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Abstract

Glycans are carbohydrate chains that are considered to be one of the most essential bio-informative macromolecules as
well as nucleic acids and proteins. Although biological significance and actual states of glycans are not yet fully
understood, they certainly play fundamental roles in various recognition phenomena, such as microbe-parasite
infections, cell proliferation and differentiation, fertilization, apoptosis, cancer metastasis, etc. Distinct from nucleic
acids, glycans are expressed on cell surfaces and in extracellular matrices as various forms of glycoconjugates. They are
indispensable to cover vital cells and to protect against physical and biochemical attacks. Distinct from proteins,
glycans are indirect products of so-called glycogenes, i.e., genes that encode glycosyltransfearses, glycosidases and
sugar nucleotide transporters involved in glycan biosynthesis. Since individual steps of these processes are not complete,

a series of glycans are produced simultaneously as a consequence of collaboration of glycogenes. Here, a"multi genes-
multi glycans" principle is applied for glycan biosynthesis instead of the "one gene-one enzyme" principle for nucleic
acids and proteins.. As another unique feature of glycans, they have a number of linkage and branching isomers.
Nevertheless, sugar units, e.g., glucose (C¢H,,0q), are extremely simple in their compositions, reflecting formal name,
"carbohydrates", which mean "C + H,0O". In addition, only carbohydrates lack nitrogen, whereas amino acids and
nucleotides contain this atom. On the other hand, saccharides have chirality like amino acids. Naturally occurring
saccharides are basically defined as "D-enantiomers", while L-fucose, L-thamnose and some other L-sugars are actually
biosynthesized from either D-mannose or D-glucose. Important notation is that only few component saccharides, i.e.,
D-glucose, D-mannose and D-galactose are utilized in nature among possible 16 aldohexoses. This observation implies
that the first living organisms could make use of a relatively small number of simple saccharides that had been
sufficiently available on the prebiotic earth. In this article, the author reviews structural and metabolic features of
naturally occurring saccharides and classic glycochemistries. Hence, he presents a possible scenario on the origin of
saccharides consisting of i) formose reaction to generate the smallest (C3) sugars, ii) aldol condensation between
glyceraldehyde (GA) and dihydroxyacetone (DHA) to yield few ketohexoses, and iii) Lobry de Bruyn rearrangement to
convert fructose into glucose. The scenario clearly explains how and why only a few elementary saccharides were born
and selected. On the other hand, galactose is categorized into "late-comer" saccharides together with many other
"bricolage" saccharides, such as ribose, sialic acid and more unusual deoxy- and dideoxyaldohexoses. In the end, the
author refers to the essence of "glycome project”, which is an emerging field of glycobiology along with the concept of
post-genome science.
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Fig. 1. Structures of naturally occurring saccharides. For simplicity,
all of the structures are drawn as -anomers.

- 120 -


Hiroko ETO
- 120 -

Hiroko ETO
Viva Origino 29 (2001) 119 - 133


Viva Origino 29 (2001) 119 - 133

2. FEDOHRL

ZORRIZ, TN a—ZARZFEELEORBYOIR T H
L5 EEEZTHENR N, L, Zra—xAH
0o, FOXLISICLTELEDEA S, FDikafiF
HITBEOHMBEFD L DICH B, BE (saccharides)
eI IR A LY (carbohydrate), T 725 T
RIZAKPRLTebD) EERSND, ThbLH, EX
FIZ X E o CTiFE 2 (nC + nH,0 = CH,0,) %
2, MK A 7Z79 n=1. BLO n=2 DILEWIT
RIVLATATE R, BIOZYa—LT7ATe RTh
DA, ZAsiT@s, BEiixamEEShien, Lo
T, BRFICBST D2 R/DOHEL n=3 7V LTIV
Te R (GA, 1 fLiZT7 AT e FEESED, T VT ¢
—BZH>b) LV Ry TE R DHA | 2 L2747
MNEEED, ¥T VT =N\ Thbd, £EZAT,
BRNVLT VT b R Y e A T CRS S8
HEHCHEHANGHNEZDZZ ENEI LML T
% (Fig. 2), ZOBEAIGE 74 0F— ARG
ERETI DA, n=3 D GA R° DHA ZIL U, S HITL
DHEAT n=4, 5, 6 LWV o7 MEMRERKT HZ LAY, 100
FELLE AN Butlerlow i ko Tk & Tnvd [1],
BUE, BEOIAMHIGRRIS & L TEMICET bR D
DX, ME—Z DT+ VE—ARKIETHD (2], 7+
T ALUST— R 2 FEERIZIEZE < ORISR K
DIFIE L, FERIKIE S Z W20, A ORFITHE
MR % [3], HEEAYAIT, GC-MS % AV 7o pEW [
EBRA DN TWDN [4], FEREHC B MR
W0 R BRREDS R D BTV B,

f‘JHO CHOH
HO HOH
HO ¥ | EH;O EHOH pd ! C-H;O A
(=0
CHOH \( - | CH(OH) * CH(OK)
CHOK)  CHOH | |
Forraldehyde  C2 0 CNH% CH,0H

