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Abstract: Toxin-antitoxin (TA) systems are key regulators of bacterial growth and survival under harsh environmental
conditions. PrIF-YhaV is type II TA system in Escherichia coli. However, the structures of antitoxin PrlF and toxin YhaV
in the PrIF-YhaV TA system remain poorly understood. Here, we explored the secondary structure and thermal stability
of antitoxin PrlF and toxin YhaV by circular dichroism (CD) spectroscopy. Analysis of the secondary structure, conducted
at wavelengths between 190 to 260 nm at 25 °C, revealed that antitoxin PrlF comprises 41.2% helical and 29.3% f-sheet
structural conformations. In contrast, toxin YhaV primarily assumes a helical conformation, making up 85.7% of its struc-
ture. Thermal stability analysis demonstrated that the melting points of antitoxin PrlF and toxin YhaV are 50 °C and
75 °C, respectively, as observed at 200 or 222 nm. Additionally, antitoxin PrlF exhibited reversible structural formations,
while the toxin YhaV did not regain the structural reversibility under refolding state of 90 to 25 °C. Our examination of
secondary structure components suggests that the S-sheet of antitoxin PrlF and a-helix of toxin YhaV play key roles in
their respective structural configurations and thermal stabilities. These findings clarify the distinct physiological char-
acteristics of these two proteins, emphasizing their differing structures and thermal stabilities across various temperature
conditions in TA loci.
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Introduction
"To whom correspondence should be addressed. . L. .
leeyk@ut.ac.kr, ORCID®0000-0001-8336-3592 Toxin-antitoxin (TA) systems are a prominent group of pro-
©2025 The Polymer Society of Korea. All rights reserved. teins or RNAs persistent across various bacterial genera that
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codes for a stable toxin and a labile antitoxin." TA systems are
broadly classified into 8 categories depending on the neutral-
izing characteristics of the antitoxin for the respective toxin.”
PrlF-YhaV is a type II TA system identified in Escherichia coli,
where the operon codes for PrlF antitoxin similar to AbrB
transcription factor and YhaV toxin which is a RelE superfamily
toxin.> The intrinsic toxin activity is up-regulated under unfa-
vourable conditions and are suppressed by their cognate anti-
toxins under normal conditions.*® For example, TA systems are
triggered under nutritional stress, antibiotic exposure, oxidative
stress, high temperature, and extracellular death factors that
eventually leads to TA system induced programmed cell death
due to its toxic nature.’ There are limited studies on the specific
unfavourable conditions where PrIF-YhaV TA system are acti-
vated. However, this system has been predicted to be activated
under antibiotic exposure and elevated temperature.®

The toxin’s mode of action can depend upon their ability to
bind to DNA, RNA or protein motifs and inhibit cell growth
through various mechanism.®® The PrIF-YhaV TA system is a
ribosome-dependent mRNA interferase TA system and the toxin
acts as a bacteriostatic agent under environmental stress con-
ditions.” There are other TA systems which belong to the sim-
ilar category, such as RelBE, YoeB-YefM, HipA-HipB, and YafO-
YafN."” Among them, the ReIBE TA system has been well charac-
terized based on their physiology, structure and function.'"
The structural analysis of RelE has shown the endoribonucle-
ase active site being located in the C-terminus which is import-
ant for determining their function."

The previous studies from our group has characterized the
ribosome dependent mRNA interferase activity of YhaV toxin
and determined that the C-terminus region is important for
such activity.”'"*> Additionally, it is important to understand the
secondary structure and refolding mechanism of proteins
which pertains to the understanding regarding the proper
functioning of the respective proteins under varied environ-
mental conditions.'®"” Hence, this study characterized the
physiological functioning of the PrlF-YhaV TA system of
Escherichia coli in vivo and their secondary structure in vitro
at different temperature regimes. This study was also con-
ducted to evaluate the refolding mechanism of both the toxin
and the antitoxin proteins when they are subjected to elevated
temperatures for determining their mode of action under high
temperature. In this study, we considered evaluating the in
vitro secondary and refolding mechanism of PrlF and YhaV
proteins, as there are limited reports on the characterization of
these particular proteins.
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Experimental

