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Abstract

Skin wounds are always at risk of contamination by different microbe species. When pathogens
multiply and overcome the body's immune system, local infection occurs. This, in turn, can turn
into a systemic infection and lead to sepsis that can result in death. The drugs available on the
market to combat such scenarios are mainly antibiotics. Unfortunately, most of them are rapidly
losing their effectiveness due to the growing problem of antibiotic resistance. Recently, in
Schmidtchen lab, it was discovered that a naturally existing protein in the body, thrombin, also
has other functions besides its role in blood clotting. Indeed, after the cleavage of thrombin with
human neutrophil elastase (HNE), several fragments of different lengths found in wound fluids,
are released from the C-terminal region. Thrombin-derived C-terminal peptides (TCPs) of
roughly 2 kDa have shown strong antimicrobial and anti-inflammatory activity, while peptides
of 11 kDa have displayed a propensity to aggregate endotoxins. In this work, recombinant 11-
kDa TCP (called rTCP96) was produced, employing E. coli expression system. The peptide was
purified exploiting His-tag through affinity chromatography. Then, its secondary structure and
ability to aggregate bacteria were evaluated, using circular dichroism and Live/Dead assay,
respectively. Indeed, it was shown that rTCP96 has the propensity to aggregate bacteria.
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1. Introduction

Skin wounds are always at risk of contamination by microbes of various species. The most
common of them are Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli
(Berrios-Torres et al., 2017). The excessive presence of microbes in the wound region and their
virulence overwhelming the host defense may lead to chronic inflammation and inability to heal
the wound (Bowler et al., 2001; Rahim et al., 2017). According to the World Health Organization,
antibiotic resistance is a global problem that has been estimated to be one of the biggest public
health challenges of our time (WHO, 2020). It requires quick actions and finding new alternatives
for antibiotics since they are losing their efficacy.

One of the host defense mechanisms against microbes contaminating wounds is antimicrobial
peptides (AMPs). They are produced by all organisms beginning from prokaryotes and ending on
humans (Hancock & Sahl, 2006). In addition to their role in the host defense against microbes,
they are involved in other actions such as modulation of inflammatory and immune responses and
promoting wound healing (Gera et al., 2021). Due to the multiple activities of AMPs and their
low susceptibility to bacterial resistance evolution, the antimicrobial peptides may constitute
potential broad-spectrum antibiotics and anti-biofilm agents (Gera et al., 2021).

Thrombin is a serine protease that is involved in blood clotting. It is produced as a proenzyme
called prothrombin (72 kDa) that, after the cleavage, becomes an active enzyme (36 kDa). The
role of thrombin is to convert soluble fibrinogen into insoluble fibrin and to catalyze other steps
involved in blood coagulation (Widmaier et al., 2018). Recently, in Schmidtchen lab, it was
discovered that thrombin can also have another function. Indeed, it was shown that after
proteolysis of thrombin with human neutrophil elastase (HNE), several fragments of different
lengths, found in wound fluids, are released from the C-terminal region (Figure 1) (van der Plas
et al., 2016; Holdbrook et al.,2018). Thrombin-derived C-terminal peptides (TCPs) of roughly 2
kDa (Papareddy et al., 2010) have shown strong antimicrobial and anti-inflammatory activity,
both in vitro and in vivo (van der Plas et al., 2016; Holdbrook et al., 2018; Papareddy et al., 2010;
Kasetty et al., 2011; Kalle et al., 2012; Puthia et al., 2020), while, peptides of around 11 kDa were
shown to aggregate in the presence of LPS and E. coli (Petrlova et al., 2017). These latest data
suggest that the longer TCPs, through aggregation, may play a key role in controlling bacterial
infections and reducing lipopolysaccharide (LPS)-induced inflammation. Nevertheless, if the
protein aggregation can be considered as a fundamental innate defense mechanism, is at present
unknown. Therefore, it would be of great value to understand if 11 kDa TCPs are able to aggregate
also other bacteria than E. coli. This information will give us new insights on the physiological
roles of aggregation, studies that could lead to the development of new therapeutics based on
TCPs that could prevent excessive inflammatory activations induced by bacterial infections.
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Figure 1: Schematic illustration for multiple functions of thrombin and its fragments. Retrieved from
(Petrlova et al., 2017).

