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The hydrolytic and cost efficiencies of five endopeptidases (Alcalase 2.4L, Corolase
7089, Neutrase 0.8L, Promod 671L and Protex 7L) to hydrolyze Atlantic salmon by-prod-
ucts were compared at standardized activity levels based on a casein assay. The substrate
was characterized prior to the hydrolytic experiments (pH=6.5, =50 °C) to obtain substrate-
-specific constants for nitrogen to protein mass (in g) ratio, i.e. conversion factor f,=5.23
and total amount of peptide bonds (f,,)=9.3 mmol per g of protein. At low enzyme activity
to substrate ratio, all enzymes were equally efficient in hydrolyzing the substrate. At high-
est enzyme activity to substrate ratio, Protex 7L, Alcalase 2.4L and Promod 671L gave
higher degree of hydrolysis (DH=14.2-14.6 %) than Corolase 7089 (13.2 %) and Neutrase
0.8L (11.6 %) after 120 min of hydrolysis. No differences were observed in protein recovery
(vield of solubilized protein) relative to DH. Determination of DH was followed by the
pH-STAT and o-phthaldialdehyde methods. Based on pH-STAT data, response surface re-
gression models were established based on the combined effects of hydrolysis time and
enzyme activity to substrate ratio on DH and protein recovery. The modelling approach
was combined with enzyme cost to identify the most cost-efficient enzyme (Protex 7L).

Key words: endopeptidase, fish protein hydrolysate, degree of hydrolysis, pH-STAT, protein

recovery, cost efficiency

Introduction

The world fisheries and fish farming industries gen-
erate large amounts of by-products with possible food
and feed applications (1). In Norway alone, this account-
ed for more than 850 000 tonnes in 2013 (2). By-products
from the fish filleting industry include blood, viscera,
heads, bones, skins, trimmings and fins (3), which are
mainly utilized in the manufacture of fish silage, fish meal
and oil (2). All by-products from the fish filleting industry
are food grade after the primary processing and represent
raw material with a high protein level, including all es-
sential amino acids and other valuable compounds (3-5).
There is a great potential for better use of these by-prod-

ucts in food applications. A promising industrial food uti-
lization of fish filleting by-products is through the ma-
nufacture of water-soluble protein hydrolysates, using
exogenous enzymes. The development and availability of
industrial food-grade proteases has opened up new pos-
sibilities for production of fish protein hydrolysates from
these resources (6-8) with applications within the food
and nutraceutical market (5). The main goal of the hydro-
lytic process is to obtain a high protein recovery, a target
degree of hydrolysis (DH), good sensory and physico-
chemical properties and a high cost efficiency. Cost relat-
ed to protease addition is one of the most important eco-
nomic variables in the production of protein hydrolysates.
To obtain a competitive production process, it is impor-
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tant that the chosen protease has a high substrate-specific
hydrolytic activity and a high activity to cost ratio.

Protein recovery and DH are dependent on several
factors including substrate composition, enzyme specifi-
city, pH, temperature, reaction time and added water (8—
11). The choice of protease and DH will also influence the
chemical composition and functional properties of the re-
sulting protein hydrolysates (12—14). The functional prop-
erties of the hydrolysate are linked to enzyme specificity
through the generated size distribution and hydrophobic/
hydrophilic balance of the peptides. Proteases can be di-
vided into two groups, endopeptidases and exopeptidas-
es, based on how they cleave the peptide bonds (15).
While endopeptidases cleave the peptide bonds in the in-
terior of the peptide chain, exopeptidases require the
presence of an unsubstituted C- or N-terminus and only
release free amino acids. Depending on the choice of en-
zyme and reaction conditions, different final products can
be produced from the same substrate.

The pH of hydrolytic reactions is often adjusted and
controlled at the optimum level of the specific protease
(15). However, this causes additional processing cost and
increases the level of salt in the final hydrolysate. In addi-
tion, the comparison of proteases is most frequently con-
ducted based on equal mass to substrate ratio and reac-
tion time (16-18). However, this will give different final
DH and protein recovery levels of the hydrolysates. Com-
paring protease products based on equal hydrolytic activ-
ity to reach the same DH levels will give more insight in
their actual efficiency in a given hydrolytic process (19).

Several techniques are available for monitoring the
DH in a hydrolytic process (15,20). The methods for determ-
ining DH are based on three main principles: the determi-
nation of trichloroacetic acid-soluble nitrogen (TCA-SN),
the determination of free a-amino groups: 2,4,6-trinitro-
benzenesulfonic acid (TNBS), o-phthaldialdehyde (OPA)
and formol titration, and the titration of released protons
(pH-STAT). The pH-STAT method is frequently used and
enables continuous measurements of the hydrolytic proc-
ess. However, due to titration of released protons by base
this method adds high levels of cations to the final prod-
ucts. In industrial and upscale applications, the DH is
preferably quantified by a determination of free a-amino
groups.

