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1. Introduction

The phenomenon of recrystallization in ice that involves the
growth of ice crystals at the expense of smaller ones strongly
diminishes the quality of frozen foods during storage and shortens
their shelf life [1,2,3,4]. This is a major concern in the production of
ice cream and derived products, influencing their stability and
quality [5,6,7,8].

An alternative to address this issue has been the use of ice-
binding proteins (IBPs) [2,6,9,10], which in nature are the main
effectors that inhibit ice formation. IBPs are present in a high diver-
sity of organisms and can be grouped in antifreeze proteins (AFPs)
and ice-nucleating proteins (INPs) [11]. Among AFPs, there is also a
high variety of structures and proposed mechanism of action. Type
I AFPs with an alpha-helical structure and some prevalence of
repetitive motifs (with Thr, Asn and Asp predominantly), in which
polar interactions occur through hydrogen bonding, appear to be a
major mechanism of ice forming inhibition [12,13]. Type II AFPs
have been described as globular proteins rich in cysteine domains;
these AFPs have mixed secondary structures, similar to a calcium-
dependent domain described in lectins, which would be responsi-
ble for ice binding [13,14]. Finally, Type IIl AFPs are also globular
proteins whose interaction with ice occurs through specific regions
or patches that form a flat surface that comes into contact with ice
crystals [15]. The flat surface has patches containing hydrophilic
residues (eg. Thr, GIn or Asn) which are conserved between iso-
forms [16,17,18]. As can be seen, the diversity of sequences and
structures is wide and the mechanisms of action are not precisely
defined. Additionally, an important property associated with anti-
freeze activity is thermal hysteresis that describes the ability to
modify the freezing point of ice. This property is a characteristic
of AFPs, and although has values that cover a wide spectrum
between the different types of AFPs [11,19], it has been widely
used to establish the antifreeze character of proteins and peptides
with diverse applications [13,20,21].

An approach to shed light in the anti-freezing mechanism of
AFPs is the use of model peptides with well-defined sequences
and structures.

In this work, synthetic Pro, Arg and Lys homopeptides were
used with length between 7 and 14 amino acid residues. These
amino acids were chosen because of their tendency to form a
polyproline Il secondary structure and because their antifreezing
properties have been reported [22,23,24,25]. The study of their
interaction with ice was done by means of differential scanning
calorimetry (DSC), through the determination of its thermal hys-
teresis activity as a measure of its antifreeze capacity [26,27].

It was found that the polyproline II secondary structure plays
an important role in this interaction, which is correlated to the
length of the peptide, being the peptides of intermediate length
the ones presenting higher activity in terms of antifreezing activ-
ity. Also, the Pro homopeptides were those exhibiting the better
features both in terms of secondary structure and interaction
with ice [22].

Understanding the mechanism of antifreeze activity, beyond
contributing to basic knowledge, is aimed to the design of new
alternatives to be used in the food industry as an innovative,
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non-toxic and environmentally friendly option, among the many
applications for antifreeze compounds [28].

2. Materials and methods
2.1. Synthesis of homopeptides

Synthesis reagents were purchased from Iris Biotech GmbH
(Germany), and solvents were purchased from Merck KGaA
(Germany).

Pro, Lys and Arg homopeptides between 7 and 14 amino acid
residues, the three reference peptides: AQ4744 a fragment of a
type I AFP, AQ4748 a short antifreeze peptide and AQ4751 a pep-
tide from pig skin, and the peptide AQ1317 as negative control
were synthesized by solid phase peptide synthesis (SPPS) using
standard Fmoc/tBu strategy, following the tea bag protocol devel-
oped by Houghten [29]. Syntheses were performed according to
protocols from previous works [30,31], in which Rink-amide 4-
methyl benzhydrylamine resin (loading: 0.64 meq/g) was used
with  N,N,N',N’-Tetramethyl-O-(1H-benzotriazol-1-yl) uronium
hexafluorophosphate, O-(Benzotriazol-1-yl)-N,N,N’,N’-tetramethy
luronium hexafluorophosphate (HBTU) and N,N-
diisopropylethylamine (DIEA) activation, in dimethylformamide
(DMF) as solvent.

