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ABSTRACT: Mushrooms are high in protein content, which makes them potentially a good source of antihypertensive pep-
tides. Among the mushrooms tested, protein extracts from Pleurotus cystidiosus (E1Pc and ESPc) and Agaricus bisporus (ELAb and
E3Ab) had high levels of antihypertensive activity. The protein extracts were fractionated by reverse-phase high-performance
liquid chromatography (RPHPLC) into six fractions. Fraction 3 from ESPc (ESPcF3) and fraction 6 from E3Ab (E3AbF6) had
the highest antihypertensive activities. SDS-PAGE analysis showed ESPcF3 consisted mainly of low molecular weight proteins,
whereas E3AbF6 contained a variety of high to low molecular weight proteins. There were 22 protein clusters detected
by SELDI-TOF-MS analysis with five common peaks found in ESPcF3 and E3AbF6, which had m/z values in the range of
3940—11413. This study suggests that the antihypertensive activity in the two mushroom species could be due to proteins with

molecular masses ranging from 3 to 10 kDa.
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B INTRODUCTION

Hypertension or high blood pressure has been on the rise
worldwide. According to the World Health Organization (WHO),
nearly 1 billion people globally have high blood pressure, and it is
predicted to increase to a total of 1.56 billion in the year 2025."
Hypertension is one of the major risk factors for cardiovascular
diseases such as stroke, coronary heart disease, and peripheral
artery disease.”

Angiotensin converting enzyme (ACE) is a dipeptidyl car-
boxypeptidase of the renin—angiotensin system that plays a
key role in blood pressure homeostasis and the salt balance of
mammals. ACE is involved in the conversion of angiotensin I
to angiotensin II. This reaction ultimately causes the contraction
of blood vessels and thereby leads to hypertension. Today,
specific synthetic inhibitors of ACE are used to treat hyper-
tension, congestive heart failure, and myocardial infarction.
However, these inhibitors can induce powerful side effects, such
as angioedema.”

Nutritional factors play an important role in the prevention
and treatment of hypertension. In addition to pharmacological
treatment, a moderate lowering of blood pressure can be obtained
by a nutritional approach. Many ACE inhibitory peptides have
been detected in food proteins such as milk,® buckwheat, potato,7
tuna,® oyster,9 broceoli,*® cheese,'* and chickpea.12 Furthermore,
naturally occurring ACE inhibitory proteins have been proven to
be effective as in vivo antihypertensive agents.'® Proteins with a
high content of hydrophobic amino acids are good sources of
ACE inhibitory peptides because high hydrophilicity will make
the proteins inaccessible to the active site of ACE."*' Structural
analysis of tripeptides with high ACE inhibitory activity revealed
they usually contain amino acid residues with aromatic and
hydrophobic side chains at the carboxyl and amino termini, res-
pectively, whereas positively charged amino acids are preferred
for the middle position.'® These peptides have been found to
be less active than the synthetic ACE inhibitors; however, they
might play an important role as antihypertensive agents as they
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can be part of the daily diet in the form of functional foods and
are perceived as natural and safe by consumers."”

Mushrooms are favorite dishes in Oriental and Western
countries. Besides their nutritional value, the unique color, taste,
and aroma of mushrooms are the reasons that attract their
consumption by humans.'® Mushrooms are high in protein con-
tent; the amount of protein in mushrooms is below that in most
animal meats but above that in most other foods, such as wheat
and milk." Previous studies have shown successful purification
of ACE inhibitory peptides from the fruiting bodies of edible
mushrooms, such as Tricholoma giganteum,”® Grifola frondosa,™
and Pleurotus cornucopiae.”* Hence, mushrooms can be a good
source of bioactive peptides. Currently, there are no studies
available profiling antihypertensive peptides in edible mush-
rooms, and proteomics is an excellent tool to do this. There-
fore, the objective of the current study was to compare the
antihypertensive activity of proteins in edible mushrooms and
carry out a proteomic analysis of selected potent antihypertensive
proteins.