Knowledge of basic principles within factors influ-
encing a hydrolysis reaction, both substrate composition
and protease performance, are crucial to obtain proper
process control and an exact measure of the desirable fi-
nal DH and protein recovery. The aim of this study is to
establish a test protocol for the comparison of the cost ef-
ficiency of endopeptidases based on DH and protein re-
covery. Substrate (Atlantic salmon by-products) specific
parameters for nitrogen conversion factor (fy) and total
amount of peptide bonds (h,,) were established based on
the amino acid composition of the substrate. The per-
formance of the enzymes was tested by the pH-STAT
technique at standardized enzyme activity to substrate
ratio and at the natural pH=6.5 of the substrate. In addi-
tion, the DH was quantified by the OPA method to assess
the correlation between the two methods within the ob-
tained DH range.

Materials and Methods

Materials

Food-grade farmed Atlantic salmon (Salmo salar) heads
and backbones were provided by Sotra Fiskeindustri AS,
Sotra, Norway. The raw material was coarsely precut us-
ing a Comitrol® Processor Model 1700 (Urschel Laborato-
ries Inc., Valparaiso, IN, USA), vacuum packed in plastic
bags and stored at -30 °C before use. The endopeptidases
used were Alcalase 2.4L and Neutrase 0.8L (Novozymes,
Bagsveerd, Denmark), Corolase 7089 (AB Enzymes, Darm-
stadt, Germany), Promod 671L (Biocatalysts, Cardiff, UK)
and Protex 7L (DuPont, Wilmington, DE, USA). All sol-
vents and reagents for the chemical analysis were of ana-
lytical grade.

Chemical analysis

Total amino acid composition was measured by HPLC
after hydrolysis of a freeze-dried sample in 6 M HCI for
22 h at 110 °C, using Waters AccQ-Tag method and fluo-
rescence detection with excitation/emission at A=250/395
nm (21). Cysteine and cystine were determined after per-
formic acid oxidation. Asparagine and glutamine were
estimated based on the release of ammonia in the HCl di-
gest compared to a neutral control sample (22). Released
ammonia was quantified by the method of Conway and
Byrne (23). Tryptophan was chemically determined by the
method of Miller (24). Nitrogen was analyzed by the Kjel-
dahl method (ISO 5983-2:2009) (25). Free fatty acid (FFA)
content was determined by AOCS method Ca 5a-40 (26)
and calculated in g per kg of oleic acid. Moisture and ash
were determined gravimetrically according to ISO 6496:
1999 (27) and ISO 5984:2002 (28), respectively. Lipid con-
tent was determined by extraction with choloroform and
methanol (29).

Calculation of nitrogen-to-protein conversion factor

A substrate-specific nitrogen-to-protein (N:P) conver-
sion factor, f,, was determined based on the substrate
amino acid composition according to Mossé (30) and
Sriperm et al. (31):
futte n
where k, is the ratio of total mass of anhydrous amino ac-
ids to total nitrogen (IN) mass of the amino acids and k; is
the ratio of total mass of anhydrous amino acids to total
N in the substrate:

_Xm(anhyd. AA),

A Zm(Ny, ) 2
Em(anhyd. AA),
k= i

RSTT) B/

where Xm(anhyd. AA), was calculated according to the
following equation:

S m(anhyd. AA);):[w(AA),(WH /4]

M, (AA),

where w(AA), is the mass fraction of the individual amino
acid residue (g/kg), M,(AA), is the molecular mass of the
respective amino acid and M,(AA)—M,(H,O) is the molec-
ular mass of the respective amino acid minus the molecu-
lar mass of water.
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Em(N,,); is the mass of total N in the amino acids. This
was calculated by adding the sum of N in the amino acids
to the sum of amide N released from asparagine and glu-
tamine:

N(AA),XA(N)
M, (AA),

+|:w(NH3)(Ar(N)]:|

Im(Ny, =2 |:w (AA)i'(
/5/

M, (NH,)

where N(AA,), is the number of N atoms in the amino
acid, A,(N) is the relative atomic mass of nitrogen, w(NH,)
is the amount of amide N in the HCI digest, and M, (NH,)
is the relative molecular mass of NH,.

Enzyme activity assay

Specific protease activity of the enzymes at pH=6.5
and =50 °C was measured based on casein as substrate
according to the procedure described by Cupp-Enyard
(32). Casein solution (6.5 g/L), dissolved in 50 mM potas-
sium phosphate buffer with pH=6.5, was subjected to di-
gestion by varying concentrations of enzymes at 50 °C for
10 min, including a blank sample. The reaction was termi-
nated by the addition of 1:1 of 110 mM trichloroacetic
acid (TCA) and the sample was filtered through a 0.45-
-um polyethersulfone (PES) syringe filter (0.45pum; VWR
Collection, Radnor, PA, USA) before the addition of Folin-
-Ciocalteu reagent and measurement of absorption at
A=660 nm in a Helios Beta spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). Absorbance values
were compared to a tyrosine standard curve, in the con-
centration range of 0.00-0.55 umol tyrosine. The activity
of protease samples was determined in terms of units (U),
defined as the pmol of tyrosine equivalents released from
casein per min.