2. Aim of the thesis

The aims of this thesis are:

1. Produce recombinantly 11-kDa TCP (called rTCP96) using E. coli expression system;
2. Purify the peptide from bacterial extract through affinity chromatography;

3. Evaluate the peptide’s secondary structure by circular dichroism;

4. Investigate its ability to aggregate bacteria using Live/Dead assay.

3. Material and methods

3.1 Expression of His-tagged rTCP96

Recombinant Thrombin-derived C-terminal Peptides (rTCP96) was produced using a bacterial
expression system consisting of pGEX plasmid in Escherichia coli strain BL21 codon plus (DE3)
RIPL (Invitrogen). pGEX plasmid carried genes for the TCP96 equipped with polyhistidine-tag
(His-tag) and contained the T7 RNA polymerase gene under the control of the LacUV5 promoter.
Bacteria were cultivated in Luria Bertani (LB) medium supplemented with antibiotics:
chloramphenicol (34 pg/mL) and carbomycin (100 pg/mL). Bacteria grew at 37 °C with vigorous
shaking until optical density at 620 nm (ODs2o) reached a value of 0.6 OD. Expression of rTCP96
was induced by adding 0.25 mM Isopropyl - d-1-thiogalactopyranoside (IPTG) to the medium
with bacteria and stopped after 3h of incubation at 37 °C with vigorous shaking. Then, bacteria
were harvested by centrifugation (4000 g for 15 min), washed with 10 mM Tris at pH 7.4 and
pellet was stared at —20 °C until purification.



3.2 Purification of His-tagged rTCP96

To purify rTCP96, the pellet deriving from 0.5 L of bacterial culture was resuspended in 10 mL
of 10 mM Tris at pH 7.4 containing 8 M urea and 20 mM imidazole (lysis buffer). Afterwards,
the cells were disrupted by sonication (10 sec ON and 10 sec OFF, 10 times) and the soluble
fraction, containing the peptide of interest, was separated from the cell debris by centrifugation
(4000 g for 20 min). Finally, the supernatant was filtered with a 0,22 um syringe filter and diluted
with other 10 mL of lysis buffer.

The His-tagged peptide was purified by Immobilized Metal Affinity Chromatography (IMAC)
(His-Trap-Nickel-chelating columns, GE Healthcare) under denaturing conditions (8 M urea in
10 mM Tris at pH 7.4). Proteins with low affinity to the column were washed off with the wash
buffer (8 M urea, 20 mM imidazole, in 10 mM Tris at pH 7.4). The peptide of interest bound to
the column was eluted by adding elution buffer (8 M urea, 200 mM imidazole in 10 mM Tris at
pH 7.4). First 5 fractions were collected in Eppendorf tubes (500 pL each). The concentration of
rTCP96 and absorbance at 280 nm of collected fractions were determined using NanoDrop™
(ND 1000, Thermo Scientific). Fractions containing rTCP96 were reunited, diluted with lysis
buffer 1:1 and dialyzed stepwise in 10 mM Tris at pH 7.4 to prevent protein aggregation. To allow
the peptide to acquire physiological folding, the dialysis was conducted at 4 °C.

3.3 SDS-PAGE and Western blot

To assess the purity and the specificity of the eluted peptide SDS-PAGE followed by Coomassie
staining or western blot were used, respectively. 10 pl of lysate, flow through, or 2 ug of eluted
fractions containing rTCP96 were mixed (1:1) with loading buffer containing reducing agent
(Dithiothreitol, DTT). Subsequently, the samples were denatured at 95°C for 5 minutes and
loaded on a 10-20% Novex Tricine pre-cast gel (Invitrogen, Carlsbad, CA, USA). Electrophoresis
was performed at 120 V for 90 min.

The gel was stained using Coomassie Brilliant blue (Invitrogen, Rockford, IL, USA), and images
were obtained using a Gel Doc Imager (Bio-Rad Laboratories, Hercules, CA, USA). For western
blotting, the material was subsequently transferred to a PVDF membrane using a Trans-Blot
Turbo system (Bio-Rad, Laboratories, Hercules, CA, USA). rTCP96 was detected using
polyclonal rabbit antibodies against the C-terminal thrombin epitope VFR17
(VFRLKKWIQKVIDQFGE; diluted 1:1000, Innovagen AB, Lund, Sweden), followed by
porcine anti-rabbit HRP conjugated antibodies (1:1000, Dako, Glostrup, Denmark). The peptide
was visualized by incubating the membrane with SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific, Rockford, IL, USA) for 5 min, followed by detection using a
ChemiDoc XRS Imager (Bio-Rad Laboratories, Hercules, CA, USA).