B MATERIALS AND METHODS

Materials. Sporocarps (or fruiting bodies) of edible mushrooms
Agaricus bisporus (button mushroom), Flammulina velutipes (golden
needle), and Lentinus edodes (shiitake) were purchased from a local
supermarket, whereas Hericium erinaceus (monkey’s head mushroom),
Pleurotus citrinopileatus (yellow oyster mushroom), Pleurotus cystidiosus
(abalone mushroom), Pleurotus flabellatus (pink oyster mushroom),
Pleurotus florida (white oyster mushroom), and Pleurotus sajor-caju (gray
oyster mushroom) were purchased from a local mushroom farm, Ganofarm
Sdn Bhd, Malaysia. a-Cyano-4-hydroxycinnamic acid (CHCA) (used
for SELDI-TOF-MS analysis) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Other chemicals, such as ammonium sulfate,
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trifluoroacetic acid (TFA), methanol, and reagents for silver staining,
were purchased from Merck (Darmstadt, Germany).

Preparation of Protein Extracts from Fruiting Bodies of
Edible Mushrooms. Fresh fruiting bodies of the nine edible
mushroom species were cleaned and sliced. Each mushroom fruiting
body was blended with distilled water at a ratio of 1:2. The mixture was
filtered and centrifuged to remove unwanted debris. Proteins were
precipitated out from the water extracts using the ammonium sulfate
precipitation method. The concentration of ammonium sulfate was
increased stepwise from 10 to 100% salt saturation, and the precipitated
protein was recovered at each step by centrifugation at 10000 rpm for 15
min at 4 °C. Then the protein extracts were dialyzed using snakeskin
dialysis tubing with a cutoff of 3500 Da (Thermo Scientific, Rockford,
IL, USA) to remove the salt from the sample. The protein extracts were
dialyzed in a cold room (4 °C) against distilled water under continuous
stirring with a magnetic stirrer for 48 h. Water was changed four times
throughout the process. Dialyzed protein extracts were freeze-dried and
stored at —20 °C for further analysis.

Estimation of Protein Content in the Protein Extracts of
Edible Mushrooms. Protein content was estimated using the Pierce
Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Scientific)
according to the protocols provided by the manufacturer. The ab-
sorbance values were measured with a Sunrise ELISA microplate reader
(Tecan, Grédig, Austria) at 562 nm. Protein content was determined by
comparing the absorbance value of the samples with a standard curve of
bovine serum albumin (BSA).

Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophore-
sis (SDS-PAGE) Analysis of Protein Extracts from Edible
Mushrooms. SDS-PAGE was used as a parameter to pool the protein
extracts precipitated from different percentages of salt saturation. It was
also used to visualize the molecular weights of the proteins in reverse-
phase high-performance liquid chromatography (RPHPLC) fractions
exhibiting the highest ACE inhibitory activities. The method was carried
out in a vertical slab gel apparatus according to the modified method of
Laemmli.”® Sample buffer and crude protein were mixed at a ratio of 1:3
(v/v) and boiled for S min. The mixture and broad range SDS-PAGE
standard markers (Bio-Rad Laboratories, Hercules, CA, USA) were then
loaded into the wells. Electrophoresis was conducted at a constant
current of 60 V to move the proteins through the stacking gel (4%
polyacrylamide), followed by 100 V to resolve the proteins in the
separating gel (16% polyacrylamide). Following electrophoresis, the gel
was fixed with a solution consisting of 40% (v/v) methanol and 10%
(v/v) acetic acid for 30 min. The protein bands were then stained by a
silver staining method.

ACE Inhibitory Activity of Water Extracts and Protein Extracts
from Edible Mushrooms. The protein extracts were tested using an
ACE inhibitory assay kit (ACE kit-WST, Dojindo Laboratories,
Kumamoto, Japan). The water and protein extracts were tested at con-
centrations of 10 mg/mL and 10 yg/mL protein, respectively. RPHPLC
fractions were tested at 1 pg/mL protein. The assay was carried out
according to the protocol provided by the manufacturer. The absorb-
ances of the samples were measured with a Sunrise ELISA microplate
reader (Tecan) at 450 nm. The ACE inhibitory activity of the samples
tested was calculated using the formula given in the protocol.

