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Abstract

A novel, generally applicable method of identifying peptides using HPLC, microwave-assisted acid hydrolysis
(MAAH), and bioinformatics is described. Method validation was performed on bacteriocins—antibacterial peptides
produced by probiotic bacteria—using nine different bacteriocin isolates secreted by the probiotic Lactococcus lactis.
Calibration curves were constructed for 23 amino acid PTH derivatives, and analysis was performed using norleucine
as the internal standard. Validation of amino acid analysis performed in the range 2.5-100 nmol/mL indicated excellent
method linearity, while the LODs ranged from 0.17 to 2.88 nmol/mL and the LOQs from 0.51 to 8.75 nmol/mL. The
MAAH method was developed by irradiating nisaplin for various durations at 700 W, with 7 min providing the best
results. The amino acid content of each sample was estimated following the application of MAAH to ten different
samples. The bacteriocins in our samples were identified using the UniProt database. Eight of nine peptides were
identified as UniProt entries: nisin A (P13068), nisin Z (P29559), 14DSZ9, OB7236, P36499, OB7237,
AOAOM7BHG60, and T2C9F0. The phylogenetic tree was constructed for nisin A and nisin Z using the multiple
sequence aligning tool Clustal 2. The identified nisin types presented excellent correlation with their ModBase-
predicted structures. The present method gives true, precise, and rapid results, and requires only standard technical
equipment. Our results suggest that the present approach can facilitate the discovery of novel bacteriocins and provide
useful information on not only the amino acid contents of peptides but also the evolution of protein biology.
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Introduction

Antibiotic resistance resulting from the development of
multidrug-resistant (MDR) pathogens is a major problem in
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animal and human medicine, and has prompted an urgent
drive to discover and characterize novel antibacterials [1].
One interesting class of natural antibacterials comprises the
compounds produced by probiotic bacteria, which are charac-
terized as bacteria beneficial to the host [2, 3]. Given the
prominent role of the gut microbiome in the survival of an
organism [4], the advantage of using probiotics as a preventive
measure is well documented [5, 6]. Bacterial balance in the
gastrointestinal tract is achieved through quorum sensing,
which includes the production of bacteriocins [7].
Bacteriocins are primary metabolites produced by lactic acid
bacteria (LAB), which are generally recognized as safe
(GRAS) [8]. These peptides act as food preservatives [9], even
at picomolar levels [10], as well as antibacterials against ani-
mal and human pathogens [11, 12]. Bacteriocins are
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synthesized ribosomally and they form a heterogeneous group
of compounds that present considerable diversity in terms of
their structure and properties [1]. Various bacteriocin classifi-
cation schemes have been suggested, comprising either two
[12], three [13], or four [14] groups. However, class I bacte-
riocins (known as lantibiotics) and class II bacteriocins
(nonlantibiotics) are common to all of the classifications; the
main difference between these classes is that lantibiotics con-
tain post-translationally modified residues such as f3-
lanthionine and 3-methyllanthionine, which help to stabilize
the peptides with respect to heat, pH, and proteolysis [15].

The bacteriocin that has received FDA and EU approval for
use in food destined for human consumption is nisin [16].
Nisin is produced by Lactococcus lactis and is main represen-
tative of the family of lantibiotics. Nisin A, has been described
as a 3500-Da elongated amphipathic peptide that acts by pro-
ducing pores on the pathogen’s membrane [17]. Moreover,
L. lactis bacteriocins have been successfully applied against
animal pathogens [18, 19]. Recently, a screening method for
the simultaneous quantification of nine bacteriocins produced
by L. lactis was reported [20]. However, these bacteriocins
were not identified as their amino acid contents were not de-
termined, and it is well accepted that the amino acid compo-
sition is an important peptide classification parameter [21].
Amino acid analysis is an indispensable protein analysis tech-
nique that consists of two steps, namely the preparation of the
protein hydrolysate and the subsequent quantitative analysis
of the amino acids that are formed [22]. The rate-limiting and
most important step in this procedure has been identified as
the preparation of protein hydrolysates [23]. To this end, as an
alternative to the commonly used yet time-consuming method
of constant-boiling hydrochloric acid [24], the faster and more
efficient technique of microwave-assisted acid hydrolysis
(MAAH) has been introduced [25]. This method has been
used extensively for the identification of transmembrane pro-
teins [26] and for the mapping of protein sequences and their
modifications [27], while its use in combination with
microwave-assisted base hydrolysis (MABH) to generate lad-
der sequence information has also been reported [28].

