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Abstract This study compared two methods for extract-
ing the protein in pennycress (Thlaspi arvense L.) press
cake and determined the composition and functional prop-
erties of the protein products. Proteins in pennycress press
cake were extracted by using the conventional alkali-solu-
bilization—acid-precipitation (AP) method or saline-based
(SE) procedure (0.1 M NaCl at 50 °C). The extraction
method has a major influence on the purity and functional
properties of press cake protein products. AP had a lower
protein yield (23 %) but much higher purity (90 % crude
protein) compared with SE (45 % yield, 67 % crude pro-
tein). AP protein isolate had high foam capacity (120 ml),
high foam stability (96 % foam volume retention) and high
emulsion stability (24-35 min), and it was resistant to heat
denaturation (3 % loss of solubility at pH 2 and pH 10). On
the other hand, SE protein concentrate showed remarkably
high solubility (>76 %) between pH 2 and 10 and excep-
tional emulsifying activity (226412 m*/g protein), but was
more susceptible to heat denaturation at pH 7 and pH 10
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(65-78 % loss of solubility). These results strongly demon-
strate that higher purity pennycress press cake protein can
be produced by either saline extraction or acid precipitation
and have functional properties that are desirable for non-
food uses.

Keywords Pennycress - Pennycress proteins - Press
cake - Protein extraction - Protein functionality

Introduction

The winter annual crops field pennycress (Thlaspi arvense
L.; Brassicaceae) and camelina (Camelina sativa; Bras-
sicaceae) have attracted much interest as new potential
energy crops because their oils are highly promising alter-
native feedstocks for biodiesel production. Their different
growing seasons (fall planting, early spring harvest) would
allow for two-crop rotation with soybeans grown in upper
midwestern region of the US [1, 2]. Field pennycress, his-
torically considered as an agricultural weed, grows exten-
sively in temperate North America and has several desir-
able agronomic traits, such as high seed yield and high oil
content in seeds, which are advantageous to a feedstock.
Evangelista et al. [2] developed methods for the
mechanical pressing of oil from pennycress seed, with or
without the seed-cooking step. The oil produced was evalu-
ated for biodiesel production and met ASTM D6751 speci-
fications [3]. The seed meal has shown potential as a start-
ing material for a pyrolysis-based production of liquid jet
fuel intermediates [4]. There is substantial protein in pen-
nycress seed (20-27 %) and press cake (35 %) [5, 6]. The
press cake is anticipated to be the primary source of pen-
nycress protein, which could become the major co-product
of processing pennycress oil for biodiesel production. We
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reported previously that crude protein in pennycress seed
had eight major polypeptides within M.W. 5—41 kDa and
that the major soluble classes were albumins and globulins
(42 % of total protein) [5, 6]. We also found that oil-pro-
cessing conditions did not negatively affect the amino acid
contents and that, given their higher values of amino acid
scoring patterns (sum of essential amino acids less tyros-
ine), the nutritional quality of pennycress seed and press
cake proteins was superior to those of meals from soybean
and canola [6].

Based on our findings on the identity and proportion of
soluble protein classes and the protein solubility profile,
we developed methods for the extraction and recovery of
protein from ground pennycress seed (meal) and success-
fully produced high-purity protein isolates (90-97 % crude
protein content [7]). Pennycress seed meal protein isolates
were sinigrin-free and had amino acid profiles that were
comparable with those reported for soybean protein iso-
late. Compared with canola protein isolate, pennycress seed
meal protein isolate contained greater amounts of essential
amino acids. Pennycress seed meal protein isolate produced
by the saline extraction method (0.1 M NaCl at 50 °C) was
notably more soluble (68-91 % solubility at pH 2 and >7)
and had outstanding emulsifying properties, as indicated
by the emulsifying activity and emulsion stability values
(141-208 m?/g protein; 14-34 min) that were much greater
than those observed for protein produced by conventional
acid precipitation. Despite its poorer solubility, the acid-
precipitated pennycress seed meal protein isolate showed
greater foaming capacity (128 ml), formed more stable
foam (92-98 % remaining foam volume after 15 min) and
had markedly greater stability to heating (<4.0 % loss of
soluble proteins at pH 2, 7, and 10) [7].

The earlier studies on the production of protein isolates
from canola and rapeseed (members of the Brassicaceae
family like pennycress), using the conventional method
of alkali solubilization followed by acid precipitation at
isoelectric pH [8-10], corroborate our results for penny-
cress seed meal protein isolate. The resultant canola pro-
tein products had 76-80 % crude protein [10]. Protein
content increased greatly (88—100 % crude protein) when
ultrafiltration was included in the procedure [8, 11]. An
added benefit to using ultrafiltration was the near-complete
removal of glucosinolates and phytates in canola and rape-
seed protein isolates [11].

