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A continuous pulsed electric field (PEF) system integrated with six co-field flow PEF treatment
chambers was used to study the inactivation of pepsin. The inactivation of pepsin activity was a
function of applied electric field strength, electrical conductivity, and pH. The inactivation of pepsin
by PEF followed a first-order model. The first-order inactivation kinetic constant of pepsin was 0.012
(1/µs) in 7.5 mM HCl (pH 2.0) at 34.2 kV/cm. Aggregation of pepsin was observed during PEF
treatment; however, the inactivation took place before the formation of aggregates. Circular dichroism
analysis showed that inactivation of pepsin by PEF was correlated to the loss of â-sheet structure in
a pepsin molecule. The relative residual activity of PEF-treated pepsin was correlated to the relative
molar ellipticity at 215 nm. Both PEF- and heat-induced inactivation of pepsin were correlated with
the alteration of the secondary structure (â-sheet dominant structure) of pepsin.
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1. INTRODUCTION

High voltage pulsed electric fields (PEF) is a nonthermal food
processing technology, which has been researched and devel-
oped to almost the commercial stage (1-3). As compared to
thermal processing, PEF has a number of advantages including
minimal changes in flavor, taste, color, nutrients, and heat labile
functional components of foods (4-11). Therefore, PEF is
receiving considerable attention from the food industry.

Understanding the effects of PEF on the enzymes is necessary
for the further development and commercialization of PEF
processing. Some research was conducted in this aspect, but
the conclusions about the effects of PEF on enzymes elucidated
by different research groups are inconsistent. Ho and his
colleagues (12) reported that under the tested conditions (13-
87 kV/cm, 0.5 Hz, 2µs pulse width, 30 pulses), lipase, glucose
oxidase, andR-amylase exhibited a significant activity reduction
of 70-85%; peroxidase and polyphenol oxidase displayed a
moderate 30-40% reduction; alkaline phosphatase only showed
a slight 5% reduction; whereas the activity of pepsin was not
decreased but significantly increased at 20-45 kV/cm. Van
Loey et al. (13) reported that lipoxygenase, polyphenol oxidase,
pectin-methylesterase, and peroxidase in distilled water are
resistant toward PEF, but had significant activity reduction in
more complex liquid dairy or fruit and vegetable products.
Irreversible reduction of activity was observed in PEF-treated
papain after 24 h storage at 4°C (14). The inactivation of PEF

treatment papain was related to the loss ofR-helix structure.
PME activity was inactivated by 90% by PEF treatment at
35 kV/cm for 59 µs in a pilot-plant system (7). Significant
activity reductions of polyphenol oxidase after bipolar expo-
nential decay PEF treatment were reported, such as a 97%
reduction in apple extract at 24.6 kV/cm for 6000µs, a 72%
reduction in pear extract at 22.3 kV/cm for 6000µs (15), and
a 70% reduction in peach at 24.30 kV/cm for 5000µs (16).
Grahl and Märkl (17) reported up to 60% activity reduction of
lipase in raw milk at an energy input of 200 kJ/L, but no
inactivation of alkaline phosphatase and lactoperoxidase was
observed at 21.5 kV/cm and a total energy input of 400 kJ/L.
However, 65% activity reduction of alkaline phosphatase in raw
milk was observed at 18.8 kV/cm and 70 pulses (18). Plasmin
activity decreased 90% after PEF treatment of 50 pulses of
2 µs at 30 and 45 kV/cm (19). The same research group (20)
observed an 80% inactivation in tryptic soy broth with yeast
extract at 18 kV/cm for 40µs, but no significant inactivation
of protease in casein-Tris buffer. Higher inactivation levels were
reached in skim milk than in whole milk, and 81% inactivation
was attained in skim milk at 35.5 kV/cm for 866µs (21). In
our previous study (22) on the effects of PEF on pepsin,
polyphenol oxidase, peroxidase, chymotrypsin, and lysozyme
using a continuous PEF processor with co-field tubular elec-
trodes, it was observed that PEF treatment had a mild effect on
the activity of peroxidase (18.1% reduction at 34.9 kV/cm for
126 µs) and chymotypsin (4.0% reduction at 34.2 kV/cm for
126 µs) and no effect on the activity of lysozyme. However,
pepsin and polyphenol oxidase were sensitive to PEF. For
pepsin, the activity reduction reached 51.7% and 83.8% at
37.0 kV/cm for 126µs and 41.8 kV/cm for 126µs, respectively.
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It is necessary to unveil the mechanism of enzyme inactivation
by PEF and to explain the inconsistent results reported by
different research groups. Most of the research work on enzyme
inactivation by PEF is focused on the effect of PEF on the
activity. The mechanisms involved in inactivation of enzymes
by PEF are not fully understood. To elucidate enzyme inactiva-
tion mechanism, information about enzyme structure before and
after PEF treatment is necessary.

