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Abstract

Enzymatic hydrolysis is used to enhance the functional properties of proteins; the
modified proteins exhibit improved solubility, lower hydrophobicity and viscosity;
but high cost and lower stability of proteases pose problems in their commercial use.
In current work, different endo-proteases were screened for proteolytic activity and
89L (alkaline protease) was selected based on higher specific activity. Glutaraldehyde
coupling was used for immobilization with CR20 resin as support matrix; various
parameters such as glutaraldehyde concentration (1%), activation time (16hrs),
enzyme loading (4mg/ml of resin) and coupling time (2hrs) were optimized for
maximum immobilization efficiency. Immobilized preparation exhibited high catalytic
activity i.e. 9260 Casein Digesting Units per ml with improved operational and storage
stability. Soy proteins, whey proteins, bovine serum albumin (BSA) were subjected to
controlled protein hydrolysis using immobilized 89L. Hydrolysis reaction with BSA
revealed substrate concentration is inversely proportional to degree of hydrolysis. Gel
permeation chromatography analysis of BSA and soy protein hydrolysates depicted
formation of peptides in the range of 1-10kDa and <lkDa. MS analysis confirmed
presence of smaller peptides with molecular weight around 1kDa. Optimum hydrolysis
of soy proteins was obtained in batch mode with 1:10 enzyme to substrate ratio at 50°C
in 200 min with 16% degree of hydrolysis. Packed bed column hydrolysis produced
homogeneous hydrolysates for 15 cycles without any loss of enzymatic activity.
Thus, protein hydrolysis reaction can be customised using immobilized 89L to obtain
peptides with desired molecular weight distribution.
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Introduction

Protein modification or texturing is necessary since, during
extraction process, proteins are exposed to various harsh conditions
like acid/alkali treatment, elevated temperature and pressure which
hampers their quality under severe conditions proteins may lose
their functionality. Physiological properties of proteins depict
their behaviour and performance in food systems and thus render
functionality to protein.! Hence protein conditioning is necessary
in order to improve functional value of processed proteins. Proteins
could be modified chemically, enzymatically or using heat treatments.!
Wang Wei et al.? studied collagen hydrolysis with thermal and
enzymatic treatment, enzymatic cleavage gave reproducible yield,
protein content and peptide profile, while in thermal process, protein
digestion was difficult to control which cause variation in peptide
profiles.? Use of chemical modifications for proteins, like acetylation
or succinylation cause change in net charge on protein surface to
improve solubility, but alteration in native amino acids results in
poor digestibility.! Thus utilization of proteases for improving protein
functionality remains as suitable and sustainable method of choice.?

Functional properties of modified proteins are influenced by
molecular weights of peptides present in hydrolysates,* which
necessitates controlled protein hydrolysis in order to obtain peptides

with specified functionality.’ Pintado et al.® reported, manipulation of
protein digestion with protease provides route for production of growth
supportive peptides from whole whey proteins which reduce addition
of expensive nutrients to growth medium. These hydrolysed proteins
also prevent precipitation and improve thermal sensitivity of product.®
On the other hand, Wang et al.* demonstrated use of controlled
enzymatic hydrolysis of egg yolk protein which improved solubility,
foaming and emulsification capacity of proteins.® Soy proteins are
traditionally known for their high nutritional value, which include
major soy proteins Glycinin, f-conglycinin, albumins, enzymes and
protease inhibitors.” However, soy protein isolates are generally
associated with presence of soy allergens, bitter taste, indigestibility
due to protease inhibitors etc. which necessitates their modification.
Extensive proteolysis can form bitter tasting peptides which reduce
the acceptability of product,® thus tailoring enzymatic hydrolysis in
essential step in production of high quality hydrolysates. Various
reports are available which signifies role of enzymatic hydrolysis
on improving functional properties of soy proteins.”’> Along with
soy proteins, whey derived proteins are also popular among food
proteins owing to their health benefits. Enzymatic hydrolysis have
been employed for modifying whey proteins in order to enhance their
bioactivity.®!%17

However, use of soluble enzyme on commercial scale increases
cost of entire process and requires prolonged time for obtaining
higher degree of hydrolysis."® Additionally, recovery of protease
from reaction mixture is difficult' as substrates (proteins), products
(mixture of peptides & some proteins) and enzyme itself (protease)
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possess similar physical properties. Thus, attempts were made to
use ultra filtration membranes which retain protease on its surface
with simultaneous removal of hydrolysed peptides from permeate
stream allowing continuous production of hydrolysates. Such
membrane reactors have been employed for hydrolysis of various
protein substrates soy proteins, casein,?! haemoglobin®> and whey
proteins.” Though, application of membrane reactors have some
disadvantages like thermal and shear stress deactivation of enzyme,
reduced enzymatic activity due to enzyme leakage through membrane
and fouling on membrane surface. Also, proteases are susceptible
to self-cleavage termed as autolysis® which is not observed in case
of other enzymes like cellulases, lipases, laccases etc. In order
to overcome these drawbacks of employing soluble proteases,
alternatively these proteases can be immobilized on solid supports
and used for production of protein hydrolysates. Proteolytic reactions
can be regulated easily by using immobilized enzymes which help
in improving stability, repetitive use and ease of separating product
thereby controlling hydrolysis and preventing contamination of
end-product with proteases.>>?’ Various immobilization techniques
namely physical adsorption, covalent binding, entrapment, cross-
linking and encapsulations are conventionally used for enzyme
immobilization.?*?

