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Abstract

The potato (Solanum tuberosum) is one of the main sources of natural starch. In
recent decades, the valorisation of potato protein that results as a by-product in the
starch industry has been gaining interest as well. As potato supply is seasonal and
the protein content of potatoes during long-term storage is temperature-dependent,
optimal storage of potatoes is of great importance. This paper explores a model
describing potato protein content during a full storage season for the Miss Malina
and Agria cultivars. The model combines Michaelis-Menten protein kinetics with the
Arrhenius equation. Laboratory analyses were performed to monitor the protein com-
ponents in both potato cultivars and to use for estimation of the kinetic parameters.
The results indicate that the two cultivars have different synthesis and degradation
kinetics.

Keywords Potato storage - Post-harvest protein development - Protein degradation
modelling - Protein synthesis modelling

Nomenclature

Subscript A Arrhenius pre-exponential factor [%]

a Air C Specific heat capacity (% ; d
E Energy E Energy [J]

e Environment E,. Activation energy [@]
f Final K Michaelis-Menten constant [k_g]
p Potato K; Inhibition constant [k;gg]
prot Protein M Mass [kg]
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P S Total protein (synthesis-related) P Protease inhibitor content [é]

P D Protein (degradation-related) Par Patatin content [%]
P I Protease inhibitor R Universal gas constant [ﬁ]
(synthesis-related)

Parameters T P Total protein content [é]

¥ Parameter vector t Time [s]

o Density [%] T Temperature [Kelvin]
V Volume [m3]

Introduction

One of the most important crops worldwide is the potato (Solanum tuberosum),
accounting for about 45% of the global tuber crop production (WCRTC 2016).
Potato crops are not only grown for consumption, but also for starch production,
with the starch extraction process yielding protein-rich waste water (Lgkra and
Streetkvern 2009). The potato protein solution has been the subject of many studies to
determine its composition and functional properties (Kapoor et al. 1975; Holm and
Eriksen 1980; Ralet and Guéguen 2000). The total soluble protein content in the
potato juice consists mainly of three groups: patatin (40-60%), protease inhibitors
(20-30%) and other (high-molecular-weight) proteins (Pots et al. 1999). Potatoes are
a superior protein source relative to other vegetables and cereals because of their
high nutritional quality (Seo et al. 2014). Therefore, potato proteins, like Solanic, are
also used in food applications (Alting et al. 2011; Boland et al. 2013). In addi-
tion to the present food application and feed supplements, potato proteins are of
great potential in specific biotechnological and pharmaceutical applications (Kong
et al. 2015; Zhang et al. 2017).

Protein quality is therefore becoming increasingly important in the industrial pro-
duction of potato proteins (Grommers and van der Krogt 2009). The quality and
amount of proteins in potatoes are determined by the conditions during the growing
season. As potatoes are a seasonal crop, storage of potatoes is essential to be able
to provide potatoes all year round. The economic optimum of potato protein produc-
tion depends on the proteins formed during growth, the capacity of the processing
industry, and any protein losses or synthesis during storage.

During long-term storage, both protein degradation and protein synthesis take
place continuously and, as previously found, total soluble protein levels fluctuate
(Nowak 1977; Brasil et al. 1993; Brierley et al. 1996). The dynamics and fluctuations
of the protein content vary, especially between different potato cultivars. As Table 1
shows, some long-term storage studies found an increase in protein content (Brier-
ley et al. 1996, 1997) or a constant protein content (Mazza 1983; Blenkinsop et al.
2002), while others reported a decrease (Nowak 1977; Kumar and Knowles 1993).
Notice from Table 1 that a wide range of protein contents is found. For instance,
the cultivar Russet Burbank shows protein contents that fluctuate within two dif-
ferent studies, while for the cultivar Pentland Dell, similar contents were found in
two different studies. The studies listed in Table 1 and additionally, the study by
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Table 1 Protein development during long-term storage and protein content ranges found in literature

Article Protein development ~ Concentration range  Cultivar

Brierley et al. (1996) Increase’ 1.0-14.0 g’kg FW Pentland Dell/Record
Brierley et al. (1997) Increase 1.5-13.5 g/lkg FW Pentland Dell