Purification of Protein Extracts from Pleurotus cystidiosus and
Agaricus bisporus with the Highest Percentage of ACE
Inhibitory Activity. Purification of four selected protein extracts
(E1Pc, ESPc, E1Ab, and E3Ab) with active ACE inhibitory activities was
carried out using an HPLC system equipped with an SCL-10AVP system
controller, an LC-10ATVP solvent delivery unit, an SPD-M10AVP UV—
vis diode array detector, and a DGU-12A degasser (Shimadzu, Kyoto,
Japan). The column used in the current study was a Chromolith SemiPrep
RP-18 column (100—10 mm, Merck, Darmstadt, Germany). First, the
crude proteins were filtered through a syringe filter before being injected
into the column. The crude proteins were eluted with an increasing
gradient of acetonitrile containing 0.05% TFA, from 0 to 50% in 10 min at a
flow rate of 3.5 mL/min. The UV absorbance of the eluent was monitored
at 220 nm. All of the protein extracts were fractionated according to the
peaks obtained. The fractions were then freeze-dried and stored at —20 °C
for further analysis.

Proteomic Analysis of Selected RPHPLC Fractions with Active
ACE Inhibitory Activity. RPHPLC fractions from P. cystidiosus
(ESPcF3) and A. bisporus (E3AbF6) were analyzed using SDS-PAGE
and surface-enhanced laser desorption ionization time-of-flight mass
spectrometry (SELDI-TOF-MS). SDS-PAGE was performed according
to the method described above, whereas SELDI-TOF-MS analysis was
carried out using hydrophobic HSO ProteinChip arrays (Bio-Rad
Laboratories). The arrays were first equilibrated with binding buffer,
which consisted of 0.5% TFA in 50% acetonitrile (v/v). Then, 5 uL
samples containing 0.5 yg of protein were spotted on the arrays. After
the arrays were air-dried, 2 yL of CHCA in 0.5% TFA in 50% acetonitrile
(v/v) was added onto the arrays, and they were left to air-dry. The
analyses were carried out on the Bio-Rad ProteinChip SELDI system
PCS4000. Data collection was carried out in positive ion mode using
the following acquisition settings: mass range, 0—20 kDa; focus mass,
10 kDa. Laser energies used for the shot sequences were based on
the following settings: warming shots, 1000 nJ; data shots, 900 nJ.
Spectra were calibrated using an external calibration against a mixture of
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Figure 1. Comparison of protein concentrations (mg/mL protein in 100 g fresh weight of fruiting bodies) between protein extracts of edible
mushrooms precipitated at 10 different salt saturations. Values are expressed as the mean =+ standard deviation (n = 3).
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standards consisting of somatostatin (1637.9 Da), arg-insulin (5969.0
Da), and cytochrome ¢ (12263.3 Da).

Statistical Analysis. The analyses of protein content and ACE
inhibitory activity were carried out in triplicate, and results were
reported as the mean + standard deviation (SD). Mean differences of
protein content and ACE inhibitory activity in mushrooms were
analyzed using one-way ANOVA in Statgraphics Plus 3.0 at p < 0.0S.
Expression difference map (EDM) analysis on the SELDI-TOF-MS
spectra was performed using ProteinChip Data Manager 3.5 (Bio-Rad
Laboratories). Peaks with mass to charge ratio (m/z) between 2000 and
30000 were analyzed. Mean peak intensities from four replicate samples
were used to determine the p value. Peak clusters were done using

Table 1. Protein Content and Percentages of ACE Inhibitory
Activity in Water Extracts from Fruiting Bodies of Edible
Mushrooms®

mushroom protein content ACE inhibitory

species (g/100 g fresh weight) activity” (%)
A. bisporus 1.70 £ 0.01 a 872+08b
F. velutipes 1.53 £0.01b 95.6+03¢g
H. erinaceus 0.96 +0.01 ¢ 90.1 +0.6f
L. edodes 270 £ 0.02 d 952+03¢g
P. citrinopileatus 2,67 +0.07d 719 £ 1.0d
P. cystidiosus 207 £0.10e 813+08a
P. flabellatus 247 £0.09 f 75413 ¢
P. florida 073 +002¢g 87.6+ 1.4b
P. sajor-caju 075 £0.01g 852+ 06e

“All values are expressed as the mean + standard deviation (n = 3).
Mean values with different letters within a column are significantly
different (p < 0.05). YACE inhibitory activity was tested at 10 mg/mL.

