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1 Introduction

In recent decades, an alarmingly high rate of antibiotic resistance development in bacteria
has resulted in millions of people infected and many thousands dying worldwide every year
(1-3). During the golden age of antibiotics in the 1960s and ‘70s, new antibiotics were
identified and put into clinical use with relative ease. Nowadays, however, few novel
antibiotics enter the developmental pipeline, urging the need for alternative therapeutics. For
this reason, World Health Organization (WHO) has appointed antimicrobial resistance as
among the top ten threats for humanity (1). Novel antimicrobial drugs are needed to address
this issue and some of those include plant-derived compounds, bacteriophages, RNA-based
therapeutics, nanomaterials and antimicrobial peptides (2). In fact, some antibiotics in clinical

use today, such as colistin and vancomycin, have a partially peptidic structure (2).

Antimicrobial peptides (AMP), or host defense peptides (HDP) as they are sometimes
called, can be defined as multifunctional, and generally gene encoded effector molecules
produced by almost all organisms, having a direct antimicrobial activity and/or
immunomodulatory properties (4). In that sense they can be considered as an ancient innate
immunity weapon produced by almost all organisms to fight pathogens such as bacteria,

viruses, fungi, parasites, etc. (4-16).

To this date, an abundance of AMPs has been identified in all eukaryotic organisms and
these data can be easily accessed from several devoted online databases such as:
Antimicrobial Peptide Database (17), Collection of Anti-Microbial Peptides (CAMPR3) (18),
Database of Anuran Defense Peptides (DADP) (19), Defensins (20), etc.

In 2014, about 2500 AMPs were reported in Antimicrobial Peptide Database (7), whilst in
September 2021 the same database contained 3273 AMP peptide sequences, which
emphasizes the rate of AMP research (17). On the other hand, the CAMPR® database in
September 2021 contained 8164 entries for peptides (19) most of which were of animal origin
(73.6%) (see Figure 1) (4).
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Figure 1 Distribution of antimicrobial peptides across kingdoms in CAMP®3 database. Figure taken
from Roncevic et al. (4)

1.1.1 Classification of AMPs

Antimicrobial peptides can be classified in several different ways (21). For example,
classification according to source organism is based on origin (animal, fungi, insects, etc.).
Classification according to activity can be based on whether AMPs are active against Gram
positive or negative or both types of bacteria. Peptides can also be classified by the presence
of some dominant amino acids in sequence. Another classification is on secondary structure
diversity, where AMPs can be found in a form predominantly a-helices, B-sheets, B-hairpins,
random coils or different combinations of these (4,9). Although differing in secondary
structure, most AMPs have an amphipathic design, which means peptides form topologically
distinct hydrophobic and charged domains (8).

1.1.2 Biophysical properties of antimicrobial peptides

As mentioned, there are several important biophysical properties that contribute to
antimicrobial peptide’s activity against microbes. Generally, AMPs are normally, less than
fifty amino acids long peptides, with a charge between -6 to +16 (4), the majority having a net
positive charge of around +6. Positive charge is important for the peptide’s initial contact with
the negatively charged external leaflet of the outer membrane, which is a crucial step in
microbe-killing mechanism (4,12,16,22,23). It is reported that a change of the net charge of
AMPs can alter selectivity (12,13,23). Another important property of AMPs, which can

impact antimicrobial activity and selectivity is hydrophobicity. Hydrophobicity can be defined
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as numerical value quantifying a dislike for water for each amino acid sidechain (9). About
40-50% of residues in the primary sequence of natural AMPs are hydrophobic, which
facilitates peptide to interact with lipid bilayer.

However, there is evidence that amphipathicity is even more important for peptides
incorporation into microbial membranes than hydrophobicity (12,15,23). This property refers
to the topographic distribution of hydrophobic and polar residues within the peptide sequence,
which results in a formation of distinct hydrophobic and charged domains of peptide structure
(4). Therefore, amphipathicity should be a priority in designing novel antimicrobial peptide

sequences (23).

Other important properties that contribute to AMP’s activity are length, solubility, and
degree of conformational stability (e.g., helicity). For instance, at least seven to eight amino
acid residues are needed to form amphipathic structure, whilst aggregation of certain AMPs
results in losing the ability to interact with the cell membrane. Lastly, helicity or helical
structuring is another important peptide property which seems to correlate more with toxicity
than with antimicrobial activity (23).

1.1.3 Mechanism of action of AMPs

Since their initial discovery, AMPs have been extensively studied to try and elucidate their
mechanism of action and behavior upon interaction with host and bacteria cells. Cationic
nature of most AMPs allows them to interact with negatively charged bacterial membrane
which may cause membrane permeabilization, as the most common mode of action (24).
Also, the fact that their mode of action is aimed at the membrane is critical for AMP’s low

tendency to elicit resistance, as bacteria can’t easily change membrane lipid composition (25).

Several modes of action have been suggested for different peptides, although none with
complete certainty. However, based on the peptide’s behavior, AMPs are nowadays classified
into i) membrane-active and ii) non-lytic (4). There are some examples in which AMPs can
act using both of these two major mechanisms or even switching from one to the other,
depending on the peptide concentration, membrane characteristics of a particular bacterial

species or its growth phase (4,9).

Concerning mechanism of action of membrane-active peptides, the initial steps are often
the same, regardless of the specific mechanism of action. These include i) initial attraction

and interaction with the membrane, ii) adapting of an active structure and iii) concentration-
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dependent accumulation on/in the bilayer (see Figure 2) (24). Several membrane-active

mechanisms of action have been proposed and those include:

a)

b)

d)

f)

Barrel-stave model predicts AMPS’ insertion into the bilayer by orienting their
hydrophobic regions in the lipid core of the bilayer, forming a barrel-like
transmembrane pore. Relatively few peptides have been found to utilize this mode of
action (i.e., pardaxin and alamethicin) (4,9,23,26).

Toroidal or “wormhole” model predicts AMPs to insert within the membrane and cause
the lipids within the bilayer to bend, forming a peptide-lined pore in which the AMPs
associate with the polar head groups of the phospholipids, such is the case of magainin
2 (4,9,23,26).

Carpet model or “detergent like model” predicts that accumulation of peptides on the
surface induces local weaknesses and breaks down the bilayers into small areas lined by
the peptide units, emulating a carpet-like appearance (4,9,23,26).

Membrane thinning model predicts AMP’s insert themselves into one leaflet of the lipid
bilayer. This can result in a gap between lipid molecules at the chain region, which
creates a force and pulls the neighboring lipid molecules to fill it (23).

Aggregation model predicts that AMPs stick to the membrane parallel to the surface.
AMPs reorient and insert into the membrane vertically to form sphere-like structures
and micellization of the membrane (4,9,23,26).

Other examples of possible AMPs mechanisms like depolarization or fusion,

electroporation, and targeting of specific phospholipids are less disruptive (4).

Non-lytic peptides also act by different mechanisms, most of which include incubation of

different intracellular (rarely extracellular) targets and processes (4,9). Examples of such

activities include inhibition of. i) enzymatic activity, ii) protein biosynthesis (bovine

cathelicidin Bac?7), iii) protein folding (pyrrhocoricin), iv) cell division (CRAMP), v) nucleic

acids replication or transcription (buforin 2), vi) cell wall biosynthesis (defensins), etc.
(4,9,24).
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Figure 2 Possible interaction events of AMPs with bacterial membrane bilayer. Proposed models are

not necessarily exclusive of each other. Figure 2 taken from Nguyen et al. (24).

1.2 Helminth peptides

During their complex life-cycle, parasitic worms or helminths coexist with the host, which
sometimes can lead to development of severe disease or even death (27). It is estimated that
about one-sixth of the world population is affected by these organisms (28) and although
helminths are present worldwide, infection is most common in developing countries due the
lack of hygiene, climate and diet (contaminated food or water). Helminth infection can be
transmitted in several ways, such as ingestion of eggs or larvae, through vectors or ingestion

through food.

Helminths can be divided into two major groups: flatworms (flukes, tapeworms) and
roundworms. Flattened, leaf-shaped flukes can range in length from a few millimeters to 8
cm. Tapeworms can vary in length from 2 mm to 10 m, while roundworms can exceed more
than 15 cm (29,30). In infected humans, majority of helminth organisms can usually be found

in bowels (28), which is a complex environment containing commensal, symbiotic and
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pathogenic bacteria, as well as fungi, viruses and archaea (31,32). Although it is generally
accepted that helminths have immunomodulatory properties (31), which means that they can
alter intestinal physiology, permeability, mucous secretion and the production of anti-
microbial peptides (33), helminth/bacteria interaction is largely unexplored (31,33). It is
rather obvious that helminths share their microenvironment with pathogens without being
greatly affected by them, although the exact mechanisms underlying this are still not
elucidated. A possible answer could lay in their ability to produce AMPs’ as one way to fight
control pathogens and could, therefore, be considered as candidates for identification and

development of potential leads for antimicrobial therapeutics.
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2 Aims and scope of the thesis

To study the structural and functional characteristics of three antimicrobial peptides

identified in three helminth species: Taenia solium, Taenia multiceps and Mesocestoides corti.

This includes identification of AMPs in several helminths, selection for synthesis of
selected peptides, structural studies using circular dichroism (CD) spectroscopy in different
environments, determination of antimicrobial activity [minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC)] towards indicative Gram-negative (E.
coli) and Gram-positive (S. aureus) strains, toxicity towards human cell lines and molecular

modeling by means of molecular dynamics (MD) simulations.

