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Abstract: Non-natural antimicrobial peptides are ideal ag generation antibiotics because
of their ability to circumvent the problems of drugsistance andh vivo instability. We
report novel alle- anda,y-mixed Tat peptide analogues as potential antibattnd anti-TB
agents. These peptides have broad spectrum amfilhcictivities against Gram-positive
(MICs 0.61+0.03 to 1.35+0.21 uM with the peptig€atM4) and Gram-negative (MICs
0.71+0.005 to 1.26+£0.02 uM wityratM4) bacteria and are also effective againsvaaind
dormant forms ofMycobacterium tuberculosis, including strains that are resistant to
rifampicin and isoniazid. The introduction of themnatural amino acids of the study in the
Tat peptide analogues results in increased resistan degradation by proteolysis,
significantly increasing their half-life. The pejdis appear to inhibit bacteria by a membrane
disruption mechanism, and have only a low cytot@tiect on mammalian cells.

Introduction

Antimicrobial peptides (AMPSs) act either by interag with the cell membrane and causing
lysis and ultimately cell death, or after penetrgtihe cell membrane, upon interaction with
intracellular components,in contrast to conventional drugs that typicallgt ahrough
inhibition of metabolic processes. Such peptides thffer an opportunity to overcome the
problem of resistance development, which is inanggyg being encountered, and that makes
diseases such as those causedlggobacterium tuberculosis (Mtb) and other pathogenic
bacteria difficult to treat. To improve the stafyilto enzymatic hydrolysis and to increase
bioavailability, several synthetic, non-natural AMMRand mimetics have been reporfed.
Many AMPs have a helical component that has beawishto be necessary for their
antimicrobial activity. Among these, recently, Nepet al.* described cationic and
amphiphilic proline-rich polyproline type Il (PPIhelices for effective cell penetration of
macrophages that also exerted potent antibactetality. PPIP and other helical peptides
such as 12-helicfl-peptides have been reported by several groupavie Varying degrees of
antimicrobial activitie$® including against some species that are resig@mntommon



antibiotics such as vancomycin or penicifliGeveral other groups have reported peptdids,
a-aminoxy-peptides’ o/B-peptides;*? or azapeptide$**as synthetic mimics of AMPs.

We chose to study the effect of non-natural amiom @&urrogates on the antibacterial
properties of the Tat(48-57) peptide. The basiodi@ating region (48-60) of the trans-
activating transcriptional activator (TAT) peptitfe, derived from the human
immunodeficiency virus 1 (HIV-1) tat protein is agitively charged peptide, rich in
arginine, and is highly studied for cell penetratiand delivery of a variety of cargo
molecules®®® The presence of several arginine residues, intiaddto lysine residues,
makes it particularly susceptible to the degradasigtion of enzymes, precluding its possible
application in biological systems. Several repafttsnodifications in the Tat peptide have
appeared in literature, where non-natural amindsitas well as backbone linkagé& have
been explored in relation to cell penetration. Theywe, however, not been studied for
antimicrobial activity.There have appeared few re6?® of the antibacterial properties
involving the cell-penetrating Tat peptide thatdhied the use of Tat peptide dimétsTat
peptide-porphyrin conjugaté3 D-Taf® (with D-amino acids instead of L-amino acids) and
cholesterol-conjugated Tat peptidésesides the Tat peptide its&lfthat were shown to
form nanoparticles and one report of its antifuraglvity against human pathogenic fufi.
Studies with model membrarfé$* suggested that membrane disruption was the mode of
antibacterial action of the cell-penetrating Tafpfme. By using transmission electron
microscopy, we show that this is indeed the caseodr knowledge, there are no reports yet
demonstrating the activity of the Tat peptide aghirmycobacteria, specifically
Mycobacterium tuberculosis (Mtb). We report herein, the antibacterial and-dmieffects of
novel synthetic analogues of the Tat(48-57) pep{@®KKRRQRRR). Their microcidal
effect was envisioned considering the amphipathiaverall charge and possible interaction
with bacterial cell membranes. The antimicrobiaparties of the peptides are a consequence
of the novel non-natural lysine or arginine surtegaTheir inclusion in the Tat peptide leads
to enhanced antibacterial activity for many of tlegived peptides and significantly superior
anti-TB properties in all of the derived peptidésoreover, we show that the Tat peptide
analogues are effective against both active anchaotr forms of Mtb and MDR-Mtb, making
this a promising class of candidates for futureeltlgyment in the therapy of tuberculosis.
The effect of the chiral monomers on structuralgnganization of the derived peptides is
also investigated to determine if this, in turnflueances their antimicrobial activity. An
additional advantage includes increased proteasistaace, extending their half-life and
enhancing their application potential in biologisgstems. The novel Tat peptide analogues
may also be envisioned to overcome the limitatibbazterial resistance development that is
frequently encountered in the use of antibiotideces AMPS® are less likely to lead to
development of resistand®being known to act by targeting the microbial meanies’®
rather than metabolic processes, as in the casmaif molecule drugs->?

Results and Discussion



Synthesis of precursors X and Z to amino acid surrogatesr, k and P? respectively

Our laboratory has earlier reported the useNefaminoalkyl)proline-derived compounds
towards the synthesis of peptide nucleic atidsell-penetrating oligomet$ and as anti-
glycation agentd®> The amino acid surrogates, S2S)-4-amino-N1-(3-guanidinopropyl)-
proline ¢), (2549-4-amino-N1-(3-aminopropyl)-prolinek) and (Z54S)-4-amino-proline
(P%) were derived from (@4R)-4-hydroxyproline through the orthogonally protmbt
precursorsX andZ depicted in Figure 1. The incorporation of preours in combination
with a-amino acids during peptide synthesis leads,ygeptides containing the residuesr

k , while the incorporation of precurs@rleads to alla-peptides containing the resideé
respectively.
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Figure 1. Amino acid surrogates; k andP¥, of the study.

Scheme 1 summarises the synthesis of protectechawninal amino aciK. The monomer
was synthesized from commercially availatskns-L-4-hydroxyproline. The hydroxyproline
methyl esterl was N-alkylated upon reaction with 3té(t-butyloxycarbonyl)amino)propyl
methylsulfonate in the presence of triethylamind aatalytic amount of DMAP in DME
The 4-hydroxyl group in compoun®?l was then converted to the azi@eby mesylation,
followed by $2 displacement of ©-mesyl group using NalNin DMF. Catalytic
hydrogenation of the azide group &to the amine, followed by hydrolysis of the ester
function and subsequent protection of the free amising Fmoc-Cl and NaHGQON
dioxane:HO (1:1) yielded orthogonally protected non-natamalino acidX. A similar series
of reactions was used to synthesize the orthogormibtected precursoZ to arginine
surrogate®? (Scheme S1, SI).
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Scheme 1. Synthesis of orthogonally protected non-naturainamacid X. Reagents and
conditions: (i) MsO-(CH)s-NH-Boc, EgEN, DMAP, DMF, 70°C, 62 % (ii) MsCl, EN,
CH.Cl,, 73% (iii) NaNs, DMF, 65°C, 67 % (iv) (a) K Pd/C, MeOH, (b) LiOH, then HCI,62



% for (a) and (b) (v) (a) Fmoc-Cl, NaHGH,O-dioxane, (b) Dowex Hresin, 58 % for (a)
and (b).