Table 2. Protein Extracts (S10—S100) Pooled According to
the Similarity of Protein Bands Observed by SDS-PAGE
Profile

pooled protein extracts (E)

mushroom

species 1 2 3 4 S 6
A. bisporus S$10—20 S30 S$40 S$50—60 S70—100
F. velutipes S10—-30 S40 §50—-60 S70 S80 $90—-100
H. erinaceus S10—30 S40—50 S60—70 S80—100
L. edodes S$10—20 S30—40 S50 S60 S§70—80 S90—100
P. citrinopileatus $10—40 S50 S60—70 S80—100
P. cystidiosus S$10—20 S30—-50 S60 S$70—-80 S90 S100
P. flabellatus $10—40 SSO S60 §70—80 S90—100
P. florida S10—40 S50 S60—70 S80 S90—100
P. sajor-caju S$10-20 S30-50 S60 S70 §80—100

second-pass peak selection with S/N > 2, within 0.1% of the mass
window and allowing estimated peaks to be included; p < 0.01 was
considered to be statistically significant.

B RESULTS AND DISCUSSION

Comparisons of Protein Content and ACE Inhibitory
Activity in Water Extracts from Fruiting Bodies of Edible
Mushrooms. The concentrations of proteins in water extracts of
edible mushrooms were estimated using the BCA protein assay
kit. As shown in Table 1, the protein contents of the nine edible
mushroom species were in the range of 0.73—2.70 g/100 g fresh
weight; L. edodes and P. citrinopileatus had the highest protein
content. These were followed by P. flabellatus and P. cystidiosus.
The most commonly cultivated Pleurotus species in Malaysia,
P. florida and P. sajor-caju, had the lowest protein contents
compared to the other mushroom species tested in the current
study. A. bisporus had a similar protein content compared to
samples of A. bisporus from Italy (1.63 g/100 g fresh weight) and
northeastern Portugal (1.23 g/100 g fresh weight).**** L. edodes
also showed a similar protein content compared to samples of
L. edodes from Turkey, which had protein concentrations in
the range of 2.07—2.94 g/100 g fresh weight.26 However, lower
protein contents for L. edodes was reported in samples from
Italy (1.53 g/100 g fresh weight) and northeastern Portugal
(0.89 g/100 g fresh weight).”*** P. sajor-caju in the current
study had a lower protein content compared to P. sajor-caju as
determined by Caglarirmak®® and Bonatti et al,,>” who reported
1.76 and 1.54 g/100 g fresh weight, respectively. Substrates used
for mushroom cultivation, temperature, and humidity during
growth as well as the age of the harvested mushroom have
been reported to influence the chemical composition and nutri-
tional value of mushrooms.'”® Hence, different pre- and post-
harvest conditions may cause variations in the protein content
of mushrooms.

The ACE inhibitory activity of water extracts from the nine
mushroom species were tested at a concentration of 10 mg/mL.
Referring to Table 1, the percentages of ACE inhibitory activity
were in the range of 71.9—95.6%. The highest ACE inhibi-
tions were exhibited by F. velutipes and L. edodes, followed by
A. bisporus and P. florida. The lowest ACE inhibitory activity
was shown by P. citrinopileatus. The antihypertensive activity
reported in the current study was higher compared to previ-
ous reports. Water extracts of A. bisporus and P. sajor-caju were
reported to inhibit 27.3 and 38.7% of ACE, respectively, at a
concentration of 25 mg/mL, whereas different strains of
F. velutipes inhibited ACE activity in the range of 13.7—32.9%.°

Table 3. Percentages of ACE Inhibitory Activity in Pooled Protein Extracts from Edible Mushrooms®

pooled protein extracts (E)

mushroom species 1 2 3 4 S 6
A. bisporus 784 + 4.4 s 8.3 £ 3.2 abed 714 + 09 r 393+ 13p 8.1 £ 2.8 abed
F. velutipes 18.3 + 3.5 fghi 15.8 + 0.8 efg 12.6 + 2.2 cdef 13.7 + 3.2 def 16.4 + 3.7 efgh 19.8 + 0.5 ghij
H. erinaceus S4+34a 59+29a 6.3+ 1.8ab 6.9 + 4.6 abc
L. edodes 11.7 £ 2.1 bede 16.6 + 6.3 efgh 24.9 + 2.8 jkl S7+29a 33x+19a 46+26a
P. citrinopileatus 411+ 44p 20.9 + 1.6 ghij 152 + 4.9 efg 20.2 + 1.5 ghij
P. cystidiosus 96.2 + 0.6 u 475 £2.7q 31.6 £ 6.1 mno 31.5 + 2.3 mno 86.7 + 2.8t 483 +26q
P. flabellatus 284 + 3.1 kim 36.5 + 4.1 op 21.8 + 3.9 hij 19.9 + 3.0 ghij 22.0 + 3.4 hij
P. florida 25.5+ 23kl 242 +85jk 17.0 + 3.1 efgh 22.9 + 4.7 ijk 45+42a
P. sajor-caju 412+£73p 30.6 + 0.8 Imn 35.9 £ 2.2 nop 32.2 + 4.2 mno SSx17a