Moreover, one peptide, identified in T. solium, was selected for more extensive structure-
activity studies. Alongside the full mature peptide sequence, specific fragments of this peptide
were also synthesized and characterized with the aim of understanding the role of certain
amino acids (i.e., tryptophan) and peptide regions (N- or C-terminal fragments) in

determining the biological activity.
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3 Materials and methods

3.1 Bioinformatical analysis

3.1.1 Sequence data

Protein translations computationally generated from annotated gene models in the Taenia
solium genome version Tsolium_Mexico_v1 (34) were downloaded from WormBase (35).
These were screened with an in-house script developed at the Department of Life Sciences of
the University of Trieste, aimed at identifying candidate potential AMPs, using a de novo
approach, as previously done in the case of myticalins in Mytilus galloprovincialis (36).
Briefly, protein sequences were considered for further analysis only if they had i) a length
compatible with the usual size of an AMP precursor (i.e. < 200 amino acids); ii) included a
highly supported signal peptide for secretion detected with SignalP (37); iii) had a net cationic
charge. The presence of a previously characterized amphipathic alpha helix signature
typically associated with peptides with antibacterial action (G-h-h-p-p-h-x-p-x-h-p-p-h-x-p-p-
h-x-p-x, where h indicates hydrophobic; p indicates polar; and x indicates undefined) (38) was
verified in resulting peptides. This approach allowed the initial identification of three
candidate peptides, which showed a significant pairwise primary sequence similarity,

indicating a shared evolutionary origin.

These sequences were used as queries for additional BLASTp searches to identify other
similar peptides belonging to the same family that did not comply with the aforementioned
selection criteria, using a p-value threshold of 0.05. Moreover, tBLASTNn searches were
carried out both against the genome assembly and the T. solium transcriptome (de novo
assembled and based on the reads included in the SRA submission SRX1899230 using the
CLC Genomics Workbench v.12), to ensure the detection of other sequences that may have
been missing in the current version of the genome annotation. The T. solium peptides
identified as mentioned above were then used as queries in BLASTp searches carried out
against the protein sets derived from the annotations of the genomes available for other
Cestoda species. Namely, the selected species were Taenia multiceps (version
ASM192302v3), Hidratigera taeniformis (version
H_taeniaeformis_Canary_Islands_0011_upd), Mesocestoides corti (version
M_corti_Specht_Voge 0011 upd), Echinococcus granulosus (version EGRANO001),
Echinococcus multilocularis (version EMULTI002) and Hymenolepsis diminuita (version
H.diminuta_ WMSil1), all retrieved from Wormbase (35). Data from Moniezia expansa (39)




Roko Copac: Synthesis, structural studies, molecular modeling, and characterization of helminth antimicrobial
peptides

and Rodentolepsis nana (40) were retrieved from the respective reference studies. The
sequence alignment between all hits characterized by an e-value lower than 0.05 and query
sequences were manually screened to remove false positives and only sequences denoting
full-length proteins (i.e., those encoded by a complete ORF, including both an ATG start

codon and a stop codon) were further considered.
3.1.2 Peptide analysis

Bioinformatical analysis of mature peptide sequences (see Appendix A) we performed in
order to select suitable candidates for further characterization. This included structural
prediction of each peptide, its biophysical properties and finally, biological origin and

diversity.

Predictions of secondary and tertiary structures were obtained with PSIPRED and Contact-
assisted QUARK (CQUARK)/ PEP-FOLD 3.5/ Phyre?, respectively (41-44), while net
charges were calculated with BACHEM peptide calculator (45). PSIPRED software is based
on neural networks which performs an analysis on output obtained from PSI-BLAST
(Position Specific Iterated - BLAST) (41). The cQUARK is a method for ab initio protein
structure prediction based on fragment assembly simulations (42), PEP-FOLD 3.5 is a de
novo method for peptide structural prediction based on structural alphabet SA letters (43),
while Protein Homology/AnalogY Recognition Engine (Phyre?) is a program which

determines structure based on the protein threading method (44).

Peptide molecular diversity was screened with Basic Local Alignment Search Tool
(BLAST (46). In general, BLAST is used to find regions of similarity between nucleotide or
protein query sequences, comparing them with sequence databases, calculating statistical
significance and assigning a score (46). Each sequence was “blasted” using the “BLASTp”
method (compares a protein query to a protein database) to search the non-redundant protein
database, the non-redundant protein database filtered for only insect sequences and Protein
Data Bank protein structure database. Moreover, we also searched translated nucleotide
sequence using a protein query (tBLASTnN) against the whole genome shotgun contigs (wgs)
database (46). Algorithm parameters used for BLASTp and tBLASTn search are given in
Figure 3.
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Figure 3 Algorithm parameters used for BLAST search.

3.2 Solid phase peptide synthesis

Unlike peptide extraction from natural sources, which generally requires a lot of raw
biological sample, solid phase peptide synthesis (SPPS) provides peptides of at high yield and
purity. Furthermore, SPPS allows relatively easy modification of original sequence, which is
very important when studying a peptides’ structure-activity relationships. In the AMPs
research field, SPPS quickly became the preferred method to obtain peptides with high quality
and to introduce several modifications to optimize antimicrobial features (26). In SPPS, the
sequence is synthesized starting from C-terminal amino acids to N-terminal amino acids; the
direction of the synthesis is inverted with respect to biological synthesis. The first amino acid
is linked to a resin, with different reactions that result in a different functionalization in C-
terminal; amide, carboxyl or alcohol. The resin is complex composed of matrix polymer
(bead) and linker, which provides solid support for chain elongation. A main feature of the

resin is the loading capacity (the number of active sites available per unit of weight in grams).

The reaction is carried out in a homogeneous phase microscopically and in heterogeneous
phase macroscopically. For these reasons, it is possible to use an excess of reagents to
increase yield of the single reaction steps up 99%. Following the first reaction, the amine
group is deprotected from the protecting group on the N-terminal a-amino group of the
inserted residue, under acid or basic conditions, depending on the SPPS chemistry used. The

subsequent incoming amino acid in the sequence is added with an appropriate coupling

10
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reaction. Coupling is the process of forming the peptide bond using an active ester on the
incoming residue, generated in situ. After the whole sequence has been synthesized, the
peptide is released from the solid support (resin) generally by applying very acid conditions,
in a process known as called cleavage (9,26,47). SPPS avoids the intermediate purification
steps typically required by liquid phase (solution) synthesis, increasing the speed of synthesis.
On the other hand, SPPS is not cheap, so that sometimes liquid phase synthesis is preferred in
industry for large scale production of peptides especially if they are small (9), although new
approaches and methodologies to purify the crude peptide have been developed. In our case,
we have prepared TSO8 fragments: TSO8 (1-23), TSO8 (3-23) and TSO8 (23-39), while
TSO8, TSO8 (3-39), MESCO 2 and TAEMU 1 were commercially synthesized by SPPS by
GenicBio (Shanghai, China).

Prior to synthesis the TSO8 fragments were analyzed using the Peptide Companion
Software to identify regions of potential synthetic difficulty (see Figure 4). On y-axes, values
between 0.6-0.8 represent relatively easy coupling (colored green), whereas values > 0.8 are
associated with more difficult process (color yellow) (48). The value expressed on y-axes is a
statistical average of the propensity of single residue to aggregate during the synthesis of

growing-up peptide.

TSO8 (1-39)
o o R 7J O W’\ .‘

GWRRLRRSIRRRIRRIFRKPRRICFPYCPKGPKKGRGDTF

Figure 4 Prediction of synthesis difficulty by Peptide Companion Software (48) for TSO8 (1-39)
3.2.1 Fmoc based SPPS

In our synthetic approach, the amino acids used in SPPS usually contain a protection on the
a-amino group that can be removed in basic condition. Generally, the protocols used in SPPS
are based on the particular chemistry used for a-amino group protection, ether Boc (tert-
butyloxycarbonyl) or Fmoc (fluorenylmethoxycarbonyl) molecules. The Boc method was that
originally proposed by Merrifield in 1963, but the Boc chemistry requires use of highly toxic
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hydrofluoric acid for the final cleavage from the solid support, meanwhile trifluoroacetic acid
is used to remove the protective group at each step. Fmoc-based SPPS is now the method of
choice for routine synthesis of peptides because cleavage from resin is carried out using
trifluoroacetic acid, while the amino terminal protective group is removed using a piperidine
solution that is relatively easy to handle (47). This chemistry uses “orthogonal” protection, as
the amino protecting group is removed by base while deprotection of sidechains and release
from the resin is simultaneously effected by acid treatment.

3.2.2 Synthesis of TSO8 fragments

For synthesis of the N-terminal fragments, Fmoc Rink Amide MBHA resin (loading 0.56
mmol/g, 40 mg) (Novabiochem, Darmstad,Germany) was used, while for synthesis of C-
terminal fragments Fmoc-Rink AmideAM-PEG (loading 0.19 mmol/g, 70 mg) (IRIS
BioTech, Marktredwitz, Germany) was used. Synthesis was carried out with microwave
synthesizer (Biotage, Sweden), the power applied is measured using temperature in Celsius.
Resin swelling was ensured by Dimethylformamide (DMF) and N-methyl pirrolidone (NMP)
(IRIS BioTech, Marktredwitz, Germany). The use of NMP is recommended to avoid
aggregation phenomena during the synthesis of peptide. Each deprotection was done using
20% piperidine in DMF. Activation chemical for coupling reaction was 1-hydroxy-
benzotriazole (HBTU) (IRIS BioTech, Marktredwitz, Germany), acetylation chemical was
acetic anhydride (Ac20) (Sigma-Aldrich, St. Louis, Missouri, USA). Lastly, the cleavage
mixture was prepared using trifluoroacetic acid (TFA, Sigma-Aldrich, St. Louis, Missouri,
USA), Triisopropylsilane (TIS, Sigma-Aldrich, St. Louis, Missouri, USA) and water.

For synthesis of specific fragments, specific protocols were used. The one used for the
synthesis of fragments TSO8 (1-23) and TSO8 (3-23) was

Table 1 The protocol used for the synthesis of fragments TSO8 (1-23) and TSO8 (3-23)

Reaction Reagent Temperature Time
Fmoc Cleavage Pip 20% in NMP 70°C First cycle 3 min
Second cycle 5 min
Coupling HOBt/HBTU/Dipea 70°C First coupling 7 min
Second coupling 7 min
Acetilation (end- Ac,0/ Dipea R.T. 10 min
capping)

12
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The protocol used for the synthesis of fragment TSO8 (23-39) was:

Table 2 The protocol used for the synthesis of fragment TSO8 (23-39)

Reaction Reagent Temperature Time
Fmoc Cleavage Pip 20% in NMP 50°C First cycle 3 min
Second cycle 5 min
Coupling HOBt/HBTU/Di 50°C First coupling 7 min
pea Second C(_)upling 7
min
Acetilation (end-capping) Ac,0/ Dipea R.T. 10 min

The different protocol is related to the resin used. Rink amide resin used in the synthesis of
N-terminal fragment of TSO8 can be more stable to the power used in the coupling than Trityl
Resin, used in the synthesis of C-terminal fragment.