' #

Pentose Hexose

Fig. 2. Basic pathways proposed for formose reaction [2]. In the
presence of an appropriate base catalyst, formaldehyde undergoes
self-condensation reaction, yielding a series of saccharides. Among
these, generation of C5 and C6 saccharides is estimated to be the
result of aldol condensation between C2 and C3, and between C3
and C3 saccharides, respectively.
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Fig. 3. Friendly relationship between water and saccharide. Water
molecules tend to form a favored "tridymite" structure, which is
maintained by the presence of equatorial hydroxyl groups such as
B-glucose.
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Fig. 4. Various forms of D-glucose. By way of the intermediate
linear (aldehyde) form, D-glucose is convertible into either o/f-
furanoses (left) or o/P—pyranoses (right).
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Fig. 5. Variation of glucose polymers. By the presence of variable
linkage patterns, i.e., al-4/6, $1-3/4/6, different types of naturally
occurring glucose polymers (glucans) are generated, of which
biological functions are distinct. For example, al-4 glucan
(amylose) is soluble and an essential energy source, while p1-4
glucan (cellulose) forms a mechanically stable insoluble fiber
hardly digested by most organisms.
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Fig. 6. Image of the hierarchy presumed for three component
saccharides, glucose, mannose and galactose. Glucose (mostly in
the form GlcNAc) is most fundamental, and mannose is second to
it. On the other hand, galactose is distinct from these saccharides in
both chemical and biological aspects (see text). Sialic acids and L-
fucose are rather optional, but actually play critical roles as
modifiers of galactose.
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Fig. 7. Linear forms and C1 chair forms of 8 possible D-
aldohexoses. Naturally occurring glucose, mannose and galactose
are shown in bold face. In each linear form, OH group(s) epimeric
relative to glucose are shown with solid box(es). In each chair form,
axial OH-group(s) are shown in red for emphasis, and hydrogen
atom(s) which cause thermodynamically unfavored 1, 3-diaxial
interactions are shown in bold bars (H is not shown). It is obvious
that the numbers of such interactions are minimal for glucose (0),
mannose (1) and galactose (1). For simplicity, all of the pyranose
structures are drawn as C1 conformers of 3-anomers.
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BaccharidesAldehyde Form (%) Relative to D-glucose

Hexose Glucoss ! 0024 1
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Galactoss 0082 34
Allose 1384+ 58

Pentose lose 017 T0
Arabinose 028 1
Lysoss 040 17
Ribose G.owH 354

®  Data [11] determined by porarography wsing 0.25 M saccharide sclutions except for allose and ribose™* (0.1 M;
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Tehle 2. Proportions of cofi-pyranose and o f-furanoze forms in soluions of 8 aldohexozes and 4 aldopemnses

Pyranose Furanose
(o} {5 (o i
Hexoze CGlucose 3695 64 %
HMannose 63 32
Galactoae 36 64 trace
Alloze 18 w0 5 7
Guloze 16 78 ]
Altrose 27 40 20 13
Taloz= 40 z9 20 11
Idose 31 37 16 16
Pentose Hwloze 37 63
Lyxose 72 28
Arabinnse 63 3d 3

Ribose 20 56 6 15

*Drata from ref [11]
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J—=AE AT b—=ATIE 2 fif, KON 4 NLOKEREEN
TR NN E DD, ENERL—DD 1, 3=V
TXVXAMEERANELS, RAC, kb RKE2E
Bkl 705 5D Rex v AF VET@EE T ¥ %
NMEBENZIZ R B 7RV, & 2 AN, BARRICHFE LW
77— B-=v-Fa—R) TlHEE—>2D
KEBEIEDFEEN 25D 1, 3-VT XY /VMHAEER%
FAEIETWD, T~y /) —ARH T 7 h—2R
T ZOMEEAR—2 LMEZ RO, EiX, ~
VI)—ARET T FP—RIZBITDHHL I —DD 1, 3V
TR VM EAEROMEIZIL, Rk EN
HO, ZOEDT XUy LKRENELS 1, VT FV

