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Abstract A protocol for partial thermally-induced depol -
ymerization of differently methoxylated pectin samplesis
described. The resulting macromolecules have been fully
characterized with various complementary techniques,
such as size exclusion chromatography (SEC), potentiom-
etry, viscometry and *C NMR. Optimum conditions af-
ford samples at 50-80% yield with weight-average mol ec-
ular weightsin the 4 to 20 kDarange. The major fraction
of these polysaccharides adopts the random-coil confor-
mation and such samples are suitable for 13C NMR struc-
tural studies at room temperature. The methoxy! distribu-
tions of two apple pectin samples with a degree of ester-
ification (DE) between 54 and 74% and acitrus pectin (DE,
72%) were shown to be random in nature, whereas that of
alightly methoxylated applepectin (DE 39%) waspartially
blockwise. The carbon rel axation parameters of the depol -
ymerized pectinsattain asymptotic valuesfor M, >4 kDa.
TheM,, valuesestimated fromintrinsic viscosity datawith
the Mark-Houwink relationship reported for native pectins
are in good agreement with those obtained by either end-
group analysis(NMR) or SEC. Thus, all the physicochem-
ical data indicate that the secondary structure of the iso-
lated chains of depolymerized pectin is closely related to
that of the parent polymers. Finally, pectinmethylesterase
activity towards the depolymerized pectins was similar to
that of the untreated samples.
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Introduction

Pectin, one of the main structural polysaccharides of plant
cell walls, iscomposed of a(1 - 4)-linked a-D-galacturo-
nan backbone with regions containing alternating units
of - 4)-a-D-GalA(1- and - 2)-alL-Rhap(1l-. The
homogal acturonan parts of the polymer are referred to as
“smooth” regionswhiletherhamnose-rich zonesarecalled
“hairy” regions as the latter sugars carry neutral oligosac-
charide side-chains frequently composed of D-Galp and
L-Araf sugars (Fig. 1). A considerable proportion of the
galacturonic acid residues of the backbone is methyl-es-
terified. Invivo, pectin is considered to be akey molecule
in the loosening of cell walls and it is involved in the
growth, development, and senescence of all higher plants.
Commercially, pectin hasfound widespread usein both the
food processing and pharmaceutical industriesowingtoits
gelling capacity. Although much work has been devoted to
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Fig. 1 Schematic drawing of pectin (rhamnogalacturonan |) show-
ing the smooth and hairy regions
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characterizing pectin at both the molecular and macro-
scopic levels, aclear picture of its three-dimensional net-
work has not yet emerged (Cros et al. 1996).

Although NMR spectroscopy is normally the method of
choice for probing the primary or secondary structure of
polysaccharides, in the case of pectin, *H and *C NMR
spectrarecorded at room temperature have very low signal-
to-noise ratios owing to the reduced molecular mobility of
aggregated species. It has been recently shown that *H (An-
dersen et al. 1995; Grasdalen et al. 1996) and **C NMR
spectroscopy (Westerlund et al. 1991) are well-suited to
probing the primary structure of pectins when spectra are
recorded at high temperatures (85—-95°C) which favor aran-
dom-coil conformation. However, under such extreme con-
ditions, the secondary structure is not necessarily related
either to the conformation recognized in vivo by cell wall
enzymes or to the geometry required for gel formation.

In the present work we set out to develop a procedure
for obtaining pectin samples suitable for NMR spectros-
copy at roomtemperature. Basically, thisapproachrequires
an efficient depolymerization technique which would pro-
duce shorter chains of unaltered primary structure which
arelessproneto aggregation. At the sametime, acomplete
description of the depolymerized polysaccharide would be
needed to demonstrate that it could successfully adopt the
secondary structure corresponding to that of dilute solu-
tions of native pectin. The following information was re-
quired to validate the protocol: 1/ the primary structure of
the pectin samples both before and after depolymerization,
2/ the average length of the depolymerized chains, 3/ the
“visible” fraction (random-coil conformation) of the de-
polymerized pectin, 4/ PME activity towards the depoly-
merized substrates and finally 5/ the efficiency of the pro-
tocol with differently methoxylated pectins. The first two
points could be established with various complementary
techniques, such as size exclusion chromatography, poten-
tiometry, viscometry and **C NMR while the third and
fourth points would rely on *3C NMR and kinetic meas-
urements of PME activity, respectively.