“All values are expressed as the mean + standard deviation (n = 3). Different letters indicate significant differences (p < 0.05) analyzed with one-way
ANOVA. ACE inhibitory activity was tested at 10 pg/mL protein. Protein extracts highlighted in bold were selected for further purification.
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Figure 2. RPHPLC chromatograms of protein extracts from P. cystidiosus (E1Pc and ESPc) and A. bisporus (E1Ab and E3Ab). Fractions collected were

labeled as F1—F6.

Kim and co-workers™ also reported lower ACE inhibitory activi-
ties for L. edodes and F. velutipes, where 50% of ACE acti-
vity was inhibited at concentrations of 18.4—39.3 and 7.4—
22.6 mg/mL, respectively. The conditions of extraction of ACE
inhibitor from mushrooms have been reported to influence the
level of ACE inhibitory activity. The optimum extraction con-
ditions for T. giganteumn and Pholiota sp. were at 30 °C for 3 and
1h, respectively.20 G. frondosa required a longer extraction time,
that is, 12 h.*!

In the current study, there was no correlation between the
protein content and the ACE inhibitory activity (R* = 0.1442).
This is supported by a report by Apostolidis et al,>® which

12344

showed no correlation between the two parameters. This may
indicate that other compounds in the crude water extract could
have interfered or competed with proteins to bind to the active
site of ACE. Therefore, protein purification is important to
eliminate other compounds that might hinder the true effect of
these proteins.

Protein Extraction from Edible Mushrooms. Proteins
were precipitated from the water extracts of the nine edible
mushrooms by different percentages of salt saturation ranging
from 10 to 100% (S10—S100). Figure 1 shows a comparison
of the protein concentrations in the protein extracts of each
mushroom species tested. Most mushroom species in the current
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Table 4. Percentages of Recovery Yield and Percentages of ACE Inhibitory Activity of the RPHPLC Fractions”

protein extracts

E1Pc ESPc E1Ab E3Ab

RPHPLC fraction % recov % inh % recov % inh % recov % inh % recov % inh
F1 15.75 33+06a 5.53 19.2 + 4.5 de 9.62 9.2 + 3.8 bc 6.06 7.7 + 2.2 abc
F2 6.16 7.7 + 5.0 ab 4.95 284 +59fg 12.00 7.4 + 2.9 abc 10.16 129 +2.3 cd
F3 21.78 10.6 + 3.2 abc 5.36 308+ 5.6¢g 722 12+27a 6.90 144 + 7.6 cd
F4 9.74 259 +£29 efg 8.33 21.4 + 4.5 def 19.14 44 +2.1ab 17.18 122 + 5.7 cd
FS 15.06 21.9 + 5.4 def 14.46 19.1 + 4.7 de 6.69 3.8 + 4.7 ab 5.35 168 +2.7d
F6 13.24 14.7 + 6.8 bed 17.48 174 + 4.1 cd 7.84 19.3 + 6.8 de 6.15 257 +42e
total 81.73 56.11 62.51 51.80

“All values were tested in triplicate and expressed as the mean =+ standard deviation (n = 3). Different letters within the same mushroom species
indicate significant differences (p < 0.0S) in percentage of ACE inhibitory activity analyzed with one-way ANOVA. ACE inhibitory activity of
RPHPLC fractions was tested at 1 ug/mL protein. RPHPLC fractions highlighted in bold were selected for further analysis.

study had the highest concentration of protein precipitated at
$50—S70, except for A. bisporus (S40) and P. sajor-caju (S90).
Theoretically, proteins with large numbers of hydrophobic resi-
dues should precipitate out first. Hence, mushrooms tested in
the current study contain high amounts of amphipathic pro-
teins. This is in line with a report that mushrooms contain
several unique proteins intermediate in hydrophobicity, includ-
ing lectins, lignocellulotic enzymes, and hydrophobins.>!

