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Effect of Mild-Heat and High-Pressure Processing on Banana
Pectin Methylesterase: A Kinetic Study
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Pectin methylesterase (PME) was extracted from bananas and purified by affinity chromatography.
The thermal—high-pressure inactivation (at moderate temperature, 30—76 °C, in combination with
high pressure, 0.1-900 MPa) of PME was investigated in a model system at pH 7.0. Under these
conditions, the stable fraction was not inactivated and isobaric—isothermal inactivation followed a
fractional-conversion model. At lower pressure (<300—400 MPa) and higher temperature (=64 °C),
an antagonistic effect of pressure and heat was observed. Third-degree polynomial models (derived
from the thermodynamic model) were successfully used to describe the heat—pressure dependence
of the inactivation rate constants.
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INTRODUCTION °C) (19). Similarly, purified strawberry PME showed extreme
. . . pressure stability toward combined pressttemperature treat-
Among nonthermal processing technologies, high-pressure

processing is being applied on an industrial scale for some foodment up to 1000 MPa at 16C (20). For orange PME, a
products marketed in Japan, the United States, and SOmepressure—temperature kinetic diagram for inactivation was

European countriesl). High-pressure processing, in contrast published showing an antagonistic effect of pressure and
P - nigh-pr P ng, .. .. temperature at pressures below 300 MPa and temperatures above
to high-temperature processing, shows a higher specificity

toward maintaining the fresh quality of foods because it slightl 60 °C (21). Thus, high-pressure treatment can activate or
affects covalent b(?nds (in theq ressyure range used) Henceg hiyhi_nactivate plant PMEs, depending on the pressteenperature

- P 9 - FIENCe, NN, g applied. Both effects (activation and inactivation) on PME
pressure processing at room temperature has very little detri-

mental effect on food quality affributes such as vitamins, can be beneficial in the processing of fruit- and vegetable-based

pigments, and flavors (2—6) and can supply consumers with products. Pressurdemperature processing stability data for
frosher aﬁd higher quality safe food products plant PMEs, therefore, are of interest to the food industry.

. ) In the present work, a detailed kinetic study was performed
The enzyme pectin methylesterase (pectinesterase, PME, PEyging hanana PME. The processing stability of purified banana
EC 3.1.1._11), w_hlch has be_en found in plants as we_II as N pVE in a model system (i.e., in 20 mM Tris-HCI buffer, pH
pathogenic fungi and bacteria, catalyzes the hydrolysis of the 7 gy a5 investigated using combined heaessure treatments.
methyl ester groups from pectin and leads to the formation of s it was selected because high-pressure processing might

a calcium pectate geV¢-10). Consequently, its activation, on  pq of interest for the processing of banana juice and nectar.
the one hand, causes cloud loss of juices and nectars14)

and, on the other hand, (i) enhances the texture of fruit and paATERIALS AND METHODS
vegetable products (715, 16), (ii) effectively increases the

extracting yield of juices by conventional methods), and . .
. ! Cavendish, Ecuador) was purchased from a supermarket. Apple pectin
(iif) promotes water remoyal from the. Flssues on drylﬂf@)( (degree of esterificatiosr 70—75%) was obtained from Fluka Chemical
Plant PMEs have been isolated, purified, and studied in terms co. (Buchs, Switzerland). All other chemicals were of analytical grade.
of pressure—thermal processing stability. In this context, com-  PME was extracted from bananas and purified by affinity chroma-
mercial tomato PME was found to be activated under lower tography on a CNBr-Sepharose 4B—PME inhibitor column (22). The

pressure (<300 MPa) treatment at mild temperature (60—65 purified banana PME obtained was desalted and dissolved in 20 mM
Tris-HCI buffer (pH 7.0) (specific activity is 480 units/mg of protein),

quickly frozen using liquid nitrogen, and stored-a80 °C for further

Materials. A stock of 15 kg of bananas (Bonita banana: cv.
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e-mail marc.hendrickx@agr.kuleuven.ac.be). use. . . .
 Katholieke Universc?tbei? Leuven. ) PME Assay.PME activity was measured by continuous recording
§ Cantho University. of the titration of carboxyl groups released from a pectin solution using
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Table 1. Fitted Rate Constants (min—?) of Fractional-Conversion Inactivation of Purified Banana PME (in 20 mM Tris-HCI buffer, pH 7.0) at Different
Combinations of Temperature and Pressure