Pots et al. (1999) Increase’ 2.2-4.1 g/lkg DW Elkana

Mazza (1983) Constant 8-11.5 % of DW Russet Burbank/Norchip
Blenkinsop et al. (2002) Constant 4.8-10.9 g/lkg FW Novachip/Monona
Nowak (1977) Decrease 9-24 g/kg DW Baca/Bem

Kumar and Knowles (1993)  Decrease 3.75-5.75 g/lkg DW Russet Burbank

Pots et al. (1999) Decrease 1.5-3.9 g/lkg DW Bintje/Desiree

"This study found an initial decrease in protein content, but an overall increase over a long-term storage
period

Brasil et al. (1993), showed that, besides on cultivar, the protein content development
also depends on storage temperature.

This means that a dedicated storage strategy is needed to yield potatoes with high
protein levels for industrial extraction. As high protein levels are associated with low
levels of free amino acids (Brierley et al. 1996), which are involved in the Maillard
browning reaction (Khanbari and Thompson 1993), protein-rich potatoes are also
useful for frying. Optimal storage obviously depends on the eventual use of the pota-
toes. However, neither a mathematical model that describes the dependence of potato
proteins on storage temperature nor a corresponding control strategy are currently
available.

We have therefore carried out a study to investigate and model the development of
potato protein content in potatoes in a large-scale bulk storage facility. We measured
potato protein content throughout a single harvesting and storage season (2015-
2016) and used Michaelis-Menten kinetics combined with the Arrhenius equation
to describe how protein content depends on storage temperature. This combination
is capable of capturing the temperature dependence of enzyme activity accurately
(Davidson et al. 2012).

The next section of this paper describes the materials and methods used for pro-
tein extraction and the modelling procedure. Section “Results” presents the results
of the protein content measurements, parameter analyses and model simulations.
Section “Discussion” contains the discussion of the results and we present our
conclusions in Section “Conclusions”.

Material and Methods
Tuber Storage and Preparation

Potato (Solanum tuberosum) tubers of two different cultivars (Agria and Miss
Malina) were obtained from storage facilities at local local farms in Flevoland, the
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Netherlands. All tubers were stored at 6 to 15 °C and 90 to 95% relative humid-
ity. Weekly and in duplicate, five tubers from each cultivar were taken from storage,
peeled and chopped, and pieces of several tubers with a combined weight of 200
grams were juiced. After juicing, the pulp left in the juicer was flushed three times
with approximately 100 mL cold water (Sowokinos 1978) until we obtained 500
mL diluted potato juice. We waited 2 min between these three flushing steps. Of
the resulting potato juice, 2 mL was frozen at —20 °C and stored until protein
determination.

Protein Determination

Total soluble protein of the stored potato tubers was determined by an adaptation
of the Coomassie Blue dye-binding assay of Bradford (1976), with bovine serum
albumin (Sigma-Aldrich) as a standard. The samples were diluted twice in Tris-
HCI with a pH value of 7.0 and containing 0.1 mM dithiothreitol (hereafter referred
to as Tris buffer), so the final concentration was in the range of the protein stan-
dards. Next, we filtered the diluted protein samples through a 0.45 m pore size
membrane. The assay was carried out by adding 1.5 mL of Bradford Reagent (Sigma-
Aldrich) to 0.05 mL of sample. After 25 min, we measured the absorbance at 595
nm in a spectrophotometer and compared this with the absorbance of the protein
standard.

The fractions of patatin and protease inhibitors were determined by gel filtration
as done before by Brierley et al. (1996). We diluted the protein samples five times,
again in Tris buffer, and filtered them through a 0.2 m pore size membrane. We used
a Biosep SEC-s2000 gel filtration column (Phenomenex) to separate the protein frac-
tions. The patatin fraction was identified by comparison with a 45-kDa glycoprotein
standard (Phenomenex), and the area of the patatin peak was compared with the total
peak area to give its proportion. We identified the protease inhibitor fraction by com-
parison with a 15-kDa protein standard, and took the two peaks around this molecular
weight (15 to 21 kDa). The area of these peaks was then compared with the total peak
area to give the proportion of protease inhibitors.