In this study, pepsin was selected as a model enzyme to
investigate the mechanism of enzyme inactivation by PEF.
Pepsin is one of the enzymes that is important in meat
tenderization (23,24) and cheese ripening (25, 26) and the
production of other milk products (27, 28). Pepsin belongs to
the family of the aspartic proteases, which display a high
structural homology (29). It is a monomeric, two domain, mainly
â-protein, with a high percentage of acidic residue (43 out of
327) leading to a very low pI (isoelectric point). The catalytic
site consists of two aspartate residues, Asp32 and Asp215, one
of which has to be protonated and the other deprotonated, for
pepsin to be active (30). This occurs at pH 1-4 (31). When
the pH is higher than 7.0, pepsin is in a denatured conformation;
however, it maintains some of its original secondary structure
(32,33). The objectives of the this study were to (a) determine
the effect of PEF on the activity and secondary structure of
pepsin and (b) correlate the change in activity and the change
in secondary structure of pepsin, achieved by PEF treatment.

2. MATERIALS AND METHODS

2.1. Materials. Crystallized, pepsin powder was purchased from
Sigma Co. (St. Louis, MO) and was used directly without further
purification. All other chemicals were also obtained from Sigma Co.

2.2. Preparation of Pepsin Solutions.Pepsin powder was dissolved
in cooled (4-6 °C) media at selected pH and electrical conductivity
immediately before PEF treatment or heat treatment. Three media were
used in this study, 7.5 mM HCl, 1 mM HCl+ NaCl, and water-
phosphate-acetate mixture, for pH 2.0, pH 2.9, and pH 3.8, respec-
tively. Electrical conductivity of the media was adjusted using sodium
chloride. Water-phosphate-acetate mixture was prepared by adding
glacial acetic acid to 20 mM potassium phosphate to pH 3.8. The

concentrations of pepsin solutions for activity study were within the
values recommended by Sigma for activity assays.

2.3. PEF Treatment.A bench-scale continuous PEF system (OSU-
4A, The Ohio State University, Columbus, OH) was used to treat the
enzyme solutions. A schematic diagram is shown inFigure 1. A model
9310 trigger generator (Quantum Composer Inc., Bozeman, MT) was
used to control frequency and pulse duration time and delay time
between opposite polarity. Signals of voltage, current, frequency, and
waveform were monitored by a two channel 1 GS/s (60 MHz
bandwidth) digital real-time oscilloscope (model TDS 210, Tektronix
Inc., Wilsonville, OR).Figure 2 shows a typical set of voltage and
current waveforms used in this study. Six co-field flow tubular chambers
(34) with a 2.92 mm electrode-gap and a 2.3 mm inner diameter were
grouped in three pairs, and each pair was connected with stainless steel
tubing with a 2.3 mm inner diameter. The enzyme solution was treated
by PEF with alternating positive and negative pulses when bipolar
pulses were applied. A cooling coil with a 2.3 mm inner diameter was
connected to each pair of chambers and submerged in a water bath
(model 1016, Fisher Scientific Inc., Pittsburgh, PA) to regulate
temperature of enzyme solutions before and after PEF treatment. Type
K thermocouples (Fisher Scientific, Pittsburgh, PA) were attached to
the surface of the stainless steel coils near the inlet and outlet of each
pair of PEF chambers. The temperatures of the inlet (T1, T3, andT5)

Figure 1. Diagram of the PEF bench-scale processing unit (OSU-4A). T1−T6 were measured by thermocouples. T0 and T7 were measured by mercury
thermometers.

