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Effect of cationic flaxseed protein hydrolysate
fractions on the in vitro structure and activity of
calmodulin-dependent endothelial nitric oxide
synthase

Adetayo O. Omoni and Rotimi E. Aluko

Department of Human Nutritional Sciences, University of Manitoba, Winnipeg, Manitoba, Canada

The objective of this study was to determine the in vitro effects of cationic flaxseed protein hydroly-
sate fractions on calmodulin (CaM) structure as well as the activity of CaM-dependent endothelial
nitric oxide synthase (eNOS). Flaxseed protein isolate was hydrolyzed with alcalase, and two peptide
fractions were isolated by cation-exchange chromatography. Fraction I, eluted first from the column,
and fraction II contained 42% and 51% contents of basic amino acids, respectively. Fractions I and II
reduced the activity of CaM-dependent eNOS through a mostly mixed-type inhibition mode. Fraction
II was at least ten times more effective as an eNOS inhibitor when compared to fraction I, as evident
from the ICs, (concentration of protein hydrolysate that reduced eNOS activity by 50%) values. Fluo-
rescence spectroscopy showed that the tyrosine residues in CaM were increasingly exposed upon
addition of fraction I, while the opposite was the case when fraction II was added. Circular dichroism
studies showed that fractions I and II reduced the a-helix content but increased the rigidity of the
active calcium/CaM complex. We concluded that ability of the protein hydrolysate fractions to change
the secondary and tertiary structures of CaM may explain their ability to reduce activity of CaM-

dependent eNOS.
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1 Introduction

Calmodulin (CaM) is a relatively small, acidic, negatively
charged (at physiological pH) Ca*"-binding protein made
up of 148 amino acids [1, 2], with a molecular weight of
approximately 17000 [3]. CaM functions as an intracellular
mediator of the effects of Ca*, specifically binds four Ca*",
and is structurally stable and yet flexible enough to undergo
Ca*"-induced conformational changes, thereby increasing
its helical content and exposing hydrophobic regions for
binding target molecules [3—5]. Calcium binding to CaM
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allows it to bind and activate several enzymes, among
which are the nitric oxide synthases (NOS) [3, 6].

NO is synthesized from L-arginine and molecular oxygen
by a family of three Ca*"/calmodulin-dependent enzymes
called the NOS [7], and is important for neurotransmission,
immune response and regulation of vascular tone [8].
Although NO is an important molecule in the body's phy-
siological processes, its production is not always beneficial;
over- or underproduction of NO can be detrimental. NO
synthesized by the endothelial isoform of NOS (eNOS) is
responsible for vascular smooth muscle cell relaxation and
vasodilation, regulation of blood pressure and inhibition of
platelet aggregation [9—11], thus underproduction of
endothelial NO, or an impairment of eNOS activity is impli-
cated in the pathophysiology of vascular diseases [8]. On
the other hand, recent evidence has implicated eNOS as a
determinant factor in the production of tumor necrosis fac-
tor-o. (TNFa) by human monocytes/macrophages; there-
fore, eNOS may be regarded as a pro-inflammatory param-
eter [12]. Inhibition of eNOS activity in such disease condi-
tions could provide beneficial therapeutic effects.
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CaM-induced enzyme activation can be blocked by a num-
ber of pharmacological agents [2, 3], natural products and
endogenous substances [13]. The binding of CaM to several
synthetic and natural peptides has been studied [13—16]. It
has been shown that CaM binds with high affinity and broad
specificity to basic amphiphilic a-helical peptides [4].

Some food-derived peptides have been shown to have CaM-
binding activity. Three CaM-binding peptides have been
isolated from a pepsin digest of a-casein [13]. These pep-
tides share the same feature common to other CaM-binding
sequences such as abundance of basic and aromatic amino
acid residues, with an almost complete lack of acidic resi-
dues. Similarly, two positively charged peptide fractions
isolated from pea protein hydrolysate by cation exchange
chromatography have been shown to have CaM-binding
activity [17].

