Food Bioprocess Technol (2017) 10:1946-1958
DOI 10.1007/s11947-017-1966-4

@ CrossMark

ORIGINAL PAPER

A New Two-Step Chromatographic Procedure for Fractionation
of Potato Proteins with Potato Fruit Juice and Spray-Dried

Protein as Source Materials

J. M. Schmidt'
M. Hammershej' - L. B. Larsen’

- M. Greve-Poulsen? - H. Damgaard? - A. V. Sunds’ - Z. Zdrahal** .

Received: 28 April 2017 /Accepted: 18 July 2017 /Published online: 26 July 2017

© Springer Science+Business Media, LLC 2017

Abstract In an effort to purify potato proteins of superior
food grade quality, a new procedure involving anion exchange
(ion exchange (IEX)) and hydrophobic interaction chromatog-
raphy (HIC) was established. Liquid potato fruit juice (PFJ) or
re-suspended spray-dried protein was separated by IEX yield-
ing two fractions: a protease inhibitor (PI)-rich fraction and a
patatin-rich fraction. Each of these fractions was re-
chromatographed on HIC, resulting in two new sub-fractions
which were characterised by electrophoresis and mass spec-
trometry. A high-quality powder should have high lightness,
low polyphenol oxidase (PPO) activity and glycoalkaloid con-
tent below 150 png/g. The PI fraction from spray-dried powder
had high lightness (L* = 83) compared to patatin (L* = 50),
whereas [EX purification from PFJ resulted in a PI fraction
with decreased lightness (L* = 66) and a patatin fraction with
increased lightness (L* = 68). HIC fractionation led to in-
creased lightness for patatin fraction, but decreased lightness
for the PFJ PI fractions. HIC purification significantly lowered
PPO activity in the fractions due to its selective affinity. The
lowest total glycoalkaloid content was generally found in HIC
fractions from spray-dried powder (150 pg/g), while high
levels (>1000 pg/g) were found in PI fractions from PFJ. In
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conclusion, it was possible to obtain a PI-rich protein isolate
from powder with good-quality attributes after both IEX and
HIC, while for patatin, the best quality was obtained after the
HIC only, and there, the colour or PPO activity may still be a
problem depending on source material.

Keywords Potato protein - Patatin - Protease inhibitor -
Polyphenol oxidase - Glycoalkaloids - Chlorogenic acid

Introduction

With the world population growing rapidly and an ever-
increasing demand for high-quality and sustainable food pro-
tein, new alternative sources like insects, algae and plants have
attention. One potential source is the potato proteins, which
are present in potato fruit juice (PFJ), which is produced in
large amounts as a side stream of potato starch manufacture.
PFJ contains 2-5% solid material, hereof 35% crude protein
(N-containing substances) (Knorr et al. 1977).

The potato proteins can be divided roughly into three over-
all groups, with the first group being the patatins, which make
up to 40% of the total protein. Patatin monomers have a mo-
lecular weight of 3943 kDa, depending on N-glycosylation
pattern and have pl values of 4.45 to 5.17 (Barta et al. 2012).
The second group of potato proteins is the protease inhibitors
(PIs), which can be divided into seven sub-groups: PI 1, P12,
potato cysteine PI, potato aspartate PI, potato Kunitz-type PI,
potato carboxypeptidase inhibitor and “other serine PIs” clas-
sified according to inhibitory activity, pI and molecular weight
(Pouvreau et al. 2001). The PI accounts for up to 50% of the
total protein in PFJ and has molecular masses in a range of
4.3-20.6 kDa and with pI values of 5.1-9.0 (Pouvreau et al.
2001). The third group of potato proteins is composed of
oxidative enzymes, including polyphenol oxidase (PPO),
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lipoxygenase and enzymes functioning in starch synthesis
(Jorgensen et al. 2011). Potato PPO is, in food contexts, an
unwanted enzyme catalysing the hydroxylation of mono-
phenols to o-diphenols and further oxidation of formed o-
diphenols into o-quinones (Ramirez et al. 2003). The presence
in potatoes of PPO combined with presence of the major phe-
nolic compound, chlorogenic acid, is responsible for forma-
tion of undesired brown colour (Narvaez-Cuenca et al. 2013).
Possible covalent- and non-covalent interactions between phe-
nolic compounds and potato proteins may cause the final po-
tato protein powder to have a brown appearance, but also
decreased solubility and digestibility (Prigent et al. 2007
Rawel et al. 2001), thus resulting in poor quality. It is therefore
of interest to inhibit PPO activity in the PFJ used for protein
isolation or separate the quality decreasing enzyme from the
other proteins during the processing steps.

Heat treatment (80 °C for 15 min), low pH (pH <3.5),
addition of ascorbic acid or sodium metabisulphite can each
inhibit PPO (Eidhin et al. 2010). Low pH and heat treatments
of PFJ can, however, also result in denaturation and precipi-
tation resulting in protein not suitable for human consumption
(Stractkvern and Schwarz 2012). Additionally, in relation to
its use as a source of food protein, potatoes contain the un-
wanted metabolites including the steroidal glycoalkaloids, o-
solanine and «-chaconine. These compounds confer a bitter
taste and possible toxicological reactions, like gastrointestinal
disturbance, neurological disorders or even death if consumed
in large amounts (Alt et al. 2005). The EU Commission has
therefore set a limit of 150 png/g total glycoalkaloids (TGAs)
in the final protein powder (Byme 2002) Apart from the pos-
sible presence of glycoalkaloids does potato protein show ex-
cellent nutritional value with a high biological value and a
good amino acid profile (Alting et al. 2011). Digestion of
patatin and PI in vivo shows stable and slow postprandial
plasma amino acid levels and no increase of postprandial in-
sulin in contrast to whey proteins that produced a fast increase
in amino acids and an increase in insulin (He et al. 2013).