The present work is an extension of our pennycress seed
meal protein research and focuses on the protein in press
cake produced by seed cooking and screw pressing [2, 6].
This article reports our efforts to recover a higher purity
protein product from pennycress press cake using conven-
tional acid precipitation and the saline-based extraction
method that we had employed for the seed meal protein
isolate. This report also includes the composition, amino
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acid profiles, SDS-PAGE results and functional properties
(solubility, foaming, emulsification, water-holding capac-
ity, heat coagulability) of the protein extracts obtained by
the two methods.

Materials and Methods
Seed Preparation and Press Cake Production

Field pennycress (Thlaspi arvense L.) seeds, harvested in
2010 from a single location near Peoria, Illinois, were used
to prepare the seed meal and press cake as described in
detail in our previous reports on pennycress proteins [6, 7].
Briefly, cleaned and dried seeds (ca. 10 % moisture content)
were first cracked in a roller mill, ground into 0.35 mm par-
ticle size and then partially defatted with hexane at 25 °C to
an oil content of ca. 10 %. The air-dried meal was ground
to a final particle size of 0.25 mm (60 mesh) by using a pin
mill (Alpine Model 160z, Augsburg, Germany), then defat-
ted again with hexane at 25 °C until a residual oil content
of <0.5 % (db) was obtained. After air-drying, defatted pen-
nycress meal was stored in screw-capped polyethylene con-
tainers at ambient conditions until use.

Press cake was produced by the pilot-scale oil press-
ing method of Evangelista and co-workers [2], which we
described in detail previously [6]. Sixty kilograms of
cleaned, dried pennycress seeds was placed in a laboratory
seed conditioner (Model 324, French Oil Mill Machinery
Co., Piqua, OH) where they were heated to 82 °C (180 °F)
and held at this temperature for 20 min. Cooked seeds
then immediately underwent mechanical oil extraction by
using a heavy-duty laboratory screw-press (Model L-250,
French Oil Mill Machinery Co., Piqua, OH). When the
press reached steady-state operating conditions, three press
cake samples, each ca. 500 g, were taken at 5-min inter-
vals and air-dried under ambient conditions. The air-dried
press cakes were combined, ground in a cutter mill (Model
30625 ABBE Engineering Co., New York) to pass through
0.35-mm (40-mesh) screen, then defatted with hexane for
1 h in a Soxhlet apparatus. The ground, defatted press cake
was air-dried in a fume hood until no hexane odor was
detectable and then stored in screw-capped polyethylene
containers at ambient conditions until use.

Extraction of Pennycress Proteins

Proteins in ground, defatted pennycress press cake were
extracted by following the conventional acid precipitation
or saline extraction method (Fig. 1) that we used previously
to produce protein isolates from pennycress seed meal [7].
The alkali-solubilization—acid-precipitation method (Fig. 1,
left) was modeled after the commercial process for soybean
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protein isolates [12, 13]. One hundred grams of ground,
defatted press cake was first mixed with 1.0 1 of distilled
water that was already pre-heated to 50 °C and adjusted to
pH 10.0 by adding 1.0 M NaOH. The container with the
sample mixture was immersed in a 50 °C water bath. The
mixture was stirred by an overhead stirrer (Caframo Model
BDC 1850, Caframo Ltd., Wiarton, Ontario, Canada) at
250 rpm for 90 min. The mixture was kept at pH 10 for
the duration of the stirring by periodic, drop-wise addi-
tion of 1.0 M NaOH. After centrifugation at 10,000x g
and 25 °C for 20 min, spent solids were saved, eventually
freeze-dried, and stored for further analyses. Meanwhile,
protein was precipitated from the supernatant by adding
1.0 M HCI until pH 4.5 was reached, then centrifuged at
10,000x g and 25 °C for 20 min. The precipitated protein
was re-suspended in ca. 500 ml water, and the mixture’s
pH was adjusted to 7.0 by adding 1.0 M NaOH. The mix-
ture was centrifuged as before, after which the solids were
discarded. The supernatant was poured into SpectraPor
molecular porous membrane tubings (MWCO 3.5 kDa),
dialyzed against deionized water at 4 °C, freeze-dried and
then stored for further testing. Extractions were done in
duplicate.

