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Binding of Iron( 1) Ion to a-D-Galacturonic Acid |

NAKAMURA Yasuhiko

Abstract

Experiments and calculations were carried out in order to confirm Fe?* complex
formation by «-D-galacturonic acid. Measurement of Fe’* ions in the supernatant
of FeSO: solutions in the presence or in the absence of the acid, and gel permeation
chromatography of the substances in the supernatant proved the binding of Fe* ions
to the acid or its degradation products at pH 8.0. Ab initio MO calculations at the
level of B3LYP/LANL2DZ showed that a conformation of o-D-galacturonate ion-
Fe’ complex formed through three coordinated bonds between a Fe?* ion and three
oxygen atoms, a carboxyl oxygen atom, the oxygen atom in pyranose ring and the
hydoxyl oxygen atom attached to the carbon atom at position 4(C4) was the lowest
energy one. The release of hydoxyl group at C4 and the cleavage of the carbon-oxygen
bond of the carboxyl group coordinated to Fe** were considered to. be probable as
a result of the complex formation, because the change of bond distances and net
atomic charges of «-D-galacturonate ion moiety due to the complex formation was very
large at the related atoms on the calculations taking the electron correlation into

consideration.

Keywords : a-D-galacturonic acid; iron( 11 ); ab initio MO calculation; B3LYP method;

geometry optimization
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bL, 2029 KOG, FrERIINT ATRIIIT8% TH b BT OFKROWRILHIH I L
THL, BIND L OANLFETHI0%HRET, ~NLEFUNDOHETIEIS BRETHLEINTVEY ,
HARADZ CHEIT 2 KERHERICOHELCELLO0H 505, ZORINHAFEOK X258 K
ZIOBFoTwDHLDEEZILNL, BRIT/NB»SWIRENLEH, WMMaopHIZEST VA JHET
bHoHI, HEHEDOEKA & IR EORBROILEDEZIED, BIEDITFTE, —F, fmK
O SOWNUEEE T, WHEME L LCE, )72/ —=VR7 4 F VR kLR
TG ELLOPMONTHBY, WIUEEWE L LTETAINVE YR, XTFF, £ T
I rvarEhEPHLNT VS, 7AINE YEBEOWIUEEEREIZOWTIZ T 2+ 012133
ENTwARWD, BEREOE 2 liZIREA~OETIEH KB ORMAE GO & LA E S
NTWwWb, —F, FVITHFT7yaryBIIOVTIE, FIIRIF OG5 ERCTHES R,
PIZBTHHOWNFHZIRET S EMWME SN TNEY ¥, F/, yo Y BIUEPHORICE
JABOWPUIEE L TwAI end, $EH5 70 rBOEEMOSNER - (L¥ERITZE
LAThN T3S ¥ FHELIE, REOBAKICB T8 (1) HOMRICHT 280 @
T, #% (D) A4 YHPREOXRTF VHEOWBELERET LI LY, $& (1) 414+ ORE LM
MEBEZ MBS D LRI F U UEHEOSAIRIDZZEZHLMILAY o ZOKELHEITHED
STHOYMIERZ FUBTHRBIEZ A2 05, RyFUESHEAOE (1) 14 OfE
BAS7vua BN TRIZbDEHE L, TITEMOT T 7y v B HWERIZK -
T8 () A F2EHT vy BOEEEEID, HEONME LA P TiEE0ELE 57
FHEFEIC L - THRETL 720

2 WRBE

2.1 H%

a-D-#F 7 vuarf (GA) 3FHI4F 228D —KIE%, WEESL (1) (FeSO.) 13 H 1L
bW OLKELHH L7z, Mol XRRmzEH L, FYVABIZIEN A+ - 7y FIKRF b
)= XD X r v p-2 e vz,

2. 2 GAICL3HOTAEIL

0.212g ® GA %#10ml DZEFKIZHEN L, Zhi20.278g DFeSOAMA CTE, L, BHEL LD
HONaOHB AV LT oM TIHEEESHFEDOpHIZ Lz, pHFEE, HEK2MZ T20ml &
L (& p  Fe* 0.06M, GA 0.05M), ZiRTI05B#EHEL/zH L, 9000rpm T1055 #E 0 5
WL, BonEEATORKET 0- 72 AT YEY THlE L7,

