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Abstract: Numerous studies have been devoted to the stabilization of H_REICAKKCLR_NHZ
secondary structure elements to improve recegtgand recognition. 50% ACO, 5eq SAcm
We report a novel application of this principle to create new anti- 24 h, 0°Cl
microbial agents using the highly folded thionin frd?grularia pubera
as a template. Non-native disulfide bonds have been used to induce H-TWARNCYNVCRLP - NH
two short linear segments of the protein into an amphipathic helix. SJ SJ
The resulting 13- and 9-residue peptides are significantly more active | |
than their linear counterparts and have an activity similar to that of S S
native thionin. NH,-RCKKACIER-H

Stabilization of secondary structure has been widely used in Figure 1. Synthetic route to heterodimeric peptide TH(®)-
medicinal chemistry for the de novo design of peptide molecules (24~32R)- Npys-mediated formation of the first disulfide is followed
ith desired structural H d activiMaj ttenti by regioselective iodine-promoted deprotection and oxidation under
with desired structural properties and activiMajor attention 4 Conditions.
has been focused on helices as they play a crucial role in protein

folding and protein-protein interactions. In particular, confor- ~ Table 1. Synthesized Peptides

mational restriction of helical peptide ligands was successfully M+ H*> [M+H]*®
used to improve the affinity for protein receptérSeveral ap- peptide sequence caled exptl
proaches for the stabilization of helical structures using ndttiral ~ TH (7-19)(24-32R) TWF/i\Sgg:mgglmRLPJr 2697.25 ~ 2697.85
and non-natural amino acid substltuthns anq metal qomplex- TH(7—19)Abu TWARN-AbL-YNV-ADU-RLP  1558.82  1559.09
atiorf” have been reportédl® Covalent side chain cross-linking  TH(7—19)cc TWARNCYNVCRLP 1592.76  1592.79
has also been used to lock helical structures through athide, mg;lg);%% ;\é\{AAF:)NCZI'(\Q/-:bCV-ELP 11(?357713 llggggz
3 - 14 i i 5,16 — u -ADU- -ADbU- . .
hydrazqné, all hydrocarbqn“’, or disulfide bonldé.. _ TH@4—32R)CC REICAKKCR 110358 110376
In this paper we describe how potent antimicrobial drug TH(24-32r)cH REICAKK-Hcy-R 1117.60  1117.65

candidates with simple peptide structures can be evolved from™ peptides were prepared by standard Fmoc solid-phase synthesis

a complex, highly folded plant peptide by a structural minimiza-
tion and conformational constraint. Growing interest on anti-
microbial peptides (AMPSs) as potential sources of anti-infective
drug lead¥”18is driven by the fact that emergence of resistance

methods®® Disulfides were formed by air oxidation except TH{(Z9)-
(24—32R) (see text for detailsy.Average [M + H]* values for TH
(7—19)(24-32R); monoisotopic for all other peptides. For single intramo-
lecular disulfide peptides, the mass of the oxidized product is givBn.
indicates the replacement of the Asp residue at position 32 by Arg, a