Saline extraction (Fig. 1, right) was done as we
described previously [7]. The initial mixing step and condi-
tions were similar to those in acid precipitation, except that
the solvent was 0.1 M NaCl, stirring time was 2 h, and a
second mixing/stirring stage was added. Spent solids were
collected, freeze-dried and stored as described in the pre-
ceding paragraph. Protein contents of the spent solids and
of the starting press cake were used to calculate protein
recovery. Extracts from the two stages were combined and

centrifuged at 25 °C and 10,000 g for 20 min. Solids were
removed. The supernatant was vacuum-filtered, allowed to
stand overnight at 4 °C and decanted through a thick cotton
cloth. The decanted liquid was concentrated (from ca. 2.0 1
to 550 ml) by ultrafiltration (Pall Centramate System, Pall
Process Filtration Co., East Hills, New York) using the fol-
lowing conditions: polyether sulfone membrane, MWCO
3.5 kDa, inlet pressure 28 psi, outlet pressure of 21-25 psi,
initial flux 1.5 1/min/m?. The ultrafiltered extract was
freeze-dried and then stored for compositional and protein
functionality testing. Extractions were done in duplicate.

Proximate and Amino Acid Composition

The composition and amino acid profiles of seed meal,
press cake and recovered proteins were determined by
following the methods that were described in our earlier
work on pennycress seed and protein isolates exactly [6,
7]. Moisture, crude protein (Dumas %N x 6.25), crude
oil and crude fiber contents were analyzed according to
AOCS standard methods Ba 2a-38, Ba 4e-93, Am 5-04
and Ba 6-05, respectively [14], while the ash contents were
analyzed according to AOAC method 942.05 [15]. Amino
acid content analysis was done by the University of Mis-
souri-Columbia Experiment Station Chemical Laboratories
according to AOAC Method 982.30 E [15].

Determination of Sinigrin Content
Sinigrin content was determined by following the proce-

dure we described for pennycress seed meal and its protein
isolates [7], which was modified from the HPLC method
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of glucosinolate quantitation developed by Betz and Fox
[16]. Glucosinolates were detected by monitoring at
237 nm. Glucosinolate concentrations in the samples were
calculated from a standard curve of freshly prepared pure
sinigrin (Sigma), expressed on a nmoles injected basis.
Relative concentrations were calculated from the sinigrin
standard curve and converted to mg/g dry weight.

SDS-PAGE

SDS-PAGE was done by following the method that we
described in detail previously [6]. Reduced proteins from
defatted pennycress seed meal, ground press cake, freeze-
dried protein extracts and spent solids after protein extrac-
tion were prepared (4 mg protein/ml) and loaded (15 pl)
onto a 4-12 % pre-cast gradient gel, alongside protein
standards with molecular weight range 6.5-200 kDa.

Functional Properties

Freeze-dried protein extracts from seed meal and ground
press cake were evaluated for their solubility, foaming
capacity, foam stability, emulsion activity index (EAI),
emulsion stability index (ESI), water-holding capacity
(WHC) and heat coagulability. The methods for functional-
ity tests were identical to those that we used for pennycress
seed protein isolates [7].

Protein solubility was tested at pH 2, 4, 5.5, 7, 8.5 and
10 [17]. Soluble protein content at each pH was determined
spectrophotometrically, with bovine serum albumin used
for the standard curve.

EAI and ESI were determined were determined at pH
7, as well as the pH where the proteins were most solu-
ble [18]. Six milliliters of sample (1 mg protein/ml) mixed
with 2 ml corn oil was emulsified by a homogenizer (Fisher
PowerGen 35, Fisher Scientific, Pittsburgh, PA) set at high
speed (30,000 rpm) for 1 min. Absorbance readings of
the emulsified samples were taken at 500 nm and used to
calculate EAI (in m%g) and ESI (in min) according to the
equation provided by Wu et al. [18].

Foaming capacity and foam stability of protein samples
(10 mg protein/ml) were determined at pH 7 and the pH
where the proteins were most soluble. The foaming appara-
tus was a graduated column fitted with a coarse fritted disk
at the bottom. Air flowed in through the stem at a rate of
100 ml/min at 20 psi. The volume (ml) of foam produced
in 1 min represented the foaming capacity, while the por-
tion of foam left after standing for 15 min represented foam
stability [17].

The method for determining WHC was modified from
that of Balmaceda ef al. [19] for insoluble or partly solu-
ble materials. WHC was evaluated at pH 7.0, and pH 2.0
or 10.0.
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Heat coagulability was also evaluated at pH 2.0, 7.0 or
10.0. Protein samples contained 50 mg protein/ml. Twenty
milliliters of the supernatant was heated for 30 min in a
90-100 °C water bath, cooled to ambient temperature, cen-
trifuged (10,000x g at 25 °C for 30 min) and then poured
through Whatman no. 2 filter paper. The protein contents
of the filtrate and of the unheated portion of the superna-
tant were determined by the Dumas combustion method
[14]. Heat coagulability was the loss in protein solubility
(expressed in %) after heating [17].

