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SUMMARY

Hypervirulent Klebsiella pneumoniae is known for its increased extracellular polysaccharide
production. Biofilm matrices of hypervirulent K. pneumoniae have increased polysaccharide
abundance and are uniquely susceptible to disruption by peptide bactenecin 7 (bac7 (1-35)).

Here, using confocal microscopy, we show that polysaccharides within the biofilm matrix collapse
following bac7 (1-35) treatment. This collapse led to the release of cells from the biofilm, which
were then killed by the peptide. Characterization of truncated peptide analogs revealed that their
interactions with polysaccharide were responsible for the biofilm matrix changes that accompany
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bac7 (1-35) treatment. Ultraviolet photodissociation mass spectrometry with the parental peptide
or a truncated analog bac7 (10-35) reveal the important regions for bac7 (1-35) complexing with
polysaccharides. Finally, we tested bac7 (1-35) using a murine skin abscess model and observed
a significant decrease in the bacterial burden. These findings unveil the potential of bac7 (1-35)
polysaccharide interactions to collapse K. pneumoniae biofilms.
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De los Santos et al. use confocal microscopy to study biofilm matrix collapse by the defense
peptide bac7 (1-35). The polysaccharide interactions of bac7 (1-35) cause the release of the
biofilm cells and collapse of hypervirulent Klebsiella pneumoniae biofilms.

INTRODUCTION

Klebsiella pneumoniae infections have been increasingly problematic in recent years.1—
This is in part due to an increase in drug resistance acquisition over the last decades, leading
to infections that are resistant to almost all available clinical antibiotics.19-13 In addition

to drug resistance acquisition, the emergence of hypervirulent K. pneumoniae isolates has
enabled the spread of infections within healthy individuals.1#15 A defining characteristic of
hypervirulent K. pneumoniae is the hypermucoviscous phenotype provided by an increase in
capsular polysaccharides.16-18 In addition to capsule, extracellular polysaccharides are also
found within the biofilm matrix!® and play a major role in maintaining the integrity of the
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biofilm and preventing the collapse of the matrix.2%-22 Biofilms formed by K. pneumoniae
increase their resistance to the host immune system and antibiotic therapy.2324

Antimicrobial peptides have shown promise in recent years as a topical therapy for the
treatment of multi-drug resistant infections.25-31 We have shown that PepW, a synthetic
a-helical peptide, can disrupt the capsule of hypervirulent K. pneumoniae.32 We determined
it was the loss of peptide structure when interacting with capsular polysaccharides that
caused aggregate formation and consequently K. pneumoniae capsule disruption. Further
investigation revealed that polyproline host defense peptide bactenecin 7 (bac7 (1-35))
formed robust polysaccharide aggregates and disrupted the biofilm of hypervirulent K.
pneumoniae.3® These results were intriguing because bac7 (1-35) has been described as
attaining its bactericidal activity from protein synthesis inhibition instead of membrane
disruption that is characteristic of most cationic antimicrobial peptides.34 Moreover, bac7
(1-35) has been shown to have multiple mechanisms of action that varies depending on the
bacterial species being tested.3® Considering the multiple mechanisms used by bac7 (1-35),
we hypothesized that this peptide may interact with K. pneumoniae capsular polysaccharides
as well as biofilm-associated polysaccharides.

Here, we combine phenotypic biofilm analysis with confocal microscopy to reveal

that the loss of viability following treatment with bac7 (1-35) is due to the collapse

of the polysaccharide matrix. Our analysis of truncated bac7 (1-35) analogs with

different antimicrobial activities revealed that polysaccharide interactions with bac7 (1-
35) play an important role in the mechanism of biofilm collapse. Characterization

of peptide-polysaccharide complexes by ultraviolet photodissociation (UVPD) mass
spectrometry identified the interaction region between the peptide and polysaccharide.
Finally, we show that treatment with bac7 (1-35) significantly decreased the bacterial
burden of hypervirulent K. pneumoniae NTUH K2044 using a murine skin abscess model.
These findings highlight the potential of polyproline peptides interactions with extracellular
polysaccharides as a mechanism to disrupt K. pneumoniae biofilms.

Bac7 (1-35) treatment induces matrix polysaccharide collapse and release of biofilm-
associated cells

We previously found that bac7 (1-35) was able to disrupt the biofilm of hypervirulent
isolates more effectively than those of classical K. pneumoniae.33 This finding led to

our hypothesis that the increased thickness observed with hypervirulent biofilms was due
to an excess of polysaccharides making these biofilms more susceptible to disruption

by polysaccharide-interacting peptides. Therefore, to confirm this hypothesis, we tested
whether bac7 (1-35) was able to target biofilm matrix polysaccharides, ultimately
eradicating pre-formed biofilms of hypervirulent K. pneumoniae. To determine the change
in matrix polysaccharides, we used K. pneumoniae NTUH K2044 carrying pMF230
constitutively expressing GFP to grow the biofilms and stained the biofilms with Texas
red-conjugated concanavalin A for visualization of the matrix-associated polysaccharides.36
Concanavalin A Texas red conjugate binding to a-mannopyranosyl and a-glucopyranosyl
polysaccharides has been described previously3” and the specificity to matrix-associated
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polysaccharides was shown by the absence of biofilm staining with a bacterial mutant
lacking exopolysaccharide production.38

Using a multi-level approach (Figure 1), our analysis included bacterial recovery to assess
the dose-dependent biofilm eradication abilities of bac7 (1-35) within the petri dishes

that were then used to visualize the biofilms. This allowed for direct comparison of the
cellular viability to our confocal imaging. We found that treatment of pre-formed biofilms

of K. pneumoniae NTUH K2044 with bac7 (1-35) at concentrations above the minimal
inhibitory concentration resulted in significant loss of the biofilm cell viability (Figure 2A).
Specifically, treatment with 7.5 umol L™1 of bac7 (1-35) had little effect on the viability of
the cells within the biofilm. However, when the concentration of bac7 (1-35) was increased
to 15 and 30 pmol L1 there was a 2-log and a 5-log decrease in viability, respectively. This
dose-dependent eradication of the biofilm could be a result of the release of viable dispersed
cells to spread the infection. Therefore, we also assessed the viability of the dispersed cell
population of these biofilms and found there was significant death of the dispersed cells with
all concentrations of peptide tested (Figure S1A). In addition, we performed a mucoviscosity
assessment33 to analyze the hypermucoviscous phenotype of the dispersed cell population
following treatment of the biofilms with 7.5, 15, and 30 umol L1 of bac7 (1-35). Our
analysis revealed a significant change in the hypermucoviscous phenotype of K. pneumoniae
NTUH K2044 dispersed cells following bac 7 (1-35) treatment at all concentrations tested
(Figure S2).