Y EERGAE L2V, BREOMNE X b E
IFEET 2000, ZVOEBIH LN T ¥ ¥ LKHE
DTV AREEIZETIEARY, 1, 3-YUTF ¥ L
FEERZ, 7V b —ATE = E, V7 e—2ATiE—
i, £ R—ATE=@&Rb, —FH, #u—RZE—
HLED LD ZRMAEERAR 2N, LL, ZXr—
ZATPR - TIEAKBR R R+ &) R&E R EHBER O 5o
M HNWERDTED, ROZENEITEFELIIKTT 5,
L, 3=-U7 Y AVMAEERICL DA TR T v —
REDARTEFEIC X T DRI E 1L Z W BN, e
CLHLHKRMBREIRLET L RAX Y — I L TIE
b ZERS OPERIRE N &0 BRI Y ST
eR

3. WipELLTCOHT I h—R

HARDERIRT DB TIX L EME Mo >TWnWDH Z & %
RTC&l, bbb, TILRAFY =R CHETBRY
COBEMEEWEE IOV a—R (REE). v/
— A (FERE), BXOH T b= (HERE) O=
mCThd, LirL, ZOHRTHT 7 h—RIfthokE L
REL B pMmza s>, [583kHE (Glycotope) | &
LTORETHD, Bkl X, v7 F o0 aMH
PUADRE G T 212D ERT oHE (= h—7) T
FEBICRE O e > T D &R, 2 OHEK
ELTUTOZOMEBEZ bbb, F—I2, 77 h—
AL AT Ry VKRBEE LD, ZNE IV a—RR
~ )= RERR DAL DTN TR, T
—MEAKBENO b o L bHENTLEICH D, ZDZ
EEEMTDHFN DD, HT77 h—AD 4-TF %
NVIKBEEEX, BINIe T 7 b— AR L7 F o (T
LI F UMM ER Y V) OEMNTHOLIIR ST
WAHOTRE, BIREWZ EIZ, Zh e, v/ —
2ROV 7T ORIE I Vva—REwr ) — R %
HEDEBEIZKBILRNS DR, GL4RMEHL Y
FoThHDHar BTNy ARalLyF o LEEN5
~ v ) AR RE L F (CRIL Y F U D—
) T~y —RIRbBLFEET LN, Fra—x
WZHNRVFEATED, EE520H, ZThoD L7 F
VIFRENR~ Y ) — R 2 DT Xy LKEEE (Fv
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REND, TOIZ & EROMANIT IR Z 3
VEREHD S B T ARG X UAEGTEEHE -7 U
¥) LIRS b DO TH S (Fig. 8), ZOWEHES

L fig W
oo '.l‘l Yeast
o | oy
M — e e
wol6ManT \  «1213/16
L Lt ManT
Y ERoMan
13 " . :
] N, U N MM NN
ey e S e e
e i Mell 4 Gafl G GAT 1
N g N GnTI & Man N N I
O T S S o M 2o
Gle Gle
W . E fGchfGlc | Mammal
AR @ gm
Lo =l=
B —- ".
u Oligo-T
:Bj_l[ ——  ER membrane
Fig. 8. Biosynthetic pathways of protein N-glycosylation

(asparagine-linked saccharides) in yeast (upper) and mammal
(lower). Both organisms utilize the same starting material, i.e.,
Glc3Man9GIcNAc2-dolicol, but after the removal of outer Glc3M
they take completely different pathways. As a result, in yeast,
"high-mannose type" structures lacking galactose are constructed,
whereas in mammal the common Man9GIcNAc2 precursor
oligosaccharide undergoes "processing" and subsequent transfer of
GlcNAc and galactose to convert the oligosaccharides into mature
"complex-type" structures.

FAREE ORI IIEERE & & MCHE T, & b IZFE Ui
& (GlcMangGleNAc,- KU =2 — b)) ZHFEEIE 35
[13], &AM, L AIRY , Bl EZ4EY O
B ClE~y ) —RCBEATBEERN TELDICLE &
FO. W7 FP—APEHIND Z LT, i
XU, WFLER & O mEEY TIE I ORIERMEZ Fv 722
W, v/ —A={HOREICETUVERDS et
VT EMENLEEED SO T, D%, N-
TRFATNAY I TT T h—ARIERES S,
N-Tt®F LT 27 FH¥ I (GalBl-4GlcNAc) & FEITH
LEEEMTIRS AN D ERBER S bLD, &
BIZZD N-TEFAT 7 M I &L, L-73—A
RV TNVEREE o T RIHE R OREIZ L - TERT S 4L,
AR BWRENE S o TP IE ~ L BB L TV,
— 07, BRAHITRRR R D0 BENRERE SIS b R
Z 7 b=A~DEMPEZL/R. ATy
A v A (Siaa2-3/6Gal-) <> 0157 KME# (Galal-
4Galpl-4Gle—) DOIERIHESH L 7o~ 720 . B D WL EG
#% (Siaa2-3Galpl-4 (Fucal-3) GlcNAc—), 7 & h—