2. 3 HESPOTIVBBICEDOHE
0.2M ® NaCl # & 0. 1M M) A-HCl#: i (pH8.0) TH#{LL 7z ¢ 1. 6cm x 100cm D73 4
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FENP2DH S5 A, 2.2THEL 72 pHS. 0DRAWO L5 8 LB 2 ml 2L, 0.1IM Y
Z-HC1 & ## (pHS.0, 0.2M NaCl % &#r) % H\» Tift#20ml/hr THE S ¥ 720 2. 0ml
FoRRBEIED, TOFDOGA%R 7=/ — ) - HiEgE? T, Fet* %o0-7xF A0 VET
HE L7

2. 4 DFINESE

Sz 7075 4 E LTQ-Chem 2.0% & Gaussian98¥ ZfEH L, FE IR B R A I AL PR
by —OFERTIT o 72

a-D-#5rvavEAty (GA”) OWEREILIZHFES L UBLYPHE T - 720 BER
i2 Pople 50 6-31G, 6-31G(d), 6-31 + G(d) B L UHMMHFT > ¥ v VBIEE &L SBKIC,
LANL2DZ % i\ 720 SBKICI2HI23-21G%, C, OlliZHe Mk & L THRTilik(C Stevens
519 ORI A, FellitNe#W#ke LTER L Y AIOIC Stevens 519 OBEE WV Tw 5,
LANL2DZ3H, C, 0i26-31G#%, FellldNe#Mitk LTZN & h HMIOBIZHay 517 OB
BEHWTW5,

HF#5 X O'B3LYPE: & W DD DEIERZ > TRELEELGA IZ2WVWT, TOILFRIL
¥—% B3LYP/6-311+G(d,p) A EIC L sk 7z, E72, BOMRBLEED) B, TAVF—
OELIEVEEEOETFIRES MP2#:, Local- MP2i® 3 X U'B3LYPETEIE L, Mulliken @
RE2L—varypHick ) FHEFLOBEMZ KD

GA-Fe* B kO mlEbid, BT TiTo7. 7, GADABEHORIVET
(WFRLBEET) 752.0A OEBET, &&M2%120° &% 5 MEICFe 2R L, SBKICTH
2% AL L7 KIS, SBKIC THIEML L 7% gk L LT, S5ICLANL2DZ TRi#
(% Fot0 A Y SEEI, Fe' ORMILAMOBTHEELEEICLT, 5Fik1 L7

3 RREHIUEER
3.1 a-D- A3 VOVEANDOEROES

sk (1) (FeSO.) il %713 FeSOik a-D- #3727 v VB (GA) ORAW% &L
L7 FiBAH O Fer* 08 % Table 1 1278 Y. FeSOiN A TIdFe? & pH8.0TIX% AL TL
Fv, FBAPICRIELIRB SR AP o7, L L, GADPHFET 2HECRFELZVEE
D 5EOF R EEAP LR E NIz, pH7.0TI GADPHELEL ZWHATL EEARIERFL

Solute Fe? in supernatant(A510)
pH 4.0 pH 5.0 pH 6.0 pH7.0 pH8.0
Galacturonic acid + FeSO, | 1.15+0.18 | 1.140.12 | 1.11::0.05 | 1.097-0.06 144 0.44+0.167144
FeSO, 1.21+0.12 | 1.08+0.09 | 1.06+0.10 { 0.83=*0. 150 | 0.08+0.07-

Values are mean+SD(n=5). *¢p<0.01.

Table 1 Solubilization of iron( I )sulfate in ¢-D-galacturonic acid solutions
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Fig.1 Gel permeation chromatography of substances in supernatant on Biogel P-2

Column: ¢ 1.6 cm %100 cm. Eluent:0.1 M tris-HCI(pH 8.0) containing 0.2 M NaCl.
Flow rate:40 ml/hr. Fraction volume: 2 ml/tube.

TR Fer XML 72A, GAPRETI2HEITEEILICE L DFe» LALLM X h i,
pH6.0, 5.0, 4.0TiX, GAD'DHALELLEVHAETHBEOEIRO SN d ol BHS 19E4

VIHT 7 vuBRTpH & Fer OFELE OBFREMN-, pH7.OU ETHY IHS 7 v o v BO
ARICEDEUSORICEIHTLHE LTS, GATHRIL LS ZEEIE LN,

GA & FeSO4DRE WD pHB.0D B L/ LB A% /N4 7V P-2TH N A8 L 74 5% Fig.1
WRY e 772733 NoSSIZGA E—HTHKELE—225, £7275 273 3> No.3sizkan
NS HE=T P, LHIZT =) — VERBRETHRIE S N/, FeiZNo.33D ¥ — 7 (2 S iz,
No33D¥ =2 ZELWMOHD 7 = / — VIREBEEEHORSMIHEB 7 o< b 797 4 =128 ->Th
Fexr L SN VDT, Fe* b AL TWwAbDEEZ NS,