Methods
Pectin samples

Three apple pectin samples with varying DE (PN-1, Apple
Pectin Classic AU 201-74.4%; PN-2, Apple Pectin Classic
AU 602-53.6%; and PN-3, Apple Pectin Classic AU 701-
39.4%) and acitruspectin sample (PN-4, Citrus Pektin Clas-
sic CU 301-72.8%) were graciously supplied by Herbstreith
& Fox KG (Neuenbiirg). The fully deesterified citrus pec-
tin sample (PN-5) was a commercia product (Sigma).

Depolymerization procedure

0.400 g of methoxylated pectin, PN-1 and 10 mL of pure
water (18 megohm, Sigma) were heated at 85°C for 30 min

whilerotating the mixture on arotary evaporator at atmos-
pheric pressure. Mechanical stirring was occasionally nec-
essary to pulverize clotted lumps. The resulting gel was
then placed in a vacuum-sealed tube (19 cm long, 1.6 cm
in diameter) and heated at 155°C for 2 h. Vigorous boiling
of the opague mixture was observed for a certain period
and then the gel became still and translucent with simul-
taneousformation of asmall amount (<5%) of colored pre-
cipitate. Upon cooling the solution was filtered over a cot-
ton plug and evaporated under reduced pressure to afford
araw product, PH-1 (85-90%). Thisresidue was dialyzed
against distilled water in a membrane (Sophyc, cutoff
10 kDa; Spectra/Por, cellulose ester from Bioblock Scien-
tific for cutoffs at 50 or 300 kDa) for 24 h and then evap-
orated under reduced pressure to yield the depolymerized
product, PD-1 (~70% yield for the membrane with a cut-
off of 10,000).

Inthe case of PN-1, PN-3 and PN-4, this procedure was
modified as follows: the temperature was increased from
135°C to 153°C in four 15-min steps of 4-5°C. After ato-
tal reaction time of 1 h the sealed tube was cooled and
workup was performed as described above.

Viscometry

Viscosities were measured with a Cannon-Manning semi-
micro viscometer at 25+0.1°C over arange of concentra-
tions(PN 0.1t0 0.4 g/dL; PD 0.2t0 5.0 g/dL) on pectin so-
lutionsin 2.5 mM NaCl at acidic pH (PN —pH 2.8-3.0; PD
—pH 4-5). Theintrinsic viscosities[ ] of the sampleswere
determined by the double Huggins and Kraemer extrapo-
lation (Garnier et al. 1993) using the Mark-Houwink rela-
tionship established by Garnier et al. (1993) and these data
have been given in Table 1.

Size exclusion chromatography

Size exclusion chromatography was performed in 0.2 M
NaCl on a column of Sephacryl S100 (Pharmacia,
5-100 kDa, 300 mmx26 mm, 75 ml h™2). The eluted com-
ponentsweredetected by measuring absorbanceat 214 nm.
Fractions were combined and MHDP colorimetric estima-
tion of galacturonic acids performed (Blumenkrantz and
Asboe-Hansen 1973). When needed, polymers were dia-
lysed and freeze-dried. Elution profiles are described by
the absorbance at 214 nm as a function of Kav where Kav
isequal to (Ve-Vo)/(Vi—Vo) and Vo, Vi and Ve are respec-
tively, thevoid volume, theinclusion volume of thegel and
the retention time of the pectin sample.

Potentiometry

The degree of esterification was estimated potentiometri-
cally aspreviously reported (Goldberg et al. 1986). Briefly,
samples were dialysed, protonated with Amberlite IR
120H, and neutralized under nitrogen flux with sodium hy-
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Tablel Weight-average mo-

lecular weights, M,,, of native PN ) My, MM’'eq Cutoff of  Yield [7] M,, My, MM’eq
(PN), heated (PH) and dialyzed ~Sample of PN (kDa)  of PN Dialysis of PD of PD  (kDa) (kDa) of PD
(PD) pecnn sarnp|es estimated (DE) of PN* Membrane of PD* of PD13
from intrinsic viscosity [1] inkDa from[n] from™~C
along with the mass equivalent NMR
(MM’ eq) obtained by poten-
cation (DE) indicated by the (74.4) 50 56 0.30 43 6.6
2 471 148 200 10 55 0.12 1.3 2 170
(53.6) 50 45 0.18 2.2 2
3 486 154 190 10 45 0.12 13 2 200
(39.4) (65)** (0.27) 3.7) (4)
50 30 0.10 11 29
4 478 151 180 10 60 0.39 6.1 20 235
(72.8) 50 50 0.90 17.6 >20

