University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Shirbin, SJ;Insua, I;Holden, JA;Lenzo, JC;Reynolds, EC;0'Brien-Simpson, NM;Qiao, GG

Title:

Architectural Effects of Star-Shaped “Structurally Nanoengineered Antimicrobial Peptide
Polymers” (SNAPPs) on Their Biological Activity

Date:
2018-11-07

Citation:

Shirbin, S. J., Insua, I., Holden, J. A., Lenzo, J. C., Reynolds, E. C., O'Brien-Simpson, N. M.
& Qiao, G. G. (2018). Architectural Effects of Star-Shaped “Structurally Nanoengineered
Antimicrobial Peptide Polymers” (SNAPPs) on Their Biological Activity. Advanced
Healthcare Materials, 7 (21), https://doi.org/10.1002/adhm.201800627.

Persistent Link:
https://hdl.handle.net/11343/284413



DOI: 10.1002/ ((please add manuscript number))

Article type: Full paper

ArchitecturabEffests of Star-Shaped ‘Structurally Nanoengineered Antimicrobial Peptide Polymers’
(SNAPPs) on their Biological Activity

Steven J. Shirbin,” Ignacio Insua, * James A. Holden, Jason C. Lenzo, Eric. C Reynolds, Neil M. O’Brien-
Simpson* dnd Greg@ G. Qiao*

Uus

Dr. S. J. Shi , DI. I. Insua, Prof. G. Qiao

I

Polymer Science Group

Department o ical & Biomolecular Engineering

d

Univers urne

Parkville, VI PAustralia

W

E-mail: gregghg@unimelb.edu.au

L

Dr. I. Insua, &8 A Holden, Dr. J. C. Lenzo, Prof. E. C. Reynolds, Prof. N. M. O’Brien-Simpson
chool and the Bio21 Institute of Molecular Science and Biotechnology Oral

Melbourne
Health CRC, URfWErsity of Melbourne

Parkville, & 3010, Australia

E-mail: neil.obs@unimelb.edu.au

|
This is the manuscript accepted for publication and has undergone full peer review but has not
been th copyediting, typesetting, pagination and proofreading process, which may lead to
differences be this version and the Version of Record. Please cite this article as doi:

10.1002/adhm.201800627.

This article is protected by copyright. All rights reserved.

") Check for updates


https://doi.org/10.1002/adhm.201800627
https://doi.org/10.1002/adhm.201800627
https://doi.org/10.1002/adhm.201800627
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadhm.201800627&domain=pdf&date_stamp=2018-09-02

WILEY-VCH

Keywords: SNAPP, antimicrobial, star polymer, architecture, polypeptide

In this W\vestigate the effect of two key structural parameters of star-shaped SNAPPs
“Structura @ 2ngineered Antimicrobial Peptide Polymers” on their antimicrobial activity and
biocomPatBEE umber of arms and arm length. A library of star-shaped SNAPPs is prepared,
containing varying arm numbers and arm lengths. Antimicrobial assays are then performed to assess
the capaci NAPPs to disrupt the membrane, inhibit the growth and kill pathogenic bacteria.

A major fildi the study is that increasing arm number and length of SNAPPs enhanced

S

antimicrob, ty, which can be respectively attributed to the higher local concentrations of

Li

polypeptid nd increased a-helical content. SNAPP architecture was shown to affect the

bacteria m@mbrane state and therefore mechanism of killing. Two more potent structures with up to

A

twice the imienobial activity of our previously reported SNAPP are discovered in this process.

d

Toxicities o PPs also increased with arm number and arm length, however therapeutic index

calculatio tified a 16-arm SNAPP and an easier to prepare 4-arm SNAPP as the best

therap The biocompatibility of the SNAPP with the best biological activity is also

M

evaluated in vivo, showing no markers of systemic damage in mice.

1. Introduc

or

The w i ntly experiencing an era where large numbers of pathogenic microbes are

th

becoming to conventional medications whilst faced with limited effective antimicrobial

U

options.[l'3 According to the World Health Organisation (WHO), even those antimicrobial agents in

A
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the current development pipeline are still insufficient to mitigate the threat of antimicrobial

resistance, due to the lack of new antimicrobial classes and new targets/modes of action.® Hence,

t

P

the hunt fof new alternative treatments has become a matter of urgency.” Amongst the alternative
antimicrob currently under development,” synthetic mimics of antimicrobial peptides

(AMPs)Er ecoming increasingly more promising. Synthetic mimics of AMPs often display the high

§

(6, 71

activity, broad-spectra, and low propensity for resistance common to natural AMPs, whilst

[6, 8, 9]

C

overcomin totoxicity and biostability limitations affecting their natural counterparts.

Recently, We ffep@rted on the preparation of a new class of synthetic AMP mimics, termed

S

‘Structural ngineered Antimicrobial Peptide Polymers’ or “SNAPPs”, in the form of star-

U

shaped p e nanoparticles containing cationic lysine and hydrophobic valine amino acid

residues."@ These SNAPPs demonstrated excellent antimicrobial properties, with sub-uM activity

[

againstar ram-negative bacteria and some of their concerning multidrug resistant (MDR)

d

strains. Th s demonstrated to be the first synthetic antimicrobial polymer with in vivo
efficacy ag listin-resistant and MDR gram-negative pathogens.™® Importantly, these SNAPPs

demon

\

oxicity towards mammalian cells and no bacterial resistance to the SNAPPs was

detected.

or

Compariso en linear and star-shaped SNAPPs were performed in the above study, proving

n

the su icrobial activity of the latter.”® This result demonstrated that polymer

{

architectu etermines the antimicrobial activity of polypeptides. However, structural parameters

U

within the star pBlymer itself were not comprehensively investigated, such as the effect of

polypeptid umber and/or polypeptide arm length (i.e. degree of polymerization, DP). To date,

A
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the structural effects of synthetic polypeptide AMP mimics on antimicrobial activity have only been

[11-13] [14, 15]

seen in linear or graft polymer systems, with DP being the only structural determinant
assessed. !s matic investigation into the architectural effects of star-shaped SNAPPs is necessary
to unders ucture-activity relationships of star-shaped antimicrobial polypeptides, and

thus guae e development of new star SNAPPs with improved biological properties.

£

In this wo vestigate the effect of two key structural parameters of star-shaped SNAPPs,

SC

number of arms and arm length (i.e. DP), on their antimicrobial activity and biocompatibility. A small

library of ed SNAPPs was prepared, containing varying arm numbers and arm lengths.

U

EscherichidiColi was used as a model bacterium to screen their antimicrobial activity. Antimicrobial

N

assays were perfogmed to assess the capacity of the SNAPPs to disrupt the membrane, inhibit the

d

growth andil ogenic bacteria. Our results showed overall enhanced antimicrobial activities for
SNAPPs g more and longer polypeptide arms, which could be respectively attributed to the

higher | ncentrations of polypeptide arms and increased a-helical conformation — a common

M

property to the mechanism and activity of many natural AMPs. New SNAPPs with up to twice the

[

antimicrobi iwity of our previously reported SNAPP were discovered in this process. Overall, the

toxicity of w also increased with arm number and arm length. Therapeutic index calculation

identified a sier-to-prepare star SNAPP architecture with a similar therapeutic index to the

N

highest i is collection. The biocompatibility of the SNAPP with the best biological activity

|

discovere us far was also evaluated in vivo, with no indication of systemic toxicity.

