose,
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(d)

Fig.6 Comparison of surface structures of catalytic pocket and the
appearance of “funnel” and “wide nozzle”. a is E181A_f-1,3-Gal2
(PDB ID: 6IK7), b is barley p-p-glucan glucohydrolase (PDB ID:
1J8V). Green and red show carbon and oxygen of reducing terminal
galactose (a) or glucose (b). ¢ and d are pattern diagrams. ¢ is “fun-
nel,” and d is “wide nozzle,” respectively

laminaritetraose, and laminarihexaose), but the enzyme
shows higher activity against the longer laminarioligosac-
charides (Ishida et al. 2009b). Considering that GH family
55 laminarinases also carry the funnel-shaped active site,
TBG4 may show higher activity against longer saccharides.
TBG#4 has been considered to have both f-galactanase and
exo-galactanase activity (Carey et al. 1995) and hydrolyze
galactan (Ishimaru et al. 2009; Eda et al. 2016). Therefore,
our hypothesis might explain the reason from structural
biology approach. Moreover, TBG4 may hydrolyze even if
substrates have side chains, owing to the huge entrance of
catalytic pocket, thus indicating that TBG4 may degrade not
only AGI, but also AGII and AGP during fruit softening.
Further experiments may disclose the actual mode of action
of TBG4 in fruit ripening.
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Arabinogalactan proteins (AGPs) are plant proteoglycans
with functions in growth and development. However, these
functions are largely unexplored, mainly because of the com-
plexity of the sugar moieties. These carbohydrate sequences are
generally analyzed with the aid of glycoside hydrolases. The
exo-f3-1,3-galactanase is a glycoside hydrolase from the basidio-
mycete Phanerochaete chrysosporium (Pc1,3Gal43A), which
specifically cleaves AGPs. However, its structure is not known
in relation to its mechanism bypassing side chains. In this study,
we solved the apo and liganded structures of Pc1,3Gal43A, which
reveal a glycoside hydrolase family 43 subfamily 24 (GH43_
sub24) catalytic domain together with a carbohydrate-binding
module family 35 (CBM35) binding domain. GH43_sub24 is
known to lack the catalytic base Asp conserved among other
GH43 subfamilies. Our structure in combination with kinetic
analyses reveals that the tautomerized imidic acid group of
GIn®® serves as the catalytic base residue instead. Pc1,3Gal43A
has three subsites that continue from the bottom of the catalytic
pocket to the solvent. Subsite —1 contains a space that can
accommodate the C-6 methylol of Gal, enabling the enzyme to
bypass the 3-1,6-linked galactan side chains of AGPs. Further-
more, the galactan-binding domain in CBM35 has a different
ligand interaction mechanism from other sugar-binding
CBM35s, including those that bind galactomannan. Specifi-
cally, we noted a Gly — Trp substitution, which affects pyra-
nose stacking, and an Asp — Asn substitution in the binding
pocket, which recognizes B-linked rather than a-linked Gal
residues. These findings should facilitate further structural
analysis of AGPs and may also be helpful in engineering de-
signer enzymes for efficient biomass utilization.

Arabinogalactan proteins (AGPs) are proteoglycans charac-
teristically localized in the plasma membrane, cell wall, and
intercellular layer of higher land plants (1), in which they play
functional roles in growth and development (2). The carbohy-
drate moiety of AGPs is composed of a 3-1,3-D-galactan main
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chain and -1,6-p-galactan side chain, decorated with arabinose,
fucose, and glucuronic acid residues (1, 2). The chain lengths
and frequencies of side chains are different among plant species,
organs, and stages of development (3), and the overall structures
of the carbohydrate moieties of AGPs are not yet fully under-
stood. Degradation of polysaccharides using specific enzymes is
one approach to investigate their structures and roles. In this
context, exo-B-1,3-galactanase (EC 3.2.1.145) specifically cleaves
the nonreducing end B-1,3-linked galactosyl linkage of 3-1,3-
galactans to release D-galactose (Gal). In particular, it releases
[B-1,6-galactooligosaccharides together with Gal from AGPs (4,
5) and is therefore useful for structural analysis of AGPs.

The basidiomycete Phanerochaete chrysosporium produces
an exo-B-1,3-galactanase (Pc1,3Gal43A; GenBank™™ accession
no. BAD98241) that degrades the carbohydrates of AGPs when
grown with 8-1,3-galactan as a carbon source (6). Pc1,3Gal43A
consists of a glycoside hydrolase (GH) family 43 subfamily 24
(GH43_sub24) catalytic domain and a carbohydrate-binding
module (CBM) belonging to family 35 (designated as PcCBM6
in (6)) based on the amino acid sequences in the Carbohydrate-
Active enZymes (CAZy) database (RRID:SCR012935) (6-8).
The properties of the enzyme have been analyzed using
recombinant Pc1,3Gal43A expressed in the methylotrophic
yeast Pichia pastoris (6). The CBM35 of Pc1,3Gal43A was char-
acterized as the first (-1,3-galactan—binding module, and
Pc1,3Gal43A showed typical GH43_sub24 activity. The enzyme
cleaves only 3-1,3 linkages of oligosaccharides and polysaccha-
rides but produces 3-1,6-galactooligosaccharides together with
Gal. Thus, Pcl1,3Gal43A specifically recognizes (3-1,3-linked
Gal but can accommodate 3-1,6—bound side chains (6).

Glycoside hydrolases are classified into families based on
sequence similarity, whereas they are also divided into two
major groups according to their catalytic mechanisms (i.e.
inverting enzymes and retaining enzymes) (9, 10). Inverting
enzymes typically utilize two acidic residues that act as an acid
and a base, respectively, and a hydroxyl group connected to
anomeric carbon inverts from the glycosidic linkage after the
reaction. GH43 enzymes are members of the inverting group
and share conserved Glu and Asp as the catalytic acid and base,
respectively (8), but GH43_sub24 enzymes lack the catalytic
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Crystal structure of fungal GH43 galactanase

Table 1
Data collection statistics
Values in parentheses are for the highest-resolution shell.

