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ELSEVIER

Tryptic hydrolysis of
k-caseinomacropeptide: Control of the
enzymatic reaction in a continuous
membrane reactor

Celia Martin-Orue, Gwénade Henry, and Sad Bouhallab

INRA, Laboratoire de Recherches de Technologie Li@ti®ennes cedex, France

The kinetics of the tryptic release of bioactive peptides from caseinomacropeptide was investigated in both batch
and continuous mode in an enzymatic membrane reactor. The hydrolysis of the three susceptible bonds,
Lys 1LYS 15 Lys1—Asn,5 and Lys,«Thr,,, was monitored by quantitative determination of the released
products. A kinetic study in the batch system showed that the overall catalytic process follows a sequential
mechanism where the Lys-Thr,;, bond was only cleaved on the intermediary products resulting from the
cleavage of the Lys—Lys i, and Lys,~Asn 5 bonds. When the reaction was performed in the continuous
enzymatic membrane reactor, it was found that the enzyme preference toward the Tlys, - bond depended

on the relative concentrations of both the caseinomacropeptide and the intermediary products accumulated at
steady state. Such concentrations were controlled by the enzyme and substrate concentrations and the substrate
feeding flow rate; hence, by control of the operating parameters and with the understanding of the reaction
mechanism, the enzyme action toward various peptidic bonds can be oriented in the continuous mode, offering
the possibility of better control of the type of product recovered in the reactor output. © 1998 Elsevier Science
Inc.
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Introduction produce hydrolysates with improved nutritional and/or
functional propertie=’ In the last few years, the use of
EMR for the continuous production of specific peptidic
sequences, i.e., bioactive peptides, has been regotted.
This new approach requires i) highly specific enzymes; ii)
better control of the enzymatic reaction; and iii) high
selective membranes to separate the desired peptides from
the reaction mixturé.

Until now, the continuous extraction of bioactive pep-
tides in EMR was mainly applied to milk proteins since they
contain peptide sequences implicated in biological functions
such as the biotransfer of minerals, opiate activity, immu-
nomodulation, antihypertension, and antithrombdSi#n
particular, the antithrombotic activity of a family of small
peptides derived fronk-caseinomacropeptide (CMP) has
been reported by Jokeet al'* CMP is the C-terminal part
of k-casein (sequence 106-169). It contains three specific
cleavage sites by trypsin, Lys—LyS;1» LyS;15-ASN 13
and Lys,sThr,, located in then-terminal part of the
Address reprint requests to Dr. S. Bouhallab, INRA, Lab Recherches de molecule. The complete action of trypsin on the three bonds
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Enzymatic hydrolysis of proteins is an attractive means of
obtaining hydrolysates with improved nutritional and func-
tional properties:? In the last decade, proteins and their
hydrolytic products have become recognized as functional
foods since they constitute a source of several biologically
active peptides.Concurrent with research aimed at estab-
lishing the use of these components in emerging functional
foods, the design and development of process for their
continuous production has increasingly received consider-
able attention by the food industry.

The enzymatic membrane reactor (EMR) which inte-
grates enzymatic hydrolysis, product separation, and cata-
lyst recovery into a single operation is an attractive config-
uration for this purpose. It has been widely applied to total
conversion of food proteins of various origins in order to
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(Mw < 700 g mol %). In a previous paper, we demonstrated
the feasibility of continuous production of these bioactive
peptides in an ultrafiltration EMR2 We concluded that
optimization of the continuous process needs the control of
enzymatic release of desired products as well as their
transfer through the membrane which means acquiring
knowledge of the mechanisms involved in both operations.

Figure 1 Amino acid sequence of the N-terminal part of
caseinomacropeptide. Arrows indicate the tryptic cleav-
age sites

released, group A (106—112 and 106—111) resulting from the cleav-
age of Lys,;—Lys;;»and Lys,Asn, ;5 bonds, and group B (113—
116 and 112-116) resulting from the cleavage of LysThr,,,
bond Figure 1).

Batch experiments

The separation aspect as well as the mechanism involved inBatch hydrolysis was performed under stirring at 40°C in a 40 m

peptide transmission through a nanofiltration membrane
have been further investigatééihence, the purpose of the
present work was to study the mechanism of enzymatic
hydrolysis of the three lysyl bonds of CMP by trypsin in
both batch and continuous EMR. The rates of tryptic

cleavage at various substrate and enzyme concentrations

were determined from individual peptide quantification at

steady state. The mechanism of hydrolysis as well as the

influence of continuous mode on the enzymatic cleavage of
the three bonds is then discussed.