AU
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2. Results and Discussion

{

2.1 Design, @ 5 and characterisation of SNAPPs

[l

To test th f these two parameters of arm number and arm length, a library of SNAPPs
containingWa variation of arm number and arm lengths were sought for this study. We prepared

SNAPPs th r previously reported method involving the random ring opening polymerisation

SC

(ROP) of cationic capable L-lysine (E-carboxybenzyl/CBz/Z-protected) and hydrophobic racemic D,L-

U

valine ami iddV-carboxyanhydride (NCA) monomers."® Polymerisation was performed through a

core-first d@pproach, initiated by the terminal primary amines of a poly(amido amine) (PAMAM)

N

dendrimer cor e reaction was conducted in ice, as opposed to the previously reported method
at room t re, to reduce the chances of chain-termination side reactions and improve
polyme$ro|.[m 17)
5S4 S8
\ Y
s A be \i / l"‘c‘.ﬁy
rm-number ..1.,1
< é‘rp mf; ‘*w,\
g
Short Medium Long Very Long
‘ Arm-lﬂl"lgth 2 - i g & win‘, W

{

Figure 1. A er and arm length of star-shaped SNAPPs are investigated in this study.

Al
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Under this protocol, we prepared a library of cationic lysine and hydrophobic valine star-shaped
SNAPPs in the form of 4-arm (S4), 8-arm (S8) and 16-arm (S16) stars. Stars of varying arm length
were alm (Figure 1). Using the core-first approach, NCA monomers were polymerised
randomly mine initiation from a PAMAM core in ice (~ 42C). Variation in arm number
was acHestrwgh use of different PAMAM dendrimer generations with a defined number of

peripheralmamine initiation sites. The resulting CBz/Z-protected lysine residues were then

deprotecte drobromic acid, generating fully water-soluble polymers (Scheme 1).

)

: 0
 panan | N[, N
Oy

H '\\E I

NCA
ﬁ; ‘ ;J;i i
-~

PAMAM-(NH,)_ =

E;

“i 3

Scheme 1. Synthesis of lysine and valine SNAPPs in ice through NCA ROP of lysine and valine N-

carboxyanRydride (NCA) monomers by initiation from the terminal amines of poly(amido amine)

E

(PAMAM) ers. Generation 0, 1 and 2 PAMAM dendrimers with 4, 8 and 16 peripheral

0O

primary ami espectively (Figure S2) were used to prepare S4 (m=4), S8 (m=8) and S16 (m=16)

star shape@8\ SNAPPs. Deprotection of lysine CBz/Z group with HBr yielded fully water-soluble star

h

SNAPPs!

{

AU
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In line with our previous studies, we selected a theoretical lysine-to-valine ratio of approximately
2.5:1. This ratio represents a hydrophobic (valine) molar fraction within the 20-40% range,

water solu epared star-shaped SNAPPs and their corresponding characterisation data is

commonly!b::fved to be most effective for antimicrobial polymers,'**?% while also promoting full

shown M I!He TUAll stars contained similar lysine to valine ratios close to the theoretical ratio of

2.5:1, as determiged through 'H NMR analysis (see example in Figure $3). Absolute molecular weight

G

(MW) of th as calculated through size exclusion chromatography (SEC) using light scattering

measuremgntsy wilich in conjunction with NMR studies, led to accurate determination of star arm

$

length (ar arm composition.

Table 1. Chﬁ'ation of SNAPPs.

U

Lys/Val” | M, (kDa) DY Arm DP | Dy (nm)?

2.4 41.1 1.7 14 9.6+0.5

22 52.6 1.7 18 10.1£0.5

S8y 8 2.4 23.4 1.5 16 73+1.1

8 2.6 43.4 1.8 29 124+ 0.4

4 2.1 3.3 1.3 5 2.6+0.1

4 2.3 8.8 1.3 12 4.0+023

4 2.5 14.1 1.5 19 5.1+0.5

S4yL H 4 2.9 19.2 1.7 26 6.1+0.3
Bl
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3 Numbers in SNAPP code represent star arm number, with subscript letters representing star arm

length (i.e. arm DP): S = small, M = medium, L = long, VL = very long. ® Determined through ‘*H NMR

{

%

)

analysis in" D Absolute number-average molecular weight (M,) and polydispersities (D)

determine C light scattering using measured dn/dc values. ¥ Hydrodynamic diameters

(Dy) sTangdard deviations determined by DLS. Values represent mean size-number values averaged

from 3 measyrements, each containing 15 runs.

SCI

The polydispersities of the SNAPPs ranged from 1.3-1.8 and were considerably lower than the

U

SNAPPs re eviously.™ It must be noted that the polydispersities of these particular star-

shaped polypeptides are expected to be slightly higher than other polypeptide star systems in the

all

1,22

literature® to the use of valine, an amino acid well known to produce insoluble B-sheet

structures nd therefore likely to have an impact on polymerisation control.”*?? In fact,

earlier s to prepare a 16-arm SNAPP with a higher valine content (lys/val ratio of 1.3) with

similar , resulted in a significant increase in polydispersity (Figure S1). Despite this, the SEC

M

profiles of all SNAPPs tested in this study displayed typical mono-modal profiles (see Supporting

[

Informati itimany SNAPPs showing bi or multi-modal spectra excluded from this study.

O

S4,,, S8y, ald S16,, star shaped SNAPPs, each containing a similar medium (M) range arm length of

3

ca. 14 s per arm, were designed to investigate the effect of arm number on star

L

performance (Table 1). This arm length was targeted as it was similar to the calculated arm length of

Gl

the S16 SNAPP eported previously.[m] As expected, SEC analysis showed an increase in star MW

A
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with increasing arm number (Table 1, Figure S4). Due to the increase in PAMAM core size with

generation/arm number,'”” % the hydrodynamic diameter of the stars was expected to slightly

t

rip

increase h_arm number and this was indeed observed through dynamic light scattering (DLS)

(Table 1, F

S4 stars w@re chqgSen as the platform to investigate the effect of SNAPP arm length due to their

€

higher congér fficiencies and lower polydispersities as expected when polymerising from the

S

less sterically hindered 4-arm core. Four different arm lengths of the S4 SNAPP were investigated in

U

this study values of ca. 5 (short, S); 12 (medium, M), 19 (long, L) and 26 (very long, VL)

(Table 1). analysis and DLS respectively confirmed the increasing MW’s (Table 1, Figure S5) and

N

slightly incre drodynamic diameters (Table 1, Figure S9B) following increases in these S4 arm

d

lengths.

M

In addition, the surface charge of the SNAPPs was assessed by zeta potential measurements, with

similar values (36.8 £ 4.7 mV, mean + SD) obtained across the SNAPP library (see Figure S11). This

could be expected as the same relative lysine (cationic) and valine (hydrophobic) is present across

 J

the SNAPPs. As well, any increase in arm number and arm length of the SNAPPs is also accompanied

]

by an increase in SNAPP size (see Table 1), therefore surface charge densities and zeta potential

measurements can be expected to be relatively constant across the SNAPP library.