Flaxseed (Linum usitatissimum) has turned out to be a func-
tional food ingredient with increasing importance in the
world market because of its potential to reduce the risk of
cardiovascular diseases, cancers, and gastrointestinal disor-
ders [18—20]. The protein content in flaxseed is influenced
by genetic and environmental factors, and ranges from
20.9-48.1%, with a mean of 34.5% [21]. Flaxseed proteins
contain high levels of hydrophobic and positively charged
amino acids [22, 23], which increases the possibility of gen-
erating hydrophobic and positively charged peptides by
enzymatic hydrolysis. However, the current market for flax-
seed as a functional food is limited to the whole intact meal
(rich in lignans) and its oil, rich in alpha-linolenic acid
(ALA) [18], as evidenced by the results of a meta-analysis
by [23], which showed a dearth of studies on the use of flax-
seed proteins as a functional food. The presence of benefi-
cial bioactive phytochemicals in flaxseed has increased
interest in the meal, which traditionally has been used as
animal feed [22]. However, while there is a plethora of stud-
ies attributing the beneficial effects of flaxseed in cardio-
vascular disease and certain forms of cancer to its oil, rich
in ALA and to its lignan content, the potential effects of
flaxseed proteins is generally an under-researched area.

There is available evidence that some food-derived peptides
have CaM-binding activity and have been used to inhibit
some CaM-dependent enzymes. When bound to these pep-
tides, CaM fails to regulate its target enzyme; hence, these
peptides can be referred to as CaM inhibitors. In a previous
study, we showed that cationic flaxseed protein hydrolysate
fractions inhibited CaM-dependent activation of neuronal
NOS (nNOS) [24]. The objectives of the present study were
to: (i) study the effects of the cationic flaxseed protein
hydrolysate fractions on activity of CaM-dependent eNOS;
and (ii) determine the structural conformations of CaM in
the presence of the protein hydrolysate fractions to gain a
better understanding of the structural basis for inhibition.
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2 Materials and methods

2.1 Materials

Defatted flaxseed meal was a gift from Bioriginal Foods
(Saskatoon, SK, Canada). Alcalase, CaM (from bovine
brain), flavin adenine dinucleotide (FAD), flavin mononu-
cleotide (FMN) and tetrahydrobiopterin (BH,) were pur-
chased from Sigma Chemicals (St. Louis, MO, USA). Ade-
nosine triphosphate (ATP), reduced nicotinamide adenine
dinucleotide phosphate (NADPH) and catalase were from
Roche Applied Science (Mississauga, ON, Canada), while
recombinant bovine eNOS was purchased from Cayman
Chemical (Ann Arbor, MI, USA). Other analytical grade
reagents were obtained from Fisher Scientific (Oakville,
ON, Canada).

2.2 Production of flaxseed protein hydrolysate
fractions

Low molecular mass (<1000 Da) protein hydrolysate frac-
tions I and II were obtained from enzymatic hydrolysis of
flaxseed protein isolate as previously described [24]. In
summary, an aqueous slurry that contained 5% flaxseed
protein isolate was digested for 6 h at 50°C and pH 9.0 with
alcalase using enzyme:substrate ratio of 1.5:25. After
digestion, the slurry was adjusted to pH 4.0 with 2.0 M HCI
to stop the enzyme reaction and the sample was cooled to
room temperature. The sample was then centrifuged at
10000 x g for 15 min and the supernatant saved. The super-
natant was passed through Amicon stirred cell ultrafiltra-
tion set-up using a 1000 molecular weight cut-off mem-
brane. The permeate obtained was freeze-dried and stored
at —20°C until used. Separation of the ultrafiltration perme-
ate was carried out on an SP-Sepharose High Performance
cation-exchange chromatography column connected to an
AKTA Fast Protein Liquid Chromatography (FPLC) system
(Amersham Biosciences, Montreal, PQ, Canada). Unbound
peptides were removed using three column volumes of
0.1 M ammonium acetate buffer (pH 7.0); a linear gradient
of 0-60% 0.5 M ammonium carbonate in 0.1 M ammo-
nium acetate buffer (pH 7.0) was then applied to elute the
adsorbed peptides at a flow rate of 5 mL/min. Two eluted
peaks were obtained and the fractions within each peak
were pooled together and freeze dried. As previously
reported, fractions I and II contained approximately 42%
and 51% levels of basic amino acids, respectively [24].