Synthesis of Tat peptide analogues

The protected non-natural amino ackisndZ were used in the solid phase synthesis of Tat
peptide derivatives. Peptides were assembled on MBésin by either Fmoc- or Boc-
chemistry protocols3-Alanine was coupled as the first amino acid apacer, followed by
the coupling of other amino acids. All the couplstgps were done in dry DMF in presence
of DIPEA, with HOBt and TBTU as coupling agents.nieval of the Boc-protecting group
was achieved using 50% TFA in @El,, while the Fmoc group was removed using 20%
piperidine in DMF. A phenylalanine residue was atldé the N-termini of the peptides in
order to facilitate concentration calculation frahe UV absorbance. Guanidinylation of
monomerZ to arginine surrogatB? was performed on the solid support afteacetylation

of the phenylalanine residue lditerminus, and removal of the Fmoc protecting graiging
1H-pyrazole-1-carboxamidine hydrochloride and DIPEA dry DMF. The synthesized
peptides were cleaved from the resin by the TFA-BAWleavage protocol and purified by
RP-HPLC on a C18 column. Their purity was re-checkg analytical HPLC and all the
peptides were characterized by MALDI-TOF analys&).( Table 1 lists the peptides
synthesized, while the chemical structures areatieghiof representative peptides in Figure 2
and of all peptides in the SlI, pages S16 & S17. gégidesyTatlM andyTatlC (Table 1,
entries 1 and 2 respectively) contain oneit, either in the middle of the oligomer, ortla¢
'C'-terminal. Likewise, theTatlM andaTat1lC peptides (Table 1, entries 7 & 8 respectjvely
contain oneP? unit in the middle and 'C'-terminal positions resfively.yTatM3, yTatM3wg
andaTatM3 peptides contain three units each,df or P respectively, distributed across the
oligomer (Table 1, entries 3, 4 & 9 respectivelyhile yTatM4, yTatM4wg andaTatM4
peptides contain four units each pfk or P9 respectively, distributed across the oligomer
(Table 1, entries 5, 6 & 10 respectively). A cohffat peptide (ctrlTat) was also synthesized
(Table 1, entry 11) for comparison.
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Figure 2. Representative Tat peptides of the study-\(F§tM4 and (B TatM4.

Table 1. Peptides of the sttidy

Entry Code Peptide sequence




1 yTatim Ac-FGRKKrRQRRR-BAla-NH,

2 yTatiC Ac-FGRKKRRQRRr-BAla-NH,
3 yTatM3 Ac-FGrKKRrQRRr-BAla-NH,
4 yTatM3wg Ac-FGKKKRKQRRK-BAla-NH,
5 yTatM4 Ac-FGrKKRrQrRr-BAla-NH,
6 yTatM4wg Ac-FGKKKRKQkRKk-BAla-NH,
7 aTatlM Ac-FGRKKPRQRRR-BAla-NH,
8 aTatlC Ac-FGRKKRRQRRP?-BAla-NH,
9 aTatM3 Ac-FGPYKKRPQRRP?-BAla-NH,
10 aTatM4 Ac-FGPYKKRP!QPURP?-BAla-NH,
11 ctriTat Ac-FGRKKRRQRRR-NH;
* r = (2549-4-aminoN-(3-guanidinopropyl)-proline, k = (2549)-4-aminoN-(3-

aminopropyl)-prolineP? = (25,49)-4-guanidinoproline.
Antibacterial activity of the Tat peptide analogues of the study

The novel Tat peptides of the study were testedafdimicrobial activity against Gram-
positive &aphylococcus aureus, Bacillus subtilis, Staphylococcus epidermidis) and Gram-
negative Escherichia coli, Pseudomonas aeruginosa, Enterobacter spp.) bacteria. The data
obtained are summarized asd©r MIC values in Table 2. The igvalues are listed in the Sl
(Table S1).

Among all the peptides, thdatM4 peptide displayed the best activity, with tbheest 1G,

(SI, Table S1) and MIC values against Gram-posiigewell as Gram-negative bacteria.
Specifically, the MIC values fofTatM4 against. coli, P. aeruginosa, Enterobacter spp., S.
aureus, B. subtilis and S epidermidis were 1.12, 0.61, 1.35, 1.26, 0.71 and 1.12 pM
respectively (Table 2).

Activity against Mycobacterium tuberculosis

The activity of the peptides of the study againgib lsind MDR-Mtb are depicted as their MIC
values in Figure 3 and listed in Table 3. The gponding 1G, values are listed in the SlI,
Table S2. Against MtbyTatlM was the most active against the dormant atigteaforms
(MIC 13.8 and 20.1 pM respectively). Against MDR#EWItthe yTatM4wg andaTatM3
peptides showed the best activity, with MIC valwés6.6 uM and 6.0 uM respectively
against the dormant form and 12.8 uM and 15.0 pdpeetively, against the active form.
The yTatlM peptide also showed moderate activity agaifidsR-Mtb, with MIC values of
10.6 uM and 13.0 uM against the dormant and abtinas respectively.

Circular Dichroism studies

The CD spectra of the Tat peptides of the studyewecorded in water as well as in presence
of the secondary structure-inducing solvent, tafbethanol (TFE). The spectra are shown in
Figure 5. The ctrlTat peptide study displayed adcan coil structure in water, as reported



earlier®® but showed a significant change towardsdHelical structure in the presence of
TFE (Figure 4 (a) and 4 (b)). A similar trend wéserved for the all-peptides of this study.
The o,y-peptides, on the other hand, displayed differinD €ignatures. TheyTatM4,
yTatM4wg andyTatM3wg peptides were found to display markedlyedént CD signatures
from the othera,y-peptides. This trend was also found in these geptin the presence of
TFE. TheyTatlC peptide was found to display a CD signatwey \similar to that of the
ctrlTat peptide in TFE, and tending towards theatgre observed far-helices’ in the case
of a-peptides. Coincidentally, this peptide also hadygmilar antibacterial activity to the
ctriTat peptide against the bacteria tested, ateetifrom Figure 2.

Table 2. MIC data for peptides of the study agai@sam-positive and

Gram-negative

bacteria.

Entry MIC? (uM) of peptides with SD ()

Gram-negative Gram-positive

E. coli P. aeruginosa Enterobacter spp. | S. aureus B. subtilis S. epidermidis
yTatlM 7.25+0.06 2.67+0.04 4.70+0.49 5.25+0.11 14.1 +0.47 8.95+1.2
yTatlC 5.71+0.04 3.35+0.03 18.85 +1.28 8.47+0.17 3.56 +0.04 492+0.5
yTatM3 7.58+0.03 1.82 +0.005 8.01+0.58 9.05+0.33 2.81 £0.02 9.44 +0.82
yTatM3wg 3.52+0.08 2.32+0.047 4.65+0.23 3.02+0.05 4.16 +0.06 7.25+0.64
yTatM4 1.12+0.01 0.61+0.03 1.35+0.21 1.26 +0.02 0.71 +£0.005 1.12+0.23
yTatM4wg 2.34 £0.05 2.2+0.02 451 +0.44 3.02£0.03 3.79 £0.08 3.94+0.54
aTatlM 13.49 +0.02 6.53+0.42 nd 8.65+0.18 29.85 +1.15 nd
aTatlC 6.73 £0.03 10.26 + 0.03 nd 10.95 +0.66 7.96 £0.12 nd
aTatM3 11.8+0.018 12.62 + 0.06 nd 20.54 +0.85 13.2 +0.54 nd
aTatM4 27.73 +0.04 25.98 +0.79 nd 559 +0.42 15.13 +0.73 nd
ctrlTat 6.27 £0.05 7.46 +0.69 21.60+1.95 9.91+0.25 3.34 £0.04 5.78+0.51
Ampicillin® 4.17+0.036 12.5+0.09 nd 2.8+0.01 29.5+0.3 nd
Kanamycin® 3.3+0.024 1.01 +£0.06 nd >61.9+0.6 2.8+0.027 nd

% The values are expressed as the mean of trigdicAtatibacterial activity of each peptide
was determined by serial dose dependent dilutfb8sandard antibacterial drug and positive
control. SD #) = standard deviation. nd = not determined.
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Figure 3. Activity of the peptides of the study agaiivbgcobacterium tuberculosis.