AU
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2.2 In vitro antimicrobial evaluation of SNAPPs

The antMctivity of the SNAPPs presented in Table 1 was evaluated via three distinct and
complime (Table 2, Figure S12): i) Minimum membrane Disruptive Concentrations
(MDCs)Fe on the capacity of antimicrobial materials to disrupt the inner/cytoplasmic membrane
of bacteria.: Ijhis assay, all bacteria are fluorescently labelled with the membrane-permeable

probe Syto eas only bacteria with damaged/permeabilized membranes are labelled with the

membranmable dye propidium iodide (Pl). Thus, intact bacterial cells appear as Syto®9
positive e en measured by flow cytometry, while bacteria with damaged/permeabilized
membran as double Syto 9-PI positive cells. ii) The Minimum Inhibitory Concentration (MIC)
of SNAPPsWas calculated by broth dilution, which is a standard antimicrobial assay that correlates

the increamidity of a culture with bacterial proliferation.?® As such, the MIC indicates the

lowest con on of an antimicrobial agent that inhibits bacterial growth without necessarily

killing tE. iii) Finally, Minimum Bactericidal Concentrations (MBCs) were calculated by
inocula iiires of bacteria and SNAPPs on agar plates and subsequent counting of colony
forming units (CFUs). Each CFU arises from the exponential growth of one individual bacterial cell,
and as suc,hprovides a measurement of the dose required to kill bacteria inferred from the
decrease i@f bacterial cultures. In summary, all three assays (i.e. MDC, MIC and MBC)
measurﬂantimicrobial effects, thus providing a broad understanding of the activity of
SNAPPs agains cteria, and in all cases lower MDC/MIC/MBC values correspond to stronger
antimicrobjies. Assay outputs were analysed by, 1. molarity to compare activity on a

molecule t

<

le basis, thus changes in SNAPP antimicrobial activity can be ascribed to arm

This article is protected by copyright. All rights reserved.

10



WILEY-VCH

number or arm length (change in MW) and, 2. Dose (ug/mL) of each SNAPP as this is a standard

measurement in antibiotic literature and reporting activity in molarity and dose is recognised as best

i

practice.[g'1

P

Our initial ocussed on the effect of the number of polypeptide arms of SNAPPs on their

C

antimicro activity. To this end, the star polymers S16,,, S8y, and S4,, were tested against E. coli,
which res contain 16, 8 and 4 polypeptide arms of very similar DP and amino acid
compositio ble 1). Both S16y, and S8,, displayed excellent antimicrobial activities against E.

coli, as evi their MDC, MIC and MBC values in the nM range (Table 2).

US

Author Man
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Table 2. Aiimicr’ial activity of SNAPPs against E. coli measured as minimum disruptive, inhibitory

and bacter@ntrations (i.e. MDC, MIC and MBC, respectively).

SNAPP ¢ MDC MIC? MBC"
g-mL”’ nM pg-mL’ nM pg-mL™ nM
S16y 4.7 115 5.2 127 6.25 152
S16; 3.3 62 4.4 85 3.12 59

6.7 286 7.5 322 6.25 267

S8m

S8viL 4.4 102 4.6 105 6.25 144
S4g >100 >30,000 >100 >30,000 >100 >30,000
S4nm 21.7 2,466 232 2,636 25 2,841
S

6.4 455 7.9 560 12.5 887
S4vL 7.9 412 7.7 403 12.5 651

'MDC antglc values were calculated by exponential regression of experimental data (Supporting
Informatio C values calculated by CFU assay: standard deviation < 0.2 ug-mL™" and R* > 0.96
for all MDC C values. See comparison plot in Figure S12.

SNAPP Sl:nsistently lower MDC, MIC and MBC than S8, indicating that it is more effective.

S16y and e orders of magnitude lower than those of some of the most common antibiotics

This article is protected by copyright. All rights reserved.
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of clinical use (e.g. MICs of 11.4 uM for ampicillin and 8.3 uM for kanamycin versus this same strain
of E. coli).Bz] In comparison, S4, showed a much weaker activity than S16y, and S8, requiring
significantly higher concentrations to trigger the same antimicrobial effects. Taking MIC values as

compariso lowed the trend 127 (S16y) < 322 (S8y) < 2,636 (S4y) nM. The SNAPP

pit

contaian € most arms, S16y,, displayed the strongest antimicrobial effect, being 2.5 and 20 times

[

more active thag S8, and S4,, respectively, and likewise S8y, was 8 times more active than S4,,.

Therefore,

C

lear that SNAPPs bearing more polypeptide arms led to stronger antimicrobial

activities, a8 cahsistently found in all three antimicrobial tests. Based on the cooperative mechanism

S

of action timicrobial peptides follow, which self-assemble as oligomers on bacterial

membran (s3]

U

ger their action,”” more substituted SNAPPs (i.e. with more polypeptide arms)

could faciliffate the cooperative action of neighbouring polypeptide arms and thus exert their

)

antimicrobi at lower concentrations. As a comparison, S16,, displayed very similar MBC

e

values as t previously reported by our group: 152 and 170 nM, respectively.™™ This batch

compariso irmed that the optimised synthetic conditions described in this article produced

\

more d haped polymers, hence allowing a more precise structural exploration of the

SNAPPs, while retaining the excellent antimicrobial activities previously observed.

or

The effect rm length of the SNAPPs (i.e. DP of the polypeptides) was then evaluated at a

9

consta arms per star polymer, as discussed previously. Shorter (S4s) and longer (S4, and

|

S4y,) versiohs of the S4,, initially tested were prepared (Table 1). It was found that S4s did not cause

any antimicrobialfeéffect even at the highest concentration tested (30,000 nM), being the only

J

inactive S m the whole collection reported in this study (Table 2). Given that most natural

A

This article is protected by copyright. All rights reserved.
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antimicrobial peptides consist of ca. 10-50 residues,”® it was not surprising that the short arms of
S4s, with an average DP of 5, were unable to damage bacterial cells. In this sense, the arms of S4;
may be Mnimum length required for their interaction with cellular membranes, which has
been esta 7-8 amino acids for antimicrobial peptides.*” 54, and S4,, displayed stronger
antimicr-obracwlties than their shorter 4-armed analogues, with a ca. 5-fold reduction in MIC
values compared to S4y. It was clear that longer polypeptide arms led to stronger antimicrobial

activities f llection of SNAPPs, as evidenced by their decreasing MICs with increasing arm

length: >3m) > 2,636 (S4y) > 560 (S4,) ~ 403 (S4y,) nM. It must be noted that the increments
inarm IengP) of the S4 star polymers have a constant value of 7, as indicated by their DPs of
5,12,19a able 1). On this basis, we observed a transition from inactive (S4s) to weakly active

(S4y), to rgch stronger antimicrobial effects (S4,), and then to a plateauing in activity (S4y,) by

sequentialmts of 7 in the DP of the SNAPPs. Therefore, although the 4-arm SNAPPs overall
strongér a

displayed ntimicrobial activities with longer arms, this effect begins to plateau and their
activity co significantly improve by increasing their DP up to a value of ca. 20. Based on the
cooper el of antimicrobial polypeptides described before, the weak improvement in

antimicrobial activity can be explained by the longer distance between the outer termini of

L

polypeptide arms at higher DPs, thus leading to the apparent dilution of the polypeptides at the

surface of Such effect should be less pronounced on SNAPPs with more arms, for example
S8 and ﬂese would require higher DPs to experience the same separation of neighbouring
polypeptide arms as a less substituted analogue like S4 (Figure 2). This argument assumes there is
little enta folding of the polypeptide arms in solution, as a result of their cationic nature
and henc;jatic repulsion. Nevertheless, the antimicrobial activity of the longest and most

<
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active 4-arm SNAPP, S4,,, was weaker than that of medium-arm length S8,, and S16y,, which implies

a stronger contribution of arm number over DP towards more potent antimicrobial effects.

