Discovery of peptides with selective
cytotoxicity by screening a library for
loss-of-function variants
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1. Introduction
Melittin and its toxicity

2. Screening for gain-of-function variants
. Split-pool method
Ii. High-throughput screening (Two-step assay)
lii. Further study on gain-of-function variants

3. Screening for loss-of-function variants (main paper)



1-1. Melittin

« Main component of European
Honey Bee venom

« 26 residue a-helical peptide toxin
(Only L-amino acids)

GIGAV LKVLT TGLPA LISWI KRKRQ Q-CONH,



1-2. Pore formation

Melittin
“ Self'assemblage transmem brane
m adsorption insertion

‘ ‘

cvtotoxicity

!

E

Sengupta, D. et. al. Biochim. Biophys. Acta 2008, 1778, 2308.




1-3. Melittin molecule In membrane
amphi.philic

\}
)

Melittin hydrophobic

o~helix cationic residues:

in C-terminus

N-terminus C-terminus

Lee, V. S. Y. et. al. Insect Mol. Biol. 2007, 16, 231. 5



1-4. Difficulty in detailed study and applications

®“Pore” is sensitive to various properties:
* Peptide concentration
* Lipid composition
o pH
* lonic strength
* Temperature

€ Transmembrane pore state is usually a minor component of
the total peptide population in equilibrium

major minor
Hristova, K. et. al. Biophys. J. 2001, 80, 801.



Outline

2. Screening for gain-of-function variants
. Split-Pool Method
ii. High-Throughput Screening (Two-step assay)
lii. Further study on gain-of-function variants



2-1. Strategy toward gain-of-function variants

1. Stabilization of the transmembrane pore state

P
0“ ’
’

Stabilized

. . Major?
2. Increase In the conductance of individual pores

58 ) (B

Faster?
Krauson, A. J. et. al. J. Am. Chem. Soc. 2012, 134, 12732.



2-2. Design of the melittin library

GIGAVLKVZLT, (T, ,GLP, 4AL; ¢ ISWIK, R,,K;53R,0056
v T |T K R [K — 2X2X2X3X2X3X3Xx3x3x%x2
residue G L Q 10 1O

= 7776 variants
variations A A A —

Vgand L, — G : “glycine zipper” (GXXXG)?

T,0and T;; — A or L : change in amphipathicity
and polar angle?

P, — Sor A :linear a-helix?
K,; and R,, — A or Q : increase in amphipathicity?

Ko Rop@and Qg — A, QorL:
extra helical conformation at C-terminus?

Krauson, A. J. et. al. J. Am. Chem. Soc. 2012, 134, 12732.




2-3. Split-pool method (in case of SPPS)

O_

| Split

O—AA OV—AB AC

O—BA O—BB O—BC

O—CA O—CB O—cc
Pool & Split

: Number of
lteration
seqguences
1 3t=3 One bead
X
2 32=9 One sequence
3

33 = 27 l

Analvtical method
in very small scale

(<1 nmol)

A+ ¢ is necessary
O—AAAO—ABAO—ACA O—AABé—ABBO—ACB O—AACé—ABCO—ACC
O— O— O— O— O—BBBO—BCB O—BACO— O— cc
O—CAAO—CBAO—CCA O—CABO—CBBO—CCB O—CACO—CBCO—CCC

Lam, K. S. et. al. Nature 1991, 354, 82.
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2-4. Th3* leakage

_ 1 3.
Photoluminescence

@, ™ =22%

Photoluminescence

Andres, J. et. al. Adv. Funct. Mater. 2014, 24, 5029. 11



2-5. NBD quenching

" NO,-= dithionite dithionite
(o) 0 . | | .
\ 0 u ]
‘, /P, \/\:N N - P
RJI\O/ '(\0 \\O .H \ D
R O :IIIIIINI—IIOII l"

0 Fluorescence Fore
NBD-labeled phospholipid

Na-S Fluorescence
292VY4
(dithionite)

Fluorescence

N32$204
(dithionite)

