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Monosaccharides are polyhydroxy aldehydes (aldose) or polyhydroxy ketone (ketose)
consisting of more than three carbons, being the most basic units of carbohydrates. The
presence of many chiral centers gives rise to numerous potential stereoisomers.
Hexoses, such as glucose, can exist as 16 aldohexose isomers, and as 8 ketohexose
isomers. Among them, D-glucose, D-fructose, D-galactose and D-mannose are
abundant, and other hexoses are so-called “rare sugars” which exist in small amounts
in nature. Rare Sugar Research Center, Kagawa university, succeeded in development
of a rare sugar production strategy from D-glucose and D-fructose using enzymes
(epimerases and isomerases). Now some of rare sugars can be supplyed as a low-cost
commercial product, enabling the research using rare sugars.

HFOBOEERNSTO—ORADERETIE, 0-TILIM—XD3fEET
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DIV EERNSTO—ARESN TS, KFETIE, Cho® D
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The first step of the rare sugar production strategy is the
epimerization of 3-carbon of D-fructose to produce D-psicose using
the enzyme of 3-epimerase. The next step is the aldose-ketose
isomerization of D-psicose. Depending on the enzymes (isomerases),
D-altrose or D-allose can be produced. By the combinations of
epimerization and isomerization of monosaccharides, total of 24
stereoisomes of hexose can be obtained. Chemical reductions of
hexoses give 10 sugar alcohols. The X-ray structures of the enzymes
for rare sugar production have been determined to elucidate their rare
sugar recognition and catalytic reaction mechanisms. Furthermore,
we have performed the molecular design for more effective rare sugar
production based on the structural information.
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p-Arabinose isomerase (p-Al)

p-Arabinose isomerase from Bacillus pallidus (p-Al)
can catalyze the isomerization between p-arabinose
-fuculose and so on.

and o-ribulose, L-fucose and -

Pseudomonas cichorii
p-TE (PcDTE) D-psicose

p-Tagatose 3-epimerase (p-TE)
Pseudomonas cichorii o-Tagatose 3-epimerase
(o-TE) catalyzes the epimerization of p-tagatose
to p-sorbose and is also able to epimerize
between p-fructose and p-psicose.
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Rare Sugar Production Strategy by Three Enzymes from a Non-Rare Sugar D-fructose
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L-Rhamnose isomerase (L-Rhl)
-Rhamnose isomerase from Pseudomonas stutzeri (L-Rhl)
catalyzes the reversible isomerization of not only L-rhamnose
to L-rhamnulose but also p-psicose to p-allose.
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mmm p-#fjb—2X 3-IEAT—+H Dp-Tagatose 3-epimerase

19944, D-AHF— A D3FE O TE 7 — L&A1t 3 2 + 18 & Pseudomonas Epimerization catalyzed by PcD-TE Subunit structure of PcD-TE
cichoriiEA3ED-AH b—RX3-TE AS5—+ (PcD-TE) N E NI K ZH L MR L 42—
[ZEYFRENT, TRET, UUBILSh - BBOIEAS—HIFROM>TL Pl vl
=A%, JU—DEBEIERTHIEAS—EDRE LM of=, EBIT, PD-TE, HOCH gy oM
D-AHh—RFEEIFTIEAEL, D-TIIR—R(D-EH—RADAIEY—)IZHER HCOH HCOH
LD-FLa—REERTELIEN DM DTz, COPD-TENDFERICK>THDHEE CHioH cHioH
Eliﬁ%ﬁ%ﬂ’]l:ﬁ% L/T:o p-tagatose p-sorbose
In 1994, Pseudomonas cichorii D-tagatose 3-epimerase (PcD-TE, 290 CHaOH GHz0H
amino acid residues, 32,615 Da) was found as the first epimerase for a free Hoccj;o = ng;g
monosaccharide as a substrate by Rare Sugar Research Center, Kagawa naow o
University, and it was also reported to have an ability to catalyze CHaOH CHOH
epimerization of not only D-tagatose to D-sorbose, but also D-fructose to D- p-fructose b-psicose y,
psicose. This enzyme was the first breakthrough for rare sugar production. 290 amino acid residues

R =0.176 at 1.79 A resolution

mmmm 37 {K{EE  X-ray structure of PcD-TE

PcD-TEI, 2EARERKT 5. TDREILBKEDE
IZ-THY, BEIE, =7, ZOBICHAIONT, &
ERIANEZESND, PeD-TEIX, SEMERHIIZMn2 D,
Glul52, Asp185, His211, Glu246&ERfufE &ML TL
5. BYZDODEGLEIZ, RETHHD-2H—RAD2{1h
JLARZJLEE SR (02) L3I D KEEEE (03) ANECLRIFE S E
L TLV A, His188 &Arg217 M ER & £<01, 02&KH
BEWMEL, HED1, 2, 3filE, MYBRBIZETHIN
TW, FRISHLT, £ED4, 5, 6B I IEBRKET
S/BBEENREBINTEY, KRFEESICKBEBHILEL,
CDIEN, 4,5 6D ELGRHEZHILTWSRETH
Y, ZOHEE, PcD-TEIXD-AH—RED-TILIF—Z D]
FEREETHIENTEDEEZONS,