Figure 2. Bipolar square wave pulse pair. Trace 1 is the measured voltage
with 5 kV per division. Trace 2 is the measured current with 20 A per
division. Time scale is 5 µs per division.
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and the outlet (T2, T4, andT6) of each pair of chambers were monitored
during PEF treatment by dual channel digital thermocouple readers
(Fisher Scientific, Pittsburgh, PA). The places where thermocouples
were located were isolated from atmosphere by an insulation tape
(Polyethylene Cloth, Bron, Phoenix, AR). The initial temperatures of
enzyme solution in the sample bank (T0) and the sample temperature
in the sample collecting bottle (T7) were measured by mercury
thermometers. A micro gear pump (model 020-000-010, Micropump,
Inc., Vancouver, WA) maintained a continuous flow of enzyme solution.
PEF treatment time (t) was calculated with the number of pulses
received in the chambers (Np), which is obtained from residence time
in a chamber (Tr) as follows:

where V is the volume of a chamber (mL) andF is the flow rate
(mL/s);

wheref is the pulse repetition rate (pulses per second, pps);

whereNc is the number of treatment chambers andWp is the pulse
width (µs).

2.4. Heat Treatment.Pepsin solution (5 mL) was placed in a 25×
200 mm glass test tube (Pyrex Borosilicate no. 48, Fisher Scientific)
and heated to the desired temperature in a boiling water bath, and then
rapidly cooled to 4°C in an ice-water bath. A type K thermocouple
(Fisher Scientific, Pittsburgh, PA) was inserted in the centered of the
tube. The temperature of pepsin solution was monitored using a dual
channel digital thermocouple reader (Fisher Scientific, Pittsburgh, PA).
The tube was shaken by hand during the heating and cooling.

2.5. Measurement of Pepsin Activity.The activity of pepsin was
measured by the method of Anson (35) with some modifications using
hemoglobin as substrate. To prepare the 2.0% (w/v) hemoglobin
substrate solution, 2.5 g of hemoglobin (Sigma-Aldrich Co., St. Louis,
MO) was dissolved in 100 mL of distilled water and mixed vigorously,
and then filtered with a glass wool filter. Before assay, 80 mL of filtrate
was mixed with 20 mL of 300 mM HCl. Properly diluted enzyme
solution (1.0 mL) was added to 5.0 mL of the above substrate solution
which had been equilibrated in a 37°C water bath for 20 min, mixed
and incubated at 37°C for exactly 10 min, and then 10 mL of 5.0%
(W/V) TCA (Sigma Co., St. Louis, MO) was added and mixed
vigorously for 1 min by a vortex (Genie 2, Fisher Scientific). The
resultant mixture was filtered with a Waterman #50 filter paper (Sigma
Co., St. Louis, MO). The filtrate was transfer to a quartz cuvette (Fisher
Scientific, Pittsburgh, PA) to record the absorbance at 280 nm by a
Spectronic Genesys 5 spectrometer (Milton Roy, Rochester, NY) at
room temperature. The blank was prepared according to the above
procedure, except that 1.0 mL of enzyme solution was replaced by 1.0
mL of distilled water. One unit was defined as a 0.001 increase of
absorption unit at 280 nm per min by spectrometer.

2.6. Relative Residual Activity.The relative residual activity (RRA)
of pepsin was defined as a percentage of activity of the PEF- or heat-
treated pepsin solution to that of the control. For PEF treatment, the
control went through the whole system in the same water bath
temperature as it was during PET treatment, but without turning on
PEF. For heat treatment, the control went through the system when
the temperatures of both water baths were set 0°C. Prior to activity
assay, all samples were kept in a 0°C ice-water bath.