We then treated pre-formed biofilms in glass-bottom petri dishes to allow for confocal
microscopy visualization. With no treatment, the K. preumoniae NTUH K2044 biofilm had
a height of ~20 pm with cells residing on multiple levels of the biofilm (Figure 2B). When
treated with 7.5 umol L1, in agreement with our biofilm viability assessment bac7 (1-35)
had a minor effect on the polysaccharide matrix or the cells embedded within the matrix
(Figure 2C). However, at 15 pmol L™1 the upper layers of the biofilm are absent, the biofilm
collapses, and only the polysaccharides at the base of the biofilm remain (Figure 2D).
Increasing the concentration of bac7 (1-35) to 30 pmol L1 resulted in similar collapse (data
not shown). We then wanted to build a kinetic picture of the K. pneumoniae biofilm response
to 15 pmol L1 bac7 (1-35). When assessing the viability of both the biofilm and dispersed
cells over 4 h, we found significant decrease in viability of the biofilm after 4 h (Figure

2E) and viability of the dispersed cells decreased after 2 h (Figure S1B). When imaging the
biofilms after 1 h of treatment, we can observe the cells within the upper layer of the biofilm
begin to release (Figure 2F). Following 2 h incubation, we observed the complete loss of

the cells residing in the upper layer of the biofilm (Figure 2G). Finally, after 4-h incubation,
we observed the collapsed biofilm similar to that observed after 24 h (Figure 2H). Overall,
our multi-level analyses show that bac7 (1-35) treatment of K. pneumoniae NTUH K2044
biofilms results in the collapse of the biofilm matrix and death of the released dispersed
cells.
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Biofilm matrix modulation by bac7 (1-35) analogs is not correlated with antimicrobial
activity but extracellular polysaccharide interactions

To understand the physiochemical properties of bac7 (1-35) that are necessary to cause
collapse of the biofilm of K. pneumoniae NTUH K2044, we tested previously studied bac7
analogs that have been shown to vary in their antimicrobial activity.3%40 These include N-
terminal and C-terminal truncated analogs and one analog that contains amino acid residues
24-59 from the full-length peptide bactenecin 7.3% Before further assessment, we verified
the bac7 (1-35) analogs’ antimicrobial activity toward K. pneumoniae NTUH K2044 and
found that, as shown before, 3940 the truncated analogs have variable activities (Table 1). We
have previously shown that bac7 (1-35) can aggregate with extracellular polysaccharides,
an attribute important for capsule disruption of hypermucoviscous K. pneumoniae.33 Our
analysis comparing the K. pneumoniae NTUH K2044 biofilm polysaccharides and the

cell attached polysaccharides revealed the similarity between these two samples, which

is in line with previous K. pneumoniae biofilm analysis findings (Figures S3A-S3G).41
Therefore, we hypothesized that the extracellular polysaccharide aggregation potential of
our analogs could be used to delineate the properties of bac7 (1-35) that are important

for the collapse of the biofilm matrix. Each analog was mixed at a concentration of 100
umol L=1 with purified extracellular polysaccharides from K. pneumoniae NTUH K2044 to
determine their aggregation abilities. We found that the aggregation potential of the analogs
did not follow antimicrobial activity as we described in our previous work with a synthetic
a-helical peptide.32 Instead, aggregation correlated with net positive charge as bac7 (5—
35), bac7 (1-24), bac7 (1-16), and bac7 (24-59), with charges of +8, +9, +8, and +8,
respectively, had the highest aggregation potential (Figures 3A and S3H). From this analysis
we calculated the relative extracellular polysaccharide aggregation (EPSRA) abilities of the
analogs compared with the parental bac7 (1-35) peptide (Table 1). Interestingly, bac7 (24—
59), with a charge of +8 had no antimicrobial activity but a relative extracellular aggregation
value of 0.32. To determine the effect of extracellular polysaccharides on the peptide we
assessed the secondary structure of all peptides using far UV circular dichroism (260-190
nm) (Figure S4). We observed that the truncated analogs had a decrease in amplitude at
their spectral minima (~200 nm), a known consequence of shortened peptide length.42

With the addition of extracellular polysaccharides to analogs with aggregative properties,
we observed a greater decrease in amplitude of the mean residue ellipticity at the spectral
minima (<200 nm) (Figures S4A, S4B, S4G, and S4K) than with peptides that did not form
aggregates (Figures S4C-S4F and S4H-S4J). In addition to decreasing the amplitude of

the peptide mean residue ellipticity, the presence of polysaccharide also caused a shift in
the wavelength (200-212 nm) for the spectral minima for the parental bac7 (1-35), bac7
(5-35), bac7 (5-24), bac7 (9-24), and bac7 (24-59) (Figures S4A, S4B, S4E, S4F, and
S4K). Our aggregation and far UV circular dichroism results reveal that the loss of structure
is associated with aggregation as we described in our previous work.32

We then used the same conditions as Figure 2 to compare the effects of treatment with
each of the analogs on the polysaccharide matrix. We tested the analogs at a concentration
of 15 pmol L=2, which was the lowest concentration where bac7 (1-35) causes collapse
of the polysaccharide matrix. Our results show that most analogs did not influence the
height of the matrix as strongly as the parental peptide (Figure S5). However, biofilms
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treated with analogs bac7 (24-59), bac7 (5-35), and bac7 (1-16) (Figures S5C, S5D, and
S51) displayed a drop in overall height (30 um) and moderate change in the polysaccharide
matrix. To expand on this, we tested increased concentrations of the inactive peptides

bac7 (24-59) and bac7 (10-35), which displayed moderate polysaccharide interactions. We
found treatment with bac7 (24-59) but not bac7 (10-35) at 60 umol L™ resulted in the
polysaccharide matrix loss from the upper layers of the biofilm (Figures 3B and 3C). As
expected, the biofilm and dispersed CFU mL~1 did not significantly change with treatment
of either bac7 (24-59) or bac7 (10-35), although there was a slight decrease in biofilm and
corresponding increase in the dispersed population with bac7 (24-59) treatment (Figure S1C
and S1D). Therefore, we conclude that the full-length peptide is needed for the greatest
matrix collapse, but peptides with little antimicrobial activity toward K. pneumoniaec NTUH
K2044 can induce polysaccharide matrix changes. Collectively, our analysis of the bac7 (1-
35) analogs revealed that charge rather than antimicrobial activity is important for biofilm
polysaccharide interactions.