Statistical Analyses

Significant differences among the treatments (p < 0.05)
were detected by using analysis of variance (ANOVA) and
Duncan’s multiple range tests on duplicate or triplicate rep-
lications of data. The SAS Systems for Windows software
(SAS Institute Inc., Cary, NC) was used to perform these
statistical analyses.

Results and Discussion
Proximate Composition

Pennycress seeds were previously reported to contain
28-33 % (db) oil [2] and 27.2 % (db, oil-free basis) crude
protein [5]. In the research that followed, which dealt with
the effects of oil pressing on pennycress seed protein [6],
we reported that the meal (ground seed) and press cake
had crude protein contents of 33-35 % (db, oil-free basis).
We attributed these higher protein values to the differ-
ent harvest batch and better preparation and quality of the
starting seeds prior to oil processing. In our current work,
which also used the same batch of starting materials as
the oil pressing study, the compositional analyses showed
that the seed meal and press cake from cooked seed have
near-identical amounts of crude fiber (15 % db), ash (8 %
db) and carbohydrates (42 % db) (Table 1). Regarding the
carbohydrates, Selling et al. [5] noted that arabinose, fruc-
tose, galactose, glucose, mannose and xylose were the sug-
ars isolated from ground pennycress seed. The crude fiber
and ash contents in pennycress seed meal and press cake
are similar to those reported for rapeseed and canola meals
[20, 21]. In rapeseed and canola, the substantial presence of
fiber comes from the hulls, which accounts for 15 % of the
seed weight and whose carbohydrates are mainly pectins
and amyloid-type polysaccharide [21].

The freeze-dried extract from acid precipitation had
substantially greater protein contents than the extract from
saline extraction (Table 1), with its value very near the clas-
sification for protein isolates [at least 90 % (db) [13]]. Both
extracts had very little residual oil and no crude fiber, but
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Table 1 Protein recoveries from extraction methods and proximate composition of pennycress seed meal, press cake and recovered protein

extracts
Pennycress sample Protein recovery® Crude protein Crude fat (% db)  Crude fiber (% db)  Ash (% db) Carbohydrates (by
(%) (% db) difference) (% db)

Seed meal, defatted  None 334+15¢c¢ 03+0.1a 153+ 10a 81+0.1b 428
Cooked-seed press None 35.1+03c¢ 02+00a 149+02a 8.1£00b 41.7

cake

Protein, saline 454+04a 66.6 £0.2b 0.1+£0.0a 0.0+0.0b 149+0.1a 184

extraction
Protein, acid 23.0+0.3b 86.5+02a 05+04a 0.0+0.0b 35+00c¢ 9.5

precipitation

Means =+ standard deviations of duplicate extraction trials and triplicate analyses for composition data per trial. Means in the same column
followed by different letters are significantly different (p < 0.05). Crude protein and crude fat data for seed meal and press cake from Hojilla-

Evangelista et al. [6]

# Calculated based on the starting protein content of the press cake (35.1 %) and corresponding spent solids after protein extraction

the saline-extracted protein had an ash content that was
roughly four times greater than that in the acid-precipitated
protein extract. The NaCl in the extraction solvent and inef-
ficient removal of salts and minerals during ultrafiltration
are possible causes of this higher ash content. Compared
with the proteins we extracted previously from defatted
pennycress seed meal [7], the purity of the acid-precipi-
tated protein from press cake (Table 1) was almost equal to
that of the acid-precipitated seed meal protein isolate (90 %
db). On the other hand, the purity of the saline-extracted
press cake protein was drastically less than the 97 % crude
protein content we recorded for saline-extracted seed meal
protein. With saline extraction, we expected to recover pri-
marily albumins and globulins, which we determined in
our prior work as the major protein classes in pennycress
seed and also that they were highly susceptible to detrimen-
tal effects of heating [5, 6]. The seed-cooking step during
oil pressing may have caused denaturation of the albumins
and globulins, which in turn decreased their availability for
extraction from the press cake.

Despite the lower protein content of its recovered extract
from press cake, saline extraction still achieved greater
protein recovery than did acid precipitation (Table 1). We
noted the same result when we applied both methods to
produce protein isolates from pennycress seed meal [7].
Previous studies that used similar methods to produce
protein isolates from canola and rapeseed, which are also
Brassicaceae crops like pennycress, reported protein recov-
eries of 33-65 % [8, 22, 23].

