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ABSTRACT:Methyl ester distribution in pectin homogalacturonan has a major influence on functionality. Enzymatic engineering
of the pectin nanostructure for tailoring functionality can expand the role of pectin as a food-formulating agent and the use of in situ
modification in prepared foods. We report on the mode of action of a unique citrus thermally tolerant pectin methylesterase (TT-
PME) and the nanostructural modifications that it produces. The enzyme was used to produce a controlled demethylesterification
series from a model homogalacturonan. Oligogalacturonides released from the resulting demethylesterified blocks introduced by
TT-PME using a limited endopolygalacturonase digestion were separated and quantified by high-pressure anion-exchange
chromatography (HPAEC) coupled to an evaporative light-scattering detector (ELSD). The results were consistent with the
predictions of a numerical simulation, which assumed a multiple-attack mechanism and a degree of processivity∼10, at both pH 4.5
and 7.5. The average demethylesterified block size (0.6-2.8 nm) and number of average-sized blocks per molecule (0.8-1.9)
differed, depending upon pH of the enzyme treatment. The mode of action of this enzyme and consequent nanostructural
modifications of pectin differ from a previously characterized citrus salt-independent pectin methylesterase (SI-PME).

KEYWORDS: Pectin, nanostructure, pectin methylesterase, thermally tolerant pectin methylesterase, degree of processivity, mode
of action, endopolygalacturonase, EPG, polysaccharide, homogalacturonan

’ INTRODUCTION

Organoleptic qualities of processed and formulated foods are
primary determinants of consumer acceptability. Examples of
product quality mediated by the pectin molecule nanostructure
are stabilization of milk proteins in acid dairy drinks, generation
of texture in jams and jellies, control of cloud loss in cloudy fruit
juices, and use of ionic interactions to produce a firmer texture in
fruits and vegetables. Texture is a major determinant for con-
sumer acceptance of processed fruits and vegetables.1-3 A key
contributing component to texture in these processed and
formulated foods is pectin, which is a structural polysaccharide
found in both plant primary cell walls andmiddle lamella.5-8 The
major structural domain in pectin is homogalacturonan (HG), a
linear polymer of galacturonic acid (GalA), estimated to range
from 75 to 250 residues in length,9 equivalent to approximately
30-120 nm in length,10,11 which is variably methylesterified at
the C6-carboxyl functional group.12 Reduction in the degree
of methylation (DM) of pectin following chemical or enzy-
matic treatment can influence firmness via calcium-pectin
interactions.1 Fraeye et al.4 discussed the importance of the

demethylesterification pattern as well as the total extent of
demethylesterification (i.e., DM) and concluded that both can
have a large effect on the texture of processed foods. Blockwise
demethylesterification observed with plant pectin methyles-
terases (pPMEs), which have alkaline pH optima, is more likely
to contribute to calcium cross-linking than random demethyles-
terification associated with fungal pectin methylesterases
(PMEs) that usually have an acidic pH optima. A second major
role for modified pectin is the stabilization of acidic dairy drinks,
where the pectin forms amulti-layer coating around aggregates of
casein micelles, preventing their sedimentation.13 Although
pectin marketed for gelation is generally labeled as either high
(>50%DM) or low (<50% DM)methoxyl pectin, Willats et al.14

also demonstrated that both the demethylesterification pattern
and DM influence gel properties. Pectin also interacts with food
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matrix materials to affect aroma release and perception15,16 and
has been under investigation as an encapsulant for colonic drug
delivery17 and folic acid delivery.18

Because the functionality of pectin is dependent upon the
amount and distribution of ion-binding groups in the HG region,
the development of a technology to rationally engineer these struc-
tural attributes is desirous. Such a technology requires an ability to
predictably introduce, characterize, and subsequently map the non-
random, demethylesterified nanostructure, at the level of a single
molecule and population of molecules. This would enable manip-
ulation of the functionality of pectin and expand its use, both in situ
and as a formulating agent that has optimum and predictable
physical properties targeted to a particular application.