T AZR Y 7L (Galpl-4GleNAe) . S #il i o &%
PO FAE ((Galpl-4GlcNAc)n—) . MBI KESE (A =
GalNAcal-3 (Fucal-2) Galpl-4GlcNAc) & 5 o 7=% 4
R DS b k2 72 L 7P VRSB & 2T ERIC AR
%, b MR A I U T 5, EEEYEKD
T h—AEHPEHDO U A & Fig. 91T 5,

Lacto series Globo series

[Paragioboside Olh)

type | Gal {1 3GLNACR 3Galf AGLR11Cer Pk Gal ot AGelfL AGE [t 1Cer
type 2 Gal i1 ACIENAC[ 308151 AGIeR1 10 P Gal N il 3Gsle ACalf1 4GIopL LCer
b1 Gal ol 4Gl AGINACRL 3SRl A 1Cex Forsmann Gal Maced 3GaNAcPL 3Gl AGaIPL AGI1 10
B Gal o1 3Gl AGLNACRL 352131 AL 1 Cer Globo H  Gal Bl 3GaINacPL 3Galel AGa1fL AGIfL 1 Cer
Fusd 2 Foeed 2
| Gal Mécel 3GalfL AGKNACP1 3Gl AGLPL 1Cer

Gal i1 ACIEN AR 3(CIBL AGIENACRL 3 Ganglioside series

It Gal [ AGIcHACH A
Calfil AT NACRL GM1 Gal Pt 3CalNACHL ACalPL ACI[i A Cer
Gal [il ASIcHAef 5 Neudeo2 3
[Le* Gal i1 33kHA: GM2 Gal Mz il AGalpl AGIepL 1Cer
. Fural 4 NeuAcaZ 3

[Le Gal i1 33kNAe GM3 Gal L 4G 10k

Fueeil 2 Focod 4 Newdon2 3
lLe" Gal [ AGLNAe

Fueeil 3

Le” Gal f1 AGINAC O-glycan

Fuend 2 Fueod 3
[SSEA-% Gal il 3GaINAcl 3Caletl AGalfi1 AGI([i1 1Cex T Gal Nacel-JerThr
[SSEA-4 Gal 31 3GaNAcf 30l l d3alff] A3 1Cer T Gal [l 3Calldcal-Ser Thr

Heunseoz 3
Fig. 9. Structures of galactose-containing glycotope.

Representative blood group antigens are shown. Data from
ref. [19].

BESH O A2 BRI BE SRR B S S RTEEABE SIS L. —
FETOREZMAML T Z & a2zl b,
EWEL D% D B BETHr L iae (B &7 2% &
T, T OREIERD 7 4 — L D IRAEBBEIAT T N
RDHZEIZRA D, &) THIEES ETENTZAGHK SR
EEDOEFEMET L LN TE DG, FEHAEARK
BT AR, T 7 h—2DMINE IV a—2x~
V)= AL HARNIEH L NI TR EEx D, 2O
Z EIFAEMER VAL TR SN D LD TG LS
LTV THBRZRV Y, LAY L W B RE T8 (AR T A2 oD
EOBEREIZHMAT NS EimftmoEE) = &2
MHNTWD [14],

4. H7 7 b—ADAEHK
ERBENS, HT h—ART N a—RA0w )
—ALITHAONICER LI EREVEZ O THDLZ &
DERCE 2725 9 0, —MRIT, B2 E o Bl E
BAEMWIZIIATT 7 b= A HHEEHOGEENE N &
IHEEIX, HT T b—AREEN LT AEMBLG N L
JAAEZFRFBI TH DL Z 2R LTS, b L, &
DEZNIELWET D E HT7 h—ARNT)La—2
vy ) =R EEOBOBEMECHBL L Z &
EXFFT D, KORARNREENH 51377, £ T,
7 = Z2WZHET 5 AT BT
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(Glycochemistry) % fth o> FEANE & SEAHIZ s L T
HZ EIlZT B,