Biological unit of dimer of PcD-TE

The biological unit of PcD-TE is a homo-dimer,
forming the hydrophobic groove reaching the active

sites, which a accessible surface for substrate binding. Active site structures with bound D-tagatose and D-fructose.

PcD-TE requires the metal ion, Mn2* for its catalytic , Arg217 Arg217
activity, which is coordinated with Glu152, Asp185, Asp1S His188 Ao 1gs HiS188 ,
His211, and O2/03 of a substrate. His188 and Arg217 ) i

make hydrogen bonds with O1 and O2 of a substrate, His}\Q ¢

strictly recognizing 1-, 2- and 3- positions of a
substrate. On the other hand, there are few specific
; ) Glu152
interactions between substrates and the enzyme at =
the 4-, 5- and 6-positions, suggeting that PcD-TE
loosely recognizes substrates at these positions. This

CH20H
C=0

> B, 645 HOC:H HOC:H WA o Trp15
may be a reason why PcD-TE can also efficiently Leul0y £ ' HOCH.  Lloose_ HCOH Leu1108i: s \
catalyze the epimerizations of D-tagatose and D- [ (e recognition (PR - B o
fructose. NN ®

D-tagatose D-fructose

e S EAIh A R GHE  Proposed catalytic reaction mechanism

PD-TEIZHEWTIE, BREZFSLLSICANVNEST2DDY ILEAZUEE, Proposed catalytic reaction mechanism of PcD-TE.
Glu152&Glu246 W EE-IE EAMIE L L TRIKCEMN T EEIN D, T, Glu246hC3HL
DFTALUESIEFRS TNICEB VR B T EEBEEF ofzds-To P4 L— :
FRISHREEIZIEY, 03D T Ak AGIu152(Z5|E R h 5 EREFHZGlu246 ﬂm
MoTakrA03128 5, HREIZGIUIS2AC3ZTARAMAEL TRIEA DD, #E Glu152  Mn2+  Glu246 e
BrIZc3L03 LIZH>I-T AP N EN I LIZAHEDHELVSC3-03 proton- -@.
exchangelENEZOND,

Q
B 5 Glu246
ol

In the catalytic reaction of PcD-TE, two Glu residues facing each other at
the Mn2* binding site are expected to act as acid/base catalysts. Upon
substrate binding, Glu246 removes a proton from C3 to produce a cis-
enediolate intermediate with a plane structure of 02-C2-C3-O3 that is
stabilized by Mn2*. Subsequently, proton transfer possibly occurs from . ) .
Glu246 to O3 and from O3 to Glu252 at the same time. Finally, Glu152 Basedn the ene diolate intormediate,
protonates C3. Consequently, protons of C3 and O3 are exchanged ~0% profon exchange mechanism.
through the catalytic reaction.
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| -5L/—XA(YA*5—+H L-Rhamnose isomerase

Isoimerization reaction catalyzed by PsL-Rhl

LIL/—RAVAZ—E(E, LTL/—R(TILF—X) EL-5
LXA—=R(b—=R) EDOFEOERML RIGZE R FH AR T

H——0O—H
BEERTHD, TIEE Pseudomonas stutzerilEL-5 L/ —R H——o0—H o
AV A5—E (PsLRAD (&, L5 L/—ADMh, D-FA—RSD- e/ S0 . o | . i CH,OH
793—10)5'&“:)iﬁt?%ﬁ!‘.#%‘d’é:):b\BD-j*’/:I—175\!5 HO L HO——H HO——H CHY OH
D-7A—RDEEIZFEHLNA TS, CHs CHs o
(B-L-rhamnopyranose) L-rhamnose L-rhamnulose  (B-L-rhamnulofuranose)

L-Rhamnose isomerase catalyzes the reversible
isomerization of L-rhamnose (aldose) to L-rhamnulose
(ketose). Pseudomonas stutzeri L-Rhamnose isomerase
(PsL-Rhl) is capable of the isomerization between b-
allose and D-psicose, and it has been attracting much
attention regarding the industrial production of rare sugar,
p-allose from D-psicose.

o)

OH
OH OH

(a-p-allopyranose)