3. 2 o-D-#A350vOUBEHOESEORELIES

R o 2k ERRRE M- TRELSELZCA DI AINVF L ELEAOES, T HAY
Table2 IZ7% 7

RKEWRIERTIE, BMXP&T%EQL#%E@HFET%@RLt%@JD1$w¥~ﬁﬁ
Bo7ze BALYPEITIE, 6-31GHRER~DOTHEE, SHEEOBMIIE >TIALF—D LY
BOBEZ RO 52N TE, LA LHFETIE, WIFNOBBOBNL ZALE—0 X )%
WHREOIRRISHRD L2 o 7co GABBUHTRIOMER SIS LT, B3LYP# HF#EIZH]A
—RICRVWHER S 252 5 @A AR S N2, mﬂmwﬁﬁﬁBﬂXP&#;hE#w@%b
Z 720 06-C6-C5-C4 D AIEH V2 iR REBHOBE VI L ST, m“ﬁ%@m&&b
GADAFIVIAT N0 ISEWEE L 220 OLIINBITH o720
ROBEOTANVF—EE G5 272, BALYP/6-31+G(d) TH#IL L7- &0 ER %, EFHE%



i AS vy EAD(ID A+ ORE 65

Fig.2 Atom labels of a o-D-galacturonate ion

W) AR7-FiETEE L7 R % Fig. 312K o B3LYP/6-311+G(d,p) TEFH LEBErkRE,
HOBHOKRE VM 7 BT HBERTT, EOBHRIC6TRIFS, RTCI, O-HoXkF*#
BT, KT C-HPKEEFOMTH - 720 BALYP/6-311+G(d,p) T L7z & & OBEM AL
BRT, O5SOAEMNSLCCIOEERHIBERIKY, C2, C3, CSIIABME & o7 b Y
FAEOEE D EIEMP2/6-31+GA)FHETHIRLNLDT, Chido B EEmML-Z &
DEBLEbND,

Optimization Bond length(A) and dihedral angle() B3LYP/
method/basis | Cn-Cn+l | C5-05 | 05-C1 | Cn:On | C5-C6 | 06-H9 | 06-C6- | 6-311+G(d.p)
n<4 n<4 C5-C4 energy(au)

HF/6-31G 1.56220 14529 | 1.3976 | 1.4325 | 1.5463 | 1.7028 | 42.396 -760.9296
HF/6-31G{d) 1.5244 1.4247 | 1.3705 | 1.4062 | 1.5579 | 1.7136 | 47.792 -760.9294
HF/6-31+G(d) 15256 | 1.4225 | 1.3708 | 1.4071 | 1.5576 | 1.7486 | 46.093 -760.9292
B3LYP/SBKJC 1.5517 1.4988 | 1.4325 | 1.4766 | 1.5855 | 1.5352 | 36.760 -760.9190
B3LYP/6—31G 1.5299 1.4880 | 1.4197 | 1.4585 | 1.5630 | 1.5176 | 36.618 -760.9288
B3LYP/6-31+G(d) 1.5334 1.4509 | 1.3903 | 1.4321 1.5716 | 1.6063 | 41.064 -760.9352

Table 2 Geometrical parameters and total energies of optimized conformations of
a ¢-D-galacturonate ion

LoDFE L 2 EROFEERERELTCRAEL X, BAOENSAIKEVOL~0O7 OBFKE
F O Fer # BT, GA--Fe?' BAKOWERBILET o7z BONLTOOMEDOT AN
¥e ¥5)—RABOW, Fe* ~ORMIET % Table 312, 72017V &Fe?" -0 O %
Fig. 412773

LANL2DZ L~V Gl b T3V F— O HEEIE 04, 05, 06 % Fe? IZARLAL Y % HE(f) T,
RIZI AL E—DENWOL, 05, O7 HEhT (e & b 3. dkcal/mol 2> 720 THRNVF—T
IR LBV, 03, O4ICRLY 5B L 0701, 021K A HiED)TId Fe?* 2%
LF B KBEOKEEFHEE L THVES Y VEOBKRETICBHT 2L RLONL, JOK
IEARF Yy VIRV F—HE L VECHNE) T CBETRONZERTHY, BHIZT A