Concentration and separation of the proteins in PFJ have
been done in a number of ways. This includes precipitation
with acids (citric acid, acetic acid, hydrochloric acid, sulphuric
acid), organic solvents (methanol, ethanol, 2-propanol,
acetone) and metal salts (FeSO,, FeCl;, ZnCl,) (Barta et al.
2008). Separation techniques like ion exchange (van
Koningsveld et al. 2001), hydrophobic interaction chromatog-
raphy (Racusen 1989), expanded bed adsorption or ultrafiltra-
tion (Straetkvern and Schwarz 2012) and direct capture mem-
brane adsorption (Schoenbeck et al. 2013) have been
employed. It has been found that ultrafiltration with different
membrane materials and molecular cut-off values cannot sep-
arate the unwanted PPO from the other potato proteins
(Schmidt et al. 2016). Expanded bed adsorption and direct
capture membrane adsorption are both promising techniques
since the used equipment can handle crude feed liquids that

would potentially clog conventional ion exchange columns or
membranes (Lokra and Straetkvern 2009; Schoenbeck et al.
2013). Ion exchange and expanded bed adsorption result in
one or two fractions: i.e. a total protein isolate or a separated
patatin and PI fraction. Further purification of the patatin and
the PI protein isolates has been reported only scarcely in the
literature (Pots et al. 1999; Pouvreau et al. 2001). The aim of
the present study was therefore to explore the potential bene-
fits of combining ion exchange (IEX) and hydrophobic inter-
action chromatography (HIC) on protein fractionation of ma-
jor potato proteins and characterise quality parameters like
colour, glycoalkaloids and PPO activity in the final protein
fractions. The aim was further to test the potential for use in
large scale and the robustness of the method by using either
liquid PFJ or suspensions of spray-dried potato protein as
source of starting material.

Materials and Methods
Materials

Liquid PFJ (stored at —18 °C) and spray-dried potato protein
isolate powders from the harvest 2014 were provided by
KMC (Brande, Denmark) and used for the studies.
Furthermore, a powder from 2015 was also analysed; this
new powder was made with the inclusion of sodium bisulphite
to inhibit PPO activity during manufacturing at the plant.

Chromatographic Protein Purification

The purifications were carried out using liquid PFJ or re-
solubilised spray-dried protein powder. A two-step procedure
was developed consisting of first an anion exchange column
followed by HIC.

IEX purification was performed with a AKTA purifier 100
(GE Healthcare, Uppsala, Sweden) by loading samples at a
flow of 17 ml/min onto a XK 50 column (GE Healthcare,
Uppsala, Sweden) with a 980 ml packed bed volume of
DEAE Sepharose Fast Flow medium (GE Healthcare,
Uppsala, Sweden). The AKTA purifier 100 was equipped
with a multi-wavelength UV-Vis monitor, and the wave-
lengths 280, 320 and 400 nm were used in all runs.

Ion Exchange: Potato Fruit Juice Liquid PFJ was adjusted
to pH 8 with 6 M NaOH and centrifuged (45 min, 5000xg,
4 °C) to remove insoluble material. One and a half litre was
loaded equilibrated with a 25 mM Tris-HCI buffer, pH 8 (buft-
er A). The unbound fraction (PI-rich) was washed out with 1.2
column volumes (CV) of buffer A. Elution of the bound frac-
tion (patatin rich) was conducted with 25 mM Tris-HCI, pH
8.0, with 1 M NaCl (buffer B) in two steps, with 28% (0.9 CV)
and 100% (1.5 CV) buffer B.
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Table 1  Summary of used buffers and elution gradients for the different chromatographic purification procedures

Sample Buffer A Buffer B Gradient (% B)

IEX PFJ 25 mM Tris-HCI, pH 8 25 mM Tris-HCI 1 M NaCl, pH 8 0% (1.2 CV) — 28% (0.9 CV) — 100% (1.5 CV)
HIC PI PFJ Demineralised water 25 mM Tris-HCI 145 mS/cm, pH 8 100% (1 CV) — 2% (1 CV) — 0% (2 CV)

HIC patatin PFJ Demineralised water 25 mM Tris-HCI 110 mS/cm, pH 8 100% (1 CV) — 21% (1 CV) — 0% (2 CV)

IEX powder 25 mM Tris-HCI, pH 8 25 mM Tris-HCI 1 M NaCl, pH 8 9% (1.2 CV) — 35% (0.9 CV) — 100% (1.5 CV)
HIC PI powder Demineralised water 25 mM Tris-HCI 145 mS/cm, pH 8 100% (1 CV) — 6% (1 CV) — 0% (2 CV)

HIC patatin powder Demineralised water 25 mM Tris-HCI 135 mS/cm, pH 8 100% (1 CV) — 19% (1 CV) — 0% (2 CV)

Ion Exchange: Powder Spray-dried powder suspension of
30 g/l (w/v) in 25 mM Tris-HCI buffer, pH 8, adjusted to a
conductivity of 10 mS/cm by addition of NaCl was stirred for
1 h. Suspensions were centrifuged (25 min, 25,000xg, 4 °C)
and filtered to remove undissolved material. The column was
equilibrated with 9% buffer B and 1150 ml loaded. Elution
gradient and conditions are summarised in Table 1.

HIC purification was performed with A XK 26 column
with a 175 ml packed bed volume of Butyl Sepharose High
Performance beads (GE Healthcare, Uppsala, Sweden), and
samples were loaded at a flow of 7 ml/min.

Hydrophobic Interaction Chromatography: Potato Fruit
Juice Fractions For liquid PFJ, the PI fraction was adjusted to
145 mS/cm with NaCl centrifuged (25 min, 25,000xg, 4 °C)
and 550 ml of fraction solution loaded. The patatin-rich frac-
tion was adjusted to a conductivity of 110 mS/cm and 200 ml
loaded. Details on buffers and elution conditions are
summarised in Table 1.

Hydrophobic Interaction Chromatography: Powder
Fractions The PI fraction from spray-dried powder was ad-

550 ml of fraction solution loaded. The patatin-rich fraction
was adjusted to a conductivity of 110 mS/cm and 200 ml
loaded. Details on buffers and elution conditions are
summarised in Table 1.