Table 3. MIC data (uM) for peptides of the studyiagt Mycobacterium tuberculosis in
vitro.

MIC (uM) values of peptides with SD (%)
Peptide Mtb H37Ra (ATCC 25177) MDR-Mtb

Dormant Active Dormant Active
yTatlM 13.8 £0.001 20.1+0.00076 10.6 £ 0.0015 13 + 0.0035
yTatlC 18.4 £ 0.001 27.6 £ 0.00064 12.0 £0.001 22.1+0.003
yTatM3 22.8+0.003 26.1+0.003 10.4 £ 0.0014 25.3+0.0014
yTatM3wg 26.3+0.003 43.0£0.0029 14.0 £ 0.001 23.5+0.001
yTatM4 36.3+0.003 43.9+0.0026 11.7 £0.001 24.6 +£0.0023
yTatM4wg 18.3 £0.003 34.4+0.003 6.6 +£0.001 12.0 £ 0.002
aTatlM 33.9 £0.0042 28.6 £0.0042 14.5 +0.0026 15.1 + 0.0026
aTatlC 23.9 £0.003 32.10 + 0.003 12.9 +0.002 22.5 +£0.0025
aTatM3 21.1 £0.0045 36.3 +0.0047 6.0 £ 0.0034 15.0 £ 0.0034
aTatM4 29.4 +£0.004 53.9 £ 0.0036 21.5+0.003 26. 4 +0.0026
Rifampicin® 0.91 £ 0.005 0.97 £0.005 >12.1 +£0.0037 >12.1 +£0.0043
Pyrazinamide® > 100 > 100 > 100 > 100

Anti-TB activity of each peptide was determineddeyial dose dependent dilutions. Data are
expressed as the mean values of triplicat®sandard anti-TB drug and positive control.
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Figure 4. CD spectra of the all-Tat peptides and,y-Tat peptides of the study in water (a)
and in 90% TFE-water (b).

Fluorescence- and transmission electron microscopy images

Fluorescence microscopy images were recorded usangdual staining method
[LIVE/DEAD™ BacLight™ Bacterial Viability Kit, (Inutrogen)] employing SYTO 9 and
propidium iodide (PI) dyes. As seen in Figure gndicantly increased staining with Pl is
observed in cells treated with a representativeigepf the study in comparison to untreated
cells.

I: untreated II: yTatM4

Figure 5. Fluorescence micrographs &faureus. A and C are green channel (SYTO 9)-; B
and D are red channel (PI)- images captured foreated cells (I) and cells treated with
yTatM4 (1) under 60X magnification respectively.gbe bar = 50 .

Representative Tat-peptides that displayed relgtivegher antibacterial activity were
studied by TEM to examine their effect on the baateell walls. Specifically, the effect of
the peptideg/TatM4 andyTatlC were studied on cells & aureus andE. coli as Gram-
positive and Gram-negative bacteria respectivety ae depicted in Figures 6 and 7 and on
Mtb (Figure 8). Extensive damage to the bacter@amiranes was observed.

S. aureus untreated S. aureus +yTatM4  S. aureus + yTat1C

Figure 6. TEM images ofS. aureus untreated and after treatment with representaigatides
of the study. Scale bar: upper panel = 200 nm; t@aeel = 100 nm.



E.Coli untreated E.Coli + yTatM4 E.Coli+ yTat1C
~— -

02m 02 pum
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Figure 7. TEM images oE. coli untreated and after treatment with representgigides of
the study. Scale bar: upper panel = 200 nm; loweep= 100 nm.

untreated M.tb. active yTatM4+active M.tb. yTatM4+dormant M.th.

L.t

P

Figure 8. TEM images ofM. tuberculosis untreated and after treatment wifhatM4, a
representative peptide of the study. Scale bareupanel = 0.5(; lower panel = 50 nm.

Cytotoxicity studies

The cytotoxicity of the Tat peptides of the study mammalian cells was estimated by the
standard MTT cell viability assay. HelLa cells wéreated with the peptides of the study at
varying concentrations for 24 h and the cell igbwas estimated. The results are depicted
in Figure 9. As seen in the plot, the peptidesh&f $tudy show very low cytotoxicity to

mammalian cells. The cell viability 880 % for almost all the peptides even at the higher

concentrations studied. The cytotoxicity of the tpgs was also evaluated in HCT 116 and
HUVEC cells (SI).
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Figure 9. MTT cell viability assay upon treatment with Tafppees of the study with HelLa
cells.

The hemolytic activity of a representative Tat j[pdptanalogue,yTatM4, in comparison to

the ctrlTat peptide, was measured as an indicabbits effect on the mammalian cell
membrane. Thisn vitro assay is an indicator of red blood cell lysis an@luates the

hemoglobin released in the plasma spectrophotoraéiriat 540 nm, after exposure to the
test peptides. An increase in absorbance at thiselemagth, is therefore, indicative of
increased hemolysis and toxicity. Th&atM4 peptide showed lower hemolytic activity
compared to ctrlTat peptide (Figure 10). Treatmefith Triton X-100 and phosphate
buffered saline were used as positive and negatwérols respectively. The results are in
agreement with the cytotoxicity data obtained yNhT T assay (Figure 9).

120
X 100 B ctrlTat ¥ yTatM4
~ *Triton X-100
L2 80 | -PBS
2
TEJ 60
:?:J 40

20

o HE He Ba Hs

1 10 20 40
Concentration / uyM

Figure 10. Hemolytic activity of representative peptides.
Stability to enzymatic hydrolysis

The stability of the Tat peptides of the study yadolytic digestion by enzymes was studied
by treating the peptides with trypsin, a commelgialailable protease, and estimating the
percent intact peptide remaining over time by HPar@alysis. The results of such a study
with yTatM4 as a representative example, in comparisting@ontrol Tat peptide (ctrlTat) is
shown in Figure 11. It is evident that the introtlie of the arginine surrogatewithin the
Tat peptide sequence conferred the derived peptithesignificant resistance to digestion by
trypsin. In particular, théy, of yTatM4 was found to be 16 h in comparison to 4 htifar
ctriTat peptide. After 24 h, 30% of th@atM4 peptide still remained intact, while only 4%
the ctrlTat peptide was found to be intact at #n@e time point. The fragments obtained after
digestion with trypsin were analysed by MALDI-TOFe results are tabulated in the Sl. In
the case of the ctriTat peptide, cleavage was wvbdeat the C-terminal sites of most of the
lysine and arginine residues. Five fragments, iitaxh to the intact peptide were observed
for the ctrlTat peptide even after 0.5 h, while tfi@tM4 peptide was completely intact at
this time, with no observed fragmentation. The roolar ion of the intacyTatM4 peptide
was observed even after 24 h, and cleavage wasveldst® occur only at the C-termini of
the K1 and R2 residues, while the other cleavatgs svere blocked by the presence of the
arginine analogues of the study. On the other h#m& molecular ion peak of the ctriTat



peptide was completely absent after only 8 h. Expow$o the enzymes chymotrypsin and
pepsin also confirmed the superior stabilityyd&tM4 to proteolytic digestion in comparison
to ctrlTat (SI).