UVPD native mass spectrometry reveals that interactions with stachyose drive the loss of
peptide structure

We have previously reported on polysaccharide interactions with synthetic AMPs.32 This
work revealed distinct differences in amino acid binding to polysaccharides between

a peptide with aggregative potential with K. pneumoniae capsular polysaccharides and

an inactive peptide with no aggregative potential. Therefore, we wanted to characterize

the differences in the non-covalent interactions of polysaccharide with the parental bac7
(1-35) and its truncated analog bac7 (10-35) that displayed limited aggregation with
polysaccharides and caused no biofilm collapse. To accomplish this goal, we used native
mass spectrometry#3-47 coupled with UVPD.48-54 Native mass spectrometry allows transfer
of non-covalent peptide - polysaccharide complexes to the gas phase, and UVPD is used

to activate the complexes and produce diagnostic fragment ions in a way that is sensitive

to both primary and secondary structure. UVPD of the peptide - polysaccharide complexes
produces apo fragment ions (conventional sequence-type ions from the peptide) as well as
holo fragment ions containing a portion of the peptide plus the bound polysaccharide.>0
Analyzing the holo-ions and ligand-free apo-ions allows identification of the key amino
acids that may interact with polysaccharides and facilitates the assessment of the structural
changes that accompany the formation or disruption of non-covalent interactions.4”-54

In essence, interaction of the polysaccharide with the peptide results in non-covalent
interactions that may either stabilize regions of the peptide and suppress release of fragment
ions upon UVPD or enhance the production of other fragment ions not favored for the apo
peptide. The polysaccharide binding region of the peptide is determined by the overlap of N
and C terminus holo-ions that originate from backbone cleavages of the peptide.

The complex nature of bacterial extracellular polysaccharides results in extremely
heterogeneous populations of polysaccharides that impede analysis of specific peptide -
polysaccharide complexes by mass spectrometry. Therefore, as done with our previous work,
we used the tetrasaccharide stachyose as a surrogate to analyze polysaccharide interactions
with bac7 (1-35) and bac7 (10-35). The UVPD fragmentation patterns of bac7 (1-35) -
stachyose (5+ charge state) and bac7 (10-35) - stachyose (4+ charge state) are shown as
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peptide backbone cleavage graphs in Figures 4A and 4B (based on holo fragment ions).
Figures S6A and S6B show the apo fragment ions for the peptide - stachyose complexes
and Figures S6C and S6D for the apo peptides (only apo fragment ions). The patterns of
fragment ions are mapped based on the backbone cleavage sites from which they originate.
We examined the overlapping N- and C-terminal holo-ions for bac7 (1-35) - stachyose
(Figure 4A) and bac7 (10-35) - stachyose (Figure 4B) to identify the regions of the peptides
involved in interacting with the polysaccharide. Specifically, the interaction region was
predicted by the overlap of both N- and C-terminal fragment ions that retain stachyose
(holo-ions) and “bracket” the amino acid residues from Arg6 to Pro13 (Figure 4A). This
region shifts to Leu9 and Pro12 (Figure 4B) for truncated bac7 (10-35), revealing a smaller
interaction region for this analog.

Differential fragmentation graphs reveal the variations in fragmentation when comparing
UVPD of bac7 (1-35) - stachyose (5+) relative to apo bac7 (1-35) (5+) (Figure 4C) and
UVPD of bac7 (10-35) - stachyose (4+) relative to apo bac7 (10-35) (4+) (Figure 4D).
Suppression of fragmentation of peptide - stachyose complexes relative to the apo peptides
is shown as negative values, indicating structural stabilization (and decreased release of
fragment ions). Conversely, positive values indicate an increase in fragmentation of the
peptide - stachyose complexes relative to the apo peptides, corresponding to structural
destabilization of peptides when bound to stachyose (i.e., enhanced fragmentation efficiency
of the apo peptide relative to the holo peptide). The difference plots in Figures 4C and

4D reveal broad suppression of fragmentation of both the bac7 (1-35) - stachyose and

bac7 (10-35) - stachyose complexes, indicating an overall increase in structural organization
consistent with formation of stabilizing non-covalent interactions between the peptide and
stachyose. For bac7 (1-35) - stachyose, we found one region of enhanced fragmentation (the
N terminus region) relative to the apo peptide (Figure 4C). The increased fragmentation of
the Arg2/1le3 backbone position may be related to the fact that the polysaccharide engages
in non-covalent interactions with a rather large section of the peptide spanning at least

from residues Arg6 to Prol13, thus leaving the N-terminal region unencumbered, or owing
to disruption of non-covalent interactions that otherwise stabilize the N-terminal region for
the apo peptide. For the truncated bac7 (10-35) - stachyose complex, there were no areas

of enhanced fragmentation compared with the apo peptide (Figure 4D). These findings
reveal that the interaction region of bac7 (1-35) located between Arg6 and Prol3 contains
arginine residues that may interact with polysaccharides causing stabilization of that region
of the peptide, consequently destabilizing the Arg2/lle3 region of the peptide and leading to
aggregation in the presence of polysaccharide.

Bac7 (1-35) topical treatment reduces the bacterial burden in a murine skin abscess
infection model

To show the potential of polyprolines as topical therapy for K. pneumoniae infected wounds,
we used a murine skin abscess model to test the ability of bac7 (1-35) to decrease the
bacterial burden.55-59 This model can assess the ability of therapeutics to treat a type of
infection where treatment is complicated by biofilm formation.>-60.61 |nitially, we assessed
the toxicity profile of bac7 (1-35) to validate the absence of general mammalian cell
cytotoxicity (Figure S7; Table S1). Our hemolysis results revealed bac7 (1-35) has a limited
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ability to lyse red blood cells, as we did not see an increase in lysis as we increased

the concentration of peptide (Figure S7). Furthermore, we found limited toxicity toward
mammalian cell lines HepG2 and HEK293T with LDsg values of 15 and >30 pmol L1,
respectively (Table S1). Although this level of hemolysis and cytotoxicity indicates systemic
delivery would not be appropriate for this peptide, we were confident to move forward and
test the ability of bac7 (1-35) to treat a wound infected with K. pneumoniae NTUH K2044.

We infected mice with 5 x 108 CFU mL™1 of K. pneumoniae NTUH K2044 onto a pre-
formed linear skin abrasion and treated 1 h later with a single dose of 2 pmol L™1 bac7
(1-35) or 1 umol L1 polymyxin B (respective minimum inhibitory concentrations [MICs]).
The mice were monitored for 4 days, and skin samples were assessed at day 2 and 4 for
bacterial burden (Figure 5). After 2 days, there was a decrease in the bacterial burden with
bac7 (1-35) treatment, although bac7 (1-35) did not decrease growth to the same extent
as the positive control polymyxin B (Figure 5A). However, bacterial recovery after 4 days
revealed a rebound in growth for the polymyxin B control group but not the bac7 (1-35)
treated mice, which had similar bacterial recovery as on day 2 (Figure 5B). These results
reveal that even a single dose at a very low concentration of bac7 (1-35) has potential as a
topical treatment for wound infections caused by hypervirulent K. pneumoniae.