Materials and methods
Reagents

sodium phosphate buffer pH 7.5. The reaction was started by the
addition of trypsin. At selected times, aliquots were taken and the
reaction stopped by adjusting the solution to pH 2 with 5% (v/v)
TFA. Kinetic parameters were determinated from the initial rates
obtained at substrate concentrations ranged from 0.05-%.07
1072 mol 1" using trypsin at 0.26< 10~° mol™*.

Continuous experiments in EMR

Figure 2shows the scheme of the membrane reactor system. The
main components included a 1.5-1 vessel coupled to a membrane
module via a volumetric screw pump (PCM 1.71 10 type, Vanves,
France), a heat exchanger, two pressure gauges, a pH-stat appara-
tus, two flow meters for retentate and permeate, and an electro-
pneumatic valve (Masoneillan, Varipak type, Neuilly-sur-Seine,

caseinate (Armor Proiges, St. Brice-en-Cogée France) accord-
ing to Brule et al.** with a purity of 80%. Porcine pancreatic
trypsin (EC 3.4.21.4) was obtained from NOVO Industry (Copen-
hagen, Denmark). lts proteolytic activity was 159 units Thgs
determined on the synthetic substrgt¢osyl--arginine methyl
ester (Sigma Chemical, St. Louis, MO). Isopropanol (Normapur,
Prolabo, Paris, France), trifluoroacetic acid (TFA; Pierce Chemi-
cal, Rockford, IL) together with all other chemicals used were
analytical reagent grade.

Tryptic hydrolysis of CMP

The time-course hydrolysis of the three lysyl bonds of CMP was
monitored by quantitative determination of the four small peptides

Retentate PT100

Heat exchanger Valve
Feed
reservoir

[]

pH- control

N
A

E+S
+P

Tank

&

Recirculation pump

membrane, Kerasep Solgel (Tech-Sep, Miribel, France) which
completely retains the enzyme and the substrateconsisted of
a ZrQ, layer over a mineral tubular support (19 channels; 2.5 mm
inner diameter; 0.85 m long; 0.127iltering area). All data were
collected through an analog to a digital convector multichannel
analyzer (Mac 1060, Analog Devices, Norwood, MA) and
registered by an IBM PS 2 microcomputer (Vénux France).
Continuous hydrolysis experiments were conducted by first
loading the reactor tank with 1.25 | of substrate solution at the
required concentration. After adjusting the temperature and pH to
optimal values, the enzyme solution was added. The operating
conditions of all runs were: F 40°C; pH 8; tangential velocity:
0.9 ms % reactor volume= 1.25 |; permeate flow rate: substrate
feeding flow rate= 0.5 | h™* or 1.5 | h™*. Depending on the

Counter
Pressure

Nanofiltration
membrane

TO Permeate

Figure 2 Schematic diagram of the continuous enzy-
matic membrane reactor
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substrate concentration used in the feed solution, the transmem-AnaIyticaI methods

brane pressure applied to maintain a constant permeate flow rate )
varied from 0.5-2< 10° Pa. The reactor volume was kept constant Samples of tryptic hydrolysate were analyzed by reverse-phase

by a continuous feed of substrate solution. Samples from permeatelligh performance liquid chromatography (RP-HPLC) on a Hyper-
and retentate were taken at various intervals during the continuous¢arP column (4.6 i.d< 100 mm, Life Sciences, Cergy Pontoise,
process, and the reaction was stopped by dilution in 5% (v/v) TFA France) equilibrated in solvent A (0.11% v/v TFA in water).

prior to RP-HPLC analysis.

Elution was performed at 50°C at a flow rate of 0.6 ml mwith

Before and after each run, the system was cleaned with the Solvent B (0.09% v/v TFA in isopropanol: water, 90:10 v/v). The

following solutions at 60°C, with a transmembrane pressure>f 3
10° Pa and tangential velocity of 0.9 nT%for 40 min: i) NaOH,
0.2 mol I'* + NaOCI containing 0.25 g 1* active C}; ii) distilled
water rinsing until neutrality; i) HNQ 0.06 mol I'* and iv)
distilled water rinsing until neutrality.