Recently, we have demonstrated the feasibility of enzymati-
cally modifying pectin and characterizing the introduced nano-
structure, correlating resulting functionality to the structure and
modeling the enzyme mode of action under different reaction
conditions.19,20 A model HG was demethylesterified with a salt-
independent pectin methylesterase (SI-PME) from Citrus sinen-
sis fruit tissue21 to produce a demethylesterification series ranging
from 90 to 50% DM. One set demethylesterified at pH 7.5, and
another set demethylesterified at pH 4.5. These demethylated
pectins underwent a limited digestion with a commercially avai-
lable endopolygalacturonase (EPG) to release oligogalacturo-
nides from the demethylesterified blocks (DMBs) introduced by
the PME. A computer simulation of EPG digestion patterns19,22

was then used in conjunction with further mathematical model-
ing to probe the PME mode of action and degree of processivity
(p), the number of contiguous GalA residues demethylated
before the enzyme moves to a new catalytic site. In summary,
these data suggested that average DMB length and number per
molecule, as well as the final DM, could be manipulated by reac-
tion conditions (pH). Additionally, pH also appeared to affect
the PME mode of action, and on the basis of the data, we hypo-
thesized that the PME used possessed a variable degree of
processivity that increased as the DM decreased. These structu-
rally well-characterized pectins were then evaluated by functional
testing in terms of rheological properties and calcium sensitivity.
It was concluded that, as hypothesized, the DMB size and
number of DMBs per molecule, both of which could be
manipulated, need to be considered to account for the mani-
fested pectin functionality.20

Here we report on the characterization of the nanostructural
features introduced into a model HG during demethylesterifica-
tion with the thermally tolerant pectin methylesterase (TT-
PME) present in citrus fruit tissue23-27 and the mode of action
of the enzyme at pH 4.5 and 7.5. TT-PME is a structurally unique
PME that has only been identified from tissues of Citrus spp. It
has a much higher degree of thermal tolerance than reported for
other PMEs and also retains activity at the pH of citrus juices
(∼3.7).24,26 TT-PME is observed as two glycoforms that migrate
as 46 and 56 kDa peptides with denaturing electrophoresis
(Savary et al., manuscript in preparation). We also compare
the findings from the citrus TT-PME to those previously
obtained with the thermally labile citrus SI-PME.19

’MATERIALS AND METHODS

Chemicals. All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO), unless otherwise indicated. Endopolygalacturonase (EPG-
M2) was purchased from Megazyme International Limited (Bray,
Ireland; Lot 00801).

Enzyme Isolation. Monocomponent preparations of TT-PME
were prepared with few modifications according to the procedure
developed by Savary et al. (manuscript in preparation). Briefly, Citrus
sinensis var. Valencia finisher pulp, obtained from a local citrus juice
processor, was washed 2 times with a 3:1 ratio (w/v) of a 20mMNaOAc
and 50 mM NaCl solution, stirring at 4 �C for 60 min/wash. The pulp
suspension was filtered through Miracloth (EMD Chemicals, Gibbs-
town, NJ) and then extracted with 3 volumes (w/v) of 20 mM NaOAc
and 500mMNaCl at pH 5.0. Lithium azide was added to 0.02% (w/v) as
a preservative. The suspension was stirred overnight at 4 �C. Solids were
removed by filtration over Miracloth, and the supernatant, containing
PME activity, was first filtered through a 1.5 μm glass microfiber filter
and then an Acropak 500 Capsule (0.8/0.2 μm; Pall Corporation, Ann
Arbor, MI). The filtered extract was concentrated 10-fold with a Pall
Centramate 10 kDa molecular-weight cut-off (MWCO) tangential flow
filtration device. After concentration, the solution was diluted 2.5-fold
with 20 mM sodium phosphate buffer at pH 7.0 to give a final NaCl
concentration of 200 mM. Pectates were removed by batch adsorption
to DEAE-Sepharose previously equilibrated with 200 mM NaCl in
20 mM sodium phosphate buffer at pH 7.0, stirred overnight at 4 �C,
then filtered with 1.5 μm glass microfiber filter to remove the DEAE
resin. The filtrate was concentrated 10-fold with the Pall Centramate
10 kDa MWCO tangential flow filtration device and then heated at
70 �C in a water bath for 30 min to inactivate all but TT-PME. TT-PME
activity present in the extract was determined as previously described.24