The average yield after the heating is around 85-90%. Samples 1-3 were apple pectin while 4 was cit-
rus pectin. * Calculated using the Mark-Houwink relation reported by Garnier et al ([] = 4.36 107
M,2-78), ** Obtained under milder conditions (see experimental section)

droxide. After saponification (4 h, 4°C) the new negative
charges were estimated as above. The degree of esterifica-
tion was cal culated as the number of new charges over the
total amount of galacturonic acid.

NMR spectroscopy

The majority of the 3C NMR measurements were con-
ducted at 100.6 MHz on 4% (w/v) agueous sol utions (D,0)
of pectin at 21°C on a Bruker DRX 400 spectrometer.
Chemical shifts were referenced to the C1 signal of the
internal standard (93.85 and 100.00 ppm for sucrose and
a-MeGlcp, respectively). For comparative purposes spec-
tra of PN-1 were also acquired at 85°C.

Quantitative analysis. The “visible” fraction (non-aggre-
gated species) of the pectin samples, PN, PH, and PD,
were determined by comparison of the integrated signals
of the methine carbons in gated decoupled 3C spectra
with those of an internal standard (either sucrose or a-
MeGlcp). A prescan delay of 5 times the longest T; was
used

Carbon relaxation measurements. Spin-lattice relaxation
times were measured with the inversion-recovery se-
guence. Therecycletime was greater than 10 x T, and da-
tawere collected for 10-tau valueswhich varied from 6 ms
to 2 x T,. Theintegrals of the peaks were fitted to a three-
parameter exponential function using the spectrometer
system software. Experiments were run at least twice.
Spin-spin relaxation times were obtained by measurement
of the half-height linewidth rather than the spin-echo tech-
nique. An inhomogeneity contribution was established
from the natural line width of a reference sample of ace-
tone (<0.4 Hz). Nuclear Overhauser enhancements (nOe)
were determined by comparison of the integrals of gated
decoupled and fully decoupled spectra. A prescan delay of
7 x T, was used.

Enzymic demethylation

Biological material. Cell walls were isolated from the
upper 2.5 cm of hypocoty! tissues of 3-day-old seedlings
of mung bean (Vignaradiata (L.) Wilzeck) according to a
procedure previously described (Goldberg et al. 1986).

Enzymatic assays. PME activity was measured titrimetri-
cally by following the increase in free carboxyl groups.
The carboxy! groups released by PME from pectin in the
presence of 150 mm NaCl were titrated with 10 mm Na-
OH under nitrogen, the pH being maintained at 7.60 with
an automatic titrator (TTT 80, Radiometer).

Results and discussion
Intact pectin

The weight-average molecular weights, My, of the native
pectin samples PN-1 to PN-4, which are given in Table 1,
were found to be between 150 and 200 kDa from viscosity
measurements using the Mark-Houwink relationship re-
ported by Garnier et al. (1993). It has been demonstrated
through combined viscosity and light-scattering measure-
ments of GPC fractionsthat commercial pectinsof thesame
origin were polydisperse with awide distribution of molec-
ular weights (Berth and Lexow 1991). In the present study,
no attempt was made to purify the commercial pectin sam-
ples but size exclusion chromatography corroborated aM,,,
value of greater than 100 kDa as all of these samples were
eluted in the void volume of a Sephacryl S100 column (-
curvelabeled withfilled squaresin Fig. 2). Themassequiv-
alent, MM’ eq, established for PN-1 to PN-4 by potentiom-
etry (200 = 30) indicated that galacturonic acid residues
were the main components of the pectin samples.