The 10 protein extracts from the 9 mushroom species were
subjected to SDS-PAGE analysis. Protein extracts with similar
SDS-PAGE protein band profiles were pooled together in
the same group as shown in Table 2. Protein extracts from
H. erinaceus and P. citrinopileatus were pooled into four groups,
whereas A. bisporus, P. flabellatus, P. florida, and P. sajor-caju were
pooled into five groups. F. velutipes, L. edodes, and P. cystidiosus
were divided into six groups.

Comparisons of ACE Inhibitory Activity in Pooled
Protein Extracts from Edible Mushrooms. The ACE
inhibitory activity of the pooled protein extracts from the mush-
rooms was tested at a concentration of 10 ug/mL protein.
Previously in Table 1, water extracts of the different species
showed 71.9—95.2% of ACE inhibitory activity at 10 mg/mL,
that is, a maximum difference of 23.7% among the species.
However, protein extracts separated on the basis of variations in
hydrophobicity by ammonium sulfate precipitation (Table 3)
showed significant differences in their percentages of anti-
hypertensive activity. According to the study by Barbosa-Filho
etal,,>” natural compounds showing active ACE inhibition include
proteins, flavonoids, alkaloids, sesquiterpenoids, and terpenes.
Among these, protein was the most reported compound showing
active ACE inhibitory activity. In addition, proteins with a high
content of hydrophobic amino acids are good sources of ACE
inhibitory peptides.'*">

Among the protein extracts, E1 from P. cystidiosus (E1Pc)
showed the highest ACE inhibitory activity, blocking 96.2% of
ACE activity in the inhibition assay. This was followed by ES of
P. ¢ystidiosus (ESPc) with 86.7% ACE inhibition. E1 and E3 of A.
bisporus (E1Ab and E3Ab) also showed significantly higher ACE
inhibitory activities compared to the other mushroom species,
78.4 and 71.4%, respectively. Thus, to further characterize the
proteins, the four protein extracts with the most potent ACE
inhibitory activity were selected for further purification by
RPHPLC.

Purification of ACE Inhibitor from Pleurotus cystidiosus
and Agaricus bisporus by RPHPLC. RPHPLC chromato-
grams of E1Pc, ESPc, E1Ab, and E3Ab are shown in Figure 2.

The two protein extracts of P. cystidiosus had different peak
patterns, but the two protein extracts of A. bisporus showed very
similar peak patterns. This could be because the percentages of
salt saturation for E1Ab (S10—S20) and E3Ab (S40) were quite
close. Thus, some proteins with similar characteristics could be
precipitated within these salt saturation solutions.

Six RPHPLC fractions (F1—F6) were collected from each
protein extract. They were freeze-dried and evaluated for ACE-
inhibitory activity. Referring to Table 4, RPHPLC fractions col-
lected from E1Pc and E1Ab had higher recovery rate percentages
compared to ESPc and E3ADb, respectively. The total percentage
of proteins collected showed that not all of the proteins were
recovered from the four protein extracts. Previous work has
shown that proteins denature and lose their bioactivity in 50%
aqueous—acetonitrile solution.>® In view of this complication, we
eluted proteins from the RPHPLC column only to a maximum of
50% acetonitrile. Proteins eluted by >50% acetonitrile were
therefore eliminated from analysis.

ACE inhibitory activities of the protein fractions collected
from RPHPLC are shown in Table 4. Approximately 3.3—25.9%
of ACE was inhibited by the RPHPLC fractions from E1Pc,
whereas the antihypertensive activity of the RPHPLC fractions
from ESPc was in the range of 17.4—30.8%. RPHPLC fractions
from E1ADb and E3ADb inhibited ACE activity in the ranges of
1.2—19.3 and 7.7—25.7%, respectively. Apparently, in the current
study, proteins with intermediate hydrophobicity (based on the
percentage of ammonium sulfate used) precipitated in ESPc and
E3Ab had higher ACE inhibitory activity compared to RPHPLC
fractions collected from E1Pc and E1Ab, respectively. This is
supported by a report that proteins with higher hydrophobicity
are good ACE inhibitors.'* In addition, studies by Wang et al.**
revealed that proteins isolated from apricot almond meal, which
contain 50.08% hydrophobic amino acids, had good ACE inhibi-
tory activity, inhibiting 50% of ACE activity at a concentration
of 0.138 mg/mL.