Enzymatic hydrolysis of salmon by-products

Precut salmon heads and backbones were thawed in
water bath at 20 °C for 15 min and minced in a kitchen
grinder (aperture 7 mm). The mince was diluted with wa-
ter (1:1 by mass) and transferred to a 250-mL jacketed
glass reactor connected to a heating circulator controlled
by an external temperature sensor in direct contact with
the fish slurry. The solution was agitated with a propeller
stirrer (50 rpm) and equilibrated to 50 °C and pH=6.5,
with 0.5 M NaOH, before the addition of enzyme. The
amounts of enzyme of 5.5, 11, 22, 44 and 88 U per g of
protein were added to achieve the desired activity for 120
min. Hydrolysate samples (approx. 20 mL) were taken at
various time intervals (10, 20, 40, 80 and 120 min of hy-
drolysis) and enzyme activity was terminated by quickly
heating to >90 °C in a microwave and resting at this tem-
perature for 10 min. The samples were centrifuged in a
Jouan C3i centrifuge (Jouan Inc.,, Winchester, VA, USA)
for 15 min at 20 °C (5000xg) and the liquid phase was col-
lected and filtered through a 0.45-pm PES syringe filter
(VWR Collection). The liquid phases were stored at -20
°C until analysis.

Protein recovery determination

Protein recovery (PR) in the samples was determined
based on the ratio of protein content in g (r1,) in the liquid
phase to that in the original substrate (1):

PR="100 /6/

g

Quantification of the degree of hydrolysis by the
pH-STAT method

The degree of protein hydrolysis (DH) was deter-
mined by titration of liberated H" ions using a Titrando
906 titrator (Metrohm, Herisau, Switzerland) and calcu-
lated as follows:

VB'CB

DH=
o1y 'htm

100 /7]
where Vj is base consumption (mL) needed to maintain
constant pH=6.5, c; is the concentration in mol/L of the
base, « is the average degree of dissociation of the a-NH,
groups, m, is the mass of the protein being hydrolyzed
(g), and h,, the total amount of peptide bonds in the sub-
strate (mmol of peptide bonds per g of protein). Base con-
sumption was recorded every five seconds by the Titran-
do control software Tiamo (33). The h,,, is calculated based
on the amount of amino acids in the protein:

__[ w(AA), 1000

Mo N £ VAR,

18/
The o constant is dependent on pH and temperature
and can be computed by the following equation:
1QPH-Pka
where pKa can be estimated according to Steinhardt and
Beychok (34):

19/

2400 /10/

2
pKa=7.8+ 4
298T

Correction of base consumption due to sampling of
reaction mixture during a titration run was done accord-
ing to Adler-Nissen (12):

_ VB,Z - VB,] VB,n - VB,m
VB_ VB,1+ Tg o + T /1 1/
my—m my—n-m

where Vy,, V., etc. are the volumes of base consumption
at the drawing of samples 1, 2, efc., m, is the reaction mass
at the start of the reaction and m is the mass of sample
drawn from the reaction. Based on duplicate pH-STAT
experiments (N=5), the average standard deviation of the
calculated DH was estimated to be 0.08 %.

Quantification of DH by the o-phthaldialdehyde
method

The o-phthaldialdehyde (OPA) reagent was prepared
according to Nielsen ef al. (35). The leucine standard was
prepared by dissolving r-leucine in water (0.13 mg/mL).
Hydrolysate samples were diluted (10 mg/mL) with wa-
ter and the OPA assay was carried out by the addition of 3
mL of OPA reagent to 400 uL of sample (or standard). The
samples were equilibrated for 3 min before measurement
of absorption at A=340 nm, using distilled water as refer-
ence.
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Statistical analysis

Statistical analysis was carried out using STATISTI-
CA v. 12 software (36). The experimental pH-STAT data
for 5.5, 11, 22, 44 and 88 U of enzyme per g of protein, i.e.
base consumption every min between 0 and 10 min and
every 5 min between 10 and 120 min of reaction time was
used to calculate DH according to Eq. 7 and fitted to a sec-
ond order polynomial equation using response surface
methodology (37):

y=ﬁ0+2ﬁixi+zﬁiiXi2+2ﬁ“x'x’+8 12/

R

In the model, y is the estimated response, 3, the inter-
cept, 3, 3; and B;; the regression coefficients of each factor,
of each quadratic term and of the interaction term, respec-
tively, ¢ the residual (error), and x; and x; the independent
variables (amount of enzyme per g of protein and hydro-
lysis time). Protein recovery was based on sampling dur-
ing the pH-STAT runs after 10, 20, 40, 80 and 120 min of
hydrolysis, and calculated based on Eq. 6 before fitting to
Eq. 12. The responses were fitted to the independent vari-
ables by multiple regressions, and the best subset model
was identified based on backward removal of insignifi-
cant regressors (removal of the insignificant regressors at
p>0.05). The quality of the fitted models was evaluated
based on ANOVA, F-statistics and coefficient of multiple
determination (R?). The linear correlations between vari-
ables were estimated by Pearson’s correlation coefficient
(r), and p-value calculated by Student’s ¢-test.

Results and Discussion

Substrate characterization

The determination of DH during protein hydrolysis
is based on calculations that include substrate-specific
constants, i.e. h and fy. The normally applied h,, value
for fish substrates (8.6 mmol of peptide bonds per g of
protein) is based on cod myofibrillar protein (12,38) and is
not readily comparable to the salmon by-products used in
this study. The universally used conversion factor (nitro-
gen to protein mass ratio in g) f,=6.25 is an old empirical
value and only provides a rough estimate of the crude
protein content in a sample (39). In this study, substrate-
-specific values for h,, and fy have been calculated to ob-
tain a more accurate characterization of substrate proper-
ties and the hydrolysis process.