Ultra- and Diafiltration

Ultrafiltration and diafiltration were performed with a PALL
Ultralab™ system equipped with a 10-kDa molecular weight
cut-off Minimate membrane (PALL, New York, USA). All
patatin fractions were concentrated at pH 8 and diafiltrated
with demineralised water to a final conductivity of 1.2—
1.7 mS/cm. All PI fractions were adjusted to pH 3 with 6 M
HCI following concentration and diafiltration to a conductiv-
ity of 1.2-1.7 mS/cm. After diafiltration, the samples were
freeze dried and stored at —18 °C.

pH and Conductivity Measurements
pH of the solutions was analysed by a PHM 92 pH meter

(Radiometer, Copenhagen, Denmark) and conductivity mea-
sured at 25 °C by a CDM 210 Conductivity Meter

justed to 145 mS/cm centrifuged (25 min, 25,000xg, 4 °C) and (Radiometer, Copenhagen, Denmark).
2014 2014 2015
_Powder _Powder
PPO ToA PPO
1-DGE Spray dry PPO
1-DGE
IEX IEX IEX
Pl Patatin Pl Patatin Pl Patatin
TGA TGA TGA TGA PPO PPO
PPO PPO PPO PPO
1-DGE 1-DGE 1-DGE 1-DGE
A l\ /l HIC l\ /l HIC l\
PIHIC 1 _PIHIC 2 PatHIC 1| | PatHIC 2 _PIHIC 1| |PIHIC 2 Pilt HIC 1| [PatHIC 2| PIHIC 1 PIHIC 2 Pat HIC 1| [ PatHIC 2
TGA TGA TGA TGA TGA TGA TGA PPO PPO PPO PPO
PPO PPO PPO PPO PPO PPO PP° PPO 2-DGE | | 2-DGE 2-DGE 2-DGE
1-DGE | | 1-DGE 1-DGE | | 1-DGE 1-DGE | | 1-DGE 1-DGE | | 1-DGE Ms/ms | | msims mMs/mMs | | MS/Ms
MALDI | | MALDI MALDI | | MALDI

Fig. 1 Schematic representation of purification flow and the various
analyses conducted on the separated protein fractions. As presented in
the “Materials and Methods™ section, 2014 and 2015 refer to the sample

material. MALDI refers to MALDI-TOF MS of patatin fractions, and
MS/MS refers to LC-MS/MS QTOF of tryptic peptides from 2-DGE
spots
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Fig. 2 Chromatograms of IEX and HIC fractionation. a IEX purification of PFJ. b IEX purification of 2014 powder. ¢ HIC purification of PI fraction
from PFJ. d HIC purification of PI fraction from 2014 powder. e HIC purification of patatin from PFJ. f HIC purification of patatin from 2014 powder

Protein Concentration Determination

Protein concentration was determined by the bicinchoninic acid
assay (BCA, Thermo Scientific™ Pierce™), with bovine serum
albumin (2 mg/ml) as reference protein for protein determination
(Smith et al. 1985). Measurements were conducted in triplicates.

Determination of Glycoalkaloids

The two glycoalkaloids solanine and chaconine were deter-
mined by the HPLC method as described (Hellenas and
Branzell 1997) with extraction of the protein sample in 3%
acetic acid followed by Ultra-Turax treatment for 3 min and
centrifugation in a tabletop centrifuge for 2 min at 2000xg.
The supernatant was further processed by solid-phase extrac-
tion on a Bakerbond® C18 column (Avantor Performance

Materials, PA, USA) washed with 15% acetonitrile and
glycoalkaloids eluted with 60% acetonitrile. Twenty-
microlitre purified supernatant was injected onto a Purospher
STAR RP-18250-mm column (Merck Millipore, MA, USA)
operated at 40 °C and a flow of 1.5 ml/min with isocratic
elution in a mobile phase of 60% acetonitrile in 10 mM po-
tassium potassium monohydrogen phosphate and detection at
202 nm. The total glycoalkaloid (TGA) content was calculated
as additions of means of the individual glycoalkaloids. Two
replicates were performed, but in case of low TGA content,
four measurements were conducted.

Polyphenol Oxidase Activity Assay

A combination of the methods by Cheng et al. (2007) and
Eidhin et al. (2010) was used to analyse the activity of PPO.
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Fig. 3 1-DGE gels of purified fractions based on a PFJ or b re-
solubilised 2014 powder. Dilution factors (before mixing with Laemmli
sample buffer) or concentration of samples are in brackets. a Lane 1 PF]
(x10); lane 2 TEX FT (x4); lane 3 IEX patatin (x10); lane 4 IEX high salt
(45005000 ml in Fig. 2a) (x0); lane 5 HIC FT patatin (x0); lane 6 HIC 1
patatin (x10); lane 7 HIC 2 patatin (x40); lane 8§ HIC FT PI (x0); lane 9
HIC 1 PI (x10); lane 10 HIC 2 P1 (x10). b Lane 1 powder (~0.5 mg/ml);
lane 21EX FT (x4); lane 3 IEX patatin (x16); lane 4 IEX high salt (3800—
4000 ml in Fig. 2b) (x0); lane 5 HIC FT patatin (x0); lane 6 HIC 1 patatin
(x16); lane 7 HIC 2 patatin (x50); lane 8 HIC FT PI (x0); lane 9 HIC 1 P1
(x10); lane 10 HIC 2 PI (~0.5 mg/ml)

Activity was assayed in microtiter plates with 200 pl substrate
(50 mM pyrocatechol in 0.1 M phosphate buffer, pH 6.5) and
50 pl enzyme solution. The reaction was carried out at room

temperature, and an increase in absorbance at 420 nm was
measured for 30 s in a Synergy 2 Microplate reader (BioTek
Instruments Inc., Winooski, Vermount, 05404, USA). One unit
of activity was defined as the change in absorbance of 0.001 per
minute per millilitre of enzyme solution. Specific activity was
calculated by dividing the number in units with the protein
concentration in milligram per millilitre. Measurements were
conducted in triplicates.