Out of all available methods, covalent immobilization has several
advantages such as, higher retention of catalytic activity, lower
leaching and enhanced stability in reaction media. Glutaraldehyde
coupling is a simple, robust immobilization method which enhances
enzyme stability.?® Glutaraldehyde is easily available at cheaper
rates it reacts rapidly with amino groups to form thermally and
chemically stable complexes.’® Researchers have reported suitability
of glutaraldehyde coupling for different types of proteases.’*3*
Random glutaraldehyde activation followed by protease coupling
may lead to low or multiple binding which adversely affects protease
activity. Hence, current work was focused on systematic study of
various parameters, to obtain maximal proteolytic activity after
immobilization. Immobilized serine protease was further utilized for
controlled hydrolysis of proteins; correlation between residence time
and its control on degree of hydrolysis was determined. The efficiency
of immobilized protease was analyzed for continuous production of
protein hydrolysate in packed bed column.

Materials and methods

Materials

Different endo-proteases (6L, 7L, 15L, 26L and 89L) were
obtained from Genencor (Sweden) and were used as received. Folin
& ciocalteu’s reagent, trichloro acetic acid, sodium bicarbonate was
obtained from Himedia Ltd. Synthetic resin Diaion CR20 was a gift
from SRL (Italy). Glutaraldehyde solution (25%w/w) was purchased
from SD fine chemicals Ltd (Mumbai, India). Bradford reagent
and 2,6,6-trinitrobenzenesulfonic acid (TNBS) were procured from
BioRad (USA) and Sigma Aldrich respectively. Soy protein isolate
and whey protein concentrate were prepared by in-house method;
bovine serum albumin, casein (acc.to Hammarsten for biochemistry)
were obtained from SRL. TRIS base, sodium phosphate (mono basic
and dibasic) was purchased from HiMedia Ltd. All other chemicals
used for experiments were of analytical grade.

Analytical methods

Estimation of protein content: Protein content of the samples was
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determined by Bradford’s method.?* 0.8ml of diluted sample solution
was mixed with 0.2ml of Bradford’s reagent. The mixture was incuba-
ted for Smin at room temperature and absorbance was measured at
595nm on UV-spectrophotometer (Shimadzu UV 2100, Japan).

Protease activity assay: Activity of protease is estimated by its abi-
lity to hydrolyse a standard protein, thus for non-specific proteases
casein digestion assay is used to measure hydrolytic activity.’¢ Casein
solution (2%w/v) was prepared in phosphate buffer (SOmM, pH 8.0).
This solution was contacted with diluted soluble proteases or immobi-
lized protease in 1:4ratio. Hydrolysis reaction was carried out at 50°C
for 10min which was then terminated by addition of 20% TCA solu-
tion (1:1ratio). The mixture was centrifuged at 10000rpm for Smin.
2ml of supernatant was neutralized with 0.5M Na,CO,, incubated
at room temperature for 10min. 1X Folin & ciocalteu’s (0.5ml) was
added after incubation, kept in dark conditions for 30min for colour
development. Standard graph was plotted against different concentra-
tions of standard Tyrosine (80-6000uM) with absorbance at 660nm.
Colorimetric estimation was carried out at 660nm using UV-spectro-
photometer. Protease activity is calculated by Eq. 1.

_ mM Tyrosine released*V*D

A
t*E

(Eq. 1)
Where,

A=Protease activity, expressed as casein digesting units per minute
per ml

V=reaction volume (casein+enzyme), ml
D=dilution factor for enzyme; t=reaction time, min
E=amount of enzyme, ml

Degree of hydrolysis: Degree of hydrolysis of protein substrate
was analysed using protocol given by Adler-Nissen, with some
modifications.’” Hydrolysed sample was diluted to 0.5mg/ml
protein content with 1% SDS (w/v) solution. 15pl diluted sample
was transferred to microtiter plate to which 45ul phosphate buffer
(0.21M, pH 8.2) was added. Further, 0.05% TNBS (v/v) solution
was prepared in deionized water and 45ul was added in each well.
Microtiter plate was covered with aluminium foil, incubated at 50°C
for 60min. Reaction was terminated by addition of 90ul 0.1NHCI and
colour intensity was determined using multiscan spectrum (Thermo
scientific) at 340nm. Standard graph was plotted against different
concentrations of standard Tyrosine (200-2000uM) with absorbance
at 340nm. Degree of hydrolysis was estimated by Eq. 2 & 3.

