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Froductior; of the end products of polygzlacturanic acid degradation on a 
Sarge scale was done by reacting free galacturonic acid with ~~QC~UKS punziirrs poIy- 
gaIacturonic acid transeliminase (FATE, EC 4.2.2.2) ta obtain 2 mixture of the 
b&urn salts of several aligouronides. Small amounts of the unsaturated oliga- 
uranides were separated by paper chramatogrzphy. Large quantities of rmsaturated 

oligouronides were separated on a AG-Z-X8 (fornate) colunn by applying 8 szrnpie 
of mhed oligouronides and stepwise eldm wzs carried out with sodium formate 
buffer (frK 4.7). The unsaturated ofigouronides were identified on the basis of chro- 
matogrzpfiic mobilities, Sepbadex ge1 filtration data, COOH/CSO ratio, thia- 
barb&uric acid-reacting material, bromine up’tike, 2od chemid and enzymatic deg- 

. radation data as unsaturated tri-, tetra-, and frexag&cturonic acids. 
The chemical degmdation of these unsaturated oligouranides, done with 6 N 

HCI by heding at 103” for 30 min, gzue qualitatively identical products of hydro!ysis. 
These products compared with authentic standards, were identified as g&cturonic 
acid, formic acid, 5formyl-2-furanczrboxyIic acid, and tfurantarboxylic acid. 
Analysis of the enzymatic breakdown products of the higher unsaturated uranides 
showed that a m&imum of four ga&tcturonic acid m&s was required for zhe action of 
purified endo-PATE from B. pumiius. The unsaturated ttimer was not attacked, thus 
accounting for its accumulation as the major end product of polygatacturanate deg- 
radation by this enzyme. 

Since the discovery of pectin trznseliminase (PTE) by Afbewheim et aE.l in 
1960 &hers has been a considerable advance in OUF knowledge of transeliminative 
pectin- and poIygaIacturonic acid-spfitting enzymes. It has been shawn that some, 
but net all, molds produce PTE which is specific far pectin 2nd ofigagalacturanide 
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methyl esters’“, whereas the presently knowx bacteriai tra_anseIlminases are most 
speci& for poIygafacturonic acid and are qrrite widely distributed among variocs 
genera - . 6 i5 IE contrast, so far as is knowx, yeasts do ncx produce such enqmeP*” 
and their production by proto~oa’“*~’ is, perhaps, conjectural. 

As a result of these studies an endo-pectb transeliminase from fungi is known 
to degrade pectin to WiE.ZtUi~t& d;-, tii-, tetra-, and pentagafacturonic acidss*“, 
whereas the bacterial endo- and exe-poIy@actcronic transefimizases preferentially 
attack pectic acid with the production of large qua&ties of unsaturated di- or tri- 
@~~zron~c acids, depending rry~ the speciesQ-“~‘3*G-zL. 

In eIr;cidating the formatmn of these primary end products a major problem 
has been preptiation of su&ient attackable substrate of low degree of polymerization 
(D-P.) to evaluate properly end product production. Various saturated oflgouronides 
produced by hydrotytiz clewa gz of the poEymer by yeast po!ygaIactnronase and UR- 
saturated compounds produced by bacierial pecdc acid Iyases have been separated 
by ethanol precipitation of their strontium OE barium ~a&?~-” and by ion-exchange 
cofumn chromatography zsiiig Dowex- 3 r2sin in the formate form”, or Dowex-1 
columq chromato_~pby7*z*‘5. A highly sadsfactory method for obtaining more than 
milligram qumtities of ezd products was sought. The purpose of this paper is to report 
inxxti@ions an &he e~?d -products prodxed frcm polygafatt~ronic acid by the 

p~tially purified po!ygaIzcturonic add transelininase (P-ATE) of B. prrmiius and to 
firmjy estiblish th2t unsaturated tig2Iactrrronic acid is ttie main end product of this 
degradation. 

The materials and methods employed for the production, assay and prrrifica- 
tion of the enzyme, as well as the geerieral procedures for paper and column chroma- 
tography, h2ve hem described earrlier by Da& and Vaughn”. Several addifiorral 
materiafs, along with some analytical methods employed ip. this study are described 
in the pertinent sections which foliow. 