DISCUSSION

Extracellular polysaccharide production by K. pneumoniae allows evasion of the host
immune system and resistance to therapeutic intervention.21.62.63 \We have previously
shown that host defense peptide aggregation with extracellular polysaccharides allows for
disruption of the capsule layer of K. pneumoniae.32 Our investigation of this mechanism

in host defense peptides revealed that bac7 (1-35) has the greatest antimicrobial activity,
biofilm eradication, and polysaccharide aggregative properties.33 We hypothesized that the
biofilm disruption caused by bac7 (1-35) is dependent on the non-covalent interactions with
polysaccharides.

The truncated analogs used in this study have been previously published to investigate

the antimicrobial activity and ribosome binding capabilities.3>40 Benincasa et al. found
truncation from the N terminus decreases the antimicrobial activity more effectively than
truncation from the C terminus.3? In addition, the first 4 N-terminal amino acids were
shown to be important for ribosome binding as bac7 (5-35) no longer efficiently binds to
the exit tunnel.#0 We also found decreased antimicrobial activity with truncated analogs
and found that truncation from the C terminus is better tolerated (Table 1). However, we
found that truncation of more than four N-terminal amino acids is necessary to decrease
the antimicrobial activity toward K. prneumoniae NTUH K2044. Bac7 (5-35) antimicrobial
activity decreased from 0.5 to 4 pmol L™1, while analog bac7 (10-35) had no antimicrobial
activity. Furthermore, the polysaccharide interactions and biofilm modulation properties of
the analogs do not correlate with the antimicrobial activity as bac7 (1-15) and bac7 (1-14)
had minimal inhibitory concentrations of 2 pmol L™1 yet did not aggregate with extracellular
polysaccharides or modulate the biofilm matrix (Figures 3A, S5J, and S5K). Our findings
show that the spectrum of activities of polyproline peptides includes not only ribosome
inhibition as previously discovered,*0 but also bacterial polysaccharide aggregation.
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Polyproline peptides are helical peptides that attain their secondary structure by the

steric hinderance created by prolines opposed to traditional a-helical peptides that use
intramolecular hydrogen bonds between the heteroatoms along their backbone to drive
their secondary structure.54 This allows for polyproline peptides to interact with ligands
more readily through non-covalent interactions.5%:66 The results from UVPD native mass
spectrometry revealed the regions of the peptides involved in non-covalent interactions
with stachyose, Arg6 to Pro13 for bac7 (1-35) and Leu9 to Prol12 for bac7 (10-35), both
involve a proline residue (Figure 4). We propose a mechanism of bac7 (1-35) biofilm
collapse where, in the presence of increasing bac7 (1-35) peptide, we observed matrix
polysaccharide collapse in addition to capsular loss and death of the planktonic cells
released from the biofilm. Based on our mass spectrometry findings and our identification
of the importance of charge in biofilm collapse, we hypothesize that the arginine residues
within the identified interaction region are complexing with polysaccharides. However, a
more comprehensive analysis into the role of the proline residues of this peptide is necessary
to fully understand bac7 (1-35) interactions with extracellular polysaccharides.

Considering the problematic treatment of wounds with biofilm infections and the propensity
of hypervirulent K. pneumoniae to cause soft tissue infections,%” we tested the ability of
bac7 (1-35) to decrease the bacterial burden in a murine skin abscess infection model.

Our results show that a single dose of bac7 (1-35) at low micromolar concentration can
effectively limit the bacterial burden of a wound infection of hypervirulent K. pneumoniae
NTUH K2044 4 days after infection (Figure 5). Interestingly, we saw an increase in the
bacterial burden of polymyxin B-treated wounds from day 2 to day 4. This rebounding
observed with the gold standard for topical treatment is very intriguing considering the
increase in polymyxin B resistance in recent years.>68.69 Although our in vivo testing was
limited in this study, it begins to reveal the potential of our peptide for wound treatment.
Our future studies will focus on therapeutic optimization of bac7 (1-35) to increase the
selectivity index and broaden the /n vivo testing to include longer time intervals between
infection and treatment.

Our work here highlights the potential of polyproline peptides as biofilm matrix disruptors
through peptide - polysaccharide interactions. We revealed key proline amino acid parings
that are important for the collapse of the biofilm matrix seen with bac7 (1-35). The
decrease in bacterial burden seen in our skin abscess model is testament of the impact

of polysaccharide interactions for wound treatment therapeutics. The interactions of
polyproline peptides and extracellular polysaccharides warrants further investigation as to
the potential impact on our ability to treat hypervirulent K. pneumoniae biofilm-related
infections.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—Requests for resources and reagents should be directed to the lead contact,
Renee Fleeman (renee.fleeman@ucf.edu).

Material availability—The study did not generate new unique materials.
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Data and code availability—All data reported in this paper will be shared by the lead
contact upon reasonable request. This work did not generate any code.

Bacterial strains and growth conditions

Peptides

Hypervirulent K. pneumoniae NTUH K2044 was used for all experiments in this study. For
confocal microscopy we used a constitutive GFP expression plasmid pMF230 (deposited

by Michael Franklin; Addgene plasmid no. 62546; http://n2t.net/addgene:62546; RRID:
Addgene 62546) to allow visualization of the bacteria using fluorescence microscopy.’® The
strains were cultured using Luria-Bertani (LB) broth with supplementation of 300 ug mL™1
of carbenicillin when K. pneumoniae NTUH K2044 was grown harboring the plasmid for
confocal microscopy.

The bac7 (1-35) peptide was ordered from Novopro (https://www.novoprolabs.com/p/
bac7-1-35-318782.html) and polymyxin B sulfate from TCI chemicals (https://
www.tcichemicals.com). Novopro synthesized the bac7 analogs used in this study. All
peptides were resuspended in ultra-purified water at 10 mg mL~1 and stored at —20°C.
The net charge states of the peptides used in this study were determined using the peptide
calculator at BACHEM (https://www.bachem.com/knowledge-center/peptide-calculator/).
The structural images of bac7 (1-35) used for the figures were generated using AlphaFold’s
collaboration with google, found on https://colab.research.google.com/github/sokrypton/
ColabFold/blob/main/AlphaFold2.ipynb#scroll To=1118k—10q0C."1 We utilized the base
parameters provided to us in their code to run the predictions. Structures were further
analyzed using ChimeraX (https://www.rbvi.ucsf.edu/chimerax/).