2.7. Relative Protein Concentration.The relative protein concen-
tration (RPC) of pepsin was defined as a percentage of the concentration
of soluble protein of the PEF- or heat-treated pepsin solution to that of
the control. RPC was calculated as follows:

whereA280 is the absorbance of the PEF- or heat-treated pepsin solution
filtered with a 0.45-µm syringe filter (Gelman Sciences, Ann Arbor,
MI) and AC280 is the absorbance of the control filtered with the same

model syringe filter.A280 and AC280 were measured by a Spectronic
Genesys 5 spectrometer (Milton Roy) at room temperature.

2.8. First-Order Inactivation Kinetics of Pepsin by PEF. The
experimental data were fit to the first-order inactivation models in
eq 5. The inactivation rate constant (kN) was obtained from the slope
of the regression of ln(RRA) as compared to PEF treatment time (t).

wheret is the PEF treatment time (µs) andkN is the first-order kinetic
constant.

2.9. UV Absorption Spectra. UV absorption spectra of pepsin
solutions were recorded with a model UV-2401 PC UV-vis recording
spectrophotometer (Shimadzu Scientific Instruments Inc, Columbia,
MD) in a 1.0 cm quartz cuvette (Hellma, Muellheim, Baden, Germany)
at 25°C. Before scanning, all of the samples were filtered by a 0.45-
µm syringe filter (Gelman Sciences, Ann Arbor, MI). The medium for
each pepsin solution was used as its blank.

2.10. CD Analysis of Pepsin.Circular dichroism (CD) spectra were
scanned at the far UV range (250-190 nm) with a model 202 circular
dichroism spectrometer (AVIV Instruments Inc., Lakewood, NJ) in a
0.1 cm quartz CD cuvette (Hellma, Muellheim, Baden, Germany) at
25 °C. The concentration of protein was maintained at 3µM. Deionized
water was used as blank solution for all of the samples. The molar
ellipticities of pepsin samples were calculated as follows:

where S is the signal (mdeg) obtained by the circular dichroism
spectrometer,N is the number of amino acids of pepsin molecule,C is
the protein concentration (M) of the sample, andL is the cell path
length (cm).

2.11. Relative Molar Ellipticity at 215 nm (R[θ]215 nm). The relative
molar ellipticity at 215 nm (R[θ]215nm) of pepsin was defined as a
percentage of the molar ellipticity at 215 nm ([θ]215nm) of the PEF- or
heat-treated pepsin to that of the control.

2.12. Statistical Analyses.All experiments were duplicated at least
twice, and the assay of enzyme activity of each sample had been
paralleled. The data presented are the means of each experiment.
Analysis of variance was performed to determine variations among
treatments.

3. RESULTS AND DISCUSSION

3.1. Effect of Electric Field Strength on the Activity of
Pepsin. Figure 3illustrates the effect of PEF treatment on the
activity of pepsin in 7.5 mM HCl with a pH of 2.0 and an
electrical conductivity of 0.391 S/m and water-phosphate-
acetate mixture with a pH of 3.8 and an electrical conductivity

Tr ) V/F (1)

Np ) Tr × f (2)

t ) Np × Nc × Wp (3)

RPC) A280/AC280 (4)

Figure 3. Inactivation of pepsin by PEF. The width and total treatment
time were 2 and 126 µs, respectively. The media is 7.5 mM HCl with a
pH of 2.0 and an electrical conductivity of 0.391 S/m and water−
phosphate−acetate mixture with a pH of 3.8 and an electrical conductivity
of 0.345 S/m.

ln(RRA) ) -kNt (5)

[θ] ) S
N × C × L × 10

(deg cm2 dmol-1) (6)
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of 0.345 S/m. No change in pH was recorded after PEF
treatment for each sample. Data inFigure 3 show that PEF
has a significant effect on the activity of pepsin and the activity
reduction of pepsin was a function of applied electric field
strength and pH. Pepsin is more stable in its optimum pH of
2.0 than in pH 3.8. To inactivate pepsin, the applied electric
field strength or dosage should be beyond a certain level, such
as 20 kV/cm for 126µs in pH 3.8 and 25 kV/cm for 126µs in
pH 2.0. The significant increase of activities of pepsin after PEF
treatment reported previously (12) was not observed. The
contribution of heat produced by PEF treatment to the inactiva-
tion of pepsin is not significant (22). The highest temperature
in all of the tests shown inFigure 3 was lower than 52°C.
Pepsin is stable at 60°C.