P
(MPa) 30°C 40 °C 50°C 55°C 60 °C 64 °C 67 °C 70°C 73°C 76 °C
0.1 ND? ND ND ND ND 0.0060 + 0.0013° 0.0192 +0.0028 0.0550 + 0.0062 0.1950 + 0.0150 0.6300 + 0.0220
100 ND ND ND ND ND ND ND 0.0058 +0.0011 ND ND
200 ND ND ND ND ND ND ND ND 0.0048 +0.0001 0.0093 + 0.0003
300 ND ND ND ND ND ND ND ND 0.0027 £ 0.0006 0.0055 + 0.0001
400 ND ND ND ND ND ND ND ND 0.0034 +0.0004 0.0075 + 0.0002
500 ND ND ND ND ND ND ND 0.0038 +0.0009 0.0070 +0.0002 0.0116 + 0.0018
600 ND ND ND ND ND ND ND 0.0093 +0.0001 0.0121 +0.0005 0.0197 + 0.0012
700 ND 0.0067 +0.0004 ND ND 0.0119 +0.0004 0.0167 +0.0006 ND 0.0306 +0.0010 0.0347 +0.0013 ND
800 0.0319 £0.0016 0.0247 +0.0016 0.0357 +0.0014 0.0354 +0.0017 0.0557 + 0.0026 0.0849 +0.0044 ND 0.1387 +0.0065 0.1308 +0.0006 0.2348 + 0.0050
850 0.0632 +0.0028 0.0796 + 0.0049 0.0717 +0.0048 0.0876 +0.0042 0.1166 + 0.0042 ND ND ND ND ND
900 0.1217+0.0079 0.1500 + 0.0091 0.1400 + 0.0140 0.1410 + 0.0120 0.1980 + 0.0100 ND ND ND ND ND

aNot determined. © Standard error of regression.

Table 2. Estimated Model Parameters for Purified Banana PME Inactivation Based on the Classical Model (Equation 4), the Third-Degree
Thermodynamic Model (Equation 6), and the Third-Degree Polynomial Model (Equation 7) at a Reference Pressure of 850 MPa and a Reference
Temperature of 333.15 K (60 °C)

classical thermodynamic third-degree thermodynamic third-degree polynomia
parameter model (A) (eq 4) model (B) (eq 6) parameter model (C) (eq 7) units
1 Ko 0.1136 £ 0.01672 0.1100 £ 0.0051 A —2.2184 + 0.0456 min~t
2 AVE -55.81 + 3.66 -35.97 +2.03 B 0.0130 + 0.0007 cm® mol=t
3 AS, 188.20 + 39.12 142.00 + 14.70 C 0.0512 +0.0052 Jmol~1 K1
4 AK* —0.1110 £ 0.0084 0.0714 £ 0.0146 D —10.0E-6 + 2.5E—-6 cmé J=1 mol—!
5 ACE 3368.3 +1076.7 2290.4 £3755 E 0.00119 + 0.00020 Jmolt K™t
6 AL* 0.1237 £ 0.0767 0.1277 £ 0.0658 F —0.00013 + 0.00005 cm3 mol~1 K1
7 Afcz - -15.0E-5+ 1.3E-5 G —25.3E-9 + 2.3E-9 cmé J=1 mol~!
8 AC%A - 0.00031 +0.00012 | 18.98E-8 + 8.11E-8 cm® mol~t K™t
9 Al - —0.00579 + 0.00250 J —3.48E-6 + 1.77E-6 cm3 mol~1 K1
10 corrected r 2 0.981 0.998 corrected r 2 0.999
11 SD 0.518 0.154 SD 0.151
@ Standard error of regression.
0 0 0
-1 -1 B 1 c
-2 ] -2 -2 1
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Figure 1. Correlation between the natural logarithm of the experimental k values of the isobaric—isothermal inactivation of purified banana PME (in 20
mM Tris-HCI buffer, pH 7.0) and the natural logarithm of the predicted k values according to (A) the classical thermodynamic model (eq 4), (B) the
third-degree thermodynamic model (eq 6), and (C) the third-degree polynomial model (eq 7).