Protein Model

Both protein synthesis and degradation have been the subject of many studies investi-
gating either their mechanics or their kinetics. While some researchers have modelled
the rate of protein synthesis by describing the entire process of gene expression and
subsequent protein synthesis by ribosomes (von Heijne et al. 1987; Antoun et al.
2006), others have tried approaching synthesis by using Michaelis-Menten kinetics
for the entire process (Lancelot et al. 1986; Danfer 1991). Several studies have found
that protein degradation can be described by Michaelis-Menten kinetics (Hersch et al.
2004; Grilly et al. 2007; Gérard et al. 2016). However, there are also some indications
that protein turnover is a temperature-dependent process (Strnadova et al. 1986). This
can be incorporated in each term by combining the Michaelis-Menten kinetic model
with the Arrhenius model, as reported by Davidson et al. (2012). The major pro-
tein components of potatoes (patatin, protease inhibitors, total protein content) can
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be described by mathematical models of protein synthesis and degradation with the
aforementioned kinetics. The following model describes the temperature-dependent
dynamics of total protein content (T P), protease inhibitors (P [) and patatin content
(Pat) in a potato.

dT P E E TP
—— = Apse” # — Appe” " (1
dt KPD(1+%)+TP
dPlI E E PI
L = Apje ® — Appe FT 2
dt KPD(l-F%)-FPI
dPat E Pat
A Appe #F a 3)
di Kpp (1+%)+Pat

The model takes the temperature inside the potato as uniformly distributed and
equal to the temperature inside the storage facility. The model also assumes a uniform
protein distribution throughout a single potato tuber, which means that the concen-
tration of each component does not depend on the location in the tuber. With regard
to protein content, the model considers the potato a closed system that does not inter-
act with its environment. This means that no excretion or uptake of proteins or amino
acids takes place. Consequently, the rates of change for each component are the sums
of their synthesis and degradation rates and do not depend on migration of compo-
nents. As patatin cannot be synthesised during storage (see, e.g. Racusen 1983; Paiva
et al. 1983; Rosahl et al. 1986; Barta and Bértova 2008), its rate of change is only
dependent on its degradation. We also assumed that each component degrades at the
same rate and with the same affinity constant (Kpp).

As competitive inhibition is the most common mechanism of protease inhibition
in plants (Ryan 1990), it was assumed to be the mechanism of action. We therefore
included the term (1+ %) in the degradation terms to incorporate competitive inhibi-
tion of proteases by protlease inhibitors, as used before in Michaelis-Menten models
with inhibition (Nxumalo et al. 1998).

Parameter Estimation

To use the protein model as represented by Eqs. 1-3 for simulation, the param-
eters first need to be estimated. We used the experimental data described in
Sections “Tuber Storage and Preparation” and “Protein Determination” for the esti-
mation of the kinetic parameters. As Eqs. 1-3 are non-linear in the kinetic parameters,
we applied the non-linear least squares algorithm in Matlab Isgnonlin. This function
finds the minimum of the sum of squares of the residuals between measured and pre-
dicted TP, PI and Pat contents, by changing the values in the parameter vector
® £ [Aps App Ap1 Eps Epp Epr Kpp Ki1T.

@ Springer



338 Potato Research (2019) 62:333-344

Results
Protein Content

It is known that different cultivars show different temporal trends regarding both total
soluble protein as well as the individual fractions (see Table 1). In our study, the
protein content of the cultivar Miss Malina appeared to decline during storage. The
patatin and the protease inhibitor fractions exhibited similar behaviours, as shown
in the left panels of Fig. 1. After the first 7 weeks during which the temperature
decreased gradually, there were 10 weeks during which the temperature was kept
constant at 8 °C. After week 27, there were sudden changes, but these temperature
changes at the end of the storage season were not reflected in the protein contents.