The analysis of the resulting amino acids has been performed
following their derivatization with phenylisothiocyanate (PITC)
as phenylthiohydantoin (PTH) derivatives [29], dansyl deriva-
tives (either alone or in combination with the Edman procedure)
[30], or o-phthalaldehyde derivatives [27]. However, analytical
approaches employing reverse-phase instead of ion exchange
chromatography of the PITC-derivatized amino acids [31, 32]
have allowed the efficient separation and quantification of ami-
no acids in various proteins.

The selection of the candidate probiotic, the isolation of
proteins from the cell-free medium, their hydrolysis, followed
by amino acid content determination is the classical or empir-
ical method employed for bioactive peptide discovery.
However, bioinformatics-driven approaches that exploit
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information in various databases to assign particular biologi-
cal activities to isolated peptides have recently been intro-
duced [33, 34]. Indeed, the screening of anticancer bacterio-
cins in the human gut microflora has been performed using
such an approach [35]. In fact, in-silico approaches such as
genome mining and peptide sequencing are now considered
indispensable for the analysis of antibiotic biosynthetic path-
ways [36].

Although the nisins produced by L. lactis have gained ex-
tensive attention, other antibacterial peptides produced by this
probiotic bacterium may also prove to be of great value. Since
the discovery of novel bacteriocins is important for enhancing
the arsenal of available antimicrobials, an efficient screening
system for them appears to be required. In the work discussed
in the present paper, a system combining the classical method
of analysis using MAAH with bioinformatics for the screen-
ing and identification of the nine bacteriocins produced by
L. lactis ATCC 11454 is presented.

Materials and methods
Chemicals and reagents

All amino acids and Nisaplin® (N 5764) were purchased from
Sigma—Aldrich (Taufkirchen, Germany). The internal stan-
dard norleucine, the derivatization reagent PITC, and DL-di-
thiothreitol were purchased from Alfa Aesar (Karlsruhe,
Germany). HPLC-grade methanol, acetonitrile, trifluoroacetic
acid (TFA), sodium acetate, sodium dihydrogen phosphate,
and disodium hydrogen phosphate were purchased from
Merck (Darmstadt, Germany). Triethylamine (TEA) was pur-
chased from Fisher (Loughborough, UK) and absolute ethanol
was from Panreac (Montcada i Reixac, Spain).

A stock solution of each amino acid was prepared by dis-
solving 0.5 mmol of each amino acid into 50 mL of coupling
buffer, resulting in a final amino acid concentration of 10 mM,
except for norleucine, which amounted to 50 mM. The cou-
pling buffer consisted of ethanol (EtOH), triethylamine (TEA),
and H,O in the ratio 1:1:1. Stock solutions of all the standard
amino acids were prepared, as well as those of some modified
forms, making a total of 24 amino acid solutions. Stock solu-
tions were stored at 4 °C for a period of up to 1 month.

Sample preparation and derivatization

All of the standard amino acids, as well as some modified
forms, were derivatized according to the Edman derivatization
process [29]; the protocol published by Checa-Moreno et al.
was used [32], albeit with some modifications. Briefly,
250 pL of each amino acid and an equal amount of the internal
standard norleucine were dissolved in the coupling buffer and
submitted to solvent evaporation in a rotary evaporator
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(Buchi, Flawil, Switzerland). The dry residue was allowed to
react with 200 uL of the derivatization solution, which
consisted of EtOH, H,O, TEA, and phenyl isothiocyanate
(PITC) at a ratio of 6:2:2:1, for 10 min at room temperature
under a hood. It then underwent solvent evaporation to dry-
ness in a rotary evaporator, and the amino acid derivatives
were collected in 1 mL of buffer consisting of (1.25 mM
Na,HPO,—5 mM NaH,PO,, pH 7.4)-6% (v/v) ACN. The
I-mL derivative solution with a final concentration of
2.5 mM was stored at 4 °C in 1.5-mL Eppendorf reaction
tubes, or at —20 °C for long-term storage, which did not have
any significant negative effects.

HPLC analysis

The HPLC apparatus consisted of a Shimadzu (Kyoto, Japan)
LC20AD pump equipped with a quaternary solvent delivery
system, a Vydac C18 (4.6 x250 mm, 5 um; Hichrom,
Reading, UK) reverse-phase column, a column oven, and an
SPD-20A diode array detector (Shimadzu). The HPLC-DAD
was controlled by a computer employing the LC solution data
acquisition software supplied by Shimadzu. In the gradient
elution, mobile-phase component A was (sodium acetate
0.28 M, pH 6.7)-5% acetonitrile (ACN)-0.05% triethylamine
(TEA), while mobile-phase component B was ACN-H,O
60:40 (v/v), and the oven was set to 40 °C. The sample volume
of the valve injector was 80 pL. The gradient started with
100% A and 0% B, after which B was increased stepwise to
40% at 24 min, 50% at 25 min, 80% at 26 min, and 90% at
30 min; this was held until the end of analysis. The analysis
time was 35 min. After changing back to 100% solvent A at
the end of analysis, the mobile phase was maintained for
10 min to achieve column equilibration before the next injec-
tion. The flow rate was 0.5 mL/min during the whole gradient
cycle, and the column temperature was set to 40 °C. The
analytes were monitored at 220, 280, and 254 nm, and absorp-
tion spectra (190-800 nm) of the analytes were recorded
throughout all analyses.