=+—CtriTat -y Tat4

Intact peptide /%

0 0.5 1 2 4 8 12 24
Time /h

Figure 11. Stability of theyTatM4 and ctriTat peptides to proteolytic digestmntrypsin.

Discussion

Gram-positive and Gram-negative bacteria diffethm structure and composition of their cell
walls, which could lead to differential interactgoon their surface. However, both types of
bacterial cell surfaces are negatively charged. idgative charge in Gram-positive bacteria
is mainly due to the techoic acid polymeric chamisich bear anionic phosphates in the
glycerolphosphate units, while in Gram-negative téaa, this comes mainly from the
phosphates and carboxylates of sugar acids. Thealbweegative charge makes them
amenable to interaction with positively chargedatigs, such as the Tat-peptides of the
present study. The antibacterial effect of dipepeptides of the study is far superior to that of
the alla-peptides. Among all the peptides, tfieEatM4 peptide displayed the best activity.
The MIC values of thgTatM4 peptide (0.61 to 1.35 uM) are in the rangevan better than
those of some of the most effective antibioticg,,eampicillin and kanamycin, currently used
against the tested bacteria. This activity is agmificantly more than reported for some
natural antimicrobial peptides such as indolicidiefensin, mellitin and magainin, against
some of the tested bacteffaThe a,y-peptides were also more active than thexghleptides
against Mtb. It is indeed noteworthy that while ttentrol Tat peptide showed insignificant
activity against active and dormant forms of Mthd MDR-Mtb (MIC> 150 uM), all the
peptides of the study were active to different etdeAlthough the MIC values for the Tat
peptides of the study were not as low as for rifi@mpagainst Mtb, it is noteworthy that
many of the peptides are active against both, @and dormant forms of MDR-Mtb. It may
be pointed out that most of the currently used slragainst Mtb, including rifampicin, act
less effectively against the dormant forms. Impuiia the peptides reported herein act to a
greater extent against MDR-Mtb than against MtbeliitsThis is a particularly significant
finding, since the treatment of MDR-Mib known to be increasingly challenging.

The observed antimicrobial properties of the Taitioe analogues of this study could be a
consequence of their increased amphipathic charaeased by the inclusion of the non-



natural amino acid surrogates. The increased hytapity in comparison to ctrlTat could
partly contribute to the cell membrane disruptio &ence antimicrobial propertféof the
Tat peptide analogues described herein. The presgnihe guanidine group rather than the
amino group was also shown to be favourable foreseed activity. The ability of the
guanidine group to partake in bidentate hydrogemdbgy makes oligomers bearing this
function more potent than those bearing simple amiithus, the peptiddatM4 was more
active than the peptiddatM4wg. The highest activity was observed for yatM4 peptide
that bears four units of theamino acidr, while the peptides with fewerunits or bearing
the a-amino acid,PY, displayed lower antimicrobial activity. In genkréhe non-natural
amino acidr, presenting the guanidino group on a relativedxiftle alkyl spacer had a more
positive effect on the antimicrobial propertiestioé¢ resulting peptide, rather than the amino
acid P, where the guanidino group is attached directlthtopyrrolidine ring in a more rigid
disposition. The flexibility associated with thekyl spacer could be the reason for more
favourable interactions of the guanidines with ¢b# membrane in the derivedy-peptides,
thus leading to their enhanced activity. The potantimicrobial activity of Tat-derived
AMPs indicated that they have potential to be uakxhe for the treatment of infections
caused by both Gram-positive and Gram-negativeebactAlthough the use of a single agent
to treat infections is the most commonly used peactombination treatment can potentially
eliminate drug resistant strains, delay the evolubf drug resistance and reduce the size of
the dose, which can circumvent the side-effects.

The Tajk7.sgpeptide is reported to display a CD signature consuete with a random coil
structure, even in the presence of TFE while the longer Tat.7»peptide was reported to
display a significant increase in the alpha-helmattent in 80% TFE® The ctrlTat peptide
in our study displayed a random coil structure mter, as reported earli&but showed a
significant change towards thehelical structure in the presence of TFE. The Qiss
suggest a possible correlation between the secprstaucture of the peptides and their
antimicrobial activity. Further, our studies indieathat the peptides that lack a defined
secondary structure as seen tepeptides, even in presence of the secondary steict
inducing solvent, trifluoroethanol (TFE), are moedfective antibacterial agents in
comparison to those that show a signature simdathat of ana-helix in the case of-
peptides, in presence of TFE. Thus, our findingggsst that though the structure of the Tat
peptide analogues does seem to play a role inidgcideir antibacterial activity, the helical
component in the structure may not be as imporgnipreviously suggested in several
literature report§®® A helical predisposition may prove beneficial imnts of antimicrobial
activity in the case of some peptides, but is moabsolute requirement, and potent activity
may still be achieved with peptides that are ndichly predisposed.

Of the two dyes used in the fluorescence microsspgties, SYTO 9 can penetrate the cell
membrane and bind strongly to DNA,; it can be ugedtain both live and dead cells. When
bound to double-stranded DNA, its green fluoreseeamission at 503 nm is enhanced
(excitation maximum = 483 nm). PI, on the otherdjails membrane impermeant and is
generally excluded from viable cells. It is therefocommonly used to identify dead cells
(where the cells are ruptured, with a release @f ithitracellular constituents into the



extracellular space) in a mixed population of dead viable cells. When intercalated in
nucleic acids, its emission maximum is at 617 nmcitation at 535 nm). The relatively
higher level of Pl-staining in relation to SYTO &ising in the case of thelatM4 peptide
analogue (Figure 5) is therefore, indicative ofirtheigher ability to disrupt bacterial
membranes in comparison to untreated. The TEM isé@iggures 6 and 7) clearly illustrate
the extensive damage that is caused to the bdatetlawalls, as previously suggested by
studies with model membran&sypon treatment with the Tat-peptides of the stiryther,
the disruptive effects of the peptides are seeaaffert both, Gram-positive as well as Gram-
negative bacteria, with similar efficacy. The peatien of the cell wall can be seen in several
cases in the form of pores or holes, causing thkalge of intracellular contents and leading
to the formation of empty or dead cells. A similivastating effect was observed with Mtb,
when both active and dormant forms were signifigafdund to be affected (Figure 8),
leading to permeation of the cell membranes aridieath.