SeMet
WT Gal3 E208Q Gal3 E208A Gal3
Data wWT Peak Edge Low remote  High remote soaking co-crystal co-crystal
Space group P1 P2, P2, P2, P2, P2,2,2, P2, P3,21
Unit-cell parameters
a,b,c(A) 40.5,66.3,74.0  66.4,50.5,75.8 50.8,66.6,106.4 66.1,50.4,75.7  156.7,156.7,147.7
a, B, v (degrees) 72.0,84.7,82.1  90.0,111.9,90.0 90.0, 90.0,90.0  90.0,111.3,90.0 90.0, 120.0, 90.0
Beam line PF BL-5 PF BL-6A PF BL-6A PF BL-6A PF BL-6A PF-ARNW12  PF-ARNE3 PF-AR NE3
Detector ) ADSC Q315 ADSC Q4R ADSC Q210 ADSC Q270 ADSC Q270
Wavelength (A) 0.90646 0.97882 0.97950 0.98300 0.96400 1.0000 1.0000 1.0000
Resolution (A) 50-1.40 50.0-1.80 50.0-2.00 50.0-2.00 50.0-2.00 100.0-1.50 50.0-2.50 100.0-2.30
(1.45-1.40) (1.86-1.80) (2.07-2.00) (2.07-2.00) (2.07-2.00) (1.55-1.50) (2.54-2.50) (2.38-2.30)
Reym 0.054(0.370) 0.079 (0.672) 0.061 (0.307)  0.060 (0.303)  0.062 (0.307)  0.046 (0.109) 0.143 (0.399) 0.167 (0.627)
Completeness (%) 95.6 (89.0) 100.0 (99.9) 100.0 (100.0)  100.0 (100.0)  100.0 (100.0)  97.5(94.9) 96.2 (83.0) 99.1 (92.0)
Multiplicity 3.8(3.1) 14.0 (12.6) 7.2 (6.9) 7.2 (6.9) 7.2 (7.0) 9.2 (8.9) 4.4 (3.0) 9.7 (5.1)
Average I/o(1) 24.4(2.8) 36.6 (4.7) 30.9 (8.3) 30.8 (8.2) 31.3(8.2) 48.9 (21.0) 13.5(2.7) 17.9 (2.7)
Unique reflections 136,692 (12,747) 43,643 (4,353) 31,744 (3,139) 31,760 (3,144) 31,780 (3,146) 57,278 (5493) 16,007 (702) 92,497 (8,510)
Observed reflections 520,085 613,162 227,158 228,381 228,595 524,957 69,939 900,469
V4 2 1 1 1 4

base Asp (8, 11, 12). In Ct1,3Gal43A (from Clostridium thermo-
cellum), Glu'** was thought to be the catalytic base (13), but in
BT3683 (from Bacteroides thetaiotamicron), Glu>®” (corre-
sponding to Glu''? of Ct1,3Gal43A) was found not to act as a
base but to be involved in recognition of the C-4 hydroxyl
group of the nonreducing terminal Gal, and instead, GIn®”" is
predicted to be the catalytic base in the form of an unusual tau-
tomerized imidic acid (12). An example of GH lacking a cata-
lytic base, endoglucanase V from P. chrysosporium (PcCel45A),
is already known, and based on the mechanism proposed for
this enzyme, it is possible that tautomerized Gln functions as a
base in GH43_sub24 or that this Gln stabilizes nucleophilic
water. PcCel45A lacks the catalytic base Asp that is conserved
in other GH45 subfamilies (14), but it uses the tautomerized
imidic acid of Asn as the base, as indicated by neutron crystal-
lography (15). However, it is difficult to understand the situa-
tion in GH43_sub24, because no holo structure with a ligand at
the catalytic center has yet been solved in this family. Moreover,
no structure of eukaryotic GH43_sub24 has yet been reported.

The CBM35 module is composed of ~140 amino acids. This
family includes modules with various binding characteristics
and decorated with xylans, mannans, 3-1,3-galactans, and glu-
cans (16-21). The family members are divided into four clus-
ters based on their sequences and binding specificities (17).
The structures of CBM35s binding with xylan, mannan, and
glucan have already been solved (16-21), but no structure of
3-1,3-galactan—binding CBM35 has yet been reported.

In the present work, we solved the apo and liganded struc-
tures of Pc1,3Gal43A. Based on the results, we discuss the cata-
lytic mechanism and the mode of ligand binding to CBM35 in
the two-domain structure.

Results
Overall structure of Pc1,3Gal43A

The crystal structure of the SeMet derivative of Pc1,3Gal43A
was first determined by means of the multiwavelength anoma-
lous dispersion method, and this was followed by structure
determination of the ligand-free WT, the WT bound with Gal
(WT_Gal), the E208Q mutant co-crystallized with -1,3-galac-
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totriose (Gal3; E208Q_Gal3), and the E208 A mutant co-crystal-
lized with Gal3 (E208A_Gal3). Data collection statistics and
structural refinement statistics are summarized in Tables 1 and
2, respectively.

The recombinant Pc1,3Gal43A molecule is composed of a
single polypeptide chain of 428 amino acids (GIn*'-Tyr**®)
with two extra amino acids, Glu*® and Phe?’, derived from the
restriction enzyme cleavage site, which are disordered and thus
were not observed. The protein is decorated with N-glycans
because it was expressed in Pichia yeast. Up to three sugar
chains are attached at Asn”®, Asn'®*, and Asn®*’; the attached
chains vary in position and structure, and most contain one or
two GlcNAc moieties.