Peptides were cleaved from the resin by using a mix of trifluo-
roacetic acid (TFA)/triisopropyl silane (TIS)/Milli-Q water
(95/2.5/2.5 v/v). Desalting of crude peptides was performed using
size-exclusion chromatography in Sephadex G10 resin using
Milli-Q water as solvent [32]. The peptides were lyophilized and
analyzed by reversed phase-high performance liquid chromatogra-
phy (RP-HPLC, JASCO Corporation, Japan) to assess purity, and
matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-TOF, Bruker Daltonics Inc., MA, USA) to confirm identity.

2.2. Circular dichroism spectroscopy

Circular dichroism (CD) spectra were obtained in a 1.0 mm path
length quartz cuvette over 190-250 nm using a J-815 CD spec-
trometer coupled to a Peltier CDF-426S/15 (JASCO Corporation,
Japan) with signal averaging over 2 s/nm interval in a concentra-
tion range of 1-2 mM with 30% v/v 2,2,2-trifluoroethanol (TFE)
in ultrapure water. Three repeat scans were obtained for each sam-
ple, and the baseline spectrum was subtracted from the average.
These spectra were obtained every 5°C between 5°C and 50°C
and converted to molar ellipticity for a comparative study
[30,33]. Additionally, control and reference peptides CD spectra
were also recorded in pure water at 37°C.

2.3. Thermal hysteresis activity

Control and reference peptides and Pro, Lys and Arg homopep-
tides at 2, 10, 15 and 25 mM concentrations were analyzed in a dif-
ferential scanning calorimeter DSC1 Star System (Mettler Toledo,
Switzerland) implemented with a HSS8 high sensitivity sensor,
and a Huber TC45 intracooler chiller (Offenburg, Germany) was
used. The sensitivity of the DSC1 device is sub tW. A temperature
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calibration was performed using indium before all calorimetric
measurements.

The procedure was adapted from Zhang et al. [34]. Briefly, a
10 pL sample was placed in an aluminum pan and the weight of
the sample was recorded using an analytical scale. An empty
aluminum pan was placed in the reference cell. The sample was
cooled from 10°C down to —25°C (completely frozen) at a rate of
3°C/min, then heated at a rate of 3°C /min up to —10°C, then slowly
heated at a rate of 1°C /min until partially melted at a defined tem-
perature (Tho) where the ice coexisted with the peptide solution;
this temperature was maintained for 10 min to enhance the inter-
action between the peptide and the ice crystals, followed by a tem-
perature decrease down to —10°C to observe the effect of the
peptide on ice recrystallization. The sample was then cooled again
to —25°C to completely refreeze it and finally heated at 3°C/min up
to 10°C to ensure a return to initial conditions. To determine the
Tho, two cooling curves are taken into account, one where recrys-
tallization occurs and another where undercooling occurs and
there is no recrystallization (an example of these curves can be
seen in Fig. S1). The slight difference in temperature between these
two curves guaranteed that in the Tho, there is a minimum amount
of ice, so that the interaction with the peptide is maximum.

To compare the THA of the homopeptide series water was used
as a blank [34,35], peptide AQ117 as a negative control
(KKKKKKPKKKK) and three reference peptides: The first peptide,
codified as AQ4744, is a fragment of a type | AFP (TAANAAAAAAA-
TAR) that has been described to have THA [36]. The second peptide
AQ4748 is a short antifreeze peptide (PTQTQTITGPR) reported with
low THS but Ice recrystallization Inhibition (IRI) activity [35] and
finally, a third peptide AQ4751 is a peptide derived from pig skin
(GLLGPLGPRGLL), and described with a high THA [9].

The onset temperature (To) of recrystallization was recorded,
and the thermal hysteresis activity (THA) was calculated by sub-
tracting the onset temperature (To) from Tho.

A summary of the temperature program for DSC used in this
study is shown in Table 1.

Two-way ANOVA followed by Dunnett’s multiple comparisons
test was performed using GraphPad Prism version 9.3.1 for MacOS,
GraphPad Software, San Diego, California USA, https://
www.graphpad.com.

3. Results
3.1. Secondary structure analysis

Homopeptide series were characterized by HPLC and mass
spectrometry as reported in a previous work [30]. Information
for the reference peptides is summarized in Table S1.