The cytotoxicity of the Tat peptides of the studyrmammalian cells (HeLa) was estimated
by the MTT cell viability assay. It is a colorimetiassay that is based on the reduction of the
tetrazolium dye, 3-(4,5-dimethylthiazol-2-yl)-2,%ptenyltetrazolium bromide to a purple
formazan derivative, that is achieved by enzymesegnt in viable cells. A decreased colour
intensity is therefore indicative of low cell vidiby as a result of increased cytotoxicity. The
peptides of the study showed low cytotoxic effegtgh viability = 70-80 % at elevated
concentrations (Figure 9). The low cytotoxic effects also estimated and confirmed by the
hemolysis assay, when th&atM4 peptide showed lower hemolytic activity thtaie ctriTat
peptide (Figure 10). The difference in deleterieffects observed with bacteria/ IWis-a-

vis mammalian cells could be attributed to the diffieein composition of the bacterial and
mammalian cell membranes, which may be expectadlteence the interaction properties of
the peptides with the respective membranes.

A major limitation of antimicrobial peptides is thénactivation by proteases. Poor protease
stability severely limits the clinical use of potitly therapeutic peptides. The Tat-peptide
contains multiple arginine and lysine residues,clvhgonstitute the proteolytic sites (at their
C-termini) of the enzyme trypsffi,thus making it an ideal enzyme for a study of their
protease resistance. The non-natural amino acits insthe present work confer the derived
peptide with improved protease resistance proggritiereasing their application potential in
biological systems, by increasing their half-lifigrsficantly. MALDI-TOF analysis of the
fragments obtained after trypsin digestion reaffidithe protective effect the amino acid
surrogates.

Conclusions

The Tat peptide has been reported to have somferagai activity against human pathogenic
fungi’?® but so far, there are only few reports concerrilsgantibacterial effects and no
reports of its anti-TB effects, this being theftfifsurther, in contrast to the antifungal effect,
where no disruption of fungal membranes was obseramd the antifungal effect was found
to be due to the arrest of the G1 phase of thealuogll cycle after penetration into the



nucleus?® the antibacterial and anti-TB effects were foundé due to the interaction with
and disruption of microbial membranes, leadingeth lysis and death, as earlier reportéd
Both electrostatic as well as hydrophobic inteadiare possibly involved in bringing about
this effect. The detailed mechanism of action agjdiftb is not known as yet. From our TEM
results, the anti-TB effect appears to be by mendrdisruption, as with Gram-positive and
Gram-negative bacteria. The applicability of thetmies reported herein could be enhanced,
perhaps synergistically, by combination with knowantimicrobial agents such as
antibiotics™ This possibility is actively being pursued in daiporatory.

On the whole, the Tat peptide analogues reporteeirhare shown to posses good activity
against Gram-positive and Gram-negative bactembadso Mtb The fact that they are active
particularly against the dormant forms of Mtb, kiddaion to the active form, makes them

promising for further study and development. Theiv potential for resistance development
combined with their higher bio-stability, owing the presence of non-natural amino acids,
further adds to their potential towards therapy.

Experimental Section

General Information

All the reagents used were obtained commercially aere of> 95 % purity and used
without further purification. DMF, CkCl,, pyridine were dried over,Bs, CaH, KOH
respectively. DMF, CKCIl, were stored by adding A molecular sieves and pyridine by
adding KOH. Column chromatography was performed gorification of compounds on
silica gel (100- 200 mesh or 60-120 mesh, Merck)C3 were performed on pre-coated with
silica gel 60 F254 (Merck) aluminium sheets. TLGCsrevperformed using petroleum ether-
ethyl acetate and ethyl acetate-methanol solvestesys. TLCs were visualised after
spraying with ninhydrin reagent and heatifig. and**C NMR spectra were recorded on a
Bruker AV 200 or AV 400 or AV 500 spectrometerédittwith an Aspect 3000 computer and
all the chemical shifts (ppm) are referred to ingérTMS, chloroformd for *H and/or*c
NMR. *H NMR data are reported in the order of chemicét,stnultiplicity (s, singlet; d,
doublet; t, triplet; g, quartet; br, broad; br spdd singlet; m, multiplet and/ or multiple
resonance), number of protons. HRMS mass spectaneeorded on a Thermo Scientific Q-
Exactive, Accela 1250 pump MALDI-TOF spectra wet#ained from a Voyager-De-STR
(Applied Biosystems) and CHCAu{Cyano-4- hydroxycinnamic acid) matrix was used to
analyze MALDI-TOF samples. All final compounds aaligomers were> 95% pure, as
determined by'H NMR, *C NMR, HRMS, HPLC and/or MALDI-TOF analysis, as
applicable. UV absorbance was performed on a V&ey 300 UV-VIS spectrophotometer.

Experimental proceduresand spectral data

(2S,4R)-methyl-1-(3-(tert-butyloxycar bonyl-amino)propyl)-4-hydr oxypyr rolidine-2-car boxylate
(2)

To a 250 mL round bottom flask containitrgins-4-hyroxy-L-proline methyl estet (5 g,
34.5 mmol) dissolved in dry DMF (15 mL), triethylara (14.4 mL, 103.0 mmol) and



catalytic amount of DMAP were added. The abovetreaanixture was stirred for 30 min at
room temperature and 2-((Boc)amino)propyl methaf@sate (13.1 g, 51.5 mmol) dissolved
in dry DMF was added drop-wise. The reaction waadgat 70 °C for 10 h and monitored
by TLC. The solvent was evaporat@d/acuo and the crude reaction mixture was taken up in
ethyl acetate and water. The layers were separatetlthe aqueous phase extracted with
ethyl acetate. The combined organic extracts wexghed with brine, dried over p&0, and
evaporated under vacuum. The crude product wasfigauriby silica gel column
chromatography using a gradient of ethyl acetajgeinoleum ether to give title compougd
as a pale yellow gummy liquid (6.4 g, 62%)]%5 -143.72 ¢ 0.1, CHC}). *H NMR (200
MHz, CDCk) o: 5.38 (br s, 1H), 4.45 (m, 1H), 3.72 (s, 3H),8(b, 1H), 3.36 (m, 1H), 3.19
(m, 2H), 2.73 (m, 2H), 2.56 (m, 2H), 2.14 (m, 28#)63 (M, 2H), 1.44 (s, 9H}*C NMR (50
MHz, CDCk) 6: 174.4, 156.3, 77.1, 70.0, 64.4, 60.9, 51.8, 38835, 28.4, 28.0°C DEPT
(50 MHz, CDC}) o: 70.0, 64.4, 60.9, 51.9, 51.8, 39.3, 38.5, 288102HRMS (ESI):nvVz
calculated for g4H2eN2Os: 302.1842, Observed [MH]: 303.1915, [M+Na]: 325.1713.