3.3 Structural analysis

Circular dichroism spectroscopy is spectroscopic technique, which measure the difference
of absorption of left and right circular polarized light as function of wavelengths. CD is a
consequence of the interaction of circularly polarized light with chiral molecules (i.e. amino
acids) (49), and in particular how the chiral centers in protein restudies are arranged in

asymmetric conformations, such as the right handed helix ore extended B-strand.
3.3.1 Circular dichroism spectroscopy

CD spectroscopy is powerful method in structural analysis of chiral molecules, and it can
be used to examine secondary structure of peptides. Circular dichroism can be defined as
difference in the absorption of left and right-handed circularly polarized light (respectively A;
and Ag):

AA = A, — Ap 3.1

where AA stands for difference of absorption. The above equation is an extension of

Beer-Lambert’s law (49) and therefore can be rewritten as:
A= (g —eg) Xcxl 3.2
where ¢; and ¢, are the molar extinction coefficients for left and right circularly

polarized light component respectively, cis molar concentration, and / is the path length

in centimeters.
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deis known as the molar circular dichroism and depends on concentration,
temperature, and the chemical environment (49). For historical reasons, CD spectra are
normally reported in degrees of ellipticity (6). After light passes through a solution of
chiral molecules, the polarized electrical fields from the two circularly polarized light
components that have been differentially absorbed sum up to form an elliptically

polarized electrical field (see Figure 5).
In Figure 5 c¢) we can see that:

E, — Eg
E, + Eg

tanf =

where E; and Ej represents component of left and right electrical field respectively. 6 is

: : 2.303 . .
measured in radians and can be expressed as 6 = T(AL — Ag). In this form, 6 is a

function of wavelength. If we multiply the above equation by %, 6 is now measured in

degrees and is expressed as §=32.98 AA. Historically, CD has been expressed in terms of

molar ellipticity [0]=32984¢ to avoid concentration and path length dependence (49).

Figure 5 Left and right circularly polarized light with different magnitudes shown in a), which
together form elliptically polarized light upon interacting with chiral molecule show in b) and

characterized by angle 6 as presented in c).
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3.3.2 Experimental set up

CD spectra were obtained on Jasco J-815 CD spectrometer (Tokyo, Japan). The spectra are
accumulation of three scans measured in sodium phosphate buffer (SPB), in mixture of
trifluoroethanol (TFE) and SPB and lastly, in the presence of sodium dodecyl sulfate micelles

(10 mM SDS in SPB). SDS was used as simple model of biological membranes.

All scans were done at far ultraviolet wavelengths, ranging from 197-247 nm. To eliminate
background noise, spectra of all blank media were obtained. Firstly, spectra of 400 pl of a 10
mM SPB buffer solution was obtained, followed by gradual addition of TFE to obtain the
blank spectra of mixtures with different TFE proportions, ranging from 5% TFE in 10mM
SPB to 50% TFE in 10 mM SPB. Lastly, spectra of SDS media were obtained in the same

ultraviolet range.

This was followed by measuring CD spectra of each individual peptide. Firstly, 6.25 pl
peptide (40 uM final concentration) was mixed with 393.75 pl of SPB (10 mM) in a quartz
cuvette. Next, specific volumes of TFE were added to the same cuvette to acquire peptide
spectra depending on different proportions of TFE (see Table 1). For instance, to measure the
spectra in 5% TFE in 10 mM SPB, 21.05 pl of TFE was added to obtain the required
percentage of TFE in mixture. To obtain 10% TFE in the mixture, 44.44 ul of was required,
and therefore, an additional 23.39 ul of TFE was added to the mixture. This procedure was
repeated for all other TFE mixtures (see Table 1). The absorption was then adjusted for

dilution by using an appropriate factor as shown in the table.

Table 3 Calculation of required TFE volume to add in the cuvette.

%TFE Volume TFE | Volume TFE Dilution
(needed) (added) factor

5 21.05 21.05 1.05
10 44.44 23.39 1.11
15 100 55.56 1.25
25 171.42 71.43 1.43
40 266.67 95.24 1.67
50 400 133.3 2

CD spectra analysis was performed by Bestsel (50-52) and confirmed by Model Spectra
designed by J. Reed and T.A.Reed (53).
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3.4 Antimicrobial activity assays

To examine antibiotic potency of selected peptides, minimal inhibitory concentration (MIC)
and minimal bactericidal concentration (MBC) was determined. Minimum inhibitory
concentration is the lowest concentration of AMP needed to inhibit visible growth of bacteria
after incubation, while minimal bactericidal concentration represents lowest concentration of
the same peptide required to kill bacteria. Model microorganisms used in these experiments
were Escherichia coli ATTC 25922 and Staphylococcus aureus ATCC 25923, as

representatives of Gram-negative and Gram-positive bacteria, respectively.
3.4.1 Experiment set up

Initial experimental step was to prepare two-four ml of overnight bacterial cultures
incubated in Mueller-Hinton broth (MH) at 37°C for 18-20 hours. This suspension is then
diluted by mixture 300 ul of overnight culture with 6 ml of MH medium and then incubated at

37°C for 1-1.5 h, until bacteria reach logarithmical growth phase. The final bacterial

6 CFU

concentration required for the experiment is 1 x 10 in 6 ml. The concentration of

bacteria is determined by measuring scattering at 600 nm with spectrophotometer, followed
by determining the volume of bacterial suspension the needs to be diluted to obtain the

required volume and concentration. This is done by applying the relationship:
CiXVi:CfXVf 3.4
where c; represents the concentration of bacteria in a suspension, ¢ is the final concentration

(in our case 5 X 10° CFU), Ve is the final volume (in our case 6 ml). V; is the volume of

ml

bacterial suspension that needs to be diluted with MH medium to obtain V;:

Ve =Vi+Vyn 3.5
where V), is volume of MH medium that needs to be added to V;.
3.4.2 MIC assay

Stock solutions of peptides used for MIC assay ranged from 0.75 mM (TSO8_full) to 2.24
mM (TSO8_3-23). The MIC value of selected peptides was determined by a standard
microdilution method using 96-well microtiter plates (see Figure 6). The plate contains eight
rows with twelve columns and each row was used for a given peptide while each column
contained different peptide concentrations. Initially, 50ul of MH medium was added to all

wells from the second to the twelfth column. In the first well of each row (or first column of
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the plate), 100 pl of mixture containing peptide and MH medium was prepared, in a such way
that concentration of each peptide was 128 uM. This was followed by serial two-fold dilution
by transferring 50 pl of the suspension from the first well into the second, from the second

into the third etc., finishing with the 10" column.

Finally, 50 pl of bacteria was added in each well with peptide mixture (from first column to
eleventh), thus lowering concentration of the peptide (64 UM in the first column) and bacteria
by half. Eleventh column was positive control to ensure validation of experiment by viability
of bacteria. To the twelfth column was added with only MH medium to ensure there was no
contamination of the medium. The microtiter plate was incubated for 18 hours at 37°C
followed by visual validation of the results to determine the MIC. Each experiment was
repeated six times to ensure accuracy of presented results.

well 1

I
%)
'S
wn
=)
|
(e}
'=}

10 L1 12

A 64ul |32l |16l | 8pul |[4pul [2pl |1pl |05 025 (0125 [ Opl | MH
ul ul ul

Q| = H O n| ®

mm : {m

a) b) c d

Figure 6 Example of microtiter plate set-up for MIC assay. a) First column contains 100 pl of peptide
suspension in MH medium, with peptide concentration of 64 uM. b) Peptide was diluted by pipetting
50 pl of peptide/from the first column into the second and resuspended at least ten times. Same
process was repeated inclusive with 10" column (serial two-fold dilution). ¢) Eleventh column
contained bacteria in MH medium (bacterial positive control) d) twelfth column contained only MH

medium to monitor any possible contamination.
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3.43 MBC assay

MBC assay was performed after MIC assay was completed to determine whether the
peptides have a bacteriostatic or bactericidal effect. For this purpose, 25 ul of bacterial
suspension from each well corresponding to MIC, 2xMIC and 4xMIC was inoculated on MH
agar and incubated for 18 - 20 hours. The MBC value was determined as the peptide
concentration causing at least a 99.9% reduction of the number of bacteria present at the
beginning of MIC assay (9).

3.5 Cytotoxicity assay — membrane permeabilization

Cells of the human lymphocyte B precursor cell line MEC-1 (54) were cultivates in
suspension at 37°C with 5% CO,. MEC1 cells were maintained in complete medium
consisting of RPMI medium (Sigma-Aldrich, St. Louis, Missouri, USA) supplemented with
10% fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, Missouri, USA), 2 mM glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin, and passaged twice a week. For
experimental set-up, MEC1 cells were collected from culture flask, washed with PBS buffer,
and diluted to 106 cell/ml, by counting viable cells with Trypan Blue. Cells in PBS were
aliquoted into tubes and exposed to peptides at concentrations ranging from 0.1 - 100 uM, for
30 min at 37°C in thermostatic bath. At the end of the incubation period, cell viability was
assessed using a flow-cytometer Attune NxT (Life Technologies, Carlsbad, California, USA),
collecting 104 cells for each measurement. Data were stored as list-mode files and

subsequently analyzed by FCSv7 Express De Novo Software.