Pectin Demethylation. Pectin [86% anhydrous galacturonic acid
(AGA), 94% DM, containing minor amounts of galactose] was made to
a final solution of 1% in 0.2 M LiCl at pH 4.5 or 7.5 (pH adjusted with
LiOH). A total of 1 L of the pectin solution was added to a 5 L water-
jacketed stirred bioreactor and equilibrated at 30 �C.19 A sufficient
volume of enzyme was added to equal 175 units of PME activity (as
measured at 30 �C), and the pH was maintained at either 4.5 or 7.5
with a radiometer PHM290 pH-stat controller (Radiometer Analytical,
Villeurbanne Cedex, France) using 1 M LiOH as the titrant. When
sufficient titrant was added to indicate that the desired DM had been
reached, the reaction was quenched by rapidly (∼5 s) draining the
reactor contents into a vessel containing two volumes of acidified 95%
ethanol (pH 3.8) at 37 �C, precipitating the pectin and inactivating the
enzyme. The precipitated pectin was stored at 4 �C to facilitate further
precipitation. The precipitated pectin was centrifuged (23400g for
30 min at 4 �C), and the supernatant was discarded. The pellet was
placed in liquid nitrogen (forming small spheres), lyophilized, and then
comminuted in a small kitchen-style mill. The comminuted pectin was
frozen at -80 �C in a desiccated container.
EPG Digests. Demethylesterified pectins at 0.25% (w/v) in 50 mM

lithium acetate (pH 5.5) and 0.02% lithium azide (w/v) were equili-
brated at 30 �C in a benchtop incubator with stirring and digested with
EPG-M2 (0.1 unit mL-1) for 10 min. Preliminary results (data not
shown) demonstrated that these conditions released unmethylated
oligomers without significant hydrolysis of the released oligomer pro-
ducts. EPG activity was quenched by pipetting the solution into a beaker
containing 160 μL of concentrated HCl to lower the pH to ∼2, then
microwaving the sample for 10-12 s to boiling, and finally immersing
the sample in a boiling water bath for 10 min.
Chromatography. Weight average (Mw) and number average

(Mn) molecular weights for the parent pectin were determined by
size-exclusion-multi-angle laser light scattering (SEC-MALLS; Wyatt
Technologies, Santa Barbara, CA).19 Compositional analysis of the
parent pectin was performed by hydrolysis with pectinases (P2611,
Sigma-Aldrich), followed by quantitative analysis of sugars by anion-
exchange chromatography using dilute sodium hydroxide and sodium
acetate buffer systems coupled to a pulsed amperometric detector.28

Oligomers released by the limited EPG digestion of demethylated
pectins were separated and quantified by high-pressure anion-exchange
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chromatography (HPAEC) coupled to an evaporative light-scattering
detector (ELSD).19,29 For oligomers with a relatively low (<12) degree
of polymerization (DP), 50 μL injections were made, while 250 μL
injections were used for oligomers with a DP > 12. Three replicate
injections were used for each estimate. Masses for each oligomer (GalAn,
where n is the number of demethylesterified GalA residues in the oligo-
mer) were estimated using a pooled calibration curve constructed using
GalA6 and GalA13. No significant differences between the slopes
(F, 0.222 78; DFn, 1; DFd, 26; and p, 0.6409) and intersects (F, 0.511 73;
DFn, 1; DFd, 27; and p, 0.4805) for the individual calibration curves
(each curve contained five concentration levels, and each level was
replicated 3 times) were observed when tested using an ANCOVA test
(performed using GraphPad Prism, version 4.03, forWindows, Graph-Pad
Software, San Diego, CA, www.graphpad.com). Oligomer mass estimates
were converted to molar concentration as previously described.19

Mass concentrations for each GalAn were used to calculate GalAn

molar concentration per milliliter (Cn). The number average molecular
weight obtained from SEC-MALLS was used to estimate the molar
concentration of pectin per milliliter (Cp). Equation 1 was used to
estimate the average number of DMBs released from a molecule of
length n (Bn) for each oligomer of GalAn.