Enzyme Microb. Technol., 1999, vol. 24, February 15/March

following gradient was applied: 2.6-3.5% solvent B from 0-20
min, 3.5-8.9% from 20—26 min, and 8.9-13.8% from 26 —-48 min.
The absorbance was monitored at 214 nm.

Quantitative analysis of the peptides was performed using their
amino acid composition following acid hydrolysis withn6HCI
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Table 1 Tryptic hydrolysis of caseinomacropeptide: Kinetic parameters of the three lysyl bonds

Tryptic cleavage bonds

Lysqq1-Lys;q5° Lysq12-Asny 5 Lysq16-Lysq17°
Km (1073 mol I77) 0.17 0.23 0.09
Viax (1078 mol 17" min™") 26.75 27.85 3.63
Vnax! K (Min~") 0.16 0.10 0.04

@Determined on CMP (sequence 106-169)
PDetermined on intermediary fragments: (sequences 112-169 and 113-169)

for 24 h at 110°C in a Pico-Tag station (Waters, Milford, MA) and Burk plot are shown inTable 1 Identical K,,, and V.«

a PITC derivatization as described by Bidlingmegerl.'® The values were found for the splitting of Lys—Lys;;, and

data shown are representative of results obtained in three separatgys, . .—Asn,,, bonds, indicating that both bonds were

experiments (= 3, coefficient of variation< 5%). cleaved at similar rates. Th,,,, value for the Lys,«
Thr,,,bond was lower than that found for the two adjacent

Results bonds, Lys,:—Lys;1, and Lys,>Asn, ;5 however, taking
Batch hvdrolvsi into account that theK,, value was slightly lower, the
atch hydrolysis enzyme specificity, expressedds,./K ., ratio, was similar

Batch hydrolysis was performed at a constant enzyme for the three bonds.
concentration of 0.26x 10 ° mol I and the various
rsT]u;)lsltI?te concentrations ranged from 0.05-4X6.0 3 Continuous hydrolysis in the EMR

Figure 3shows the time course hydrolysis as determined In order to study the effect of the continuous mode on the
from RP-HPLC profiles at three different substrate concen- €nzymatic cleavage of the three bonds, continuous hydro-
trations. For the substrate concentration of 0<110~ 2 mol lysis in EMR was performed at various substrate and
I~ (Figure 3A), peptides of group A were rapidly released €nzyme concentrations and substrate feeding flow rates.
and reached maximal concentrations after 10 min of hydro- ~ The effect of substrate concentration was studied in the
lysis. Peptides of group B were released after a delay timerange 0.05-2.13 10~° mol I”* at an enzyme concentra-
of 10 min and their rate of appearance was lower comparedtion of 1.04x 10° mol I"* and a permeate flow rate of
to that of group A. When substrate concentration increased,0.5 | h™*. Figure 4 shows the evolution of peptide concen-
the concentration of both group A and group B increased trations in the permeate side of the continuous EMR at two
proportionally; however, the required time for the maximal different substrate concentrations. At a low substrate con-
release of group A as well as the delay time for the centration (0.11X 103 mol I™Y), an apparent steady state
appearance of group B increased from 10 min at low CMP was reached aftel h for peptides of group A, taking longer
concentrations to 30 min or 240 min, respectively, at CMP for peptides of group BRigure 4A). An initial delay time
concentrations of 1.0% 10 2 mol 1" (Figure 3B and was observed for group B since they were not detected in
4.26 x 102 mol |71 (Figure 3Q. It is interesting to note  the permeate during the first 30 min of the continuous
that the appearance of peptides of group B seemed to beoperation. Among peptides of group A, the concentration of
dependent on the rate of appearance of those of group Apeptide 106-112 in the permeate was lower than that of
since the initial delay time for group B was always corre- peptide 106—111. This was attributed to the low transmis-
lated with the time for complete release of group A. This sion of the former peptide, 106—-112, through the membrane
observation together with the fact that the 106-116 frag- since the concentration of both peptides was the same in the
ment was never detected suggested a sequential hydrolysisetentate side. A tenfold increase in substrate concentration
mechanism in which the substrate for the cleavage of the (Figure 4B resulted in a proportional increase of peptides
Lys;14Thr, ;- bond (release of peptides of group B) is not of group A released at steady state. Surprisingly, peptides of
the whole CMP, but rather the fragments subsequent togroup B were not detected either in the permeate or in the
hydrolysis of the Lys,—Lys;;, and Lys;>~Asn,,5; bonds retentate even aft& h of continuous hydrolysis. A further
(release of peptides of group A). Accordingly, the kinetic increase in substrate concentrations led to the same result,
constants of each reaction were calculated by the determi-revealing that above CMP concentrations of 10710 3
nation of the initial rates of appearance of each group in mol I”%, the hydrolysis of the LyggThr,;; bond did not
relation to its respective substrate, the CMP for group A and occur. According to the sequential mechanism stated previ-
the intermediary fragments for group B. For this last peptide ously, the enzyme action would be completely deplaced
group, a prehydrolysis was first performed at a CMP toward the Lys;—Lys,;,and Lys;—Asn;;5; bonds and as
concentration of 4.26< 10 3 mol I~* for 1 h in order to a consequence, only peptides of group A were generated.
obtain their precursor substrates. After enzyme inactivation Such a result appeared to fit with the continuous mode of
and dilutions, fresh enzyme was added and the initial rate of operation in EMR, in particular with the continuous feed of
appearance was then measured. substrate which would indefinitely extend the delay time for