Construction of PrlF, YhaV, and PriF-YhaV Expression
Systems. The desired operons, viz., prlF (antitoxin), yhaV
(toxin) and the complex prlF-yhaV were amplified with con-
ventional polymerase chain reaction (PCR) from the genomic
DNA of E. coli BW 25113 and cloned into pBAD24, pET28a
and pET21a expression vectors.” The successful cloning of the
operons in the expression vectors were assessed by transform-
ing them into E. coli DH5aAprlFyhaV and growing the trans-
formants in luria-bertini (LB) agar plates supplemented with
appropriate antibiotics (100 mg/ml ampicillin for pPBAD24 and
pET21a; 50 mg/mL kanamycin for pET28a).

Assessment of Viability of Bacterial Cells. The bacterial
cell viability was determined by inoculating 1/100th volume of
overnight grown culture in M9-glycerol broth supplemented
with 100 pg mL™" ampicillin and incubating at 37 C in a shaker
incubator. The absorbance was monitored at 600 nm using a
UV-Vis spectrophotometer and 0.2% arabinose was added
when OD600 reached 0.4 and the bacterial suspension was
allowed to grow for 3 h at 37 Cin a shaker incubator. The bac-
terial cell suspension was washed and subsequently diluted to
1 x 10° CFU mL with cold phosphate buffer saline (PBS). The
diluted samples were stained with 1 mg/mL propidium iodide
(550825, BD Biosciences, San Diego, CA, USA) following
the described previously.'® The cell viability was recorded on
a flow cytometer (BD FACS calibur, BD Biosciences).

Expression and Purification of PrIF Antitoxin and YhaV
Toxin. The pET28a-prlF and pET21-prlF-yhaV were trans-
formed into E. coli BL21 (DE3) AprlFyhaV for the expression
and purification of PrlF antitoxin and YhaV toxin, respectively.
The respective transformed cells were grown in LB broth sep-
arately in flasks until OD600 reached 0.6 at 37°C, and 1 mM
isopropyl-f-D-1-thiogalactoside was added to the cell suspen-
sion. The induced cells were incubated at 18 C for 8 h in a
shaker incubator. To purify the PrlF antitoxin, the respective
induced cells were harvested by centrifugation 4000 x g for 30
min at 40 C, and the harvested cell pellets were resuspended in
buffer A 50 mM sodium phosphate buffer, pH 7.8). After cell
disruption by French cell press (Vison Scientific Co., LTD,
Republic of Korea), the soluble supernatant was prepared by
by centrifugation 4000 x g for 30 min at 4 ‘C, and N-terminally
histidine (Hisx6)-tagged PrlF was purified using Ni-NTA aga-
rose (Qiagen, Germany) following the manufacturer’s protocol.
Purification sample of YhaV toxin was prepared using same
induction conditions from pET21-prlF-yhaV. Briefly, the YhaV
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toxin was purified by solid-phase refolding method with 8§ M
guanidine. The soluble supernatant of PrIF-YhaV was loaded
into packed Ni-NTA agarose resin open column and was bound.
It was directly denatured by buffer in 50 mM sodium phosphate
pH 7.8 with 8 M guanidine-HCI and was directly refolded by
buffer in 50 mM sodium phosphate pH 7.8 on column. Finally,
the C- terminally histidine (Hisx6) refolded YhaV toxin was
purified using Ni-NTA agarose (Qiagen, Germany) following
the manufacturer’s protocol. Refolding method was modified
from previous our purification method."” All the purified proteins
were dialyzed by 20 mM Tris-HCI buffer (pH 7.8), respec-
tively.

Determination of Molecular Weights by MALDI-TOF.
The molecular weights of the purified PrlF and YhaV were
determined by MALDI-TOF mass spectrometer (Bruker Dal-
tonics, Germany) following a method described previously.?
The purified proteins of PrlF and YhaV were prepared by mix-
ing equal volumes of protein solution (NagA) with sinapinic
acid (10 mg/mL in 50% ACN/0.1% TFA). 1 pL of each mix-
ture was spotted onto a MALDI plate, after dried in room tem-
perature, it was analyzed by MALDI-TOF mass spectrometer.