Bn ¼ Cn

Cp
ð1Þ

The average number of blocks per molecule (B) is the sum of the average
number of DMBs of size n.

B ¼ ∑
z

n¼ 3
Bn ð2Þ

The average DMB size (BS) released was estimated according to eq 3.

BS ¼
∑
z

n¼ 3
nBn

B
ð3Þ

The number of blocks of the average block size (BS) per molecule (BN)
was estimated according to eq 4.

BN ¼ B

BS
ð4Þ

Statistical analyses of the results were performed in Excel 2007
(Microsoft, Redmond, WA) and GraphPad Prism. The 70%, pH 4.5
pectin was lost; therefore, data for the 70% and pH 7.5 sample was
excluded.
Mathematical Modeling. A set of one-dimensional arrays was

used to model a population of polymer molecules. The lengths of the
arrays were selected so that the population had aGaussian distribution of
DP with a defined width and mean value. The array elements repre-
sented the esterification state of each sugar ring and were assigned so
that the population had a Gaussian distribution of the chain-averaged
DM between chains with a defined width and mean value. A number
average DM of 94 [full width at half height (fwhh) = 8] and DP of 140
(fwhh = 40) were used for all simulations described, chosen to
approximate the experimentally measured distributions of the starting
polymer employed in the experimental study. Subsequently, various de-
esterification algorithms were applied to the starting substrate set until a
specified end point was achieved, where the DM had been reduced to a
value for which experimental data were available. When the degree of
multiple attack was selected,14,30-34 both random and processive modes
of action could be investigated.

After substrate modification, the new intramolecular distribution of
methylesters (E) could be monitored in silico. While this distribution
cannot be measured directly experimentally, it has been shown that the
relative amount of oligogalacturonides of different DPs released in a

limited EPG digest is closely related to the unmethylesterified GalA (G)
block lengths present in the original substrate.19 Hence, for the different
models of PME enzyme action investigated, the question as to how the
differences in the generated unmethylesterified GalA block lengths in
the population would be mirrored in the distribution of DPs of
oligogalacturonides released by a limited EPG digestion was addressed
by calculation. Assuming that the EPG acts randomly within an
unesterified block, the relative probability of removing a k-mer from a
block n long is given by

ðn- 2Þ- kþ 1

ððn- 2Þ2 þ ðn- 2ÞÞ=2 ð5Þ

The factor of (n- 2) arises from the assumption that the EPG active site
requires two unmethylated residues, and whatever cuts are made, an
unmethylesterified residue is always left on either side (i.e., from a block
of eight unmethylated residues, an oligomer of six would be the largest
extracted). The numerical simulations of the substrate after PME action
give the relative numbers, N, of the different initial unmethylesterified
GalA blocks of varied length, E-(G)n-E, in the polymer population,
and eq 5 gives a way of estimating, for each of those, the relative amount
of oligogalacturonides of different DPs liberated by a limited EPG
digestion. Hence, the relative total number of unmethylesterified GalA
k-mers released in such a digestion can be written as

∑
n¼ chain length

n¼ k þ 2

NðE- ðGÞn - EÞ½ðn- 2Þ- kþ 1�
f½ðn- 2Þ2 þ ðn- 2Þ�=2g ð6Þ

This allows for predictions to be made for each PME model that can be
compared directly to experimental data. With such a simulation meth-
odology in hand, then (i) different PMEmodels can be assessed for their
ability to describe the results of EPG-limited digest experiments of the

Figure 1. (a) Schematic of TT-PME and EPG processing of model HG
substrates, showing the introduction of demethylesterified blocks by
PME and the subsequent random release of oligogalacturonides of
different length, whose concentrations are measured experimentally. (b)
Schematic of the modeling procedure.
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PME-engineered substrates and, (ii) for the model that best describes
the experimental results, the full unmethylesterified GalA block length
distribution of the predigested PME-generated polymers can be dis-
played. The strategy is summarized in panels a and b of Figure 1.