he mM Tyrosine released*V

Amount of protein (pg) (Eq.2)

DH=h/h*100 (Eq.3)
Where,

DH=degree of hydrolysis, %

V=volume of hydrolysed protein, pl

h=number of equivalents of peptide bonds hydrolysed, meq/g of
protein

h =total amount of peptide bonds.
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Gel permeation chromatography: Molecular weight of peptides
and proteins was analyzed by using gel permeation chromatography.
A column Agilent BIOSEC-3 (pore size 150A°) was used for
determining peptide distribution in protein hydrolysate. Mobile phase
consisted of phosphate buffer (150nM, pH 7.0) which was filtered
and degassed prior to use. All samples were diluted to Img/ml protein
concentration and filtered through 0.2p filter. 20ul of sample was
eluted with phosphate buffer (isocratic mode) at flow rate of 0.5ml/
min and 30°C column temperature. Elution profile was determined
at 215nm with UV detector. Column was calibrated using BioRad
protein marker kit, a calibration curve was plotted with log (molecular
weight) vs elution volume and used for determining molecular weight
of peptides.

MS analysis: Soy protein hydrolysate was characterized with Nano-
chip (ProteinID chip-43, 300A, C18-43mm column) and MS 6520
(Accurate mass QTOF-LC/MS, Agilent Technologies) i.e. using high
resolution methodology. Sample was dissolved in 0.1% formic acid
in MS grade water; cleaned up using C-18 based purification and
subsequent elution. Gradient mobile phase was used composed of
0.1% formic acid in water (A) and 0.1% formic acid in 90% ACN (B)
with run time of 60mins at 0.3ul/min flow rate. MS data was analysed
with spectrum mill’ software (Agilent technologies).

Experimental methods

Screening of endo-proteases: Different endo-proteases were tested
for their hydrolytic activity using casein digestion assay. All enzymes
6L, 7L, 15L, 26L and 89L were diluted using deionized water and
analysed for protein content using Bradford’s assay; further their pro-
tein content and respective proteolytic activities were compared in or-
der to determine efficient protease. Stability of 89L was determined in
presence of Tris buffer (S0mM, pH 9.0) after 2hrs incubation at 25°C;
final protease activity was analysed using casein assay and compared
with initial activity to determine loss of hydrolytic activity in 2hrs.
Further, half-life of soluble 89L was determined by incubating enzy-
me solution under laboratory conditions (at 25°C) and corresponding
loss in activity was analysed by casein assay.

Immobilization of 89L: Diaion CR20 was washed in methanol
followed by equilibration in phosphate buffer and degassing; this ca-
tionic resin was activated with glutaraldehyde solution. A modified
protocol with 2%v/v glutaraldehyde, was used for activation of CR20
and mixed with diluted enzyme solution at room temperature.*® After
immobilization, buffer washes were given to release unbound enzy-
me; further immobilized enzyme was assessed for hydrolytic activity
by casein assay.

Optimization of immobilized parameters: Equilibrated CR20 resin
was activated with glutaraldehyde solution for different time periods
(4-20hrs) to determine optimum activation time period for maximum
enzyme adsorption. After determining activation time, optimization of
glutaraldehyde concentration (0.25-2%v/v) was carried out at 25°C,
using phosphate buffer (SOmM, pH 7) with resin to solution ratio of
1:2. Further binding capacity of activated resin was determined at
optimized glutaraldehyde concentration with enzyme loading in the
range of 0.5-30mg per ml of resin. Enzyme loading was optimized in
the range of 0.5-4mg/ml of resin at 1:1 immobilization ratio (volume
of enzyme solution to mass of resin) and optimum coupling time was
determined (0.5-6hrs) at 25°C to obtain immobilized preparation with
highest hydrolytic activity.
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Characterization and stability studies: Immobilized 89L was
analyzed for its catalytic activity in pH range 6.5 to 11; (phospha-
te buffer, Tris buffer and carbonate buffer, 5S0mM) and temperature
30-70°C, which was compared with activity profile of soluble 89L to
understand enhancement in tolerance of enzyme after immobilization.
Similarly, immobilized 89L was studied for its storage and operational
stability. Storage stability was determined by estimating hydrolytic
activity of enzyme intermittently during prolonged cold storage at
4°C in Tris buffer. On the other hand, operational stability was analy-
zed by hydrolysis of bovine serum albumin (25mg/ml) in Tris buffer
(50mM, pH 9) at 2ml/min feed rate in jacketed column (50°C) packed
with 10ml of immobilized enzyme.