Pc1,3Gal43A is composed of two domains, and ligands intro-
duced by soaking or co-crystallization are located in a subsite of
the catalytic domain or the binding site of CBM35 (Fig. 1). The
N-terminal catalytic domain consists of a five-bladed B-propel-
ler (GanI—Gly325), as in other GH clan-F enzymes, and the C-
terminal domain (PcCBM35) takes a B-jellyroll fold (Thr32°-
Tyr**®) structure, as in previously reported CBM35s (16-25).
PcCBM35 contains one calcium ion near the end of the first
B-strand on a different domain surface from the plane to which
the ligand binds (Fig. 1). The structure of PcCBM35 is similar
to those of other known CBM35s. The interface area is 686 A>
and includes many water molecules. The PDBePISA server
(RRID:SCR015749) indicates that the enzyme forms a complex
in the crystal, but this is an effect of crystallization, and the
enzyme exists as a monomer in solution (data not shown).

Sugar-binding structure of the Pc1,3Gal43A catalytic domain

The five-bladed B-propeller exhibits an almost spherical
structure, and two central cavities are located at the ends of the
pseudo-5-fold axis (Fig. 1). One of them contains the catalytic
site and it is common in almost all GH43 enzymes. The cata-
lytic site is located in the center of the five-bladed B-propeller,
whose blades are formed by GIn*! or Asn**~Leu®” (I in Fig. 1),
Ser®—Asp'®® (II in Fig. 1), Ser'*°~Gly*** (Il in Fig. 1), Ala**>—
Ser*” (IVin Fig. 1), and Ala®**~Asp**” (Vin Fig. 1).

SASBMB



Table 2
Refinement statistics

Values in parentheses are for the highest-resolution shell.

Crystal structure of fungal GH43 galactanase

Data WwWT WT_Gal E208Q_Gal3 E208A_Gal3
Resolution range 7.997-1.398 (1.448-1.398) 41.56-1.500 (1.554—1.500) 29.79-2.499 (2.588-2.499) 30.66-2.300 (2.382-2.300)
Completeness (%) 95.46 (87.82) 97.51 (94.80) 96.41 (85.67) 98.78 (92.17)
Wilson B-factor 12.76 10.11 2991 30.40
Reflections used in refinement 136,655 (12,497) 57,105 (5,474) 15,762 (1,381) 92,011 (8,507)
Reflections used for R-free 6,862 (630) 2,884 (272) 799 (64) 4,568 (441)
R-work (%) 15.47 (22.50) 13.43 (12.71) 16.62 (25.54) 16.10 (22.39)
R-free (%) 18.56 (26.28) 16.00 (17.93) 24.39 (42.53) 21.43 (28.28)
No. of nonhydrogen atoms 7,966 3,923 3,576 14,570
Macromolecules 6,615 3,290 3,235 12,886
Ligands 109 121 114 678
Solvent 1,242 512 227 1,006
Protein residues 2,106 427 428 1,708
r.m.s. (bonds) 0.008 0.006 0.008 0.011
r.m.s. (angles) 1.22 0.87 0.94 1.05
Ramachandran favored (%) 97.29 97.41 94.13 95.76
Ramachandran allowed (%) 2.71 2.59 5.87 4.24
Ramachandran outliers (%) 0 0 0 0
Rotamer outliers (%) 0.81 0.55 0.29 0.36
Clash score 2.06 1.95 6.94 3.50
Average B-factor (A%) 17.21 12.45 30.48 32.98
Macromolecules 14.97 10.57 29.77 31.60
Ligands 29.38 23.33 52.26 56.11
Solvent 28.09 22.02 29.74 35.03
PDB code 7BYS 7BYT 7BYV 7BYX

Figure 1. Overall structure of Pc1,3Gal43A. In the three-dimensional structure of Pc1,3Gal43A, the five blades of the catalytic domain are shown in blue
(GIn*'-Leu®), cyan (Ser®®-Asp'®°), green (Ser'*®-Gly*®%, yellow (Ala®®>~Ser’*’), and orange (Ala®**-Asp*®?) with successive roman numerals. The CBM (The>%°-
Val**®) is shown in orange. The linker connecting the two domains (Phe?**-Gly>?*) is shown in gray.

As shown in Fig. 2, the Gal3 molecule co-crystallized with
the E208Q mutant occupies subsites —1, +1, and +2 of the cat-
alytic site, from the nonreducing end to the reducing end.
Gal_ is located at the bottom of the catalytic cavity, and Gal,
and Gal, , extend linearly outwards. Gal is half-buried in the
cavity, whereas Gal ., , is exposed at the surface (Fig. 24).

Gal_; adopts a 'S; skew boat conformation and interacts
with many residues via hydrogen bonds and hydrophobic inter-
actions. As shown in Fig. 2 (B and C), the C-2 hydroxyl group of
Gal_ forms hydrogen bonds with NH, of Arg'® and with OE1
of GIn?®® via water. In addition, this water molecule is bound
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with O of Gly**®, The C-3 hydroxyl group of Gal_; also forms a
hydrogen bond with OE2 of Glu®” via water. Glu'®, Tyr'*,
AsplSS, GIn2°8, Thr??®, Trp229, and GIn?®® interact with Gal3
through hydrophobic interactions. Notably, Trp*** supports
the flat C3-C4-C5-C6 structure of Gal_;, and Tyr'*® recognizes
the C-6 methylol and C-4 hydroxyl groups, whereas Glu'* rec-
ognizes the C-3 hydroxyl and C-4 hydroxyl groups. In Gal,; (as
shown in Fig. 2, B and C), the C-2 hydroxyl group forms a
hydrogen bond with NE2 of GIn**® and N of Gly***, whereas
05 forms a hydrogen bond with ND2 of Asn'®°, and C-6

179 _ .

hydroxyl group forms a hydrogen bond with OD1 of Asn™ ‘" via
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Figure 2. Gal3-binding mode at the catalytic site. A, surface structure of the catalytic center. Gal3 is represented as green (carbon) and red (oxygen) sticks. B,
schematic diagram showing the interaction mode at the catalytic center. Black, red, and blue, carbon, oxygen, and nitrogen, respectively. Red lines indicate the
hydrophobically interacting residues. This diagram was drawn with LigPlot+ (version 1.4.5). C, the 2F, — F. omit map is drawn as a blue mesh (0.80). Residues
are shown in white (carbon), red (oxygen), and blue (nitrogen). Gal3 is shown in green (carbon) and red (oxygen). Yellow dots, hydrogen bonds and/or hydro-
phobic interaction; red spheres, water molecules interacting with ligands or residues.

water. Tyr126, Arg15 7 Asn'®® and GIn2®® interact hydrophobi-
cally with Gal. In Gal,, (Fig. 2, B and C), the C-2 and C-4
hydroxyl groups form hydrogen bonds with OG1 of Thr**® and
ND2 of Asn'®, respectively. In addition, Thr**® interacts with
Gal ., through hydrophobic interaction. Furthermore, the gly-
cosidic oxygen between Gal; and Gal.., interacts with ND2 of
Asn"®*® through a hydrogen bond.