Sinigrin Contents

Glucosinolates are prevalent in plants belonging to the
Brassicaceae family. The degradation products of the glu-
cosinolates have toxic effects and bring on adverse attrib-
utes (e.g., off-color, bad taste and poor digestibility) [24].

Table 2 Sinigrin contents in pennycress seed meal, cooked seed-
press cake, and their corresponding saline-extracted or acid-precipi-
tated protein extracts

Pennycress sample Amount sinigrin mg/g sample

Seed meal, defatted 36.71 £ 041 a
Seed protein, saline extracted 0.00 £0.00d
Seed protein, acid precipitated 0.37£0.03¢c

Cooked seed-press cake 3321 +0.86a
Press cake protein, saline extracted 1.66 £0.05b
Press cake protein, acid precipitated ~ 0.11 £ 0.01d

Means =+ standard deviations of duplicate analyses. Means in the
same column followed by different letters are significantly different
(p <0.05)

Brassicaceae seed meals (canola, rapeseed and mustard)
are thus consigned to feed or fertilizer use [8, 25]. Vaughn
and co-workers [26] found that in pennycress seed and
press cake, the only glucosinate present is sinigrin (allyl-
glucosinolate), a compound that is also present in other
edible plants such as brown mustard and horseradish and
imparts the characteristic pungent flavor to these spices.
We reported previously that the sinigrin content was 100
times less in the seed meal protein isolate than in the start-
ing sample [7]. We observed the same significant decrease
in the sinigrin contents of the protein extracts recovered
from the press cake (Table 2), although it should be noted
that the amount of sinigrin in the saline-extracted protein
product was markedly higher than those in the other pro-
tein isolates. Other researchers explained that glucosi-
nolate contents are easily and effectively reduced by mem-
brane filtration systems because of their lower molecular
weights compared to proteins [11, 23, 27]. The absence
or trace amounts of sinigrin in pennycress press cake pro-
tein extracts would be advantageous for food and feed
applications.
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Amino Acid Contents

Pennycress press cake had an amino acid profile simi-
lar to that of the seed meal (Table 3). The major amino
acids, based on quantity, were glutamic acid/glutamine,
aspartic acid/asparagine, arginine and leucine. The acid-
precipitated and saline-extracted press cake proteins had
amino acid contents that were generally similar to those in
the ground press cake; however, the protein extracts con-
tained much more glutamic acid/glutamine and tryptophan,
but less lysine and tyrosine compared with ground press
cake (Table 3). Additionally, the saline-extracted protein
had the least amounts of threonine, valine and alanine.
With the exception of lysine and serine, the amino acids
in pennycress press cake and its protein extracts compare
favorably with those reported for soybean protein isolate
or concentrate [12], rapeseed protein concentrate [28] and
canola protein isolate [11] that were produced by similar
aqueous extraction techniques. This is further supported

by the amino acid scoring patterns (sum of all essential
amino acids less tyrosine), which likewise indicate that
the nutritional quality of the pennycress press cake protein
extracts is equal to those of soybean, rapeseed and canola
proteins (Table 3). As with the crude proteins in pennycress
seed and press cake [6], the acid-precipitated and saline-
extracted press cake protein extracts exceeded the essential
amino acid requirements for children 10-12 years old and
adults, but lacked sufficient isoleucine, leucine, methio-
nine + cystine, lysine and tryptophan to meet the infant
requirements ([29]; table not shown).

SDS-PAGE Results

Disulfide bonds reduced proteins in defatted penny-
cress seed meal and press cake have identical band pat-
terns (Fig. 2) that showed nine polypeptide bands resolv-
ing between 6.5 and 97 kDa, with the darkest bands
appearing at MW <45 kDa. Both acid-precipitated and

Table 3 Amino acid compositions (g/100 g protein) of defatted pennycress seed meal, cooked seed-press cake, saline-extracted (SE) or acid-
precipitated (AP) press cake protein, and soybean, canola or rapeseed protein concentrates (PC) or isolates (PI)