A 13C NMR spectrum was recorded for PN-1 under the
conditions recommended by Westerlund et a. (4% wi/v;
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Fig. 2 Elution profiles of size exclusion chromatography of apple
pectin samples on a Sephacryl S100 column: m native pectins,
OPD-1 (DE, 74.4%), A PD-2 (DE, 53.6%), < PD-3 (DE, 39.4%).
Absorbance at 214 nm has been plotted as a function of Kav

85°C). The DE (74%) and the proportion of side-chains
(B-galactan, 7%; a-araf residues, 3-4%) determined from
these data (Hervé du Penhoat et al. 1987) confirmed that
this pectin was highly methylated and contained only a
small amount of neutral sugars. A quantitative inverse-
gated experiment at 85°C was conducted in the presence
of aknown amount of a-MeGlcp. Comparison of the me-
thine carbon integrals showed that only about 35% of the
samplewas detected under these conditions. L oss of inten-
sity in NMR spectra of pectin due to the presence of ag-
gregated species (junction zones) which exhibit very re-
duced molecular mobility has been reported previously by
many authors (Rinaudo and Ravanat 1980; Keenan et al.
1985; Goldberg et al. 1989). However, as the DE estab-
lished for the pectin sample from chemical analysis (74%)
wasidentical to the one detected for thevisible proportion,
it could be assumed that the fraction of random-coil con-
former detected by NMR was representative of the macro-
molecule as awhole.

Depolymerized pectin

Depolymerization method. Various protocols have been
recommended for depolymerizing polysaccharides, in-
cluding ultrasonication (Szu et a. 1986; Chun and Park
1994), treatment with base (Aspinall 1982), partial acid hy-
drolysis (Powell et al. 1982), and heating at high temper-
ature (>150°C) for ashort time (Gidley and Bociek 1988).
The depolymerization had to be very limited in order to
produce a fairly long average sequence which would be
able to adopt the secondary structure of the native macro-
molecule. It has been recently shown (Catoire et al. 1997)
that the secondary structure of the random-coil form of so-
dium polygalacturonate consists of atwo-fold helical seg-
ment of roughly 30 residues of galacturonic acid. Partial
acid-catalyzed hydrolysis, which generally leads to fairly
short segments (DP 25, Powell et al. 1982), did not seem
appropriate. In contrast, ultrasonication would not neces-

sarily be expected to reduce the M, sufficiently asthe My,
of polysaccharides depolymerized with this technique
tends towards a finite value of 50 kDa (Szu et al. 1986).
Thermally-induced depolymerization has been used re-
cently by Oviatt and Brant (1994) in a detailed study of
agueousxanthan. Inthe case of pectin, thisapproachwould
be expected to lead to B-elimination of deesterified resi-
dues and afford depolymerized products without modifi-
cation of the polysaccharide primary structure and thiswas
an obvious requirement for eval uating the methoxy! group
distribution.

The scheme for the thermally-induced depolymeriza-
tion of nativeapplepectinwithaDE of 74%, PN-1, isgiven
in Fig. 3. Heating PN-1 in a sealed tube at 155°C for 2 h
produced a colloidal mixture which was separated into a
small amount (< 5%) of a brownish solid residue and an
aqueous solution of PH-1. It was verified in the 13C spec-
trum of PH-1 prior to evaporation of the solvent (spectrum
not given), that the thermal treatment did not produce sig-
nificant amounts low-molecular weight compounds such
as furfurals which have been described in procedures in
which polysaccharides are heated at extreme temperatures
(Montreuil et a. 1981). Upon evaporation of the solvent
PH-1 was recovered in 85-90% yield and its 13C spectrum
at 21°C isgiven in Fig. 4A. In the anomeric region, sig-
nals (~ 10%) of reducing sugars (94.11 and 97.86 ppm for
the o and S residues, respectively) are readily identified
along with those of the non-reducing sugars of the depol -
ymerized pectin (102.13 ppm). The excellent signal-to-
noise (S/N) ratio of PH-1 allowed identification of the sig-
nals of B-galactan side-chains (<10%; C1 106.06, C4
79.37, C576.21, C3 75.08, C2 73.58, and C6 62.45).