N328204
(dithionite)
. dithionite dithionite
‘" NH,
o _ iy
JL O\P,O\/\NQ
R™ 070 Ho oW ON Do
O N—O A :
R O ‘. * | Z
\n/ "ag ...i 2%, +% Te et
o Quenched °y 100%,+"  +, ca. 55% ¢

Quencheif\:‘ - Quenche

Moss, R. A.; Bhattacharya, S. J. Am. Chem. Soc. 1995, 117, 8688. 12



2-6. 2-step assay for gain-of-function variants

e
.\.,m@

96-well
Microplate

€
Added (Peptide:Lipid ~ 1:1000) °
Unilamellar vesicles ca. 0.5 nmol 96-well
(100% POPC, 1% NBD labeled) Microplate

Incubation >8 hrs
L) (equilibrium)
-------------- Measurememt of Th3* leakage (Step 1)
- Dithionite
-------------- Measurememt of NBD quenching (Step 2)

-------------- Edman degradation (Sequence determination) Quénched Step 2
for possible gain-of-function variants Fluorescence

Krauson, A. J. et. al. J. Am. Chem. Soc. 2012, 134, 12732.
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2-7. Control experiment

POPC
100 - * AlalmethicinI P:L =1:50 - Y-
:; | MW Melittin [
< gl O LL¥7 x
] ® No Peptide
& on S
E 60__ ée'? P:L Values _
< 1:50
TEI 40 . 7 1:200 -
= ] 1:500 -
3 20- / _ 1:1000 _
o - o _— w
F o0l e B™~—p.| =1:2000 -
50 60 70 80 90 100

NBD Quenching (%)

Krauson, A. J. et. al. J. Am. Chem.

Soc. 2012, 134, 12732.

In order to find gain-of-function variants,
this experiment was conducted at
P:L =1:1000 where melittin has low

activity.

— P:L =1:1000

14



2-8. HTL results

Gain-of-function variants

(ca. 0.1% of all peptides)

| | I I ' I ' I

A 4000 - 40 S . -
\ B 30 N |
100 _
20 ]
3000 N 104 AR R : i
o L - 0 20 40 60 80 100
2 high - S \
® s0q activity: A" Q 2000 ) -
@ L &
32 | \ NBD Quenching
1000- \| Tb™ Leakage |
0 \ { M
0 5 e 70 8 90 100 S L e—— h”“ —
% NBD Q hed 0 20 40 60 80 100
0 eIl Leakage/NBD Quenching (%)

Krauson, A. J. et. al. J. Am. Chem. Soc. 2012, 134, 12732. 15



des found in HTS

Ive pepti

2-9. Highly act
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2-10. Highly active peptides found in HTS
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—» almost conserved
— frequently changed
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2-11. Selected sequences for further study

Engineered sequences i
(Effects of T10 — A and K23 to A?)

Gain-of-function sequences
found in HTL -
(Effects of the C-terminal charge?)

Sequences observed in HTL
(not very strong) -
(Effects of change in V8, T10

Peptide

Sequence

Melittin

LIP|A|L

Mel-P1

Mel-P2

Mel-P3

Mel-P4

Mel-P5

Mel-P6

10
LT[ T
L T
LT
L T
L T
L T
L T

Mel-P7

Mel-P8

and C-terminal?)

Krauson, A. J. et. al. J. Am. Chem. Soc. 2012, 134, 12732.

Mel-P9




2-12. LIC,, values measured in various
lipid composition

H Vel-P1 I Mel-P2 [ Mel-P3 | _

I
12 - P-L
o I Vel-P4 [ Mel-P5 [ Mel-P6 '
g i [ IMel-P7 B Mel-P8 1 Mel-P9 | |
<102 I Velittin J1:100

& Mel-P4 and Mel-P5 exhibited high
activity in all lipid compositions.
1:250
&® Activity of other peptided varies

500 according to lipid compositions.

