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Abstract

Bovine plasmin is a proteolytic enzyme that is naturally present in milk. Plasmin can
have a detrimental impact on product quality including proteolysis, age-gelation
and bitterness. The activity of plasmin is difficult to control as its precursor,
plasminogen, and its activators can survive severe heat treatments such as ultra-

high-temperature processing.

The aim of this work was to understand and control the plasmin-induced hydrolysis
of caseins in milk systems. A sequential approach was used. In the first stage, the
effect of substrate modification on plasmin-induced hydrolysis in a pure B-casein
model system was studied; this allowed us to propose a control mechanism to limit
the availability of the substrate by protein modification. In the second stage,
different protein modifications were applied to a real milk system. In the analysis of
this system, the casein micelle structure, whey protein denaturation and whey
protein association with the casein micelle were considered. The final stage
investigated plasmin-induced dissociation of casein micelles in real milk systems to
understand the effect of plasmin activity on gelation and sedimentation in heat-

treated milks.

Modification of lysine residues on the protein decreased plasmin-induced
hydrolysis. Lactosylation had a greater effect than succinylation and
transglutamination at the same level of lysine modification. A mechanism for this
phenomenon was proposed. Lactosylation involves the attachment of lactose and,
in advanced stages, cross-linking, thus modifying lysine and making it
unrecognisable to plasmin; in addition, the cross-linking may affect the release of
plasmin-generated peptides. Transglutamination also modifies lysine by cross-
linking and has a similar effect to lactosylation, but to a lesser extent. In contrast,
succinylation modifies the charge associated with lysine, making it unrecognisable
to plasmin. Collectively, this knowledge can be used to make protein resistant to

plasmin activity.
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The combined effect of micellar structure and protein modification on plasmin
activity was also studied. Calcium chelation and dissociation of the casein micelle
increased plasmin activity because of reduced steric hindrance, which made the
protein more readily available to plasmin. In contrast, succinylation decreased
plasmin activity, which could be attributed to the formation of succinyl-lysine
rendering B-casein unrecognisable to the substrate-binding pocket of plasmin,
resulting in a decrease in hydrolysis with an increase in modification. These results
indicated the importance of the casein micelle structure as a tool for controlling the

activity of plasmin on milk proteins in food systems.

The effect of high heat treatment on plasmin-induced hydrolysis was also
investigated. A high-heat-treated skim milk (120°C/15 min) was found to have
greater resistance to plasmin activity than non-heated skim milk. Both whey protein
association with the casein micelles and lactosylation decreased the availability of
protein to plasmin. Whey-protein-free milk was the most plasmin resistant,
followed by skim milk and lactose-free milk. Collectively, these results suggest that
lactosylation plays a more significant role than whey protein association with the

casein micelles in making protein resistant to plasmin activity.

The plasmin-induced dissociation of the casein micelle was explored by identifying
peptide release from the micelle. Upon plasmin-induced hydrolysis of the casein
micelle, hydrophilic peptides, i.e. proteose peptones, were the first to dissociate
from the casein micelle, followed by hydrophobic peptides, which had dissociation
patterns that were identical to those of k-casein. This suggests that the release of k-
casein from the micelle is too slow to cause gelation. Extensive plasmin-induced
hydrolysis of the casein micelle leads to sedimentation in heat-treated milk because
of the formation of B-lactoglobulin—k-casein complexes and their aggregation with

hydrolysed hydrophobic peptides.

Overall, the results of the present study showed that casein modification can be
useful in controlling plasmin activity and has developed our understanding of the
plasmin-induced dissociation of casein micelles. Further research work is needed to

understand the mechanism of plasmin’s selective hydrolysis pattern and the
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structural aspects of the substrate-binding pocket of plasmin. Studies on casein
micelle dissociation separately and in conjunction with physicochemical changes
during storage could be useful in further understanding the phenomenon of age

gelation.
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amino acids are represented by their single-letter symbols and black
bars indicate disulphide bonds. The active site residues His322,
Asp371 and Ser478 are marked by asterisks. The arrow indicates the

cleavage site for the conversion of single-chain tPA to two-chain tPA

(adopted from Collen & Linjen, 2009). .......cccveeviueeeiieeeerieeeeee e

Figure 12. Principal products produced from B-casein by plasmin (Fox &

MCSWEENEY, 1998)....iiiiieiiieieeieireeeee e ettt e e e e eestbrre e e e e e e eesnbrarereeeeeens

Figure 13. B-Casein succinylation sites as identified by LC-MS/MS analysis.