3.4 Circular Dichroism spectroscopy

The secondary structure of rTCP96 was investigated using Circular Dichroism (CD). The
measurements were performed on a Jasco J-810 spectropolarimeter (Jasco, USA) equipped with
a Jasco CDF-426S Peltier set to 25 °C. A cuvette with a light path of 0,2 cm (Hellma, GmbH &
Co, Germany) was used for all measurements. Each measurement was repeated three times in far
UV spectra of 190-260 nm, a scan speed of 20 nm/min, and a bandwidth of 1 nm. For
measurements, 5 UM of rTCP96 in 10 mM Tris at pH 7.4 alone, or after incubating it with 100
pg/mL E. coli lipopolysaccharides (LPS) at 37 °C for 30 minutes, was used. For comparison, the
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secondary structure of 10 uM TCP-25, C-terminal fragment of 25 amino acids of rTCP96, with
and without LPS was also investigated. Raw spectra were corrected for buffer contribution and
converted to the mean residue ellipticity, 6 (mdeg cm2 dmol ™) following the equation:

0222 x Mw
aa

Molar ellipticity = —o——— "

where 6222 = observed ellipticity at 222 nm in millidegrees, Mw = molecular weight of the
protein in Da, aa = number of amino acids, ¢ = concentration in mg/mL, |I= path length of the
cuvette in cm.

The a-helical content in protein structure was calculated using the following equation:

(62224 3000)
(—39000 + 3000)

o — helical content =

where 3000 and —39000 are constants based on the helicity of poly-L-lysine (Greenfield and
Fasman, 1969). Smoothed graphs of all measurements were used for analysis.

3.5 Live/Dead assay

To evaluate the ability of rTCP96 to aggregate bacteria LIVE/DEAD® BacLight™ Bacterial
Viability kit (Invitrogen, Molecular Probes, Carlsbad, CA) was used. Two different strains of
bacteria, S. aureus ATCC 29213 (Gram-positive) and P. aeruginosa ATCC 27853 (Gram-
negative) were used. Briefly, bacteria were cultured overnight in 5 mL of Todd-Hewitt (TH)
medium at 37°C with vigorous shaking. Then 100 puL of the overnight cultures were added to 5
mL fresh TH-media and incubated in the same conditions until ODs Of 0.4 was reached. Then,
bacteria were centrifuged at 5000 RPM for 10 minutes at room temperature and the pellet was
washed with 5 mL 10 mM Tris at pH 7.4. Subsequently, the pellet was diluted with 10 mM Tris
at pH 7.4 so that the total amount of bacteria was 2 - 108 CFU/mL. Bacteria (2 x 10® CFU/mL)
were incubated with rTCP96 (5 uM) at 37 °C for 2 h. Buffer (10 mM Tris in HCI at pH 7.4) alone
was used as a negative control and TCP-25 (5uM) as a positive control. At the end of incubation,
samples were mixed 1:1 with a staining solution containing 3 uL of component A (SYTO®9
green-fluorescent nucleic acid stain) and 3 uL of B (red-fluorescent nucleic acid stain propidium
iodide) dissolved in 2 mL of 10 mM Tris pH 7.4. Then the samples were incubated in the dark at
room temperature for 15 min and spun down at 14 000 RPM for 5 min. Almost all supernatant
was discarded and the pellet was resuspended in the remaining volume. Next, 5 uL of each stained
bacterial suspension was transferred onto a slide and covered with an 18-mm square coverslip.
Zeiss AxioScope A.1 fluorescence microscope was used to analyze three independent sample
preparations. Objectives: Zeiss EC Plan-Neofluar x20 and x40 were used for analysis and
representative pictures were taken.



4. Results

4.1 Purification of His-tagged rTCP96

rTCP96 was purified through immobilized-metal affinity chromatography exploiting its His-tag.
The concentration of rTCP96 in eluted fractions was measured using NanoDrop™ (ND 1000,
Thermo Scientific). The results are presented in Table 1. Elution profile of rTCP96 was done
using data from Nanodrop and is reported in Figure 2. Protein expression and purification were
performed two times. Data from one representative experiment is shown.

Table 1: Concentration of rTCP96 in eluted fractions measured by NanoDrop ™,

N. of fraction Absorbance at 280 nm Concentration (mg/mL)
1 0,643 0,366
2 0,350 0,199
3 0,086 0,049
4 0,033 0,019
5 0,016 0,009
0,7
0,6
= 05
=
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o
9 03
<
0,2
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O \\.
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Figure 2: Elution profile of rTCP96 obtained after eluting the peptide from the column. x-axel
indicates the number of eluted fractions and y-axel indicates absorbance at 280 nm.