LIC_, (1M) for ANTS/DPX Le

11:1000

75/25 60/30/10 90/10 100 100
PC/Chol PC/PE/IPS PC/PG PC PG

Lipid composition
Krauson, A. J. et. al. J. Am. Chem. Soc. 2012, 134, 12732. 19



2-13. Membrane orientation of gain-of-function variants

. THEORY
© 80| . u
* Parallel (inactive)
E a4l
-r:, Perpendicular ) A\ :
g o — Top to Bottom @
= / 7 at 225 nm

Mel-P4

225 nm Mel-p2 | Perpendicular ‘
40- .
) EXPERIMENT Top to bottom Mel-pg | (@ctive)
' at 225 nm
S Cweres Mellittin
Ng Mel-P2 Mel-P3 '
gl Melittn Mel-P9 | Parallel
E ey Mel-P1 | (inactive)
o Mel-P1 Mel-P7
(] Mel-P7
s | Mel-P8 Mel-P8
07190 200 210 230 230 240 250 260 Perpendicular (pore)

Wavelength (nm)
Krauson, A. J. et. al. J. Am. Chem. Soc. 2012, 134, 12732. 20



2-14. Structural implification

& Helix-interrupting P14 is necessary

€ An ideal amphipathic helix is an
Important factor for gain-of-function

* The frequent change of K23 to Alanine (11 out

A

“hydrophili
anphiphilic
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Krauson, A. J. et. al. J. Am. Chem. Soc. 2012, 134, 12732.



Outline

3. Screening for loss-of-function variants (main paper)



3-1. Design of screening for loss-of-function variants

100 —

“loss-of-function” variants
-« Important in investigating selectively
toxic analogues

Study on sequences in this area is needed

% Leakage

Gain-of-
function

Loss-of-
function

% NBD Quenched

Peptide Lipid
Concentration Composition
Pepeide:Lipid 0
~ 1:1000 POPC 100%
Peptide:Lipid POPC 90%

= 1:20 POPG 10%

* Melittin: becomes active at P:L = 1:200

Krauson, A. J. et. al. J. Am. Chem. Soc. 2012, 134, 12732.
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3-2. HTL results (high peptide conc.)

High activitv~..

N
o
o

30%
|A C

100

w
o
o

200

100

% Leakage

Number of Library Members

(=

. 20 40 60 80 100
2 % NBD Quenched % Leakage

<]
(=]
©
o
-
(=]
o
o

70

L 4

Low activity . % of beads d | i i
loss-of-function Up to 1 or 2% of beads do not release sufficient peptide

(ca. 1/3 of the all sequences) and they seems to be included in loss-of-function variants.
Krauson, A. J. et. al. J. Am. Chem. Soc. 2015, 137, 16144. 24




3-3. Selected loss-of-function sequences

ol A al al o] a] [ o] of of a] a] o] o] o> 58 50
ot ol of ol af aof el o of & o o af o
<ol of of x| o of & «| 4| | <] x| o « 25 36
(ol & of of o o 8| o 4] o o x| «] o 17 7
o] | o o o | o of x| o] 4| o 4] & 8 43
Mol M| | < M| < M| ] 8] 8] <] of o « 42 43
H H H H H H H H H H H H H H

= =zl = =| =| = 2| 2| 2| 2| 2| 2| 2| =

V)] | 1] 1| 1| “”a] 2| | ) Q2 T2| A TA|

H H H H H H H H H H H H H H

Ao | al al of of of al 4| o] o] o] o ol o 25 93
« | < < 4| < € €| <] @] 4| <] <

At | W] <G A A G < A A A A T A 50 100
= al al al al al al al af al al al al -

) v v v v V] B v Vv O v v v v §

A | \1] B al a] al B Al yv| B8] a] Al =] a| 3 42 | 100
Hid | & B < < & €| B B| €] B B <] B m 50 21
1 al al al al af al al af al al al al a| 5

>lo [ B o] o] o] o] &] o] >[ o] > o] o] o Y IEEIEE
v vl | M| M| M| oM M| M| M x| x| M| xS

= Aal al al al al al al af al al al al -

= s s B Bl B B Bl B 2| B | &
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) ol of o of o] O o] of Bl O O O v

H H| Hl H| H| H| H| H| H|] H| H| H| H| H

) ol ol o] ol ol O v v o] o vl V| O

Melittin

Variations

MelP5

INIPIN  ZNIPIN

saoudanbag uondUN Jo $S0T PN

Loss of function
(this work)

Gain of function®’

Krauson, A. J. et. al. J. Am. Chem. Soc. 2015, 137, 16144.