3.6 Molecular modelling

3.6.1 Molecular dynamics simulation

Molecular modeling was performed by using semiclassical models adapted for the
simulations of molecular dynamics (MD). This is a powerful computational method that gives
insight into microscopic world, by calculating time evolution of an atomic or molecular
system using Newtonian mechanics:

d?r;
Mg

=F ==VV(ryry ., ry) i=1,..,N 3.6

where m; stands for mass of i-th particle, r; for position of i-th particle, F; force acting on i-th
particle, and V(r, 15, ..., ry) for potential energy function. By defining the initial conditions

for each atom in the system, the set of coupled differential equations (3.6) can be solved (55).
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Modeling quantum mechanical motions and chemical reactions of large molecular systems
is often computationally too intensive (56). Therefore, a semi-classical approach is used in
MD modeling in which both classical and quantum effects are involved in describing and
defining interaction parameters or force fields (56,57). Typical force fields are described as

pair interactions including bound, non-bound and force field specific terms E, 5y

Etotal = Ebonded + Enon—bonded + Eother 3.7

Bound terms include stretching of bonds, the bending of valence angles, and the rotation of
dihedrals:

Epondea = Z Ky(b = bo)* + z Kq(6 — 60)* + Z K,[1+ cos(ny — o)] 3.8

bonds angles dihedrals

The bonded potential energies, in equation 3.7, have forms of harmonic potentials, where b
is bond length, K, stiffness constant, b, equilibrium length,
0 is the angle formed by the two bond vectors, K4 stiffness constant, 8, equilibrium angle,

x is the value of the dihedral, K, is the energetic parameter that determines barrier heights, n

is the periodicity or multiplicity, and o is the phase (57).

Non-bound terms include electrostatics, dispersion, and Pauli exclusion:

12 6
Oij 0ij qiq;
Enon—bonded = Z (4gij [(T) - <7"_> ‘ + T ) 3.9
non—bonded Y Y Y

pairs ij
where 7;; is distance between particles, non-bonded Lennard Jones potential (first two terms

in Equation 3.9) has parameters ¢;; depth of potential well, o;; is effective distance between

adjacent particles (first neighbors), and Coulomb potential (third term in Equation 3.9) is

defined by g; charge of the particle.

The V(ry, 1y, ..., ry) is equivalent to equation 3.7. However, the numerical algorithms may
use different approaches when calculating bonded, non-bonded force contributions or field

specific terms (58).

Several force fields are commonly used in molecular dynamics simulations, including
AMBER (59), CHARMM (60) , and GROMOS (61). With developments of computational
power and optimized algorithms, MD simulations have become a proven valuable method in

molecular biology and drug discovery (56). They can be used for simulating behavior of
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proteins in various mediums, ligand-receptor binding, understanding mechanism of action of

biomolecules and etc. (56).

Generally, MD simulations for peptides are performed in several steps starting with the
definition of a system which includes components, size, thermodynamic conditions or other.
The starting peptide structure if known can be obtained from structure databases (for example
PDB) or if not by using some of the programs for 3D modeling and prediction. The 3D
structure is usually in pdb format, which is adapted for use in molecular dynamics programs.
The peptide is placed in a simulation box and solvated by adding molecules of water, and
electro-neutralized by adding ions. A further step is to perform energy minimization, a
process by which a system is relaxed to a conformation of minimum energy to avoid clashes
or inappropriate geometry. Then a system is brought into equilibrium state for defined
conditions of temperature, pressure, or volume. Usually, in the process of equilibration the
solvent is relaxed to adapt equilibrium position and orientation with respect to the protein at
defined thermodynamic conditions. Generally, equilibration is done in two steps. Firstly, a
system is equilibrated in canonical NVT ensemble to reach the defined temperature, and
secondly, in isothermal-isobaric NpT ensemble where the system is placed under constant
pressure until an equilibrium density is established. After these procedures, a system is ready

for observing and calculation of simulation data.
3.6.2 Simulation setup

MD simulations were carried out for TSO8 (1-39) and TSO8_lin in water. The cQUARK
structure predictor was used to obtain models for the initial peptide structures (42). The
simulations were done by Gromacs version 2021.2 (62) with the CHARMM36m force field
(63) and TIP3 model for water molecules (64). The initial conformations were prepared by
CHARMM-GUI solution builder (65). The peptide’s charge was defined for pH 7 considering
a charged N-terminus and C-terminus. The simulations box is cubic with the size of 7.6 nm
filled with 13540 water molecules. The system was neutralized with addition of ions by using
Gromacs “-neutral” command, and 42 CL~ and 25 K* were added. Energy minimization was
done in 513 steps using the steepest descent algorithm followed by 125 ps equilibration runs
in the isothermal isochoric (NVT) ensemble. The temperature was fixed over the course of
equilibration and production run at 310K. During equilibration positional harmonic restraints
were applied to heavy atoms of the peptides (force constants of protein backbone and
sidechain were 1 and 0.1 [kcal/(molA?], respectively] (66). The isothermal-isobaric (NpT)

ensemble conditions were imposed by the Nose-Hoover thermostat and Parrinello-Rahman
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barostat, with 1.0 ps time constant for temperature and 5.0 ps for pressure (compressibility
equal to 4.5 e10-5 bar) (67,68). The leapfrog integrator time step was fixed at 2 fs, and the
bonds were handled by the LINCS option (69). The particle-mesh-Ewald method (70) was
used for calculation of the electrostatic interaction with Coulomb cut-off on 1.2 nm and the
van der Waals cut-off was set to 1.2 nm with force-switch on 1.0 nm. GROMACS modules
were used for the analysis, Gnuplot program for graphs and VMD program as visualization
tool (71). DSSP program (database of secondary structure assignments for proteins) was used

for calculating time dependence of secondary structural content (72).
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4 Results and discussion

4.1 Peptide identification and bioinformatical analysis

Genome mining predicted thirty-one potential AMPs (Appendix A), all of which were
analyzed in order to predict structure, biophysical properties and biological diversity.
Obtained results are presented in (Appendix B). Biological diversity was evaluated with
BLASTp and tBLASTp, tertiary structural predictions were carried out by cQuark, PEP-
FOLD 3.5 and Phyre? software, while secondary structure predictions were obtained by
PSIPRED software. Three peptides were chosen based on the specificity in predicted
structuring, favorable biophysical properties (such as positive charges, structure, etc.) and
especially as they are unique from the point of molecular diversity. The peptides’ names,
sequence and lengths are listed in Table 1, along with the fragments of TSO8 which are also
included in the further investigation. The results of the bioinformatical analysis are presented

in the following paragraphs.

Table 1 Peptide names, sequences and length

Peptide Sequence Length
10 20 30 40
TAEWUT | FReRLTPLIRCF IR TGRR T RO TRLTLIR OF AR
MESCO 2 H-GFFRRIGRAFSRVGRGIGRGFRQLGRLMPRGNYKICLGRCP-OH |41 AA
TSO8 (1-39) H-GWRRLRRSIRRRIRRIFRKPRRICFPYCPKGPKKGRGDF-OH 39AA
TSO8_lin H-GWRRLRRSIRRRIRRIFRKPRRIAFPYAPKGPKKGRGDF-OH 39 AA
TSO8 (3-39) H-RRLRRSIRRRIRRIFRKPRRICFPYCPKGPKKGRGDF-OH 37 AA
TSO8 (1-23) H-GWRRLRRSIRRRIRRIFRKPRRI-NH, 22 AA
TSO8 (3-23) H-RRLRRSIRRRIRRIFRKPRRI-NH, 20 AA
TS08(21-39) Ac-PRRICFPYCPKGPKKGRGDF-OH 20 AA

(@) H- =free N-terminal amine; Ac- = acetylated N-terminus; -OH = free C-terminal acid, -NH2 = amidated C-

terminus (due to C-terminal Gly residue amidation signal)

e TAEMUI1
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TAEMU 1 is a peptide identified in Taenia multiceps. BLASTp search against non-
redundant database results in no significant similarity with other sequences indicating that
TAEMU 1 is a unique peptide. Moreover, tBLASTn search against whole genome shotgun
contigs (wgs) database also results in no hits. From biophysical point of view, TAEMU 1 is a
32 amino acids long peptide, with +8 net charge at pH 7.0. Secondary structure prediction
done by PSIPRED suggests that about ~20% is helical, ~25% beta sheet and ~55% random

coil (see Figure 7 a)).

As to the tertiary structure, both PEP-FOLD 3.5 and cQUARK predict a N-terminal section
and disordered C-terminal section of the peptide. Homology modeling prediction obtained by
Phyre? resulted in peptides only eight residues long (25% of sequence), modelled with 13.2%
confidence by the single highest scoring template (see Figure 7) to be in the form of random
coils. The relatively low coverage and confidence might be due to the lack of TAEMU 1

homologues in the database that Phyre? is using for the construction of the template.

a0

t KPRLTPEUOVMYREFYDFRTGKKRCYPQTKLI LLR

10 20 30

Strand Helix Coil _] Disordered
i Disordered, protein binding Putative Domain Boundary Membrane Interaction Transmembrane Helix
Extracellular . Re-entrant Helix Cytoplasmic Signal Peptide

b) c) d)

Figure 7 a) Secondary structure prediction of TAEMU 1 obtained by PSIPRED. Tertiary structure
prediction obtained by b) PEP-FOLD, 3.5 c) cQUARK and d) Phyre?.

e MESCO 2

23



Roko Copac: Synthesis, structural studies, molecular modeling, and characterization of helminth antimicrobial
peptides

MESCO 2 is the peptide identified in Mesocestoides corti. A BLASTp search against a
non-redundant database result in only three peptides with significant similarity (E-value
<0.05) when compared to other known sequences (Appendix B). A tBLASTn search against
the whole genome shotgun contigs (wgs) database results in no similarities. Therefore,
MESCO 2 can be labeled as a quite unique peptide. From the biophysical point of view,
MESCO?2 is 41 amino acids long peptide, with +11 net charge at pH 7.0. According to
PSIPRED the secondary structure prediction is ~ 50% of helical content, ~10% of beta sheet

and 40% of random coil (see Figure 8 a)).