Fractions 1-3 were reunited and theoretical concentration was calculated as in Appendix.



After all purification steps, the final amount of rTCP96 was around 0,42 mg/L of bacterial culture
and the purification yield after dialysis was around 68%.

4.2 Purity and specificity of purified rTCP96

Protein purity and specificity in the eluted samples was estimated by SDS-PAGE followed by
Coomassie blue staining and western blot, respectively. Results are shown in Figure 3.

As expected, several bands in both lysate and flow through (Figure 3a, lane 2 and 3, respectively),
indicating the presence of different proteins, were observed. While eluted fractions showed
mainly bands corresponding to the molecular weight of rTCP96 and one at around 32 kDa,
suggesting an oligomerization of the peptide. (Figure 3a, lane 4-6).

Purification of rTCP96 was confirmed by western blot. As shown in Figure 3b, the bands at
expected molecular weight were recognized by specific antibodies against C-terminal region of
the peptide.

1. 2. 3. 4, 5. 6. 1. 2. 3. 4. 5. 6.
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=210 =210
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=55
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5 Coomassie staining b Western blot

Figure 3: SDS-PAGE analysis of purified rTCP96 followed by Coomassie staining (a) or Western Blot
(b). Loading order: 1. Pre-stained protein standard (STD), 2. Lysate (10 pL), 3. Flow through (10 pL), 4.
Eluted fraction N. 1 (2 pg), 5. Eluted fraction N. 2 (2 pg), 6. Eluted fraction N. 3 (2 pg). Blue arrows
indicate the molecular weight of rTCP96. One representative experiment is shown (n=2) .

4.3 Secondary structure of rTCP96 and its structural change when bound to LPS

Circular Dichroism (CD) spectroscopy is a biophysical method that can determine the structure
of small molecules based on the differential absorption of left and right circularly polarized light
(Greenfield, 2006). Therefore, we employed this technique to assess the secondary structure of
rTCP96 (5 uM) in the absence and the presence of 100 pg/mL LPS. TCP-25 was used for
comparison. The result is presented in Figure 4. It was possible to observe a conformational
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change in rTCP96 structure when LPS was added. It was previously shown that TCP-25 alone
has an unstructured conformation, but when adding LPS, the peptide changes its shape to a typical
a-helical structure (Papareddy et al., 2010). The same result was obtained during our experiments
(Figure 4).

30000 . rTCng 4
o * E [ rTCP,. &2 TCP-25

= N . TCP-25 - r-Tos
E S fTCPy + LPS g
2 15000 ®
NE . * TCP-25+LPS =
> £
3 8
E 8

-15000 T T T ] ; 1

200 220 240 260 - +
Wavelength (nm) LPS
A. B.

Figure 4: Structural changes of rTCP96 and TCP-25 upon binding to LPS. (A) The secondary
structure of rTCP96 (5 uM) alone and TCP-25 (10 uM) alone or after incubation with LPS (100 pg/mL)
at 37°C for 30 minutes. Representative spectra of two different experiments are reported (n=2). (B)
Helical content at 222 nm of rTCP96 (white) and TCP-25 (checkerboard) alone (-) or with LPS (+).

4.4 rTCP96 aggregates bacteria

The ability of rTCP96 to aggregate bacteria was studied with Live/Dead assay. Peptides (rTCP96
or TCP-25) were incubated with Pseudomonas aeruginosa or Staphylococcus aureus for 2 h at
37 °C. Then bacteria were stained with a dye and observed under a fluorescence microscope.
Bacteria incubated only with buffer were used as a control. The results are shown in Figure 5. As
expected, controls consisted mainly of alive bacteria (green). Whereas in the samples with
rTCP96, many aggregates containing both alive and dead (red) bacteria could be found. In the
sample with TCP-25, there were no aggregates but only dead bacteria. Furthermore, the number
of bacteria in this sample was lower than in other samples.
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Figure 5: Visualization of live (green) and dead (red) bacteria using fluorescence microscopy.
Pseudomonas aeruginosa ATCC 27853 (PAO1) and Staphylococcus aureus ATCC 29213 were incubated
with 5 pM rTCP96 or 5 uM TCP-25 in 10 mM Tris at pH 7.4. The buffer alone was used as a control.
Bacteria were stained with LIVE/DEAD® BacLight™ staining and visualized by fluorescence microscopy.
The scale bar is 50 um for all images and 20 um for the inserts. One representative image from two
independent experiments is shown (n=2).