The kinetic parameters determined from the Lineweaver- the hydrolysis of the LysThr;,, bond observed in the

176 Enzyme Microb. Technol., 1999, vol. 24, February 15/March
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Figure 4 Production of peptides of
group A (m) and peptides of group B (CJ)
A A | in the permeate during continuous hydro-
] I | lysis in the enzymatic membrane reactor
0 1 2 3 4 for two substrate concentrations. (A)

. 0.11 X 1072 mol I"" and (B) 1.07 x 1073
Time (h) mol 171, Enzyme concentration: 1.04 X
10~%mol I ". Permeate flow rate: 0.5 1 h™’

Peptide concentration (10-¢ mol I")

batch system; moreover, apart from the substrate feedthe appearance of group B in the permeate. The distribu-
concentration, the hydrolysis of the three bonds was alsotion profile of concentrations at steady state, 106-%11
affected by the feeding flow rate. When hydrolysis was 112-116> 106-112> 113-116, was similar to that
performed under the same conditions as those reported inobtained at low substrate concentrations. A strong in-
Figure 4B but with a threefold higher flow rate, peptides of crease in enzyme concentratiofriqure 5B affected
group B were releasedrigure 6 next section). principally the release of peptides of group B for which
The influence of enzyme concentration on the selec- the delay time of appearance was reduced and their
tive hydrolysis of the three bonds and the consequentconcentrations in the permeate strongly increased. As far
effect on permeate composition was studied by varying as peptides of group A are concerned, a subsequent

trypsin concentration from 0.26-10> 10 ® mol | * at hydrolysis of the C-terminal lysyl residue of peptide
a constant substrate concentration of 06310 3 mol 106-112 could explain, in part, its lower concentration
I~* and a permeate flow rate of 0.5 I'h (Figure 5. At under these experimental conditions. As a consequence,

low enzyme concentrationgigure 5A), a steady state the distribution of individual concentrations at steady
for peptides of group A was reached after 30 min of state was significantly changed: 106-1+1112-116>
continuous operation while this time was needed to detect113-116> 106-112.

Enzyme Microb. Technol., 1999, vol. 24, February 15/March 177
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Figure 5 Production of peptides of
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in the permeate during continuous hydro-
lysis in the enzymatic membrane reactor
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. 10.4 X 10~® mol | ". Substrate concentra-
Time (h) tion: 0.53 X 102 mol |-, Permeate flow
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Discussion where S= CMP (106-169); $and S = intermediary
. . products (112-169 and 113-169); LF large fragment
In the present study, the time course-hydrolysis of the three (117-169); group A= (106—112 and 106—111); group=