an automatic pH-stat (Metrohm, Herisau, Switzerland) and 0.01 N vessel, high-pressure apparatus (eight vessels of 8 mL) (Resato, Roden,
NaOH. Routine assays were performed with a 3.5 mg'alpple pectin The Netherlands), which allows pressurization up to 1000 MPa in
solution (30 mL) containing 0.117 M NaCl (pH 7.0) at 22G. The combination with temperatures ranging fror20 to 100°C. The
activity unit of PME is defined as the amount of enzyme required to pressure medium is a glycebil mixture (TR 15, Resato). Enzyme
release xmol of carboxyl groups per minute, under the aforementioned samples in 0.3-mL flexible microtubes (Elkay, Leuven, Belgium) were
assay conditions (23). enclosed in the pressure vessels, already equilibrated at the inactivation
Heat Inactivation of Purified Banana PME. Isothermal treatments temperature. Pressure was built slowly using a standard pressurization
were performed in a temperature-controlled water bath usingu200-  rate of~100 MPa/min to minimize the temperature rise due to adiabatic
capillaries (Blaubrand, Wertheim, Germany) to enclose the enzyme heating (2425). After pressure buildup, an equilibration period of 2
solution. After treatment, the samples were immediately cooled in ice min to allow the temperature of the pressure medium to evolve to its
water. Residual activities of PME were measured within 60 min of preset value (input value) was taken into acco@df) ( After 2 min of
storage in ice water. Previous experiments showed the absence ofequilibration, one pressure vessel was decompressed and the activity
reactivation during this time period. of the corresponding enzyme sample was considered as the Blignk (
Combined Heat—Pressure Inactivation of Purified Banana PME. The other seven vessels, each containing one enzyme sample, were
All combined heat—pressure experiments were conducted in a multi- then decompressed as a function of time. After pressure release, samples
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Figure 2. 3D plots for heat—pressure inactivation of purified banana PME (in 20 mM Tris-HCI buffer, pH 7.0) based on (A) the classical thermodynamic
model (eq 4), (B) the third-degree thermodynamic model (eq 6), and (C) the third-degree polynomial model (eq 7); (O) raw data points.

were immediately cooled in ice water and the residual PME activity AV, AS‘) At )
was measured within 60 min of storage time in ice water. The In(k)=In(ky) _ﬁ(P_ Po) +ﬁ(T_T0) 3 (P— Py +
i i T T RT
experiments were performed at combined pressures and temperatures
ranging from 100 to 900 MPa and from 30 to 76. ACY (T-T)" oag,
Kinetic Data Analysis. As previously published by Ly Nguyen and R,T 2T, - RT (P=P)(T—Ty) (4)

co-workers 22), the heatpressure inactivation of purified banana PME

followed a fractional-conversion model. This model applies when the
enzyme sample contains a stable fraction that is not affected under the(
processing condition studied (eq 1)

WhenAk, ACp, andA¢ are temperature and/or pressure dependent
31, 32), an extended analysis of the free energy chax@éT,P) (in
their cases) or I)(T,P) (in the present case) is necessary, where higher
order terms are also involved.