To explain the effect of the electric field strength on the
inactivation of enzymes, further experiments were conducted
with the change of temperature in each pair of PEF chambers
kept constant, and the result is shown inTable 1. A temperature
increase of enzyme solution with the same electrical conductivity
is an indicator of the PEF dosage received by enzyme solution.
To keep the temperature increase in each pair of chambers
constant, the treatment time was changed with the change of
applied electric field strength. It was achieved by adjusting the
flow rate of enzyme solution. The data inTable 1 show that
relative residual activity of pepsin decreased with the increase
of applied electric field strength under the condition of the same
temperature increase. When the temperature increase in each
pair of chamber was 23 and 28°C, the relative residual activity
of pepsin was decreased from 81.2% to 65.4% at 17.8 kV/cm
and from 63.6% to 39.9% at 32.9 kV/cm, respectively. Higher
electric field strength was more effective in inactivating pepsin;
for example, the efficiency of PEF on inactivating enzymes is
related to the electric field strength applied.

3.2. Effect of Electrical Conductivity on the Inactivation
of Pepsin.In this set of experiment, the 1 mM HCl at pH 2.9
was used as the basic medium and the electric conductivity was
adjusted by adding NaCl. 1 mM HCl at pH 2.9 was chosen as
the basic medium for the study on the effect of electrical
conductivity on the inactivation of pepsin by PEF. The electrical
conductivity of 7.5 mM HCl at pH 2.0 is 0.345 S/m. Pepsin is
highly stable at pH 2-4.Figure 4 illustrates the effect of
electrical conductivity on the efficiency of PEF on pepsin. The
relative residual activity of pepsin steadily decreased with the
increase of electrical conductivity at the same electric field
strength for the same treatment time.

Most of the charged residues are distributed on the surface
of a protein, and less than 5% are buried. Structural stability
and functional properties of proteins are due to a delicate balance
of a number of interactions, mainly noncovalent in nature.
Among them, electrostatic interactions are factors (36). The
electrostatic interactions are functions of pH, temperature, ion
strength, and electric field. Higher electrical conductivity means
more free ions in the solution. A high concentration of free ions

may assist in suppressing or disrupting the electrostatic interac-
tions under applied pulsed electric field.

3.3. Inactivation Kinetics of Pepsin by PEF.The effects
of PEF treatment time on the RRA of pepsin in 7.5 mM HCl at
pH 2.0 and electrical conductivity of 0.345 S/m at 34.2 kV/cm
are shown inFigure 5. The RRA values as a function of PEF
treatment time were fit to the first-order inactivation model in
eq 5 when the total treatment time is higher than 80µs. The
correlation coefficient (r2) of the first-order inactivation model
was 0.9717. It suggests that the first-order inactivation model
may be suitable for describing the inactivation of pepsin by PEF
at the applied electric field strength when PEF treatment time
is higher than a critical level. The first-order inactivation kinetic
constantkN of pepsin in 7.5 mM HCl at pH 2.0 and electrical
conductivity of 0.345 S/m at 34.2 kV/cm was 0.012 (1/µs). The
trend line of ln(RRA) versus treatment time (t) suggests that
the first-order inactivation kinetics is valid when, at 34.2 kV/
cm, the treatment time is longer than 80µs. When the treatment
time was 80µs, the RRA was 94.1%. It indicates that to
inactivate pepsin, PEF dosage should be higher than a critical
level, which may be defined as critical dosage for the inactiva-
tion of pepsin by PEF.