3-4. Selected loss-of-function sequences

of A A a[ o a[ [ o] of o Al a] o o & 58 50
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Melittin

Variations

MelP5

INIPIN  ¢NIPN

s3ouanbag uondUNY Jo SSOT P3PS

Loss of function
(this work)

Gain of function?

Krauson, A. J. et. al. J. Am. Chem. Soc. 2015, 137, 16144.



3-5. Sequences used for further study

Res;d“e 12|34 /56|78 91011/120131415[1617/18[1920212223{24(25/26

Melittin |G| I [G|A[V|L|K|V|L|T|T|G[L[P|A[L|I[sw]I K[RIK[R|Q|Q

MelPs |G| 1|c|alv|LIKIVILIATIGILIP|AIL|1|sW|1 L|AlAlQQ|L| A 9&in-of-function
seguence

MeIN2 |G| 1|G|A V|L K|GIL|A|TIG|LIP AlG|I|SW|I|K|Q|lQA|qQ|L| Alessoffunction
seguence

Mel L16GG I |G A|V|L K V|L|T|T|G|L|P|A|c|1|sw|1 k|R|IK|R|Q|Q AN engineered
seguence

Krauson, A. J. et. al. J.

Am. Chem. Soc. 2015, 137, 16144.
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Fractional Leakage

3-6. Vesicle leakage from POPC vesicles

Pl 11000 .1.=1I‘.30... B
1.0100% POPC (o.g mM R |
| = Melps ¢
e Melittin
0.8- Mel N2 -
Mel L16G
0.6- |
4 %‘ J
0.4- P4
0.2- |
0.0 . / _ ,A-

Krauson, A. J. et. al. J. Am. Chem. Soc. 2015, 137, 16144.

0.1

1 10

100

Peptide Concentration (uM)

Single-residue change (L16G) caused a

/remarkable loss of function.

“Helix-breaking” glycine prevented Mel L16G

from attaining helical active conformation?

28



3-7. Anionic lipids and cationic peptides

o o

S N D I SN
0/\_/\0,P‘\0/\/N\
z (0)
/\/\/\/\:/\/\/\/\"/0 ©
POPC o]
(neutral)

0 0
/\/\/\/\/\/\/\)l\o/\:/\oz \\O/\/\OH
/\/\/\/\:/\/\/\/\nzé © OH

POPG ©

(anionic)

Sequence Charge
Mellitin +6
MelP5 +3
MelN2 +3

Mel L16G +6




3-8. Leakage from POPG vesicles

—u— MelP5
—o— Melittin
Mel N2

—0—Mel L16G 1

... Pk 11000 0 M00, 0 1410 0 T3
i [T 1 o
1.0 100% POPG 4 =1000+
| = MelP5 - :
g QO
081 © Melittin 1 o
- MelN2 g
x o Mel L16G o
o 0.6- {4 -~
=4 X 100-
] s ]
S 0.4- 1 5
E L =
g <
I 0.2 1 S
Q.
1 B 1 E. 10 -
0.0+ ] ,—.—.—.-.-.-.; E_
0.1 1 10 . 3

0‘ -
(=
o

Peptide Concentration (uM)

Highly active in POPG

Krauson, A. J. et. al. J. Am. Chem. Soc. 2015, 137, 16144.

0

I ! I ! I

40 60 80
Percent POPG in POPC

100

30



3-9. Secondary structures-1

60 ] | . l . l . ] . |
1 Buffer only
50+ A MelP5 )
40 - Melittin -
1 MelN2 1
30- Mel L16G |

N
o

-
o
1 I L

3 o
§

Ellipticity © (deg dmol” cm® x 10°)

W N
o O
!
|

190 200 210 220 230 240 250
Wavelength (nm)

60 ' ! T Y R E
50 + POPC vesicles ]
] MelP5 B .
40 - Melittin -
30 | MelN2 ]
Mel L16G

Ellipticity © (deg dmol” cm? x 10°%)

190 200 210 220 230 240 250
Wavelength (nm)

Krauson, A. J. et. al. J. Am. Chem. Soc. 2015, 137, 16144. 31



3-10. Secondary structures-2

60 L 1 | i ] i L M 1
S 50- + POPG vesicles ) Buffer ~ +POPC  +POPG
- C MelP5 - only  vesicles vesicles
X 40- o -

NE _ Melittin _ q ol

C 30- MelN2 i Melittin ranaom partially hals

— Mel L16G - € coil a-helical ~ @nelix

g 20 - i

T .0 rtial . .