Hydrolysis of proteins with immobilized 89L: Soy proteins, whey
protein concentrate and BSA were hydrolyzed in batch mode using
immobilized 89L. All proteins were hydrolyzed with mixing immo-
bilized 89L in 1:10 ratio (m/v) at 50°C in shaker (180rpm) for 6hrs.
Samples were analyzed for degree of hydrolysis with TNBS assay

Peptide profiling of protein hydrolysates: Initial hydrolysis stu-
dy was carried out with single pure protein substrate i.e. BSA using
immobilized 89L. Different concentrations of BSA 1-150mg/ml pre-
pared in Tris buffer (50mM, pH 9) were tested for protein digestion
with enzyme substrate ratio of 1:10 (m/v) at 50°C for 200min. Use
of single protein substrate was suitable to check change in pattern
of hydrolysis during course of reaction progress. TNBS assay was
used to determine degree of hydrolysis. After establishing proteolytic
pattern for single protein substrate, immobilized protease was utilized
to hydrolyze natural proteins i.e. soy protein isolate which compri-
sed of mixture of proteins. Soy proteins were dissolved in Tris buf-
fer (50mM, pH 9) at concentration of 1-50mg/ml concentration and
subjected to hydrolysis with 1:10m/v enzyme substrate ratio at 50°C
for 200min. Further, samples of BSA and soy protein hydrolysates
varying in degree of hydrolysis, were analyzed using Gel Permeation
Chromatography for distribution of peptides. The GPC profiles were
used to study formation of low molecular weight peptides with respect
to degree of hydrolysis which could be advantageous in determining
optimum parameters for protein hydrolysis to yield peptides with de-
sired molecular weights.

Effect of enzyme substrate ratio on protein hydrolysis: Soy protein
hydrolysis was studied at different enzyme substrate (E-S) ratio in
batch mode, 25mg/ml of protein solution was subjected to various
enzyme loading namely 1:2, 1:5 and 1:10m/v. Proteolysis was carried
out at 50°C for 6hrs, change in degree of hydrolysis was determined
after specific time intervals and compared to evaluate effect of enzy-
me loading on progress of reaction.

Packed bed column hydrolysis: Immobilized 89L was packed in ja-
cketed column (with 1cm ID), soy protein solution (25mg/ml) prepa-
red in Tris buffer (S0mM, pH 9) was fed from bottom of the column,
hydrolysis was carried out at varied residence time and degree of hy-
drolysis was determined with TNBS assay. Temperature of column
was maintained at 50°C with water bath. Degree of hydrolysis was
monitored for 15 column volumes to confirm uniformity of hydrolysis
after each cycle using TNBS assay.

Result and discussion
Screening of commercial endo-proteases

Endo-proteases are able to cleave polypeptide chain internally
to produce peptide fragments of varying molecular size, unlike exo-
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proteases which cut at polypeptide ends to release amino acids as
major products.® Proteases fall into different categories like acidic,
alkaline and neutral (based on optimum working pH). In case of
endo-proteases; their cleavage site and hydrolytic activity are key
factors which govern peptide formation,* higher hydrolytic activity
is preferred as it improves peptide yield. Commercial endo-proteases
6L,7L, 15L, 26L and 89L were analysed for their protein content
at different pH conditions; herein we report comparative activity
of these protease at pH 9 (Figure 1). Since most of the proteins are
soluble under alkaline conditions, use of alkaline protease proves to
be desirable option. Under alkaline condition(pH 8 at 50°C); 6L, 7L
and 89L exhibited catalytic activity while 15L and 26L were active
at acidic pH range. 6L, 7L and 89L had specific activity of 30137,
13319 and 33514 CDU/mg of protein respectively. 89L was selected
for controlled protein hydrolysis, based on its higher hydrolytic
activity. Generally, protein hydrolysis process have reaction time
about 5-6 hrs and soluble proteases tend to have lower shelf life
due to their autocatalytic activity.>>*® Therefore, in spite of higher
catalytic activity, stability of protease in a reaction medium governs
its usability for hydrolysate production and determination of protease
stability becomes necessary prior to its use in peptide generation.
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5_ ' 80 32
2300 60 %
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.ézo.u 20 3
& 100 20 _;‘
09 B v 00 3
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Protease
¥ Protein content ® Hydrolytic activity

Figure | Screening of endo-proteases.