Amino acid Pennycress seed meal Pennycress press cake Soybean PC* Rapeseed PC* Soybean PI* Canola PI*
Ground cake SE protein AP protein
Histidine® 279a 2.66a 259a 2.60a 2.70 2.70 2.70 3.35
Isoleucine 443 a 417 a 3.87a 397a 4.80 4.20 4.90 3.46
Leucine 7.77 a 7.84a 7.49 a 7.80 a 7.80 7.30 7.70 717
Lysine 596 a 554a 4.67b 4.60 b 6.30 5.80 6.40 7.33
Methionine 1.53a 1.58 a 1.19a 1.55a 1.40 2.30 1.10 2.36
Phenylalanine 498 a 5.00 a 493 a 5.16 a 5.20 4.10 5.40 4.00
Threonine 4.83 ab 4.85a 438b 4.62 ab 4.20 4.50 3.70 4.16
Tryptophan 1.29b 1.62 ab 1.74 a 1.71a 1.50 1.40 1.40 1.30
Tyrosine 333a 3.24 ab 2.85b 2.89b 3.90 3.10 3.70 3.10
Valine® 6.28 a 5.82ab 5.58b 6.09 a 4.90 5.20 4.80 4.67
Alanine 5.14a 521a 4.65b 4.80 ab 4.40 4.60 3.90 4.15
Arginine 7.85a 7.87 a 8.0l a 833a 7.50 6.60 7.80 4.70
Aspartic acid + 8.79a 891 a 899a 8.82a 12.00 7.10 11.90 6.82
asparagine
Cystine 2.04a 1.98 a 2.10a 2.19a 1.60 2.60 1.30 4.23
Glutamic acid + 1632 ¢ 16.72 ¢ 20.70 a 18.70 b 19.80 17.90 20.50 22.38
glutamine
Glycine 6.83 ab 6.97 a 6.41 be 6.23 ¢ 4.40 5.30 4.10 4.70
Proline 6.04 a 6.00 a 6.18a 6.18a 5.20 6.10 5.30 7.86
Serine 38la 4.03 a 370 a 375a 5.70 4.70 5.50 4.16
AA scoring pattern®  39.86 39.08 36.44 38.10 38.80 37.50 38.10 37.80

Values for pennycress seed meal and protein isolates are means of duplicate determinations. Means across columns followed by different letters

are significantly different (p < 0.05)

A Data for pennycress seed meal and ground press cake from Hojilla-Evangelista e al. [6]; soybean protein concentrate and isolate from Wolf
[12]; for rapeseed protein concentrate from Ohlson and Anjou [28]; for canola protein isolate from Rubin ez al. [11]

B Histidine through valine are essential amino acids

€ Amino acid scoring pattern is the sum of all essential amino acids less tyrosine
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Fig. 3 Solubility profiles of protein in pennycress seed meal, cooked
seed-press cake and saline (NaCl)-extracted (SE) or acid-precipitated
(AP) protein from the press cake

saline-extracted press cake protein extracts showed only
five polypeptide bands that resolved between 6.5 and
45 kDa and were obviously darker and wider, imply-
ing greater quantities (Fig. 3). The spent solids from each
extraction method had the same band patterns as those of
the meal and press cake, but their fainter color indicated

that the major polypeptides were present in markedly lower
quantities. The low MW range of the pennycress press cake
protein extracts is similar to the 14-59 kDa reported for
canola protein isolate (eight major bands detected) [24].
Based on findings by Wanasundara et al. [30] regarding
the major storage proteins of Brassica oilseeds (canola and
mustard seeds), the pennycress seed polypeptides with MW
<6.5 kDa appear to be similar to napin, while those with
MW 17-45 kDa could be similar to cruciferin.

Protein Solubility

The acid-precipitated and saline-extracted proteins from
pennycress press cake were both considerably more soluble
than the crude proteins present in unprocessed seed meal
and press cake between pH 2 and 10 (Fig. 3). The acid-
precipitated press cake protein extract showed the typical
U-shaped solubility profile, being almost totally soluble
at pH 2 and pH 10 and least soluble (ca. 4 % soluble pro-
tein) at pH 5.5. This isoelectric precipitation pH is higher
than the pH 4.0-4.5 of several Brassica seed proteins [30].
Xu and Diosady [8] reported a wide range of pH (5.5-8)
for precipitation of Chinese rapeseed protein, which they
attributed to the complicated protein composition of rape-
seed and the presence of proteins with varying isoelectric
points. In our earlier work, we observed that acid-precipi-
tated protein isolate from defatted seed meal was also least
soluble at pH 5.5, but less soluble than the acid-precipitated
press cake protein, as shown by a maximum of only 50 %
soluble protein at pH 2 and pH 10 [7]. The seed-cooking
step during oil pressing may be a contributing factor in the
enhanced solubility of the press cake protein, as heat treat-
ment can cause reversible structural changes that improve
solubility and other functional properties [31].