Tertiary structure prediction of PEP-FOLD 3.5 and cQUARK (see Figure 8 b) and c))
differ, in the placement of the helical segment, with three small helices are predicted by the
first method, two larger helices and random coil at the C-terminal by the second method. The
homology modeling prediction obtained by Phyre? yielded predictions for only 9 residues in
the shape of helix (22% of the sequence) modeled with 18.8% confidence using a single
template with the highest score. As in the case of TAEMU 1, this result might be due to the
lack of MESCO 2 homologues in Phyre? database (see Figure 8 d)).

0 20 30 0
" GFERRIGRAFSRVGRGIGRGFRAQLGRLMPRGNYKI CLGRCP

20 30 40
Strand Helix Coil D Disordered
L] Disordered, protein binding Putative Domain Boundary Membrane Interaction Transmembrane Helix
Extracellular . Re-entrant Helix Cytoplasmic Signal Peptide

)

W W 9

b) c) d)

Figure 8 a) Secondary structure prediction of MESCO 2 obtained by PSIPRED. Tertiary structure
prediction obtained by b) PEP-FOLD 3.5, ¢) cQUARK and d) Phyre?.
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e TSO8

TSO8 (1-39) is a peptide identified in Taenia solium. A BLASTp search against a non-
redundant database result in only six peptides with significant similarity (E-value <0.05) with
other sequences, whereas a tBLASTnN search against the whole genome shotgun contigs (wgs)
database resulted in no similar peptides. From the biophysical point of view, TSO8 is a 39
amino acids long peptide and has relatively high net charge (+16) at pH 7.0. According to
PSIPRED, the secondary structure consists of about 50% helix and 50% random coil (see
Figure 9 a)). This is in line with PEP-FOLD 3.5 prediction (see Figure 9 b)), cQUARK (see
Figure 9 c)) and Phyre? (see Figure 9 d)) predictions. However, Phyre? yielded predictions
for only 22 residues (56% of the sequence) modeled with 36.2% confidence. Like in the case
of TAEMUL1 and MESCO 2, TSO8 (1-39) is quite a unique peptide, and this result might be
due to a few good templates for homology modeling method.

20
' GWRRLRRSESI RRRIRRI FRKPRRI CFPYCPKGPKKGRGDTF

20 30 40

Strand Helix Coil [ ] pisordered
_] Disordered, protein binding Putative Domain B y Memb Interaction Transmembrane Helix
Extracellular . Re-entrant Helix Cytoplasmic Signal Peptide

b) c) d)

Ve 4.8

Figure 9 a) secondary structure prediction of TSO8 (1-39) obtained by PSIPRED. Tertiary structure
prediction obtained by b) PEP-FOLD 3.5, ¢) cQUARK and d) Phyre?.

Analysis of TSO8 was expanded by synthesizing linear full-length peptide (TSO8_lin) and
specific fragments of the original sequence [TSO8 (3-39), TSO8 (1-23), TSO8 (3-23), TSO8
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(21-39)] (see Table 3). Bioinformatical analysis was performed for all additional peptides and

results are presented in the following paragraphs.

For TSO8 lin, cysteine residues were replaced with alanine preventing disulfide bonds
formation. A BLASTp search against non-redundant database results in only three peptides
with significant similarity (E-value <0.05) with other sequences. A tBLASTn against whole
genome shotgun contigs (wgs) database, got no hits. From the biophysical point of view,
TSO8_lin is a 39 amino acids long peptide, with +17 net charge at pH 7.0.

Similarly to TSO8, PSIPRED predicted about 50% of helical content and 54% of random coil
(see Figure 10 a)), which was confirmed by PEP-FOLD 3.5 (see Figure 10 b)), cQUARK (see
Figure 10 c)) and Phyre? (see Figure 10 d)). To conclude, although primary structure
TSO8 lin differs from TSO8 (1-39) in two amino acid residues, results of secondary and

tertiary structure predictions are very similar.

10 30
! GWRRLRRSI RRRI RRI FRKPRRI AFPYAPKGPKKGRGDTF

10 20

Strand Helix Coil 3 Disordered
D Disordered, protein binding Putative Domain Boundary Membrane Interaction Transmembrane Helix
Extracellular . Re-entrant Helix Cytoplasmic Signal Peptide
a)
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Figure 10 a) secondary structure prediction of TSO8_lin obtained by PSIPRED. Tertiary structure
prediction obtained by b) PEP-FOLD 3.5, ¢) cQUARK and d) Phyre?.

TSO8 fragments were synthesized to explore the role of GW residues at N-terminus, as

well as the roles of N-terminal and C-terminal domains (see Figure 11 for alignments). The
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net charges at pH of 7.0 differ significantly and are +14 for TSO8 (1-23) and TSO8 (3-23),
+3.9 for TSO8 (21-39), and +15.9 for TSO8 (3-39).

TS08_(21-39) oo --—- - —-PRRICFPYCPKGPKKGRGDF 20
TS08_(3-39) - -RRLRRSIRARIRRIFRKPRRICFPYCPKGPKKGRGDF 7
TS08_(1-39) GWRRLRASIRRRIRRIFAKPRRICF PYCPXGPKKGRGDF 9
TS08_lin GWRRLRRSIRRRIRRIFRKPRRIAFPYAPKGPKKGRGDF 9
TS08_(1-23) GWRRLRRSIRRRIRRIFRKPARI---------------- 23
TS08_(3-23) - -RRLRRSIRRRIRRIFRKPRRI---------------- 21

Figure 11 Clustal w alignment of TSO8 peptides

The prediction of the secondary structure with PSIPRED could not be obtained as TSO8
fragments are too short to be determined this method. Tertiary structures of TSO8 fragments
obtained by PEP-FOLD 3.5 are shown in Figure 12. TSO8 (3-39) prediction is similar to the
previous results with the N-terminal helix and C-terminal coil. TSO8 (1-23) and TSO8 (3-23)
also have helical structure, and lastly, predicted structure of TSO8 (21-39) is random coil,

which is also expected considering C-terminal of TSO8 (1-39) is random coil.

g
E
<

a) b)

c) d)

Figure 12 Tertiary structure predictions obtained by PEP-FOLD 3.5 for TSO8 fragments a) TSO8 (3-
39) b) TSO8 (1-23), ¢) TSO8 (3-23) and d) TSO8 (21-39).
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4.2 Structural studies

The CD spectra of all six peptides were measured under different conditions, including
aqueous buffer (SPB), anionic SDS micelles, and different proportions of TFE (5-50%). The
results are discussed, separately for each peptide, in the following paragraphs and the ones

obtained by Bestsel are presented in Appendix C.

e TAEMU1

CD spectra suggest that the peptide is quite unstructured in an aqueous environment (blue
curve 0%TFE, Figure 13), which is not unexpected for an AMP, and the addition of the helix-
stabilizing solvent TFE at 5% or 10% (dark red curve and green curve, Figure 13) did not
alter this. Some helical structuring is observed at > 15 %TFE (see Figure 13 and Figure 14)
but does not surpass ~15 % even at 50% TFE or in membrane mimicking SDS micelles (see
also Appendix C), although the formation of even a short helical segment may be relevant for

the peptide interaction with the membrane.

TAEMU 1
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1000 195 205 215 2 - 245 255
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-4000

[8][deg cm?dmol]

-5000
-6000

-7000
wavelenght [nm]

= O0%TFE =——5%TFE 10%TFE == 15%TFE = 25%TFE 40%TFE =====50%TFE ==——SDS

Figure 13 CD spectra of TAEMU 1 in SPB, TFE and SDS
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Figure 14 Molar ellipticity at 222 nm for different percentage of TFE
e MESCO2
CD spectra indicate that MESCO 2 is also unstructured in an aqueous environment (blue
curve, 0%TFE in Figure 15), and remains so up to 10% TFE (green curve, Figure 15). It
however increases to somewhat higher values than TEAMU 1 at increased %TFE (see Figure
16). Again, based on Bestsel, we may suppose that similar helical structuring is present for
peptide in 50 % TFE solution and in the presence of SDS micelles (see Appendix C).

MESCO 2
4000

2000

o | N
195 \ 205 / 225 — 245 255
-2000
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-8000
wavelenght [nm]

———0%TFE =———5%TFE 10%TFE =——15%TFE —— 25%TFE 40%TFE 50%TFE SDS

Figure 15 CD spectra of MESCO 2 in SPB, TFE and SDS
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Helicity induction with TFE
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Figure 16 Molar ellipticity at 222 nm for different percentage of TFE

e TSO8

In aqueous environment TSO8 (1-39) is unstructured (dark blue curve, 0% TFE in Figure
17) with more than 50% of the peptide in random coil conformation, as calculated by Betsel.
The curve of molar ellipticity at 222 nm shows a linear decrease to more negative values
which is apparent also for at lower TFE proportions, saturating at > 25% (see Figure 18).
However, compared to MESCO 2 and TAEMU 1, % of helicity is lower, with 7.2% and 9.2%
of helical content in 50% TFE and SDS, respectively.

TSO8 (1-39)
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= 0%TFE =———5%TFE 10%TFE =——15%TFE

Figure 17 CD spectra of TSO8 (1-39) in SPB, TFE and SDS
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Figure 18 Molar ellipticity at 222 nm for different percentage of TFE

CD spectra of TSO8 (1-39) and its fragment TSO8 (3-39) are similar, as one might expect
for two peptides that differ by only 2 amino acids (see Figure 17 and Figure 19). The variation
of molar ellipticity at 222 nm in the presence of TFE shows similar behavior (Figure 18 and
Figure 20), and Bestsel analysis shows that they adopt an ~ 15% helical content in 50% TFE
or SDS, respectively.