66 BIRBRFHEFMIELE HREEE  $54% (2003)

08 |-
04
0.2 §
) 0 [y .”“:‘&:"": d,
S SE |
-0.4 ]
-0.6
-0.8
-1
-1.2
C1 C2 C3 C4 C5 C6 O1 02 03 04 05 06 O7 H1 H2 H3 H4 H5 H6 H7 H8 H9
Atom
'OMP2/6-31G(d)//B3LYP/6-31+G(d) S MP2/6-31+G(d)//B3LYP/6-31+G(d)

\E Local MP2/6~311+G(d,p)//B3LYP/6-31+G(d) E B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d)

Fig.3 Mulliken net atomic charges of o-D-galacturonate ions

WHF—BREI R B 550 BBILICE > THONE 7T OOMEDOBOL AL ¥ —ONEfL L T3 L
F—EIESBKIC L~V & LANL2DZ L NV Tl L Tz, 72721, Q-Chem Tli LAN2DZ

Energy
Coordination Ring Multi- SBKJC LANL2DZ
atoms conformation plicity Total Relative Total Relative
(au) (kcal/mol) (au) | (keal/mol)
- 0L02 4C, chair 5 -273.9350 63.6 -883.4816 ' 56.1
- 01,02 Twist-boat 5 -273.9986 23.7 -883.5341 23.2
- 02,03 1C, chair 5 -273.9446 575 | -8834930 | 490
- 03,04 “C, chair 5 -274.0118 154 -883.5486 14.1
04,06 | C,chair 5 -273.9919 27.9 -883.5293 26.2
04,0506 | *C,chair 5 | -274.0363 0 | -8835711 0
01,0507 | Twist-boat 5 -274.0282 5.1 -883.5656 34 .|
04,05,06 4C, chair 1 -273.9664 438 -883.5075 39.9

Table 3 Total energies and conformations of Fe2* complexes optimized by the B3LYP method
HECREZHEHHBRT > v VeIl L X, H, C, ONKTEICIT6-3IGRERFEAL
TwbHDT, Q-Chem TRD7ZL A )N F—{HZ D Did Gaussian98 ® B3LYP/LANL2DZ T3k
OIAELEZPRL D, €T 7 — ABUEFe? OFAMBIZ L o TRHEIHCOVT EEIRET
HBHEEFREY, RUIMERESRERHEDALN, BELSNAHEIZBT 2 Fe2 -0 ®
BEREIL, WBBZ) D5 2 X 3FHH ETHL78~2.15A OHIPHIZH D, Fer iz 2 h ool
FEFLBRMHEEEHERL VD EE26N05, 72, BTORAY VSFFITTRTOREE{LEE
EBNTED T L) A NF=AMEL, SHBBEROBEETH TSI L 2RI LTWS, B
CRIL T, 3OBEREFARM T 28ED 2 MOBERT AT 55 L ) T 3L —Hk
WA 2 R L7z,

04, O35, O6- BNIHEIZIBIT 2 IRF A EHMES X U Mulliken DFE 2L — 3 3 V54712 &
% A E O % Table4 5 X 51277 F . LANL2DZ L NV T Ak L7855 1, Fe?*-O4,
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Fig.4 Representation of ¢-D-galacturonate ion-Fe?+ complexes optimized at
B3LYP/LANL2DZ level

(a) 01,02-Coordinated. O1-Fe,2.0230A;02-Fe,2.0254A. (b) O1,02-Coordinated(twist-boat).
0O1-Fe,1.9831 A ;02-Fe,1.7963A.  (c) 02,03-Coordinated. O2-Fe,2.0756 A ;03-Fe,2.0398 A .

(d) 03,04-Coordinated. O3-Fe,2.0142A;04-Fe,1.7912A.  (e) 04,06-Coordinated. O4-Fe,2.0114 A;
06-Fe,1.7857A. (f) 04,05,06-Coordinated. O4-Fe,2.0309 A ;05-Fe,2.1243 A ;06-Fe,1.8509A (g)
01,05,07-Coordinated(twist-boat). O1 -Fe,2.0850 A ;05-Fe,2.1507 A ;07-Fe,1.8509A. (h) 04,05,06-
Coordinated. Multiplicity,1. O4-Fe,1.9447 A;05-Fe,1.9520 A ;06-Fe,1.807A. Element color: car-
bon,green; oxygen,red; hydrogen,white; iron,yellow. Enumeration of atoms is shown in Fig.2.