Type II polyproline helix (PPII) secondary structure is a right-
handed helical structure with backbone dihedral angles ¢ and
of —75 and +145¢°, respectively [37]. In spectroscopy, this structure

Table 1
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shows a minimum at 206 nm and a maximum at 220 nm. As can be
seen, Pro (Fig. 1), Arg (Fig. 2) and Lys series homopeptides (Fig. 3)
showed a polyproline II trend to different extents.

In the case of the Pro homopeptide series, the minimum and
maximum have a red shift of 8-10 nm with respect to the typical
polyproline structure due to the imino acid [38]; this homopeptide
series showed the least dispersion with temperature in its sec-
ondary structure, and, by contrast, Arg homopeptide series exhib-
ited the largest dispersion.

To study the relationship of secondary structure with tempera-
ture and peptide length, within each homopeptide series, two
characteristic parameters were used: a comparison of the
220 nm maximum, and the PPII content calculated by Equation 1
[38,39].

[0] ;0 + 6100

JPPIl = —5200

x 100 Equation1

where 6 is the molar ellipticity value at 220 nm. In addition, the
ratio between the residue ellipticity for the maximum and mini-
mum [0]220/[0]206 at different temperatures was also compared.

The general behavior of the three homopeptide series (Pro, Arg,
Lys) was the same as previously reported by our group [33].
Clearly, the minimum and maxima have higher absolute values
at lower temperatures for each homopeptide series, and also for
longer peptides. The PPII % for all three series was maximum at
the lowest temperature and for the longest peptide, with values
of 120.6% for Arg, 98.3% for Lys and 87.1% for Pro homopeptides
(Table S2, Table S3 and Table S4). The minimum PPII % also coin-
cided with the shortest peptide at the highest temperature for
Lys (49.2%) and Pro (47.8%) series. In the case of Arg, minimum cor-
responded to 10 residues. Additionally, two different methods
were used to analyze secondary structure content: CD-Pro-
CONTIN [40,41] as implemented in spectra analysis of the J-815
CD spectrometer and BeStSEL server [42,43]. The database SP37A
[44] was used as a reference for CDPro analysis since it includes
five structural classes: alfa helix (H), beta strand (S), beta turn
(T), polyproline II (PPII), and unordered structure (U). As can be
seen with BestSel analysis (Table S5, Table S6 and Table S7), the
“Others” structural class is the highest value in all the cases, and
with CD-Pro almost all the cases the unordered structure
represents > 40%, the other structural classes have varied values,
being slightly higher those of T in polyproline series, and those of
S in arginine and lysine series. The PPII in all cases was less than
20% (Table S8, Table S9 and Table S10).

CD spectra for reference peptides were recorded in water and
30% TFE. As can be seen, the structural tendency is the same in both
cases (Fig. 4 and Table S1) and the effect of TFE is observed more
clearly with peptide AQ4744, which has a a-helix tendency. Pep-
tide AQ1317 has a PPII tendency; AQ4748 and AQ4751 have an
unordered structure. Analysis of the spectra with CDPro showed
the helix tendency for AQ4744, and the other three peptides pre-

Temperature program for the differential scanning calorimetry. Steps 1, 2, 6 and 7 are the same for all samples, and the other steps (3 and 5) depend on the Tho found for each

specific sample.

Step Start temperature (°C) Final temperature (°C) Rate of change (°C/min) Time (min)
1 10 -25 -3 11,7

2 -25 -10 3 5,0

3 -10 Tho* 1 specific’

4 Tho* Tho* 0 10,0

5 Tho* -10 -1 specifict

6 -10 -25 3 5,0

7 -25 10 3 11,7

" Specific Tho for each sample can be seen in supplementary Table S4.
 Specific time for each sample.

64


https://www.graphpad.com
https://www.graphpad.com

R. Rojas, M. Aréstica, P. Carvajal-Rondanelli et al. Electronic Journal of Biotechnology 59 (2022) 62-73

-18000

P8

Temperature [C] 4 200

Temperature [C]

Wavelength (nm)
10000 10000
10000
10000
| | l
-10000 —
Mol. Elifl.0000 —|
Mol. Elip.
-20000 —
-20000 —
-30000 —
-30000 —
50 -30000 -40000 —
4999 -40000
Temperature [C] e Temperature [C]

Temperature [C] 200 210 Temperature [C]

Wavelength [rm] Wavelength (]

Fig. 1. Temperature-dependent CD spectra for proline homopeptides from 7 to 14 residues. Curves were recorded at a range of temperature between 5 and 50°C; the molar
ellipticity values are indicated by the color scale.
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Fig. 4. CD spectra for reference peptides in water (dashed line) and in 30% TFE (solid line)

sent similar values to the homopeptides, and in the case of BeStSel
server, the behavior is similar (Table S1).