2.3 Enzyme inhibition kinetics

In vitro eNOS activity was determined by measuring the
rate of decrease in NADPH absorption at 340 nm according
to the modified method of [25] using an Ultrospec 4000
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spectrophotometer that was connected to a circulatory
water bath (Amersham Biosciences). The assay was carried
out at 37°C with different CaM concentrations in the
absence of peptides (uninhibited) and at varying peptide
concentrations (inhibited) in a total volume of 2 mL; co-
factors, enzyme, and protein hydrolysate fractions were all
dissolved in 50 mM HEPES buffer (pH 7.0). The final con-
trol reaction mixture contained the HEPES buffer, 1 mM
DTT, 4 uM BH,4, 4 uM FAD, 4 uM FMN, 1 mM CaCl,,
10 U catalase, 1 mM L-arginine, 0.1 mM NADPH, CaM
(6.25, 25 and 50 nM), and 0.5 U eNOS. Catalase was added
to prevent accumulation of hydrogen peroxide, a by-product
of eNOS activity; the peroxide could introduce error into
the assay because of its ability to induce oxidation of
NADPH. The blank solution contained all the above
reagents except NADPH, while the sample solutions con-
tained protein hydrolysate fractions (as part of the buffer
volume) in addition to the reagents present in the control
reaction mixture. All the reagents (except eNOS) were
incubated for 5 min at 37°C in the spectrophotometer; reac-
tion was initiated by addition of eNOS followed by mixing
and automated absorbance readings at 30-s intervals for
30 min. Enzyme reaction was linear in the first 30 min and
change in absorbance of inhibited reaction was subtracted
from that of uninhibited to obtain degree of inhibition. ICs,
was defined as the concentration of protein hydrolysate that
reduced eNOS activity by 50%. Type of inhibition was
determined from Lineweaver-Burk (L-B) plots using
GraphPad version 3.0. (GraphPad Software Inc., San Diego,
CA, USA); inhibition constant (Ki) was determined as
X-axis intercept of a plot of the slope of the L-B lines
against peptide concentration.

2.4 Intrinsic fluorescence

The fluorescence measurements were recorded using a RF-
1501 spectrofluorimeter (Shimadzu Corp., Japan) at 24°C.
The intrinsic fluorescence of proteins originates from the
absorption properties of the three aromatic amino acids;
phenylalanine, tyrosine and tryptophan. There was no emis-
sion signal when CaM was excited using the phenylalanine
wavelength of maximum absorption. Therefore, tyrosine
fluorescence was used to determine the in vitro structural
changes of CaM since this protein does not have any trypto-
phan residue. The excitation wavelength was fixed at
275nm and the fluorescence emission spectra were
recorded between 290 and 400 nm. All measurements were
taken using a total volume of 2 mL that contained 50 mM
HEPES buffer (pH 7.0), 1 mM CaCl, and 50 nM calmodu-
lin. The concentrations for fraction I were 6.25, 12.5 and
25 ng/mL, while those of fraction II were 1.25, 2.5 and
5 pg/mL. All measurements were taken using a 1-cm path
length quartz cuvette. Spectra of the peptides alone were
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subtracted from the spectra of samples that contained both
CaM and peptides.

Fluorescence spectroscopy was also used to determine
changes in the in vitro structure of eNOS as a result of inter-
action with CaM and various concentrations of peptide
fractions. Excitation wavelength was fixed at 295 nm and
emission wavelength range was 310—450 nm. An excita-
tion wavelength of 295 nm was used because this is the
wavelength of tryptophan absorption and since CaM has no
tryptophan residues, the spectra measurements indicate the
changes in structures of eNOS or signal from the peptides.
All measurements were taken using a total volume of 2 mL
with concentrations of 1 mM CaCl,, 50 nM CaM, and
0.05 U eNOS. Spectra of the peptides alone were subtracted
from the spectra of samples that contained both eNOS and
peptides.

2.5 Circular Dichroism

Far- and near-UV circular dichroism (CD) spectra were
measured using a JASCO model J-810 spectropolarimeter
(JASCO Corporation, Tokyo, Japan). Far-UV spectrum was
measured at 190—240 nm. Concentrations of CaCl, and
CaM in a total volume of 200 pL were 5 mM and 8 uM,
respectively, in 50 mM HEPES buffer (pH 7.0). Concentra-
tion of both peptide fractions was 0.5 mg/mL. All spectra
measurements were taken using a quartz cell with path
length of 0.5 mm. Deconvolution of far-UV spectra to cal-
culate secondary structure fractions was performed using
the CDSSTR secondary structure determination algorithm
[26, 27] accessed via the DICHROWEB website (http://
www.cryst.bbk.ac.uk/cdweb/html/home.html).  Near-UV
spectrum was measured at 250—320 nm. Concentrations of
CaCl, and CaM in a total volume of 1 mL were 10 mM and
80 uM, respectively, in 50 mM HEPES buffer (pH 7.0)
while the peptide fractions were added at the level of
1 mg/mL. All measurements were taken using a quartz cell
with path length of 10 mm.