TSO8 (3-39)

3000

2000

1000

~1000 195 255
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Figure 19 CD spectra of TSO8 (3-39) in SPB, TFE and SDS
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Figure 20 Molar ellipticity at 222 nm for different percentage of TFE

The N-terminal fragment, TSO8 (1-23), is also fairly unstructured in aqueous environment
but adopts some helical structure, saturating at > 15% TFE solutions (Figure 21 and Figure
22). and reaching >30% at the higher TFE concentration. However, structuring in SDS

(brown

curve, Figure 21) differs from those in TFE suggesting different behavior and perhaps

more affinity for a membrane-like environment. Bestsel analysis shows that the peptide has
32.5% of helical content in 50% TFE and 20.9% in SDS,

[8][deg cm?dmol]

TSO8 (1-23)
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255
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Figure 21 CD spectra of TSO8 (1-23) in SPB, TFE and SDS
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TSO8 (1-23)
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Figure 22 Molar ellipticity at 222 nm for different percentage of TFE

The fragment TSO8 (3-23) shows similar CD spectra as TSO8 (1-23) in water and water-
TFE mixture, but different behavior in SDS solutions (Figure 21 and Figure 23). The
dependence of molar ellipticity at 222 nm on TFE % shows a slower saturations trend in the
case of TSO8 (3-23) than TSO8 (1-23) (Figure 22 and Figure 24). Therefore, the GW
sequence at N terminal which is lacking in TSO8 (3-23) contributes to the increase in helical
content. This is confirmed by Bestsel calculations, as for TSO8 (3-23) is 28.7% of helical
content in 50% TFE and 16.2% in SDS, smaller than the calculated values for TSO8 (1-23).

33



Roko Copac: Synthesis, structural studies, molecular modeling, and characterization of helminth antimicrobial
peptides

TSO8 (3-23)
10000
5000
)
2 0
S 195 255
€ -5000
oo
(]
= -10000
o
-15000
-20000
Wavelenght [nm]
———0%TFE = 5%TFE 10%TFE 15%TFE 25%TFE 40%TFE e 50%TFE === SDS
Figure 23 CD spectra of TSO8 (3-23) in SPB, TFE and SDS
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Figure 24 Molar ellipticity at 222 nm for different percentage of TFE

Finally, C-terminal fragment of TSO8 (23-39) has low % of helical structuring in all
measured solutions, and Bestsel analysis shows about 3.8% of helical content in 50% TFE
and 9.6% in SDS solution (see Figure 25 and Figure 26). Obviously, in membrane like
environment, C-terminal fragment tends to increase helical content compared to aqueous

environment.
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Figure 25 CD spectra of TSO8 (21-39) in SPB, TFE and SDS
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Figure 26 Molar ellipticity at 222 nm for different percentage of TFE

4.3 Antimicrobial activity

The antibacterial activity of the peptides was assessed by determining MIC and MBC
values against two bacterial strains: Gram-positive Staphylococcus aureus and Gram-negative
Escherichia coli. MESCO 2 and TSO8 showed similar activity against both tested strains with
MIC 2 pM against E. coli and slightly higher values against S. aureus (4 and 8 pM,
respectively) (see Table 2). MBC values were identical to MIC suggesting that the peptides
are bactericidal rather than bacteriostatic. Looking at the TSO8 fragments, it can be seen that

TSO8 (3-39) is the most active peptide with MIC/MBC values 1 uM against E. coli. At the
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same time, it is quite potent against S. aureus with MIC/MBC 4 uM. In contrast to previously
reported results by Sato et el. (34), conserved aromatic residue at position 2 (W) does not
seem to be essential for antimicrobial activity. As for the smaller, N-terminal fragments,
TSO8 (1-23) is slightly more potent (MIC values 2 and 4 uM against S. aureus and E. coli)
compared to TSO8 (3-23), with pronounced selectivity towards Gram-positive bacteria (see
Table 2). Interestingly, TSO8 (1-23) contains the GW fragment suggesting that aromatic
residue could have an effect on the shortened TSO8 sequence. Finally, TAEMU 1 was
moderately active, with relatively high MIC/MBC values of 32 uM towards E. coli, whilst
antimicrobial activity was not determined for S. aureus, as it was higher than the highest

tested concentration (64 puM).

Table 4 MIC and MBC values for each peptide

Escherichia coli Staphylococcus aureus

Peptide name MIC [uM] MBC [uM] MIC [uM] MBC [uM]
TAEMU 1 32 32 > 64 > 64
MESCO_2 2 2 4 4

TSO8 1 39 2 2 8 8
TSO8_3_39 1 1 4 4

TSO8 1-23 4 4 2 2
TSO8_3-23 8 8 4 4
TSO8_21-39 > 64 > 64 > 64 > 64

4.4. Cytotoxicity assay

MEC1 cells (106/ml) were exposed to increasing peptide concentrations (0.1 - 1000 M) in
PBS buffer for 30min at 37°C and propidium iodide (PI) (10ug/ml) added to inspect cell
membrane integrity. Flow cytometry was performed immediately and in each run 10000
events were acquired with Attune NXT flow cytometer. Data were analyzed with FCS Express

V7 and were expressed as % of PI positive cells (shown on Y axes, see Figure 27-Figure 29).

Comparing the effect of TSO8 (1-39), MESCO 2 and TAEMU 1 on MEC-1 cells at different
concentrations, it can be seen that MESCO 2 is slightly less cytotoxic compared to TSO8 (1-
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39), reaching saturation of PI positive cells at about 90% (see Figure 27). TAEMU 1, on the

other hand is far less toxic, reaching saturation of Pl positive cells at about 20%.
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Figure 27 Percentage of Pl positive (dead) MEC-1 cells over different concentration of TSO8 (1-39),
MESCO 2 and TAEMU 1.

Comparing the effect of TSO8 and its fragments on MEC-1 cells, it can be concluded that
all peptides are toxic over a certain threshold, expect for the C-terminal fragment, TSO8 (21-
39), which showed no, or negligible, toxicity even at the highest concentration used (see
Figure 28). TSO8 (1-39) was slightly more toxic compared to than TSO8 (3-39) at
concentrations higher than 10 uM, which can most likely be attributed to short N-terminal
GW sequence at N-terminal of TSO8 (1-39). TSO8 (1-23) behaves similarly as TSO8 (1-39)
and TSO8 (3-39), whereas TSO8 (3-23) is less cytotoxic, reaching 70% PI positive cells at

100 pM concentration.
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Figure 28 Percentage of Pl positive (dead) MEC-1 cells at different concentrations of TSO8 (1-

TSO8 (3-39), TSO8(1-23), TSO8(3-23) and TSO8 (21-39)

1000

39),

Finally, looking at the morphology of one specific peptide (TSO8), its cells are described
with FSC-A and SSC-A signal. Vital cells are represented with Gate 2, dead cells with Gate 3,

while Gate 4 contains all possible combination of signals. At concentration below 1 uM,

almost 90% of the cells are vital, while at 10 uM concentration almost 80% of cells are dead.

As the peptide concentration increases, there is a jump in Pl signal (dead cells) and around 30

MM saturation point is reached (see Figure 29).
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Figure 29 Percentage of Pl positive (dead) MEC-1 cells at different TSO8 (1-39) concentrations.

Molecular modeling

4.4 Molecular modeling

Five hundred nanosecond long simulations were performed for TAEMU 1, MESCO 2,
TSO8 (1-39) and TSO8_lin in water solution, using molecular dynamics simulation package
Gromacs 2021.2 (62). The analysis consists of calculating root mean square deviation
(RMSD), radius of gyration, helicity per residue and the most likely secondary structure
assignment for the peptides by using DSSP program (72). Results were plotted by using
Gnuplot 5.2 software package (73), and VMD is used as visualization tool (74). The results

are discussed for each peptide separately in the following paragraphs.

e TAEMU1

The RMSD calculation over simulation time (Figure 30 a)) shows relatively small shifts
from the initial structure, suggesting that the peptide is very stable in water, while radius of
gyration over time suggests that the peptide is quite compact throughout the duration of the

simulation (Figure 30 b)). The helical structure is characteristic for about thirteen N-terminal
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residues (from 3" to 16™) which are conformed to helical structure more than 70% of time.

Unlike N-terminal, C-terminal residues prefer some other type of structuring (Figure 30 c)).
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Figure 30 Simulation analisys for TAEMU 1 containing: a) RMSD, b) radius of gyration, c) helicity

per residue.

As to the secondary structure, the N-terminal helix, from the 5" to the 15" amino acid
residue is preserved during simulation time. Regarding the C-terminus, it is mostly
unstructured, with transient formation of turn, bend, and B-bridge structure (see Figure 31).
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Figure 31 DSSP analysis of TAEMU 1 solvated in water for the simulation time of 500 ns

TEAMU 1 structure at the beginning (Figure 32 a)) and the one at the end of simulation
(Figure 32 b)) differ only slightly.

Figure 32 Structure of TAEMU 1 a) at 0 ns, b) after 500 ns of simulation.

e MESCO 2

Unlike TAEMU 1, the RMSD calculation for MESCO 2 (Figure 33 a)) shows a major shift
from the initial structure, suggesting that the peptide is not stable in water. The radius of
gyration of MESCO 2 seems to be quite compact during about first 300 ns of simulation, after
which compactness is clearly disturbed (Figure 33 b)). Similarly, visualization by VMD
shows that the unfolding starts after about 300 ns of the simulation time. Initial structure
consisted of two helical parts (from 2" -13" and 17" -27" residue) with a coil in between

helices, followed by turn and coil at C-terminal, which are also visible as peaks in Figure 33
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c), and the unfolding process contributes that these helical residues are helical for about 50%

of the total simulation time.
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Figure 33 Simulation analisys for MESCO 2 containing: a) RMSD, b) radius of gyration, c) helicity
per residue.