The total protein level of the cultivar Agria appeared to fluctuate more, and
increased slightly at the beginning of the storage period, again coinciding with a grad-
ual lowering of the temperature; see right panels in Fig. 1. While the patatin values
fluctuated after that initial period, these fluctuations occurred within a fairly constant
band. The protease inhibitor content showed a clear decrease from approximately
0.68 [g/kg FW] to around 0.56 [g/kg FW]. As for Miss Malina, the temperature ini-
tially decreased until it reached the desired constant value. For Agria, this constant
temperature was 6.5 °C and there were no changes at the end.

Parameter Analysis

An identifiability analysis showed that the model as proposed in Eqs. 1-3 is uniden-
tifiable, so it is not possible to estimate the model parameters individually. As a
remedy, we propose the following parameter estimation procedure with the following
three stages:

I. Make the system linear in the parameters by setting Eps = Epp = Ep; =
Kpp = 0. Consequently, a linear regression model results, from which Apg,
App and A p; can be identified.

II. Fix the parameter estimates of Aps, App and A p; found in stage I. Use a non-
linear least squares algorithm to estimate the remaining set of parameters. To
limit the number of parameters in this non-linear estimation step, set Eps =
Epp = Ep; = E, and thus estimate E, Kpp and K;.

In the results of stage I, we found that some of the parameter estimates of Apg,
App and A p; had negative values and thus were not physically interpretable. Stage
II resulted in the finding that £ and K; were insensitive parameters. To deal with our
first finding of negative estimates, while retaining the possibility of different slopes
in each of the measured time series, we chose to split Kpp into K7 p, Kpy and K p,;.
On the basis of the results from I and II, we fixed both E and K;.

IIT. TIteratively process the following steps: (i) solve the linear regression problem
by setting £ = le3 and K; = 0.1 found as appropriate estimates in stage 11
and use the initial guess K7p = Kp; = Kpy = 1 to find parameter estimates
for Aps, App and Ap;, (ii) use a non-linear least squares algorithm to find
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Fig. 1 Measured protein content and temperature for Miss Malina (MM) in the left panel, and for Agria
(A) in the right panel. From top to bottom, total protein, patatin and protease inhibitor contents are shown
as well as storage temperature, with error bars for the three protein contents as a result of duplicate samples
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Krp, Kpy and K p,;, (iii) evaluate the accuracy of the estimates and adapt the
parameter estimates of K7p, Kp; and K p,; in (i), then repeat steps (ii) and (iii)
until convergence.

We found different parameter sets for each potato cultivar (Table 2). As mentioned
in Section “Protein Content”, the cultivar Miss Malina experienced a slight decrease
in all protein fractions. This decrease is also visible in the predicted model outputs
using the parameter values from Table 2; see the left panel of Fig. 2. For the cultivar
Agria, only the protease inhibitors decreased; total protein content increased slightly
and the patatin content was more or less constant, which was also predicted by the
model using the parameter values from Table 2; see the right panel of Fig. 2. For both
cultivars, the model responses do not follow the fluctuations in the data, but provide
reasonable overall fits.

The parameter estimation revealed the activation energy E, as an insensitive
parameter. This low sensitivity is in line with the measurement data, showing no
relationship between temperature fluctuations during storage and changes in protein
content. The estimate of Kp,; for the cultivar Agria is much higher than the esti-
mate of K p,; for the cultivar Miss Malina. This difference could already have been
deduced from the measured patatin content, as this was almost constant for the culti-
var Agria, meaning that K p,; was very high, while the cultivar Miss Malina displayed
a decreasing patatin content.

Discussion

Protein synthesis is a complicated process, which can briefly be summed up as
follows. In order for protein synthesis to occur, genes first need to be expressed,
resulting in RNA strands. These strands have to make their way out of the cell
nucleus to ribosomes in the cytoplasm. Protein synthesis then proceeds by reading the
RNA strand and constructing a string of amino acids that together form the protein.
Mathematical modelling of detailed protein synthesis has been carried out before for
prokaryotic organisms (Drew 2001), but still remains to be done for higher organisms
such as plants or mammals.