In previous studies, different ACE inhibitory peptides had
been purified from different species of edible mushrooms.”~**
This shows that different proteins in the mushroom species
were responsible for the ACE inhibitory activity. Hence, the
RPHPLC fractions with the highest ACE inhibitory activities
from P. cystidiosus (ESPcF3) and A. bisporus (E3AbF6) were
selected for further analysis by SDS-PAGE and SELDI-TOF-MS
to compare their protein characteristics.

Proteomic Analysis of Selected RPHPLC Fractions with
Active ACE Inhibitory Activity. The protein characteristics of
ESPcF3 and E3AbF6 analyzed by SDS-PAGE and SELDI-TOF-MS

dx.doi.org/10.1021/jf3042159 | J. Agric. Food Chem. 2012, 60, 12341—12348
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Figure 3. Proteomic analysis of ESPcF3 and E3AbF6 by (A) SDS-PAGE and (B) SELDI-TOF-MS. Dashed line arrow, similar proteins present in SDS
PAGE of ESPcF3 and E3AbFG6; solid line arrow, similar proteins present in SELDI-TOF-MS spectra of ESPcF3 and E3AbF6; SELDI-TOF-MS spectra,
the x-axis of the spectra indicates the mass-to-charge ratio (m/z) of protonated proteins, and the y-axis indicates the relative intensities of mass spectral

signals.

are shown in Figure 3. Referring to Figure 3A, SDS-PAGE of
the two RPHPLC fractions revealed mostly proteins of low
molecular mass (<30 kDa). Most previous studies on food-
derived peptides with ACE inhibitory abilities also feature
relatively low molecular weight proteins. ~'2 Proteins with mole-
cular masses of 3—10 kDa have been reported to exhibit mode-
rate ACE inhibitory activity.>>* In the current study, ESPcF3
and E3ADF6 have protein bands with molecular masses of 7 and

12 kDa as well as 5, 8, and 13 kDa, respectively. Therefore, it is
possible to suggest that these low molecular weight proteins
could be responsible for triggering the ACE inhibitory activity in
ESPcF3 and E3ADbFé6.

There were two protein bands common to ESPcF3 and
E3AbF6 of molecular masses of 16 and 18 kDa. Besides the two
common bands, ESPcF3 contained a distinct 17 kDa band, which
was not visualized in E3AbF6. On the other hand, E3AbF6

dx.doi.org/10.1021/jf3042159 | J. Agric. Food Chem. 2012, 60, 12341—-12348
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contained eight protein bands not detected in ESPcF3. They
consisted mostly of high molecular weight proteins. According to
Natesh et al.,*” large peptide molecules are restricted for fitting
into the active site of ACE. Therefore, the ACE inhibitory activity
in E3AbF6 might not be attributable to these high molecular
weight proteins.

SELDI-TOF-MS has been reported to be the most effective
method for profiling low molecular mass proteins and peptides
(<30kDa),* providing a complementary visualization technique
to SDS-PAGE data. SELDI-TOF-MS spectra of ESPcF3 and
E3AbP6 are shown in Figure 3B. EDM analysis of the two
RPHPLC fractions had identified 22 protein clusters (Table S).

Table 5. EDM Analysis of Peak Intensities Observed in
SELDI-TOF-MS Spectra of ESPcF3 and E3AbF6

peak intensities® (4A)