Dialysis against a membrane with a molecular weight
cutoff of 10 kDa affords PD-1 in 70% yield and the sig-
nals of the reducing anomeric carbons were considerably
attenuated in the corresponding *3C spectrum (Fig. 4B). It
could be concluded from thelow intensity of anomeric sig-
nals for reducing sugars that the degree of polymerization

PN, native pectin (M,, 150-200 kDa)

1) 155°C, 2h (or 135 A153°C, 1 h)
2) filtration

PR, brownish solid
residue (< 2%)

PH, raw depolymerized
pectic material

dialysis (24 h)

membrane (cutoff 10 - 300 kDa) dialysis bath

PD, depolymerized
pectins 60-80 %

PB, short oligomers
(DP ~2-6) 10-35%

Fig. 3 Thermal depolymerization procedure



Fig. 4A,B Partial 100.6 MHz
13C NMR spectra of depoly-
merized pectins (DE 74.4%)):
A, before dialysis (PH-1) and
B, after dialysis against a mem-
brane with a cutoff of 10 kDa
(PD-1). Assignments for the
signals of the ring carbons of
the esterified (1) and unesteri-
fied (O) galacturonic acid and
galactose () residues have
been indicated
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(DP) was greater than 20 (i.e. My, = 4 kDa). The average
value of My, evaluated for PD-1 from the intrinsic viscos-
ity was 3.7 kDa (Table 1). Comparison of the PD-1 Kav
value (0.50+0.05) obtained from the elution profile of PD-
1 on a Sephacryl S100 column (curve labelled with open
circlesin Fig. 2) with that of an authentic dextran sample
(0.30+0.05for aM,y, of 40 kDa) corroborated that M,,, was
considerably lower than 40 kDa. Dialysis of PH-1 against
membranes with cutoffs of 10, 50 and 300 leads to sam-
ples showing a considerable range of [n] values (corre-
spondingtoaspreadin M,y valuesof roughly 3.7-17 kDa),
indicating a polydisperse mixture. In the case of the mem-
brane with a cutoff of 10 kDa, evaporation of the dialysis
bath afforded about 8% of a mixture of oligomers with a
DE (12%) and an average DP of about 2 as determined by
afully-decoupled *3C spectrum.

Generally speaking, when the DE of the apple pectins
decreased both theyield of dialyzed pectin and the weight-
average molecular weight determined from viscosity
measurements were lower, Table 1. The Kav profiles of
PD-2 and PD-3 on a Sephacryl S100 column (curvesindi-
cated with open triangles and diamonds, respectively in
Fig. 2) confirmed this tendency. Thermal treatment of the

90 ppm 80 70 60
citrus pectin sample afforded a pectin with aM,,, of 6 kDa.
Finally, the MM’ eq values of the various PD pectin sam-
ples in Table 1 confirmed that galacturonic acid was the
major component.

In the case of the pectin sample with the lowest DE
(PN-3 39.4%), when thermally-induced depolymerization
was conducted under milder conditions (datain parenthe-
ses) both theyield of PD-3 and the value estimated for My,
from[n] increased notably (morethan twofold). Moreover,
theaverage DP (~ 5) of theoligomersrecovered upon evap-
oration of the dialysis bath, PB-3, was also higher. This
latter PD-3 sample gave the lowest Kav (0.40£0.05, curve
not shown) detected for the various PD polg/mers. Thein-
tegral of the reducing sugar signalsin the *C spectrum of
this PD-3 sample was less than 5% of that of the non-re-
ducing residues, pointing to a M, greater than 4 kDa. The
increase in chain length upon conducting depolymeriza-
tion under milder conditions proved to be a general ten-
dency as such treatment of PN-1 and PN-4 afforded PD-1
and PD-4 with M,y values estimated from [] of 20 and
21.2 kDa, respectively.

The DE, relative intensity of the -galactan anomeric
signal, and “visible fraction” for the various PD samples
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Table 2 Quantitative analysis of pectin samples by 3C NMR at 294 K in the presence of an internal standard. The visible fraction (%),
the corresponding DE, the percentage of side-chain, and the triad distribution are indicated

Pectin sample Pectin Composition

Triad Distribution

Membrane

cutoff in kDa DE Visible fraction Side-chain UEU EEU+UEE EEE

(DE %*) % % % % (&in ppm) % (oin ppm) % (oin ppm)

PH-1 (74.4) 71 (65-70) 53 (44) 10 (9-10) 0 45 (172.38) 55 (172.34)

PB-1 (74.4) =12 0

PD-1 10 (74.4) 72 70 5 0 40 (172.41) 60 (172.34)

PD-150 (74.4) 68 69 6 15 (172.52) 35 (172.42) 50 (172.34)

PD-1 300 (74.4) 64 60 8 10 35 55

PD-2 10 (53.6) 48 76 6 25 (172.46) 45 (172.40) 30 (172.34)