2.6 Statistical analysis

Each analysis was done in duplicate and analysis of var-
iance and Duncan's multiple-range test carried out using the
Statistical Analysis Systems software, Version 9.1 (Statisti-
cal Analysis System, Cary, NC, USA).

3 Results

3.1 Enzyme inhibition kinetics

As we have shown in a previous report, separation of the
flaxseed protein hydrolysate on a cation-exchange column
yielded two fractions (I and II), with 42% and 51% contents
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Figure 1. Effect of inhibitor concentration on activity of eNOS
at different concentrations of calmodulin (CaM). (A) Fraction I.
(B) Fraction Il. CaM concentrations (nM): 6.25, m; 25, A; 50, e.

of basic amino acids, respectively [24]. Figure 1A and B
shows the residual eNOS activity at different concentrations
of fractions I and II, respectively. At fixed CaM concentra-
tion, in vitro eNOS activity decreased as protein concentra-
tion increased. As CaM concentration increased at fixed
protein concentration, eNOS activity increased, and for
fraction I (Fig. 1A) the inhibition was almost completely
overcome at CaM concentration of 50 nM. The results indi-
cate that the inhibitory fractions interacted mostly with
CaM and not the enzyme. Lower concentrations of fraction
II were required for inhibition, which was not overcome by
50 nM CaM concentration as was the case with the inhibi-
tion pattern for fraction I. Table 1 shows that the ICs, values
were higher as the CaM concentration was increased; frac-
tion IT had values that were less than those of fraction I by a
factor of at least 10.

Figure 2A and B shows the double reciprocal (L-B) plots of
eNOS reaction velocity at different peptide I and II concen-
trations. Inhibition pattern for both fractions was mostly of
the mixed type (with respect to CaM), which means that the
peptides are capable of binding to CaM alone or the
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Table 1. 1C5, values for the inhibition of eNOS by protein
hydrolysate fractions at different CaM concentrations

[CaM] Fraction [ Fraction II
(nM) (mg/mL) (mg/mL)
6.25 3.2 0.32

25 14.51 1.06

50 - 5.84

-0.08 -0.04 0.;)0 0.'04 0.:)8 0.’12 0.'16
1/[CaM] (nM)

10.0+

L} ) ) ] L} L}
-0.12 -0.08 -0.04 0.00 0.04 0.08 0.12 0.16
1/[CaM] (nM)

Figure 2. L-B plots for the inhibition of eNOS at varying con-
centrations of calmodulin and fixed concentrations of inhibitory
peptides. (A) Fraction | concentration (mg/mL): 0.0, m; 1.5, ;
3.5, A. (B) Fraction Il concentration (mg/mL): 0.0, =m; 0.005, e;
0.01, A. Vo is the initial velocity of the enzyme reaction.

CaM/eNOS complex. It also means that the peptides bind
to CaM at a site that is different from the binding site of
eNOS. Fraction I had a Ki value of 2.13 mg/mL in compar-
ison to the value of 0.01 for fraction II.
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3.2 Intrinsic fluorescence of CaM

In vitro fluorescence studies in the absence and presence of
calcium and protein hydrolysate fractions were conducted
to gain an understanding of the structural consequences to
CaM structure after interaction with these molecules.
Changes in protein conformation such as unfolding often
influence the fluorescence emission intensity. The high sen-
sitivity of fluorescence spectroscopy enables detection of
very small conformational changes in protein structure
[28]. The effects of calcium and different concentrations of
protein hydrolysate fractions I and IT on CaM structure are
shown in Table 2. Addition of calcium to CaM resulted in
an increase in maximum fluorescence intensity (Fmax) of
CaM, which was a 1.6-fold increase (Fmax/Fo ratio) over
that of CaM alone. Our result is comparable with previous
findings [29-31], which indicates a partial unfolding of
CaM and increased exposure of hydrophobic groups as a
result of interaction with calcium. The present results are
consistent with the proven fact the calcium-induced unfold-
ing of CaM structure is a prerequisite for activation of
CaM-dependent enzymes [2].