The proximate composition of the salmon substrate
(N=3) revealed (267+3) g per kg of lipids, (429+3) g per kg
of dry matter, (39+2) g per kg of ash and (24+0.4) g per kg
of N. The amino acid composition revealed high levels of
the essential amino acids. Enzymatic digests of proteins
contain the original complement of amino acids present
in the raw materials (4). Based on the amino acid compo-
sition (Table 1) a k,=5.49 and k,=4.96 were calculated as
protein to nitrogen mass ratio. In general, k, is larger than
kpbecause the denominator in Eq. 2 only corresponds to
the N from the amino acids, while the denominator in Eq.
3 corresponds to total N in the substrate. In pure protein
mixtures, without non-protein N, k, is equivalent to the
true protein conversion factor. However, fish substrates
will also contain other N-sources, e.g. non-protein amino
acids, nucleotides, trimethylamine N-oxide (TMAO) and
trimethylamine (TMA) (40). In real samples, fy is lower
than k,, but higher than k;, and their average value is ex-

Table 1. Mass fractions of amino acids in protein and total nitro-
gen found in the salmon by-product substrate

Constituent w/(g/kg)
Glycine 42.9+0.4
Alanine 23.3+0.4
Valine 15.0+0.3
Leucine 20.4+0.4
Isoleucine 12.6+0.3
Proline 20.8+0.2
Methionine 10.5+0.1
Serine 15.0+0.1
Threonine 13.1+0.2
Cysteine 5.4+0.2
Asparagine* 14.6+0.3
Glutamine* 16.1+0.4
Hydroxyproline 11.6+0.5
Glutamic acid 25.0+0.4
Aspartic acid 14.0+0.5
Lysine 24.6+0.8
Arginine 22.8+0.2
Histidine 11.1+0.2
Phenylalanine 11.9+0.2
Tyrosine 9.2+0.2
Tryptophan 2.5+0.4
Total amino acids 342.4+1.6
Total nitrogen 58.7+0.3

The results are expressed as mean value+standard deviation (N=3)
*estimated based on the release of NH, after acid hydrolysis
(0.37 g of N per g of sample)

pected to give the best estimate of f (30); for the used
salmon substrate, the calculated f, was 5.23. The calculat-
ed f, deviates significantly from the universally used pro-
tein factor of 6.25. Use of this standard protein factor will
give an overestimation of the crude protein content and
consequently an underestimation of DH based on Eq. 7.

The total amount of peptide bonds (h,,) of the salmon
substrate was estimated to 9.3 mmol per g of protein
based on the total amino acid content (Table 1). The devi-
ation from the normally applied literature value (8.6
mmol of peptide bonds per g of protein) (12) can mainly
be attributed to the use of the substrate-specific f. Use of
the universal £,=6.25 will give systematic error in the esti-
mation of h,, i.e. an underestimation of h,, in substrates
with real £,<6.25.

Enzyme activity

Comparison of protease efficiency is in most studies
based on the addition of equal mass fraction of enzyme in
g to the substrate (7,16,17,41). This approach does not
take into consideration differences in the specific hydro-
lytic activity of the respective protease formulations at the
chosen pH and temperature conditions. The enzyme sup-
pliers provide protease activities based on different as-
says and definitions of proteolytic units (Table 2; 42). This
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Table 2. European Commission (EC) number, declared activity based on different methods, i.e. Anson units (AU), haemoglobin units
(UHD), azocoll units (azo U) and casein units (casein U), measured activity at pH=6.5 and 50 °C in units (U) per mg of enzyme, en-
zyme cost, enzyme protein content, recommended enzyme dosage and optimum temperature and pH of commercial proteases

Enzyme Enzyme
Enzyme EC Deglared activity cost” w(protein)®  w(recommended)’ f(optimum) PH
number activity” - (optimum)
U/mg EUR/10°U % % °C
Alcalase 2.4L 3.4.21.62 24 AU/g 1.4+0.20 22 7.1 (0.5-2.0)* 60" 9.5
Corolase 7089 3.4.24.28 840 UHb/g 1.0£0.10 20 3.8 (0.01-0.5)* 55 7-8
Protex 7L 3.4.24.28 (3.4.21.62) 1600 azo U/g  0.8+0.07 17 3.8 (0.1-1.0)° 60° 6.5
Neutrase 0.8L 3.4.24.28 0.8 AU/g 0.6+0.06 29 26 (0.5-2.0)* 55' 7.0f
Promod 671L  3.4.21.X/3.424X  80caseinU/g  0.3+0.05 46 0.94 Not provided 60° 6.5°

‘provided by the respective enzyme suppliers given in the Materials and Methods section
"provided by the distributors based on DAP (delivered at place) terms

‘w(N)-6.25
‘protein basis
“sample wet mass basis

‘according to Benjakul and Morrissey (42)

makes comparison of their proteolytic efficiency difficult
to assess. In addition, the specified proteolytic activities
are measured at the optimum pH and temperature condi-
tions for the respective enzymes, conditions not necessar-
ily relevant or in compliance with the application under
study. To enable the comparison of how efficient different
enzyme preparations are in hydrolyzing and solubilizing
the substrate, there is a need for comparative studies
based on a standardized activity measurement expressed
in units per mass of substrate, as discussed by Kristinsson
and Rasco (13,19). In this study the specific activity of the
included proteases (Table 2) was assayed based on a stan-
dardized substrate (casein) at the chosen experimental
settings (pH=6.5 and =50 °C).