3.4. Effect of PEF Treatment on the Solubility of Pepsin.
In the study on the effect of PEF on the solubility and secondary
structure of pepsin, water-phosphate-acetate mixture at pH
3.8 and an electrical conductivity of 0.345 S/m were used to
avoid using HCl. Chloride ion is a strong absorbent in the UV
range and will interrupt the measurement of the CD signal of
pepsin.Figure 6 illustrates the effect of PEF treatment on the

Table 1. Effect of Electric Field Strength on the Inactivation of Pepsin
Activity

relative residual activity
compared to the control (%)electric field

strength (kV/cm) T2 − T1 ) 23 °C T2 − T1 ) 28 °C

17.8 81.2 ± 2.17 63.6 ± 0.26
21.2 76.9 ± 0.83 62.4 ± 1.26
26.0 73.6 ± 1.84 57.5 ± 2.08
32.9 65.4 ± 0.71 39.9 ± 1.11

Figure 4. Influence of conductivity of solution on the effect of PEF on
pepsin. The pH of the enzyme solution was 2.94. The pulse width and
total treatment time were 2 and 126 µs, respectively. The applied electric
field strength was 34.2 kV/cm.

Figure 5. Schematic representation of the rate of inactivation of pepsin
by PEF. The medium was 7.5 mM HCl with a pH of 2.0 and an electrical
conductivity of 0.345 S/m. The pulse width was 2 µs. The applied electric
field strength was 34.2 kV/cm.
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solubility and activity of pepsin in water-phosphate-acetate
mixture at pH 3.8 and an electrical conductivity of 0.345 S/m.
When the concentration of total protein including the soluble
and insoluble was 86.6µM, both activity and solubility
decreased with the increase of treatment time. Activity decreased
much more rapidly than solubility did. This phenomenon
suggests that PEF treatment may cause the aggregation of pepsin
protein, but the inactivation occurred before the protein formed
aggregates. When the concentration of pepsin protein was much
lower, for instance at 3.1µM (Figure 3), no significant
aggregation was observed, but significant activity reduction was
observed.

Figure 7 shows the UV spectra of untreated and PEF-treated
pepsin in water-phosphate-acetate mixture at pH 3.8 and an
electrical conductivity of 0.345 S/m. With an increase of the
PEF treatment time, the absorbance peaks near 280 nm did not
significantly shift, but the absorbance peaks near 220 nm shifted
toward lower wavelength from 223 nm of control to 213.5 nm
of the sample treated at 35.6 kV/cm for 730µs. The decrease
of the height of the peaks with the increase of the treatment
time was caused by the aggregation of pepsin by PEF treatment,
which is in agreement with the result shown inFigure 6.

3.5. Effect of PEF Treatment on the Secondary Structure
of Pepsin.Circular dichroism spectra can directly interpret the
changes of protein secondary structure (37-41). The CD
analysis was used to detect the change of the secondary structure

of pepsin after PEF treatment and heat treatment. Pepsin is a
â-sheet dominant protein (42, 43). Figure 8 shows the far-UV
CD spectra of pepsin before and after PEF or heat treatment.
The spectrum of the control has a typical shape of aâ-sheet-
rich protein, in agreement with the measurement by Konno and
others (33). It is not identical to that of pepsin in its native state.
The spectrum of pepsin in its native state has a single minimum
at 210-215 nm, which is typical for a very highlyâ-sheet-rich
protein (33,44). It means the secondary structure of the pepsin
used as the control may has been slightly changed during
purification and storage. With the increase of PEF treatment
time, the minima of the CD spectra of the PEF-treated pepsin
shifted to a lower wavelength region, and the intensity of the
negative peak between 195 and 220 nm decreased. It indicates
a gradual loss ofâ-sheet structure and the emergence of intensity
characteristic of random coil regions of structure (45-47) with
an increase of PEF treatment under the tested condition. The
heat treatment also caused the loss of theâ-sheet structure of
pepsin.

Acid proteinases have a characteristic minimum at 215 nm
(48-51). The increase of molar ellipticity at 215 nm means
the loss of the second structure of pepsin, featuring a very high
â-sheet content.Figure 9 shows the relationship between
relative residual activity (RRA) and the residue molar ellipticity
at 215 nm ([θ]215nm) of PEF-treated pepsin as compared to the
control. The results show that the decrease of RRA is inversely
related to the increase of [θ]215nm. It indicates that inactivation
of pepsin is related to the loss of the second structure.