RESULTS_AND ELSCUSSK3N 

The end products produced by partially purified PATE of B. ~unziltrs at 
various times (5 min to 24 h) had been suspected to be 2 mixture of unsaturated 
oGgouronideP. A comparison w2s made between the end products elaborated by 
crude PATE and those evolved by the enzyme preparations 2~ various stqes of 
pu~%ic&ion. A reaction mixture contaiaing 0.5 % pofyg2Iacturonic acid, 5. IO-’ _M 
CC&, acd 0.033 M Tris-HCf buffer at pH 8.5 was incubated s&h 5% (v/v) crude 
enqme, phosphate gel eluate, or single and double DEAE-eeffufose-treated enzyme 
preparations. All en_qme saIntions were diMed suitably to have IWO units of 
PATE ~tivi@‘. The results dia_mmmed to sczIe in Fig. 1 indic&e that the end prod- 
ucts produced by the crude enzyme and the various partially purified enzyme prepara- 
tiox were sirrilar. Furthermore, it showed that usaturated digaIacturooic acid was 
a mincer componed, sod galacturonic acid was not observed among the end products. 
Fox spots with RF values lower than that of the unsatwated dimer were detected in 
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Fig. I. Reaction mixtures containing pofygalacturonic acid and various enzyme preparations at 
different stages of puri&ation, incubated for 24 h at room temperature. The reacti’on products were 
treated with Dower-50 (HTj resin to remove Cazr and chramatographed in pyridineathyl acetate- 
water-acetic acid (5 5 5 5) solvent system on Whatman paper No. 4 at room tempx-ature for 12 h. 
Silver nitrate reagent wzs used for detection. A = gzlaccturotic acid (control); B = reaction mixture 
(Rx) - crude enzyme; C = Rx + phosphate gei eluate; D = Rx -+ DEA!S first passage; E = Rx + 
DEA!Z second passage: F = Rx t Sephadex G-100 peak Xl”; G = unsaturated digafacturonic zcid 
(control). D&ram dxwn to scAe; numbers indicate intensity of spots. 

the chrcmatogmn. There may have been same minor components having R, values 
very similar to those already observed, w,hich would remain undetected in small-sized 
sample analysis. LIZ the hope that these same minor components might be detected 
more readily if a larger quantity of end products could 5e analyzed, a krge-scale 
production of the end products was attempted. 

Dialyzed &I-free culture fuid of B. pum2~~ (1.5 I with a FATE activity of 
1508 AZ2 am units/r&) was added to 8.5 1 of I.5 oA polygalacturonic acid, containing 
0.033 M CaC&. Crude enzyme was used in this experiment, since the end products 
produced by the crude and partially purified enzymes were found to be similar. After 
24-h incubation at rOOM temperature, the pI!% of the solution was adjusted to 5.0 with 

glacial aceds acid. Solid barium chkide (244 g//t0 1) was added, and -the mixture 
was stirred u&i the barium chloride dissotved. Stirring was continued while 95% 
ethanol was slowly added until the ethanol concentration had reached 50% (v/v). 
Reiiminary experiments had shown that these concentrations of barium chloride and 
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components of the end products of poiygalacturonic acid degradation. Fig. 2 is a 
chrornatogram of the elates from band I through band V obtained bu preparative 
PC. The efuted bands show identical absorption spectra in the ultraviolet (LTT) region 
with maximum absorptions around 230-235 nm. The possible presence of higher 
unsaturated oligouronides was indicated by their RF vaIues which were relatively 
lower than those of galacturonic acid and unsaturated digalacturonic acid. 