Several standardized methods are described in the
literature to measure protease activity (43). The casein
substrate used in this study is commonly used in enzyme
assays and has shown comparable results with cod myo-
fibrillar substrate when tested in different enzyme prepa-
rations (10). The observed specific enzyme activities (Ta-
ble 2) demonstrate large differences between the included
commercial endopeptidases in general, and also between
enzymes with the same European Commission (EC) num-
ber (Corolase 7089, Neutrase 0.8L and Protex 7L). The en-
zyme activity is also highly correlated with the crude pro-
tein content (Nx6.25) in the products (r=0.980, p=0.003),
possibly reflecting the amount of purified enzyme incor-
porated in the respective product formulations. General-
ly, the observed protein content is low (Table 2) and any
influence on the measurement of solubilized protein dur-
ing hydrolysis can be considered negligible even at high
enzyme activity to substrate ratio. In industrial applica-
tions, costs related to protease addition are of high impor-
tance and comparing enzymes on cost efficiency (EUR/U)
rather than mass basis is of high relevance. Based on the
measured activity levels and acquired price indication
from the respective manufacturers, Promod 671L has the
highest cost per 10° U followed by Neutrase 0.8L, Alcalase
2.4L, Corolase 7089 and Protex 7L (Table 2).

Assessment of endogenous enzyme activity

Endogenous enzyme activity might play a major role
in the evaluation of protein hydrolysis using pH-STAT. A

control sample (without added enzyme) was included to
assess the potential hydrolysis contribution from endoge-
nous enzymes that could influence the consumption of
NaOH in the pH-STAT experiments. After two hours of
hydrolysis only a small increase in DH (<0.5 %) was ob-
served, confirming an insignificant endogenous enzyme
activity in the Atlantic salmon substrate. This is in agree-
ment with Sovik and Rustad (44), who demonstrated low
endogenous protease activity in cod cutoff at 50 °C and
pH=7.

The concentration of FFA in the oil phase was evalu-
ated to measure potential liberation of FFA by endoge-
nous lipase activity during the hydrolysis experiments. It
was proposed that this could potentially influence the
consumption of NaOH by neutralization of the liberated
FFA. However, the formation of FFA was very low and
only increased from (11.0+1.5) g/kg before the hydrolysis
to (12.0+1.0) g/kg after two hours of hydrolysis. These
findings are in good agreement with reported level of
FFA in fresh salmon (45) and confirm that the substrate
does not contain significant amounts of endogenous li-
pase activity. The observation also confirms that there is
no lipase activity in the Alcalase 2.4L product. The major
fatty acids found in Atlantic salmon have a chain length
216 C, with pKa values above 8 (46). At pH=6.5 they are
fully protonated and do not contribute to the consump-
tion of NaOH if liberated by lipase activity in the sub-
strate. However, at higher pH values normally used in
pH-STAT measurements, the liberation of FFA by lipase
activity may have influence on the titration curve. Based
on these observations the endogenous enzyme activity
can be considered negligible in our system and the mea-
sured proteolytic effect ascribed to the added exogenous
proteases.

Enzymatic hydrolysis

The pH-STAT experiments were performed at pH=6.5
to obtain results as close as possible to an unbuffered sys-
tem. The chosen pH is in the lower range applicable for
pH-STAT experiments and gives a dissociation constant,
a, of only 0.175. A low value of o implies that the determi-
nation of DH might be subject to slightly more uncertain-
ty compared to higher pH values (12,47).
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Without the titration of liberated H" by NaOH, the
pH of the substrate hydrolysate was readily reduced from
initial pH=6.5 to below pH=6.2 (Fig. 1). This confirms
poor buffering capacity of the substrate in this pH range
and verifies that the pH=6.5 is possible to use in pH-STAT
experiments. The pH drop is rather steep in the first 15
min of hydrolysis at all activity levels followed by a slow
asymptotic descent to a stationary level depending on the
enzyme activity to substrate ratio (Fig. 1) and reflecting
the degree of hydrolysis curves given in Fig. 2. The pKa
(50 °C) of "H,N groups in polypeptides is estimated to be
in the range of 6.9 to 7.2 (33). At a start of hydrolysis the
pH=6.5 decreases due to release of protons from the liber-
ated amino groups. As the hydrolysis progresses the rate
of reaction is reduced because the reduced enzyme activ-
ity depends on pH, fewer peptide bonds available for
cleavage, enzyme inactivation, substrate inhibition (48)
and the possible protease inhibitors present in the sub-
strate (49). The hydrolysis products might irreversibly in-
hibit a given amount of enzyme and this effect would be
relatively large at low enzyme activity to substrate ratio
and negligible at high enzyme activity to substrate ratio
(12). The liberated small peptides have a higher pKa value
than larger peptides (12,50) and also slow down the re-
duction of pH. The lowest observed value of pH=6.1 is in
good agreement with the upper range of pH=5-6 where
the uptake and release of protons is expected to cancel
out (12).