37 {k#EE  X-ray structure of PsL-Rhl

PsL-RhI (&, 42/K% AT 5. Mol-A&Mol-B, 3 &UMol-C
EMol-DD REIFEVVEICHE->TLNT, EEIX, =9, Z0iE
ICHAON TEESEIANEE DN D, PsL-RDEMEERALIZIE
2DMNINEEL, SNBIETI/EEE, KoF, HEICKY
6ELfISEH A EE > TS, EEHMOL, 02, 03(%, €& A
T bERMESTHEELIC, ARDOT7I/BERELKFRES
ERRLTEY, BRICKYBRFRIZRHESIN TS 5L/ —
AMO04IEAsp327&, 05(FHIs101EKFHEAL TNV, — A,
D-FLa—RMO4IEHis101&, 051&Asp327E, FNFNIKE
#EEEWMHELTLS, PsL-RhIE, EED4, sEDFS5)F4—
D RERIZHL T, His101&Asp327 A 12BN CTEBEZRH T
BHIEMTE, COTEN, D-FLa—R/D-FO—REEBELT
EHERELOTLVS,

The PsL-Rhl forms a homo-tetramer composed of four
molecules (Mol-A, Mol-B, Mol-C and Mol-D). The pairs of
Mol-A/Mol-B and Mol-C/Mol-D form an accessible surface
for substrate-binding, on the opposite side to each other.
PsL-Rhl requires two metal ions (Mn2*) for its catalytic
activity, which are coordinated in a distorted octahedral
form with six coordination bonds from the enzyme, water,
and a substrate. O1, 02, and O3 of a substrate
coordinate to the metal ions , and form many hydrogen
bonds with the enzyme, helping to fix the substrate in the
appropriate conformation for the catalytic reaction. O4
and O5 of L-rhamnose make a hydrogen bond with
Asp327 and His101, respectively, while O4 and O5 of D-
psicose with His101 and Asp327, respectively. This
means that PsL-Rhl can recognize substrates with
different configurations of C4 and C5, by using His101
and Asp327, and vice versa.

Lys221 |
His257 |

&

Ser—Lys320 A
/ — nspa27

He=o

N

CHs
L-rhamnose

H——OH H——OH 0.
H——OH E H——OH =
H——OH H—1—OH OH
CH,OH CH,0H OH OH
p-allose p-psicose (a-D-psicofuranose)

Biological unit of tetramer of PsL-Rhl

Active site structures with bound L-rhamnose and D-psicose

QTrm 79
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Subunit structure of PsL-Rhl
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CH,OH

=° CHOH  CHOH

430 amino acid residues
R =0.163 at 1.60 A resolution

Accessible surface for substrate-binding by Mol-A/Mol-B
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Active site of Mol-B
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Hydride-shift mechanism
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D-psicose

m— AAIh SR E S - ML R IG##E Proposed catalytic reaction mechanism including sugar-ring opening I

ZEBREZAVT, RIEOERATYTTIEFEo1= XIEEEEBDIIEICKY, R
FEORICHEEOFEMICOVWTHLMIIL, £, 6B BEEEZL OEL (5L /
ES/—R)NEROFEESMICHEALT, £EE D01, 02, 03N EA A LEMEE
ETBHA) . ERBAAUICELLTLSKSF (W) A ERIEEAIE LY, 6 BRI
EBOC-CMEEEDLYICtorsion AN EIELL, RELBEREDOBTKRBESHR
BEh, EEABETESND, S--UWIAEIEEMEL LY IO 2025 501(2
L, 2 bCinhydride KFAF) HBENT B, COIE, BENT Dhydride (H2H D
WMEHD) [ETrp179I2 k> TH/A—ENTNS (B) . 26BLICHILRZ L EN BB EIL B E
1%, O5HSCQLERBMIZT AV T HIEIZKYTA—RELER, BEISEEN T,

Using mutant PsL-Rhls, the complete catalytic reaction mechanism including
sugar-ring opening could be deduced. B-L-rhamnopyranose forms the metal-
coordination with O1, O2 and O3, and a catalytic water molecule (W1) transfers
a proton from O1 to O5 to open the pyranose-ring (A). The conformation of the
linear substrate changes with the rotation around C3-C4, and the hydride-shift
from C2 to C1 occurs with the transfer of a proton from O2 to O1 assisted by a
catalytic water molecule (W1) (B). After the isomerization to L-rhamnulose, O5
nucleophilly attacks C2 to form B-L-rhamnulofuranose, being released from the
enzyme (C).