In the structure of WT_Gal, one Gal was found at subsite
—1, taking a *C; chair conformation with a-anomeric confor-
mation of the C-1 hydroxyl group (data not shown). The bind-
ing mode of Gal_; is almost the same as that in E208Q_Gal3,
but the C-1 hydroxyl group in the axial position forms hydro-
gen bonds with Gly**® and GIn***>. No Gal3 molecule was
observed at the catalytic domain in the structure of the Gal3
co-crystallized E208 A mutant.

To identify the catalytic residues, we examined the relative
activity of WT and the six mutants toward -1,3-galactobiose
(Gal2) and Gal3. WT showed 5.58 = 0.35 and 11.15* 0.39
units of activity (umol of Gal/min/nmol of enzyme) toward
Gal2 and Gal3, respectively, whereas the six mutants showed
no detectable activity (Fig. S1), suggesting that these residues
are all essential for the catalysis.
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Sugar-binding structure of CBM35 in Pc1,3Gal43A

Pc1,3Gal43A has one CBM35 domain at the C terminus. We
previously reported that this enzyme has a CBM6-like domain
(6), but it has been reclassified into the CBM35 family (7). The
B-jellyroll fold domain is accompanied by a single calcium ion—
binding site on a domain surface different from the surface to
which the ligand at the end of the first 8 chain binds, and this
corresponds to a conserved calcium ion-binding site in
CBM35s. Some CBM35 modules bind another calcium ion at a
site at the top of domain (16), but PcCBM35 lacks this second
calcium ion—binding site (Fig. 1).

In E208A_@Gal3, electron density of Gal3 was observed in the
ligand-binding site of PcCBM35. As illustrated in Fig. 3A and
Fig. S2, 2F, — F. omit maps showed that the binding mode of
PcCBM35 with ligands is “exo-type,” corresponding to type-C
CBM (26). The asymmetric unit of E208A_Gal3 contained four
Pc1,3Gal43A molecules, and each molecule binds to the nonre-
ducing end of Gal3 (called Gal_site 1), as in other CBM35 mod-
ules. However, the middle Gal (Gal_site 2) and the reducing
end Gal (Gal_site 3) are found in two main locations (Fig. 3),
although residues involved in the interactions with the ligand
in each molecule were mostly shared. The Gal_site 1 forms
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Figure 3. Surface structures of the CBM. A, substrate-binding mode at
CBM35. Green, cyan, magenta, and yellow, carbons of chains A, B, C, and D of
E208A_Gal3, respectively; red, oxygen. Left, nonreducing end of Gal3; right,
reducing end. B, calcium ion-binding mode at CBM35. Calcium ion is repre-
sented as green spheres, and interacting residues are shown as stick models.
Yellow dots, interaction.

hydrogen bonds with Tyr*** and Arg®® and interacts hydro-
phobically with Leu*?, Gly354, Tyr‘m, and Asp441. The Gal_site
2 interacts hydrophobically with Gly**® and Asp®**. The main
ligand interaction in the Gal_site 3 involves Gly**® and Gly*'°,
but in addition to these residues, Asn*'' is also involved in

ligand recognition in chain C (Fig. 4).

Ensemble refinement

To understand the fluctuation of ligands, ensemble refine-
ments were performed with the refined models. This method
produces ensemble models by employing a combination of X-
ray structure refinement and molecular dynamics. These mod-
els can simultaneously account for anisotropic and anharmonic
distributions (27). Four different pTLS values of 0.6, 0.8, 0.9,
and 1.0% were set for each model. Table 3 shows the statistical
scores of the refinement with the most appropriate pTLS value
for each model. Focused views of the catalytic site in the
catalytic domain and the ligand-binding site of the CBM are
shown in Figs. 5 and 6, respectively. Note that structures con-
taining multiple molecules in the asymmetric unit (WT and
E208A_Gal3) are found for all molecules in this paper.

In the catalytic site, the vibration levels of some residues
were significantly different between the apo and holo forms. As
shown in Fig. 5, Tyr'?®, Arg"”’, Asp'®®, Asn'”®, Asn'®, GIn'®,
Trp229, and GIn®® in the liganded structures (Fig. 5, B, C, F, G,
J, and K) showed smaller vibrations than in the apo structures
(Fig. 5, A, D, E, H, I, and L). These results indicate that side-
chain fluctuations converge upon ligand binding. Comparison
of the Gal-bond structure (i.e. WT_Gal; Fig. 5, B, F, and ]) with
the Gal3-bond structure (i.e. E208Q_Gal3; Fig. 5, C, G, and K)
showed that the fluctuations of Glu(Gln)zog, Asn'”®, and Thr??®
of E208Q_Gal3 were smaller than these in WT_Gal. Therefore,
it can be inferred that these residues recognize the ligands at
the plus subsites. The catalytic acid, Glu**®, has two major con-
formations in WT and WT_Gal. These two conformations
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were also reported in the BT3683 structure (12). Thus, the
movement of this residue appears to be important for catalysis.
GIn®*® shows one conformation (Fig. 5, A—D) that is identical
to the result of the ensemble refinement of Asn”% known as
imidic acid in PcCel45A (Fig. $3). Glu'®* may distinguish non-
reducing terminal Gal, because it interacts with the axial C-4
hydroxyl group of Gal_; (12). The vibration degree of Glu'®?
was different between WTs and mutants, so its conformation
does not depend on the ligand localization, but reflects interac-
tion with Glu®%, which serves as a general acid. Asp">® of WT
and E208A_Gal3 show greater vibration than WT_Gal and
E208Q_Gal3. The role of Asp'*® is thought to be a pK,, modula-
tor; therefore, its function and conformational stability might
be related. Focusing on Fig. 5 (I-L), there were large differences
in the fluctuation level of Trp**°. E208Q_Gal3 (Fig. 5K) showed
small movements of Trp*?’, but other structures showed much
larger fluctuations (Fig. 5, 1, /, and L). These results suggest that
this Trp is normally flipped and forms a -7 interaction to
anchor the ligand in the proper position upon arrival. A histo-
gram of the dihedral angle is shown in Fig. S4.