ST, BEOEAHRBRK AR TH LI, Hifo4AE
FRASAE X AR B IS TE D, B OMEIL,
TNha—A, v /) —A FLTINT h—AZ=3FH
OMAEBIZE NS (Fig. 10A), Z ORIIAREIL,
FNENOHENRBEE LZ6 -V VE(bIKE L CHEITT
LZlE, VT NAFREERD Z L RRETH
Do SHICHBRRELT, ZVva—R K~y /
— AN TN b — A LR L o L -BRICH
D2 LR LW, EREMIZIZ, 77 F =X
LN A—A~DOERIT I N a—R 6=V VEEA VAT
—PlzkoT, v /) —A~DOEHT~L ) —R 6=V
VEEA Y AT =V Lo TN D,

CH ,0-F1

() H 0. CH _R-Pi
o cHH < Gle-6-Pi
CH20-Pi, H 8] OH / oM
K; @J Ho M HO H
" oH  H i " oA H o \ CHo0-Fi
-+~ 20
. H CH H OH H 0, OH .
Fru--Pi CHo0-Fi CH 5 0-Fi £ HH u] ! Man-6-Pi

Enediokintermediate " "

() L-Fuc, L-Rha
HaoH

oAl OLH NAD+ HQOHO H ADH o] H20H° H
O b —_— —

o= O4DP 2 AV 2P

UDP-Gl¢

H OH H OH
AN UDP-Gal
4-Keto-intermediate Ave, Tyy, Asc, Par, Col

Fig. 10. Two alternative biosynthetic pathways for epimerization.
(A) This type of epimerization proceeds via a common linear
enediol 6-phosphate intermediate, from which both ketose
(fructose) and aldoses (glucose and mannose) are generated. The
reaction essentially the same as Lobry de Bruyn-Alberda van
Eckenstein rearrangement [17]. (B) This type of epimerization
proceeds via the 4-keto-intermediate of nucleotide-sugars. For the
formation of the 4-keto-intermediate, NAD+ is utilized, and upon
its reduction with NADH 4-epimerization is achieved. Such 4-keto-
intermediates are variously utilized not only for epimerization of 4-
OH but that of 3-OH and 5-CH,OH, as well as for the formation of
deoxysaccharides, such as L- fucose, L-rhamnose, and various
dideoxyaldohexoses listed in Table 3.

FOBIIEX 7 AT ROBTHEITL, NAD'S
NADP D) & T4-4 kiR & vy o BBk 23 L 5 (Fig.
10B), Z ORI L HEHIUILFEL R NY =— 3
YR DH, BIZIE, UDP-H T 7 h—ATE X T —FL,
UDP-Z7 /v — A 4= MR EREC UDP-H 7 7
h—2&4AKT 5, 22T, #EREDITHEEE LT,
2 A0 3 AL TIER<, 4 frEEk (7 MbB) LTWwWb
DT DA~ABRRERIRTH S, b, 4 (LICh
IWAR=VHE (sp2 RFEEHD) FEATHZ LT, 4

LD EMA (= A0k) T TR T -2/
—VHERMEZ LT 3 L, BLO 5 Ao B b ]
BRICRDNBTE, S, ZEAMEICE EELT,
3L, 6 fiDTAFALE VI ERBES X LHEBEEIND
[156], b fLOEMAGIZ L-7 a3 —ZARL L-FLH/ — A LW
Sfc L-HEOAERICENRY | 3, 6~V T A F AuIEEI
77 LRBEEN b DT Ra = FRXa—2X a3 b
— AEDHKFEDERICE D, I, 47 MRIZH
BEOHFMIAE E 2 X5, Table 3 ITHEx Ik AA K
A b L CE L DD, T THRERAICRM L,
77 h—ARER, FREDIEIZ I va—2 & LXK
<~ )= AMBIELNTWD AR, ZDZ i, g
RO NI FERME (I rva—Rb~<wry /) —2R) &
BN (-5 PHRRER) IckoT 2L OFMR
PENEZRHENTWDEZEEERT S, Yy a7k
Mo Z OIS A 7)) 25— a2 (bricolage = #§
BNTOMEE) ) EREATE [16]