X ¥

d-s4,, ;;:H
X XK
- Z\\
“ase, “ass,,

anuscript

Figure resentation of the increase in SNAPP arm distance (d) with DP and its dependence on

arm nu -S4, > d-S4y, ~ dS8y, > d-S8.

L

From the di above, it can be anticipated that SNAPPs with both more and longer arms would

lead to supe ntimicrobial activities. This conclusion encouraged the synthesis of 8- and 16-arm

SNAPPs of€aigher DP to test a potential synergistic effect between these two structural features.

h

L

Despite preparing an 8-arm very long SNAPP (S8,,) (Table 1, see also Figures S6 and S9C

for SEC and DLS data respectively), the synthesis of a 16-arm analogue (S16y,) proved to be difficult

Ul

due to the loss lymerisation control at high DPs from this more sterically hindered star polymer,

A
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resulting in very high polydispersity (Figure S7). A long 16-arm SNAPP (S16,) was investigated
instead, which still offered good polymerisation control (Table 1, see also Figures S8 and S9D for SEC
and DLSctﬁectively). Interestingly, S8, showed a 17% reduction in MIC compared to our
benchmar m, but more importantly, S16, displayed the strongest antimicrobial activity

from thgwio:e co::ection tested, with a 45, 33 and 60% reduction in the MDC, MIC and MBC of the

parent S16y, respectively (Table 2). The outstanding MBC value of 59 nM shown by S16,
demonstraw

ynergy between the two structural parameters of SNAPPs under study.

By increasmarm number, but keeping arm length constant (i.e. S16y, S8y and S4y) or

increasing arm Iesth but keeping arm number constant (i.e. S4,, S4y,, S4, and S4,,), would increase

the molec ight of the individual SNAPPs. Molecular weight of chitosan or polymethacrylate
polymers shown to affect antimicrobial activity but different studies have shown divergent
relationshifs, \ tudies shown that activity can be positively or negatively correlated to molecular
weight. 5328 study, an increase in arm number or arm length, equating to an increase in

SNAPP molec eight positively correlates with antimicrobial activity. However molecular weight
may not the only factor contributing to activity. For example, increasing the arm length of S8
SNAPP to SVL resulted in only a 5% increase in molecular weight as compared to S16y,, but a 20%
increase in robial activity. In our previous work™™® we found that S32,, had an increase in
molecular f 180% as compared to S16y, but this resulted in a 80% increase in activity.
L
H
In general,a:, MIC and MBC values calculated for each SNAPP were very similar, suggesting
|

that their

<
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which is ideal to deliver an effective antimicrobial action in vivo. With MDC values being similar to

MIC and MBC values, this also indicates that membrane damage is the central mechanism involved

t

P

in the actiVity_of SNAPPs against bacteria. This action could potentially result in other secondary
mechanis ial cell death such as interference of metabolic functions and synthesis of

biomol&Culte i the cytoplasm, as suggested for analogous antimicrobial peptides,"”’ which has been

£

observed previowsly with SNAPPs.™

SC

2.3 Mechanisms of action of SNAPPs

U

To further erstand the effects of architecture on the mechanisms of action of each of the SNAPP

N

variants (Tabl we initially characterised the changes in membrane potential in E. coli upon

&

incubation Wit h SNAPP using microbial flow cytometry (Figure 3A). In this assay the fluorescent
dye Di intercalates and self-associates in the membrane and exhibits a mixed red/green

fluores bacteria maintaining stable membrane potential (Figure 3A). In comparison to

M

normal viable bacteria a loss in red fluorescence indicates a depolarised membrane and an increase
in red fluo is indicative of a hyperpolarised membrane. Figure 3A shows the microbial flow

cytometry {0 ats of E. coli cells in a stable, fully depolarised and hyperpolarised membrane

or

potential st f the SNAPPs were capable of inducing a depolarised membrane in E. coli (Figure

h

3B). In creasing the SNAPP arm length for S16, S8 or S4 resulted in an increase in

{

membrane®depolarisation, with S16, and S8, inducing depolarisation at the lowest concentrations.

J

As with antimicr@bial activity, the effect of arm length would appear to be limited as the

depolarisati ile for S4, and S4y, were similar. Increasing arm number of the SNAPPs also

A
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resulted in an increasing in depolarisation with S16,, > S8y, >> S4,, (Figure 3B). For each of the
SNAPPs, full depolarisation of the E. coli population coincided with the MDC/MIC/MBC values.
AIthoung were able to induce depolarisation, only SNAPPs that had a medium arm length
induced hmﬂon with S16y, > S8, >> S4,, (Figure 3C). The concentration at which the
maximu-m @arised membrane state was induced by S16y, S8, and S4,, was found to be at
50% of the M MIC/MBC values for each of the SNAPPs. This data indicates that although
increasing drm number increases the ability of the SNAPP to depolarise E. coli, mirroring
antimicrobe (Table 2), it is the arm length that has a dual action on membrane potential as
only SNAP:edium length arms were able to induce a hyperpolarised state prior to inducing a

depolarise his may indicate that the long arm SNAPPs have a more rapid rate of action than
the mediu! length arm SNAPPs. Further it indicates that the medium length arm SNAPPs induces a

state of unmi ion efflux/influx resulting in a more negatively charged membrane.

Recentl n shown that hyperpolarisation in mitochondria and yeast cells results in the

generation of ive oxygen species (ROS) leading to cell death.”” To investigate this E. coli cells
treated wit of the SNAPP variants were incubated with CellROX orange, which fluoresce upon
oxidation ls ROS. Figure 3D shows a representative microbial flow cytometry dot plot control and
oxidatively (CellROX orange positive) E. coli cells. In this assay, both S16,, and S8, induced
ROS produc E. coli cells (Figure 3E). It was also found that S16, was also capable of inducing
ROS prodStion with a similar magnitude of ROS+ bacterial cell population but at a lower

concentMSSM. Unlike the medium length arm SNAPPs, S16, was found in our assays to not

induce hyperpo!aSation, indicating that it may act via a different mechanism to the medium length

arm SNAPPs. Kot\ski et al B8 have shown that bactericidal antibiotics that act on internal targets
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induce ROS and upregulate the gene recA, We have previously shown that S16 does internalise into
the cytoplasm of E. coli and upregulates recA."” Our data indicates that S16, has a rapid mode of
action V\M result in its internalisation and ROS production via disruption of internal
mechanis jon similar to bactericidal antibiotics. The SNAPP S16,, was found to produce

the stroﬁg Wproduction in E. coli cells.

[

Taken togeffte data clearly shows that the antimicrobial mode of action of SNAPPs is primarily

SC

one of membrane disruption causing hyperpolarisation and depolarisation of the membrane and

9y

subsequen e stress/ROS production and this is influenced by SNAPP arm length and arm

number.

N

Author Ma
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Figure 3. SNAPP effect on E. coli membrane potential and induction of reactive oxygen species (ROS).