Biofilm eradication

Overnight cultures of K. pneumoniae NTUH K2044 were diluted to an optical density at
600 nm (ODggp) of 0.5 (9.75 x 10° CFU mL™1) in biofilm media (tryptic soy broth and
0.5% glucose). The biofilms were grown in 35 x 10 mm Petri dishes for 24 h at 37°C static
before treatment with bac7 (1-35). The peptide was diluted into 1 mL of bovine serum
albumin (BSA) buffer (0.2% BSA 0.01% acetic acid),’2 mixed with 7 mL Mueller Hinton
Broth (MHB) to reach 30 umol L1, serial diluted for the 15 and 7.5 pmol L™ dilutions,
and all dilutions were added to the biofilms. The no treatment control had 1 mL of BSA
solution and 7 mL of MHB to account for the buffer addition. The biofilms were then
incubated at 37°C static with the peptides for 24 h before dilution for enumeration. Colonies
were counted to determine CFU mL~1 for the dispersed population and the biofilms that
were resuspended in phosphate-buffered saline (PBS) after washing with PBS 3 times. The
CFU mL~1 were graphed with error shown as +SEM. All groups were compared with the
untreated control group and significance was calculated using ordinary one-way ANOVA
test with Dunnett’s multiple comparisons test to generate corrected p values.

Microscopy imaging

K. pneumoniae NTUH K2044 Biofilms were seeded in 35 mm Matsunami glass-bottom
culture dishes (VWR) with glass thickness of no. 1.5 (0.16-0.19 mm) and were treated
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with peptide via the same specifications as the biofilm eradication assay. Following the 24-h
treatment, the supernatant was removed, and the biofilms were washed with 1 mL of PBS.
The biofilm polysaccharide matrix material was stained in 1 mL 0.1 M sodium bicarbonate
with 100 mg mL ™1 Texas red-conjugated concanavalin A (Invitrogen) for 5 min in the dark
on a gel rocker. The dye was aspirated, and the samples were washed with 1 mL of PBS to
remove residual dye. z stack images were taken with a Zeiss LSM 710 confocal microscope
using a 63x oil objective with 488 and 543 nm laser channels. The figures shown are 3D
renderings of the z stack images obtained to show the thickness of the biofilm on the z axis.

Mucoviscosity assay

To test for loss of the hypermucoviscous phenotype associated with extracellular
polysaccharides, we tested the dispersed population for mucoviscosity as described
previously.33 We tested the untreated biofilm dispersed populations next to dispersed
populations of biofilms treated with increasing concentrations of bac7 (1-35). Following
removal of the supernatant from the biofilms, optical density was measured at 600

nm (ODgqp) and compared with the ODgqq of the samples after centrifugation for

5 min at 1,000 x g. These data were graphed as percent mucoviscosity following
treatment, calculated by dividing the ODggg of the samples after centrifugation by

the ODgqq of the samples before centrifugation then multiplying the result by 100:

(OD 600 nm after centrifuge)
(OD 600 nm before centrifuge)

significance using one-way ANOVA done using Tukey’s multiple comparison test to adjust
the resulting p values to correct for multiple comparisons.

x 100. These data were analyzed for statistical

% Mucoviscosity =

Antimicrobial activity assays

K. pneumoniae NTUH K2044 were cultured on LB agar plates from frozen stocks and
incubated overnight at 37°C. Next, one colony was selected and transferred to 6 mL of

LB broth, and left to incubate overnight at 37°C. The next day, the bacterial cultures

were diluted 1:100 in 6 mL of MHB and incubated at 37°C until the bacteria reached the
logarithmic phase. The broth microdilution technique was used to determine the MIC values.
This was done by introducing the peptides and the antibiotic polymyxin B (positive control),
prepared as aqueous solutions in BSA buffer,”? to non-treated polystyrene microtiter 96-well
plate at a gradient of concentrations ranging from 0.0625 to 128 pmol L1, Next, a starting
inoculum of 1 x 108 CFU mL~1 in MHB (LB was used for MIC testing to determine

dosage for skin model) was added into the 96-well plate containing the peptide dilutions.
After 24 h of incubation at 37°C, the lowest concentration of peptide that completely
inhibited the growth of bacteria was identified as the MIC. The plates were read using a
spectrophotometer to obtain the ODgqg, and the assays were conducted in three independent
replicates to ensure statistical reproducibility.

Extracellular polysaccharide extraction

K. pneumoniae NTUH K2044 was grown overnight in 500 mL of LB broth at 37°C with
shaking. The overnight culture was then centrifuged at 18,800 x gat 4°C for 30 min and
the pellet was resuspended in 10 mL of sterile water. For polysaccharide extraction, the
hot phenol extraction method was used.52 In brief, 10 mL of phenol was added to the
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culture resuspended in water and incubated for 60 min in a 68°C water bath. Once cooled
to room temperature, 10 mL of chloroform was added, and the extraction was centrifuged
for 10 min at 4,000 x g. The aqueous layer was added to 3 volumes of ice-cold ethanol

and stored in the —80°C freezer overnight. The extraction was then centrifuged at 4,000 x
g for 10 min to pellet the polysaccharides. Once the supernatant was removed, the pellet
was resuspended in 500 pL of sterile water and dialyzed overnight using a 100 Da dialysis
membrane. The polysaccharides were then lyophilized and resuspended to 10 mg mL™1 in
resuspension buffer (0.8% NaCl, 0.05% NaNs3 in 0.1 M Tris-HCI [pH 7]). To purify the
polysaccharides two digestions were used: (1) to remove nucleotides, 5 pL of RNase A and
25 pL of DNase Il type V were added to the sample and incubated for 18 h in a 37°C water
bath and (2) to remove protein 2.5 uL of Proteinase K was added to the sample, incubated
for 1 h at 55°C, and then at room temperature for 24 h. The purified sample was added to
5% volume of methanol with 1% (v/v) sodium acetate and centrifuged at 4,000 x g for 10
min to precipitate the polysaccharides. The supernatant was removed, and the sample was
allowed to dry before resuspending in 5 mL sterile water. The sample was then subjected to
two rounds of ultracentrifugation at 105,000 x gfor 20 h each. The purified polysaccharide
concentration was determined by uronic acid analysis.”

Extracellular biofilm polysaccharide analysis

Biofilm polysaccharides were extracted for analysis using a previously described method.*1
In brief, biofilms were grown by spotting 10 %L culture on Isopore 0.2 ¥am black

PC membrane filters on LB agar and incubated for 48 h at 37°C. The biofilms were
removed from the filters and resuspended in phosphate-buffered saline. The suspension was
centrifuged at 48,000 x g at 4°C for 20 min and the resulting supernatant was filter sterilized
using a 0.2 Yam filter.

Purification processes—To remove free lipids, the dried extracts were suspended in 2
mL of nanopure water. Twenty milliliters of 95% ethanol was added to the suspension. The
mixture was set at 4°C overnight, followed by centrifugation at 10,000 x g for 10 min. The
sediment was dried under nitrogen flow. The sediment was resuspended in 4 mL 20 mM
Tris-HCI (pH 8.0) with 20 uM of MgCl, and 0.1% (w/v) sodium azide, followed by addition
of 2 pL benzonase (Sigma, E1014). The mixture was stirred at room temperature for 18 h.
Twenty microliters of 6 pg/uL of protease K (Sigma, P2308) was added to the reaction. The
mixture was heated at 50°C for 1 h, followed by stirring at room temperature overnight.