Colour Measurement of Powder

Colour of freeze-dried powder, ground by hand, was measured
with a Minolta Chroma Meter CR-400 (Konica Minolta,
Osaka, Japan) using the CIE (Commision Internationale de
L’Enclairage) Lab scale calibrated against standardised daylight
(D65). The L*, a* and b* values correspond to lightness (O:
black; 100: white), redness (—100: green; 100: red) and
yellowness (—100: blue; 100: yellow), respectively.
Measurements were conducted in quadroduplicates. A photo
of the different freeze-dried fractions was taken with a digital
camera.

One-Dimensional Gel Electrophoresis

One-dimensional SDS-polyacrylamide gel electrophoresis (1-
DGE) using Criterion™ TGX™ 8-16% precast gels (Bio-
Rad, Richmond, CA, USA) was carried out as described
(Laemmli 1970). Samples were mixed 1:1 with sample buffer
(20 mM Tris, 2% SDS, 20% glycerol, pyronin Y), reduced
with 1/10 vol 0.2 M dithioerythritol (DTE) and boiled for
3 min. Thirty microlitres of sample was loaded in each well.
Gels were stained with Coomassie Brilliant Blue G-250.
Molecular mass was estimated by a prestained broad-range
molecular weight marker (Thermo Scientific™ Spectra™
Multicolor Broad Range Protein Ladders).

Two-Dimensional Gel Electrophoresis

Two-dimensional gel electrophoresis (2-DGE) was conducted
essentially as described previously (H. B. Jensen et al. 2012)
with focusing of 100 pg protein on either pH 47 or pH 5-8
immobilised gradient strips and running on 8—16% gradient

Table 2 Relative values (% of

total area) of integrated peak areas Chromatogram Wavelength (nm) Flow through Peak 1 Peak 2
from under the curves of flow
through and the two eluting pea_ks IEX puriﬁcation of PFJ 320/400 32/11 20/12 48/78*
of IEX and HIC chromatograms HIC purification of PFJ PI 320/400 64/52 16/18 20/30
for PFJ and re-suspended powder  pyyc 1y ification of PFJ patatin 320/400 77170 10/13 13/17
measured at 320 and 400 nm . .
IEX purification of powder 320/400 27124 64/68 8/8
HIC purification of powder PI 320/400 34/9 32/34 34/57
HIC purification of powder patatin 320/400 26/23 30/30 44/47

#The signal at 320 and 400 nm exceeded measurement range of UV detector
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Table 3 Recovery and protein
content in the different fractions Method and start material Injected (g) Peak 1 (g) Peak 2 (g) Recovery (%)
obtained during purification of
2014 powder or 2014 PFJ as IEX purlﬁcatlon of PFJ 21.99 10.76 5.36 73.31
calculated based on protein HIC purification of PFJ PI 3.09 0.65 0.33 3172
concentration in fractions as HIC purification of PFJ patatin 1.64 0.34 0.81 70.12
determined by the BCA assay as o
well as the volume in each IEX purification of powder 27.24 10.19 13.41 86.64
fraction HIC purification of powder PI 2.66 1.11 0.58 63.53

HIC purification of powder patatin 2.89 0.55 1.41 67.82

Peak 1 in IEX corresponds to the flow-through fraction (PI) and peak 2 is the bound protein (patatin). For HIC
purification, peak 1 corresponds to the bound protein in fractions HIC 1 and peak 2 to protein in HIC fraction 2

polyacrylamide gels under reducing conditions. The gels were
stained by Coomassie Brilliant Blue G-250.

Matrix-Assisted Laser Desorption Time-of-Flight Mass
Spectrometry

Intact mass analyses of HIC-purified patatins were performed
by matrix-assisted laser desorption time-of-flight mass spec-
trometry (MALDI-TOF MS). The analyses were carried out
with an Ultraflextreme instrument (Bruker Daltonics) in linear
mode with detection of positively charged ions. Protein samples
were mixed with ferulic acid matrix solution (12.5 mg ml ™'
solution in water/acetonitrile/formic acid 50:33:17, v/v) and
droplets applied to a ground steel MALDI target plate. Mass
spectra were calibrated externally using a Protein Mixture 11

Fig. 4 2-DGE of HIC fractions pHA4

standard (Bruker Daltonics). Mass spectra were acquired under
FlexControl software 3.4 and processed by Flex Analysis 3.4
(Bruker Daltonics).

In-Gel Digestion and Identification of Proteins by Liquid
Chromatography Mass Spectrometry

Spots from 2-DGE were cut and subjected to in-gel tryptic
digestion with reduction and alkylation essentially as described
by O. N. Jensen et al. (1998). Peptides were extracted from gel
pieces using 50% acetonitrile solution with 2.5% formic acid
and concentrated in a SpeedVac concentrator (Thermo Fischer
Scientific). Peptide mixtures were subjected to LC-MS/MS
analysis using the RSLCnano system (Dionex, Sunnyvale,
CA) coupled to an Impact II QTOF mass spectrometer

pH7 pH4 pH 7

a [

of 2015 powder. a Patatin HIC 1.
b Patatin HIC 2. ¢ PIHIC 1.d PI
HIC 2
40
25

15

10

pHS5 pH 8
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Table 4 List of identification of

proteins in 2-DGE spots from Spot ID*  Protein name Access key® PSMC®  Theo/Obs M,"  Theo/Obs pI°®