6.50 4
6.45| «
. *5.5U/g
640 | m* o
A. .. m11U/g
.
635 Al. ”“’0000000..., A22U/g
39:_6.30 XAA:l... X 44 U/g
X A, LN
. x A Hgy
6.25 x LI I IT X 88 U/g
X % AALAddraaa
6.20 X X 3
Xxx XXX XXX XX X XXX
6.15 Xox g
KKK K XX KK X X X X X X
6.10
0 20 40 60 80 100 120

Time/min

Fig. 1. Effect of proteolytic enzyme activity on the reduction of
pH at t=50 °C during hydrolysis by Alcalase 2.4L at enzyme ac-
tivity in units (U) per g of substrate of 5.5-88 U/g

The enzymatic hydrolysis of the salmon substrate
displayed typical curves for all activities, with an initial
rapid phase, followed by a slower hydrolysis (Fig. 2) (51—
53). Only minor differences between the enzymes in the
progress of hydrolysis were observed at the lowest en-
zyme activity to substrate ratio (5.5 and 11 U/g), which
confirms the measured activity levels determined by the
casein assay and the comparability of activity based on
the two substrates, casein and fish myofibrillar protein
(10).

At higher enzyme activity to substrate ratios (22, 44
and 88 U/g), Alcalase 2.4L, Promod 671L and Protex 7L
were found to be the most efficient enzymes, while Neu-
trase 0.8L and Corolase 7089 gave lower final DH after
two hours of hydrolysis. At 88 U/g, a DH of 14.2-14.6 %
was achieved using Protex 7L, Alcalase 2.4L and Promod
671L, while Neutrase 0.8L and Corolase 7089 produced a
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Fig. 2. Degree of hydrolysis (DH) as a function of hydrolysis
time measured by the pH-STAT at pH=6.5 and specific enzyme
activity in units (U) per g of substrate of: a) 5.5 U/g, b) 11 U/g, c)
22 U/g, d) 44 U/g, and e) 88 U/g. The enzymes are listed in the
respective legends based on hydrolytic efficiency



T. ASPEVIK et al.: Endopeptidases for Salmo salar By-Product Hydrolysis, Food Technol. Biotechnol. 54 (4) 421-431 (2016) 427

final DH of 11.6 and 13.2 %, respectively. The observed
grouping can be attributed to a difference in enzyme spe-
cificity and peptide bonds available for hydrolysis. Coro-
lase 7089, Neutrase 0.8L and Protex 7L have identical EC
number and were expected to have similar efficiencies in
hydrolyzing the substrate. However, Protex 7L also con-
tains smaller amount of subtilisin-like protease kexin (EC
3.4.21.61), which may explain the better performance of
this enzyme (Olsen, T.I, DuPont, personal communica-
tion). Promod 671L was included in this study to test a
combination product of two endopeptidases with the po-
tential to give a higher final DH than the other enzymes,
due to more peptide bonds available for hydrolysis. It
was one of the most efficient enzymes; however, it did not
give higher DH compared to Alcalase 2.4L and Protex 7L.

Protein recovery

Protein recovery, the ratio of protein content in the
hydrolysate to that in the original substrate, was used as
an index of protein solubilization and product yield. Even
though DH was highly dependent on enzyme, protein re-
covery did not follow this relationship (Fig. 3). All en-
zymes demonstrated the same ability to solubilize the
protein, to around 70 % after extended hydrolysis. The
correlation between the DH and protein recovery demon-
strates a non-linear relationship, reaching a plateau at
high DH, which is in agreement with Silva ef al. (9). When
enzyme activity was increased fourfold from 22 to 88 U/g,
the DH increased from around 9 to 15 % (Fig. 2). In com-
parison, the protein recovery response of all enzymes in-
creased less than 10 % (Fig. 3). The observation is in
agreement with the results reported by Bhumiratana et al.
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Fig. 3. Relationship between protein recovery (PR) and degree
of hydrolysis (DH) of the individual proteases

(11), who demonstrated low increase in protein recovery
when enzyme activity was increased fivefold. In the prog-
ress of the protein hydrolysis only part of the added en-
zyme is involved in the breakdown and solubilization of
the insoluble high-molecular-mass proteins. The rest of
the enzyme reacts with the already solubilized protein
fragments. The net results of the latter activity will be an
increase in DH without any increase in protein recovery
with a progressively stronger effect at high degree of sub-
strate solubilization (Fig. 3). On average (25+4) % of the
protein was solubilized in a control sample incubated for
120 min at 50 °C without added enzyme, followed by heat
treatment at >90 °C for 10 min. This can be ascribed to the
content of small sarcoplasmic proteins, gelatin and free
amino acids in the fish substrate (7,54). On average, the
protein recovery was increased to (54+1), (58+2), (64+3),
(67+1) and (71+2) % after hydrolysis for two hours at en-
zyme activity to substrate ratio of 5.5, 11, 22, 44 and 88
U/g, respectively. Hence, if protein recovery is the main
purpose of the hydrolysis process, the need to increase
the enzyme concentration and DH should be carefully
evaluated based on a cost-earnings calculation.

Response surface modelling

Response surface regression was used to model the
combined effects of hydrolysis time and enzyme activity
on DH and protein recovery. For all enzymes, DH models
with high explained variance (R*>0.942, p<0.001) were es-
tablished (Tables 3 and 4). Only insignificant differences
were observed between the enzyme abilities to solubilize
the substrate (Fig. 3), and a common protein recovery
model (Table 3) could be established based on values
from all the tested enzymes with R*=0.924 (p<0.001).