A) Represm microbial flow cytometry dot plots showing E. coli cells with normal,
hyperpola depolarised membrane potential. B) Percent of depolarised E. coli cells induced
by SNAPP va C) Percent of hyperpolarised E. coli cells induced by SNAPP variants; arrows
indicatﬂoint of hyperpolarisation. D) Representative microbial flow cytometry dot plots
showinngs with no oxidative stress (control cells) and under oxidative stress (SNAPP
incubated cells). EiPercent of reactive oxygen species positive (ROS) E. coli cells induced by SNAPP

variants. Dat ressed as the mean * standard deviation; n = 6.
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2.4 Secondlr¥ strﬁrure of the polypeptide arms of SNAPPs

Given the %rtance of the secondary structure of many antimicrobial peptides for their
]

[ |
activity, wSh in many cases require an a-helical or B-sheet conformation to create amphiphilic

domains f@rane interaction,”®* ** *! the secondary structure of the polypeptide arms of
SNAPPs was_inyestigated by circular dichroism (CD). The CD spectra of the SNAPPs in aqueous
solution di tgPresent the characteristic bands of any particular secondary structure, and all

polypeptide arms @jsplayed a random/extended conformation under these conditions (Figure 4A).1*”

However, ﬁi‘tion of the co-solvent 2,2,2-trifluoroethanol (TFE), all SNAPPs transitioned into

an a-helic

CD, as it dater from the surface of peptides and thus promotes intramolecular hydrogen

[41]

ation. TFE is commonly used for the characterisation of secondary structures by

bondin the CD spectra of peptides in TFE/water mixtures provides an indication of their

conformation j re hydrophobic environments, such as those of cellular membranes (i.e. lipid
bilayers). this basis, our results suggest that whereas the polypeptide arms of SNAPPs do not

present o!anised secondary structures in aqueous media, they may acquire an o-helical

conformatObinding to bacterial membranes.
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[

The a-heli t of SNAPPs in TFE/water mixtures was estimated from their CD minimum at 222

nm, and it gepresents the relative number of amino acids in these polypeptides arranged in a-helices

ho

i

(Figure 4B ound that the a-helical composition of SNAPPs does not depend on the number

U

of polype s, as evidenced by the constant 28-29% helicity across S16y, S8y and S4y.

A
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However, the DP of SNAPPs had a strong impact on their secondary structure, and at a constant
number of arms, longer polypeptide chains presented higher a-helicities: S4s (14%) < S4y, (28%) < S4,
(35%) <H); and S8y (29%) < S8, (38%). It can be argued that the segment of the
polypeptid d to the core of the SNAPPs should be less flexible than their outer terminus
due to -ste!micmrance, and as such, SNAPPs of higher DP present longer flexible polypeptide
segments a nce higher a-helicities. S16, only showed a subtle increase in helical content

compared which can be attributed to their small difference in DP (Table 1), but it was

neverthelmnt to endow S16, with stronger antimicrobial activity.

Our result!sEow that at constant arm number, longer polypeptide arms lead to higher a-helical

content for SNAPE in membrane-mimicking environments, which overall translates into stronger

antimicrob ies. This observation suggests that the higher antimicrobial activities of SNAPPs
with in can be attributed to their increasing helical content. However, the inverse
correlatj ween the a-helical content and MIC values found in the S4 collection was lost at high

DP (Figure 5): Despite the higher helicity of S4,, as compared to S4,, both SNAPPs showed almost
identical I\h result could be an effect of the higher separation between polypeptide arms at

the surface @ PPs with higher DP values, as discussed above (Figure 2), which should weaken

their antimj ialsactivity. Therefore, increasing the DP of SNAPPs leads to stronger antimicrobial
effects, e to the higher helicity of longer polypeptide arms, but only up to a certain DP
beyond W*H Higﬂer helicities are outweighed by the higher separation between polypeptide arms.

-

<
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anu

2.5 In vitro t@Ki f SNAPPs towards mammalian cells

To ass act of SNAPP architecture on their biocompatibility, their toxicity towards

M

mammalian cells was evaluated. Rat hepatoma (H4IIE) cells were exposed to SNAPPs and the level of
cell apopt cell death was determined by flow cytometry. In this experiment, the green

fluorescen 9#Pro’-1 was used to stain cells during the early stages of apoptosis, when their

Or

cytoplasmi ane becomes slightly permeable, whereas the red fluorescent dye Pl was used to

1

stain d h damaged membranes. Overall, the cytotoxicity of the SNAPPs increased by

{

LE

having mo nger polypeptide arms, in a similar trend as observed for their antimicrobial

activity (T owever, the increase in toxicity with more polypeptide arms plateaus at 8 arms

across t um DP collection, as evidenced by the ICsy values of S4,, (129.6) > S8y, (46.0) ~ S16y,

A
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(44.8), with this effect translating into the SNAPP with the highest therapeutic index in this study

being S16y. The increased toxicity of S16, and S8,, compared to S16y, outweighed the higher

£

P

antimicrobfal activity of the former, and thereby led to lower therapeutic indices for S16, and S8,.
For the S4 ich are the easiest to synthesise as discussed earlier, toxicity does not appear

to incréas proportionally to antimicrobial activity, leading to an S4, SNAPP with a similar

1

therapeutic index to the benchmark S16,,(Table 3, bold values). The ability to generate easier-to-

O

prepare S ff€ctures with similar biological properties to S16y, which showed the highest

therapeuti@index, @ffers significant benefits from a manufacturing standpoint.

Us

Table 3. T@Xicity of SNAPPs against rat hepatoma cells (H4lIE), measured as the concentration that

£

caused the d 50% of the cell population (ICsg).

ad

E SNAPP MIC 1Cs0 -
code (nM) (nM)

S16y 127 1,090 8.6

L S16, 85 614 7.2

O S8y 322 1,966 6.1

S8y, 105 702 6.6

: S4s >30,000 >60,000 | n/a”

H S4y 2,636 14,727 5.6

: S4, 560 4,454 8.0

: Sy, 403 2,531 6.3
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3 The therapeutic index (Tl) of each SNAPP was calculated as the ratio between the ICsy divided by its

£

P

MIC against E. coli (Table 2). ® Tl of S4s is not available as no MIC could be calculated for this SNAPP.

H I
2.6 Invivo hf SNAPPs
To furthermnd the biocompatibility of SNAPPs, the material with the highest therapeutic

index in the collection (S16y) was tested in a murine model. The toxicity of S16,, was assessed in vivo

U

by determ levels of two specific organ damage markers —alanine transaminase (liver) and

creatine kiffase (kidney)—, and non-specific cell damage markers for allergic reactions (histamine)

N

and necrosis sine triphosphate or ATP), measured in the blood and peritoneal fluid of mice.

a

No detect s of alanine transaminase, creatinine kinase or histamine were detected in the
blood ritoneal fluid of mice after treatment with S16,,. However, significant levels above

control jection) of ATP were detected in the peritoneal fluid of mice treated with 4 mg - kg™ of

M

S16y, (Figure 6).