HIC-purified PI fractions (Fig. 4c,

d) by LC-MS/MS mass 1 Wound-induced proteinase inhibitor 1 ~ P08454 8 9.5/~10 6.5/5.3

spectrometry. 2 Uncharacterised protein MI1AG22 158 21.7/~20 6.7/5.9
3 Serine protease inhibitor 2 P58515 52 20/~15 5.1/5.9
4 Cysteine protease inhibitor 3 024388 17 16.4/~17 8.9/6.2
5 Aspartic protease inhibitor 11 P16348 12 20.6/~16 7.8/6.2
6 Uncharacterised protein M1AN26 36 21.3/~16 6.1/7.1
7 Serine protease inhibitor 5 Q41484 83 20/~17 6.3/7.3
8 Chymotrypsin inhibitor I P01052 59 8/~10 6.8/7.1
9 Proteinase inhibitor 1 Q00783 46 9.4/~10 7.9/7.6
10 Serine protease inhibitor 5 Q41484 77 20/~16 6.3/6.6
11 Serine protease inhibitor 5 Q41484 66 20/~16 6.3/6.7
12 Aspartic protease inhibitor 11 P16348 43 20.6/~19 7.8/7.1
13 Aspartic protease inhibitor 11 P16348 94 20.6/~19 7.8/7.2
14 Aspartic protease inhibitor 11 P16348 73 20.6/~16 7.8/7.1
15 Serine protease inhibitor 5 Q41484 120 20/~15 6.3/7.1
16 Serine protease inhibitor 5 Q41484 96 20/~15 6.3/7.2
17 Serine protease inhibitor 5 Q41484 44 20/~15 6.3/7.3
18 Aspartic protease inhibitor 11 P16348 95 20.6/~16 7.8/72

The protein with the highest PSM number relative to its theoretical molecular mass is reported for each spot

#Numbers correspond to spots marked on the 2-DGE gels (Fig. 4c, d)

® Accession key from the UniProt database

¢ Total number of identified peptide spectra matches (PSM) for the protein

9 Theoretical molecular weight (kDa) of mature protein without signal peptide calculated using www.uniprot.org
and observed molecular weight based on molecular weight markers on the gel

¢ Theoretical isoelectric point (pI) of mature protein without signal peptide calculated using www.uniprot.org and

observed pl based on spot location

(Bruker Daltonics, Bremen, Germany). The peptide separation
was based on using an Acclaim PepMap 100 C18 column
(3-um particles, 75 um x 500 mm; Thermo Fisher Scientific,
300 nl/min) and 0.1% FA/acetonitrile gradient. MS data were
acquired in a data-dependent strategy with 3-s-long cycle time.
Mass range was set to 150-2200 m/z, and precursors were
selected from 300 to 2000 m/z. Proteins were identified by
use of in-house Mascot database search engine (version 2.5.1)
using the UniProtKB Potato database (version from November
5, 2016). Peptides with a Mascot expectation value <0.01 were
considered for protein identification. Mass tolerance for precur-
sors and MS/MS fragments were 15 ppm and 0.05 Da,

Table S MALDI-TOF MS results of patatin isoforms present in HIC
fractions from PFJ and 2014 powder

Sample Peak 1 (Da) Peak 2 (Da) Peak 3 (Da)
PFJ patatin HIC 1 40,596 41,812 42,948
PFJ patatin HIC 2 40,594 No peak 42,952
Powder Patatin HIC 1 40,600 41,818 42,956
Powder Patatin HIC 2 40,595 41,833 42,950

@ Springer

respectively. Oxidation of methionine, deamidation (N, Q), car-
bamidomethylation (C) and acetylation (Protein N-term) as var-
iable modifications were set for all searches. From each spot
analysed, several protein identifications were reported by
MASCOT with varying peptide spectra matches (PSM) (total
number of identified peptide spectra matched for the protein).
The protein with the highest PSM, relative to the protein theo-
retical molecular mass, was listed in a summary table. All pro-
teins reported had a minimum of three peptides identified.
Protein theoretical molecular weight (kDa) and theoretical iso-
electric point (pI) of mature protein without signal peptide were
calculated using online molecular weight and pl tools from
WwWw.uniprot.org.

Statistics

Data are presented as means with standard deviations. One or
two-way ANOVA analysis was calculated by GraphPad Prism
6 (GraphPad Software Inc., La Jolla, USA, version 6.01).
Differences were regarded significant at minimum 95%-level
(P <0.05).
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Fig. 5 MALDI-TOF mass spectra from 2014 powder fractions. a Patatin HIC 1. b Patatin HIC 2

Results and Discussion
Separation Flow and Conducted Analyses

Figure 1 depicts a schematic representation of the different
fractions obtained after IEX and HIC purification, with PFJ
or spray-dried powder as source materials, as well as experi-
ments performed on all the resulting fractions. IEX purifica-
tion yields two fractions: the flow through rich in PI proteins
and a bound fraction rich in patatin. HIC purification gives
two fractions: one eluting early at high salt (HIC 1) and one
cluting late at low salt (HIC 2).

Elution Profiles of Ion Exchange and Hydrophobic
Interaction Chromatography Separations

Figure 2a, b shows the IEX purification of 2014 PFJ and 2014
re-suspended powder, respectively. In both chromatograms,
the first major peak (flow through/FT) corresponds to un-
bound protein, rich in protease inhibitor (PI). The second peak
represents bound material rich in patatin, while the third peak
is rich in phenolic compounds, especially for the PFJ sample,
as indicated by high absorbance values at 320 and 400 nm

(Narvaez-Cuenca et al. 2013). As shown in the 1-DGE (Fig.
3a, b), lane 4, the third fraction is low in protein, which is in
contrast to the relatively high signals at 280 nm in the chro-
matogram. Chromatograms of powder 2015 did not differ
from powder 2014 (results not shown).

Table 2 shows the integrated peak areas under the curve at
the different wavelengths, and it is seen that IEX purification
of PFJ is able to separate the majority of phenolic compounds,
i.e. chlorogenic acid (320 nm) and especially the oxidised
phenolics (400 nm), from the main protein peaks. Figure 2c,
e displays the PI and patatin fractions from PFJ, further puri-
fied by HIC. Both chromatograms have significant signals at
both 280, 320 and 400 nm in the flow through, but as seen in
the 1-DGE picture (Fig. 3a, b), lanes 5 and 8, these fractions
are quite low in protein, though presenting the majority of
both phenolics and oxidised phenolics (Table 2). The large
signal at 280 nm may be due to phenolics bound to proteins,
since derivatisation of protein with phenolic acids increases
absorption compared to pure protein (Rawel et al. 2002). The
HIC chromatograms for powder (Fig. 2d, f) show significantly
lower signals in the flow-through fraction, but relatively
higher values at 320 and 400 nm, co-eluting with the bound
proteins (Table 2).