The DH response could be fitted to a full model for
all enzymes, while the interaction effect was not signifi-
cant for the protein recovery response (Table 3). The main
effects of hydrolysis time and enzyme activity to sub-
strate ratio are both positive, reflecting that an increase of
these factors gives higher DH and protein recovery levels.
The square effects are both negative reflecting the de-
scending effect on DH and protein recovery with increas-
ing levels of the variables (Figs. 2 and 3). The positive in-
teraction effect is higher on the response by increasing
one of the two variables to a high level compared to a low
level of the other.

Table 3. Response surface models describing the effects of enzyme activity to substrate ratio (U/g) and hydrolysis time (min) on the
degree of hydrolysis (DH) of the individual enzymes and protein recovery after backward removal of insignificant regressors

Variable Alcalase 2.4L Corolase 7089 Protex 7L Neutrase 0.8L Promod 671L  Protein recovery
Intercept -6.76-107** —6.73-1071%** -1.32** -6.31-107** ~7.70-107*** 3.22:107*#*
Time/min 1.43-107%** 1.22:107%** 1.35-107** 1.30-107** 1.52:107** 3.67-107***
Ulg 1.20-107** 1.15-107%** 1.58-107** 1.24-107** 1.16-107** 5.67-107%**
Time/min-Time/min —8.96-107** ~7.31-107** —8.17-107%** ~7.44-107%#* -9.32:107** ~1.70-107%***
U/g-Ulg 1.20-107" -8.24-107** ~1.14-107*** -9.30-107** ~7.84-107** —4.01-107%**
Time/min-U/g -8.34-107** 6.30-107* 7.13-10 4 3.89-107** 6.32-107 NS

R’ 0.942 0.960 0.948 0.944 0.944 0.924

NS=not significant
*p<0.05, **p<0.01, **p<0.001
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Table 4. ANOVA for the fitted models given in Table 3

Source of Sum of

Degree of

Mean

variation Model squares freedom square Fratio p-value
Regression Alcalase 2.4L 2407.708 5 481.542 513.134 <0.001
Corolase 7089 1923.480 5 384.696 754.312 <0.001
Neutrase 0.8L 1653.687 5 330.737 536.937 <0.001
Promod 671L 2390.170 5 478.034 532.010 <0.001
Protex 7L 2650.714 5 530.143 576.339 <0.001
Protein recovery 6291.697 4 1572.924 172.987 <0.001
Residual Alcalase 2.4L 149.211 159 0.938 -
Corolase 7089 80.069 159 0.510 -
Neutrase 0.8L 97.323 159 0.616 -
Promod 671L 141.970 159 0.899 -
Protex 7L 146.256 159 0.920 -
Protein recovery 518.285 57 9.093 -
Total Alcalase 2.4L 2556.919 164 482.480
Corolase 7089 2003.549 164 385.206
Neutrase 0.8L 1751.010 164 331.353
Promod 671L 2532.140 164 478.933
Protex 7L 2796.970 164 531.063
Protein recovery 6809.982 61 1582.017

Effect of enzyme activity on the DH has commonly
been reported in the literature based on a log-linear rela-
tionship at a fixed hydrolysis time (19,42,52). In the
present modelling approach, the effect of enzyme concen-
tration and hydrolysis time is combined in a common
model. The obtained response surface models (Table 3)
make it possible to define the needed enzyme activity to
substrate ratio to reach a target DH at any reaction time,
illustrated by the response surface plot of Alcalase 2.4L in
Fig. 4a. The plot demonstrates a maximum DH when
both hydrolysis time and enzyme activity are high. The
curvature visualizes the higher effect of increasing en-
zyme activity to substrate ratio than to time within the
studied range and the asymptotic descent to a maximum
value (Fig. 2).

The protein recovery response surface (Fig. 4b) dem-
onstrates similar relationships, however, with a more
equivalent effect of hydrolysis time compared to enzyme
activity. Enzyme activity showed the highest main effect
(Table 3), however, the higher squared negative effect
gives a reduced response at increasing enzyme activity to
substrate ratios. Combined, the established response sur-
face models enable the estimation of the needed reaction
time at a given enzyme activity to substrate ratio to reach
a target DH and protein recovery of the studied substrate.
The response surface regression approach was not able to
model the initial equal level of DH and protein recovery
at time zero at all enzyme activity to substrate ratios. In
practice, the models should only be used for predictions
at time >5 min.