As to the secondary structure, two helical parts (from 2" -13" and 17" -27t") starting from
about 100 ns to 300 ns lose their initial helical structuring and remain unstructured for the last
200 ns simulation time. The unstructured C-terminal residues develop partly turn, band and B-

bridge structure throughout last 250 ns simulation time (see Figure 34).
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Figure 34 DSSP analysis of MESCO 2 solvated in water for the simulation time of 500 ns

The structured initial conformation and unstructured final one at the 500 ns simulation time
are shown in Figure 35.

a) b)

Figure 35 Structure of MESCO 2 a) at 0 ns, b) after 500 ns of simulation.
e TSO8

The cQUARK prediction did not include formation of the disulfide bridge between two
cysteines residues for TSO8 (1-39) as these residues in the 3D model were spaced 6.25 A
spaced apart, while distance to form a bridge needs to be less than 2 A. Therefore,
incorporation of disulfide bond was done by with Disulfide by Design v 2.13 (75) (Appendix
D). TSO8 (1-39) and TSO8_lin differ in two amino acids, where 24" and 28™ cysteines in
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TSO8 (1-39) (Figure 36 a) are replaced by alanine to eliminate disulfide bridge in TSO8_lin
Figure 36 b).

o \

a) b)

Figure 36 a) Structure of TSO8 (1-39) obtained by cQUARK and with added disulfide bridge by
Disulfide by Design v 2.13, with highlighted cysteine residues (colored in yellow), sulfur atoms and
disulfide bridge (colored in orange). b) Structure of TSO8_lin obtained by cQUARK with highlighted

alanine residues (colored in blue).

The RMSD calculation (Figure 37 a) shows relatively small shifts from the initial structure
for the first 200 ns, after which value of RMSD is increased, reaching value of about 1.6 nm.
Radius of gyration over time (Figure 37 b)), suggests TSO8 (1-39) is quite compact with the
transient change about 200 —300 ns. The N-terminal residues are helical more than 80% of the

time, while other residues confirm other structures (Figure 37 c).

DSSP analysis confirms that the N-terminal helix is preserved during simulation, and also

indicates that 19" to the 21%, residues may form 3-helices (see Figure 38).
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Figure 37 Simulation analisys for TSO8 (1-39) containing: a) RMSD, b) radius of gyration, c) helicity
per residue.
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Figure 38 DSSP analysis of TSO8 (1-39) solvated in water for the simulation time of 500 ns.
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The initial TSO8 (1-39) structure and the one at the end of simulation are presented in

Figure 39, and the peptide seems to be very stable in water during simulation time of 500 ns.

a) b)

Figure 39 Structure of TSO8 (1-39) a) at 0 ns, b) after 500 ns of simulation.

Unlike, TSO8 (1-39), the RMSD calculation for TSO8_lin (Figure 40 a)) shows a shift
from the initial structure in the first 50 ns, and oscillatory behavior for the rest of the
simulation time. Radius of gyration indicates that peptide structure oscillates (see Figure 40
b)). The N-terminal residues are helical more than 80% of the time, and non-helical structure

for C-terminal residue, behaves the same as TSO8 (1-39) (see Figure 40 c)).
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Figure 40 Simulation analisys for TSO8_lin containing: a) RMSD, b) radius of gyration, c) helicity

per residue.

Similar to TSO8 (1-39), DSSP analysis for TSO8_lin confirms that N-terminal helix is
preserved during simulation, while the other part of peptide is unstructured (see Figure 41).
However, stability of N-terminal helix is reduced toward the middle of peptide compared to
the TSO8 (1-39). Also, formation of 3-helical structure is not observed, but the C-terminal

residues show a transient B-bridge, bend, turn or coil structure.
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Figure 41 DSSP analysis of TSO8_lin solvated in water for the simulation time of 500 ns.

We may attribute the observed oscillations in RMSD and radius of gyration to the
movement of the unstructured C-terminal residues closer or further apart from the N-terminal

helix. Figure 42 compares initial structure and structure at the 500 ns simulation time.

Figure 42 Structure of TSO8_lin a) at 0 ns, b) after 500 ns of simulation.

The results as well as VMD visualization indicate that TSO8 (1-39) and TSOS8_lin behave
similarly when solvated in water. For both peptides N-terminal helix remains preserved
throughout simulation, which is expected because they are identical at N-terminal. However,
the disulfide bridge present in TSO8 (1-39) reduced the flexibility of the C-terminal residue

structure compared to the TSO8_lin C-terminal residues structuring.
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5 Conclusion

Peptide candidates for our study were obtained by genome mining methods from several
different helminth organism genomes (Appendix A). In this manner, we were successful in
identifying 31 potential AMP sequences. Following detailed bioinformatical analysis three
peptides (TAEMU 1, MESCO 2 and TSO8) from Taenia solium, Taenia multiceps and

Mesocestoides corti were selected for synthesis.

Certain peptides (TSO8_full, TSO8_3-39, MESCO_2 and TAEMU) have been synthesized
commercially by GenicBio (Shanghai, China), while most of the TSO8 fragments, used for
structure-activity studies, have been synthesized in Prof. Alessandro Tossi’s laboratory at the

Department of Life Sciences, University of Trieste, Trieste, Italy.

Structural studies with CD spectroscopy were done for all selected peptides and TSO
fragments in SPB buffer, different proportions of TFE and SDS. Peptides showed little
structuring in aqueous buffer, while addition of TFE resulted in an increase in secondary
structure content (mostly helix). In SDS environment, the peptides and fragments showed
some content of regular secondary structure, in most cases similar to those obtained in the
50%TFE solution.

Peptides were screened for antibacterial activity against representatives of Gram-negative
and Gram-positive bacteria. All peptides and fragments showed relatively high activity
against both tested strains (E. coli and S. aureus), with the exception of TAEMU 1, for which
MIC/MBC values were not determined against S. aureus as they were higher than the

maximum concentration used for testing (64 puM).

Cell toxicity tests were performed by exposing human MEC-1 cells to peptides in the
presence of the impermeant dye propidium iodide, followed by flow cytometry
measurements. All peptides and fragments showed some cytotoxicity, with TAEMU 1 and
TSO8 (21-39) showing a significantly lower cytotoxic activity than those obtained by other
peptides and fragments.

The results of biological activity studies indicate TSO8 (3-23) as the best candidate for
further development. Its antibacterial activity was appreciable (8 uM and 4 uM against E. coli
and S. aureus, respectively) with moderate cytotoxicity against MECL1 cells (50% PI positive
cells at peptide concentration of about 60 pM).
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Molecular modelling consisted of 500 ns long MD simulations with TAEMU 1, MESCO
2, TSO8 (1-39) and TSO8_lin in water. Detailed analysis included RMSD calculation, radius
of gyration, helicity per residue and secondary structure content during simulation time and
confirmed high stability during 500 ns simulation runs for all tested peptides, except MESCO
2.

Considering the full sequence of the tested peptides it can be seen that TSO8 and MESCQO?2
have an aromatic residue at position 2 (W and F, respectively). Given the fact that Sato et al.
(76) have previously reported the importance of this reside at specific position in cecropin
peptides found in insects, we have also explored the role of GW at N-terminus in TSO8 and

its fragments.

Namely, the TSO8 (1-39) with GW at N-terminus proved to be less potent compared to
TSO08 (3-39) (no GW segment). On the other, shorter, N-terminal fragments, TSO8 (1-23) and
TSO (3-23) are in line with previous reports, with former peptide being slightly more potent
compared to the fragment without GW at the beginning of the sequence. This would suggest
that GW does play a role in biological activity of helminth peptides, but its contribution
depends on a number of other factors (e.g., the overall length of the peptide and the presence

or absence of disulfide bridge).

Further research needs to be done to determine mechanism of action and possible
biomedical application of selected peptides.
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7 Appendix A

Table 5 consists of names and sequences of AMPs which were identified in different
helminth species. Bioinformatical analysis of the sequences included, BLASTp search
againset non.redudant database, tBLASTn search against against whole shotgun contigs
(wgs), secondary structure prediction (PSIPRED), and tertiary structure predictions

(cQUARK, PEPFOLD 3.5, Phyre?).

Table 5 Names and sequences of peptides candidates

Hydratigena_taeniformis_1

WGSLRRRIGGAFRRVGDGIRRVFRGPWKICIPS
CPKGGRRPRSWDA

Tsolium4_expressed

WGSFRRRISGAFRRVGDGIRRVFRKPWKICLGR
CPGGTRRPGPLNP

Tsolium6

WGSFRRRISGAFRRVGGAFRRIGDGIRRAFRGP
WKICVPKCPEGGRRPGPWTA

Mesocestoides_corti

WRRLRRRISGGLRRIFRKPRRICFPYCPTGPRYP
GPRPY

Tsoliuml WRRFRRRINRAFRRIGGGVRRVFIEPWKICLGK
CLPGRKRPVLLTLQFLRID

Tsolium3 WRRFRRRINRAFRRIGGGIRRVFIEPWKICLGKC
LPGRKIPVLLTL

Tsolium2 WRRFRRRISRTFRRIGDGIRRVFREPWKICLGK

CPHGRKRPVLLTL

Hydratigena_taeniformis_2

WRRFRRRLRRAFRRVRDGIRRVFREPWRVCLG
RCNHGRKPPVPLTF

Hydratigena_taeniformis_3

WRRFRRMLSRALRRVRDKFRKLFLEPWRVCL
GRCKHRRKPPVPLTL

Echinococcus_granulosus_2_expressed_conserved_prot
ein_Echinococcus_granulosus

WRRIRRSIRRRIRSIFRKPRRICFPYCPKG-
PKKGREN

Echinococcus_granulosus_3_hypothetical_protein_ EGR
~08647_Echinococcus_granulosus

WRRIRRSIRRRIRSIFRKPRRICFPYCPKGPKKGP
PYNENGLAIT

Echinococcus_granulosus

WRRIRRSIRRRIRSIFRKPRRICFPYCPKG-
PKKGREN

Echinococcus_multilocularis

WRRIRRSIRRRIRNIFRKPRRICFPYCPKGPKKG
REN

Tsolium8_expressed

WRRLRRSIRRRIRRIFRKPRRICFPY CPKGPKKG
RGDF
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Mesocestoides_corti_2_unnamed_protein_product_Mes
ocestoides_corti