Additions of protein hydrolysate fraction I to CaM in the
presence of calcium produced increases in Fmax of CaM
that were greater than the value obtained with calcium
alone. A significant (p < 0.05) increase in the wavelength at
Fmax (A max) was obtained at 12.5 pg/mL concentration of
fraction I, which is an indication of the residence of the tyr-
osine residues in a more polar environment than in the
native or calcium/CaM complex. However, further increase
of fraction I concentration to 25 pg/mL led to a significant
(p < 0.05) reduction in Amax to a level similar to the inac-
tive CaM. The blue shift at high protein hydrolysate con-
centration means that the tyrosine residues are in a less

Table 2. Changes in intrinsic fluorescence intensity of CaM in
the presence of calcium and different inhibitor concentrations®

Sample JAmax Fmax® Fmax/Fo
(nm)”

CaM alone 302+0.7¢  59.9+3.8° —

CaM+Ca* 315+5.7°  96.1+0.4¢ 1.60

CaM+Ca*+12.5 pg/mL fraction] ~ 342+0.7° 104.6+9.9¢ 1.75
CaM+Ca*+25 pg/mL fraction I 305+0.79 164.8:6.0c 2.75
CaM+Ca*'+1.25 pg/mL fractionII ~ 349+2.1* 582.8:0.8° 9.73
CaM+Ca*+2.5 pg/mL fraction II 343+£2.8° 276.3+16.2° 4.61
CaM+Ca*'+5 pg/mL fraction II 338+0.0° 111.3+0.0° 1.86

a) Excitation wavelength, 275 nm; Fmax, maximum FI; Fo,
Fmax of CaM; Amax, wavelength at Fmax. Concentration of
reagents: S0 mM HEPES buffer (pH 7.0), | mM CacCl,, 50 nM
CaM. Each analysis was done in duplicate and analysis of var-
iance and Duncan's multiple-range test carried out using the
Statistical Analysis Systems software, Version 9.1 (Statistical
Analysis System). For each column of Fmax and /2 max, values
with different letters are significantly different (p < 0.05).

b) Values are mean = SD.
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polar environment when compare to the effect observed at
12.5 pg/mL. The results provide strong indication that the
inhibitory peptides have substantial effect on CaM struc-
ture.

Upon addition of protein hydrolysate fraction II to CaM in
the presence of calcium, the Fmax of CaM also increased to
a greater extent than in the presence of calcium alone, indi-
cating a higher unfolding effect of the peptides on CaM
structure. However, in contrast to fraction I, the Fmax of
CaM decreased as fraction II concentration was increased,
which indicates peptide-induced formation of compact pro-
tein structure. For example, at fraction II concentration of
1.25 pg/mL, the Fmax of CaM increased by ~10-fold over
that of CaM alone, with a large shift in the Amax from 302
to 349 nm (Table 2). The red shift in Zmax indicates trans-
fer of the tyrosine residues to a more polar environment
when compared to their environment in the absence of pep-
tides. However, at fraction Il concentrations of 2.5 and
5 pg/mL, Fmax of CaM was decreased and accompanied by
a blue shift in Amax when compared to the effect of
1.25 pg/mL level (Table 2). The blue shift at higher fraction
II concentrations indicates transfer of the tyrosine residues
to a more hydrophobic environment possibly because the
positively charged peptides attract some water molecules
away from the CaM molecule.

3.3 Intrinsic fluorescence of eNOS

Invitro fluorescence studies on the structural characteristics
of eNOS in the absence and presence of CaM and protein
hydrolysate fractions was carried out to investigate the
structural basis for the enzyme's interaction with CaM and
peptides. There was no significant change (p > 0.05) in
Fmax of eNOS upon addition of CaM/Ca?" though a red
shift in maximum emission wavelength from 331 to 334 nm
occurred (Table 3). This is an indication of a slight change
in the structure of eNOS such that the tryptophan residues
became more exposed to the hydrophilic environment when
compared to the apo-enzyme. Addition of fraction I led to a
significant reduction in Amax such that the tryptophan
environment in the presence of 25 pg/mL was similar to
that of the apo-enzyme. There was very little change in the
Fmax of eNOS as a result of addition of CaM or
12.5 ug/mL concentration of fraction 1. However, at
25 ug/mL level of fraction I, there was a substantial
increase in Fmax, which is an indication of increased expo-
sure of the tryptophan residues. Similar to fraction I, addi-
tion of fraction II also led to significant reduction (p < 0.05)
in Amax (Table 3); however, the Fmax reduced with
increased concentration of fraction II. The decrease in
Fmax may be due to increased solvation of the positively
charged residues in fraction II, which would reduce the
amount of water available to hydrate eNOS with consequent
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Table 3. Changes in intrinsic fluorescence properties of
eNOS in the presence of calcium and different peptide con-
centrations®