Press cake protein extracted by 0.1 M NaCl showed
remarkably much higher solubility (76-95 %) within the
entire pH range we tested compared with that of acid-pre-
cipitated press cake protein (Fig. 3). The least amount of
soluble protein (76 %) was determined at pH 4.0. In con-
trast, pennycress seed meal protein isolate that we produced
by the same method showed its greatest solubility (74—
91 %) at pH > 7, while its isoelectric precipitation point
was also at pH 4.0 [7]. The saline-extracted protein would
be made up primarily of albumins and globulins, which are
usually highly soluble in aqueous media. In addition, the
presence of non-protein compounds (e.g., soluble carbohy-
drates, salts) in the press cake protein extract, as implied
in Table 1, may have contributed to the improved protein
solubility. Yoshie-Stark et al. [32] reported that the canola
protein isolate produced by extraction with dilute NaCl
and ultrafiltration had similarly high solubility (52-97 %)
at pH 3-9, with >90 % solubility observed at pH 5-9. The
wide pH range where saline-extracted press cake protein
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Table 4 Foaming properties, emulsion activity and stability indices

(EAL ESI), water-holding capacities (WHC) and heat coagulability at

pH 2, pH 7 and pH 10 of soluble proteins in pennycress seed meal,

pennycress press cake and saline-extracted (SE) or acid-precipitated
(AP) protein from press cake

Pennycress sample ~ Functional properties

and pH of analysis - - -~ 2 - -~
Foaming capacity, ml ~ Foam stability % EAI m“/g ESI min Heat coagulability % WHC g water/g
foam left loss of solubility protein
Seed meal, pH 2 nd nd nd nd 00+00¢g nd
Seed meal, pH 7 113 +£5bc 94+3a 147 & 1 ef 170+ 0.7 ¢ 80.2+0.7a 3.51+0.10cd
Seed meal, pH 10 122+ 1a 96 +2a 197 £3d 168 £0.7¢cd 77.6£1.5ab 2.84+0.02d
Press cake, pH 2 nd nd nd nd 97+ 14e nd
Press cake, pH 7 120+ 1 ab 9% +1a 100+4¢g 152+0.6cd 657+06¢c 4.85+0.00 cd
Press cake, pH 10 105+2d 95+1a 157+ 3e 16.1£1.1cd 689+04c 351 £0.03cd
SE Press cake 109 £ 3cd 82+9b 226+33¢  13.6+£04cd 54+£24ef 8.82 £0.88b
protein, pH 2
SE Press cake 107 +3 cd 95+3a 265+ 12b 12.1+£0.2d 73.0+0.7b 10.73 & 1.55 ab
protein, pH 7
SE Press cake 104 £3d 9% +1a 412+ 4a 172 £ 0.6 ¢ 785+22a 12.54 £237a
protein, pH 10
AP Press cake 115+ 10 96 +0a 24+ 0h 241+12b 27+12fg nd
protein, pH 2
AP Press cake 119+ 3 ab 97+ 1a 91+ 14¢g 350+ 17a 233+19d 10.05 £ 0.87 ab
protein, pH 7
AP Press cake 122+3a 95+2a 136 £ 12f 305+50a 23+£351fg nd

protein, pH 10

Values are means = standard deviations of duplicate determinations. Means within a column followed by different letters are significantly differ-
ent (p < 0.05). Data for seed meal and press cake from Hojilla-Evangelista et al. [6]

nd not determined

exhibits high solubility would be advantageous to devel-
oping potential applications based on distinctly different
aqueous environments.

Foaming Properties

Press cake proteins extracted by the two methods produced
substantial foam volumes (>100 ml) and notably stable
foams (Table 4). Their pH used for testing had no apparent
effect on foaming properties. Foaming capacity of acid-pre-
cipitated press cake protein extract was generally similar to
those of seed meal and press cake crude proteins and higher
than that of saline-extracted press cake protein extract at all
pH levels we tested. These results with press cake protein
extracts are similar to those we observed for pennycress
seed meal protein isolates [7]. Foaming properties of the
press cake protein extracts also compared favorably with
values we reported for soybean protein isolate (131 ml and
95 % remaining foam [33]). In contrast, previous research
on canola protein isolate produced by methods similar to
ours found that the foaming capacity and stability of the
isolates were inferior to the foaming properties of its meal
and also declined as the pH increased from 10 to 12 [27,
34, 35].

& springer AOCS &

Emulsifying Properties

Saline-extracted press cake protein showed exceptional
EALI values that were clearly superior to all the pennycress
protein samples we tested and increased with pH (Table 4),
indicating that the emulsifying capacity improved toward
the alkaline pH range. This result could be attributed to
alkali-induced formation of more soluble proteins (through
unfolding of polypeptide chains) that subsequently cause
greater participation of proteins in oil-water interfa-
cial reactions [31]. The exceptionally high solubility of
the saline-extracted press cake protein (Fig. 3) may also
be a positive influence, as Kinsella et al. [36] found that
increased protein solubility facilitated emulsion forma-
tion. The emulsifying capacity of saline-extracted press
cake protein was significantly greater than the values we
obtained (141-208 m*/g protein) for saline-extracted pen-
nycress protein isolate from seed meal [7], as well as that
of soybean protein (56-99 m?%/g protein [33]) extracted by
similar methods.