5. Discussion

The main goal of this thesis was to understand if recombinantly produced 11-kDa thrombin-
derived C-terminal peptide (TCP) was able to aggregate other bacteria besides E. coli, such as S.
aureus and P. aeruginosa.

Since the cost of thrombin’s peptides purified from human plasma is very high, we decided to
express and purify the fragment of our interest (rTCP96) recombinantly, exploiting E.coli
expression system. Generally, the yield of purified peptides from E. coli is around 1-50 mg/L of
bacterial culture (Gaglione et al., 2017; Herbel et al., 2015; Pane et al., 2016), in our case we
obtained a much lower amount (0.42 mg/L). There is a precise reason why the expression
conditions have not been improved to achieve better production yield. Indeed, the isoelectric point
of this peptide at pH 7.4 is very close to O, this means that at this pH (corresponding to
physiological pH) the peptide at higher concentrations in solution would form aggregates that
would precipitate in amorphous structures (Xia, 2007).

The secondary structure of rTCP96 was evaluated by Circular Dichroism, both in the absence and
in the presence of LPS. We could see that the peptide structure did change, suggesting the binding,
even if the difference was not so visible as in the case of TCP-25. Indeed, TCP-25 after the
addition of LPS switched from an unstructured form to a typical a-helical structure. These results
agree well with what was reported before by Petrlova and colleagues (Petrlova et al., 2020).
However, in their experiments, under the same conditions, the change in the secondary structure
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of rTCP96 after LPS addition was more pronounced than in ours. This difference in results could
be due to both the use of the different batch of peptide and LPS.

Even if rTCP96 showed a typical spectrum of B-sheet, with only CD experiments it is not possible
to claim that the peptide aggregates and forms amyloid structures. To demonstrate this we should
have done another experiment, such as Thioflavin T (ThT) assay, as reported by Petrlova
(Petrlova et al., 2017 and 2020). ThT preferentially binds to the pB-sheet structures of
amyloidogenic proteins, indicating the formation of aggregates (Bolder et al., 2007).

Using Live/Dead staining we showed that purified rTCP96 was able to aggregate both P.
aeruginosa and S. aureus. These results are in agreement with the results reported by Petrlova
and colleagues (Petrlova et al., 2020). As shown previously, we could also see both green and red
bacteria in the aggregates, indicating that rTCP96 not only aggregates bacteria but also Kills them.
This result was more visible in the samples with P. aeruginosa. This is not surprising, since it was
demonstrated that rTCP96 has stronger antimicrobial activity on Gram-negative than on Gram-
positive bacterial strains (Petrlova et al., 2020). However, from our Live/Dead assay, we could
not estimate how many bacteria were killed by rTCP96. To illustrate this, we should have done
the viable count assay, where after incubation with rTCP96 we should have plated the bacteria on
TH-agar plates, let them grow overnight, and then count the colony-forming units (CFU) (Petrlova
etal., 2020).

6. Conclusions

In summary, 11-kDa thrombin-derived C-terminal peptide (rTCP96) was expressed in E. coli
system and purified through affinity chromatography with a satisfactory yield (0.42 mg/L of
bacterial culture). The peptide has shown a conformational change upon incubation with LPS,
suggesting a binding, and was able to aggregate both Gram-negative and Gram-positive bacteria.
All these results were in agreement with findings reported by Petrlova and colleagues (Petrlova
et al. 2017 and 2020).
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9. Appendix

Calculation of protein yield after all purification steps

Protein concentration in fractions 1-3:

Fraction 1: 0.366 mg/mL x 0.5 mL = 0,18 mg
Fraction 2: 0.199 mg/mL x 0.5 mL = 0,10 mg
Fraction 3: 0.049 mg/mL x 0.5 mL = 0,02 mg

Total protein concentration after IMAC in fractions 1-3:

0,18 mg + 0,10 mg + 0,02 mg = 0,30 mg

Total concentration of protein after dialysis:
0,07 mg/mL x 3 mL = 0,21 mg

Amount of protein per 1 L of bacteria culture
0.5L x0.21=0.42 mg

Protein yield after dialysis:

concentration of rTCP96 after dialysis

Yield = - 5 -
concentration of rTCP96 in fractions I — 3

Yield = 0,21/0,30 = 0,68

Yield =68 %
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