Author
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Figure 6. Concentrations of ATP found in the blood and peritoneum of mice receiving no treatment

d

(PBS, cont fter administration of S16y, (24 and 48 h post-treatment). Each bar represents
the me d deviation, n = 10. Statistical significance was determined not significant (‘N/S’)
and *p

[

The in vivo results suggest that S16,, was able to cause localised tissue damage resulting in
the release into the peritoneal cavity, as evidenced by the sustained increase in the levels of

this markeRafter 24 and 48 hours. However, the lack of detectable increase in alanine transaminase

q

and creati im@se, or even ATP in blood, suggests the SNAPP had a localised effect at the site of

L

injection. Elevatedilevels of ATP, as observed in the peritoneal cavity in this study, may have several

Ul

immunological cts: High levels of extracellular ATP act as a damage-associated molecular

A
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pattern, able to be detected by certain cells of the immune system that express the appropriate P2

receptor.”®* In the peritoneal cavity, the main resident immune cells are macrophages.*’ Ligation

t

P

of ATP by P2 receptors on macrophages results in their activation and recruitment of immature
monocyte oodstream.”® During an inflammatory response in the peritoneum, the first

cells reffuifed are circulating blood neutrophils, and it has been demonstrated that extracellular ATP

£

modulates neutr@phil vascular adhesion and extravasation into surrounding tissue.*® ! Therefore, it

C

is likely th roduction of extracellular ATP upon administration of SNAPP to the peritoneal

cavity conffibfitesfito the influx of neutrophils previously observed in vivo." This in vivo data

S

demonstra ery high biocompatibility of SNAPPs and suggests that they have a multi-modal

U

action thr direct killing (via interaction with the bacterial membrane) and indirect killing by

inducing aWocalised increase in ATP levels which drive immune cells to the site of infection and

)

facilitate b learance.

d

3. Conclusi

[

A library o -shaped SNAPPs with systematic modifications in arm number and DP was
successfull sised to study their architectural effects on biological activity. Overall, it was

found thafi{SNAPPs bearing more and longer polypeptide arms displayed stronger antimicrobial

g

effects d by high levels of membrane depolarisation. The stronger activity of SNAPPs

{

with more er arms was attributed to their higher densities of polypeptide chains and a-

U

helical contents, respectively. However, the improvement in antimicrobial activity with DP saturates,

A
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probably as a result of the higher separation between longer polypeptide arms. These observations

led to the design of two more potent SNAPPs, S16, and S8, displaying up to 60% increase in

t

P:

antimicrobfal activity compared to our early benchmark polymer, S16,,. However, arm length had an
effect on f action with long and very long armed SNAPPs resulting in membrane

depolarEa n whereas, medium arm length SNAPPs induced a hyperpolarised state in E. coli prior to

[

full depolarisatign. This data suggests that by modifying the SNAPP arm architecture there is

C

potential t he mechanism of action of the SNAPPs. The in vitro toxicity of SNAPPs also

increased Wit and longer polypeptide arms, however, we were able to identify an easier-to-

$

prepare 4- PP with similar therapeutic index to the highest found across the collection. The

U

in vivo eva f the SNAPP with the highest therapeutic index showed no indication of systemic

organ da e, while causing a local release of ATP that may contribute to activate the immune

q

system an infection. In summary, this paper constitutes the first in-depth study into the

d

structure-activi lationships of this promising class of antimicrobial polymers and sets the basis

for the fut lopment of SNAPPs with improved biological properties.

\Y
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5. Experimental Section

Materials: !- -Lys(Z)-OH (Mimotopes), D,L-Valine (>99%, Acros Organics), diethyl ether (Chem-
Supply), ge @ 0 poly(amido amine) dendrimer (GO PAMAM) (Dendritech), generation 1
poly(amidd drimer (G1 PAMAM) (Dendritech), generation 2 poly(amido amine)
dendrinmer (G28RAN AM) (Sigma), bis(trichloromethyl)carbonate (triphosgene, 99%, Aldrich),
ic acid (TFA) (99%, Aldrich), hydrobromic acid (33% in acetic acid) (Aldrich), n-pentane
rlch), n-butyl alcohol (Chem-Supply), sodium bicarbonate (Chem-Supply), Phenol
9,

trifluoroac
(anhyd., >9
red-free D Modified Eagle Medium (DMEM) (Sigma), Dulbecco’s Phosphate-Buffered Saline
(DPBS) (Sig ypsin-ethylenediaminetetraacetic acid (EDTA) (Sigma), Fetal Bovine Serum (Sigma)
and Muellm Broth (MHB) (Oxoid). Dimethyl sulfoxide (DMSO) (anhyd., Aldrich) and N,N-

dimethylfo (DMF) (anhyd., Acros Organics) were stored under activated 4A molecular
sieves. Tet ran (THF) (Chem-Supply) was distilled from benzophenone and sodium metal
under nitrogen befere use. Ethyl acetate (EtOAc) (Chem-Supply) was distilled from calcium hydride
before use! in™ dialysis tubing 3,500 MWCO, Syto’9 and membrane permeability/dead cell

apoptosis ki °-1 and propidium iodide (PI)) were purchased from Thermo Fisher Scientific.
Detection for alanine transaminase (ab105134), creatine kinase (ab155901), histamine

(ab213975) and AT;> (ab83355) were purchased from Abcam.

NMR analysis was performed using a Varian unity Plus 400 MHz NMR

spectrometer the deuterated solvent as reference. Size exclusion chromatography (SEC)
rformed on an aqueous gel permeation chromatography (GPC) units using an eluent
water containing 0.1% v/v trifluoroacetic acid (TFA). The system was operated at a flow
rate of 1 mL-min at 25 °C. A Shimadzu Liquid Chromatography system was utilized, equipped with a
Shimadzu &-10 refractometer (A = 633 nm) and Wyatt 3-angle light scattering detector, with three
Waters Ultra
linear, 10

drogel columns in series ((i) 250 A porosity, 6 um diameter bead size; (ii) and (iii)
ter bead size) for separation. The dn/dc values of the S4,,, S8y, and S16,, SNAPPs
be 0.187, 0.183, 0.188 respectively at 25 °C using a batch injection protocol and

software. Molecular weight and polydispersity values were calculated on the
SEC/LS software package using Debye modelling with a fit of 2. All GPC samples
prepared at a concentration of 5 mg- mL" and were filtered through 0.45 pum nylon filters prior to
injectioHeta potential measurements were performed on a Malvern Zetasizer Nano ZS
with 4.0 m laser operating at 632.8 nm. Analysis was performed at an angle of 173° at a
constant temperatlire of 25 + 0.01 °C. Samples were made at a concentration of 0.5-2 mg-mL" in
DMEM (the same media conducted for antibacterial studies) depending on the sample so that

reliable ion functions were obtained. Zeta potential measurements were performed at
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concentrations of 2 mg-mL" in DI water. Measurements were performed in triplicate. All samples
filtered through 0.45 pm nylon filters prior to measurement. MIC values were calculated using a
Multiskan iscent :kabsystems) microplate reader. MDC values were calculated by flow cytometry

using a PL (Beckman Coulter Pty, Ltd) equipped with a 100-W stabilised mercury arc
lamp with ths of 365, 404, and 435 nm, and a 488-nm diode laser. CD spectra were
recorded o scan™-plus (Applied Photophysics Ltd) at 25°C between 190-260 nm, scanned in

1nm ste-ps and measuring the absorbance during 0.5 sec per step. The in vitro cytotoxicity of SNAPPs
was meas mow cytometry on a LSRFortessa X-20 (Becton Dickinson). Colourimetric assays for
metabolitLation (i.e. in vivo biocompatibility experiment) were performed on a Wallac
1420 Multijgkel nter microplate reader (Perkin Elmer).