Study was carried out to check stability of soluble 89L at different
concentrations (0.5-4mg/ml) at pH 9. It was observed that, low
protease concentrations showed slight loss in hydrolytic activity
while steep increase in loss of hydrolytic activity was seen at high
concentrations after 2hrs; that can be attributed to increased autolytic
behaviour of protease (Figure 2). Proteases like 89L i.e. subtilisin
reported to have shorter shelf life about 86 mins* and are more prone
to autolysis. Therefore, change in proteolytic activity for current
protease preparation was analyzed for 10hrs in presence of buffer under
laboratory condition (25°C). Rapid loss in activity was observed and
half of soluble 89L was found to be 90min; this study demonstrated
unstable nature of soluble 89L (Figure 3). Thus, improving stability of
protease with implementation of immobilization techniques becomes
necessary prior to its usage for hydrolysate/peptide production.?®%
Previously, protease immobilization studies have been carried out
using glutaraldehyde which showed increased operational and storage
stability as compared to its soluble form.* Hence, glutaraldehyde
coupling was selected for increasing stability of 89L.
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Figure 3 Half-life of soluble 89L.

Immobilization of 89L

Resin activation for glutaraldehyde coupling: Glutaraldehyde is a
bifunctional reagent which irreversibly binds to amine groups and can
act as anchoring molecule between two entities (Figure 4). For immo-
bilization, initially support matrix with free amine groups is coated
with glutaraldehyde which is then combined with enzyme.* In earlier
work, immobilization of protease was optimized at 2%(v/v) glutaral-
dehyde concentration, 4mg/ml enzyme loading and 4hrs of coupling
time. This preparation had hydrolytic activity of 1397CDU/ml which
was stable for 20 days;* thus glutaraldehyde coupling was found to
be suitable for protease stabilization. Therefore, optimization studies
were carried out for current protease preparation. It is necessary to
activate all side chains of support resin which increases surface area
for enzyme binding to obtain high immobilization efficiency.*” The
CR20 resin was activated with 2% glutaraldehyde solution with 1:1
immobilization ratio at 25°C for 4-20 hrs before contacting with enzy-
me. It was observed that highest enzyme binding (59%) was obtained
after 16hrs activation with 1800CDU/mg of protein specific activity.
Hence, activation time of 16 hrs was used for further experiments;
these results coincide with the experiments carried out to immobilize
procerain B which required 20hrs of activation time.*

Variation of glutaraldehyde concentration for activation: Along
with binding efficiency of enzyme to support matrix, its hydrolytic
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activity after immobilization is an important parameter. Glutaraldehy-
de concentration which is used for activation would influence both
enzyme binding and activity. At low glutaraldehyde concentration, all
amine groups of support matrix remain un-utilized; while high glu-
taraldehyde concentrations lead to multi point attachment of enzy-
me. Suitable glutaraldehyde concentration varies with protease being
used 1% for mungbean thiol protease,*? 5% for acylase*' while 2% for
papain.®? Hence, there is need to determine suitable glutaraldehyde
concentration, where, higher hydrolytic activity is obtained with mi-
nimal enzyme load. Different glutaraldehyde concentrations ranging
from 0.25-2%w/v were tested for immobilization of 89L; resin acti-
vation was carried out in phosphate buffer (50mM, pH 7) with immo-
bilization ratio of 1:1, enzyme loading 4mg/ml of resin at 25°C for
16 hrs. It was observed that, enzyme binding increased linearly with
glutaraldehyde concentration, but proteolytic activity of immobilized
preparation showed initial increase followed by a slight decrease at
higher concentrations (Figure 5), similar trend was observed when
acylase was immobilized at various glutaraldehyde concentrations.*!
At 1% glutaraldehyde concentration, highest proteolytic activity was
observed without compromising enzyme binding. The immobilized
preparation showed 6429CDU/ml hydrolytic activity with specific ac-
tivity of 3257CDU/mg of protein.
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Figure 4 Chemistry for glutaraldehyde mediated immobilization.
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Figure 5 Optimization of glutaraldehyde concentration for resin activation.
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Binding capacity of activated CR20 for 89L: Prior to enzyme loa-
ding optimization, there is need to assess maximum binding capacity
of activated resin at 1% glutaraldehyde concentration. Study of enzy-
me binding at different concentrations helps to understand its binding
pattern.® Similarly, binding capacity of activated CR20 was determi-
ned in the range of 0.5-30mg enzyme load per ml of resin (Figure 6).
Plot of 1/c (concentration) vs 1/q* (bound enzyme) gave maximum
binding capacity of 6mg/ml for 89L on activated CR20 resin. Howe-
ver, maximum binding capacity dose not correlate with highest cataly-
tic activity after immobilization, which can be attributed to multilayer
enzyme binding or crowding of enzyme molecules. Hence, effect of
enzyme loading needs to be studied with respect to catalytic activity
post-immobilization.

a0
#0
70
0.0
50
40
30
20
1.0
0.0

Bound protease(q®), mg

0 10 20 30
Concentration of enzyme (c), mg/ml

Figure 6 Enzyme binding to activated CR20.