b

protein cluster” m/z p value ESPcF3 E3AbF6

2552.0 + 0.9 0.021 ND 599 +£5.7
29192 +£ 0.9 0.021 ND 39.4 + 43
3189.0 + 1.3 0.021 ND 709 + 114
32232 + 1.1 0.021 ND 60.1 + 11.9
3317.7 £ 09 0.021 ND 2957 £ 7.7
36212 + 1.0 0.021 ND 102.0 + 19.2
3940.6 + 2.8 0.021 66.9 + 2.8 224 +23
4254.8 + 1.0 0.021 421 +2.6 30.6 + 3.0
52912 + 0.5 0.021 259 + 0.5 ND
5496.6 + 0.4 0.021 85.0 +54 352 +4.0
5906.9 + 2.3 0.021 ND 30.1 £2.0
6022.5 + 0.8 0.021 ND 425 +74
7876.5 + 0.6 0.021 2262 + 394 ND
8193.5 + 0.6 0.021 189.2 + 5.4 ND
8223.6 + 1.1 0.021 141.5 + 49 ND
8244.2 + 0.6 0.021 284.9 + 13.5 ND
8291.8 +2.3 0.040 ND 76.5 + 3.9
8305.8 + 1.4 0.021 88.5 +2.5 158.3 + 14.7
8328.2 + 22.1 0.021 80.3 +2.6 50.1 +4.5
8516.6 + 0.6 0.021 80.3 + 13.9 ND
8629.5 + 0.7 0.021 95.2 + 14.9 ND

11413.5 + 2.7 0.021 50+03 39.6 + 3.4

“Proteins with similar molecular masses were clustered during EDM
analysis. The m/z value for each protein cluster is presented as the
mean =+ standard deviation (n = 4). Protein clusters highlighted in
bold are common proteins detected in ESPcF3 and E3AbF6. "Values
with p < 0.0 indicate the protein peaks were statistically significant in
the two samples. “Peak intensities are presented as the mean +
standard deviation (n = 4). ND, peaks were not detected. Intensities of
ND peaks are only estimated values for clustering purposes during
EDM analysis. Thus, their intensities are not shown.

The SELDI-TOF-MS spectra of E3AbF6 contain SELDI peaks
of high intensity lower than m/z 3500. These peaks were not
detected in ESPcF3. In the current study, proteins lower than
3500 Da should have been removed during dialysis of the pro-
tein extracts by snakeskin dialysis tubing (3500 Da cutoff). As
reported previously, intact protein structures may become
unstable in 50% aqueous—acetonitrile mixtures.”” On the basis
of the location of the peak in the RPHPLC chromatogram
(Figure 2), the fraction was collected from the gradient in close
to a 50% water—acetonitrile mixture. The fact that proteins
smaller than 3500 Da could represent broken down or frag-
mented proteins might explain their detection in the SELDI
spectra of E3AbF6.

There were five common peaks with m/z values 3940, 4254,
5496, 8300, and 11413 detected in ESPcF3 and E3ADbF6. The
high intensity of these common peaks shows they could play
a role in the high levels of ACE inhibitory activity exhibited by
the two RPHPLC fractions. Besides the five common peaks,
there were seven additional peaks with m/z values of 5291,
7876—8244, and 8516—8629 detected only in ESPcF3, whereas
E3ADbF6 contained three additional peaks with m/z values of
5906, 6022, and 8291 that were not detected in ESPcF3.
Interestingly, the m/z values of these proteins were in the range
of 3000—10000. Therefore, this further supported the SDS-
PAGE results, which showed the ACE inhibitory activity in
ESPcF3 and E3ADF6 could be attributed to proteins ranging
from 3 to 10 kDa. In addition, the greater quantity of peptides
with molecular mass ranging from 3000 to 10000 Da detected in
ESPcF3 might explain the higher ACE inhibitory activity in
ESPcF3 compared to E3AbF6.

In conclusion, mushrooms are a good source of antihyperten-
sive proteins. This study demonstrated that proteins from
P. ¢ystidiosus and A. bisporus exhibited the highest ACE inhibitory
activity. Proteomic analysis of ACE inhibitory proteins from
P. cystidiosus showed they consist mainly of low molecular weight
proteins with molecular mass ranging from 3 to 10 kDa. In
contrast, the ACE inhibitory proteins from A. bisporus not only
consist of proteins ranging from 3 to 10 kDa but also high
molecular weight proteins. The detection of different ACE
inhibitory proteins from P. cystidiosus and A. bisporus shows that
these potentially active proteins possessed different character-
istics. This suggests that the protein structures and the type of
amino acid residues that make up the protein sequence may
make contributions to the inhibition of ACE enzyme. Therefore,
it is important to validate the structure and amino acid char-
acteristics to relate the protein to antihypertensive activity.
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