Synthesis df, DJ#Vdline and (Z)-L-Lysine N-Carboxyanhydrides (NCAs): e-(Z)-L-Lysine and D,L-Valine

[24]

NCAs were synthesized as per our previously reported procedure, ™ with the inclusion of an

jon step reported by Poche et al. to remove hydrochloride impurities from the
-L-Lys(Z)-OH (2 g, 7.14 mmol) or D,L-Valine (2 g, 17.0 mmol)) were suspended in

anhydrous L) in a three-necked round bottomed flask under argon. Triphosgene (lys: 0.85
g, 2.86 mmgl, 1.2 equiv. phosgene; val: 2.0 g, 6.74 mmol, 1.2 equiv. phosgene) was then added and

the mixtur

additional purific
reaction."**Bni

luxed at 65 C for 2 h with continuous stirring. After cooling to room

temperatufé; action mixture was sparged with argon for 45 mins into a sat. NaOH solution,
then solve d completely in vacuo to a white solid. The solid was then suspected in EtOAc
(50 mL, chilled and placed into a separator funnel where the crude NCA solution was
gently w ith chilled saturated brine solution (50 mL), and 0.5 % w/v NaHCO3 solution (50 mL).
The organic as then dried with MgSQ,, filtered and concentrated to an oil under low heat,
and re- i 2) from EtOAc (anhydrous) and n-pentane (anhydrous). The resulting crystals

were then filtered and washed with n-pentane (dry). The crystals were then re-dissolved in minimal
EtOAc, filteged, precipitated and washed with dry n-pentane to afford white powder solids (Yields:
~80 %) 'H L) MHz, CDCl,): (Z)-L-Lysine NCA: &, 1.40-1.60 (m, 4H, NH-CH,-CH,-CH,-CH,-), 1.81-
1.94 (m, 2H H,-CH,-CH,-CH,-), 3.18 (m, 2H, NH-CH,-CH,-CH,-CH,-), 4.25 (t, 1H, J = 4.0 Hz, CHN),
497 (s, 1H @ in NH), 5.09 (s, 2H, CH,-ArH), 7.04 (s, 1H, ring NH), 7.3-7.4 (m, 5H, ArH). m.p. 80-
82 °C (Lit. m.p™80 °C)."*! p,L-Valine NCA : 6,1.02 (d, 3H, J= 8.0 Hz, CH;), 1.08 (d, 3H, J= 8.0 Hz, CH;),

2.25 (mﬂ)z), 4.22 (d, 1H, J = 4.0 Hz, CH-NH), 6.95 (s, 1H, CO-NH). m.p. 99-100 °C (Lit. m.p
99 °C).bY

Aut
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General procedure for synthesis of (PZLL—r-PVal)gm PAMAM—(NH>)mcore: In line with previously our

t

P

10]

previously ted work,™ a theoretical lysine-to-valine ratio of approximately 2.5:1 was targeted.

To accoun t observed reactivity rates of the two monomers, Lys NCA and Val NCA in

approxiHa y Z2:1 molar ratio were both dissolved in anhydrous DMF ([NCA]iowa = ~55 mg/mL) and

£

added via sygngeto a test tube containing PAMAM-(NH,),, (dried) dissolved completely in anhydrous

C

DMSO (vol esponding to 10% v/v of final reaction volume) under N,. The test tube was then

immersed [l afiicaichest and stirred for 24 h in ice under constant nitrogen flow and with a bleed for

S

CO, remov S8y was stirred for total 50 h). n-butyl alcohol (0.86 uL/mg of NCA., added to

u

reaction) added to quench remaining NCA monomer and the mixture stirred for a further 1

h. The rea&tion mixture was then concentrated under vacuum and transferred into diethyl ether to

a

precipitate cipitate was then washed thoroughly with ether and dried in vacuo to afford an

d

off-white so age yield ~60%.

Genera

M

n to prepare (PLL—r-PVal) .y PAMAM—(NH;),, core: Protected star polymer was first
fully dissolved in TFA (5 mL/g polymer). 33% HBr in acetic acid was then added (10 mL/g polymer),
the reactiog mixture stoppered and stirred at room temperature with precipitate forming soon
after. Aftehor a total of 2 h at room temperature, the solution was added directly into
diethyl ethe ed further in ether (x2) and dried under vacuum. The dried solid was then
dissolved @ mal DI water, transferred to 3.5 kDa dialysis tubing and dialysed against a large

volume of DINW@#er (~180 times volume of original dialysis content)(x3) for 24 h. The dialysed
solutions lyophilised to obtain the deprotected SNAPP as a dried white solid. "H NMR (400
MHz, D,Q): , 2(CH)3), 1.3-1.9 (m, NH-CH,-CH,-CH»-CH,-), 2.0 (br s, CH-NH valine), 3.0 (s, NH-

CHZ—CHZ—CH-CHZ-)'4.0—4.15 (s, CH-NH backbone valine), 4.2-4.4 (s, CH-NH backbone lysine). See
Figure S example 'H NMR spectra of deprotected star SNAPP (S16y).

-

<
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Antimicrobial assays — General sample preparation: 150 L of serial 2-fold dilutions of SNAPPs (200-
3.12 mg-mL") in DMEM were added to a 96-well microplate. An inoculum of Escherichia coli (ATCC
25922) in MHB was, incubated at 37°C with orbital shaking (200 rpm) for 2 h to reach exponential
growth.M

cells-mL™, uL of this stock of bacteria were mixed with the SNAPP dilutions in the
microplate&val mixture of bacteria and SNAPP (100-1.56 mg-mL") of 300 pL. A sample of
bacterinAPP was prepared likewise as negative antimicrobial control by replacing the
SNAPP solts'on with neat DMEM. This microplate was incubated at 37°C standing still for 90 min.

After this t MIC, MDC and MBC experiments described below were performed. The results
from all anmal assays described herein were collected from two independent experiments

me, the culture was diluted with DMEM to give final concentration of 2.5 10°

(i.e. biologi ates), each of which contained five (MIC and MDC) or three (MBC) technical
replicates.

Minimum Inhibitoi Concentration (MIC): After 90 min of incubation (see “Antimicrobial assays —

General sa paration” above), 100 uL of the SNAPP and bacteria mixtures were diluted with
the samey, MHB in a new microplate. This microplate was incubated at 37°C with orbital
shaking (1 m) in a microplate reader, and the optical density at 630 nm (ODsg3,) of the samples

was read every 20 min over 20 h. The ODg3q of the samples at the time point were the control
without SNAP hed exponential growth were normalised to the ODg3, of this control (100%
relative gro tted against SNAPP concentration and fitted to an exponential regression

(Figure IC was defined as the lowest concentration of SNAPP that inhibited 99% of
bacterial gr nd was determined as the concentration that corresponded to 1% relative growth
in the ex regression of the data.