A=A+ (A — A,) exp(—kt) @)
+
whereA, andA are, respectively, the initial activity and the remaining  n(k) = In(k;) — %(p —Py) + ﬁg(-r - Ty — A_K(p - p0)2 +
activity at timet (min); A. is the remaining activity after prolonged RyT RiT 2RT
treatment (mL of 0.01 N NaOH/min); arklis the inactivation rate ACH(T - To)? NG
constant (min?). RT 21. ﬁ(P — Po)(T — T,) + higher-order terms
Many mathematical models have been formulated that allow the T 0 T
description of temperaturgoressure dependence of the inactivation rate (5)

constant over a broad range of pressures and temperatures. The most .

useful thermodynamic-based kinetic model governing the behavior of N general, there are four third-degree terms (33):
a system during pressure and temperature change (eq 2) was used as a . .
general equation to describe the hegtessure inactivation of purified Ak 3. ACp; 3. 2A5 2 )
banana PMEZ6—28). This model has been successfully applied as a ﬁp — P 2RT'|6( — T RT (P = P)(T = To);
generic model for a number of enzyme inactivation data and can

; S 2A
currently be regarded as the most generic model in this fi2). ( and R§B(P — P(T - TO)2
AV} AS, At ) _ . .
In(k) = In(ky) — ﬁ(P — Py + R_T(T — Ty — 2—_|_(P =Py + Note that the subscript “2” refers to the coefficients of the higher order
T T R terms; however, in the case of pressure—temperature inactivation of
ACH T 2AE banana PME, the term\C}/2RTT (T — To)® is redundant as
ﬁ{ T['”(?) - 1] + To} ~RTP-PIT—To (2) indicated by the large standard error (100%). As a consequence, this
T o T term was omitted and a reduced version of eq 5 was used (i.e., eq 6).
In eq 2,P is pressure (MPa)f is absolute temperature (Kipp and Ty AV AS§ N
are reference pressure (MPa) and absolute temperature (K), respectively|;n(k) = In(ky) — —O(P —PY)+=—T—T,) — Ak P-P )2 +
AVp and AS are volume change (chmol™) and entropy change (J R T 0 R T o 2R T 0
mol~! K~1) between native and denatured states, respectivadyis ACH T-T )z + At
compressibility factor (cthJ™* mol™); ACp is heat capacity (J mot —_r v _ %(p —P)T—Ty) + _fl(p — P+
K™1); Ag¢ is thermal expansibility factor (ctnmol™* K™1); k is ReT 2T, R, T ° 2R o
inactivation rate constant (nif); ko is inactivation rate constant Bb 2 AC;A 2 AC;B
and To (min~Y); and Ry is the universal gas constant (8.314 J mol =7 (P~ PAT— Ty + =7 P~ PI(T— To)? (6)
K9).

Recently, Smeller (30) suggested a possible modification that in the
vicinity of the reference point, one can use the following second-order
approximation:

Equation 6 can be rewritten as an empirical polynomial equation as
its parameters have no longer a physical meaning:

T Ty —In(k)=A+ B(P— Py + C(T— Ty) + D(P — P>+ E(T —
T(In(Tl) - 1) +Ty= s 3) T2+ F(P — P)(T — Tg) + G(P— P° + I(P — P)XT — Ty +