Table 3. Biosvnthetc pathways for less common sacchardes

C5: Hyl UDP-Zlc — UDP-GlUT — (decarboxylation)
L-Ara UDP-Zl — UDP-GlUJ — UDP-Xyl — (d-spimerization)
Rih Gle-6-Pi — 6-Pi-Gla-Glacone — 6-PiCa — Riu5-Pi — Rib-5-Pi
(o9 Gal UDP-Zlc — (d-keto-d-epimerization)
Galbac UDP-ZlcHAC — {d-keto-d-epimeriz ation)
L-Fuc GDP-Man — {4-keto-6-deoxy; 3 S-epimerization)
L-Rha GDP-Go — (4-keto-f-deoxy; 34 S-epimerization)
Paratoz GDP-GHc — (d-keto-mdeoxy; 3-deoxidation
Tyrrelose: GDP-Z3lc — CDP-Paratose — (Z-epimerdzation)
Avequose GDP-Glt — (d-keto-6-deoxy; 3-deoxi-d-epimexization)
Ciolimse CDP-Man — (d-keto-6-denxy, 3-deoxy-S-epimerization)

Adkarilnse TDP-Glo — (d-keto-6-deoxy; 3-Geoxy-d S-epime rization)
MuwrHAC GcHAC + PEP (esterificationy -  (hydoogenaton)
o L-glycero-D-manno-heptose
Fle-6-Pi = Rib-5-Pi + Xyl-5-Pi — D-glwero-D-manno-heptose — (epimerzation)
[+:H 2-keto-3-deoxyoc tanoic acid
D-ara + PEP - {aldol condensation)

o9 Heulfée MantlAc + PEF —  (aldol condensation)

HT7 h—AR, TNha—aAl~v /) —RAEERK
MIZ R DHBIC L > THEBR LTV A IED D T,
Dk % 7o bl (FAF W, UAR—R, L-HE, vrv
fe. TNV E) EARBEMICFEEREECO bR
TWDEWIFREZ, HT77 F—ANT FFIFEP L-
PEL R, 7 va—a0~wy ) — ADE%DBLAYER
ST, T DHEZ AWML IFFT 5, BREWZ 212,
UAR—=AHL TN a—An6oL LD, EDERIZ
T NAD'Z M EE LT 5, NADWIZ U R—ANEEN D0
by BAIDVR—ZZEDLHIICLTTEEZDD, &
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SOMBENELTLE Y, WHTHERD KT, 7
J h—RA, Fa—x, < /=AM bLFE L0
BRI DMNEECOENH Y . ZDR. K bIERNR
BELE 22, Tzl 77 b—A UAR—2A,
TAXNE L-PE, SE Y @ T VBEE, R
WRAEMIZIEE DB O EICLY, Zva—&,
Y= AEFHELTTE R 7 ag—Y a0
W) LEEZRD1EAD, BT F—RAFT N7 F—AR
JNhA—RA v ) —AREHARLE BT £
53T BE] (Late—comer saccharide) 7272,

5. Lobry H&fir
I EWALFOHERECESLTRHRE I TWD
WORAR S THS (Fig. 11), FR4 % Lobry de

cHO
H=G=OH
HO-(-H  63.5%
H=(=0H
H=C-0H
‘/ CHOH
cHOH CHOH D-Glucose
(ljo (I::OH
HO =C:=H HO -E'H
H-C-OH =i H=;~CH
H=G=0H H—C-0H
CHa0H bh,0H GHD
D-Fructose \ HO=(=H
Enediol HO =G=H 5 5y
% Intermediate Hog-0R &40
H=C=0H
C¢H,0H
D-Mannose

Fig. 11. Lobry de Bruyn-Alberda van Eckenstein rearrangement.
According to Wolform (1928), he obtained glucose (63.5%),
mannose (2.5%) and fructose (31%) as a result of reaction of
glucose in saturated lime water at 35°C for a week [11].
Bruyn—Alberda van Ekenstein #zfi7] [17] £ &5 (K
i CIEHLZ Lobry HafL & ME5), BUSIXFEREFERIICH
ST o < DT, AEMIZIE 6-V Rk
KTREZDZZ7VI P—=RA, Zra—A <) —AfH
DMAEHSOE (Fig. 10 A) LB FA—Thb o, T
bbb, R LT U — VPR ER T L R —
A b= AROREML, BLO, 2 fikBEEOTE
AL Z D, ROSIT RIS THEIT S 5728, £
DRIZBNW TR LZERMEWEEL S ERT D, B
ZIE, Wolform (XEafnAIKAKF, 7 /va—2% 35C,
1 B LR, v a—R 63.5%, 77 b
—A31%, v/ —A25%EHETND, ZDLHIZ,