The algorithm used to model the PME mode of action is based on
that recently used to model intermolecular DM distributions in HGs,35

with a simple addition that a maximum processivity of the enzyme was
also introduced. Slightly more elaborate enzyme models that incorpo-
rate information regarding how methylesterified residues might be
incorporated more or less favorably into different enzyme subsites35

can easily be constructed within the simulation framework and are the
subject of current work. Such extensions are likely to be particularly
useful in investigating cases in which pPME action is initiated on
randomly demethylesterified starting substrates of lower DM, which
will hence exhibit a larger variety of tetra-or pentameric sugar residue
sequences within the binding cleft length. The substrates described here,
however, being of very high initial DM, exhibit a limited number of
possible residue patterns extending the length of the binding cleft and,
thus, are largely insensitive to such further elaborations. As mentioned
above, a further feature, maximum processivity, was also found to be
useful to be introduced here, so that the processing nature of the enzyme
could also be limited at a particular number of residues (p) if desired.

When a single enzyme-substrate interaction is over, then further
searching of a two-dimensional (residue label � chain label) array for
binding sites continues in two possible modes: (i) simple random
selection of another array element or (ii) a pseudo-diffusive process,
in which the “enzyme” describes a random walk over other sites. In the
simulations described herein, such a walk is implemented for 170 steps,
before another “enzyme” (another randomly selected starting point)
takes over, corresponding approximately to the experimental conditions
of there being one enzyme for 170 polysaccharide chains. Figure 2 shows
a schematic example of this model for a simplified case of 10 chains, each
10 residues in length. The “enzyme” can be visualized as finding a
binding site, traveling along a number of methylesterified residues,
demethylesterifying them as it goes, then detaching from the chain
upon encountering an unmethylesterified residue, and finally continuing
to walk around the two-dimensional (residue label� chain label) array.

’RESULTS AND DISCUSSION

As determined by SEC-MALLS, theMw for the parent pectin
(i.e., the model HG) was 53 060 and the number average
molecular weight (Mn) was 27 613. GalA (93%) and galactose

(7%) were the only sugars detected; the lack of any rhamnose
indicates the parent pectin is a HG. The relatively low value for
Mn and the high reported DM value indicates that this pectin was
likely produced by chemical methylation with an acidified
methanol procedure, as detailed by Rosenbohm et al.,36 which
resulted in a loss of molecular weight. This treatment would also
lead to cleavage of the HG from rhamnogalacturonan I, which
would account for the lack of rhamnose in the parent pectin.
Using the value forMn and an averagemolecular weight of 189.34
(on the basis of a DM value of 94%) for AGA gives an average DP
of 146 (∼65 nm) for this HG. This is larger than values of 71-92
reported by Ralet et al.10 or 72-100 by Thibault et al.9 Addi-
tionally, Ralet et al.10 reported that they restricted the elution
volume range used for integration to the region of their calibra-
tion curve, which eliminated possible affects from aggregation
and low light scattering. Therefore, the calibration curve used for
the data presented here may have contained a broader molecular
weight range that could account for the increase in observedMn

and resulting DP of the HG.
The probability of a pre-existing DMB being present in this

parent pectin of theminimal block size needed for relatively rapid
EPG cleavage37,38 was very low, only approximately 0.004 for a
GalA2, and this would, in any case, only fragment the HG and not
release a GalAn oligomer. Indeed, no oligomers were released
from the parent 94% DM pectin following the 10 min EPG
digest, and consequently, oligomers released from the demethy-
lated pectins were considered to be a result of the demethylation
with TT-PME. Oligogalacturonides were released from all of the
demethylesterified pectins (Figures 3 and 4 and Table 1) by a
limited digestion with EPG. Partially methylated fragments
eluted between 10 and 25 min as a broad hump (Figure 3).
The unmethylesterifiedGalAs in these oligomers were either ran-
domly distributed, uncleaved terminal GalAs or likely in con-
tiguous blocks too small for cleavage by the EPG (<GalA4).