Complete catalytic reaction mechanism including sugar-ring opening of PsL-Rhl
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mmmm p-7S5E/—XAYAS5—+ Dp-Arabinose isomerase

D-7IE/—RAYAS5—E L, D-FIE/—R(FILK—R) &D-T L
XOA—R (Th—X) OB DEB L RISEAFEHICAE T HBRT
HY, LI7a—RIZHBERTEHIEND, LTOA—RAYAS—HELET
[ENTULNB, Bacillus pallidusEA3ED-75E /—RAY A5—+ (BpD-Al)
I%, D-7SE/—RDHh, D-7)ILbO—R&D-FLa—ADEHEL RG
HMETHIEMED-TLaA—ANSD-FILCO—RDEEADIGA
MEFSh TS,

p-Arabinose isomerase catalyzes the isomerization of b-
arabinose (aldose) to p-ribulose (ketose). It is also called L-
fucose isomerase due to the capability of the isomerization
between L-fucose and L-fuculose. Bacillus pallidus (BpD-Al) can
catalyze the isomerization of p-altrose to p-psicose, as well as b-
arabinose to b-ribulose and L-fucose to L-fuculose, and it has
been attracting much attention regarding the industrial production
of rare sugar, p-altrose from p-psicose.

7 RESES KU RGEE  X-ray structure catalytic reaction mechanism of BpD-Al

BpD-AllE, —i120 AFZ99 ADZ AN 6E2FEMR
T3, B LIEeDHY, 35 FDFRE (X [£Mol-A/Mol-
B/Mol-D) IZHI B9 %, BpD-AllL, SEMEERAIIZMnE S,
Glu342, Asp366, His532, BFUEB N1, 26 KEEE (01&
02) LEffEEEMBELTL S, GIn307, Asp366, Asn531 I,
HE®DO1, 02, 04, O5EKFRHEEETHRKL, EEEMNLYE
FIZRELTWD, LIV M= ILE SR OXRIERET O
BHhS, D-7ILbO—RWEELIZREEZET IV T5HIE
MTED, D-FILCA—RAD 1A S5 KEER (L, LTV h—
IWERILHEE TERICHESL, 6fid-CH,0HE(L, Tyra44,
Trp95, Pro121IC &> TR SN TWDERKEFHIZHLET
ZENFHEING, ZOETILIE, D-7ZILEA—RHBLNED-
TYOa—ANREBELTBpD-AIIKEE TEDEWSZEETRL
TW5,

BpD-Al forms a homo-hexamer with a triangular
prismatic shape, 120 A in length and 99 A in height,
having six active sites. One active site is located at the
interface between Mol-A, Mol-B, and Mol-D. BpD-Al
requires the metal ion, Mn2*, for its catalytic activity,
which is coordinated with Glu342, Asp366, His532, and
01/02 of a substrate. GIn307, Asp366 and Asn531 make
hydrogen bonds with O1, 02, O4, and O5 of a substrate,
strictly recognizing 1-, 2-, 4-, 5- positions of a substrate.
A model of the enzyme bound to p-altrose could be
deduced from the X-ray structure of the complex with L-
fucitol. O1 to O5 of p-altrose form the same interactions
with the enzyme as the bound L-fucitol, and C6 and O6 of
p-altrose could be located at the hydrophobic space
surrounded by Tyrd444, Trp95 and Pro121, giving a
plausible model for the enzyme recognizing p-altrose.

m FAEIO S R  Proposed catalytic reaction mechanism

Substrate &

Accessible surface for substrate-binding at
the interface of Mol-A/Mol-B/Mol-D

Isoimerization reaction catalyzed by BpD-Al
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595 amino acid residues
R =0.170 at 1.60 A resolution

Biological unit of hexamer of BpD-Al

Mol-A " substrate

99 A

Mol-D Substrate
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Active site structures with bound
L-fucitol (inhibitor), and p-altrose.
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Arg23* ¢ HocH HCOH
Chs CHaoH
X-ray structure

L-fucitol Modeling structure

Substrate

BpD-AUZHEWTIE, BREZIFSIT LSITAMNE ST ILAZUEE (Glu342) &
T RINSFEUEE (Asp366) N EE-IEREAIELL TEIKC LA T RIS, T,
Glusaapic2m 7Ok %5|EikE, Asp3eepiollzTOb 25 %, £EETFERE
BEEH olzds- TP — LRI LR S, RIZ, Asp3sehiozmico Ak

LEB|EFIRE, Gluzs2ACUTTAMN E5EX T —REERT S,

In the catalytic reaction of BpD-Al, Glu342 and Asp366 facing each other
at the Mn2* binding site are expected to act as acid/base catalysts. Upon
substrate binding, Glu342 removes a proton from C2 and Asp366 gives a
proton to O1, producing a ene-diol intermediate with the planar structure
01-C1-C2-02 that is stabilized by Mn?*. Then, a proton transfers from 02

to Asp366, and Glu342 protonates C1, to produce a ketose.

Catalytic reaction mechanism of BpD-Al

| L-fucitol

BpD-Al most likely adopts the ene-diol mechanism.
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