Lobry #AR8 MR AMEATAE T CLA P - < 0 4T
DA, EBRIERR L EORIFIS A LTV, —
=R RERBEREET G (7L R
FTRIDLRE) ZHWD L, BIETT VY h—2A
NELRLE VWD (18], ZA7 F—RAF T Va—RA
;Dﬁ&#%wtb AP IE T3 70 F1) A AE
o*&_\7w:—x%7w7%~x%ﬁﬂkb
7= Lobry $sfif CH 7 7 b— ALK L7, #7727 b
— ANERT D 7o OITIT 4 NEKEREE D AL L BT
FEDT=HOIZIE 37 MEDERDB VB INGTE, LavL,
3= MEIFBRE R & D IZ< <, LIRS TREET,
HARFUC B IFIE LRV, 37 MEDRIEIZH T 7 b —
A3 Lobry S CAELBRWNWIZI L DEIRLE LS X D,
KISV OARE 2 PR3 5 L CRAETEHE R LT
HDHHB. A& DOFEBITE DI D F 0 I G4 DY EEF
Thotz (IELWEFSZbMH2R0 1), @V akf
2TV D RIE DAL T OHFEIC Z ORURH FL# S
NTVRODIIREEETH S,

6. TANE—AKIGET IV RS

INET, AT BEICFEET D EARNRE, 7
NI R—=A TN a—R v /) —A FLTHT
F—Z2DLFH, RO FRERERCE, 22
T, BORIEMIARTH D 7 4T — ARIGICEE &
RZE D, 7ANE— AN Tl —RICHEEME. &
DWVEFEL O HIWMAFTE T T, AVAT VT K&
HREMEE LCZRED 7 YL T LT e K (GA),
e ReXx 7R DH), SHICEAOEATLN,
H, RNREEE W BEREKRL S D (Fig. 2), 2O
OB, BEDOIRIELANRIED AT, KV /NS b
DTV F=IMGO/RREZEZHNTND, T
TN R—=AMEEITED XD R CHEITL, ED X
PRREDE RSB P RE/R DA 9 7y, 19 iR D
20 HACHTHIC Fischer Bl & OB S —HED
BLZERIED D ENEGA LD B TE S (Fig.
12), #51E GA & DHA, &2 WIEZEI G DOffkx 7eikE
EEHRNTT VR —=HEEETo [, ‘s d
FERITLLFO®@Y ThbH, 1), GA & DHA DORIGIZ X
STHELHIEBEDOEEMIL T h—X] ThbdH, Kt
Bt L. T R—RTAER LAV, 2) ZOFE, DHA
DINET "\ bR gl & A U kgE (= 7—
N7 =) INCADHNVR=VRFELALE LT & x|
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BEH#EO7 h—ANEL D, —F, oA bE (GA
—GA, GA—DHA, DHA—GA) TiZW¥ivd [l 72
ALD (BRRTIFHFEAELRY), 3) DHIA—GA DG
THEEMICAE T D DL 3, 4 MOKBRIERNLS [HF
VA el N Thbb, TAT F—R &
JIVIR—ATH D,

CHOH  Ba(OH)2
0o —
CHOH {HOH {H:OH
0
DHA ook o
I H-C-0H + HO-GH
H-0-OH H=G=0H
?HO CHOH CH:OH
H-C-0H
CHOH - —— Fru Sorbose
GA Lobry
transformation
Gle Man

Fig. 12. Aldol condensation between DHA and GA as reverse
glycolysis. Fischer et al [1] demonstrated that only fructose and
sorbose having trans-configurations as regards 3-OH and 4-OH are
generated as a result of aldol condensation between DHA and GA.
Importantly, fructose can be converted into stable aldohexoses,
glucose or mannose by Lobry de Bruyn rearrangement, whereas
sorbose cannot yield such stable aldohexoses. If any, gulose or
idose, neither of them naturally occurr.

ZITCOOEBEREMNAS D, H—IZ, DHA & GA
DT VR —=LFEENDL TN T h—2ARAE U 5Kt
MEBEZDOWIG] 22 WH 2 & Thb, 2FEL. B

F (TNART—8) OfiET 5KIGE 1, 6-7 17 b
— AV VO TEZ 5, 12, BE T/ Va—

ANTRTOMEY LB, RYDHEEV IT7 L
J h—=RLZIREE, ¥ERDL, TV R—1AHEED
EEOFEM IV F—ATE 057, ZOERIC
BWT, ZAa—R L7 V7 h—ARNTE THOTE
U925 REWIEE RV, T, bLERY b—X
DHHBT NI N—APHHE TR 72 Lobry $5f7 2 Z
TE, KBETNVREAXFY—ATHDH I )Va—RA LD
BOV ) —ADBERT D, LrL, —HDYILAR—
AMNBITLZEIR~F Y — AT AR L 2720 (BRI
14F~X&7m~2®*@);%’WNkﬁﬁ%%