Method validation

Calibration curves of the amino acid derivatives were con-
structed by injecting samples into the HPLC system to obtain
six calibration points for each derivative. The concentrations
used for this purpose were 2.5, 5, 25, 50, 75, and 100 nmol
mL !, while the final concentration of the derivatized internal
standard norleucine was 12.5 nmol mL ™", For each calibration
curve, linear regression statistical analysis was performed,
employing the regression data analysis package of Microsoft
Excel. In each case, we determined the standard curve equa-
tion (y = ax + b) along with the correlation coefficient R?, the
limit of detection (LOD), the limit of quantification (LOQ),
the recovery rate, and the accuracy in terms of trueness (bias

%) and precision (intraday and interday). LOD was calculated
as 3.3 X (SEjpercept/slope), and the quantification limit LOQ as
10 % (SEjntercepi/slope). Trueness was calculated as bias
(%) = (¢ — n)/nx100%, where ¢ is the calculated value for
the standard and » is its nominal value. Intraday precision
was calculated using the RSD% of at least three replicates at
each calibration level daily, while interday precision was cal-
culated using the RSD% of six replicates over two days. The
extraction recoveries of the 24 derivatives were determined by
comparing the concentration of each amino acid estimated
from the calibration curve (c) to its nominal concentration
(n) as (c/n) x 100%.

Microwave-assisted acid hydrolysis (WVAAH)

In this study, we attempted the microwave-assisted acid hy-
drolysis of 10 potential bacteriocin samples isolated in previ-
ous experiments in our lab [20]. Each sample was lyophilized
to discard the buffer used in the previous experiment and
resuspended in 1 mL of phosphate buffer (1.25 mM
Na,HPO,4—5 mM NaH,PO,) pH 7.4 containing 6% (v/v)
ACN. A volume of 10 pL of each sample was transferred to
an empty 1.5-mL reaction tube to which 10 mL of 20 mM of
dithiothreitol (DTT) solution was added to prevent the
oxidization of the amino acids [26]. After 20 min of incuba-
tion of the aforementioned mix at 60 °C, 20 or 40 uL of 50%
v/v trifluoroacetic acid (TFA) were added. Then the contents
of the reaction tube with the new mix were exposed to nitro-
gen gas to remove atmospheric oxygen. The sample was cen-
trifuged at 3800xg for 30 s in a bench centrifuge. Then the
capped lid was covered with Teflon tape and the reaction tube
was pinned in a polystyrene holder floating on 200 mL ddH,O
in a 600-mL beaker. The beaker was exposed to microwaves
for 5, 7, 10, or 15 min at 700 W. Following centrifugation
(30 s, 3800%g), the hydrolyzed sample underwent solvent
evaporation to dryness in a rotary evaporator and then deriv-
atization according to the method described above. Nisin was
used as a MAAH optimization control when performing
MAAH protocol validation. Briefly, a stock solution (1 mg/
mL) of nisin was purified from Nisaplin® [37], which contains
2.5% nisin (10° 1U/g). A volume of 10 pL of this stock solu-
tion was used throughout the MAAH procedure described
above. The hydrolyzed nisin was derivatized and injected in
order to select the best protocol by comparing the amino acid
profile of the nisin with a corresponding profile obtained from
the literature. The protocol employing 40 uL TFA 50% (v/v),
a microwave irradiation time of 7 min, and the use of nitrogen
gas was identified as the most efficient.

Computational analysis of bacteriocins of L. lactis

Bioinformatics tools and databases were employed to achieve
a better understanding of the antimicrobial peptide secretome
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of L. lactis. The sequences of L. lactis bacteriocins were ob-
tained via the UniProt database [38]. Multiple sequence align-
ment was performed and the phylogenetic tree of the se-
quences was acquired using the multiple sequence aligning
tool Clustal €2 1.2.1 [39]. The 3D structures of nisin A and Z
were obtained from the Protein Data Bank (PDB) [40], while
possible structure models were taken from ModBase [41].