PD-2 50 (53.6) 48 67 5 25 (172.48) 45 (172.42) 30 (172.36)

PD-3 10 (39.4) 37 51 3. 40 (172.46) 35 (172.40) 25 (172.34)
38** 64** 3** 35** (172.44) 40** (172.41)  25** (172.36)

PD-3 50 (39.4) 43 50 6 25 (172.53) 45 (172.43) 30 (172.34)

PD-4 10 (72.8) 69 56 4 10 (172.53) 35 (172.43) 55 (172.33)

PD-4 50 (72.8) 71 42 7 15 (172.59) 35 (172.45) 50 (172.34)

5(0) 0 ~100 0

Samples 1-3 were apple pectin, 4 was citrus pectin, and 5 was sodium polygalacturonate (Sigma). * DE according to the supplier. **Ob-

tained under milder conditions (see experimental section)

are collected in Table 2. On the whole, the DE values of
the PD pectins determined by *C NMR are only slightly
higher (~ 5%) than the values obtained for the PN precur-
sors by chemical analysis. This tendency was accompa-
nied by detection of aslightly lower (10-15%) DE for the
oligomers recovered from the dialysis bath (PB,
~ 10-25% yield). All of the samples contained roughly
6-7% of - 4) BGalp(1 - residues but the signals of the
labile a-Araf residues observed in the PN-1 sample were
absent, suggesting that these moieties were degraded by
the thermal treatment. The “visible fraction” was esti-
mated from quantitative inverse-gated experiments,
which were conducted in the presence of aknown amount
of sucrose. It is well-known that the formation of aggre-
gated speciesis increased in the presence of sucrose ow-
ing to a decrease in the activity of water (Ross-Murphy
and Shatwell 1993). Recently, a mechanism has been pro-
posed for the cross-linking of high methoxyl pectinsinthe
presence of sucrose under acidic conditions (pH < 3.5; Ri-
naudo 1996). However, at pH valuesin the 4-5 range this
mechanism would be much less efficient and therefore su-
crose was chosen as an internal standard asitsNMR char-
acteristics (chemical shifts, relaxation parameters etc.)
were very favorable. The goal of these quantitative anal-
yses was to show that a major fraction of the PD pectins
could be detected for samples with a wide range of DE.
In all cases where dialysis was performed against the
membranewith acutoff of 10 kDa, at |east 50% of the pec-
tin sample was observed. It isinteresting to note that PH-
1, which was a mixture of fairly short (average DP of 2)
galacturonan oligomers of low methoxyl content and the
highly esterified pectin PD-1, contained more junction
zones (47%) than PD-1 alone (30%) pointing to the im-
portance of short unesterified galacturonan segments in
the formation of aggregated species. Finally, the citrus
pectin PD-4 presented a similar junction zone population

to that of PD-3 in spite of amuch larger DE (72.8% as op-
posed to 39.4%).

Methoxyl distribution. In a study of chemically-modified
pectin samples with DE varying from 0 to 100%, Wester-
lund et al. (1991) showed that the carbon chemical shifts
of C6 are influenced by next-neighbour effects of both the
preceding and following residues, allowing identification
of triad structures such as UEU, EEE, UUU etc. (where U
and E stand for unesterified and esterified sugars respec-
tively and the underscore denotes the observed residue). A
similar effect was observed in the spectrarecorded at 21°C
in the present study where the esterified C6 groups reso-
nated between 172.34 (EEE) and 172.59 ppm (UEU) and
presented fairly sharp peaks, Fig. 5. Very broad signalswe-
re detected for the unesterified groups between 175 and
177 (UUU of sodium polygalacturonate) ppm. At 85°C,
the more significant variationsin the chemical shiftsof the
methine carbons in going from a totally esterified pectin
to atotally unesterified pectin (C1 102.9to 102.5 ppm; C4
81.5to 81.0 ppm) were less pronounced than at 21°C (C1
102.13 to 100.5 ppm; C4 80.74 to 79.5 ppm). This latter
signal (C4 of UUU) was, however, of limited use asit was
masked by the C4 resonance of the 3-gal actan side-chains.
Inspection of the triad populations in Table 2 showed
that the methoxyl group distribution did not change mark-
edly with the membrane cutoff. The Bernoullian distribu-
tion of triads has been calculated for theoretical pectins of
varying DE and the relative populations of the E-triads are
represented by the curves in Fig. 6. As regards the more
highly methoxylated sample PD-1, the EEE (51-58%) pop-
ulation corresponded to a random methoxy! distribution.
At the low methoxyl end, the EEE population (25%) of
PD-3 was too high for arandom distribution (15%).
Comparison of the EEE population of the apple (51%
for PD-1; membrane cutoff of 50 kDa) and citrus (50% for