The anion-exchange resin AG-1-X8 (Bio-Rad Labs., Richmond, Calif., 
U.S.A.) available in the formate form, was washed several times with distilled water, 
f5Ilowed by 0.5 M sodium formate buffer (pK 4.7). Finafly it was suspended In a 
formate buffer @H 4.7) of a suitable strength and poured into a 4 x 200 cm long COI- 
umnt and washed for 20-24 h with the same buffer. A 5-g sample of a mixture of oIigo- 
uronides was applied, and stepwise eMion carried out with 4 I each of 0.57,0.60, 0.70, 
and 0.80 M sodium formate buffer (PW 4.7). The Bow-rate was 60-80 ml/h. The frac- 
tion size was 20 mE per tube. Every Gfth tube was used for PC and absorbance measure- 
ments 2t 232 nm. After PC the fraction tubes with sinihr material were pooled as 
shown in Fig. 3. The four components with the Rgafacturanic zcid (R,,d as 0.59, 0.36, 
0.23, and 0.14 correspond to the four pe.aks observed for absorbance at 232 n-m. The 
individual components were recovered from the buffer solutions as ethanol precipitable 
barium salts, converted to free acids by treatment with Dowex 50 (K&j, and then 
lyophiilized. Under the above conditions yields as high as 80 % were obtained, and the 
four components were checked for their finaf purity by PC. 

An anion-exchange resin in the acetate form had been used by Hasegawa and 
Naget’ to separate the saturated olisouronides obtained on a farge scale by the action 
of yeast endo-pofygalacturonase (YPG) on pectic acid. Use of the AG-E-X8 (formate) 
column for separation of unsaturated uronides was highiy successful in this study. 
Preliminary experiments indicated that a Dow~x-I (for-mate) or a simiIar column 
might be useful in separation of a mixture of saturated and unsaturated oligouronides”. 

Fig. 3. Colmm &rom2togr2phy of otigouronides on &3-I-X8 (formate) aaion-eschan~e resin. 
-4 $ x 200 cm long column of AG-1-X8 (foxnate) was equiiibrzted with 0.57 M sodkm formzte 
buffer @E-I 4.7). Each component was recovered from the _oooIed nzaterid as the barium salt and con- 
xrted to free acid by Dowex-50 (H-1 resin. UD = unsaturated timer: I-IV represent various higher 
oEgouronides. 
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Shortly thereafter I&gel and Wilson’” de5sctibed the separation of such mtvtures by 
ion-e:~change (Dowex-l-KS) coloffin cit-amatoL~phy, tlws substantiating our specrr- 

lations. However, the separation is depadent not only on the amount cind type of 
the mater& applied to the column, but also on the relative concentrztions of the 
compounds prcseilt in the mizaure as weII as the concentrations of buffer used for 

their elution. 

~f~~r;zcE,“riazTiaz G,f tize ~arioics za?satura&d aligammides 

Gel jfitrafion on Sephadex G-15 tmd G-25. Whitake~9 used Sephadex geet to 

show the Gincar reiation&ip betwen the logarithm of molecffiar weight of a protein 
2nd the ratiu of ia elrrticn volume (V) to the void volume CVO) of-&e Sephadex column 
used. Ef the converse is trtre, i.e., if we assume the moiecular weights of z series of 
compounds, and after determining the eluting volumes plot the molecular w&ghts 
wr,ws V/V,, the linear relarionship should be &own. This converse method is useful 

in determining molecular weights of in komologa~s series of compounds, such as the 
homologous series of unssturzted oligouronides produced by PATE of B. pumfius. 
The ~xt&ning volumes or &z&g voEumes (V) were calcrrlated OR the basis of pezks 
observed st 232 nm. &s8turated digalactrrrotic acid and galac~~~~ic xid were 
used 2s reference compoumls wherever possible. The fractions were checked for 
purity by PC for their Res, values. In Fig. 4 da+?, obtained by geE filtration of &go- 
urornides on Sephadex columns are presented. A linear reIationsh!p of the ratio V/V, 
IWLSZLS the ‘“log of the assumed mo!eccu!ar weights of the rironides was observed in all 
three cases shown. A’iso, a similar r~rpe of Iiaear reEationship between the PC 

mobilities and the degree of po2y_merization WES observed. When individrra! compo- 
nents were applied to the column (a in Fi g. 4, C), the eluates collected in the peak 
zone (of absorbance measurements) were pooled together and IyophiEized for further 
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Characterization of ol~gourmides b_v chemical a.rd arzal)ficaE metkods. h%er 
separating the unsaturated oligouronides as described above, their characterization 
and identification were undertaken by examining vatious properties of the com- 
pounds. Methods used for this purpose included the ratio of carboxyl to aldehyde 
groups (COOH/CKO ratio), reaction with thiobarbitwic acid (T&X), bromine up- 
take, Uv absorptian and by assaying for gafzctironic acid after hydrolysis of the 
different ofigouronides. 