Succinylation sites and plasmin cleavage sites are represented in the
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schematic, along with the peptides generated after hydrolysis by
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Figure 14. Typical SDS-PAGE gel for the plasmin-induced hydrolysis. B-Casein
samples with different degrees of succinylation were hydrolysed by
plasmin and analysed by quantification of y-casein using gradient
(4-15%) SDS-PAGE. Amido Black was used for staining and
guantification was performed using ImageQuant software. The
succinylated samples were hydrolysed for 0 (no hydrolysis), 5, 10, 15,
30, 60 and 120 min. Lf: lactoferrin, B-CN: B-casein, y1-CN: yl-casein,

V2-CN: Y2-CaSBIN.cciiiiiiiiiii e

Figure 15. Effect of the succinylation of B-casein on its hydrolysis by plasmin,
as measured by quantification of the hydrolysis product, i.e. y (y>+ys)-
casein, A. 60 min hydrolysis pattern B. 48 h hydrolysis pattern, using

SDS-PAGE. Error bars refer to standard deviations. ........cccoeevveeeeiereeinieneeenn.

Figure 16. Hydrolysis pattern observed using RP-HPLC after 2 h of hydrolysis.
With an increase in the degree of succinylation, the elution patterns
for PP5 and PP8slow changed and they eluted later. The shifts in the
peaks were due to succinylation of PP8slow and PP5, as observed in

the RP-LC—MS/MS analysis (Table 4). ....ccoeeereeeeiieeeiee e

Figure 17. Hydrolysis patterns observed using RP-HPLC (overlays) after 2 h of
hydrolysis: A, total proteose peptones; B, PP5; C, PP8slow; D, PP8fast.
Succinylation negatively affected the plasmin-induced hydrolysis, as
observed by the changes in the elution patterns of the peptides and

the smaller peaks resulting from reduced peptide formation. ...................

Figure 18. Comparative hydrolysis patterns, as observed from RP-HPLC
guantification: A, total proteose peptones; B, PP5; C, PP8slow; D,
PP8fast. The areas under the peaks for different peptides were
calculated and are presented as an increase in the peptide
concentration (PA - area under peak; AU - arbitrary units). Note the

change in scale. Error bars refer to standard deviations..........ccccccvvveeenn....
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Figure 19. Complete hydrolysis patterns, as observed from RP-HPLC

guantification: A, total proteose peptones; B, PP5; C, PP8slow; D,
PP8fast. The areas under the peaks for different peptides were
calculated and are presented as an increase in the peptide

concentration (PA - area under peak; AU - arbitrary units). Note the

change in scale. Error bars refer to standard deviations..........cccceeeeeunneen.

Figure 20. Effect of succinylation on the rate of B-casein hydrolysis by plasmin.

Figure 21. Succinylation modifies lysine residues

The B-casein hydrolysis rate was calculated from the tangent of the
generation of y-casein (as measured by SDS-PAGE, Figure 15) and

total proteose peptones (as measured by RP-HPLC, Figure 18). Error

bars refer to standard deViatioNS. .....uueeeeeeeiiieeeiiieeee ettt eeeereeens

..69

Figure 22. Substrate-binding site of trypsin (Whitaker, 2002). ........ccccevvuvrvreeeeereennns 72

Figure 23. Sequence homology alighnment of the catalytic domain: human

plasminogen, bovine plasminogen, human trypsin and bovine
chymotrypsin. All serine proteases have serine, aspartic acid and
histidine in the catalytic triad (represented by the filled triangle) and
the residue at the bottom of the specificity pocket (represented by
the star) determines the specificity of the protease, e.g. aspartic acid
(negatively charged) in the trypsin pocket makes it hydrolyse at lysine

or arginine (positively charged) residues. The open triangle indicates

the activation cleavage site. Adapted from Wang et al. (2000). ...............

Figure 24. Substrate-binding (specificity) pocket of plasmin, based on

sequence homology (Figure 23) and the schematic of trypsin (Figure
22). The charge relay transfer is represented by open arrows and the

nucleophilic attack of Ser736 on the substrate is shown by the

.73
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Figure 25. Influence of heating time (0-20 min) at 120°C on the degree of

lactosylation in solutions containing 1% [B-casein and 4.8% lactose in
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50 mM sodium phosphate buffer pH 6.7. Error bars refer to standard
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Figure 26. Characterisation of stages of the Maillard reaction in a B-casein
model system. Effect of lactosylation level on UV absorbance
measurement at 294 nm (indicator of the formation of polymers -
intermediate stage) and at 420 nm (browning): 1, initial stage; 2,

intermediate stage (polymerisation); 3, advanced stage (browning).