Table 6 Content of individual glycoalkaloids solanine and chaconine and total glycoalkaloids (TGA) present in the different purified protein fractions

from 2014 spray-dried powder or potato fruit juice

Potato fruit juice

Resolubilised spray-dried powder

Sample TGA (ng/g) Solanine (p1g/g) Chaconine (ug/g) TGA (ug/g) Solanine (p1g/g) Chaconine (pg/g)
Spray-dried powder nd nd nd 91+4 48.7+£259 A 423+33A
PIIEX 1052.5+ 14 9325+13.5A 120£4 A 39.1+£34 328+33B 63+0.6B
Patatin IEX 101 £ 15 60+ 10B 41+11B 1703 £2.6 441+1.7A 1262+2.0C
PIHIC 1 834+ 15 829+ 14C 5+5B 65.8+1.3 613+£03C 45+13B
PIHIC 2 3664 + 28 32955 +24.5D 369+ 14 C 13.6+1.4 3.7+0.6D 99+13B
Patatin HIC 1 154 +4.5 1445+45E 10£0B 604+1.5 293+04B 31.1£14D
Patatin HIC 2 52+14 11+11B 41+8B 217.9+0.9 53.1£09 AC 1648 +0.1 E

(n = 24, means + SD). Different letters in each column indicate that means significantly differ (P < 0.05)
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Table 7 PPO activity measured
on the liquid fractions from IEX
and HIC purification before pH
adjustment and freeze drying

Sample 2014 PFJ 2014 PFJ 2014 Powder 2014 Powder
Activity U (ml/ Specific activity Activity U (ml/ Specific activity
min) (U/mg) min) (U/mg)

PFJ 10,504 = 11 A 1576 £2 A nd nd

PIIEX 4648 + 108 B 1656 =38 A 2536 +23 A 524+5A

Patatin IEX 8416+79C 1028+ 10B 880+ 11 B 53+1B

PI HIC flow through 2816 +79 D 1252+32C 424+11C 1070 +£29 C

PIHIC 1 2768 £30D 551+£6D 376 £45 CD 49+5BD

PIHIC 2 2312+ 108 E 416+ 19E 1608 + 52 F 217+7E

Patatin HIC flow 2384 £ 23 E 4567 £ 43 F 240+ 0D 594+0F

through

Patatin HIC 1 948 + 83 F 365+32E 256 + 45 DE 60+ 11 B

Patatin HIC 2 2160 +39 E 201 +4G 296 + 73 CE 22+6D

(n = 3, means + SD). Different letters in each column indicate that means significantly differ at P < 0.05

The recovery during the two purification steps is summarised
in Table 3. In case of IEX purification of powder, patatin frac-
tion contained higher protein amount (ca 30%) than PI fraction
while PFJ purification resulted in doubled protein amount in PI
fraction. For HIC purification of patatin, both derived from
powder or PFJ, more than double of the protein is found in
the second eluting fraction (patatin HIC 2). For PI, both derived
from powder or PFJ, the first eluting peak (PI HIC 1) contained
double the amount of protein than the second (PI HIC 2). The
relatively low recovery during HIC purification of PFJ Pls
(~32%) is believed to be caused by overestimation of protein
in the injected PI fraction, due to high concentrations of pheno-
lic substances which can interact with common protein determi-
nation methods like BCA, Bradford or Lowry (Lindeboom and
Wanasundara 2007; Mattoo et al. 1987; Kamath and
Pattabiraman 1988). Based on the 1-DGE gel (Fig. 3a, b), re-
covery of all fractions should be high with minor losses in the
high-salt fraction (lane 4) and minor loss in flow through for
HIC purification. In conclusion, main potato proteins, either as
re-solubilised powder or as PFJ, can be separated and purified
by a new combination of IEX and HIC yielding equivalent

isolated protein fractions, though use of PFJ as a start material
leads to better separation of phenolic compounds from protein,
as based on integrated peak areas at 320 and 400 nm compared
with the results obtained for re-solubilised spray-dried potato
protein powder.

Two-Dimensional Gel Electrophoresis of Hydrophobic
Interaction Chromatography-Purified Fractions

In an effort to expand the knowledge about protein, differences
between the HIC-purified fractions were the patatin and PI
fractions derived from 2015 powder separated by 2-DGE
depicted in Fig. 4a—d. The patatin fraction had different patatin
and PI profiles (marked by arrows) with patatin HIC 2 having
proteins with a more acidic pl than the patatin HIC 1 fraction.
The PI HIC 1 fraction (Fig. 4c) had a prominent spot at pH 6
and multiple spots around 10 kDa, which was absent in the PI
HIC 2 gel. In contrast, PI HIC 2 presented several dense spots
at pH 7. A large proportion of the proteins in the PI HIC 1
fraction had pl values above pH 8, in contrast to PI HIC 2.