The mixture was concentrated to 2 mL after lyophilization, and 14 mL of 95% ethanol was
mixed with the suspension, which was kept at 4°C overnight. The mixture was centrifuged at
10,000 x gfor 10 min. The supernatant was transferred to a new tube, dried under a stream
of nitrogen, and referred to as Supernatant 1, while the precipitate was labeled Precipitate 1.
Precipitate 1 was re-treated as Precipitate 2 to ensure complete removal of nucleic acid and
protein components in the extract. The resulting supernatant and precipitate were referred to
as Supernatant 2 and Precipitate 2, respectively.

1D 1H-NMR analysis—An aliquot of 3.4 mg of the extract was dissolved in 550 pL
of D,0. One microliter of 50 mM DSS was added as internal standard. The solution was
sonicated for 5 min and transferred into a 5 mm NMR tube. 1D H-NMR spectra were

Cell Rep Phys Sci. Author manuscript; available in PMC 2024 April 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

De los Santos et al.

Page 13

collected with a Bruker Avance I11 600 MHz instrument equipped with a cryoprobe at 60°C
for 64 scans. Analysis at high temperature is due to the milky status of the sample. The
spectra were analyzed with MestReNova.

Glycosyl composition analysis by GC-MS of trimethylsilyl derivatives

of methyl glycosides—Glycosyl composition analysis was performed by gas
chromatography-mass spectrometry (GC-MS) of the per- O-trimethylsilyl (TMS) derivatives
of the monosaccharide methyl glycosides generated from the samples by HCI methanolysis
as described previously.” In brief, a 200-300 pg portion of each supernatant residue and
precipitate was weighed and transferred into a glass screw-top tube, 20 ug of inositol was
added as internal standard, and the mixture was lyophilized. Each sample was heated in
400 pL of 1 M methanolic HCI for 18 h at 80°C. After cooling and removal of the solvent
under a stream of nitrogen, each sample was treated with a mixture of methanol, pyridine,
and acetic anhydride for 30 min for N-acetylation. The solvents were evaporated, and each
sample was derivatized with Tri-Sil HTP Reagent (Thermo Scientific) at 80°C for 30 min.
Following extraction with hexane, GC-MS analysis of the TMS methyl glycosides was
performed on an Agilent 7890A GC interfaced to a 5975C MSD, using a Supelco Equity-1
fused silica capillary column (30 m x 0.25 mm ID) employing a temperature gradient.

Glycosyl linkage analysis by GC-MS—Glycosyl linkage analysis was performed by
combined GC-MS of the partially methylated alditol acetate (PMAA) derivatives produced
from the sample. The procedure is a modification of the one described by Willis et al.”>
The lyophilized samples (470 pg) were suspended in 1-ethyl-3-methylimidazolium acetate
with stirring for 2 days, followed by acetylation with acetic anhydride in the presence

of 1-methylimidazole. The reaction was quenched by addition of nanopure water, and the
acetylated materials were extracted from the water layer by dichloromethane (DCM). The
dried DCM extract was stirred in 300 pL of anhydrous dimethyl sulfoxide (DMSO) for

1 day. Permethylation was achieved by three rounds of treatment with sodium hydroxide
(NaOH) suspension (see below) and iodomethane, as follows. The NaOH base was prepared
according to the protocol described by Anumula et al.”8 In brief, to NaOH (50%, w/w, 100
pL), methanol (200 puL, MeOH) was added, and the mixture was vortexed. Then DMSO

(2 mL) was added, and the base solution was vortexed and centrifuged. The supernatant
solution was removed and fresh DMSO was added. This was repeated 5 times. After

the final extraction, DMSO (2 mL) was added to the NaOH pellet, and the solution was
vortexed. Of this final base solution, 300 UL was added to the sample, and the mixture was
magnetically stirred for 15 min. Then, iodomethane (70 uL) was added, and the sample was
stirred at room temperature for 20 min. A second and third round of base (15 min) and then
iodomethane (25 min) was added, the sample was then dissolved in DCM and washed 5
times with 2 mL of water. The water was removed, the remaining DCM dried off under a
stream of nitrogen, and the sample was frozen and lyophilized. The permethylated materials
were hydrolyzed with 2 M trifluoroacetic acid (TFA) for 2 h at 121°C and dried down

with isopropanol under a stream of nitrogen. The samples were then reduced with NaBD4
in nanopure water overnight, neutralized with glacial acetic acid, and dried with methanol.
Finally, the samples were O-acetylated using acetic anhydride (250 pL) and concentrated
TFA (250 pL) at 50°C for 20 min. The samples were dried under a stream of nitrogen,
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reconstituted in DCM, and washed with nanopure water before injection into GC-MS. The
resulting PMAAs were analyzed on an Agilent 7890A GC interfaced to a 5975C MSD;
separation was performed on a Supelco 2331 fused silica capillary column (30 m x 0.25 mm
ID) with a temperature gradient. The method is a derivation of the linkage method detailed
by Black et al.””

Peptide:polysaccharide aggregation assays

The peptide aggregation with extracellular polysaccharides was performed using 300 pg
mL~1 of extracted polysaccharide in 10 mM potassium phosphate buffer with 100 pmol

L1 of bac7 (1-35) analogs. The samples were then immediately centrifuged at 15,600 rpm
for 15 min. The supernatant was removed following centrifugation, and the pellets were
resuspended in 10 pL sterile water. The control for this experiment was included for the
assessment of capsule retention to the microcentrifuge tubes and underwent centrifugation to
assess aggregation of polysaccharide with no peptide. To assess the polysaccharides in the
aggregates, the resuspended pellets were run on a 4%-8% bis-tris sodium dodecyl sulfate
(SDS) page gel next to 2 ug of purified extracted polysaccharide for reference and stained
with Alcian blue as described previously.”® The aggregation was performed in triplicate and
the gel images were analyzed for band density using ImageJ analysis software. The control
band density was removed from all samples as background and the images were graphed
reporting error as + SEM.