(25,45)-methyl-4-azido-1-(3-(tert-butyloxycar bonyl amino)propyl)pyrrolidine-2-car boxylate (3)

Dry triethylamine (10 mL) was added to a solutidrcompound2 (5 g, 16.5 mmol) in dry
CH.Cl,. The reaction mixture was stirred for 30 min, mesdyoride (3.8 mL, 49.6 mmol)
was added drop-wise by syringe and stirring coeghéor another 30 min at 0-&. The
reaction was monitored by TLC. Upon completion, esscof CHCI, and water (100 mL)
were added. The layers were separated, and thewaspbase was extracted with £ (3

x 100 mL). The combined organic extracts were waskih brine (100 mL), dried over
NaSO, The solvents were evaporatedvacuo and the mesylate obtained was used in the
further reaction. The mesyl compound was dissolaetty DMF (10 mL) and sodium azide
(2.56 g, 39.5mmol) was added portion-wise at roemperature with constant stirring. The
reaction was heated at 65 °C for the next 6 h aoditored by TLC. Upon completion of
reaction, solvent was evaporatedvacuo, followed by addition of ethyl acetate and water.
The layers were separated, and the aqueous phasextracted with ethyl acetate. The
combined organic extracts were washed with brimeddover NaSO, and evaporated. The
crude residue was purified by silica gel column ofatography using a gradient of ethyl
acetate in petroleum ether to give the title conmpididias a pale yellow solid (1.72 g, 67%).
[a]*% -137.92 € 0.1, CHC}). *H NMR (200 MHz, CDCY) 6: 5.47 (br s, 1H, NH), 3.96 (m,
1H), 3.77 (s, 3H), 3.25 (m, 4H), 2.88 (m, 1H), 2(68 3H), 2.15 (m, 1H), 1.44 (s, 9HJC
NMR (50 MHz, CDC}) &: 173.3, 156.2, 78.6, 64.8, 58.7, 58.0, 52.1, 53875, 35.4, 28.4,
27.8.%%C DEPT (50 MHz, CDG) &: 64.8, 58.7, 58.0, 52.1, 51.7, 38.4, 35.4, 28472
HRMS (ESI): m/z calculated for 1GH»sNsO4: 327.1907; observed [MH]: 328.1977;
[M*+Na]: 342.2131.

(2S,4R)-4-((((9H-fluoren-9 yl)methoxy)car bonyl)amino)-1-(3-(tert-butyloxycar bonyl
amino)propyl)pyrrolidine-2-carboxylic acid (X)

To a solution of azido compourd(1.5 g, 4.58 mmol) dissolved in dry MeOH (25 m1)%
palladium on charcoal (300 mg, 20% w/w) was added the resulting reaction mixture
stirred under hydrogen gas at 50 psi for 3 h aedréaction was monitored by TLC. After



completion of reaction, it was filtered throughitelnd water:methanol (1:1, 10 mL) were
added. 2N LiOH (15 mL) was further added and thactien was stirred for 30 min.
Methanol was evaporated under reduced pressurghendesulting reaction mixture was
neutralised with dil. HCI. The solvents were evaped and the residue was suspended in
methanol and filtered. The supernatant was evagamtvacuo and dried in a desiccator to
give the corresponding amino acid. To a solutiontted amino acid, dissolved in 1, 4-
dioxane:water (1:1, 5 ml), NaHG@3.0 g, 36 mmol ) was added to maintain an alleafiAl.
The resulting reaction mixture was stirred at raemperature for 30 min and Fmoc-Cl (2.69
g, 10.4 mmol) was added slowly. Stirring was furttmntinued overnight at room
temperature. The reaction was monitored by TLC.rUpampletion of reaction, the reaction
mixture was made slightly acidic by addition of DewH' resin, which was subsequently
filtered off. The dioxane was removed under vacwamd the crude compound extracted in
ethyl acetate. The combined organic extracts wexghed with brine and dried over sodium
sulfate and evaporateoh vacuo. The crude product was purified by silica gel calum
chromatography to give the title compouXd(1.02 gm, 58 %) as a solid yellowish foam.
[0]*% -27.36 € 0.1, CHC}). *H NMR (200 MHz, CDCJ) &: 7.75 (m, 2H), 7.57 (m, 2H), 7.34
(m, 4H), 4.61 (m, 1H), 4.38 (m, 2H), 4.21 (m, 2B)77 (m, 1H), 3.13 (m, 3H), 2.80 (m, 1H),
2.53 (m, 2H), 2.33 (m, 1H), 2.00 (m, 2H), 1.46 &4.(s, 9H)*C NMR (50 MHz, CDC})) &:
174.3. 155.9, 144.0, 141.3, 127.1, 120.0, 79.06,684.4, 52.2, 47.3, 36.8, 28 C DEPT
(50 MHz, CDC}) &: 127.0, 124.7, 119.9, 66.6, 64.4, 52.2, 47.2, 38884. HRMS (ESI): m/z
calculated for GgH3sN30s: 509.2526; observed: [MH] 510.2596, [M+Na] 532.2411.

(2S,4R)-methyl-1-(tert-butyloxycar bonyl)-4-hydroxypyr rolidine-2-car boxylate (4)

To a solution oftrans-4-hyroxy-L-proline methyl estet (10 g, 68.9 mmol) dissolved in
dioxane:water (1:1, 25 ml), sodium hydroxide (82&06.7 mmol) was added. The reaction
mixture was stirred for 30 min at room temperatdioipwed by drop-wise addition of di-
tert-butyl dicarbonate (19.54 g, 89.5 mmol) dissolveddioxane:water (1:1). The reaction
was further stirred at RT for 4 h and monitoredThyC. Upon completion of reaction, the
dioxane was removed under vacuum and ethyl acetsdeadded. The layers were separated,
and the aqueous phase was extracted with ethydtacdthe combined organic extracts were
washed with brine and dried over 48&,. The solvent was evaporated and the crude residue
was purified by silca gel column chromatography ite ghe title compoundl as a white
crystalline solid (14.2 g, 84%)aF% = -134.30 ¢ 0.080, CHGJ). 'H NMR (200 MHz,
CDCl) 8: 4.43 (m,1H), 4.36 (m,1H), 3.70 (s,3H), 3.56 {d; 3.4 Hz,1H), 3.52 (dJ = 11.6
Hz,1H), 2.25 (m, 1H), 2.01 (m,1H), 1.42 (s, maj&r)1.37 (s, minor), 9HC NMR (50
MHz, CDCh) &: 173.7, 154.0, 80.4, 69.1, 57.9, 54.6, 52.0, 39802.°C DEPT (50 MHz,
CDCl) &: 69.1, 57.9, 54.6, 52.0, 39.0, 28.2. HRMS (ESI)z ralculated for GH1oNOs:
245.1263; Observed: [MNa] 268.1151.