Fig. 5 Carb0x¥l carbon region
of 100.6 MHz 3C NMR spec-
tra of depolymerized pectins
(DE 72%, below; DE 48%,
above). Assignments for the
triads with an esterified central
residue have been indicated
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Fig. 6 Plots of the relative populations of the triads with an esteri-
fied central residue (EEE, EEU + UEE, and UEU) as a function of
DE corresponding to a Bernoullian distribution

PD-4, membrane cutoff of 50 kDa) pectins with the most
similar DE valuesindicatesthat the nature of the methoxyl
distribution in these samples is analogous. In the afore-
mentioned study of chemically-modified pectin (Wester-
lund et al. 1991), native papaya(DE 70%) and tobacco pec-
tins (DE 20%) were also examined and arandom distribu-
tion of the methoxy!l groups was postulated based on 3C
NMR spectra. This is in agreement with the conclusions
of some previous reports on fruit pectins (Kohn and Furda
1967; Anger and Dongowski 1985).

Relaxation data. In order to obtain a detailed picture of
molecular dynamics which canin turn be related to the si-
ze of the macromolecule, it is necessary to simulate multi-
field relaxation data (Dais 1995; Catoire et a. 1997). The
100.6 MHz carbon relaxation parameters, T;, T, and nOe
factor, of PD-1 which was dialyzed against membranes
with cutoffs of 10, 50 and 300 kDa are collected in Table
3. Inspection of these data shows that the relaxation pa-
rameters change in going from the sample prepared with a
membrane with a cutoff of 10 kDato the one with a cutoff
of 50 kDa. In contrast, comparison of the data sets obtained
for dialysis against the membranes with cutoffs of 50 and

300 kDa indicated that the relaxation parameters of PD-1
had attained their asymptotic values for the former sam-
ple. Asageneral rule, for polymers of relatively low mo-
lecular weights (<10 kDa), the T, increases while the T,
and the heteronuclear nOe decrease with increasing mo-
lecular weight, reflecting a progressive increase in the
overall tumbling time. In parallel, the contribution of seg-
mental motion to dipolar relaxation increases at the ex-
pense of that of overall tumbling. In high molecul ar-weight
polysaccharides the contribution of overall motion be-
comes negligeable and relaxation parameters attain their
asymptotic values. Thislatter behavior, which hasbeen re-
ported for oligomers of varying DP (15-50 residues; Be-
nesi and Brant 1985; Dais 1995), is well suited to the de-
termination of a dynamic model based on carbon relaxa-
tion data. It is noteworthy that the viscosity measurements
onthe PD sampleswere adequately described by the Mark-
Houwink relationship established for much larger pectins
(Garnier et a. 1993), also suggesting that the solution be-
havior of the shorter chainsis closely related to that of the
parent compounds.

PME activity

PME intheir natural state, i.e. still boundto cell walls, were
then assayed in parallel using native or treated pectins as
substrates in order to check whether or not the treatment
had induced conformational modifications. We have pre-
viously reported that although at least 3 different PME iso-
forms could be solubilized from cell wall fragments, only
one of them (whose pl wasaround 8.5) wasinvolved inthe
deesterification of exogenous pectin occurring when iso-
lated cell wallswereincubated withcommercial citruspec-
tin (Bordenave and Goldberg 1994). Table 4 shows the ki-
netic parameters of bound PME activity acting on pectins
differing in their methylation degrees. Results obtained
with crude and treated pectins were very close except in
the case of PD-3 which had a very low esterification de-
gree (39.4%, results not indicated in Table 4). Indeed, it
was not possible to measure accurately a deesterification
rate for the PD-3 sample obtained under the more drastic
conditions (M,, ~2kDa) whatever the concentration.