0, 2TO >
JP = P)(T=T)" (7)
This approach results in a second-degree polynomial (elliptic)
equation: whereA, B, C, D, E, F, G, |, andJ are unknown parameters.
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As measures for the quality of model fitting, the correctéénd 000
the model standard deviation (SD) were calculated using eqs 8 and 9, I,
respectively S0 9ed 200 ___‘__ﬂ"‘\\ﬁ
SSQegressio £ 600 3 \
(m — l) 1- W E
corrected? = 1 — ot (8) o 4003
m—1 /
200
SD= Ml 9) O T T T
V (m-)) 20 50 00
wherem is number of observationgjs number of model parameters, QO
SSQ is sum of squares, and SD is standard deviation. 1000
RESULTS AND DISCUSSION 800 3 c
Heat—Pressure Inactivation Kinetics of Purified Banana -
PME. Heat—pressure inactivation experiments of purified g 601
banana PME (in 20 mM Tris-HCI buffer, pH 7.0) were = 400
. . . o
conducted for different combinations of moderate temperature
(30—76°C) and pressure (0-1900 MPa). Isothermalisobaric 200 3
inactivation of purified banana PME followed a fractional- g
conversion model (eq 1), and the inactivation rate constants and L S R R R R
their standard errors are presented able 1. From this table, 30 50 20 20
it is clear that there is an antagonistic effect of pressure and TrQ
temperature in the “low”-pressure @ 300—400 MPa)—high-
temperature domaire(64 °C, in the present study). In this range, 1006
a pressure increase resulted in a decrease of the observed ]
inactivation rate constant. An antagonistic effect of pressure and 800 w
temperature is frequently encountered for enzyme inactivation/ = E
; . 4 . e F eoo
protein denaturation. This effect is mostly limited to pressures =
below 300 MPa §, 21, 28, 34—36). Pressure stabilization of o 4007
enzymes/proteins against thermal inactivation/denaturation might
be due to counteracting effects of pressure and temperature on 200 |
the formation or disruption of intramolecular interactions and/
or their opposing effects on interactions between enzyme/protein R AR R
and solvent (water). 30 50 20
Discussing the interaction of enzyme/protein functional T¢Q
groups and solvent (water), Gross and Jaenicke (37), Mozhaev
and co-workers35), and Barbosa-Canovas and co-work&8) ( 1000
stated that in the initial step of thermal inactivation, a protein — D
loses a number of essential water molecules, and this loss may 800 7 \\*-\
give rise to structural rearrangements. High pressure may hamper - 3 \\5
this process owing to its favorable effect on hydration of both g
charged and nonpolar groups (3B). % 400 J
Opposing effects of pressure and temperature with respect !
to hydrophobic interactions and hydrogen bonds have further- 200 § ,/)
more been put forward as possible explanations for pressure '
stabilization of enzymes/proteins against thermal inactivation/ R R R AR R R R LR
denaturation. Endothermic hydrophobic interactions are known 30 50 70 90
to be enhanced at elevated temperatures, being maximal at TrQ

~60—70 °C and thereafter decreasing because of a gradual _. . L

breakdown of the water structuréQ). Pressure, on the other Flg.u.re 3. Heat—pres;ure |soratg contour plots of 95% inactivation of

hand, greatly weakens hydrophobic interactics34). As to purified banana PME (in 20 mM Tris-HCI buffer, pH 7.0) for a total process

hydrogen bridges, it is generally accepted that these interaction§Ime of 30 min (k = 0099858 min™) based on (A) the classical

are destabilized by elevated temperature. Pressure, on the othelermodynamic model (eq 4), (B) the third-degree thermodynamic model

hand, often stabilizes hydrogen bridges 3240). eq 6), (C) the third-degree polynomial model (eq 7), and (D) raw data.
Modeling of Combined Heat—Pressure Dependence of - . .

Inactivation Rate Constants.By fitting egs 4, 6, and 7 on the ~ Shown). In addition, parity plots of the natural logarithm of the

experimental data, we estimated the model parameters usingPredictedk values based on egs 4, 6, and 7 versus the natural

nonlinear regression analysis (Proc NLIN, SAS) (Table 2).  logarithm of the experimentak values, respectively, were
For the three model versions, no tendency was found by establishedKigure 1). The deviation from the bisector can be

plotting residuals (differences between experimental and pre- considered as an indicator for the inaccuracy of the models.

dicted k values, respectively) as a function of temperature, The less the experimental and predidtedilues mutually differ,

pressure, experimentilvalue, and predictek value (data not the more successful the model is. Good agreements between
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the natural logarithm of the predictédvalues and that of the (9) Powell, D. A.; Morris, E. R.; Gidley, M. J.; Rees, D. A.
experimentalk values were observed for the three model Conformations and interactions of pectins. Il. Influence of residue
versions. It is obvious that the third-degree models better fit sequence on chain association in calcium pectate geldol.

the experimental dataRf = 0.9903 (eq 6) and 0.9906 (eq 7)] Biol. 1982,155, 517—531.

as compared to the “classical” mod@®2[= 0.8797 (eq 4)]. (10) Walkinshaw, M. D.; Arnott, S. Conformations and interactions
Graphically, the third-degree models show better fitting in the of pectins II. Models for junction zones in pectinic acid and

calcium pectate gelsl. Mol. Biol. 1981,153, 1075—1085.