Results and discussion

Standard curves of amino acid derivatives

The retention times and LOQ and LOD values for the 23
amino acids examined are shown in Table 1. All amino acid

analyses provided LOD values of <1 nmol/mL except for
glycine, alanine, cystine, and lysine derivatives. This may be

attributed to the wide range of concentrations (2.5-100 nmol/
mL) employed to construct these standard curves, a fact that
led to high error values at the lowest concentration. In the
standard curve for the cysteine derivative, more than one peak
was present in the chromatogram (Table 1); in that case, the
first peak (at 16.3 min, Table 1), which had the biggest peak
area, was considered in the calculations. The production of
cysteine derivatives when using the PITC derivatization meth-
od has been reported, so cysteine is often not included in the
determination of PTH derivatives of amino acids [32].
However, the fact that our approach based on the largest peak
was not realistic enough led us to include the cysteine deriv-
ative when attempting to estimate the amino acid composi-
tions of the hydrolyzed bacteriocins.

Although slight differences were observed between the re-
tention times for the multiderivative mixes and those for the
single-derivative runs, the elution sequence remained the

Table 1 Retention times and limits of detection and quantification for 23 amino acid derivatives
Amino acid Retention time (min) LOD LOQ
Mean +SD (RSD %) (nmol/mL) (nmol/mL)
Separate AAs AA mix Hydrolysates
Aspartic acid 6.023 £0.04 (0.62) 5.967+£0.32 (5.30) 5.5765+0.22 (3.90) 0.56 1.71
Glutamic acid 6.800+0.07 (1.13) 6.769+0.16 (2.36) 6.665+0.35 (5.25) 0.21 0.63
Glutamine 6.955+0.36 (4.03) 7.177+0.21 (2.92) 7.978 £0.45 (5.60) 0.53 1.59
Asparagine 8.300+0.25 (3.02) 8.000+0.21 (2.62) 8.015+0.14 (1.74) 0.41 1.23
OH-proline 8.316+0.30 (3.65) - - 0.46 1.40
Glycine 9.970+0.37 (3.68) 9.627+0.12 (1.25) 10.143 +£0.28 (2.76) 1.04 3.15
Serine 10.095 £0.14 (1.35) 10.245+0.18 (1.24) 10.858 £0.07 (0.64) 0.61 1.86
Histidine 11.071+£0.24 (2.18) 11.725+0.06 (0.51) 11.945+£0.65 (5.45) 0.71 2.13
Threonine 13.152+£0.17 (1.33) 13.833+£0.28 (2.02) 15.011£0.56 (3.73) 0.54 1.63
Proline 13.851+£0.27 (1.92) 14.230+0.16 (1.12) - 091 2.76
Arginine 15.122+0.48 (3.2) 15.133+£0.20 (1.32) - 0.67 2.04
Cysteine 16.720 +0.17 (1.03) - - 0.49 1.51
16.3/22.6/ 25.8/27.2
Alanine 18.141+£0.10 (0.11) 18.193+0.22 (1.21) - 1.45 439
Tyrosine 20.250+£0.21 (1.02) 20.600£0.45 (2.18) 21.856+£0.24 (1.09) 0.58 1.75
Methionine 21.300£0.41 (1.93) 21.353+£0.26 (1.21) 21.451£0.11 (0.51) 0.17 0.51
Valine 22.315+0.13 (0.57) 22.364+0.24 (1.07) 22.418+0.25 (1.11) 0.40 1.22
Tryptophan 24.512+0.32 (1.06) 24.900+0.51 (2.04) 23.856 +0.44 (1.84) 0.47 1.43
Cystine 26.182+0.08 (1.7) 25.400+0.21 (0.82) - 0.41 1.24
Isoleucine 26.751 +£0.65 (2.44) 25.596 +0.45 (1.75) 25.891+0.40 (1.54) 1.12 341
Leucine 27.803 +0.18 (0.67) 26.800+0.22 (0.82) 26.768 +£0.55 (2.05) 1.00 3.04
Phenylalanine 28.13+£0.30 (1.06) 28.162+0.28 (0.99) - 0.49 1.50
Norleucine 28.931+£0.21 (0.29) 28.733+£0.38 (1.32) 29.343+£0.30 (1.02) - -
Lanthionine 29.735+0.56 (1.90) 30.067 £ 0.20 (0.66) - 0.38 1.17
Lysine 31.166 +£0.42 (1.3) 32.134+0.34 (1.06) 32.166 +0.31 (0.96) 2.88 8.75

Multiple retention times (in min) for a particular amino acid (e.g., cysteine) imply the presence of more than one peak in the chromatogram upon derivatization.
Limit of detection (LOD=3.3 x A) and limit of quantification (LOQ =10 x A), where A = standard error (intercept)/coefficient (x variable 1). Values are
presented as mean + SD values for single amino acid derivative runs, for the amino acid mix, and for the protein hydrolysates. Values in parentheses indicate the

RSD (%)
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same (Table 1). However, the relative difference (%) of the
relative retention time of each derivative compared to the cor-
responding value for the MAAH optimization control was
lower than 2.5% with the exception of tyrosine and valine
(with values of 2.6 and 2.8%, respectively). In the sample
chromatogram of a mix containing individually derivatized
amino acids (Fig. 1a), each derivative was identified by con-
sidering the retention time as well as the peak shape, absorp-
tion strength, and the coelution pattern for multiple amino
acids. In our preliminary experiments, the application of a
steeper gradient of 80% B at 24 min resulted in the coelution
of leucine, isoleucine and norleucine. This issue was
circumvented by introducing two more steps into our gradient
(namely 40% B at 24 min, 50% at 25 min, and 80% at 26 min),
which were subsequently used throughout our experiments.