The COOH/CHO ratio was determined by analyzing for free carboxyl and re- 
ducing groups with the methods used by DavC and Vaughn”. The UV spectra of 
aqueous solutions of each of the uronides (I mg per 10 ml) were determined. AI! 
spectra showed a maximum absorption at 232 nm. From this absorbance ami the 
concentration of the uronide and its assumed molecular weight, moIar absorptivities 
were cahxlated. The TBA reaction was carried out according to the method described 
by Albersheim et al..‘. Two concentrations of each compound were tested: 10 mg per 
ml of distilled waler and f ml of a 0.01 iM solurion of each uronide. Bromine uptake 
by the ofigouronides in question was determined by the method described by Linker 
et alI0 Micromore bromine uptake per micromole of oligouronide was calculated 
ES& biromine blank t&es. Gakxturanic acid assay was determined after acid hydroly- 
sis of the oligouronides by use of the naphthoresorcino! method of Rahmarr and 
losiyrP_ tn order to assay within the sensitivity of the method, 0.2-mE samples of the 
hydrolysate were suitably diluted before the test was made. In alt cases, the known 
unsaturated digalacturonic acid was used as a reference compormd. 

The results of these various tests and calculations designed to help identify the 
different compounds are shown in Table I. The homologous rrature of the series of 
comporrnds in question had already beer! suggested by the results of gel filtration and 
PC. AIE of the criteria applied show clearly that the compounds are such a series of 
unsaturated oligouronides- Thus, on the basis of absorbance at 232 nm, molar 
absorptivities and bromine uptake it is certain that the four compounds are unsatu- 
rated and that there is a single unsaturated component present in each. The TEA 
reactions with equimolar concentrations of the compounds also are supporting 
evidence for single unsaturation. The COOH/CHO ratios indicate that the com- 
poucds are unsaturated trimer, tetramer, pentamer and hexamer. Convincing proof 
of the identity of these compounds was obtained by hydrolysis and estimation of the 
units of gaiacturonic acid released from each GIigouronide. On a molar concentration 
basis, galacturonic acid in amounts 2,3,4, ar,d 5 times that expected from unsaturated 
dimer was obtained on hydrolysis of the compounds under consideration. 

Infrared (IR) spectrum analysis and mass specttometry generally are used to 
supplement data ob’tiined by other methods to au_aent determination of the structure 
of a compound. These methods were unsatisfactory. Interpretation of the data ob- 
tained in IR analysis was diEcult because no known reference compound other than 
unsaturated dimer was avaifable. Mass spectrometry was unsuccessful because the 
samples charred at the temperature of anafysis and the compounds may have been 
degraded Therefore acid hydrolysis was resorted to in an attempt to obtain further 
cotirmatory evidence for the structure of the unknown oligouronides. 

Methods described by Hasegawa and Nage13’, and Okamoto ef aL33, were 
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OLIGOURONTDES PRODUCED BY B. PUMfi5US ENZYME 4% 

COMI?ARCS0N OF HYDROLYSKES OF KE%QTRA~ OLIGOLJROXiDES 

.4bbreviationsr BEWA = pyridiz-ethy~ acetate-\>ater-acetic acid; BAW = n-butanol-acetic acid-water; BPB = 
bromophenof blue. 

Reference Oiigouronides Concentration Degradation PC sokent Detection Spots /RF or R,,:l 
uxed ~&mu COndif iam sys:effr of producs 

forked 

Okai-5oto Unsaturated 
et GI.= dimer 

Tkemlal 
de-grad+ 
tion, I20’, 
30 Rlin 

MOdified 

method 

PEWA &NOJ, 
(5:5:X:1), 2 spots 
C3k 

BAW Aniline 
(4:X :2), chloride, 
6-8k 4 spots 

PEWA As--No% 
fE:f:f:f) 
6-8h - 

3 spots; 
BPB, 
3 spots 

(I) RF simihr to 
thatofgalachzronic 
acid, ident&A; 