Sample A max Fmax® Fmax/Fo
(nm)b)
eNOS alone 331+0.0° 433.8+4.1° —

eNOS+CaM* 334+0.00 431.7:04° 0.99
eNOS+CaM+12.5 pg/mL fraction] 333 +0.0° 419.3+5.3° 0.97
eNOS+CaM+25 pg/mL fraction I 331+0.0° 531.3+6.2* 1.22
eNOS+CaM+1.25 pg/mL fraction II 333 +0.0° 400.7+0.0 0.92
eNOS+CaM+2.5 pg/mL fractionII  330+0.0¢ 406.3+2.7¢ 0.94
eNOS+CaM+5 pg/mL fraction II 330+0.09 368.7+3.3° 0.85

a) Excitation wavelength, 295 nm; Fmax, maximum FI; Fo, FI of
eNOS only; Amax, wavelength of maximum FI. Samples that
contain CaM also contained 1 mM CaCl,. Each analysis was
done in duplicate and analysis of variance and Duncan's multi-
ple-range test carried out using the Statistical Analysis Sys-
tems software, Version 9. 1. For each column of Fmax and
Amax, values with different letters are significantly different
(p <0.05).

b) Values are mean + SD.

increased folding of the enzyme structure. The present
results differ slightly from those we reported for nNOS
using the same peptide fraction concentrations [24]; inter-
action of the peptide fractions and CaM/Ca** with nNOS
resulted in mostly increases in Amax and Fmax.

3.4 CD spectra of CaM

The far-UV spectrum of CaM (Fig. 3) is characteristic of a
typical protein with high content of a-helix structure: two
negative peaks at 222 and 208 nm, a positive peak at

Calmodulin-dependent endothelial nitric oxide synthase

Table 4. Effect of calcium and inhibitors on the proportions of
CaM secondary structure®

Sample o-helix [B-sheet PB-turn Random
(%) (%) ) (%)

CaM 49 13 15 24

CaM + calcium 62 11 13 16

CaM + calcium + fractionI 53 28 4 19

CaM + calcium + fraction II 54 21 6 19

a) Concentration of reagents: 50 mM HEPES pH 7.0; 5 mM
CaCl,; 8 uM CaM; 0.5 mg/mL protein hydrolysate fractions I
and II.

196 nm, and a crossover near 200 nm [28]. Addition of Ca*
to CaM resulted in an increase in the negative intensities of
the CD spectra at 222 and 208 nm, indicating the induction
of a higher amount of a-helical structure. These results are
consistent with previous reports showing an increase in o-
helical content of CaM upon Ca®* binding [29, 32, 33].
Addition of protein hydrolysate fractions I and II to CaM in
the presence of calcium led to decreases in the negative
intensities of the CD spectra around 222 and 208 nm. This
indicates that binding of the protein hydrolysate fractions to
CaM reduced the a-helical content of CaM. Table 4 shows
the proportion of secondary structure of CaM in the absence
and presence of calcium and peptides as calculated from
the spectra in Fig. 3. Addition of calcium to CaM increased
a-helix fraction of CaM from 49% to 62%; the level of
increase was less in the presence of the protein hydrolysate
fractions. The calcium/CaM complex had reduced propor-
tion of random structure when compared to the apo-CaM,
while addition of the peptides led to increased random
structure of the calcium/CaM complex.
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Figure 3. Far-UV CD spectra of calmodulin (CaM), CaM/Ca2* complex, CaM/Ca?*/fraction | complex, and CaM/Ca?*/fraction Il com-
plex. Experiments were performed with 8 uM CaM, 5 mM CacCl,, and 0.5 mg/mL protein hydrolysate fractions in 50 mM HEPES buf-

fer (pH 7.0).
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Figure 4. Near-UV CD spectra of calmodulin (CaM), CaM/Ca?* complex, CaM/Ca*/fraction | complex, and CaM/Ca?/fraction I
complex. Experiments were performed with 80 pM CaM, 10 mM CaCl, and 1 mg/mL protein hydrolysate fractions in 50 mM HEPES

buffer (pH 7.0).