Effect of enzyme loading: Enzyme concentrations (0.5-4mg/ml)
were used for immobilization study with 1% glutaraldehyde activa-
ted CR20. Figure 7 shows that, immobilized enzyme activity increa-
sed linearly with initial enzyme load; 4mg/ml of 89L loading gave
highest immobilized activity of 9260 CDU/ml with specific activity
being 3825CDU/mg of protein. Immobilized preparation obtained by
optimized protocol was further evaluated for improved pH, tempe-
rature tolerance with storage and operational stability. After optimi-
zing enzyme concentration, study was carried out to estimate minimal
time required for coupling of activated resin and enzyme solution.
As glutaraldehyde is a bifunctional reagent, its prolonged exposure
may cause cross-linking of enzyme molecules instead of binding to
support matrix.*® Immobilization of 89L (4mg/ml) on activated CR20
was performed for 6hrs, aliquots were analysed for protein content
to determine rate of enzyme binding on resin. Enzyme immobiliza-
tion exhibited gradual increase in stepwise manner with rapid biding
during 30-45mins. Figure 8 shows minimum time required for im-
mobilization of 89L is 120min i.e. 2 hrs; beyond which there is no
significant improvement in protein binding.

Characterization of immobilized protease

Optimum pH and temperature: Casein digesting activity of immo-
bilized preparation was analyzed at varying pH (6.5-11) and tempe-
ratures (30-70°C) to determine optimum working conditions for 89L
after immobilization. Figure 9 & 10 show pH and temperature profiles
of immobilized 89L compared with soluble 89L. Both profiles indi-
cate improved tolerance of 89L towards pH and temperature condi-
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tions after immobilization. Soluble 89L had optimum activity at pH 9
while immobilized preparation could hydrolyze proteins in range of
9-10pH. Immobilized serine protease was found to tolerate tempera-
ture range of 50-70°C but soluble counterpart exhibited rapid loss in
activity beyond 50°C.
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Figure 7 Optimization of enzyme loading.
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Stability studies: Operational stability of immobilized preparation
was estimated by determining its hydrolytic activity in a packed bed
column after each cycle. It was observed that immobilized serine pro-
tease gave constant degree of hydrolysis of substrate (bovine serum
albumin solution) at 50°C for 10 cycles beyond which there was sli-
ght decrease in enzymatic activity. Immobilized and soluble 89L were
stored in cold conditions, during this period their activity profiles
were recorded for 10 days at specific time intervals. Results indicated
that the immobilized preparation was stable up to 2 days with 60-70%
retained activity at 4°C. Singh et al. reported loss of 50% proteolytic
activity of immobilized procerain after 10 cycle,* bacterial protease
immobilized on calcium alginate beads retained 65% activity after 2
days.* Thus, immobilized 89L showed good storage stability and can
be repeatedly utilized for controlled protein hydrolysis.

Hydrolysis of proteins with immobilized 89L

Initial study was carried out to check efficiency of immobilized 89L
towards hydrolysis of different types of proteins. Soy protein isolate,
whey protein concentrate, bovine serum albumin were hydrolysed
in batch mode by immobilized 89L. Enzyme and substrate solutions
prepared in Tris buffer (S0mM, pH 9) were mixed in 1:10(v/v) ratio
and hydrolysis was carried out at 50°C in shaker (180rpm) for 6hrs.
Rapid increase in hydrolysis was observed during initial 2hrs beyond
which reaction progressed at much slower rate. The hydrolysis
profiles showed that soy proteins being high in molecular weight
undergo lesser hydrolysis as compared to whey proteins and bovine
serum albumin which are smaller in size (Figure 11). Soy proteins
also contain trace amount of protease inhibitors which may also cause
low protein hydrolysis.* These results were comparable to the soy
protein hydrolysis carried out by flavouzyme which obtained 15%
DH after 6 hrs."* Alcalase immobilized on magnetic nano particles
hydrolysed soy proteins up to 18% DH.*

Peptide profiling of protein hydrolysates: Studies were carried
out to understand action of serine protease; whether it favours
generation of high or low molecular weight peptides and correlating
degree of hydrolysis with peptide molecular weights produced
therecof. Bovine serum albumin was used as substrate; different
concentrations ranging froml-150mg/ml dissolved in Tris buffer
(50mM, pH 9) were hydrolysed with enzyme substrate ratio of 1:
10(m/v) at 50°C for 200min. Proteolysis rate was higher at lower
substrate concentrations while extent of hydrolysis declined at high
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concentrations due to saturation of enzyme preparation (Figure 12).
Gel permeation chromatography analysis of BSA hydrolysates with
varying DH% confirmed formation of low molecular weight peptides
(less than 10kDa; typically below 1kDa) after 3hrs incubation (Table
1). Substrate was initially hydrolysed into larger peptide fragments
that were gradually converted to smaller peptides with progress of
reaction time. Similar experiments were carried out with soy protein
isolate. The substrate concentration used for hydrolysis was 1-50mg/
ml. The degree of hydrolysis was not linear with respect to substrate
loading. As soy protein isolate is comprised of proteins like glycinin,
conglycinin, lipoxygenase etc. each protein is hydrolysed to different
extent and combined effect of this individual protein hydrolysis is
not observed as overall increase in degree of hydrolysis (Figure 13).
However conversion of all these proteins into short peptides was
confirmed with gel permeation chromatography analysis.
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Figure |1 Hydrolysis of proteins with immobilized 89L.
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Figure 12 BSA hydrolysis at different substrate concentrations.
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Figure 13 Soy protein hydrolysis at different substrate concentrations.