(2S,4S)-methyl-1-(tert-butyloxycar bonyl)-4-azidopyr rolidine-2-car boxylate (5)

Dry triethylamine (6 mL) was added to a solutioncompound4 (3.0 g, 12.2 mmol) in dry
CH.Cl,. The reaction mixture was stirred for 30 min andsgi chloride (1.42 mL, 18.4
mmol) was added drop-wise and stirring continuedafemther 30 min at 0-&. The reaction



was monitored by TLC. Upon completion of reactiercess ChLCl, and water (100 mL)
were added. The layers were separated, and thewaspbase was extracted with £ (3

x 100 mL). The combined organic extracts were waskih brine (100 mL), dried over
NaSO, The solvents were evaporatedvacuo and the mesylate obtained was used in the
further reaction. To a flask containing the mesyhpound dissolved in dry DMF, was added
sodium azide (2 g, 6.19 mmol) portion-wise at rommperature with constant stirring. The
reaction was heated at 65 °C for 10 h, and mordtbse TLC. Upon completion of reaction,
the solvent was evaporatéa vacuo and ethyl acetate and water were added to théuesi
The layers were separated, and the aqueous phastusilzer extracted with ethyl acetate.
The combined organic extracts were washed withebaimd dried over N&QO,. The solvent
was evaporated under vacuum and the crude prodast purified by silica gel column
chromatography to give the title compouiids a thick gummy liquid (1.12 g, 67%¥{% -
71.13 € 0.065, CHCY). *H NMR (200 MHz, CDCJ) ¢: 4.41 (min) & 4.31 (maj) (m, 1H),
4.15 (m, 1H), 3.73 (s, 3H), 3.66 @@= 4.0 Hz, 1H), 3.46 (dJ = 4.0 Hz, 1H), 2.44 (m, 1H),
2.16 (dd,J = 1.0 & 4.0 Hz,1H), 1.45 (min) & 1.39 (maj) (s, HIC NMR (50 MHz, CDC}))

5 172.2, 153.0, 80.5, 59.2, 52.2, 51.2, 35.0, 28@. DEPT (50 MHz, CDG) §: 59.2,
57.6,52.2, 51.2, 35.9,28.1. HRMS (ESIyz calculated for GHigN4Os: 270.1328;
Observed: [M+Na] 293.1214.

(25,49)-4-((((9H-fluor en-9 yl)methoxy)car bonyl)amino)-1-(tert-butoxycar bonyl)pyrrolidine-2-
carboxylic acid (2)

To a solution of azido compourd(1.5 g, 5.5 mmol) dissolved in dry MeOH (25 mLp%
palladium on charcoal (300 mg, 20% w/w) was addeel resulting reaction mixture stirred
under hydrogen gas at 50 psi for 3 h and the m@acitvas monitored by TLC. After
completion of reaction, it was filtered trough teland water and methanol (1:1, 10 mL)
were added. 2 N LiOH (15 mL) was further addedhi® teaction mixture and stirred for 30
min. Methanol was evaporated under reduced presande the resulting mixture was
neutralised with dil. HCIl. Solvents were evaporatal the residue was suspended in
methanol and filtered. The supernatant collected eaaporatedn vacuo to obtain the
corresponding amino acid. The amino acid obtained wdissolved in 1, 4-dioxane:water
(2:1), and NaHC®(3.6 g, 43.4 mmol) was added to ensure an alkadieThe resulting
reaction mixture was stirred at room temperature8@bmin and Fmo€I (1.33 g, 5.1 mmol)
was added in portions. The reaction mixture wasestiovernight at room temperature and
monitored by TLC. Upon completion of reaction, teaction mixture was slightly acidified
by addition of Dowex Hresin and the resin was subsequently filtered it dioxane was
evaporated under vacuum and ethyl acetate was adtledproduct was extracted in ethyl
acetate. The organic extracts were washed withelaimd dried over sodium sulfate. The
solvents were evaporatéavacuo and the product was washed repeatedly by petrottber
and diethyl ether to give title compou#d(1.13 g, 58%) as a solid yellowish foara]*fs -
69.60 € 0.050, CHCJ). *H NMR (200 MHz, CDCY) §: 7.74 (m, 2H), 7.57 (m, 2H), 7.40 (m,
4H), 5.80 (m, 1H), 4.49 (m, 2H), 4.34 (m, 3H), 4@0, 1H), 3.53 (m, 2H), 2.38 (m, 1H),
1.50 & 1.44 (s, 9H)"*C NMR (50 MHz, CDGCJ) J: 174.5. 156.7, 156.0, 143.8, 142.6, 141.3,
127.8, 120.0, 82.4, 67.1, 58.4, 47.1, 28% DEPT (50 MHz, CDG) 4: 125.8, 125.2,



122.3, 118.1, 65.2, 56.5, 51.8, 45.2, 31.7, 26RMS (ESI):m/z calculated for @sH2gN2Oe:
452.1947; Observed: [MNa] 475.1832.

Solid phase peptide synthesis of Tat analogues

All the peptides were synthesized using standard- Bo Fmoc- chemistry protocol and
MBHA (4-methyl-benzhydrylamine) resin as the sdigport (SI). Synthesis was carried out
on 50umol scale manually. Removal of the Fmoc-or Boc-grawas carried out using 20%
piperidine in DMF or 50% TFA in C¥Cl, respectively. Boc-removal was followed by
neutralization using 5% DIPEA in DCM. Further caangl reactions were performed by use
of three equivalents each of monomeric amino adglU, HOBt and DIPEA in DMF for 6

h. Successive deprotection, coupling and washiegsstvere carried out as iterative cycles
until the desired length of peptide was synthesiZdx N-terminal Fmoc- or Boc-protecting
groups in the completely synthesized peptides Weatly cleaved using piperidine/ DMF or
TFA/CH,CI, respectively as described above, and the resudtimmes capped as acetates
using acetic anhydride in 50% pyridine/ DCM. Alketldeprotection and coupling reactions
were monitored by the Kaiser test. Guanidinylatocdrpendant amines on solid phase was
performed by using 10 equivalents oHipyrazole-1-carboxamidine hydrochloride reagent
and 10 equivalents (corresponding to each aminopgrDIPEA in DMF overnight.

Cleavage and purification of resin bound peptide

After synthesis of the desired peptide sequenbey, were cleaved from the solid support by
TFA-TFMSA cleavage protocol. In detail, 5 mg of dugptide-bound resin was taken in a
glass sample vial. Thioanisole (D) and 1, 2-dithian (4L) were added to it. After 5 min, to
the ice-cooled sample vial, 8@ of TFA was added. After another 10 minuB of TFMSA
was added with slow shaking and the resultant i@achixture was kept for the next 2 h to
ensure removal of all the side chain protectingugsoand complete detachment of the
peptide from the resin support. After 2 h, thedeal resin was filtered off through a sintered
funnel and washed with neat TFA. The filtrate weasporated on a rotary evaporator and
cold diethylether was added. The resulting preaipitvas then separated by centrifugation
and water was added. This crude peptide was fupilndied by RP-HPLC on a C-18 column
using an increasing gradient of acetonitrile inavatontaining 0.1 % TFA. The peptides were
re-confirmed to be 95 % pure by analytical HPLC and MALDI-TOF anatysi

Anti-bacterial activity

All bacterial cultures were first grown in LB medi& 37C at 180 rpm. Once the culture
reached an absorbance of 1 OD, as measured ant20was used for anti-bacterial assays.
Bacterial strainsE. coli (NCIM 2688), P. aeruginosa (NCIM 2036), Enterobacter spp.
(NCIM 5392) as Gram-negative aml subtilis (NCIM 2079),S. aureus (NCIM 2010),S
epiderimidis (NCIM 5270) as Gram-positive were obtained fromIMGCSIR-NCL, Pune)
and were grown in Luria Bertani medium (Himediai&). 0.1 % of 1 OD culture at 600 nm
was used for screening. 0.1 % inoculated culture added into each well of the 96-well
plate containing the compounds to be tested. Qpieasity for each plate was measured at
620 nm after 8 h for Gram-negative bacteria aner df2 h for Gram-positive bacteria.