The tertiary structure of CaM can be estimated from the
near UV spectra as shown in Fig. 4. Since CaM does not
contain any tryptophan residues, tertiary structure is esti-
mated from the responses obtained at 255—270 nm for phe-
nylalanine and 275-290 nm for tyrosine [34]. Figure 4
shows that in the absence of calcium, only the phenylala-
nine signal was evident and that the residues were located in
two different environments as evidenced by the two nega-
tive peaks obtained at 262 and 268 nm. The phenylalanine
residues that show intensity at 262 nm are in a more hydro-
phobic environment when compared to those with intensity
at 268 nm. Addition of calcium resulted in an increase in
the intensity of the negative peaks (but no change in wave-
length) (Fig. 4), which indicates increased rigidity of the
environments of the phenylalanine residues when compared
to that of CaM alone. Similar results that showed increases
in the intensity of the negative phenylalanine signal of CaM
at similar wavelengths in the presence of calcium have also
been reported [32, 35, 36]. Addition of protein hydrolysate
fractions to the CaM/Ca*" complex resulted in a slight
increase in the intensity of the negative signal of phenylala-
nine residues, but the wavelength remained unchanged
(Fig. 4). The presence of the protein hydrolysate fractions
also led to increased intensity of the tyrosine signal at about
280—285 nm, which shows that the tertiary structure of
CaM was modified. Fraction II induced more negative
intensity at 268 nm than peptide fraction I, which is consis-
tent with findings from the fluorescence studies (Table 2)
where fraction II produced greater structural changes in
CaM when compared to fraction I. This is in agreement
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with findings of Li and Aluko [32] that showed the negative
intensity of CaM at 262 and 268 nm was increased upon
addition of cationic pea protein hydrolysate fractions.

4 Discussion

Interaction of ligands with CaM represents an important
mechanism by which inhibitors can modulate activity of
CaM-dependent enzymes. We have previously shown that
the cationic flaxseed protein hydrolysates that were used in
this work exhibited strong inhibitory properties towards
nNOS [24]. The present work confirms that the protein
hydrolysates also have the capacity to inhibit eNOS,
although the mode of inhibition is different. The mixed-
type inhibition of eNOS is different from the non-competi-
tive inhibition of nNOS that we previously reported, which
indicates that the CaM-ligand interactions differ depending
on the nature of enzyme. Inhibition constants (Ki) for the
interaction between CaM-dependent eNOS and protein
hydrolysates was 2.13 and 0.01 mg/mL for fractions I and
11, respectively, which indicates greater affinity of fraction
II for CaM. The Ki values obtained in this work for eNOS
are lower than the 5.97 and 2.55 mg/mL (fraction I and II,
respectively) that we reported for nNOS [24]. Therefore, we
can conclude that the protein hydrolysate fractions are more
effective inhibitors of eNOS than nNOS. Differences in the
mode and level of inhibition for eNOS and nNOS by the
protein hydrolysate fractions may be a reflection of the fact
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that each NOS isoform interacts with different binding sites
on CaM as was previously suggested by Censarek et al.
[37]. The results suggest that fraction II, which has a higher
content of positively charged amino acid residues [24]
binds more effectively to CaM when compared to fraction I
and is similar to previous reports that have shown greater
inhibition of CaM-dependent enzymatic reactions by pro-
tein hydrolysate fractions with higher contents of basic
amino acids [17, 24].

Our previous work with two pea protein-derived cationic
hydrolysate fractions showed that there was no difference in
their histidine contents (about 2%) [17], unlike the results
obtained in the present work. Fraction II from the flaxseed
protein hydrolysates had about 11% histidine content when
compared to 2% for fraction I. Additionally, the differences
in lysine and arginine contents between the two pea protein
hydrolysate fractions [17] was much larger than the differ-
ences between the two flaxseed hydrolysate fractions that
were used in this work [24]. Overall, fraction I from the pea
protein hydrolysate contained about 10% by weight of basic
amino acids [17], when compared to 42% for the fraction I
from flaxseed protein hydrolysate [24]. The basic amino
acid content of pea fraction II was about 42% [17], which is
lower than the 51% obtained for fraction II from flaxseed
protein hydrolysate [24]. Therefore, it is very likely that the
pea protein hydrolysate cationic fractions will inhibit CaM-
dependent enzymes at levels that are different from the inhi-
bition caused by flaxseed protein hydrolysate fractions
because of the differences in the content of basic amino
acids.