38

Retention time of GalA reference oligomers was made with
purchased standards and individual purified oligomers subse-
quently identified by high-performance liquid chromatography-
mass spectrometry (HPLC-MS) and SEC-MALLS.19 The
observed distribution of released unmethylated blocks can be
related to the actual block sizes present in the undigested mole-
cules through extensive mathematical modeling presented here.
Small oligomers are the numerically most abundant oligomers
released from the demethylated pectin by EPG (Figure 4).
Although the possibility of releasing oligomers by secondary
digestion cannot be discounted, the frequency of small oligomers

Figure 2. Schematic representation of the operation of the pPME
model shown for a simplified case of 10 chains, each 10 residues in
length. The “enzyme” can be seen diffusing around until finding a
binding site, traveling along a number of methylesterified residues,
demethylesterifying them, then detaching from the chain upon encoun-
tering an unmethylesterified residue, and finally continuing to walk
around the two-dimensional (residue label � chain label) array.

Figure 3. Representative HPAEC-ELSD chromatogram of oligoga-
lacturonides released after a 10 min EPG digest of the pH 7.5 and 60%
DM pectins. Numbers indicate oligomer DP of the corresponding peak.
The inset is a zoom of the chromatogram for the indicated region.
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did not increase with a decrease in DM, as might be anticipated if
high levels of secondary fragmentation occurred. Additionally,
extended digests with EPG resulted in the disappearance of peaks
associated with large oligogalacturonides and increased peak
areas from monomer to tetramer (data not shown). Although
not as well characterized as Aspergillus niger EPGs, the resulting

digestion patterns, produced when oligomers of DP 7-21 were
treated with the commercial EPG used here, demonstrate a low
rate of accumulation for DP 1-3 oligomers.39

No oligomers with a DP larger than GalA7 were released from
the 80% DM pectins (Table 1 and Figure 4). Significant
differences were observed when comparing the amount
(nmol mL-1) of oligomers released for GalAn at pH 7.5 versus
4.5 for each pectin series (Table 2 for 80% DM series). For the
70% DM series, only GalA37 and GalA39 oligomers were not
significantly different between the two pH treatments (Student’s
t test, one-tailed, assuming unequal variances; data not shown).
Significant differences were observed for lower DP oligomers
with the 50%DM series belowDP 13, but fromDP 14 to 53, only
seven of the pH 7.5/4.5 pairs had p values below 0.05 (data not
shown).

Figure 4. Experimentally measured average unmethylesterified oligogalacturonide distributions obtained following limited digestion of TT-PME-
generated substrates with EPG.

Table 1. Effect of Demethylation pH and Degree of Polym-
erization on the Average Length of the Longest Demethylated
Block Released by EPG and Observed by HPAEC-ELSDa

oligomer DP

pectin series (% DM) pH 7.5 pH 4.5

80 6 (79.9%) 7 (80.9%)

60 41 (60.0%) 45 (60.1%)

50 53 (50.0%) 57 (50.3%)
aNumbers in parentheses are the DM value based on the actual amount
of base added during demethylation.

Table 2. Comparison of Cn for pH 7.5 and 4.5 Demethylated
Pectinsa

degree of methylation

oligomer DP 80% 60% 50%

3 NSb c c

4 NSb d e

5 e f e

6 d c c
aMeans were compared using Student’s t test (one-tailed) assuming
unequal variances. bNS= not significant. c p < 0.05. d p < 0.01. e p< 0.005.
f p < 0.001.

Table 3. Sum of DMB per Molecule (B), Average DMB Size
(BS), and Number of Average Size DMB per Molecule (BN)a

B BS BN

DM pH 7.5 pH 4.5 pH 7.5 pH 4.5 pH 7.5 pH 4.5

80 6.3 ab 7.1 a 3.5 ac 3.6 a 1.8 ab 1.9 a

60 6.7 bd 6.9 ab 4.3 bc 5.8 b 1.5 bc 1.2 b

50 7.1 cc 5.8 c 4.4 cc 6.8 c 1.6 bc 0.8 c
aValues within a column that have different letters indicate a significant
difference (p e 0.05) based on analysis of variation (ANOVA) and
Tukey’s multiple comparison test. b Significant differences between
means for pH pairs of each variable based on Student’s t test; p
< 0.01. c Significant differences between means for pH pairs of each
variable based on Student’s t test; p < 0.001. d Significant differences
between means for pH pairs of each variable based on Student’s t test; p
< 0.05.
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B was estimated for each demethylated HG using the pooled
slope (1.355 95) and intersect (6.205 08) data obtained from
ANCOVA analysis of GalA6 and GalA13 calibration curves and
the Mn estimated by SEC-MALLS (see eq 2). Statistically
significant differences were present for B in both pH series
(Table 3). Trends associated with decreasing DM values differed