Anti-TB assay

All the synthetic peptides were screened for theivitro activity againstM. tuberculosis
H37Ra (Mtb) (ATCC 25177) and multidrug resistduht tuberculosis H37Ra (MDR-Mtb).
MICs were determined in both these strains by uiegstandard XTT Reduction Menadione
Assay (XRMA) protocol previously described by Sirej al.*? Briefly, 2.5ul aliquots of 2-
fold serially diluted peptides were mixed in 24l%f Mtb/MDR Mtb inoculated cultures (~
5 x 1@ cells/ml) in 96-well plates and sealed with platalsr (Nunc Inc.). After incubation at
37 °C, the XTT menadione assay was performed aftery8 éar detection of active stage
inhibitors and 12 days for detection of dormangstahibitors respectively, by removing the
plate sealer. Absorbance was measured at 470 nrpeandntage inhibition was calculated
using the formula: % inhibition = [(Control — Test)(Control — Blank)] x 100 , where
‘Control’ is the absorbance in the absence of adaedpounds, ‘Test’ is the absorbance in
the presence of compounds and ‘Blank’ is the alasud of the culture medium without
mycobacteria.

CD analysis

The secondary structures of the peptides in difteeavironments were measured using a J-
815 spectropolarimeter (Jasco, Japan). The speetra recorded at a scan speed of 100
nm/min at wavelengths ranging from 190 to 300 nm water and 90 % TFE (Sigma). An
average of three scans was collected for eachdeepthe final concentration of the peptides
was 500uM. The acquired CD signal spectra were convertegtieganolar ellipticity using the
equation: §]= (6 x 1000)/(c x 1), wheref] is the molar ellipticity (deg.chrdmol™®), 6 is the
observed ellipticity corrected for the buffer agi@en wavelength (mdeg), c is the peptide
concentration (M), | is the path length (cm).

Fluorescence microscopy images

S aureus was allowed to grow to the mid-log phase and theabated with the peptides (10
ug/mL) at 37 °C for 4 h. The solution was centrifdgeg 1000 g for 10 min. The supernatant
was removed and the bacterial pellets were wash#dd MBS three to four times. PI (5
ug/mL) was added and incubated for 15 min in thé&.dBxcess dye was removed by PBS
washes (x3). Next, the cells were incubated witif &Y (10ug/mL in water) for 15 min in
the dark at and excess dye was removed, followeBBfy washes (x3). The bacteria were
then examined under oil-immersion objective (60 Xpy using the
Invitrogen™ EVOS™ FL Cell Imaging Microscope.

Transmission Electron Microscopy images

E. coli and S aureus were cultured to mid-log phase. The cells werevésted by
centrifugation at 1,000 x g for 10 min, washedd@nvith 10 mM PBS and re-suspended to
an ODyoonmOf 0.2. The cell suspension was incubated at 37otfG0 min with different
peptides at their MIC. Following the incubatione ttells were centrifuged and washed with
PBS 3 times at 5,000 g for 5 min. Microbial celliges were then fixed overnight with 2.5 %
(v/v) glutaraldehyde in PBS at 4 °C and washeddwuith PBS. After pre-fixation with 2.5



% glutaraldehyde overnight, the cell pellets welgsked 3 times with PBS and post-fixed
with 2 % osmium tetroxide in PBS for 70 min. Thengdes were washed twice with PBS,
followed by dehydration for 9 min in a graded etblaseries (50%, 70%, 90% and 100%),
and incubated for 10 min each in 100% ethanol,»dure (1:1) of 100% ethanol and acetone,
and absolute acetone. These samples were thefetradsto a constant-temperature (37 °C)
incubator overnight. Finally, the specimens werseobed using a transmission electron
microscope.

Cytotoxicity studies: MTT cell viability and hemolysis assays

The cytotoxicity of peptides against cells was dateed by the MTT cell viability assay. All
cells were plated overnight in 96-well plates ateasity of 10000 cells per well in 0.2 ml of
appropriate growth medium with 10 % FBS at 37 °@febent concentrations of peptides up
to a maximum of 5@M were incubated with the cell for 24 h, followimdnich, the peptides
were removed from the media by replacing withHregedia. Cell culture medium alone or
with cells, both without peptides, were includedesch experiment as controls. After 24 h
incubation, 10 pL of 5 mg/ml of 3-(4,5-dimethylth@-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) was added and incubated for 4 h. @osien of MTT into purple formazan
product by metabolically active cells indicates #hent of cell viability. The crystals of
formazan were dissolved with isopropanol and thiécalpdensity was measured at 570 nm
using a Spectram8%® plate reader (Molecular Devices Inc) for quandifion of cell
viability.

In the hemolysis assay, freshly drawn human readlcells (hRBCs) with additive K2
EDTA (spray-dried) were washed with PBS buffer savémes and centrifuged at 1000 g
for 10 min until a clear supernatant was obser¥é@ hRBCs were re-suspended in 1x PBS
to get a 0.5 % v/v suspension. Peptides dissolvelkiPBS were added to a sterile 96-well
plate to make up to a total volume of 75 pL in eat. Then 75 pL of 0.5 % v/iv hRBC
solution was added to make up a total volume of @l5n each well. The 0 % and 100 %
hemolysis points were determined in 1 x PBS and%.Zriton-X-100 respectively. The
plate was then incubated at &7 for 1h, followed by centrifugation at 3500 rpnt i min.
The supernatant (120 pL) was transferred to fresiiswand absorption was detected by
measuring the (optical density at 414 nm by V&ao$-lash (4.00.53) Microplate Reader.
Results were with respect to the positive Tritorl03) and negative (PBS) controls. %
hemolysis was determined by the equation: % hern®oly$AbSsampie— AbSpeg)/ (AbS:riiton —
AbSPBs) x 100.

Trypsin Digestion Assay

A reverse phase high-performance liquid chromapgnya(RP-HPLC) assay was used to
assess proteolytic susceptibility. Peptide conediotn was calculated by measuring the
absorbance at 260 nm and using the extinction ficieft exsonm= 200 M'cm* for
phenylalanine. Peptide stock solutions were preperdris-EDTA buffer. Cell culture grade
trypsin from bovine pancreas was purchased fromribe Fisher Scientific. Each
trypsinolysis experiment was carried out at a glEptoncentration of 10 mM, and run in
triplicate. Following addition of trypsin (1 pL dfX Tryple Express enzyme in 100 pL



peptide solution), aliquots of the reaction werenoged at different time intervals and
guenched by combining a 10 pL aliquot of the trgphisis mixture with 10 puL of 2 %
trifluoroacetic acid in acetonitrile. A portion (320L) of the quenched reaction mixture was
subjected to RP-HPLC and the peaks obtained weeadyzed. The extent of peptide
trypsinolysis was determined by integrating theaaséthe peak corresponding to the intact
peptide. The peaks observed in the HPLCs wereatetleand analyzed by matrix-assisted
laser desorption/ionization—time of flight (MALDIAF) to identify the peptide fragments.
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Highlights

* Non-natural lysine and arginine surrogates in T&a§4).

* Increased resistance to enzymatic proteolysis.

* Good anti-bacterial actvity-MICs between 0.61 t61uM foryTatM4.

* MICs 6.6 & 6.0 uM foryTatM4wg & aTatM3 respectively against dormavit
tuberculosis.

* Very low cytotoxic effect on mammalian cells.