As regards the ligand-binding site of the CBM, a comparison
of each chain of the E208A_Gal3 asymmetric unit showed no
significant difference in the vibration levels of each residue
involved in ligand binding (Fig. 6). However, ensemble refine-
ment revealed that Gal_site 1 and Gal_site 2 do not show huge
fluctuations, whereas Gal_site 3 has many conformations. They
include the same conformation of each Gal chain in X-ray crys-
tallography. Interestingly, a spatial difference in fluctuations
was observed between ligands bound to the catalytic site and to
the ligand-binding site of CBM35 (Fig. 7). At the catalytic site,
Gal_; is anchored in the appropriate position, and Gal,,
appears to fluctuate in a planar fashion as it interacts with the
surrounding residues. In the CBM, it was inferred that Gal_site
1 is fixed and Gal_site 3 is adsorbed at the appropriate location
at the binding site while fluctuating in three dimensions.

Discussion

Most exo-3-1,3-galactanases belonging to GH43_sub24 pos-
sess CBMs that can be classified into CBM35 or CBM13 (8). In
this study, we elucidated the structure of a 3-1,3-galactan—
binding module for the first time by solving the structure of
a GH43_sub24 containing CBM35 and obtained the ligand-
bound structures of both the catalytic and sugar-binding
domains of Pc1,3Gal43A. This is also the first study to reveal
the structure of a eukaryotic exo-3-1,3-galactanase. This in-
formation will be useful to understand how the CBM35 mod-
ule interacts with B-1,3-galactan in combination with the
GH43_sub24 catalytic module.

How does Pc1,3Gal43A hydrolyze (3-1,3-galactan?

Although catalytic residues such as Glu and Asp are con-
served in GH43 as a catalytic acid and base, respectively,
GH43_sub24 lacks such a base residue. Cartmell et al. (12) sug-
gested that GH43_sub24 may use Gln in the base role via con-
version to imidic acid or use an exogenous base or utilize the
Grotthuss mechanism of catalysis (8, 12). In this study, we
measured the enzyme activity of six variants of the three
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Table 3
Refinement statistics of ensemble refinement
Values in parentheses are for the highest-resolution shell.
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Figure 4. Ligand interaction mode at CBM35. A and E, Band F, C and G, and D and H, chains A, B, C, and D of E208A, respectively. A-D, interaction modes
between ligand and CBM35 residues. Atoms are indicated in the same colors as in Fig. 2. E-G, schematic diagram showing the interaction mode at CBM35.
Atoms are indicated in the same colors as in Fig. 2. Sugar-binding sites are named Gal_site 1, Gal_site 2, and Gal_site 3 from the nonreducing end of the sugar,
and in this figure, they are labeled 7, 2, and 3, respectively.

Data WT WT_Gal E208Q_Gal3 E208A_Gal3
Resolution range 7.997-1.398 (1.448-1.398) 41.56-1.500 (1.554—1.500) 29.79-2.499 (2.588-2.499) 30.66—2.300 (2.382— 2.300)
Completeness (%) 95.97 (82) 97.52 (95) 96.47 (88) 98.93 (87)
PTLS (%) 0.9 0.9 0.9 1.0
Tx 1.0 0.9 0.3 0.4
Wilson B-factor 12.8 10.1 29.9 30.4
Reflections used in refinement 136,649 57,112 15,759 91,994
Reflections used for R-free 6,862 2,885 799 4,569
R-work 13.81 (24.36) 12.08 (10.68) 17.82 (24.73) 15.92 (22.56)
R-free 17.08 (26.30) 15.29 (17.10) 23.33 (32.75) 20.71 (28.84)
r.m.s. (bonds) 0.008 0.010 0.007 0.008
r.m.s. (angles) 1.171 1.312 1.078 1.090
Ramachandran favored (%) 94.06 95.39 88.98 92.62
Ramachandran allowed (%) 5.08 4.03 9.19 7.24
Ramachandran outliers (%) 0.86 0.58 1.83 0.74
Rotamer outliers (%) 7.45 7.00 11.05 7.85
Clash score 0 0 0 0
Average B-factor (A% 13.65 9.55 28.32 32.83
Macromolecules 13.63 9.54 28.30 32.66
Ligands 14.97 9.82 28.98 36.05
Molprobity score 1.56 1.45 1.87 1.64
Model number 100 103 20 34

residues speculated to be involved in the catalytic reaction. As
shown in Fig. S1, production of Gal by the mutants was not
detected by means of HPLC analysis, suggesting that all three
residues are essential for the catalytic activity of Pc1,3Gal43A.
Glu'®, Glu®®, and GIn*** are speculated to serve in C-4
hydroxyl group recognition, as a catalytic acid, and as a cata-
lytic base, respectively. These residues are well-conserved in
GH43_sub24, as shown in Fig. S5.