Table | Peptide distribution in BSA hydrolysates

% Distribution of peptides

MW (kDa)
BSA 0.25hr 0.5hr Ihr 3hr S5hr

65 to 67 100 186 074 045 04 0.48

50 to 65 .74 .44 1.31 133 098

20 to 50 15.29

10 to 20 10.18 48 2.43

lto 10 453 4906  40.19 4426 4586

<l 25.65 4397 5561 5398 5268

Degree of 171 7.28 1559 2162 250l

hydrolysis, %

Hydrolysates aliquoted at different time intervals exhibited varied
degree of hydrolysis which was correlated with formation of small
molecular weight peptides using gel permeation chromatography.
Variation in contact time reflected change in extent of protein
hydrolysis; larger polypeptides >200kDa were converted into short
peptides 10-25kDa(12%) and<1kDa(81%) after Shrs incubation
(Table 2). These results suggested tailoring of protein hydrolysis can be
achieved by controlling contact time between protease and substrates.
Controlled protein hydrolysis is also reported for whole whey proteins
with trypsin that produced peptides in the range of 7.5-8kDa and
4-4.5kDa; whereas fungal protease yielded peptides with molecular
weight of 7-7.5kDa depending upon enzyme specificity.® It can be
observed that, there is linear correlation between degree of hydrolysis
and formation of smaller peptides with progress of reaction. Use of
immobilized protease offer an advantage in separating the hydrolysed
peptide solution and enzyme; thereby regulating extent of hydrolysis
of protein substrate. Thus, specific molecular weight peptides with
defined bioactivity can be produced easily by employing immobilized
protease. Optimized substrate concentration and reaction time greatly
helps in obtaining peptides with desired molecular weight.

Effect of enzyme substrate ratio on protein hydrolysis: Enzyme
substrate ratio also contributes to overall hydrolysis of proteins.
Hence soy protein hydrolysis reaction was studied under different E-S
ratios (1:10, 1:5 and 1:2m/v) in batch mode where mass transfer is not
limiting the progress of reaction. Figure 14 depicts that hydrolysis of
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proteins was directly proportional to E-S ratio i.e. higher E-S 1:10m/v
showed highest hydrolysis up to 14% DH. After understanding the
catalytic action of immobilized protease, batch mode of hydrolysis
was selected for production of soy protein hydrolysate containing low
molecular weight peptides. Optimum conditions; E-S ratio of 1:10v/v,
25mg/ml SPI concentration and batch mode hydrolysis at 50°C for
Shrs produced protein hydrolysate with degree of hydrolysis 14.5%.
GPC analysis revealed abundance of low molecular weight peptides
(<1kDa) in hydrolysate. However batch operation is longer process
and necessitates development of continuous process for protein
hydrolysis.

Table 2 Peptide distribution in soy protein hydrolysates

% Distribution of peptides

MW (kDa)
SPI 0.25hr  0.5hr Ihr 3hr S5hr
>200 36.91 30.87 0.34
75 to 200 16.67 15.32 1.65 1.22 0.83 0.46
50 to 75 15.25 22.11
25 to 50 7.36 3.49 3.26 1.95
10 to 25 14.38 16.02 9.77 10.94 12.79 11.96
I to 10 15.04 16.77 4.47 4
<| 16.79 15.67 65.86 67.59 78.65 81.63
Degree of
hydrolysis, % 8.69 11.24 1117 13.67 13.93
16.00
£ 1400
W
= 1200
S
E 10,00
= H
£ 8.00 -
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H
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&
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Figure 14 Effect of E-S ratio on soy protein hydrolysis.

Packed bed column for continuous hydrolysate production:
Continuous protein hydrolysis process can be developed using packed
bed column, immobilized serine endo-protease was packed in jacketed
column. Hydrolysis of SPI was carried out by continuous supply of
feed solution and recovering protein hydrolysate from other end of
column (Figure 15). Continuous production of protein hydrolysate
was possible with use of packed bed column, as reported by Ge et
al."® for production of whey protein hydrolysate'® and BSA hydrolysis
by immobilized acid protease.*’” The experimental setup produced
homogeneous protein hydrolysate (with same degree of hydrolysate)
for 10-15 cycles without affecting catalytic activity of protease. Soy
protein hydrolysis was studied at substrate concentration 25mg/ml at
50°C with respect to residence time (2-120min) by varying feed flow

Copyright:
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rates in packed bed column (Figure 16), results obtained in column
hydrolysis were comparable to batch mode with same enzyme load.
Thus immobilized preparation can be utilized in continuous protein
hydrolysis.