On the other hand, acid-precipitated press cake protein
formed emulsions that were considerably more stable than
those formed by saline-extracted press cake protein, ground
press cake and meal, especially at pH 7 and 10 (Table 4).
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ESI values for acid-precipitated press cake protein were at
least two times greater than those we determined for seed
meal protein isolate produced by the same method [7]. The
superior solubility of acid-precipitated press cake protein
(as described in the protein solubility discussion) is a likely
contributing factor to its emulsion stability. Damodaran
[31] explained that when a protein is highly hydrated at a
given pH, hydration repulsion forces would exist between
emulsion particles and prevent flocculation and coales-
cence, thereby stabilizing the emulsion. In the case of the
highly soluble saline-extracted press cake protein (Fig. 3),
a possible reason for its lower emulsion stability is that
protein-water interactions were likely greater than protein-
protein interactions, thus forming weaker interfacial mem-
branes [10].

Heat Coagulability

Most proteins are susceptible to the detrimental effects of
heating, the extent of which is influenced by the nature of
the protein, concentration, ionic strength, pH and water
activity [31]. The protein typically undergoes substantial
and irreversible reduction in solubility caused by the aggre-
gation of unfolded protein molecules [37]. Heat coagulabil-
ity results showed that acid-precipitated press cake protein
extract was the most resistant to heat treatment at all pH
levels tested (Table 4), with the greatest loss of solubility
(23 %) occurring at pH 7. Heating at 100 °C was extremely
damaging to saline-extracted press cake protein extract
and the crude proteins in the meal and press cake, with
65-80 % loss of soluble proteins recorded at pH 7 and 10
(Table 4). These latter three samples were most stable to
heating when tested at pH 2. Our current heat coagulability
data for press cake protein extracts validated our findings
for the seed meal protein isolates we produced by the same
methods in our earlier work [7]. We explained that the
severe loss of solubility may be related to the substantial
presence of the NaCl- and water-soluble proteins, which
we noted to have drastically reduced amounts when extrac-
tion was done at 77 °C [5] or when seeds were cooked at
82 °C before oil pressing [6].

Water-Holding Capacity

Saline-extracted press cake protein had water-holding
capacity (WHC) values at pH 2, 7 and 10 that were con-
siderably greater than those of seed meal crude protein
and press cake crude protein (Table 4). The uncommonly
high WHC values (>8.0 g water/g protein) are very simi-
lar to those we reported for lesquerella meal and press cake
(6-8 g water/g protein [38]). We hypothesized then that
the substantial presence of gums in lesquerella may have
boosted the WHC results. With the acid-precipitated press

cake protein, WHC was determined only at pH 7 because
the sample dissolved completely when the test was done
at pH 2 and pH 10. At neutral pH, WHC of acid-precip-
itated press cake protein was almost identical to that of
saline-extracted press cake protein and more than two times
greater than values obtained for the seed meal and press
cake (Table 4). The range of values we obtained indicates
that pennycress press cake protein may be useful in prod-
ucts where WHC exerts strong influences, such as com-
minuted meat products and bakery and gel-type materials
[31].

Conclusions

We successfully extracted proteins from pennycress press
cake by an acid-precipitation or saline-based method.
The recovered product had only trace amounts of sinigrin
and moderate-to-high protein content (66—-86 % db). The
extraction method had a significant influence on the purity
and functional properties of the resultant protein products.
Saline extraction produced lower purity (66 % crude pro-
tein) extract, while acid precipitation produced a near iso-
late (86 % crude protein). Press cake protein extracts pro-
duced by both methods were markedly more soluble than
seed meal crude protein, press cake crude protein and seed
protein isolates. Saline-extracted press cake protein had
remarkably high solubility (>76 %) from pH 2 to 10 and
exceptional emulsifying capacity, but was more susceptible
to heat denaturation. Acid-precipitated press cake protein
showed greater foam capacity and stability, formed more
stable emulsions and was markedly more stable to heating.
Amino acid profiles and scoring patterns of both press cake
protein extracts compare favorably with those of soybean,
canola and rapeseed protein concentrates or isolates. These
results clearly demonstrated that pennycress press cake
proteins produced by either saline extraction or acid pre-
cipitation have functional properties that are desirable for
applications such as pressurized foams, whipped products
and emulsions.
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