In addition, the presence of an isodichroic point was observed in
the temperature-dependent CD spectra, and also the [0]220/[0]206
ratio is nearly lineal for all the homopeptide series. This is
interpreted as an indication of a balance between the PPII sec-
ondary structure and the disordered state [25].

This trend is clearer in the case of Pro homopeptides than in the
case of Arg and Lys homopeptides (Fig. S2, Fig. S3, Fig. S4).

A structural model for the 7, 11 and 14 residues of the
homopeptide series was constructed (Table 2) based on the P6
experimental structure [45].

3.2. Thermal hysteresis activity

Results of the DSC for each homopeptide series in terms of the
THA (calculated as indicated in the methods section) are shown in
Fig. 5. The Tho temperature for each peptide and the onset temper-
ature are presented in Table S11.

Statistical analysis of the THA results was done by initially com-
paring the different concentrations for each peptide, observing
only a few significant differences (Table S12). The activity of differ-
ent peptides was compared with a negative control (AQ1317) at
the different concentrations used. This analysis showed that
almost all the series of homopeptides present a THA higher than
that of the control (Fig. 4 and Table S13), with the homoproline ser-
ies being the one that presented THA at all concentrations, with P8
and P9 having the best behavior.

Homoarginine series showed significant differences at 15 and
25 mM mainly, and homolysine series at 25 mM.

AQI317 TFE 30%

— AQ4748 TFE 30%

O (mdeg cm2 dmol-1

O (mdeg cm2 dmol-1
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at 37°C. Color code: AQ1317 grey, AQ4744 red, AQ4748 blue and AQ4751 magenta.

The THA values for any of the homopeptide series were in a
similar range to that of the reference peptides and others reported
in literature [9,35,36,48,49,50].

Although a pattern is not clearly observed, it is possible to
observe THA in all the three homopeptide series, in a different
extent in each one.

4. Discussion

Circular dichroism is widely used for the determination of
secondary structure in proteins. However, the analysis methods
to determine secondary structure have two major biases, to be
applied to peptides, the first one is that the methods are built
with protein databases, which present mixtures of secondary
structures, and secondly, the defined structural classes are very
limited, for which the analysis of CD in peptides is a develop-
ing area [51]. A specific case is the one that refers to polypro-
line II [38,52], which is the subject of this report. Its
determination is based on the antecedents that exist in the lit-
erature and also on the experience gained in working with
peptides.

Thus, in terms of secondary structure, Pro, Arg and Lys
homopeptide series have been reported before as forming PPII
structures, which are more stable at low temperature and for
longer peptides [33,53], which is in agreement with what was
found in the present study. It should be noted that equation 1,
by which the %PPII was estimated, was determined from data with
peptides that did not include arginine or lysine, and according to
other reports, these two amino acids have a high propensity to
form PPII, added to the flexibility they have compared to proline,
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Table 2
Structural formula and 3D models for the 7, 11 and 14 residues of the homopeptide series. Formula was performed with Marvinsketch 20.21.0 (Chemaxon), and 3D structure was
constructed with SpdbViewer [46] and Chimera [47] based in the experimental structure CCDC-1014542 from The Cambridge Crystallographic Data Centre [45].

Peptide Structure

‘” 0,000

Pl Jo
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st Jo
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(continued on next page)
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Table 2 (continued)
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Peptide Structure

¥ YY Y Y Y Y Y
7

R14

cause artifacts to exist, obtaining values of more than 100% for
some cases (Table S4 and Table S7).

The mechanism of action of the antifreeze proteins (AFPs) and
peptides and their role in their interaction with ice is a matter of
debate [10,19,54]. There are many studies reporting different
results and, until now, it has not been possible to define a general
mechanism; however, there are some features to consider in the
case of peptides:

1. Secondary structure, with a preference for PPII structure, has
been reported to be important for the interaction with ice,
and in particular with respect to their antifreeze activity
[55,56]. It is postulated that the lack of intrachain hydrogen
bonds can leave the peptide backbone available for interacting
with ice, and this may be favored for amino acids with non-
bulky side chains.