(11) Krop, J. J.; Pilnik, W. Effect of pectic acid and bivalent cations
on cloud loss of citrus juicd.ebensm. Wiss. Techndl974,7,
62—63.

(12) Laratta, B.; Fasanaro, G.; De Sio, F.; Castaldo, D. Thermal

areas of low temperaturdiigh pressure and high temperatdre
low pressure (Figure 2). A similar conclusion was drawn for
the heat—pressure inactivation of purified carrot PN8B)( In
addition, a comparison of correlation coefficients and residuals
based on egs 6 and 7 allowed us to conclude that the third- inactivation of pectin methylesterase in tomato puree: Implica-

degree polynomial model with unknown parameters (eq 7) can tions on cloud stabilityProc. Biochem1995,30, 251—259.
also be used to adequately describe the-hpassure depen- (13) Rombouts, F. M.; Versteeg, C.; Karman, A. H.; Pilnik, W.

dence of banana PME. However, because there is not a big Pectinesterases in component parts of citrus fruits related to
difference between the quality of the third-degree thermody- problems of cloud loss and gelation in citrus productsUse
namic and that of the third'degree pOlynomiaI f|tt|ngs, the of Enzymes in Food Techn0|ogy; Dupuy’ P., Ed.; Technique et
thermodynamic model should be favored, because this is the Documentation Lavoisier: Paris, France, 1992; pp 483—487.
theoretically correct one. In the case of the polynomial model, (14) Rothschild, G.; Karsenty, A. Cloud loss during storage of
the 1/RTfactor is built into the constants of the polynomial pasteurized citrus juices and concentratesFood Sci.1974,
and, therefore, the change of the temperature is not taken into 39, 1037—1041.
account exactly. (15) Alvarez, M. D.; Morillo, M. J.; Canet, W. Optimisation of
By inserting all model parameters @&ble 2into eqgs 4, 6, freezing process with pressure steaming of potato tissues (cv

Monalisa).J. Sci. Food Agric1999,79, 1237—1248.

(16) Fuchigami, M.; Miyazaki, K.; Hyakumoto, N. Frozen carrots
texture and pectic components as affected by low-temperature-
blanching and quick freezingl. Food Sci.1995 60, 132—

136.

and 7, respectively, pressuremperature combinations result-
ing in specific preset inactivation rate constants for purified
banana PME were simulated and depicted in isorate contour
plots (Figure 3). Smeller and Heremans in 1997 (32) discussed
that as one applies the thermodynamic model with only fjrst- (17) Anastasakis, M.: Lindamood, J. B.; Chism, G. W.: Hansen, P.
an.d §ec0nd-0rder Ferms the shape of thg contour plot will .be M. T. Enzymatic hydrolysis of carrot for extraction of a cloud-
elliptic or hyperbolic. To leave out the higher order terms is stable juice Food Hydrocolloids1987, 1, 247—261.

equivalent to the assumption thatx, ACp, and AL are (18) Manabe, T. Effect of pre-heating treatment on dehydration rates
independent of temperature and pressure. If any of these shows of some vegetables. Jpn. Soc. Food Sci. Technd982, 29,
temperature or pressure dependence, higher order terms appear  675-676.

not to be negligible. In cases when higher order terms become (19) van den Broeck, I.; Ludikhuyze, L. R.; Van Loey, A. M.;

important and are included in the model, the contour plot will Hendrickx, M. E. Effect of temperature and/or pressure on tomato
be a distorted ellipse. pectinesterase activityl. Agric. Food Chem2000, 48, 551—
558.

(20) Ly Nguyen, B.; Van Loey, A. M.; Fachin, D.; Verlent, I.;
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