Fluorescence data suggest that fraction II has a stronger
effect (higher Fmax at lower concentrations) on CaM struc-
ture than fraction I. The increase in FI of CaM upon addi-
tion of the peptide fractions is similar to that reported by Li
and Aluko [32] using pea protein-derived protein hydroly-
sate fractions. Previous studies on the binding of hormones
and neuropeptides to CaM using fluorescence spectroscopy
showed higher FI of CaM upon binding to these peptides
[29, 38]. Intrinsic fluorescence results have shown that apo-
CaM exist in a fairly folded compact structure, which
undergoes some unfolding that exposes tyrosine residues
when it interacts with calcium ions. The higher FI (exposure
of Tyr residues) of the Ca?>*/CaM complex when compared
to apo-CaM (Table 2) shows that a change in structure is
necessary for CaM to interact with and activate various tar-
get enzymes. However, the results suggests that excessive
unfolding as was induced by the protein hydrolysate frac-
tions led to reduction in the optimum configuration of
CaM. Since CaM has a net negative charge and the protein
hydrolysate fractions have net positive charges at the pH 7.0
used in this work, it is reasonable to suggest that an interac-
tion between the two reagents was responsible for the struc-
tural changes observed for CaM. This is consistent with
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previous reports that have shown that positively charged
peptides and casein hydrolysates can interact with and
affect the functional performance of CaM [13-15, 39, 40].
The stronger affinity of fraction Il is indicated by the signif-
icantly (p < 0.05) larger Fmax values of CaM when com-
pared to fraction I. However, increases in the concentration
of fraction II led to lower Fmax values, which suggest fold-
ing of CaM structure into a more globular structure. The
change into a more compact structure could have been as a
result of dehydration of the CaM protein by the highly
charged fraction II peptides.

The changes in secondary structure of CaM as promoted in
the presence of Ca*" are consistent with previous reports
that holo-CaM is stabilized by increase in the a-helix con-
tent [30]. Addition of inhibitory peptides reduced the a-
helix structure of CaM (Table 4), which further confirmed
the role of this structural conformation in activation of
eNOS. The results suggest that the inhibitory mechanism of
the protein hydrolysate fractions may be through reduction
in the a-helix fraction of CaM and possible increased level
of random structure, which could reduce the affinity of
CaM for target enzymes such as eNOS.

The near-UV region is described as the aromatic region
because aromatic amino acids (phenylalanine, tyrosine, and
tryptophan) have absorbance in this region and the spectra
obtained are used to describe the tertiary structure (folding)
of proteins [34]. The appearance of two distinct negative
peaks for Phe at 261 and 268 nm in the presence of Ca>*
indicates a structural rearrangement of CaM such that the
residues became located in more asymmetric environments,
i. e., increased rigidity of the tyrosyl side chains. The results
confirm the FI data that showed a structure modifying effect
of Ca** on CaM. The intensity of these two peaks increased
with addition of peptides; fraction II induced more negative
intensity than fraction 1. These results indicate stronger
modification of CaM structure by the protein hydrolysate
fractions when compared to the effect of Ca®". The change
produced by Ca’" may induce optimum unfolding that is
required for CaM to bind to and activate target enzymes.
However, as the CaM increasingly unfolds with addition of
protein hydrolysate fractions, it may result in protein dena-
turation and loss of ability to activate enzyme reactions.
The results are consistent with the fluorescence data that
showed fraction II produced greater structural changes in
CaM when compared to fraction 1. Our results are consis-
tent with those of previous near-UV studies of CaM that
showed two negative signals corresponding to Phe and Tyr;
calcium binding to CaM was also accompanied by an
increase of the CD spectra [35, 41]. These results indicate
that the fractions I and II interacted with CaM in the pre-
sence of calcium and the resultant structural conformations
may not be the optimum required for CaM-induced activa-
tion of eNOS.
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