2. Length of the molecule is important: very short molecules or
very long molecules affect the secondary structure of the pep-
tide [57], also influencing their antifreeze capacity and decreas-
ing their activity.

70

In this context, although almost all the synthetic homopeptides
showed thermal hysteresis activity, it was higher in the homopep-
tides with an intermediate length, even though the PPII helix was
favored in longer homopeptides. This can be explained as a combi-
nation between length and flexibility, with intermediate-size pep-
tides having a defined structure, but also being flexible enough to
interact with ice crystals, as is the case of P8 or P9 peptides, which
showed activity at all concentrations tested. A similar behavior
was observed for Arg homopeptides, R9 and R10 exhibiting the
highest THA activity at 25 mM. Lys homopeptides were the less
active series. It is possible that in the case of Lys and Arg homopep-
tides, their cationicity is the predominant feature on ice interac-
tion, beyond the secondary structure, so that the interaction is
different than with Pro homopeptides. Also, the electronic charac-
ter of the guanidinium group of Arg, which can behave like a reso-
nant structure, could modulate the interaction in a different way.

Interestingly, the peptide used as a negative control is a polyly-
sine peptide with a proline in the middle of the chain and, although
the secondary structure retains the PPII tendency, the THA
decreases drastically. Of the three reference peptides, only one
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Thermal Hysteresis Activity

1.0 1
0.8 1

THA

0.4 1

0.2 4

el Ll TIEEE L P
o & O O
v v v v
Peptide
I Proline M Lysine M Arginine P
B
*%
‘ Fokk
‘ *%
*k *%
*k *k
*k *k kK
*okk *kkK ‘ *k ‘ *kkk
109 ] r
dkkk kKKK *kkk *%
0.8+
0.6
<
I
=
0.4
) “ ““
O_OJI T T II
2mM 10 mM 15mM 25mM

Peptide concentration

Fig. 5. Thermal hysteresis activity. A. The activity for homopeptide series and reference peptides at four different concentrations is presented. Color code is as follows: Lys
series orange, Arg series blue, Proline series green. The peptide used as a negative control is in grey, and reference peptides are in red, blue and magenta. The colors are on a
scale from light to dark depending on the concentration used: 2, 10, 15 or 25 mM. B. Comparison of the peptide vs AQ1317 (black bars) according to concentration. The
homopeptide series are plotted in light to dark color according to the number of residues (7-14), and reference peptides are in red, dark blue and magenta. Significant
differences are indicated at ** P < 0.01, *** P < 0.001, **** P < 0.0001.

behaved as reported. Peptide AQ4748 showed a random or disor- reported, which are low values of THA and a random structure.
dered structure, and also low THA values. Peptide AQ4744 presents Likewise, peptide AQ4451 is reported with high values of THA, of
high values of THA and helix structure, unlike what was previously the order of 5 C. It is possible that the differences may be related
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to the methodology used, since there is not much detail about it in
the cited references. The CD spectra of these peptides were
performed in pure water and 30% TFE, which is a standard proce-
dure, and as can be seen in Fig. 4, the secondary structure tenden-
cies are conserved, being stabilized only those that present
intrachain interactions, as previously reported [23,58].

It was impossible to establish a relationship between THA activ-
ity and peptide concentration, which may be due to a problem of
measurement limitation or sensitivity with the technique used
(DSC), so in future studies, the use of microcalorimetry as a
complementary technique will be used to determine if this corre-
lation exists.

5. Conclusions

Homopeptides of Pro, Lys and Arg between 7 to 14 residues
showed a type II polyproline helix secondary structure, which is
more clearly defined as the number of amino acid residues
increases and as the temperature decreases, according to their
molar ellipticity.

According to DSC, all homopeptides had antifreeze activity,
with Pro homopeptides having the highest effect. Also,
intermediate-length homopeptides favored the THA activity.

Studies with model peptides will allow the design of new mole-
cules with antifreeze properties that could be used in a wide spec-
trum of applications in the food industry and in other
biotechnological fields [9,10,13,59,60,61].
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