Circular dichroism of bac7 (1-35) analogs

The peptides were assessed in the same buffer conditions used for the aggregation
assessment to allow for a direct comparison. The analogs were resuspended at 100 umol
L= in 10 mM potassium phosphate buffer with or without 300 pg mL 1 of the extracted
polysaccharides. The far UV (195-260 nm) spectra measurements were taken using a
0.1-cm pathlength quartz cuvette with the Jasco J-1500 CD spectrometer located in the
Chemical Purification Analysis and Screening Core Facility at the University of South
Florida. The samples were run with background corrected using either 10 mM potassium
phosphate buffer or buffer with 300 ug mL™1 of the extracted polysaccharides. The resulting

ellipticity data obtained were converted to mean residue ellipticity using the formula

(MRW x 0)
10xd=*c

#AA-1; #AA = number of amino acids), d is the pathlength of the cuvette, c is the
concentration of the peptide, and @ is the ellipticity in degrees.”®

0= , where MRW is the mean residue weight of the peptides (molecular weight/

Ultraviolet photodissociation native mass spectrometry

Bac7 (1-35) and bac7 (10-35) solutions were prepared at 10 pmol L™ in 5 mM ammonium
acetate and spiked with 40 pmol L=1 stachyose hydrate (Sigma-Aldrich). High-resolution
measurements for the peptide-oligosaccharide complexes were generated using a Thermo
Scientific Orbitrap Fusion Lumos mass spectrometer coupled to a Coherent 193 nm excimer
laser for UVPD in the high-pressure linear ion trap.59-80 A Au/Pd-coated pulled static
emitter was loaded with each stachyose peptide solution and individually infused into the
mass spectrometer. The peptide - stachyose complexes (bac7 (1-35) in 5+ charge state

and bac7 (10-35) in the 4+ charge state) were isolated and subjected to UVPD (1 laser
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pulse at 3 mJ). The spectra were collected using a resolving power of 120 K at /7/z200

and deconvolved spectra were analyzed using MS-TAFI to calculate the yields of apo- and
holo-fragment ions originating from backbone cleavages along each peptide using 10 ppm
mass tolerance.81 Apo fragment ions are standard peptide sequence ions that do not contain
stachyose. Holo fragment ions are those that contain a portion of the peptide sequence plus
stachyose. Holo-ion plots were generated by summing the abundances of all N-terminal
(ab,c) or C-terminal (x,),2) holo-sequence ions originating from backbone cleavages across
the peptide. For the differential plots, the fragmentation of the free peptide was analyzed in
the presence and absence of stachyose (i.e., comparison of UVPD patterns of peptide versus
peptide - stachyose). The abundances of fragment ions arising from backbone cleavages
between each residue for the peptide without stachyose were subtracted from the fragment
abundances for the corresponding peptide complex.

Hemolytic activity assays

Human red blood cells (RBCs) were purchased from ZenBio (blood type A™). Blood
samples were collected using heparin as an anti-coagulating agent. RBCs were washed
with PBS (pH 7.4) 3 times using centrifugation at 800 x g for 10 min. To test the peptide’s
effects, aliquots of 200-fold diluted cells (75 uL) were mixed with peptide solutions (75
uL) in round-bottom cell-treated 96-well plates at concentrations ranging from 1 to 128
umol L™1, and incubated for 4 h at room temperature. After the incubation, the plates
were centrifuged at 1,300 x g for 10 min to pellet the cells and debris, and 100 uL

of the supernatant from each well was transferred to new, flat-bottom 96-well plates for

absorbance reading at 405 nm. The percentage of hemolysis was calculated using the

: [FR . _ (Abs405 nm treatment — Abs405 nm negative control)
fO“OWIng equation: Hemolysis (%) = (Abs405 nm positive control — Abs405 nm negative control) x 100,

where the negative control consisted of samples containing PBS, while the positive control
consisted of samples containing 1% SDS in PBS (v/v).

Cytotoxic activity assays

HEK?293T cells (human embryonic kidney cells) and HepG2 cells (immortalized liver cells)
were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) containing
1% penicillin/streptomycin and 10% fetal bovine serum (FBS). The cells were maintained
at 37°C in a humidified atmosphere containing 5% CO». A day before treatment with
increasing concentrations of peptide (ranging from 1 to 128 pmol L™1), cells were seeded
at a density of 5 x 103 cells per well into flat-bottom cell-treated 96-well plates. After

24 h of incubation with the peptides, the cell culture supernatants (100 pL per well)
containing the peptides and cell solution were replaced with MTT reagent (0.5 mg mL™1)
in DMEM medium without phenol red. The samples were incubated for 4 h at 37°C

to yield insoluble formazan salts. The salts were then solubilized with 0.04 mol L1

HCI in anhydrous isopropanol and quantified using a spectrophotometer for absorbance

reading at 550 nm. The percent killing was determined by the following equation:

(Abs550 nm treatment — Abs550 nm negative control)
(Abs550 nm positive control — Abs550 nm negative control)

was water at the same volume as the peptide and the positive control was 1.0% Triton
X-100 in water (v/v). The LDsgg was then determined using the linear regression formula:
y=mx+b.

x 100. The negative control

Percent killing =
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Skin abscess mouse model

To assess the effectiveness of the peptides against K. pneumoniae NTUH K2044, bacterial
cultures were grown in tryptic soy broth medium until an ODggq of 0.5 was reached. The
cells were then washed with sterile PBS (pH 7.4) twice and resuspended with PBS to attain
a final concentration of 5 x 106 CFU mL™L. Next, female CD-1 mice, 6 weeks age, were
anesthetized with isoflurane and subjected to a 1-cm-long superficial linear skin abrasion

on their backs. Following this, a 20 pL aliquot containing bacterial load resuspended in

PBS was inoculated over the abraded area. The peptides, diluted in water at their MIC,

were administered to the infected area 1 h after the infection. Scarified skin areas were
excised and homogenized using a bead beater (25 Hz) for 20 min and 10-fold serially diluted
for CFU quantification. The animals were euthanized 2 and 4 days after infection, and

skin samples were collected. Six mice per group (n = 6) were used for the experimental
groups. The antibiotic polymyxin B was used as positive control. Statistical significance was
determined using one-way ANOVA, p values are shown for each of the groups, all groups
were compared with the untreated control group; features on the violin plots represent
median and upper and lower quartiles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Confocal imaging visualizes the released cells and collapse of the biofilm matrix
Truncated analogs reveal polysaccharide interactions drive the matrix disruption
Mass spectrometry describes the polysaccharide interaction region of bac7 (1-35)

Topical application using a skin abscess model decreases the bacterial burden /n vivo
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Figure 1. Workflow of the multi-level biofilm analysis
The figure shows the multi-level approach to understanding bac7 (1-35) biofilm disruption

capabilities. The structure of bac7 (1-35) is shown in the upper left corner with arrows
pointing to the division of /n vitroand in vivowork. /n vitro analysis included assessment
of the biofilm cells and the dispersed planktonic population. The bottom panel shows

the molecular analysis done with bac7 (1-35) and truncated analogs to determine the
polysaccharide interactions. AlphaFold was used to create the bac7 (1-35) peptide,
BioRender was used for the vector production, and Adobe Illustrator was used to construct
the final figure.
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Figure 2. Bac7 (1-35) treatment induces matrix polysaccharide collapse and release of biofilm-

associated cells

The figure shows the enumeration of K. pneumoniae NTUH K2044 biofilms next to 3D
rendering of the z stack images of the biofilms formed by hypervirulent K. pneumoniae
NTUH K2044 constitutively expressing GFP and matrix polysaccharides stained with Texas
red-conjugated concanavalin A.