Fig. Ta-b Representative a,

The standard curve equations are presented alongside the
correlation factors (R%) and validation data in Table S1 of the
“Electronic supplementary material” (ESM). Our data dem-
onstrate that there are excellent correlations in most cases,
with the exception of the derivatives of leucine, isoleucine,
lysine, and glycine (R? <0.9990). Recovery values ranged
from 90 to 115%, with the exception of the lowest recoveries
observed at the low calibration point (2.5 nmol/mL) for iso-
leucine (86.66%) and leucine (87.06%) and the peak value of
116.0% for glycine. Moreover, the corresponding standard
curves presented lower R* values, possibly due to a narrower
range of linearity. The bias (%) and the intraday and interday
precision (RSD %) were lower than 10% with the exception of
the low calibration points for glycine, alanine, and leucine
(Table S1 in the ESM). The calculations used to determine
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the method bias, precision, and recovery are described in the
“Method validation” section.

MAAH protocol optimization

To optimize the MAAH protocol, we employed the well-
studied peptide nisin as a MAAH optimization control, en-
abling us to establish the optimal hydrolysis conditions. This
peptide has previously been used in derivatization experi-
ments employing dansyl chloride to determine the relative
content of polypeptide chains [30], but (to the best of our
knowledge) not in any MAAH protocols. In the present study,
a variety of microwave exposure times were examined.
Initially, 10 and 15 mins of exposure time were tested.
When the absorption signals of the samples hydrolyzed for
10 min are compared to those of the samples hydrolyzed for
15 min, the latter signals appear to be attenuated compared to
the former (see Fig. S1b, ¢ in the ESM). In particular, the peak
at 13.128 min for the sample exposed to 10 min of irradiation
appears to be augmented compared to the peak at 12.584 min
in the sample irradiated for 15 min. In addition, a few obvious
peaks in the chromatogram of the sample irradiated for 10 min
(e.g., the peak at 11.170 min) do not correspond to any of
those in the chromatogram for the sample irradiated for
15 min. In general, there are only a few peaks that are likely
to correspond to amino acid derivatives, which is not enough
to allow the confident identification of a specific peptide from
among a bunch of bacteriocins.

An exposure time of 5 min was then tested to determine if'it
would be adequate for peptide hydrolysis. This led to incom-
plete hydrolysis (Fig. Sla in the ESM), as many peaks with
high absorption values eluted at 25-28 min, which most prob-
ably correspond to peptide fractions of the initial bacteriocin.
It has been reported [21] that 50% TFA (20 puL) and 20 min of
irradiation were used for the mapping of proteins including
casein and albumin. Likewise, for membrane proteins such as
bacteriorhodopsin, a combination of 25% v/v TFA and 10 min
of irradiation provided the best results [26]. Therefore, 7 min
was tested as an intermediate exposure time between 5 min
and 10 min, while the volume of 50% v/v TFA was doubled to
a final volume of 40 uL (Fig. 1b). These conditions were
considered optimal in terms of the number of peaks that cor-
respond to potential amino acid derivatives in the hydrolyzed
sample. In this manner, and given the number of amino acid
residues in nisin, the number of peaks that probably corre-
spond to amino acid derivatives was deemed adequate to rec-
ognize the peptide.

Another point of interest was whether exposure of the hy-
drolysis mix to nitrogen gas would improve the output from
hydrolysis by removing the oxidizing agent, namely oxygen.
Treating the samples with nitrogen led to more peaks in the
chromatogram of the derivatized hydrolysate (Fig. S2 of the
ESM), possibly due to the oxidation of amino acid derivatives
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in the absence of nitrogen. An example is provided by methi-
onine, which exhibits a peak with a retention time of 21.451 +
0.11 for the hydrolysate (Table 1) that is absent when the
nitrogen step is omitted (Fig. S2 in the ESM). Hence, the
nitrogen gas exposure step was included for all of the hydro-
lysis mixes to suppress oxidation of the individual amino acid
residues during the hydrolysis process.