Table 8 PPO activity of freeze-dried fractions purified from 2014 PFJ and spray-dried powder from 2014 and 2015

Sample 2014 PFJ 2014 PFJ 2014 Powder 2014 Powder 2015 Powder 2015 Powder
Activity U Specific activity Activity U Specific activity Activity U Specific activity
(ml/min) (U/mg) (ml/min) (U/mg) (ml/min) (U/mg)
Spray nd nd 2880 +98 A 675+23 A 2112+0 A 1680 A
PIIEX 4336 +261 A 507 £31 A 632+23B 58+2B 824 +£23 B 79+2 B
Patatin IEX 10,088 +49 B 835+4B 1464 +34 C 102+2C 584 +23C 41+£2C
PIHIC 1 856 +£49 C 92+5C 160 =30 D 13+3D 176 £ 12D 18+1D
PIHIC 2 336 £38D 364D 256 £23 D 19+2D 176 £ 12D 12+1D
Patatin HIC 1 2416 £ 23 E 208+2E 504+ 34B 35+£2BD 184 £ 60 D 13+4D
Patatin HIC 2 2144 £ 41 E 159+3F 248 £30 D 17+2D 216 34D 15+3D

(n = 3, means + SD). Different letters in each column indicate that means significantly differ (P < 0.05)
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Fig. 6 Picture of the different

freeze-dried powders after

fractionation by IEX or HIC. a

2015 patatin. b 2015 PL. ¢ 2014

patatin. d 2014 PL. e 2014 PEJ IEX
patatin. f 2014 PFJ PI

HC1

Mass Spectrometry Identification of Protease Inhibitor
Proteins from Two-Dimensional Gel Electrophoresis Gels

Distinctive spots from the 2-DGE gels of PI proteins were
identified by LC-MS/MS analysis. The identity of num-
bered spots is presented in Table 4 with spots from the
HIC 1 fraction having spot ID 1-9 and HIC 2 fraction spot
ID 10-18. Many different proteins were identified from the
PI HIC 1 fraction while only different forms of two pro-
teins serine PI 5 and aspartic PI 11 were identified in the
HIC 2 gel. The redundancy in identified proteins in the PI
HIC 2 gel may be due to a high homology between the
different PI proteins as well as too low separation during
the 2-DE gel preparation. The difference observed between
theoretical and calculated pl and molecular masses may be
due to posttranslational modifications on the proteins, e.g.
degree of glycosylation and phosphorylation and possible
proteolytic degradation (H. B. Jensen et al. 2012) during
the processing of the raw PFJ.

Analysis of Molecular Masses of Patatins
by Matrix-Assisted Laser Desorption Time-of-Flight Mass
Spectrometry

HIC purification resulted in two patatin fractions with the sec-
ond eluting fraction being enriched in a high molecular weight
isoform of patatin (Fig. 3a, b, lane 7). The four patatin HIC
fractions were analysed by MALDI-TOF MS. The obtained
masses are reported in Table 5, and an example of a represen-
tative mass spectrum is shown in Fig. 5. The masses of the
different isoforms correspond to one, two or three glycosyla-
tions with previously reported masses of 40,513—40,666;
41,702-41,884; and 42,884-42,975 Da, respectively (Barta
et al. 2012). The isoform containing three glycoforms has been
reported not being present in all potato varieties, but it is found
in relatively high proportions in the cultivar “Kuras” (Barta
et al. 2012), which is commonly grown in Denmark. The mass
spectra (Fig. 5) indicate additional peaks with m/z values of

40,700-40,900. These peaks may be associated with covalently
bound phenolics since binding of one chlorogenic acid mole-
cule inducing a mass shift of 353.3 (Ali et al. 2013).

Total Glycoalkaloid Content in the Separated Fractions

The content of solanine and chaconine and the total sum
of the two glycoalkaloids (TGAs) are summarised in
Table 6. For resolubilised spray-dried powder, the PI frac-
tions had a 2.3-fold lower total TGA content compared
with the initial spray-dried powder, whereas the patatin
fraction had a 1.9-fold increase. When looking at individ-
ual glycoalkaloids, solanine was associated with the PI
fraction, while chaconine was associated with the patatin
fraction. Further purification by HIC led to an enrichment
of TGA in PI HIC 1 (low hydrophobicity) compared to PI
HIC 2 (high hydrophobicity). For patatin, HIC leads to an
enrichment of TGA in the patatin HIC 2 fraction. The
fractions purified from PFJ had a different enrichment of
TGA with the PI fraction exceeding 1000 pg/g while
patatin was 10-fold lower. Hydrophobic interaction chro-
matography of the PI fraction resulted in an enrichment in
PI HIC 2 with a 3-fold higher content than the PI fraction.
For patatin, HIC leads to an enrichment of TGA in the
patatin HIC 1 fraction.

The PFJ fractions had much higher total glycoalkaloid
levels than samples from resolubilised powder. This differ-
ence is due to the fact that the spray-dried powder had under-
gone a number of diafiltration steps before drying in contrast
to the fresh PFJ. The difference between TGA contents upon
IEX and HIC purification suggests varying ionic and hydro-
phobic interaction mechanisms between TGA column and/or
TGA protein, but no general mechanism was observed. Other
researchers have also reported TGA content in potato protein
after purification: In a study comparing ultrafiltration or
expanded-bed chromatography, the resulting powders had
213 £ 100 and 286 = 95 ng/g TGA, respectively
(Straetkvern and Schwarz 2012). Expanded bed can, however,
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Fig. 7 Colour expressed as L*a*b* values for the different freeze-dried
powders: 2014 PFJ (white), 2014 powder (grey), 2015 powder (black). a
L* values (lightness). b a* values (green-red). ¢ b* values (blue-yellow).
(n = 4, means + SD). Different letters indicate significantly different
means (P < 0.05)

result in a low TGA content, below 50 pg/g (Lokra et al.
2008). Purification of PFJ by cationic clay minerals has also
proven favourable results with reduction in «-solanine by
>90% of initial values (Ralla et al. 2012). A novel adsorptive
bubble separation technique in which glycoalkaloids from PFJ
are concentrated in collapsed foam has shown a 99% recovery,
indicating that hydrophobicity is an important factor to con-
sider when removing glycoalkaloids (Backleh et al. 2004).

@ Springer

Polyphenol Oxidase Activity in the Purified Fractions

PPO activity was determined directly in the liquid fractions
after IEX and HIC purification of 2014 re-suspended powder
and PFJ (Table 7) and for the freeze-dried fractions after
ultrafiltration/diafiltration of 2014 and 2015 powder and PFJ
(Table 8).