EMEOEmRICIIEL, 4 F—=2Ab 7 m—2 4 HRER
m i%%&#OKTT Etk] RBECH D,
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SHAEWE DI,

1) VIZFUEHTI h—RETNa—RA, L~
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DIFTEIE R AR T D,

3) W77 b—ANBHIEL L THEELCWDZ %
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W5,

4) H57 h—RF TN a—aowy ) —R L -~
PUEGRH OB OB THINEND Z ERZ0,

5) W77 h—ADAEGHEEITI I Va—X v/
— A, TNI b= ADENE NIRRT D,

6) #7777 h—RIMDL L OFE LR 47 FiE
EKENLCERESND TV ad—Ta0fERER
5,

WS T ENREZT, — . BEFEOSG B

1) HEORIVEMEGRE LTT 4T — AR5
nTnsb,

2) FHUVIRITHIRR (T E=T BREITIHFIELRW)
ERETIUZ T 40T — A UGIZ X o THEN AR
T 5,

3) 7 ANE—ARISOYMEN TH 2 GA & DHA 23
T R—= e a3 L7 b—=ANERT 5,
4) TV R—HGE T 3, 4 fLDOKEREED b T o AR
Blomby h—2 (FV7 h—Z, JYILER—R)

DMERIICERKT D,

5) N7 F—AMBIX Lobry 5Bl Lo T a—
Rb= )= APERT DD, VYVR—AND
X BAVUTILECT D ZE BT AR LRV,

6) ERSG3), 4). 5) 1xWh b AR T
PO & L CHE T D,

LWV o ZEMIREINT,
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LRl gz Eox | HoEFICET U T
7 [19-21] LT 5,

1) JihAHER B oo Y e 5 ff (PLERIY & IREE DR LT
TR RE R BV BB OFIE,
iR) THRLVE—ARGHET LT,

2) GA & DGA DT L R—HEEIC L 0 7 b~y —
ATHDLINT b= KOV IVR—=ZABAER L
77

3) Lobry 5T LW 707 h—AMLIEREEETH
DN A= AR, FRFZ~ ) — A B EIE
R & LT RAER LT,

PLE, fbzitfb, Z OBREE CICER LTZ7 VT b—
A TNa—RAR vy ) —AD WA o=k First
triplet)] & L TIEDIT 5,

4) BFURRESROFEAEIC XY | Sl =R A B E L
THED 7)) a7 —ra) RERICERINT,
ZOT7 Y ag—Ya BRI TWEDIZEZE S
KRNI TVTOMET, ZhE (BELToL
BiZle-C0) BIRLT-ox s &4 - AR
BRI - @S EMIZ 5 9,

5) kg7 Vagyg—valioob, 777 h—RIX
T&uf ) OB, BL O 4-T F > v LKEE K
DIFTEIZ LD . FICEESMaEY T [FE50E)
ELTERIRENT=, —F, VAR — R T8 Bl
WYE., BREO TERERE] & LTEIR, =612
Z 7 ~— ARk AR, PHET R HI A4 D
MERRE] & LT L-7 23— AR0%hEAR o 7 LEEN

FIEEBY CTRINS N, —F., #HTIEF
0— AR L-T 7 — AP BRI 2 3
FLLTHERaNT,

b ) F Mg Licb D% Fig. 131277,

Formase reaction . -
Xl
> Gal LXra
GLYCOTOPE e
7
o o e
HCOH GA MurNAc
DHA
L-Fuz
= Neuic
FIRST TRIPLET
CHEMICAL NATURAL
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Fig. 13. Summary of proposed scenario on the origin of saccharides.
The figure is constructed originally on the basis of the previous
paper [19]. As a result of chemical evolution on the prebiotic earth,
formose reaction generated small saccharides including GA and
DHA, which subsequently undergo aldol condensation yielding few
ketohexoses. Among the products, only fructose could be converted
into the most stable aldohexose glucose and also mannose, and thus,
these saccharides formed the first triplet. As the first metabolic
pathways were developed by the first living organisms, glucose and
mannose were maximally utilized, and a number of "bricolage"
saccharides were produced that included galactose as a
"recognition" saccharide (glycotope) and ribose as a frame
saccharide in nucleic acids. In this context, galactose should be
regarded as "late-comer" saccharide relative to glucose and
mannose, both classified into the same aldohexose group.
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