Amino-acid profiling of L. lactis bacteriocins

The bacteriocins of L. lactis that were profiled in the present
study originated from an experimental setup employed previ-
ously by our group [20]. Briefly, the bacteriocins were initially
precipitated with ammonium sulfate from the cell-free growth
medium of L. lactis, leading to sediment 1, while further pre-
cipitation of the supernatant with organic solvents
(ethanol:diethyl ether, 1:2 v/v) produced sediment 2. Both
sediments presented antimicrobial activity, and in the final
step of reverse-phase preparative chromatography, a strong
signal was observed with the same retention time as and an
identical absorption spectrum to pure nisin. The bacteriocin
samples (1-10) that were profiled are displayed in Fig. 2,
where each bacteriocin corresponds to a peak in the relative
chromatogram (sample 1 was a blind blank that did not pres-
ent antibacterial activity and was used for validation pur-
poses). Our approach takes into account the total concentra-
tion of each recognizable amino acid that is included in each
sample of the same peptide, and the major criterion employed
is the ratio of the amino acid concentrations, which is com-
pared with the corresponding concentration ratio of already
known amino acids. As the dataset used was not extensive,
emphasis was placed on the amino acid residues that showed
high interpeptide variation among the bacteriocins secreted by
the bacterium. The known amino acid compositions of all the
bacteriocins obtained from UniProt are provided in the ESM
(Tables S2—S11). The amino acid compositions of each of our
samples were compared with the data in those tables for iden-
tification purposes. As expected, there were small deviations
in our calculations that may be due to the variety of strains of
L. lactis that were included in the UniProt results. The sample
recognition process as well as possible explanations for cer-
tain deviations that were observed are addressed in the ESM.
Each of the ten samples was annotated with a UniProt entry
ID, as shown in Fig. 2, apart from samples 1 and 10, for which
peptide recognition was not feasible. This was expected for
the blind blank (sample 1), but sample 10 has been reported to
present antibacterial activity [20] and thus requires further
investigation, as it may represent a bacteriocin that has not
been registered yet.

We only discuss samples 7 and 8 in detail below, under the
assumption that they correspond to nisins A and Z, respective-
ly. In sample 7 (sediment 1, 29-30 min), as shown in Fig. 3a,
the following were detected: [Asp] =0.94 nmol/mL, [Asn] =
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correspond to specific retention times in each chromatogram: /: 20—
21 min, 2: 21-22 min, 3: 22-23 min, 4: 24-25 min, 5: 26-27 min, 6:

1.67 nmol/mL, [Gly] =36.23 nmol/mL, [His]=24.32 nmol/
mL, [Met]=4.71 nmol/mL, [Val]=5.39 nmol/mL, [Ile]=
121.59 nmol/mL. This sample is proposed to represent nisin
A, based on previously obtained retention time and absor-
bance spectrum data [20]. The present work offers additional
support for this proposal: the ratio [Asp]/[Asn], the high con-
centrations of Thr and Ile, and the similar [Met]/[Val] ratio.
Larger peaks at 12.3 min and 24.55 min probably correspond
to small peptides that were not hydrolyzed. However, since
such unhydrolyzed peptides were not present in the pure nisin
hydrolysate (Fig. 1b), these were attributed to possible con-
tamination from the previous peak during sample collection in
preparative HPLC [20]. The peak preceding sample 7 did not
present antimicrobial activity, meaning that it does not relate
to a bacteriocin and may not have been hydrolyzed under the
MAAH conditions used in the present study.

In sample 8 (sediment 2, 29-30 min), shown in Fig.
3b, the amino acid concentrations were estimated as
[Asn]=2.58 nmol/mL, [Gly]=35.45 nmol/mL, [His]=
14.97 nmol/mL, [Ile]=104.99 nmol/mL, [Leu]=
135.93 nmol/mL. The ratio [Ile]/[Leu] is pretty similar
to the corresponding one from Table S5 of the ESM.
The larger peaks at 12.8, 18.5, and 24.8 min were at-
tributed to contaminating unhydrolyzed peptides origi-
nating from the previous HPLC fraction, as also seen
for sample 7 (Fig. 3a). In addition, the increased Asn
concentration and the lower His concentration compared
to sample 7 provide further evidence that sample 8
might be nisin Z. However, single amino acid differ-
ences are hard to validate based on chromatography
alone. For this reason, we performed a further validation
experiment in which ESI-MS was applied to samples 7

Each sample is annotated with a UniProt entry ID, apart from samples 1
and 10, for which peptide recognition was not feasible

and 8 (Fig. S11 in the ESM). Thus, by examining peaks
in the m/z range 500-1200, it was possible to estimate
molecular weights of 3354 for sample 7 and 3330.4 for
sample 8, which are in good agreement with the report-
ed values for nisins A and Z, respectively [42].