In GH43_sub24, only bacterial enzyme structures have been
solved so far (http://www.cazy.org/GH43_24.html). To under-
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stand the catalytic mechanism of Pc1,3Gal43A, we compared
its structure with those of BT3683 and Ct1,3Gal43A (Fig. 8).
Most of the residues that interact with ligands are conserved
in these three enzymes. In subsite —1, all residues, Glu®’,
Glu'®?, Arg1°3, Tyrué, Asp158, Glu?%, Trp229, and GIn?%, of
Pc1,3Gal43A are conserved, indicating that the binding mode
at subsite —1 is fully conserved in GH43_sub24. Based on the
results of ensemble refinement, Trp*** showed huge fluctua-
tion, especially in the apo structure (Fig. 5, I-L). Trp>*! of
BT3683, which corresponds to Trp**® of Pc1,3Gal43A, has a
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Figure 5. Results of ensemble refinement at the catalytic site. Each model is divided into three parts for clarity. A (E and /), B (F and J), C (G and K), and D (H
and L) show WT, WT_Gal, E208Q_Gal3, and E208A_Gal3, respectively. Although WT and E208A_Gal3 contained multiple molecules in an asymmetric unit, the
results obtained with multiple molecules were considered as an ensemble of one molecule in the present study. Letters indicate the chain names. Atoms are
indicated in the same colors as in Fig. 2. Gal3 of the structure of E208Q_Gal3 obtained by X-ray crystallography is arranged in each figure to maximize ease of

comparison.

polar interaction with Gal (12). Trp*** fluctuates in solution
and plays a role in holding the substrate at the catalytic site
through polar interactions. On the other hand, Asn'”® and
Thr**® of Pc1,3Gal43A are replaced by Asp*® and Cys®*® in
BT3683 and by Glu'®® and Cys* in Ct1,3Gal43A. Because all
of these enzymes can accommodate a (3-1,6-branched side
chain (6, 12, 28), we considered that these residues are not
related to the mechanism of side-chain accommodation.

The bypass mechanism of Pc1,3Gal43A, which enables
accommodation of the 3-1,6-galactan side chain so that the
3-1,3-galactan main chain can be cleaved, appears to depend
on the orientation of the C-6 methylol group of Gal3 at each
subsite. The C-6 methylol group of Gal_; is exposed to the sol-
vent, so that the side chain can be accommodated externally.
The C-6 methylol groups of Gal,; and Gal, are also exposed
to the solvent, so that the enzyme should be able to cleave the
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B-1,3 linkage of continuously B-1,6—substituted galactan, and a
similar situation has been reported for BT3683 (12). Moreover,
there are spaces near the nonreducing terminal Gal in these
enzymes (12). This enables the enzymes to degrade the main
chain, even if the side chain contains multiple carbohydrates.
Similarly, B-1,3-glucanases belonging to GH55 also bypass the
B-1,6-glucan side chain and degrade B-1,3-glucan from the
nonreducing end (29, 30). Comparing the surface structure of
the catalytic site of Pc1,3Gal43A with that of these GH55 exo-
B-1,3-glucanases from P. chrysosporium (PcLam55A), we see
that Pc1,3Gal43A has a small pocket-like space capable of
accepting the C-6 side chain of Gal at subsite —1 (Fig. 9, A and
B). In addition, the C-6 methylol group of Gals, located at the
positive subsites of Pc1,3Gal43A, are exposed to solvent in a
similar manner to that reported for SacteLam55A, GH55 exo-
B-1,3-glucanase from Streptomyces sp. SirexAA-E (Fig. 9, A

J. Biol. Chem. (2020) 295(52) 18539-18552 18545
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Figure 6. Results of ensemble refinement at the CBM ligand-binding site. A, B, C, and D, residues related to ligand interaction. In this figure, Gal3 of chain
A of refined E208A_Gal3 is drawn for comparison. E, F, G, and H, the ligands of each chain. Green, cyan, and yellow are used in order from the nonreducing ter-
minal Gal. Aand E, Band F, Cand G, and D and H represent chains A, B, C, and D of E208A_Gal3, respectively. Atoms are indicated in the same colors as in Fig. 2.

Figure 7. Ligand conformation of ensemble refinement at a glance. A,
ligand conformation of E208Q_Gal3 ensemble model. B, ligand conformation
of E208A_Gal3 ensemble models with four chains aligned. Green, cyan, and
yellow are used in order from the nonreducing terminal Gal.

and C). Structures capable of accepting nonreducing terminal
Gal with B-1,6-linked Gal are conserved among GH43_sub24
of known structure (Fig. 8 and Fig. S5). In the nonbypassing
GH3 Hpypocrea jecorina [-glucosidase (HjCel3A), the C-6
hydroxyl group of nonreducing glucose is oriented toward the
enzyme, introducing steric hindrance (Fig. 9D) (31). In other
words, enzymes bypassing side chains have a space adjacent
to C-6 of the nonreducing terminal sugar, and the positive
subsites are particularly wide, allowing side chains of the sub-
strate to be accommodated. In contrast, enzymes unable to
bypass the side chain have no space next to the —1 subsite
and have a narrow entrance to the catalytic site, so that they
are unable to accommodate side chains (Fig. 9D).

Although the electron density of Gal3 was observed in the
present study, Pc1,3Gal43A is proposed to have four subsites
ranging from —1 to +3, based on biochemical experiments (6).
As mentioned above, although Pc1,3Gal43A has a structure ca-
pable of accepting the C-6 side chain, its degradation activity
toward 8-1,3/1,6-galactan is only approximately one-fifth that
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of the linear -1,3-galactan (6). This difference in reactivity
may be due to the structure of the sugar. The 3-1,3-galactan in
solution has a right-handed triple helical structure with 6-8
Gal residues per turn (32, 33), with the C-6 methylol group
pointing outward to avoid collisions between the B-1,6—
bonded Gal side chains (32). However, as shown in Fig. S6,
Gal3 bound to the catalytic site of Pc1,3Gal43A is anchored to
the enzyme, so that the helix of the glycans differs from the
usual state in solution. Therefore, the reason why the hydrolytic
activity of Pc1,3Gal43A toward 3-1,3/1,6-galactan is lower than
that toward B-1,3-galactan may be interference between the
B-1,6-Gal side chains as a result of changes in the helical state
of the main chain.