Following IEX purification of re-suspended 2014 pow-
der or PFJ, PPO was predominantly found in the PI IEX
fraction with a higher specific activity in this fraction
compared with the patatin IEX fraction. High specific ac-
tivity was found in the HIC flow-through fraction of both
PI and patatin, indicating that PPO had a lower binding
affinity to the HIC column than both patatin and PI. When
comparing specific activity of the “liquid” fractions with
the freeze-dried fractions in (Table 8), a significant de-
crease in specific activity is seen for the PI fractions.
This drop is attributed to pH-induced deactivation of
PPO, since the PI fractions are adjusted to pH 3 prior to
concentration/diafiltration. pH-induced inactivation of
PPO has been reported by other authors (Duangmal and
Apenten 1999; Eidhin et al. 2010). In conclusion, HIC
purification resulted in significantly lower PPO activity
in the freeze-dried fractions of all tested samples, due to
an apparent selective binding of patatin and PI to the HIC
column compared to PPO.

In two previously published papers, similar column
binding characteristics of PPO have been reported. PPO
was predominantly found in the non-binding fraction (PI-
fraction) following DEAE Sepharose purification by
Marri et al. (2003). It was found by Partington and
Bolwell (1996) that PPO eluted prior to patatin upon octyl
Sepharose purification.

Colour Analysis of Freeze-Dried Samples

A picture of the freeze-dried fractions is displayed in Fig.
6, and the colour expressed as L*, a* and b* is shown in
Fig. 7a—c. The colour measurements were conducted di-
rectly on the freeze-dried powder as reported previously
(Stractkvern and Schwarz 2012; Zeng et al. 2013) and not
on resolubilised protein fractions. The purified fractions
with powder as starting material resulted in PI fractions
with high values of lightness, low positive a* values and
b* values of ~11, indicating a yellow colour. HIC fraction-
ation did not lead to further changes in L* for the 2015
powder, though there is a slight decrease in L* for PI HIC
2 for 2014 powder. The a* values changed to a negative
(more green) for both 2015 PI HIC fractions and a higher
positive a* (more red) for the 2014 PI HIC fractions of
both powder and PFJ. The »* value decreased (more blue)
for 2015 PI HIC fractions and increased (more yellow) for
2014 powder PI HIC fractions, while no significant
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Table 9  Overall grading (with ++++ most positive) of protein fractions obtained from separation of 2014 PFJ and powder after IEX and HIC,

respectively, for the measured quality parameters

2014 PFJ

2014 Powder

PIIEX PatlEX PIHIC1 PIHIC2 PatHIC1 Pat HIC2 Spray PIIEX PatIEX PIHIC1 PIHIC2 PatHIC1 PatHIC?2

TGA + +++ + + ++ ++++
PPO activity + + +++ ++++ ++ ++
Colour ++ ++ + + ++++ +++

R -+ e+ -+ ++
+ +H++ ++H+ ++++ +H++ ++++
nd  +++ 4+ -+ -+ + +

Patatin is abbreviated “Pat” and the spray-dried start material “Spray”

change was found for 2014 PFJ PI and PI HIC fractions.
The PI IEX fraction based on PFJ had a significantly low-
er L* and higher a* value than fractions based on powder.
Lightness decreased and a* increased of the PFJ PI HIC
fractions as a possible outcome of high PPO activity dur-
ing purification.

The patatin fractions based on 2014 and 2015 powder had a
lower lightness and a brown hue (Fig. 6). HIC fractionation
resulted in higher lightness for HIC 1 for both powders. The
patatin fraction based on PFJ had a significantly higher light-
ness and yellowness than the powder patatin fractions, and
lightness was further increased upon HIC fractionation. HIC
fractionation also resulted in a significant drop in the a* values
for the PFJ patatin.

Preliminary studies by size exclusion chromatography on a
Sephacryl S-200 HR column of the patatin fraction from
spray-dried powder showed high signals at 320 and 400 nm
eluting prior to the patatins, indicating that the coloured com-
plexes have a larger size than the 80 kDa patatin dimers and
that colour can be removed from this fraction. In conclusion,
fractionation of powder by IEX resulted in a light PI fraction
and a dark patatin fraction, while IEX fractionation of PFJ
separated the dark-coloured compounds better from the
patatin fraction due to a lower concentration of salt during
protein elution (Table 1). High PPO activity in the PI fraction
of PFJ did, however, result in low lightness. HIC fractionation
could lead to whiter powders, but the additional processing
time could also potentially lead to further discoloration by
PPO.

Table 9 provides an overall grading from + to ++++ of
the measured quality parameters for the IEX and HIC frac-
tions obtained from 2014 PFJ and spray-dried powder, with
++++ being the most positive for use as a food ingredient.
This means that a high value is associated with good-quality
characteristics, i.e. high lightness, low TGA content and low
PPO activity. The fractions with best overall performance
were PI HIC 1 from spray-dried powder and Pat HIC 2 from
PFJ. The applicability of these fractions as potential food
ingredients will depend on further up-scaling of the isolation
procedures, as well as on the resulting functional properties
of each isolate, in combination with the obtained quality
results here.

Conclusion

Potato proteins were fractionated into a Pl-rich and a patatin-
rich fraction by anion exchange chromatography with either
PFJ or spray-dried powder as source materials. The obtained
fractions were further separated by HIC into two PI and
patatin sub-fractions, as confirmed by 2-DGE, MALDI-TOF
MS and LC-ME/MS analyses.

IEX purification of re-suspended powder yielded a white PI
fraction and a brown patatin fraction, while IEX purification of
PFJ could separate the majority of coloured compounds from
the patatin fraction. HIC fractionation improved the colour fur-
ther, but the increased processing time could also lead to in-
creased discoloration if the fractions were rich in PPO. HIC
fractionation significantly lowered the PPO activity due to low
affinity between PPO and the HIC column. TGA content was
below the food limit of 150 pg/g in three of four HIC fractions
derived from spray-dried powder and therefore has potential as
vegetable-based food protein ingredients. The TGA content did,
however, greatly exceed the limit in some of the PI fractions
from PFJ. Future work will focus on functional properties of the
purified fractions derived from spray-dried powder.
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