for AMPs is demonstrably lower than for classical antibiotits.  mogification previously shown to expand the antimicrobial spectrum to
This is because AMP mechanisms, mostly involving membrane include Gram-negative bactefa.
perturbatiort® can only be effectively subverted by the coor-
dinated action of not a small number of mutations, an unlikely the two short helical segments (residuesl® and 24-32) that
event. The amphipathia-helix, characteristic of many mem-  make up this core are highly cationic and amphipathic in the
brane active AMP$!~23 s one of the most extensively studied native structure, the attempt to mimic them as simple linear
helical motifs, and a large number of studies were devoted to sequences produced inactive peptides devoid of structural
elucidate its role and the roles of other structural features on organization and unable to bind model membrafiegve
AMP activity 124 However, prediction of activity for de novo  hypothesized that if those linear sequences could be induced
designed sequences is not trivial, since requirements for activity into native-like helical conformation by appropriate structural
(charge, helicity, amphipathic character, etc.) are strongly and restriction, membrane binding and thus antimicrobial potency
complexly interrelated; hence, natural peptides are still consid- might be regained.
ered ideal templatesl to develop effective, noncytotoxic, and  p prerequisite for the above direction was to show that the
affordable drug candidates. double helical motif of thionin could be replicated as a functional
We recently reportéfl a structurally guided dissection of the  entity. We therefore designed a chimeric construct, the het-
antimicrobial thionin fromPyrularia pubera (PpTHF® and  erodimeric TH(7-19)(24-32R) peptide, in which the disulfide
showed that its antiparallel double helix core (residue82) bonds linking the two helical fragments in the native structure
is the key feature for antimicrobial activity. Interestingly, while \yere preserved. This TH719)(24-32R) peptide was obtained
(Figure 1) by stepwise, directed disulfide formation. In the first
step, the TH(#19)Cys12(Acm) peptide, with a free Cys
residue, reacted with the Cys-activated TH{B32R)Cys27-
(Npys)Cys31(Acm) to give the Cys16,27 disulfitfe’® The
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Table 2. Inhibition of Bacterial and Fungal Pathogen Growth by Native Thionin and Derived Peptides

ECso (uM)*
Gram-positive Gram-negative fungi
no. peptide C. michiganensis R. meliloti X. campestris B. cinerea P. cucumerina
1 native thionin 0.3G: 0.04 >20+0 3.65+ 0.58 0.32+0.19 0.364+ 0.01
2 TH32RP 0.37+0.00 0.8+ 0 0.3+ 0.00 0.80+ 0.00 0.36+ 0.00
3 TH(7-32R?)° 0.80+ 0.04 4+ 0 4.60+ 0.37 0.80+ 0.19 7.5+ 0.00
4 TH(7—19)(24-32F) 0.03+ 0.00 2.07+1.2 1.03+ 0.04 0.08+ 0.0 0.16+ 0.03
5 TH(7-19p¢ >50+ 0.00 >50+0 >504+ 0.00 5.50+ 0.00 29+ 5.72
6 TH(7—19)Abu 3.27+£1.25 >50+0 >50+ 0.00 1.60+ 0.00 3.97£0.12
7 TH(7—19)cC 0.51+ 0.12 >50+0 29.33+5.73 0.20+ 0.00 2.77£0.21
8 TH(7—19)cH 0.74£ 0.14 >50+0 18.33+ 0.47 0.19+0.01 3.50+ 0.00
9 TH (24-32R8)° 21+2.55 >50+0 >50+ 0.00 3.50+ 0.35 20+ 0.00
10 TH (24-32R)Abu 5.13+0.11 >50+0 >504+ 0.00 4.10+ 0.25 15.67+1.78
11 TH (24-32R%)cC 0.90+ 0.00 >50+0 >504+ 0.00 0.55+ 0.24 0.80+ 0.00
12 TH (24-32R)cH 0.90+ 0.00 >50+0 >50+ 0.00 0.40+ 0.07 0.78+ 0.00

aThese peptides include the Arg-for-Asp replacement at residue 32 (see Table 1, footA@gnthesis and antimicrobial activity as previously repoffed.
¢ The two native Cys residues 12 and 16 mutated to Seffective concentration for 50% of growth inhibition (mean of three experimgng&D).

second disulfide was regioselectively generated by iodine-
mediated Cys(Acm) cleavage and oxidation. Careful optimiza-
tion of reaction conditiorf§272%at this step was necessary to
minimize unexpected oxidative cleavage at the C-terminus of
Trp (see Supporting Information); the improved protocol used
15 uM peptide in 50% AcOH, with 2.5 equiv of, Iper Cys-
(Acm) group at 0°C in complete darkness. As hypothesized,
TH(7—19)(24-32R) was an active peptide with antimicrobial
potency superior to full length PpTH (Table 2, entries 1 and 4)
against representative plant pathogens. This proved that thionin
could be used as a template from which active, structurally
simplified analogues could be evolved.