Outlet

\

Immobilized ¢—
89L

A
Pump Inlet

Feed
solution

Figure 15 Packed bed column hydrolysis of proteins with immobilized 89L.
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Figure 16 Effect of residence on soy protein hydrolysis.

Mass spectrometry analysis for soy protein hydrolysate: High
resolution mass spectrometry analysis was carried out to confirm
presence of low molecular weight peptides in soy protein hydrolysate.
This approach involves identification of peptides with proteomic
database searching based on peptide masses obtained from digested
proteins and helps in recognising parent proteins.*® Sample was eluted
in gradient mode with 0.1% formic acid (A) and 90% ACN with 0.1%
formic acid; starting with 5% B, 15% B in 3min, 35% B in 40min,
60% B in 50min and 95% B in 55min followed by column wash
for 10min at 0.3ul/min flow rate. MS data analysis using spectrum
mill software confirmed presence of peptides with molecular weight
about <1 kDa and chain length of 10-23 amino acid residues. Total 15
identified peptides are listed in Table 3. These peptides were derived
from glycinin, conglycinin, lipoxygenases, trypsin inhibitor etc.
Future work involves detailed analysis of soy protein hydrolysates
with respect to its peptide profiling.
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Table 3 Peptides present in soy protein hydrolysate
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Sr. Peptide Accession
: Peptide sequence weight Parent protein Score
no. number
(kDa)
| TDIISKISPLPVLKE 1.65 Seed linoleate 1825  P09186
9S-lipoxygenase-3
Seed linoleate
2 RDVISTIIPLPVIKE .69 , 1802  P08I70
| 3S-lipoxygenase- |
3 GSEEEDEDEDEEQDERQFPFPRPPHQKE 3.42 Sﬁ;?;c°"g'yc'“'”'a'Pha' 17.45  PI3916
4 TEVISTIMPLPVVKE 1.65 Seed linoleate 1706  P09439
9S-lipoxygenase-2
Seed linoleate
5 TDIISKISPLPVLK 1.52 _ 1503  P09186
9S-lipoxygenase-3
6 TIPLPVIKE 112 Seed linoleate 1424  P08I70
13S-lipoxygenase- |
7 TEWSVVEDLPEGPAVKI 1.86 Trypsin inhibitor A 13.77  P01070
8 LVSESETEKITLEPGDMIHIPAG 246 Sucrose binding protein 1339 Q04672
9 LDIFLSSVDINE 136 i’:;?r;c°"g'7d“i”'beta' 1204  P25974
10 TATSLDFPALS 112 Glycinin GI 11.89  P04776
I LDFPALSWLRL 133 Glycinin G| 11.84  P04776
12 ELSEDDVFVIPAA 1.4 i’ﬁ;?r;c°"g'7d"i"'beta' 11.67  P25974
I3 YRAELSEDDVFVIPAA 1.79 ?::;C°"g'7d“i”'beta' 1114 P25974
beta-Conglycinin-alpha'-
14 GSKDNVISQIPSQVQELA 1.91 e 1033 PI11827
I5  SEDDVFVIPAA 116 beta-Conglycinin-beta- 5. prsgys

chain

Conclusion

Glutaraldehyde coupling was found to be suitable for immobilizing
serine endo protease 89L. Glutaraldehyde concentration, enzyme
loading was found to influence proteolytic activity of immobilized
89L; systematic optimization studies lead to enhancement of specific
activity up to 9260CDU/mg of protein. Immobilized 89L showed
higher tolerance to pH and temperature conditions in comparison
to soluble enzyme with improved storage and operational stability.
For controlled protein hydrolysis; substrate concentration, enzyme
loading and reaction time are key parameters which determine fate
of hydrolysis reaction. The enzymatic hydrolysis with immobilized
protease generated peptides with molecular weight in the range of
1-10kDa and <lkDa after Shrs of hydrolysis. Formation of this low
molecular weight peptide was proportional to progress of reaction,
which was confirmed by analysing protein hydrolysates using
gel permeation chromatography. Therefore controlled exposure
of protease with substrate/s yields differential hydrolysis patterns
thereby generating different types of peptides at various time periods.
Establishing correlation between DH and molecular weight of
peptide has helped in designing process parameters to obtain peptides
with desired molecular weights and functional properties. Mass

spectrometry analysis confirmed presence of low molecular weight
peptides in soy protein hydrolysates that would be further utilized as
cell growth stimulators.
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