Determination of Secondary Structure by Circular Dichroism
(CD) Spectroscopy. The secondary structure of purified his-
tagged PrlF antitoxin (0.25 mg/mL) and YhaV toxin (0.25 mg/
mL) were determined using Far-UV by Chirascan CD spec-
trometer (Applied Photophysics, UK). The CD spectra of pro-
teins were recorded over a wavelength range of 190 to 260 nm
using a 0.5 mm path length from 25 to 90 C and 90 to 25 Cof
increasing or decreasing step by step 5 C interval. All exper-

iments were conducted in 20 mM Tris-HCI buffer (pH 7.8).
The melting points were determined by 0.2 C gradient increase
in temperature from 25 to 90 ‘C. Each CD spectrums were cal-
culated by subtracted the background CD signal the buffer.
The secondary structure was finally determined by CDNN pro-
gram (Version 2, Applied Photophysics, UK).*'

Results and Discussion

PrIF Antitoxin Neutralized the Toxic Effect of YhaV In
Vivo. PrlF-YhaV is a well-known TA system found in E. coli
and its function has been well characterized previously.**" To
confirm the toxic effect of YhaV and the toxin neutralization
efficacy of PrIF in vivo, we evaluated the viability of E. coli
cells expressing YhaV and PrlF-YhaV. The E. coli cells trans-
formed with pPBAD24-yhaV recorded about 78.6% cell viability,
whereas the cells harbouring empty vector (pBAD), pPBAD-prlF
and pBAD-prlF-yhaV showed over 99% cell viability, as shown
in Figure 1. The previous reports have suggested that the YhaV
toxin retards the growth of cells through bactericidal mecha-
nism, which is as typical feature of various other bacterial TA
systems in vivo. However, our results suggest that the YhaV
toxin acts as a bacteriostatic agent resulting in growth arrest of
E. coli cells. As PrIF-YhaV belongs to the type II TA system,
their bacteriostatic characteristics can be attributed to translation
rescue, ribosome hibernation, increase in cell wall thickness
and reduced cell division that might lead to bacterial dormancy
for suspending unfavourable conditions. However, extensive
research is required to identify the exact mechanism by which
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Figure 1. Cell viability analysis using E. coli cells by FACS. Diagram of FACS results of (a) PrlF antitoxin, YhaV toxin, and PrlF-YhaV

TA complex; (b) calculation percentages of cell viability.

Polym. Korea, Vol. 49, No. 6, 2025



696 W. Choi and Y.-k. Lee

YhaV-his

B

His-PrIF
a) b) . e
- @mYhaV =
- 4 PriF
M 1 2

Figure 2. SDS-PAGE analysis of (a) purified PrlF and YhaV. Determination of (b) PrlF and YhaV molecular weights by MALDI-TOF.

PrIF-YhaV inhibits bacterial growth.

PriF Antitoxin and YhaV Toxin Have Different Thermal
Physiological Features at Varied Temperature conditions.
In this study, the purified PrlF antitoxin and YhaV toxin were
obtained as reported previously.”'® As shown in Figure 2, the
two proteins of PrlF and YhaV were well purified by Ni-NTA,
and the molecular weights of each were confirmed to be 14386.1
Da and 19714.3 Da, respectively. Thermal-stability of TA sys-
tems are important for effective activity of the same and maintain
its viability under high temperature conditions for suspension
of growth under heat stress.”” The intrinsic thermal-stability of
YhaV toxin was observed to be higher compared to its cognate
PrIF antitoxin counterpart from 25 to 90 C in Figure 3. The
higher thermal-stability of the toxin can be the potential reason
behind its activity under elevated temperature conditions respon-
sible for arresting bacterial growth. >