Table 2 Parameter estimates

and standard deviations for Miss Parameter Miss Malina Agria

Malina and Agria cultivars
Aps 0.0131 £ 0.6834 0.3813 £+ 1.7436
App 0.1362 £ 2.8087 0.8977 £+ 4.1693
Apr 0.0639 £ 1.4736 0.1865 £ 0.9035
E 1000 1000
K; 0.100 0.100
Krp 0.8004 £+ 0.0677 0.3189 £ 0.0089
Kpr 0.0786 £ 0.0045 0.3115 £ 0.0047
Kpar 1.1182 £ 0.4739 1000
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Fig.2 Model outputs and corresponding experimental data for total protein(7' P), protease inhibitors (P 1)
and patatin (Pat) contents for the cultivar Miss Malina (left panel) and the cultivar Agria (right panel)

In the presented work, a simplified model for potato protein during long-term
storage is presented, on basis of the protein turnover and storage temperature. From
literature (Table 1), it was seen that the protein content can increase, remain constant
or decrease during long-term storage, what was also seen in the experimental data.

In our experiments, we observed a decreasing total protein content for Miss Malina
and a slightly increasing total protein content for Agria. The data for both Miss
Malina and Agria display fluctuations over time in total protein, protease inhibitors
and patatin content. The three components appear strongly correlated. Previous stud-
ies had a significantly lower sampling frequency than the sampling frequency of
1 week applied in this study; we have not been able to find any studies reporting fluc-
tuations within a single week. From our experimental data, we are unable to conclude
whether the protein content in the potato fluctuates as fast as seen in the measured
data or whether these fluctuations are a result of sampling and measurement errors.

Furthermore, the protein determination method that was used in this article may
have been influenced by the presence of phenolic compounds in the potato tubers
(Mattoo et al. 1987). Crude homogenates of potato can contain significant amounts
of phenols (Ezekiel et al. 2013), which can interfere with dye-binding to the protein.
This may result in underestimation of the protein content. Using the newly developed
automated Sprint Rapid Protein Analyzer method in combination with the Kjeldahl
method for total nitrogen determination can result in more accurate measurement
results, while simultaneously increasing the speed of the analysis (Nielsen 2017).

For the modelling of the protein content during long-term storage, we assumed that
the protein turnover has a significant effect on protein dynamics. The total protein
turnover consists of the sum of total protein synthesis and degradation and strongly
depends on temperature (see, e.g. Brasil et al. 1993). We therefore modelled the syn-
thesis and degradation processes by using temperature-dependent Michaelis-Menten
kinetics. The temperature dependence was expressed in terms of the Arrhenius
equation.

Our parameter estimation results, however, showed that the activation energy E is
larger than zero, but it could only be estimated from the data with a large uncertainty.
Furthermore, for the cultivar Miss Malina, significant changes in temperature at the
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end of the storage season did not lead to changes in the protein content. Consequently,
E was fixed at 103 J/mol and thus the factor e ~£/ET is approximately equal to 0.65.
This choice of E directly affects the estimated values of App, Ap; and A p,;, which
could not be estimated very accurately either (Table 2). We were able to estimate
the affinity constants K7p, Kp; and K p,; for the cultivar Miss Malina accurately
(Table 2). For the cultivar Agria, only K p,; could not be accurately estimated, as the
corresponding patatin data did not show a clear increase or decrease.

Conclusions

Our study appears to show that the protein content of potatoes depends on culti-
var and possibly less straightforwardly on temperature. We propose that the total
protein, protease inhibitors and patatin contents can be modelled using Michaelis-
Menten kinetics, in combination with the Arrhenius equation. The proposed model
provides insight into the dynamic behaviour of the protein content of potatoes in
storage. However, more experimental research is needed to be able to estimate the
model parameters accurately, except for the affinity constants, and to validate the
model for multiple storage seasons. For a further understanding of protein turnover
in potatoes, dedicated experiments for different cultivars are needed to find explicit
temperature effects on the synthesis and degradation of proteins. Once these rela-
tionships become available, the protein model (Eqgs. 1-3) can be integrated into the
potato storage model (Grubben and Keesman 2019) and possibly extended with the
sugar model as presented by Grubben et al. (2019).
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storage losses.
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