Table3 13C Relaxation parameters (T,, T, and nOe factor ) of depolymerized apple pectin PD-1 (DE 74%) dialyzed against membranes

with cutoffs of >10, >50 and >300 kDa, respectively

Membrane Relaxation C1 C1 C2& C3 c4 C5
cutoff parameter (B) )
>10 T,inms 252+5 252+7 285+6 250+14 285+11
n 0.63+0.09 0.62+0.08 0.44+0.01 0.56+0.12 0.45+0.17
T,inms 56+1 372
>50 T,inms 280+9 293+23 352+7 307+8 364+9
n 0.42+0.07 0.45+0.06 0.37+£0.02 0.41+0.02 0.36+0.04
T,inms 19+1 17+ 2 17+2
>300 T,inms 295124 272+15 343124 279+18 342+16
n 0.44+0.02 0.43+0.01 0.30+£0.09 0.44+0.02 0.49+0.12
T,inms 18+2 17+£1




Table 4 The Michaelis constant (K,,), maximum rate (V) and
the V a/Knm, ratio (which represents the catalytic efficiency of the
enzyme) for kinetic measurements of PME activity (Vigna radiata)
performed at pH 7.6 in NaCl 150 mm are given for various pectin
samples

Pectin DE% K Vinax VinadKm
sample mm peg min~t mg
parois™
Native pectins
Apple pectins
PN-1 74.4 161,191 0.16,0.19 0.10
PN-2 53.6 0.35,0.25 0.19,0.18 0.62
PN-3 394 0.18,0.14 0.23,0.21 1.37
Citrus pectin
PN-4 72.8 1.07,1.27 0.21,0.23 0.19
Treated Pectins*
Apple pectins
PD-1 71 149,164 0.18,0.17 0.11
PD-2 50 0.50,0.48 0.21,0.21 0.43
PD-3 37 0.40; 0.21  0.24;0.20 0.73
Citrus pectin
PD-4 69 0.98,1.40 0.13,0.16 0.12

* ThePD fractionswere obtained with amembrane cutoff of 10 kDa
and milder conditions were used in the thermal treatment of PD-3

When the PD-3 sample was prepared under milder condi-
tions (M,y ~ 4 kDa), the PME activity was similar to that
of the untreated pectin, PN-3 (Table4). These data suggest
that the PM E cannot act on short oligouronidessinceit only
worked on galacturonan whose DP was around or higher
than 20. The lower the DE, the higher the affinity and the
catalytic efficiency (Vmad/Km)- In contrast, the Vo, ap-
pears to be rather independent of the DE of the substrate.
It also appeared that the log(1/K,,) was linearly related to
log (% free carboxyl groups in the substrate) with a slope
of 2.8. Similarly, some years ago, Versteeg had also ob-
served that orange pectinesterases have strongly increased
affinity for substrates with a lower DE (Versteeg 1979).
These data underline the fact that free carboxyl groupsin
the vicinity of the ester linkage increase the affinity of the
enzyme for its substrate. This suggests that the fixation of
the enzyme, whichisknown to occur at anionic sites, might
induce conformational modifications. According to this
scheme, and taking into account the distribution demon-
strated by the datain Table 4, it appears that suitable con-
formations require the presence of free carboxy! groups at
agiven distance from the ester bond. In any case, the sam-
ple with a DE of 74.4 will provide a useful tool for the
study of the action pattern of the different PME isoforms
since it can be used even after being treated. It will then
become possible to determine the distribution of the car-
boxy| groups generated by enzymatic hydrolysisusing *3C
NMR spectroscopy.

General conclusions

A general procedure for obtaining pectin samples amen-
ableto NMR analysis at room temperature has been estab-
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lished. Thermal treatment resultsin aten-fold decrease in
weight-average molecular weight leading to polymers
which preferentially adopt the random-coil conformation
in dilute solution with aconcommitant decreasein the pop-
ulation of aggregated species. However, the secondary
structure of the partially-depolymerized chains has been
shown to be closely related to that of the native polymers
based on viscosity measurements, carbon relaxation data,
and PME activity. Work is under way to determine the sec-
ondary structure of chains of highly methoxylated pectins
through simulation of the multi-field °C relaxation data
reported here. This thermally-induced partial depolymer-
ization will also be used in future work to establish the ac-
tion pattern of different isoforms of PME from Vigna ra-
diata (Bordenave and Goldberg 1994).
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