lysyl bonds of CMP, Lyg;1—Lys;15 Lys;;-Asn;3 and (113-116 and 112—116)
LyS11-Thn, 7 was monitored in both continuous and batch ™m0 "6 e of the reaction involves the parallel
experiments. From these experiments, we _concluded_thathydrolysis of the two adjacent lysyl bonds, Lys-Lys,
trypsin acts on CMP according to a sequential mechanlsm.and Lys,~Asn,s according to the resdlts previoluzsly
The overall reaction scheme can be described as follows: reported lé_y Leﬁ?i ot all” This reaction leads to the
liberation of group A and the accumulation of new sub-
(1 Q) strates,S; and S,, which are further hydrolyzed at the
Lys,16-Thr; ;7 bond in subsequent reaction, generating pep-
E+S Sp+ S, LF tides of group B and the large final fragment. The fact that
3; S; Lys;16-Thry17 is only cleaved on the intermediary frag-
Group A Group B ments,S; andS,, indicates that this bond is not accessible
to the enzyme on the whole CMP. This can be explained by

178 Enzyme Microb. Technol., 1999, vol. 24, February 15/March
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the fact that cleavage of the first two bonds induces a newrelease of group B was indefinitely extended. As a
conformation state with an exposed Lys-Lys,,; suscep- consequence, only peptides of group A are obtained
tible site as has been described for other protein/proteasgFigure 6A); however, at the same substrate concentra-
couplest® tion, this steady-state equilibrium can be modified by
The single consecutive reactions are generally describedincreasing either the enzyme concentratiéig(ire 6B
by an unfavorable specificity constar /K, for the or the reactor feeding flow raté~jgure 6Q. With high
second reactioh®2°In the case of CMP/trypsin, the spec- enzyme concentrations, the rate of the first reaction is
ificity constants of the three sensitive bonds measure8 on strongly increased, thereby, leading to a rapid accumu-
for the first two bonds and o8, andsS, for the third one are  lation of (S, + S,) and thus, a rapid consecutive conver-
similar, thereby, indicating that the occurrence of the second sion in group B. As a consequence, the final products of
reaction is not limited by unfavorable interaction constants each step, group A and group B, are obtained in the first
of trypsin with the Lys,¢Thr; ;7 bond. Although the delay ~ few min of the continuous operation. Accordingly, with
time for the occurrence of the second reaction depends onenzyme concentrations high enough to completely hydro-
the accumulation of intermediary products, the finding that, lyze the intermediary fragments, the same concentration
at a given enzyme concentration, this delay time increasesof both groups of peptides would be reached. In the same
as CMP concentration increases suggests that cleavage ofvay, feeding the substratat a higher flow rate rapidly
the Lys,s-Thr;7 bond depends not only on the absolute generates a situation wher8 >> K. Under these
(S; + S,) concentration accumulated but also on e conditions, the reaction rate for the first step becomes
(S, + S,) concentration ratio. Interesting information about insensitive to changes i8 concomitant with the accu-
the importance of these relative concentrations was derivedmulation of S, + S,) that allows for a rapid release of the
from experiments conducted in continuous mode wigre peptides of group B.
and S, + S,) were simultaneously present at the steady
state of the process. In these conditions, the cleavage of th .
Lys,16-Thry;7 bond is favoured by an excess &, (+ S,) “Conclusions
compared tdS. These favorable conditions were achieved The results obtained in batch as well as continuous hydro-
more rapidly when the initial substrate concentrat®n lysis in EMR allowed us to establish the mechanism of
was low. In contrast, operating in the EMR at substrate tryptic hydrolysis of the three bonds of caseinomacropep-
concentrations higher than 1.0 10° mol 172, the high tide. The overall hydrolytic process occurs via two consec-
ratio §(S;, + S,) was maintained constant by continu- utive reactions where the hydrolysis of the third bond is
ously feedingS, therefore, the enzyme preference toward controlled by the accumulation of the intermediary prod-
the Lys;;—Lys;1, and Lys,~Asn;,; bonds is main- ucts. Such accumulation depends on enzyme concentration,
tained and the reaction occurs as if delay time for the substrate concentration, and substrate feeding flow rate;

Enzyme Microb. Technol., 1999, vol. 24, February 15/March 179
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thus, by means of these parameters, the extent of the
sequential reactions can be controlled by preventing or
enhancing the concentration of intermediary fragments at
the steady state of the continuous EMR. The results reported

here show that EMR allowed not only for a better control of 10.

product composition, but also constituted a powerful means

of studying the mechanism of protein digestion by proteo- 11-

lytic enzymes which opens up new fields in applied
enzymology.
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