for the two pH series, with B increasing at pH 7.5 but decreasing
at pH 4.5. Comparisons showed the mean values at each DM at
pH 7.5 versus 4.5 were also significantly different. Values for B
less than 1.0 suggest that not all molecules were acted on by the
TT-PME enzyme. This has also been observed with the commer-
cially available21 citrus SI-PME based on the calcium-sensitive

Figure 5. Distributions of oligogalacturonides predicted to be released
by limited EPG digestions fromHGs, generated from a 94%DM starting
substrate using either random demethylesterification or PME models as
described above, with maximum processivities of either greater than the
DP of the chains (“completely blockwise”) or 15 and 10 residues
compared to experimental data (three independent experiments at pH
7.5) for final sample averaged DMs of (a) 70%, (b) 60%, and (c) 50%.

Figure 6. Full unmethylesterified GalA block length distributions for
the TT-PME-modified samples at pH 7.5, obtained from the simulations
that gave good agreement of the predicted and experimental oligomers
released by the limited digest, for samples of (a) 70%, (b) 60%, and (c)
50% DM.
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pectin ratio20 and capillary electrophoresis electropherograms.35

Significant differences were also present between pH 7.5 versus
4.5 DM pairs for BS and BN (Table 3) at each DM and for means
within each pH series. Trends in BS were similar for both pH
treatments, although BS estimates were significantly larger for the
pH 4.5 series at each DM value (Table 3). Values reported here
for BS are smaller than those reported previously for the SI-
PME19,35 for equivalent decreases in DM. Additionally, BS was
significantly larger in each DM pair when the demethylation
occurred at pH 4.5 for TT-PME, while for SI-PME, BS was larger
in pH 7.5 demethylesterifications.19 As might be expected, the
BN estimates decrease as BS increased, with greater reductions
occurring in the pH 4.5 demethylated series (Table 3).

Panels a-c of Figure 5 show distributions of oligogalactur-
onides predicted to be released by limited EPG digestions ofHGs
of 70, 60, and 50% DM, generated from a 94% DM starting
substrate using either random demethylesterification or PME
models as described above. They illustrate maximum processiv-
ities of either greater than the DP of the chains (“completely
blockwise”) or 15 and 10 residues. Also shown is the comparison
of the equivalent experimental data to the PME model, with a
maximumprocessivity of 10. In contrast to the citrus SI-PME,19 the
oligogalacturonide distributions produced from the TT-PME
demethylesterified samples, at both pH 7.5 and 4.5 and at all DM
values investigated, conform to the simulated multiple-attack
mechanism but additionally with a p of around 10. It should be
noted that oligomers with a DP < 7 (as in the 80% DM samples)
were not compared, because as a result of their size being smaller
than that which can be accommodated in the EPG subsite archi-
tecture, the limited digest model employed is not expected to be a
good approximation.22 Panels a-c of Figure 6 show the full
unmethylesterified GalA block length distributions for the TT-
PME-modified samples at pH 7.5, obtained from the simulations
that gave good agreement of the predicted and experimental oligo-
mers released by the limited digest, for samples of 70, 60, and 50%
DM. The distributions for two alternative models are also shown to
illustrate that large differences in the full GalA block length
distributions exhibited by the generated HGs are predicted to exist
if the enzyme functions in a different way. This highlights the need
for careful mathematical modeling to generate faithful distributions
in silico that can further be used to develop models of function.

Results presented here for citrus TT-PME and previously for
citrus SI-PME19 suggest that the pectin nanostructure is amen-
able to enzymatic engineering to produce tailored structural/
functional properties. These results also indicate that the PME
mode of action is different for two PME isoforms purified from
the same species. Previous results have also shown that reaction
parameters can also influence the mode of action.19,30,40,41

Future work is needed to demonstrate how the frequency
distribution of BS can be controlled and how the frequency
distribution of BN can also be manipulated.
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