Computational validation of the L. lactis bacteriocin
isolation experiments

Although nisin is present in both of the samples de-
scribed above, the question of whether these are differ-
ent forms of nisin requires investigation. The L. lactis
strain ATCC 11454 used in the present study has been
reported to produce the main variants of nisin, namely
nisin A and nisin Z [43]. In fact, six natural forms of
nisin produced by Lactococcus lactis species have been
identified: nisin A, nisin Z, nisin Q, and nisin F, U and
U2 [44]. After searching the protein database UniProt
for the proteins secreted by L. lactis, 12 peptide se-
quences were retrieved. Employing the multiple se-
quence alignment tool (Clustal ), we were able to
identify certain conserved motifs (Fig. 4), and amino
acid sequence predictions were used to construct the
corresponding phylogenetic tree showing the coevolu-
tion of these peptides (Fig. 5). Nisin A is probably
the evolutionary progenitor of nisin Z. The sequences
of these two peptides have exactly the same number
of amino acid residues and they differ in only one sin-
gle amino acid at position 50, where nisin A has a
histidine (H) residue while nisin Z has an asparagine
residue (N). Following the original identification of
nisin Z as a natural nisin variant [45], the commercially
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available Nisaplin® was characterized as nisin A [46].
This slight difference between the two peptides leads to
significant structural differences: according to the
UniProt data, nisin Z has a helix and turn that are
absent from nisin A (Fig. 5). Moreover, the ModBase
predictions for the structures of these peptides (Fig. 6)
suggest that nisin Z has multiple folds that are not pres-
ent in nisin A. It should be noted that the prediction
statistics do not lead to reliable structure models, but
they can highlight general trends for the structures.

@ Springer

The folding differences between the two forms of nisin
suggest that nisin A is slightly more hydrophobic. This
rough conclusion may in fact lend further support to our
assumption that the nisin-related peaks in the chromato-
grams obtained after the two precipitation methods (Fig.
2), as previously reported [20], correspond to different
types of nisin. The fact that aqueous solvents with high
ionic strengths are preferred for the precipitation of hy-
drophilic molecules while less polar solvents are used to
precipitate hydrophobic molecules suggests that nisin A
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--------------------- MSTKDFNLOLVSYSKKNSGASPRI}- - - -- -- -{-TSVSL

Fig. 4 Multiple sequence CLUSTAL 0(1.2.1) multiple sequence alignment
alignment with Clustal 2. The

conserved motifs are those in the tr| T2C9F@| T2C9F8_LACLL

boxes tr|14DSZ9|14DS79_LACLL

tr|ABCZX4|ABCZX4_LACLL
sp|P13@68 | LANN_LACLL
tr|Q45RPA|Q45RPO_LACLL

tr | ABABS3QQZ6 | ABABS3QQZ6_LACLL
sp|P29559 | LANZ_LACLL

tr|Q7DH25 | Q7DH25_LACLL
sp|087236| LANAL_LACLL
sp|087237 | LANA2_LACLL
sp|P36499| LAN4_LACLL
tr|ABABM7BH6@ | AGAGM7BHE@_LACLL

tr|T2C9F8| T2COF@_LACLL
tr|14D529 | 14DS79_LACLL
tr|ABCZX4|ABCZX4_LACLL
sp|P13868 | LANN_LACLL
tr|Q45RPA | Q45RPE_LACLL
tr|ABABS3Q0Z6 | ABABS3QQZ6_LACLL
sp|P29559 | LANZ_LACLL
tr|Q7DH25 | Q7DH25_LACLL
sp|087236| LANAL_LACLL
sp|087237 | LANA2_LACLL
sp|P36499| LANA_LACLL
tr|ABAGM7BHE® | ADAGM7BHEE_LACLL

is present in sample 7 (originating from sediment 1
following ammonium sulfate precipitation) and nisin Z
is present in sample 8 (originating from sediment 2
following precipitation with organic solvents). This as-
sumption was further validated using the MS data for
the two samples (Fig. S11 in the ESM). The slightly
acidic pH of the ammonium sulfate solution (pH ~
5.5) due to the hydrolysis of the salt, in combination
with the fact that nisin Z has been reported to be more
soluble than nisin A at pH values above 6 (due to the

--------------------- MSTKDFNLQLVSVSKKDSGASPPI]-- - -- - - -|-TSTSL
------------------------- DFNLO|LLSVSKKDSGASPRT]- - - - - - - - - TSISL
--------------------- MSTKDFNLOLVSVSKKDSGASPRI-- - -- - - -{-TSTSL
--------------------- MSTKDFNLOLVSVSKKDSGASPRIY-- - -- - - -|-TSISL
LVSVSKKDSGASPRI}-------- -TSISL
LVSVSKKDSGASPRI}- - --- -- - -TSISL
LVSYSKKDSGASPRI|- - - -- -- - -TSISL
NEIETQPVTWLEEVSDQNFDEDVFG-ACS TH- TFSLODYVIGNNGAL
NDTI--ELQLGKYLEDDMIEL -AEG-DESHGGTTPATPAISILSAYISTNTC
KEQNSF - -NLL - -QEVTESELDL - ILG-AKGGSGYIHTISHECNMNSWQFVFTC
----- MEKFEYS - -NLI--QEVSDSELDE- ILG-A- -GNGVIKTVSHECKMNTIQFLFTC