(2) RF = I.6 x RF 
of gahctIXoRic 
EC& comratznd 
un.identiSed 

(I) RF = 0.30 
(ga!acturonic 
acid) ; 

(2) RF = 0.7& 
(S-formyI-z- 
furancarboxyiic 
acid; 

(3) RF = 0.89 
(2-furancarbox- 
ylic acid) 

(4) fotic acid, 
identified 
chemic&Iy 

CL R& = 1.0: 
(faf Rg;r = 1.2; 
(IQ l&r = I.7 

(later identified 
in B_4W (e:I :2) 
as4spotsasin 
Okarnoio ef GE.= 

- 
* Unsaturated dirner azd all the kigker unsaturated wonides yielded zpparentiy identical products. 

t&d and were found to give incomplete hydroIysis of the unsaturated oligouronides. 
EIence a modi&ztion of the method of Hasegawa and Nagzt wzs attempted by in- 
creasing the concentration of KCI from 1 N to 6 X. With this modification, complete 
hydroiysis of uronides was observed within 30 min at 108”. 

The data presented in Table II, showing the comparison of the degradation of 
unsatprated oiigouronides using the above mentioned three diEerent methods, showed 
serious descrepancies. Kowever, it was determined that the discrepancy was due to 
the solvent use2 for chromatography and the method of preparation of the com- 
pounds for chromatography. En actuality, all the methods appear to form the same 
four compounds (Table II). According to the method of Okamoto ef 01.~~~ utilizing PC 
with the solvent system n-butanol-acetic acid-water (BAW) (4:t :2), the compounds 
detected were u-gaIacturonic acid, 5-formyl-2-furancarboxyEc acid, 2-furan carboxylic 
acid,and form& acid. While using the methad of Hasegawa and &gel, the hydrolysate 
was-evaporated to dryness, and tlms formic acid, a volatile compound, might have 
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-FABLE III , 

PAPER CHR&ATOGRAMC CSARACTERISTKS OF T!3E HYDROLYTIC PRUDUCTS OF UN- 
SATURATED TRIGALACT UEX3MC ACID BY 6 N HC1 AT KW FOR 30 min 
Abbreviations: PEWA = pyridine-etbyl acetate-t+ater-acetic acid; B.4W = n-brttanol-aceric acid-water; BPB = 
brumo pheenoi SIP. -6, tf, + + +, and -L + + f indicafe relative intensities of spots; - = HOE observe& 

4 0.93 020 -,- i - T No color or i;-._,. (245 nm) 
<not seen as very iight 
a separate mellow 
spot) 

Gaiaauronic 
acid 

Formic acid 
5-For?nyt-2- 

fxancarboxylic 
asid” 

ZFwancar- 
boxylic acid”* 

* Variable co!or reaction deqendiog on ~SIOUXI~ present. 
*t Reference compo~md was prepared accor&il?g to Stutz and Puel”. . 

*** Synoqm: 2-furoic acid; com~aund obtained (practical grade) from Eastmrul, Rochester, New York. 

been Iosr. When the hydrolysate, obtained by our modified metbod, was checked by 
PC in the BAW (4:! :2) sofvegt system, the hydrolysate showed four spots. Two 
distinct spots for 5-formyl-2-furancarbo~y:ic 2cid and 2-furancuboxylic acid ap- 
peared in the BAW (4:f :2) solvent system instead of one fused spot observed in the 
pytidine-ethy! acetate-water-acetic acid (PEWA) (5 : 5 : 5 : 5) solvent system. T2bIe III 
summatires the identity of the individual components of the hydrolysare of the tm- 
satu2ted trimer. 