(A) TheCFU mL™1 of the biofilm following treatment with 0, 7.5, 15, and 30 umol L™ of

bac7 (1-35).

(B) The z stack images with three scale bars z, x, and y (um) of the non-treated biofilm.
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(C and D) The biofilms treated with 7.5 and 15 pmol L™ of bac7 (1-35), respectively.

(E) The corresponding CFU mL™1 counts for the short time points tested with 15 pmol L2
of bac7 (1-35).

(F) The release of the upper layers of the biofilm after 1 h treatment.

(G) The decrease of matrix associated cells after 2 h.

(H) Complete collapse of the biofilm matrix after 4 h treatment with bac7 (1-35). n

= 3 biofilms were grown and imaged for the controls and bac7 (1-35) treatment and
representative images are shown for each concentration. (A) and (E) were graphed as mean
values with error shown as + SEM and statistical analyses were done comparing peptide
treatment to untreated controls using ordinary one-way ANOVA with Dunnett’s multiple
comparisons test to correct for multiple comparisons and provide the adjusted p values
displayed on the graphs.
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Figure 3. Biofilm matrix modulation by bac7 (1-35) analogs is not correlated with antimicrobial
activity but extracellular polysaccharide interactions

The figures show polysaccharide aggregation of the analogs and the 3D rendering of the z
stack images of biofilms treated with the antimicrobial inactive analogs bac7 (24-59) and
bac7 (10-35).

(A) The band density quantification of polysaccharide aggregates from the SDS-PAGE
(Figure S3) used to generate the extracellular polysaccharide relative aggregation potential
for Table 1.
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(B and C) The biofilms after 24 h treatment with 60 pmol L™ of bac7 (24-59) and bac7
(10-35), respectively. n = 3 biofilms were grown, and representative images are shown for
each peptide.

(A) aggregation was done in triplicate with a representative gel shown in Figure S3H and
ImageJ analysis was used to quantify and graph the mean data with error shown as + SEM.
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Figure 4. UVPD native mass spectrometry reveals that interactions with stachyose drive the loss
of peptide structure

The bar graphs in (A) and (B) show the series of holo fragment ions for bac7 (1-35) ¢
stachyose (5+) and bac7 (10-35) « stachyose (4+), respectively, based on the backbone
position cleaved and whether the fragment extends from the N or C terminus. The graphs
for the corresponding apo fragment ions produced from the peptide « stachyose complexes
and from the apo peptides are shown in Figure S5 (A and B for complexes, C and D for
apo peptides). The holo fragment ion plots (A) and (B) reveal stachyose interaction sites,
shown as horizontal red bars, based on the presence of overlapping N- and C-terminal holo
fragment ions. The bar graphs in (C) and (D) display the variations in fragmentation as
difference plots when comparing UVPD of bac7 (1-35) (5+) to bac7 (1-35) ¢ stachyose (5+)
(C) and UVPD of bac7 (10-35) (4+) to bac7 (10-35) « stachyose (4+) (D). Negative values
indicate suppression of fragmentation of the peptide « stachyose complexes and positive
values indicate enhanced fragmentation of the peptide ¢ stachyose complexes relative to the
apo peptides. Suppression of fragmentation correlates with increased secondary structure
(more stabilized regions), whereas enhancement of fragmentation corresponds to fewer
stabilizing non-covalent interactions. Graphs were made with n = 3 samples. Errors for
graphs was shown as * standard deviation.
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Figure 5. Bac7 (1-35) topical treatment reduces the bacterial burden in a murine skin abscess
infection model

Mice had their back shaved and a superficial skin wound was created, a bacterial load of

K. pneumoniae NTUH K2044 was added onto it, and an abscess was formed (A). One hour
after infection, mice were treated with a single dose of bac7 (1-35), polymyxin B positive
control, or vehicle only negative controls. Scarified skin areas were excised and quantified at
days 2 and 4 (B). The treatments with bac7 (1-35) and polymyxin B caused inhibition of the
bacterial growth with up to 2 to 3 orders of magnitude lower bacterial counts over the whole
experiment (C). Mouse weight changes, a proxy measure of toxicity, were monitored from
the time of the bacterial injection (D). No variations in weight, damage to the skin tissue,

or other harmful consequences induced by the bac7 (1-35) or polymyxin B were observed
in the mice throughout the experiments. These data are graphed as violin plots to show the
median as well as the upper and lower quartiles. Significance was determined using one-way
ANOVA followed by Dunnett’s test, n = 6 for each group, and p values were obtained by
comparing the treated groups to the untreated control group.
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Bac7 (1-35) analogs antimicrobial activity toward K. pneumoniae NTUH K2044 and aggregation potential
with NTUH K2044 extracted polysaccharides

Name Sequence #AA  Netcharge MIC@ EPSRAP
Bac7 (1-35) RRIRPRPPRLPRPRPRPLPFPRPGPRPIPRPLPFP 35 +11 0.5 1.00
Bac7 (5-35) PRPPRLPRPRPRPLPFPRPGPRPIPRPLPFP 30 +8 4 0.22
Bac7 (10-35) LPRPRPRPLPFPRPGPRPIPRPLPFP 26 +6 >42 0.33
Bac7 (1-24) RRIRPRPPRLPRPRPRPLPFPRPG 24 +9 0.7 0.23
Bac7 (5-24) PRPPRLPRPRPRPLPFPRPG 20 +6 14 0.16
Bac7 (9-24) RLPRPRPRPLPFPRPG 16 +5 >67 0.17
Bac7 (1-16) RRIRPRPPRLPRPRPR 16 +8 1 0.68
Bac7 (1-15) RRIRPRPPRLPRPRP 15 +7 2 0.19
Bac7 (1-14) RRIRPRPPRLPRPR 14 +7 2 0.12
Bac7 (1-13) RRIRPRPPRLPRP 13 +6 >77 0.20
Bac7 (24-59) PRPIPRPLPFPRPGPRPIPRPLPFPRPGPRPIPRP 35 +8 >32 0.32

#AA, number of amino acids; MIC, minimal inhibitory concentrations; EPSRA relative extracellular polysaccharide aggregation.

aMICs are reported as pmol L1

bEPSRA is the extracellular polysaccharide aggregation abilities compared with the parental bac7 (1-35) aggregation. Triplicate raw band density
numbers used for this comparison are graphed in Figure 3A.
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