Fe2+-05, Fe>+-06 %%, SBKIC LAV THRBLL-HEEL D EVHEER S 25 27275, Fe-
04, Fe?+-05, Fer-0613E»->72. GA Mo OEFHMEGHEMEZ, GA ~DFe O &HI £ T
KRBT 5L, SBKIC LAV THLANL2DZ L XLV T C4-04 5D KE REEZRLTwh,
@c:, O4-HY BEFHBEOH TRADH/IERETEBY), IhoHORKEGOME LML, Fe2+
DA CA-OHBADREDOTRERZWMASEL LD LRI L LB TE S, C6-06H
C4-04 2RV TREWFERZ RETW53, Fe2+-06 7o) Fe2+-O Il R THIKIZE W L 2 E R
5 &, C6-06DFEAYINT, Fe2+-06 DL % #27- Fe2-O6H DA DT e S H 5 Z & R
LTWwWbLE2%, BHAIC, Feri ¥5 /) —AROPIP LT, BEOBRTF LA
AT BWTHEERELE L%E, OHMEERL L CFe &3 2L BE SN b, FEiT
DEALERLE, HA, HS R ERFERTRKEB LTV R KRETFOEERS WL, 7o b e~
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DUFARES BB ZERRL TV D, BIUETIZOTAREVA, O7T1dd &b EABHOK X
WIRFTH Y, 0655 Fe ~DETHRHOXELMZT 0L Bbhb, C5 05D
OB, GA 25 GA-Fe D IERDBEM LA +2TH H L 2 EET 5 LIEFICK
ELBALE VR B,

(1) GA-Fe? ’ (2)GA Difference

Bond (D-(2)

SBKJC LANL2DZ SBKJC | LANIL2DZ SBKJC | LANL2DZ
C1-C2 | 15669 1.5404 15515 1.5261 00154 | 0.0143
C2-C3 1.5624 1.5423 15448 | 15256 0.0176 0.0167
C3-C4 1.5539 1.5352 1.5469 1.5265 0.0007 0.0087
C4-C5 1.5506 1.5312 1.5634 1.5412 -0.0128 -0.0100
C5-05 | 15152 1.5003 1.4987 1.4880 0.0165 0.0123
C5-C6 1.5730 1.5495 1.5855 15630 | -0.0125 -0.0135
C6-06 1.3805 1.3630 1.3242 1.3063 0.0563 0.0567
C6-07 1.2387 1.2221 1.2790 1.2593 -0.0403 -0.0372
C4-04 1.5258 1.5082 1.4661 1.4497 1 0.0597 0.0585
04-H9 0.9890 0.9837 1.0479 1.0466 -0.0589 -0.0629
C5-H5 1.0956 - 1.0897 1.1020 1.0931 - -00064 | -0.0034
Fe-04 2.0309 2.0411 ' ’
Fe-05 2.1243 2.1315
 Fe-06 1.8509 1.8521

Table 4 Bond lengths of the 04,05,06-coordinated Fe2* complex optimized by the B3LYP method

Atom (DGA-Fe* (2)GA Difference
B3LYP/LANL2DZ opt B3LYP/LANL2DZ opt 1D)-2)
Cl 04728 0.5054 -0.0326
Cc2. 0.1346 0.1123 0.0223
C3 ‘ 0.1212 0.1463 -0.0251
C4 0.1343 0.1265 0.0078
C5 -0.0910 0.0473 -0.1383
05 ‘ -0.7984 -0.6773 -0.1211
6 0.8955 0.8144 0.0811
06 ' -0.9058 -0.8185 00873
07 | -0.5309 -0.7143 0.1834
01 -0.7498 ~-0.8003 0.0505
02 -0.7781 - -0.8191 0.0410
03 -0.7951 -0.8313 0.0362
04 09341 -0.8872 ‘ -0.0469
Hi ' 0.2318 0.1648 0.0670
H2 0.1953 ‘ 0.1933 0.0002
H3 0.2488 0.1686 0.0802
H4 0.2788 0.1528 0.1260
H5 0.3200 0.1834 0.1366
Hé 0.5041 04535 0.0506
H7 0.4831 0.4564 0.0267
HS 0.4829 0.4795 0.0034
H9 0.5383 0.5430 -0.0047
Fe 1.5414 '

Table 5 Change of net atomic charges of the «-D-galacturonate ion moiety by binding of
Fe2+ to 04,05 and 06 atoms
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