FFRRIGRAFSRVGRGIGRGFRQLGRLMPRGNYK
ICLGRCP

Mesocestoides_corti_3_unnamed_protein_product_Mes
ocestoides_corti

FLRRIGRAFSRVGRGIGRGFRQLGRLMPRGNYR
ICLGRCPR

Hydratigena_taeniformis_4

WRRFRRRISGAFRRIGGGIRRGLRRGWRGPVSP
HPYPGARFPYYAR

Tsolium5 WRRIRRRISGAFRRAGDGIRRVFRKPWKVFIGH
LPHGGWNPGLLNA
Tsolium9 WRRFRQRPRRAFRRIGNGIRRFLRKHGDILIPIIV

KGVGRLRRRAV

Taenia_multiceps_2_type:internal_len:118_gc:universal
_JR941162.1:2-352(+)

WSRFRRRLRRAFRRVGDSVRNFLRKHKDHLIP

Hydratigera_taeniformis_5 unnamed_protein_product_
Hydatigera_taeniaeformis

WCRFRRILSRALRRVREKI

Rodentolepsis_nana_unnamed_protein_product_Rodent
olepis_nana

WRRFRSRIRSGLRRIRNIFRRVPIPLLIGILI

Hymenolepsis_diminuita_type:complete_len:113 gc:uni
versal_GHNRO01014249.1:479

WRRIKSRIRRGLRRLGNIYRRIPIPIFVRVPI

moniezia_expansa_type:5prime_partial_len:125_gc:uni
versal_JL280275.1:385-11(-)

WGRLRRRIGRAFRRLGNVFRRIPAPVYAALLA
KH

Echinococcus_multicularis_2_expressed_conserved_pro
tein_Echinococcus_multilocularis

WRQSSLRRPRKVPIPTCPNGGRGPGPMTP

Tsolium7

WRRLRFRRPQKIPIPTCPNGGRSPGPMTP

Mesocestoides_corti_4_unnamed_protein_product_Mes
ocestoides_corti

WRRIRRRISREFRNAIRNLRRFPLHLIPMIARPG
LIIP

Echinococcus_granulosus_4_expressed_protein_Echino
coccus_granulosus

LRSRWRRINCGPRHGSRRSQRLPRPSHPPRLPQ
RSFALA

Echinococcus_granulosus_5_hypothetical_protein EGR
_01725

LRSRWRRINCGPRHGSRRSQRLPRPSHPPRLPQ
RSFALA

Echinococcus_multicularis_3_expressed_protein_Echin
ococcus_multilocularis

LRSRWRRINCGPRHGSRRSQRFPRPSHPPRLPR
RSFALA

Taenia_multiceps_3_type:complete_len:106_gc:univers
al_JR943802.1:377-60(-)

SHRRWKRINCGPRRRIRNQMRFSRPAHPPRLPY
RQLILA
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8 Appendix B

Bioinformatical analysis included BLASTp search against non-redundant database and
tBLASTN search against whole shotgun contigs (wgs). On the following figures are examples
of the results. Figure 43 shows results of BLASTp search for TAEMU 1 against non-
redundant database. No significant similarity was found.

Job Title taemu Filter Results

RID 5VCIGBBKO16 Sesrch expires on 03-27 16.02om Download Allv | Pereent Identity Exas oy SO

Program © Citation ~ | ® ‘ | | | o | | ‘ o ‘ |

Database nr See details v m
Reset

Query ID Icl|Query_67298

Description None

Molecule type amino acid
Query Length 32
Other reports (2}

A No significant similarity found. For reasons why,click here

Figure 43 BLASTp search of TAEMU 1 against non-redundant database

Figure 44 shows results of BLASTp search for MESCO 2 against non-redundant database.
Unlike TAEMU 1, MESCO 2 found three hits with significant E-value form
Mesocestoides_corti.

Graphic Summary Alignments Taxonomy

Sequences producing significant alignments Download ~ K3 Selectcolumns ~ Show | 100V | @

select all 3 seque

elected GenPept  Graphics Multiple alignment [EAMSA Viewer

Max Total Quen Per.  Acc

Description Scientific Name 3 J| & 2 A
~ ~ Score Score Cover value Ident  Len

- - - - - v

886 886 100% Se-21 100.00% 141 VDD
790 790 100% 3e-17 95.00% 143 )\

504 504 97% 2e-06 6087% 98 \

Figure 44 BLASTp search of MESCO 2 against non-redundant database

Figure 45 show TSO8_lin search for MESCO 2 against whole shotgun contigs (wgs). No
significant similarity was found.

I o Your search is limited to records that include: insects (taxid:50557)

Job Title Protein Sequence Filter Results

RID UYONIMHIKO13 Search expires on 1208 1617 pm Download All v | Percent Identity E value Query Coverage
Program @ Citation v to ‘ ‘ © ‘ ‘ o ‘
Database nt  See details v m -
Query ID lcl|Query_202163

Description None

Molecule type amino acid
Query Length 39
Other reports e

A No significant similarity found. For reasons why,click here

Figure 45 tBLASTn search of TSO8_lin against whole shotgun contigs (wgs)
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9 Appendix C

On the following tables are presented results of CD analysis obtained by Bestsel program.
Analysis was performed for each peptide and fragment. Results are presented in five columns,
containing percentage of helix, B-sheet, turn or random coil for different % of TFE.

Table 6 CD spectra analysis by Bestsel for TAEMU 1

Concentration of TFE | (%) helix (%) sheet (%) turn (%) caoll
0% 2.0 32.7 15.9 49.4
5% 2.2 34.4 15.2 48.2
10% 5.6 34.9 14.4 45.1
15% 7.0 34.0 13.8 45.2
25% 11.3 318 13.8 43.1
40% 5.7 33.9 13.7 46.6
50% 13.3 30.6 13.3 42.7
SDS 12.9 28.3 14.1 44.7
Table 7 CD spectra analysis by Bestsel for MESCO 2

Concentration of TFE | (%) helix (%) sheet (%) turn (%) caoil
0% 0.3 32.2 17.3 50.2
5% 2.7 32.8 16.4 48.1
10% 4.6 315 16.5 47.4
15% 3.8 34.5 15.3 46.4
25% 8.9 30.0 15.4 45.6
40% 12.9 26.0 15.2 45.9
50% 9.5 29.2 15.8 455
SDS 10.9 32.2 13.8 43.8
Table 8 CD spectra analysis by Bestsel for TSO8 (1-39)

Concentration of TFE | (%) helix (%) sheet (%) turn (%) coll
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0% 0.5 29.5 17.9 52.1
5% 4.5 30.9 16.5 48.1
10% 35 30.6 16.6 49.3
15% 7.8 31.2 15.4 45.6
25% 12.1 26.6 16.2 45.1
40% 12.1 24.7 15.7 47.4
50% 8.1 24.4 17.5 50.0
SDS 9.2 30.1 14.9 45.8

Table 9 CD spectra analysis by Bestsel for TSO8 (3-39)
Concentration of TFE | (%) helix (%) sheet (%) turn (%) coil
0% 0.3 29.5 19.0 51.3
5% 1.0 30.4 18.6 50.0
10% 7.2 28.9 16.6 47.4
15% 12.2 27.9 155 44.4
25% 14.6 24.9 16.0 44.6
40% 15.6 25.8 14.2 45.3
50% 13.3 20.7 19.3 46.7
SDS 16.2 23.8 16.3 43.6
Table 10 CD spectra analysis by Bestsel for TSO8 (1-23)

Concentration of TFE | (%) helix (%) sheet (%) turn (%) coil
0% 0.8 21.7 17.9 59.5
5% 6.0 23.7 17.8 52.5
10% 14.2 19.7 16.0 50.1
15% 30.3 18.5 13.0 38.3
25% 34.7 14.9 13.3 37.2
40% 29.9 21.2 11.9 37.0
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50% 32.5 15.9 14.2 37.3
SDS 20.9 20.7 16.4 42.0

Table 11 CD spectra analysis by Bestsel for TSO8 (3-23)
Concentration of TFE | (%) helix (%) sheet (%) turn (%) caoll
0% 0.0 23.3 20.8 55.9
5% 0.0 26.0 195 54.4
10% 6.8 20.6 18.4 54.2
15% 21.6 18.0 15.9 44.6
25% 26.2 17.8 15.2 40.8
40% 25.3 15.2 14.2 45.3
50% 28.7 14.0 15.3 42.0
SDS 9.7 25.5 14.8 50.1
Table 12 CD spectra analysis by Bestsel for TSO8 (23-39)

Concentration of TFE | (%) helix (%) sheet (%) turn (%) coil
0% 2.1 23.0 17.5 57.5
5% 1.7 22.9 16.8 58.6
10% 1.2 14.6 18.1 66.1
15% 1.8 26.2 16.1 55.8
25% 3.2 26.6 15.9 54.2
40% 3.6 18.8 17,5 60.1
50% 3.8 12.5 19.0 67.4
SDS 9.6 23.0 17.1 50.8
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10 Appendix D

The cQUARK software prediction for TSO8 (1-39) didn’t predict disulfide bond between
cysteine residues, which were 6.25 A spaced apart, while the residues need to be < 2 A to
form a bridge. Therefore, incorporation of disulfide bond for TSO8 (1-39) was done by using
program Disulfide by Design v 2.13 (75). Figure 46 shows TSO8 (1-39) before and after
disulfide bond incorporation.

PDB File: TS08_lin_chain.pdb | New File \ 3-D VIEWS Right-click on mode! for more options

Original Mutant
Options: | Reset |

Intra-chain
[ Inter-chain

O Build Cp for Gly

¥3 Angle:

-87° or +97° +

Cq-Cp-Sy Angle:

114.6° +[10 v

| Run

RELEASE v2.12
Disulfide by Design now has improved 3D model
viewing. The Java browser plug-in (which caused
problems for some users) is no longer required.
RestartiRefresh your browser.
Try 3D viewing again!

| save mutant PDB |

® cartoon L wireframe ® cartoon O wireframe
show disulfide bonds show disulfide bonds
COPY ORIENTATION >> ‘ << COPY ORIENTATION ‘

Figure 46 Incorporation of disulfide bond for TSO8 (1-39) by using program Disulfide by Design v
2.13 (72).
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