The pirrified enzyme PATE from B. prmik@ WC+ used for degr2dation of the 
uns~turzted uronides and for establishing its minimum chain length requirement. 
Two mi!i&tres of reaction mixture containiq O.SI/o of 2 single unsaturated uronide 
in 2 solution of 0.033 M Tris-MCI bnEer (pH 8.5), 5 - IO-” M CaCL, 2nd 10&l units 
of pu-ifkd PATE, were incubzted 2t ruem te_mFrature. Variorrs rmsatirated uronides 
ran,$ng from di- to hexapalactnronides were used zs substrztes. At vari;2ous time 
interv2& s2mpfes were t&en 2nd cbromatograph&d at room xemper2tare for 8 b on 
Wbatmzn pap& No. 4 rrsirq PEWA (5 5 :5: 5) zs tie solvent system. From the results 
obtained showa.in Table IV, it was obse_rued that unsaturated di- aad tig2Iactrrronides 
were not attacked for 96 h. MexagaIacturotide was attzcked rapidly &d it complete@ 
disrppe2red in abo& 6 h with the production of 2 single end prodrrct, unsaturated 
trigafactuoriide. Unsaturated pentigal2ctrrronide was attacked 2tt-2 Iower rate, 2nd 
ir: G8 h It Srad dls2ppeared @uin, _ = ise to rmsatrrr2ted dimer 2nd trimer 2s the end 
products. Un~tur2ted tetrrgafacturanide was aktacked at such 2 s10w rate that its 
reaction products zp,peared only after 24 h or more, 2nd even &er 96 h 2 slight 2mormt 
of unsatzrated tetr2gaiacturonide remzined. The reaction products were limited to 
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TABLE IV 

PRODUCTS OF ENZYMATIC DEGRADATION OF UiNSATURATED OLIGOURONIDES 

Abbrwiations: M’ = probably unsaturated monomer-; U. di., U. tri., U. tetra., U. penta., and U 
hexa. are alI unsatxated otigouronides increasing D.P. from 2 to 6. - = not observed; 5 = doubt- 
ful; +, +-+-, it+,and t+_r+ indicate relative ittensities of spots. As shown earlie?, the en- 
zyme reacted with polygafacmronic acid rapidly, and in kss than one hcwr the spot for poiymer had 
disappeared with the formation of U. tri., U. tetra., U. penta.. and U. hexa. When U. tri. and U. di. 
were incubated with the enzyme, no change was observed for as long as 96 h. 

- 
ReacEfGR Substrate Products Suiktmte Products S.vbstraie Product 

msaturated trigalacturonide and a compound having a R, higher tharr gahxturonic 
acid, possibly a mono-unsaturated galacturoonic acid. 

‘Be producfioE of various end products described above is further evidence 

for the structure of the uronides used as substrates. A decrease in the reactiorr rates, 
as the chain-length of the substrate decreases is clearly observed (see Table IV), 
indicating that a certaia mirrimum size of the chain-length is required by the PATE 
of B. prrinS~&~ for its action OR the uronides. Furthermore, since unsaturated trimer is 
not attzcked, it appears that the minimum chain-length required for the action of B. 
~UL%US PATE emme corresponds to a D.P. of 4.0. Thus, the endo-PATE from B. 
prcns&s daered from that of B. pdymy_mi2 which produced ucsaturated di- 
.&a&uranic acid as the major end product of polygalacturonic acid degradation. 
Never&less, in some respects, it was similar to the endo-PATE produced by the 
thermopbiiic B. sfe~r~~~~ernzophi~~~g which produced unsaturated trigaIacturonic acid 
as the major end product. However, the difGerences between the e&o-PATE of B. 

pumhs and that ofthe thermophific Baciilrcs may or may not be significant. The later 
enzyme had a higher mofecufar weight (24,000 daftons) and an optimum activity at 
70” in the presence of W’, whereas the former was lighter (moIecular weight 20,000 
daltons} and bzd optimrrm activity at 60” in the presence of Caz+. 

Another species of Bacfiiirs isolated from soil is known to produce unsaturated 
tr&aIac~xonic acid7. Unfortunately, the culture was not described in detail enou& 
to compare it with the B. pumiius used here. There are some similarities behveerr the 
two PATE enzymes. Both are endo-polygalacturonic acid trans-eliminases which 
cause the accumrrlation of the unsaturated trimer as the major end product. Both 
require caZ+ for maximum activity. The B. p~milus enzyme showed optimal activity 
at pH 8.0-8.5 This range is somewhat lower than the optima1 range pK 8.9-9.4 re- 
ported for the enzyme of B.poi'myxa~' or the optimum ofpH9.3-9.7 reported for 

the unidentified Rmillus’_ Other possible pertinent comparisons such as moiecular 
weight and optimum temperature cannot be made as such information is lacking for 
the unnamed soil Badh. 
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