Error bars refer to standard deviations. .......coueeeeeieeeeeeieee e,

Figure 27. Effect of lactosylation on Maillard reaction (MR) polymers (cross-

linked), as measured using SDS-PAGE, and the absorbance at 294 nm

(A294). Error bars refer to standard deviations. .......cccccveeeeieeieiiineeeenneeenn.

Figure 28. Plasmin-induced hydrolysis of lactosylated B-casein. The 1% pB-
casein model system was lactosylated to different degrees (0, 3.1.
8.5, 20.4 and 40.4%) and then hydrolysed by plasmin for up to 48 h.
A. SDS page images showing hydrolysis of B-casein and generation of
y-casein in initial stages and hydrolysis of y-casein in the later stages
of the hydrolysis. B. Visual observations were made by taking

samples at 0 min (before plasmin addition), and 15, 30, 45 and 60

min and 2, 4, 8 and 24 h after plasmin addition.........ccccccceeeiiieiciiinnnnnn.

Figure 29. Effect of degree of lactosylation of B-casein on its hydrolysis by
plasmin. A. y-Casein formation during 48 h of hydrolysis was
quantified using SDS-PAGE. B. Effect of the degree of lactosylation on
the rate of plasmin-induced hydrolysis. The hydrolysis rate was

calculated as a percentage of the control from the first 60 min of the

hydrolysis pattern. Error bars refer to standard deviations......................

Figure 30. Schematic representation of plasmin-induced hydrolysis of a B-

casein model system (red, y-caseins; blue, proteose peptones). .............

Figure 31. Comparative hydrolysis patterns of the complete plasmin-induced
hydrolysis of B-casein, as quantified using RP-HPLC: A, PP8slow; B,

PP5; C, PP8fast; D, total proteose peptones. The areas under the
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peaks for different peptides were calculated and are presented as an

increase in the peptide concentration (AU - arbitrary units). Note the

change in scale. Error bars refer to standard deviations..........ccccceeeennens

Figure 32. Resistance of lactosylated B-casein to plasmin-induced hydrolysis.

Lactosylation makes protein unrecognisable to plasmin through

lysine capping and, at greater degrees of lactosylation, cross-linking

also affects the release of hydrolysed peptides. ......ccccceevvveeeiiiieeeennnnen.

Figure 33. A. TG-induced cross-linking of B-casein. SDS-PAGE was used to

measure the extent of cross-linking, the single bands of B-casein on
SDS-PAGE were quantified and the decrease in the monomeric band

due to cross-linking was noted. B. Typical transglutaminase-induced

cross-linking reaction (De Jong & Koppelman, 2006). .......c.cccecveeveuveernnen.

Figure 34. Typical SDS-PAGE gels for the plasmin-induced hydrolysis analysis:

B-casein samples with different extents of cross-linking were
hydrolysed by plasmin and analysed by quantification of the y-casein
using gradient (4-15%) SDS-PAGE. Amido Black was used for staining
and quantification was carried out using ImageQuant software.
Samples were analysed at 0 min (control — samples with no

hydrolysis), and after hydrolysis for 15 min, 30 min, 1 h, 2 h, 4 h, 8 h,

24 h and 48 h. Lf: lactoferrin was used as a standard. ........coeeevueevveennneens

Figure 35. Effect of TG-induced cross-linking on plasmin-induced hydrolysis of

B-casein. A. Complete hydrolysis pattern plotted by quantification of
y-casein on SDS-PAGE. The complete reaction was observed for 48 h
to achieve the end-point when no visible peptide band remained on

SDS-PAGE. B. Effect of TG-induced cross-linking on plasmin-induced

hydrolysis rate. Error bars refer to standard deviations...........cccccuuuuneeee.

Figure 36. Comparative hydrolysis patterns observed on RP-HPLC (overlays)

after 2 h of hydrolysis. ...ooocuvvveeiiieeec e

Figure 37. Comparative hydrolysis patterns for the initial hydrolysis: A,

PP8slow; B, PP5; C, PP8fast; D, total proteose peptones. Areas under
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the peaks for the different peptides were calculated and presented
as an increase in the peptide concentration. Error bars refer to

standard deviations. Note scale differences. ......ccoeeevvvvevveiviiiieeeeeeeeeieennnn,

Figure 38. Effect of TG-induced cross-linking on plasmin-induced hydrolysis of
B-casein, measured as the generation of total proteose peptones
during the initial stage of the hydrolysis. Error bars refer to standard
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Figure 39. Complete hydrolysis patterns of B-casein as observed from RP-HPLC
quantification: A, PP8slow; B, PP5; C, PP8fast; D, total proteose
peptones. Areas under the peaks for the different peptides were
calculated and presented as an increase in the peptide concentration.