How does PcCBM35 recognize 3-1,3-galactan?

Although the amino acid sequence similarity of CBM35s is
not so high, important residues involved in ligand binding are
well-conserved (17). The modules belonging to CBM35 can be
divided into four clades according to the mode of ligand bind-
ing, and the diversity in ligand binding and in the calcium ion—
coordinating residue account for the various ligand-binding
specificities (17) (Fig. 10A). Moreover, the residues involved in
ligand binding of PcCBM35 differ from those of CBM35, which
binds to a-Gal of galactomannan. This CBM is one part of a
protein predicted to be the B-xylosidase of C. thermocellum cel-
lulosomal protein (Cte_2137; Fig. 10), which belongs to the
same cluster as PcCBM35 (17). There are some differences
between the residues interacting with a-Gal of Cte_2137 and
those interacting with B-Gal of PcCBM35. For instance, the
regions of Ala®*’>~Tyr*** and Tyr***-Asp**! of PcCBM35 cor-
respond to Val**~Gly** and Ser'*°~Asn'*° of Cte_2137, which
are related to ligand specificity (Fig. 10). Especially, Asn'*° of
Cte_2137 is not conserved but replaced by Asp**! in PcCBM35
and is located at the bottom of the ligand-binding site.
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Figure 8. Catalytic domain structure comparison. A, visualization of the degree of preservation of GH43_sub24. The degree of conservation of amino acid
residues in the catalytic domain of GH43_sub24 was visualized using the ConSurf server (RRID:SCR002320), the query for BLAST was set to Pc1,3Gal43A, and
the conservation degree was analyzed based on 150 amino acid sequences in the ConSurf server (47-51). The conservation degree is shown in graded color.
Preservation degrees are shown in a gradient with cyan for the lowest degree of preservation and blue for the highest. B, catalytic domain comparison of
Pc1,3Gal43A and two GH43_sub24 galactanases. Shown are the catalytic centers of E208Q_Gal3 of Pc1,3Gal43A (white, PDB code 7BYV), BT3683 (cyan, PDB
code 6EUI), and Ct1,3Gal43A (pink, PDB code 3VSF). Red, blue, and yellow, oxygen atoms, nitrogen atoms, and sulfur atoms, respectively. Residue names are

shown for Pc1,3Gal43A/BT3683/Ct1,3Gal43A.

Furthermore, Trp'% of Cte_2137 plays a key role in sacking the

pyranose ring (17), whereas in CBM35 of Pc1,3Gal43A, this
Trp residue is replaced with Gly (Fig. 10B). In other words,
although PcCBM35 and Cte_2137 are in the same cluster, the
residues involved in ligand recognition are different, and this
difference affects the discrimination between B-Gal and «-Gal
and between galactan and galactomannan. It is still unclear
how CBM35s acquire such variation of binding specificity
within a similar binding architecture. However, a detailed
understanding of the molecular mechanisms of polysaccharide
recognition by CBM35 will be essential for efficient utilization
of various types of biomass.

In conclusion, we have determined the crystal structure of
the catalytic and binding domains of Pc1,3Gal43A with the aim
of reaching a detailed understanding of the mechanism of sub-
strate accommodation by side chain—bypassing galactanase.
Pc1,3Gal43A uses Glu as the catalytic acid and Gln as the cata-
lytic base and has a structure in which the side chain of the sub-
strate does not interfere with the catalytic reaction, thus mak-
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ing it possible to degrade the 3-1,3-galactan main chain of
AGPs despite the presence of the (3-1,6-galactan side chain.
Thus, although polysaccharides have a variety of molecular
decorations, it appears that the structures of the degrading
enzymes enable them to recognize specific features of the sub-
strate while accommodating the variations. The introduction
of mutations in substrate recognition residues to create
enzymes with altered substrate recognition properties is
expected to be helpful in the structural analysis of AGP glycans
and also for the preparation of useful oligosaccharides.

Experimental procedures
Expression of Pc1,3Gal43A and its mutants

The E208Q, E208A, E102Q, E102A, Q263E, and Q263A
mutants were constructed by inverse PCR using PrimeSTAR
MAX (Takara, Tokyo, Japan). For crystallization, Pc1,3Gal43A
WT, E208Q, and E208A from P. chrysosporium were expressed in
P. pastoris and purified as reported previously (7). For a reactivity
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Figure 9. Structure comparison of the catalytic sites of Pc1,3Gal43A (A), GH55 exo-[3-1,3-glucanase from P. chrysosporium (B; PcLam55A; PDB code
3EQO), GH55 exo-$3-1,3-glucanase from Streptomyces sp. SirexAA-E (C; SacteLam55A; PDB code 4PF0), and GH3 B-glucosidase from H. jecorina (D,
HjCel3A; PDB code 3ZYZ). A, B, and C hydrolyze the main chain of 8-1,3-galactan or B-1,3-glucan, bypassing 3-1,6-branched side chains (6, 29, 30). D hydro-
lyzes four types of B-bonds, and it does not bypass side chains (31, 52). The top panel shows the overall surface structure, and the bottom panel shows an
enlarged view of the catalytic region. Orange dashed circles, space near the C-6 position of Gal or glucose at the nonreducing end.

assay, WT and mutants were purified by using SkillPak TOYO-
PEARL Phenyl-650M (c.v. = 5 ml, Tosoh, Tokyo, Japan) equili-
brated with 20 mM sodium acetate buffer, pH 4.0, containing 1 m
ammonium sulfate, and the enzymes were eluted with 20 mm so-
dium acetate buffer, pH 4.0, containing 0.7 M ammonium sulfate.
SeMet-labeled Pc1,3Gal43A was expressed as reported previously

(7).