Minimum M Concentration (MDC): After 90 min of incubation (see “Antimicrobial assays —

General sa aration” above), 100 pL of the SNAPP and bacteria mixtures were diluted with
100 pL of aining 0.1% v/v of Syto’9 (3.34 mM stock solution) and propidium iodide (50

pg-mL™ sto jon). These samples were incubated for 10 min in the dark at room temperature,

to be then@nalysed by flow cytometry measuring Syto®9 emission at 525 nm (fluorescence channel
1, FL-1) m iodide emission at 670 nm (fluorescence channel 3, FL-3). A sample of
bacteria“ 30 min with 70% v/v ethanol in water, centrifuged and resuspended in DMEM,

was analysgddli ise as positive control for membrane damage. The MDC was defined as the
lowest concentrati@n of SNAPP that caused membrane damage in 99% of the bacterial cells and was
determine concentration that corresponded to a normalised 99% propidium iodide-positive
(P1+) cells (Fi 4).
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Minimum Bactericidal Concentration (MBC): After 90 min of incubation (see “Antimicrobial assays —

General sak reparation” above), the SNAPP and bacteria mixtures were serially diluted 10-fold
four times UL of each dilution were spotted on MHB agar plates and incubated at room

tempera%urs ana,or 37°C until individual colonies were visible. Bacterial colonies, or colony forming
units (CFUs),qwvere counted at the dilution that allowed to count the most individual colonies without
significant etween them. The MBC was defined as the lowest concentration of SNAPP that

caused a dEcrgaselbf 99% in viable bacterial cells (i.e. CFU-mL™) as compared to a control sample in

the absench (Figure S15).
Membranesotential assay.

Membranal was determined by microbial flow cytometry using a Baclight Bacterial
Membr jal Kit (Invitrogen) as previously described.™ Bacteria that are maintaining a
membraneEl (healthy/viable bacteria) the dye DiOC,(3) intercalates and self-associates in the
membrane and exhibits a mixed red/green fluorescence. With a depolarised membrane the DiOC,(3)
dye loses Sd fluorescence’s, whereas in hyperpolarised membranes the DiOC,(3) increases red
quorescenQpared to normal cells. E. coli was harvest at late exponential phase and viable
cells were to 2.5 x 10° cells/mL in PBS and added with serial dilutions of each of the SNAPPs
(Table 1). &ully depolarized control was provided by the addition of the proton ionophore carbonyl

cyanideHnylhydrazone (CCCP) at a final concentration of 5 mM to the untreated cells.

Priortoa 1 h in5bation at 37 °C, 30 mM DiOC,(3) was added to all of the samples. Membrane

potential was dtmined by a Cell Lab Quanta SC MPL flow cytometer (Beckman Coulter) as a ratio
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of cells that exhibited a red fluorescence (FL-3) to those that displayed a green fluorescence (FL-1).

Gates were drawn based on the untreated (polarized) and CCCP-treated (fully depolarized) controls.

t

P

Data is representative of three independent assays completed in duplicate.

Il

Determina active oxygen species (ROS) production in bacteria.

C

E. coli cells rvest at late exponential phase and viable cells were diluted to 2.5 x 10° cells/mL

in MEM ajid AH00BuL of the bacteria solution was added to each well containing either MEM

D

(untreated or serial dilutions of each of the SNAPPs (Table 1) (100 uL) and incubated at 37

U

°C for 90 min. The cells were then stained with the CellROX" Orange Reagent at a final concentration

of 750 nM Yellowing manufacturer’s instructions and were incubated for 1 h at 37 °C. The cells were

1

analysed o | Lab Quanta SC MPL flow cytometer (Beckman Coulter) where the fluorescence

d

from the CellR Orange Reagent was measured on FL-3. A minimum of three independent

experiments e assay were conducted and two technical replicates were used in each

\

experi expressed as mean * standard deviation.

Author
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Circular dichroism spectra of SNAPPs: The secondary structure of SNAPPs was measured from 0.2

mg-mL" samples in triplicate from a 1 mm-path length quartz cuvette at 25°C. The absorbance of the

{

P

solvent (i.e. was subtracted from the measured ellipticity of the samples (in mdeg), then the
spectra we d to a value of ‘0’ ellipticity at 260 nm, and the resulting blank-corrected and

||
normalise ipticity (B) was converted into mean residual ellipticity ([6]) using Equation 11

[l

0

6] = DP - NA - ¢ - path length

(Eq.1)

In Eq. 1, * présents to the average degree of polymerisation of the polypeptide arms of the

SC

SNAPP (Ta gNA’ indicates the number of arms per SNAPP, ‘¢’ is the concentration of the

1

U

SNAPPs in , and the ‘path length’ of the cuvette in millimetres. Thus, mean residual

ellipticities{[0]) are expressed in the units deg-cm?-res™ - dmol™.

dfll

The rel -helicity of the polypeptides was calculated from the mean residual ellipticity of the

SNAPP nm ([6],,,) measured in 80% v/v TFE in water using Equation 261

M

[6]222 — 3,000

a — helicity (%) = ~39000

100 (Eq.2)

Author
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In vitro toxicity of SNAPPs towards mammalian cells: The H4IIE cell was chosen for this study as it is a

recognised cell line for toxicity testing by retaining its primary cell phenotype.®? Further to this, as a

murine cellli it complements our in vivo murine testing. H4IIE cells were removed from tissue
culture fla 5% trypsin-EDTA solution and resuspended in DMEM containing 10% Fetal

Bovine %rgﬁlOG cells-mL* and allowed to recover for 1 hour at 37°C, 5% v/v CO,. Removal of
adherent celis damage the cell membrane and cause false positive results and a one hour
incubation nd to reverse any transient-trypsin induced membrane disruption. Increasing
concentraWAPPs were added to the cell suspensions which were then incubated at 37°C, 5%
v/v CO, fo I After this time, Membrane Permeability/Dead Cell Apoptosis Kit (Yo-Pro™-1 and
propidium gw

as used as indicated by the supplier, and fluorescence was measured by flow

cytometry.gach sample was analysed as two biological replicates, each containing three technical

replicates (m

=
S
£
-
<
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In vivo toxicity of SNAPPs on a murine model: Mice (C57/BL6, 10-12 week old) were given an

intraperitoneal injection of 4 mg-kg' SNAPP S$16,, in a total volume of 200 pL (DMEM) using a 25G

[

needle. Intra-peritoneal injection was chosen for toxicity testing as the abdominal cavity is the

)

injection site for the initiation of abdominal sepsis models and for subsequent treatments during a

sepsis model. ARl 24 and 48 hours, mice were killed by CO, asphyxiation before being bled by
cardiac puncgures Sterile, cold DPBS (3 mL) was then injected into the peritoneal cavity with a 19G
needle, all incubate for 5 minutes with gentle agitation before being recovered. Blood

samples wgref@lloWed to coagulate on ice before the serum was aspirated after centrifugation at

S

5000 g fo es at 4°C and stored at -20°C for analysis. Peritoneal fluid was aspirated after

U

centrifugat 000 x g for 5 minutes at 4°C and frozen at -20°C for analysis. Levels of alanine

transamin creatine kinase, histamine and ATP were determined from these samples using specific

[

assay kits ( rials), used according to the manufacturer’s instructions. Ten mice were used per

d

group. All affm periments were approved by The University of Melbourne Ethics Committee for

Animal Exp ation.

\Y

Statistical analysis: Data normalisation is explained in Eq. 2 (CD data) and Fig. S13-S14 (MIC and MDC

I

data). Results are presented as indicated in the corresponding figure captions (e.g. mean value + SD

for a samp @ ’). Statistical analysis was performed with Prism v6.0h (GraphPad Software Inc),

and it cor to a two-way ANOVA with Fisher’s LSD multiple comparisons test at a 95%

confidencenterval (Fig. 6).
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Supporting Information

{

Size exclusi®n chromatograms, dynamic light scattering data and correlograms, example *H NMR
spectra of escriptions of MIC, MBC and MDC calculations is available from the Wiley Online
Library or

o
0
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