A previous study has also observed that the transcript levels
of YhaV toxin was up-regulated under heat shock whereas no
variation in transcript levels were observed for PrIF antitoxin.®
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These features are characteristic for proteins belonging to the
RelE superfamily.”* However, As shown in Figure 4. these melt-
ing points were recorded to be 70 C for YhaV toxin and 50 C
for PrlF antitoxin. Furthermore, the CD spectrum of both the
proteins at two different wavelengths, viz., 200 nm and 222 nm
revealed the inability of YhaV toxin to refold into its native
secondary structural conformation when the temperature was
decreased from 90 to 25 C. On the other hand, the PrIF anti-
toxin was able to refold into the similar but not accurate struc-
tural conformation upon decrease in temperature. The CD spectrum
at 25 to 90 C temperature revealed that the antiparallel motif
of the f-sheet region in PrlF provides flexibility, whereas the
secondary motifs of YhaV was observed to be highly rigid one
in Figure 5.

PriF Antitoxin and YhaV Toxin Exhibit Distinct Secondary
Structure. The secondary structural conformation is an important
aspect for determining the functional characteristics of a par-
ticular protein.'®'"” The principal component analysis (PCA)
method based on the amino acid sequence that constitutes the
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Figure 3. CD spectra showing the thermal flexibility of secondary structures of (a) YhaV; (b) PrlF over the temperature range of 25 to 90 C.
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Figure 5. Secondary structure component flexibility of (a) PrlF; (b) YhaV from 25 to 90 C.

protein is useful for analyzing the flexibility of protein structure,
but it is difficult to analyze accurate folding and unfolding. In
general, the structure of proteins is centered on hydrogen bonds,
and in the case of a-helix proteins, bending and twisting are
possible, but in the case of S-sheets, structural rigidity is usu-
ally present.”** As shown in Figure 5, the secondary component
flexibility at 25 to 90 C temperature revealed that the anti-
parallel motif of the S-sheet region in PrlF antitoxin provides
flexibility, whereas the secondary motifs of YhaV toxin was
observed to be highly rigid one.

‘We compared changes in the secondary structure components
of the two proteins under denaturation and renaturation con-
ditions. The PrlF antitoxin was exhibited structural instability
in both the helix and antiparallel components during the dena-
turation and renaturation states. Specially, the helix showed changes
of 41.2%, 40%, and 33.6%, while the antiparallel exhibited
changes of 26%, 51.9%, and 59.5% in its secondary structure
composition in Figure 6. The YhaV toxin was found to exhibit
structural stability in the helix during the denaturation and

Temperature (°C)
25°C Denaturation, 90°C Renaturation, 25°C
6.6% 3.1% 4.7%

21.9%

22.9%

19.4%
= 2.40 3-1 h—_

3.3%#""

BHelix ¥ Antiparallel

Parallel

Beta-turn "Random coil

Figure 6. Calculation of secondary structure component flexibilities
of PrlF.
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Figure 7. Calculation of secondary structure component flexibilities
of YhaV.
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renaturation states, with changes in secondary structure content
measured 85.7%, 70.6%, and 67.7% in Figure 7. Alpha helical
proteins form a stable structure with a coiled coil form through
C=0 and N-H bonds of peptide bonds based on hydrogen bonds.
This structure has structural stability because two alpha helices
can twist each other with most of the nonpolar side chains on
one side and these side chains face inward.

The higher number of a-helical motifs can be attributed to
increase in hydrogen bonds which can result in providing ther-
mal stability to YhaV toxin and function efficiently under high
temperature conditions, whereas higher number of S-sheet motifs

can result in lower thermal stability of PrlF antitoxin.?*?’

Conclusions

In conclusion, this study reveals the physiological importance
of PrlF antitoxin in inhibiting the bacteriostatic characteristic
of YhaV toxin in vivo under favourable growth conditions.
The YhaV toxin consists of higher a-helix residues in its sec-
ondary structure along with higher melting point, resulting in
enhanced hydrogen bonding which can provide thermal stability
to function under high temperature conditions. The PrlF anti-
toxin had shown lower thermal stability and its ability to refold
into native secondary structural conformation during decrease
in temperature, that is important for functioning under normal
environmental conditions to neutralize the effect of toxin. Overall,
this study puts forward the important secondary structural con-
formation of PrlF antitoxin and YhaV toxin in vitro for their
efficient physiological functioning in Escherichia coli.
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