Cost efficiency assessment

The obtained DH and protein recovery regression
models (Table 3) can easily be converted to the respective
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Fig. 4. Response surface plots for: a) degree of hydrolysis (DH)
of Alcalase 2.4L, and b) protein recovery (PR) based on regres-
sion models given in Table 3
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cost models by multiplying enzyme activity to substrate
ratio by EUR/U (Table 2). This is illustrated in Fig. 5 where
the cost of the respective enzymes to obtain different lev-
els of DH (Fig. 5a) and protein recovery (Fig. 5b) after
60-minute reaction time is compared. The figures demon-
strate large differences in cost efficiency between the en-
zymes to reach the same DH and protein recovery levels.
Based on the acquired price indications, Protex 7L is the
most cost-efficient enzyme closely followed by Alcalase
2.4L and Corolase 7089. Neutrase 0.8L and Promod 671L
were found to be least cost efficient, mainly due to their
higher price (Table 2). Similar relationships were also
found for other reaction times (data not shown).
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Fig. 5. Enzyme cost as a function of model-based: a) degree of
hydrolysis (DH), and b) protein recovery (PR) after a 60-minute
reaction time using commercial endopeptidases

At the highest DH and protein recovery levels, the
cost curves in Fig. 5 show a sharp increase; and in the case
of protein recovery a backward bending. This is caused
by the descending response and in the case of protein re-
covery also a small decline at the modelled highest en-
zyme activity to substrate ratios (Fig. 4b). The low and
high enzyme activity to substrate ratios applied in this
study were chosen to obtain a large response variance.
This is important in response surface modelling. Howev-
er, the highest enzyme activity to substrate levels (44 and
88 U/g) tested in this study demand the addition of sig-
nificantly higher enzyme concentrations than recom-
mended by the manufactures (Table 2) and are less appli-
cable in industrial scale operations. The cost curves (Fig.
5) clearly show that the highest levels are not economi-
cally feasible at an industrial scale and should be reached

by combining a lower enzyme activity to substrate ratio
and longer reaction time.

Used in combination with other operation costs and
variables, the modelling of DH, protein recovery and en-
zyme cost can be applied in optimizing the operation con-
ditions for new and existing batch processing plants. The
effect of temperature was not included in this study. An
increased temperature will increase the reaction rate, but
not influence the maximum obtainable DH or protein re-
covery at a fixed enzyme activity to substrate ratio (9,55).
Temperature will therefore not change the direct enzyme
cost to obtain a target DH or protein recovery, but im-
prove productivity in a batch processing plant if hydroly-
sis time is the limiting operation step.

Correlation between o-phthaldialdehyde and pH-STAT

The pH-STAT method is an elegant and straightfor-
ward technique to monitor the DH in a hydrolysis pro-
cess. The strict control of pH by base addition is, however,
less attractive in industrial scale applications due to the
increase of salt in the final hydrolysate. Several off-line
analytical methods are described in the literature to fol-
low DH in batch systems without pH control (20). The
OPA method applied in this study showed a high correla-
tion with the pH-STAT measurements (r=0.917, p<0.001;
Fig. 6). The intercept of the y-axis at DHgp,=10.5 can be
explained by the presence of small water-soluble proteins
and free amino acids (54) that will react with the OPA re-
agent. The regression coefficient of 1.53 indicates a devia-
tion between the two methods as also confirmed at other
pH values (data not shown). Similar results have been re-
ported by Himonides et al. (7), who compared the pH-
-STAT and the 2,4,6-trinitrobenzenesulfonic acid (TNBS)
techniques on salmon substrate. They observed, however,
a nonlinearity at high base consumption equivalent to
DH values >14 %, above the range covered in this study
(Fig. 6). The TNBS and OPA measurements are thought to
be closer to the true value of cleaved peptide bonds be-
cause these techniques offer a direct assay of a-amino
groups released during proteolytic breakdown. The un-
derestimation of DH by the pH-STAT method may be ex-
plained by the higher pKa value of small peptides gener-
ated in the hydrolysis process. Tripeptides might have
pKa values half a unit higher than polypeptides (12) and
as a consequence liberate fewer protons after the hydro-
lytic step at a fixed pH, the net effect being reduced base

35
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Fig. 6. Relationship between the degree of hydrolysis (DH)
measured by the pH-STAT technique (pH=6.5, t=50 °C) and the
o-phthaldialdehyde (OPA) method
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consumption and an underestimation of DH. The ob-
served linear correlation between the two methods within
the studied DH range makes it possible to transfer the
pH-STAT results to an unbuffered system and define an
equivalent DH measured by the OPA method.

Conclusion

Atlantic salmon by-product-specific values for total
amount of peptide bonds (h,,) and nitrogen-to-protein con-
version factor (f,) deviate from the commonly used and
underline the importance of substrate characterization in
order to achieve a precise estimation of protein content and
degree of hydrolysis (DH). At low enzyme activity to sub-
strate ratio all enzymes were equally efficient in hydrolyz-
ing the substrate. At the higher enzyme to substrate ratios,
Alcalase 2.4L, Protex 7L and Promod 671L were more effi-
cient than Corolase 7089 and Neutrase 0.8L. The pH-STAT
data can be combined with response surface regression to
model the combined effects of enzyme activity to substrate
ratio and hydrolysis time on DH and protein recovery.
Combined with activity-specific enzyme cost the models
can be transformed to cost models. Protex 7L was found to
be the most cost-efficient enzyme, due to high hydrolytic
efficiency and low price. All enzymes were equally able to
solubilize the protein and protein recovery showed a non-
linear correlation with DH. A linear correlation between
the pH-STAT and o-phthaldialdehyde (OPA) method was
observed. The correlation can be used to define an equiva-
lent DH level based on the OPA method in upscaling and
industrial processes where the pH-STAT technique is not
applicable. Combined with the response surface models,
this can be an important tool in control of batch operations
to obtain protein hydrolysates with desired DH and pro-
tein recovery.
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