Once the proof of principle was satisfactorily established, we
moved on to the design of even simpler peptides by confor-
mational restriction of the #19 or the 24-32 segments into
amphipathic helices (see Table 1 for a complete list of all
designed and synthesized peptides). Since the Cys residues in
the 7-19 and 24-32 helical regions of native PpTH are in,a Figure 2. Backbone structure of peptides TH{I9)cC (left) and
i + 4 disposition, we created internal disulfide linkages to favor TH(7—19)CC (right), both containing an internal disulfide bond, after
the helical conformation. MD simulations of the TH{I9) and 1 ns of molecular dynamics simulation. ¢ and C derntandL-Cys,
TH(24—32) thionin fragments were run for 1 ns using the _respectively. Results ShOW that the helical st_ructyre fOfIT‘H.(g)CC
MOLARIS software to assess the compatibility of the amphi- S almost preserved while that of THfA9)CC is highly distorted.

pathic helix with thd, i + 4 internal disulfide. Results showed ]

that ap-Cys-L-Cys*4 but not aL-Cyd-L-Cys*4 bridge was i 5 L "

compatible with a helical structure (Figures 2 and 3), as shown ' A WA N

earlier fori, i + 3 disulfides® o mn‘“”xu,m”w\fu‘ﬁ‘nr MMM’“W“M 11 \M
Accordingly, an.-to-p Cys mutation was included in all new 07 | !

thionin analogues. To further evaluate the contribution of the £ 05

disulfide linkage to the conformational restriction and ac- ‘é i

tivity of the cyclic peptides, analogues TH{Z9)Abu and g y

TH(24—32R)Abu (Table 1) were prepared with both Cys o

residues mutated to aminobutyric acid (Abu), an isoster of 01 —

disulfide-bridged cysteinés32 with no constraining effects. 0.3 e

Finally, to explore the effect of the Cys side chain length on 05

the disulfide-stabilized helices, two peptides with Cys-to-Hcy 0 0,2 0,4 0,6 08 1

replacement, TH(#19)cH and TH(24-32R)cH (Table 1), were tns

also made (see Supporting Information for synthesis details). Figure 3. Plot of backbone rmsd vs time for TH{7.9) based helices.

An antimicrobial assay of the peptides against a panel of Results show that TH{719)CC quickly deviates from the original
representative plant pathogens (three bacteria and two fungi,helical structure forced by the disulfide, while for TH(I9)cC the
Table 2) satisfactorily confirmed our hypothesis; i.e., all gt-r(il)éfﬁr-ecys disulfide is compatible with the preservation of the initial
disulfide-containing peptides evolved from PpTH{(I®) and '

PpTH(24-32) fragments had significant antimicrobial ac- unexpected and parallels that of native PpTH. The similarly
tivity. Thus, the conformationally constrained cyclic disulfide restricted analogue, TH(282R)cC (entry 11, Table 2), with
TH(7—19)cC (Table 2, entry 7) was equipotent to PpTH against a >80% size reduction over the parent structure, exhibited
C. michiganensisa typical Gram-positive species, and against comparable potency and spectrum. Likewise, the presence of
the fungiB. cinerea despite the drastic>(70%) reduction in an additional CHin the disulfide ring preserved the enhanced
size vs the parent PpTH. The inactivity of this peptide against activity of the two Hcy-containing analogues (entries 8 and 12,
Gram-negativéR. melilotiandX. campestrigTable 2) was not Table 2). It also induced a comparable tendency to become
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40 Supporting Information Available: Experimental details in-
— TH(7-19)Abu cluding synthesis of disulfide bond containing peptides and their

S characterization; table of purity data. This material is available free
30 :::g:gf“ of charge via the Internet at http://pubs.acs.org.
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