Preparation for 3-1,3-galactooligosaccharides and
crystallization of Pc1,3Gal43A

Gal2 and Gal3 were prepared as reported previously (6). The
protein solution was concentrated to 4.9-6.9 mg/ml and used for
the crystallization setup. The WT plate crystal used for data collec-
tion was obtained from a reservoir of 2.1 M ammonium sulfate, 0.1
M citrate buffer, pH 5.5. Other WT crystals were obtained from sol-
utions in 16% (w/v) PEG 10000, 0.1 M ammonium sulfate, 0.1 M
bis-tris, pH 5.5, and 5.0% (v/v) glycerol. SeMet crystals were
obtained from 16% (w/v) PEG 10000, 95 mM ammonium sulfate,
95 mM bis-tris, pH 5.5, and 4.8% (v/v) glycerol. Two types of crys-
tals, thin plate crystals (space group P2;) and rod crystals (P2,2,2),
appeared under the same condition. Cocrystallization of the
E208Q mutant with 10 mm Gal3 in 16% (w/v) PEG 10000, 95 mm
ammonium sulfate, 95 mm bis-tris, pH 5.5, and 4.8% (v/v) glycerol
afforded thin plate crystals. The E208A mutant was cocrystallized
with 10 mm Gal3 in 0.2 M potassium nitrate, 15% (w/v) PEG 6000,
20 mm sodium citrate, pH 4.5, and 5% glycerol to afford bipyrami-
dal crystals.
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Data collection and structure determination

Diffraction experiments for Pcl,3Gal43A crystals were con-
ducted at the beamlines of the Photon Factory (PF) or Photon
Factory Advanced Ring (PF-AR), High Energy Accelerator
Research Organization, Tsukuba, Japan (Table 1). Diffraction
data were collected using CCD detectors (Area Detector Sys-
tems Corp., Poway, CA, USA). Crystals were cryocooled in a
nitrogen gas stream to 95 K. For data collection of the WT
enzyme complexed with Gal3, Pc1,3Gal43A crystals were
soaked in a drop containing 1% (w/v) Gal3 for 10 min before
the diffraction experiment. The data were integrated and scaled
using the programs DENZO and SCALEPACK in the HKL2000
program suite (34).

Crystal structure was determined by means of the multiwa-
velength anomalous dispersion method using a SeMet-labeled
crystal (7). Initial phases were calculated using the SOLVE/
RESOLVE program (35) from five selenium atom positions.
The resultant coordinates were subjected to the automodeling
ARP/WARP program (36) in the CCP4 program suite (37),
and manual model building and molecular refinement were
performed using Coot (version 0.8.9, University of Oxford,
Oxfordshire, UK) (38), REFMACS5 (version 7.0.063, Science
and Technology Facilities Council, Swindon, UK) (39), phenix.
refine (40), and phenix.ensemble_refinement (27, 41, 42) in the
Phenix suite of programs (version 1.13-2998-000, Lawrence
Berkeley National Laboratory, Berkeley, CA, USA) (43). The
refinement statistics are summarized in Table 2.
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Figure 10. Sequence alignment of known CBM35s (A) and structure comparison between CBM35s of Pc1,3Gal43A (B) and Cte_2137 (C). A, taxon
names are shown as scientific names, ligand specificity, and PDB code only for brevity. When the same enzyme contains two CBM35 domains, the taxon name
is indicated with 7 on the N terminus and 2 on the C terminus. Gal, Glc, Man, Xyl, and Uronic, ligand specificities for Gal, glucose, mannose, xylose, and glucronic
acid and/or galacturonic acid, respectively. Among these, 3ZM8, 6UEH, and 2BGO, which bind to Man, are type B CBMs, which show endo-type binding,
whereas the other 14 are all type C CBMs, which show exo-type binding. The alignment was built by using MUSCLE on MEGAX: Molecular Evolutionary Genet-
ics Analysis (53, 54), and the figure was generated with ESPrint 3.0 (RRID:SCR006587) (55). Orange and green boxes represent ligand-binding and calcium ion-
binding residues, respectively. B and C, ligand-binding residues of Pc1,3Gal43A (chain A of E208A_Gal3) and Cte_2137 (PDB code 2WZ8). Red and blue, oxygen
and nitrogen, respectively. The green stick model represents Gal3.
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For the analyses of WT and ligand-bound structures, struc-
tural determination was conducted by the molecular replace-
ment method with the MOLREP program (44) in the CCP4
program suite using the SeMet or ligand-free structure as the
starting model. Bound sugars, water molecules, and crystalliza-
tion agents were modeled into the observed electron density
difference maps. Calcium ion was modeled based on the elec-
tron density map and the coordination distances. Three N-
glycans were observed, and the identified sugars were mod-
eled. The stereochemistry of the models was analyzed with
LigPlot + (version 1.4.5) (45, 46), and structural drawings
were prepared using PyMOL (version 2.2.3, Schrodinger,
LLC, New York).

Enzymatic activity assay of Pc1,3Gal43A and its mutants

To evaluate the reactivity toward Gal2 and Gal3 of WT and
each mutant, 20 nM enzyme was incubated with 0.263 or 0.266
mM galactooligosaccharides in 20 mMm sodium acetate, pH 5.0,
for 30 min at 30 °C, respectively. The reaction was stopped by
heating at 95 °C for 5 min. The supernatant was separated with
75% (v/v) acetonitrile on a Shodex Asahipak NH2P-50 4E col-
umn (Showa Denko, Tokyo, Japan), and the amount of released
Gal was determined by HPLC (LC-2000 series; Jasco, Tokyo, Ja-
pan) with a Corona charged aerosol detector (ESA Biosciences,
now Thermo Fisher Scientific). One unit of enzyme activity was
defined as the amount of enzyme that releases 1 pmol of Gal/1
min/1 nmol of enzyme under our experimental conditions.

Data availability

The structures presented in this paper have all been depos-
ited in the Protein Data Bank (PDB) with the following codes:
7BYS, 7BYT, 7BYV, and 7BYX. All remaining data are con-
tained within the article.
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