Table 2 further illustrates the relationship between relative
residual activity and the relative molar ellipticity at 215 nm.
The RRA decreased with the decrease of [θ]215nm in both the
PEF-treatment and the heat-treatment test. The ratio of RRA/
[θ] 215nm was not kept constant with the change of RRA. It
decreased with the decrease of RRA and [θ]215nm. It means the
activity of pepsin changed more quickly than its secondary
structure. When the RRA values were similar, such as 27.8%
in PEF treatment and 29.2% in heat treatment, the RRA/[θ]215nm

values were also similar, 0.409 in PEF treatment and 0.414 in
heat treatment. It indicates that the degree of inactivation of
pepsin is a function of the degree of change in its secondary

Figure 6. Effect of PEF treatment on the activity and solubility of pepsin
in water−phosphate−acetate mixture with a pH of 3.8 and an electrical
conductivity of 0.345 S/m. The concentration of total protein including the
soluble and insoluble in the control and PEF-treated samples was
86.6 µM.

Figure 7. UV spectra of pepsin in a medium of water−phosphate−acetate
at pH 3.8 and electrical conductivity of 0.334 S/m at 25 °C before and
after PEF treatment. The pulse width and pulse repetition rate were 2 µs
and 800 pps, respectively. The applied electric field strength was 35.6
kV/cm. Curves from top to bottom correspond to test results with PEF
treatment at 35.6 kV/cm for 0, 126, 252, 504, and 603 µs, respectively.

Figure 8. Far-UV CD spectra of pepsin before and after PEF or heat
treatment in water−phosphate−acetate mixture at pH 3.8 and electrical
conductivity of 0.334 S/m. For PEF treatment, the pulse width and pulse
repetition rate were 2 µs and 800 pps, respectively. The applied electric
field strength was 35.6 kV/cm. The treatment times of PEF-1, PEF-2,
and PEF-3 were 126, 252, and 630 µs, respectively. The heat treatment
was conducted in a boiling water bath. Pepsin solution of 5 mL in a tube
was heated to 74 °C from 4 °C and then rapidly cooled to 4 °C in an
ice−water bath.
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structure. The inactivation of pepsin, no matter whether it is
achieved by PEF or heat treatment, is the result of the loss of
its secondary structure.

Yeom et al. (14) observed loss ofR-helix structure in PEF-
treated papain with the significant reduction of papain activity.
Neumann and Katchalsky (52) reported that electric pulses of
about 20 kV/cm induced long-lived helix-coil transition poly-
nucleotide helices. Helix-coil transition of synthetic polypeptides
at 30 kV/cm was reported (53). Yeom et al. (14) explained
R-helix structure was susceptible to conformational by high
electric field due to its dipole moment. Each peptide bond carries
a dipole moment, and the alignment of peptide bonds may give
rise to a macrodipole of considerable strength (54, 55). There
is a lack of reports on the effect onâ-sheet structure.

3.6. Conclusions.The activity reduction of PEF-treated
pepsin was a function of applied electric field strength, PEF
treatment time, electrical conductivity, and pH. The first-order
inactivation model was valid for describing the inactivation of
pepsin by PEF under the applied electric field strength. The
first-order inactivation kinetic constantkN of pepsin in 7.5 mM
HCl at pH 2.0 and an electrical conductivity of 0.345 S/m at
34.2 kV/cm was 0.012 (1/µs). Aggregation of pepsin by PEF
treatment was observed. The inactivation of pepsin occurred
before the aggregates were formed. The disruption of theâ-sheet
structure was observed in PEF-treated pepsin by CD analysis.
Inactivation of PEF-treated pepsin was related to the loss of
native secondary structure featuring a very highâ-sheet content.
The relative residual activity (RRA) of PEF-treated pepsin was
related to the residue molar ellipticity at 215 nm ([θ]215nm), but
the ratio of RRA/[θ]215nmwas not kept constant with the change

of RRA. The ratio decreased with the decrease of RRA and
[θ]215nm. Both PEF and heat achieved inactivation by alternating
the secondary structure of pepsin.
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