CTPGCKTGAVMGCNMKTATCNCSIHVSK
CTPGCKTGALMGANMKTATCHCSIHVSK
CTPGCKTGALMGCNMKTATCNCSIHVSK
CTPGCKTGALMGCNMKTATCHCSIHVSK
CTPGCKTGALMGCNMKTATCHCSIHVSK
CTPGCKTGALMGCNMKTATG--------
CTPGCKTGALMGCNMKTATCNCSIHVSK
CTPGCKTGALMGCNMETATCNCSIHVSK

higher polarity of the Asn residue than the His residue
in nisin A [46]), provides further support for our hy-
pothesis. Likewise, nisin A and nisin Z were recently
reported to yield different extraction patterns, which
were attributed to their composition [47].

The secretion of multiple nisins appears to be an evolution-
ary adaptation of L. lactis to multiple environments. The pro-
duction of multiple bacteriocins from one bacterium is con-
sidered a strategy that allows the bacterium to control compet-
ing bacteria through nutrient and space antagonism [48].

tr|T2C9FO0|T2C9FO_LACLL 0.03743

Fig. 5 Phylogenetic tree of the
peptides of interest. Nisins A and
Z are annotated. The sequence

alignment of these two peptides is
given, while structural features (a

sp|087236|LANA1_LACLL 0.361
_E sp|P36499|LAN4_LACLL 0.12735
tr|AGAOM7BH60|AOAOM7BHG0_LACLL 0.19918

sp|087237|LANA2_LACLL 0.44112

helix and turn) are highlighted in
the nisin Z sequence

tr|ASCZX4|ABCZX4_LACLL 0.01446
——  splP29559|LANZ_LACLL 0 €= Z

| — tr|Q7DH25|Q7DH25_LACLL 0

tr[AOA0S3QQZ6|A0A0S3QQZ6_LACLL -0.00495

tr|I4DSZ9|14DSZ9_LACLL 0.05081

spIP13068|LANN_LACLL 0 €= A
tr|Q45RPO|Q45RPO_LACLL O

P13068 LANN_LACLL
P29559 LANZ_LACLL

1 MSTKDFNLDLVSVSKKDSGASPRITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK
1 MSTKDFNLDLVSVSKKDSGASPRITSISLCTPGCKTGALMGCNMKTATCNCSIHVSK
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s . A
h’;ﬂv/ *ModBase: Database of Comparative Protein Structure Models

Nisin A Nisin Z
= . . . Sequence 15.00% Sequence 41.00%
Nll;OiS (ModPipe Quality Score): Identity Identity °
= . ) E-Value 0 E-Value 0.39
*  TSVMod NO35 (estimated native
GA341 0.03 GA341 0.34
overlap at 3.5 A): >=40% MPQS 1.09152
. o MPQS 1.02047 .
GA341:>=0.7 OB - 2-DOPE 0.12

¢ E-value: <0.0001
* zDOPE: <0
Fig. 6 Models for the 3D structures of nisins A and Z from ModBase

Hence, in order to conquer different habitats, L. lactis has
enriched its antimicrobial secretome machinery at the minor
cost of a single amino acid change to a bacteriocin.

Conclusions and future perspectives
on the application of this method

An important dataset was developed in this work: the standard
curves of the PTH derivatives of all possible amino acids.
These allow us to precisely estimate the amino acid composi-
tions of certain peptides (containing up to 100 residues) that
have been hydrolyzed. The MAAH method is highly recom-
mended, as it is far faster than traditional hydrolysis methods
and it is precise and well suited to such studies. For proteins or
protein complexes (sequences of >100 residues), an initial
semi-complete hydrolysis and then complete hydrolysis of
the fractions until they are identified may be advisable. The
computational tools employed in our study undoubtedly
played a prominent role not only in the final identification of
the bacteriocins of L. lactis but also when validating our pre-
vious experiments and assumptions. It should be noted that it
was possible to use these simple computational tools in our
work because we had a nonextensive dataset of target peptides
to identify. The procedure presented in this paper, based on
MAAH hydrolysis and computation tools, is an inexpensive
and fast peptide recognition method, and we recommend its
use either alone or in combination with other methods of
analysis.

@ Springer
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