Error bars refer to standard deviations. Note scale differences. ..............

Figure 40. Resistance of TG-cross-linked p-casein to plasmin-induced
hydrolysis as measured. Cross-linking made the protein
unrecognisable to plasmin through lysine capping and the cross-

linking affected the release of hydrolysed peptides. ....ccccceeeieiccrrriennnnnn.

Figure 41. Comparative analysis of the effect of substrate modification on
plasmin-induced hydrolysis. A. Comparative effect of lactosylation
and succinylation with respect to loss of the g-amino group of the
lysine residue. B. Comparative effect of lactosylation and
transglutamination with respect to the extent of cross-linking of the

protein chain. Error bars refer to standard deviations...........ccccccuvveeeee..n.

Figure 42. Effect of succinylation of skim milk on plasmin-induced hydrolysis
patterns of different proteins on AU-PAGE. Control: no hydrolysis; 15

min, 30 min, 60 min, 2 h and 4 h represent the hydrolysis times. ............

Figure 43. Typical MS/MS spectra of the tryptic digests of 10.35% and 43.60%
succinylated skim milk samples. A. Peak 1839.87, present in the
43.60% succinylated sample, represents succinylated B-CN(100-113)
with two succinylation sites, Lys105 and Lys107, which is absent in

the 10.35% succinylated sample. B. Peak 1605.80, present in both
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succinylated samples, represents a-CN(100-113) with one

succinylation site at LyS124.......cooiiiiiieee et

Figure 44. Effect of succinylation on: A, turbidity (as measured by absorbance

at 700 nm); B, average particle size in skim milk. Error bars refer to

SEANAAId AEVIATIONS. .. et e e e et e e e e e eeeeeeeeeneeeas

Figure 45. Casein micelle dissociation with increases in the degree of
succinylation as measured using SDS-PAGE. Skim milk samples with
different degrees of succinylation were centrifuged and the
supernatants were loaded on SDS-PAGE. Samples: 0, control
supernatant; A, 10.35% succinylation supernatant; B, 20.13%

succinylation supernatant; C, 36.13% succinylation supernatant; D,

43.60% succinylation supernatant; X, control skim milk. .............ccc.........

Figure 46. Effect of succinylation on dissociation of different caseins from the
casein micelle. The dissociation was measured from the casein

concentration in the serum phase. Error bars refer to standard
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Figure 47. Effect of succinylation on the whey protein content in the serum

phase. Error bars refer to standard deviations..........ccccoveveeiieiiiccnrennnnn.n.

Figure 48. Comparative plasmin-induced hydrolysis patterns of skim milk

succinylated to different degrees: A, after 30 min; B, after 2 h (as

measured in 6% TCA fractions using RP-HPLC)........ccccevvveriieeriieenieennnne

Figure 49. Effect of succinylation on plasmin-induced hydrolysis: A, effect on
the release of hydrolysed peptides; B, effect on the rate of hydrolysis

(as measured in 6% TCA fractions using RP-HPLC). Error bars refer to
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Figure 50. A simplistic mesh diagram of the casein micelle, indicating the
effect of succinylation on plasmin-induced hydrolysis. Upon

succinylation, particle size and micelle dissociation increase, affecting

the pattern of plasmin-induced hydrolysis..........cccoovirieeiiiieiciiiieeeeeee,

.129

.130

.132

.134

XXiV Prevention of plasmin-induced hydrolysis of caseins



Figure 51. Effect of heat treatment on extent of whey protein denaturation: A,
B-lactogobulin; B, a-lactalbumin; C, total whey protein. Error bars

refer to standard deVIatioNS. ..o vveiiiiieieee ettt eeeereees 148

Figure 52. Effect of heat treatment on the association of the whey proteins
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Figure 61. Effect of plasmin-induced hydrolysis on (A) particle size and (B)
mean count rate and polydispersity index (PDI) of non-heat-treated
(NHT) and heat-treated (HT) milks. Error bars refer to standard

(o LAV =] oY s TP EPPRRRURPPRRRRR 176
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