(o 10_ MelP5 pa taly a-helix a-helix

T 9 a-helical

> 10 random random

2 MelN2 . . a-helix

L 9. ] coil coil

o

=-30 . . : ; : , :

w ' T . . T . random random .
190 200 210 220 230 240 250 Mel L16G coil coil a-helix

Wavelength (nm)

Krauson, A. J. et. al. J. Am. Chem. Soc. 2015, 137, 16144.
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3-11. Lysis of mammalian cells

T VR Symbol Size=Cell Type: ® HeLa ® HCT116 @ CHO
1.0 4 - —— — s
Human Erythrocytes . 1.0 > ~ 5 g Hela
= MelP5 4 HCT116
o 0.8- ® Melittin . = 0.8 )
¢ Mel N2 >
>
= e CHO
o ¢  Mel L16G
= 0.6 - € . @ 0.6 J
¢ —
T o
© 0.4- 1 © 04l MelP5 |
15 S Melittin
Ry 2 MelN2
s / 1 8% - Mel L16G
. L | "0 ]
0.0 o ' - 0.0 _B —8 4
0.1 1 10 00 1 10
Peptide Concentration (.M) Peptide Concentration (uM)

Low toxicity to mammalian cells
Krauson, A. J. et. al. J. Am. Chem. Soc. 2015, 137, 16144. 33




3-12. Antibacterial activity

E. coli: gram-negative

Staph. aureus: gram—positive

Minimum Sterilizing Concentration (uM)

10 T T T ’ T ' T L T ¥ T
T _ _ i B -E coh
O Sa%%a! ]
Staph aureus g 8L -
2
= 6f ]
o
2 af :
T
B
= 2r ]
0 o es®
MelPS ~ Melittin  MelL16G ~ MelN2 =, || MelP5 Mellttln e ***"Mel L16G

high antibacterial activity
Krauson, A. J. et. al. J. Am. Chem. Soc. 2015, 137, 16144. 34




3-13. Proposed comformation

AN
%

& MelP5

tendency to helical conformation
& Mel L16G

tendency to helical conformation

— unable to induce lysis of human membranes (almost
neutral)
High cationic charge at C-terminus

— strong binding to bacterial membranes (anionic)

Krauson, A. J. et. al. J. Am. Chem. Soc. 2015, 137, 16144. 35



3-14. Conclusion

A 7776-member peptide library based on melittin was screened for loss-
of-function variants.

Mel L16G was prepared because large proportion of loss-of-function
variants had L16 changed to glycine.

Mel L16G did not induce lysis of POPC(neutral) vesicles but
POPG(anionic) vesicles.

Mel L16G exhibited potent selective cytotoxicity to both of Gram-
positive and negative bacterium.
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A-1. Detalled mechanism of action of

antimicrobial peptides
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Zasloff, M. Nature 2002, 415, 389.
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A-2. An example of “glycine zipper”

MseS E coli 95 SVIAVLBAAGLAVEBLALQGSLS 116 heptamer
. tepidum 38 SLTVLSGTIGLGIGFGLONIAD 115
&. enterica 95 SVIAVLGAAGLAVEGLALOGSLS 116

VacA I pvlori 9 PAIVGEBIATG@TAVE@TVSGLLGW 30 hexamer

Mscl, M. tuberculosis 15 VDLAVAVVIGTAFTALVTEFTD 36  pentamer
B. subitilis 15 VDLAIGVVIGGAFGEIVTSLVN 3s
E. coli 17 VDLAVEGVIIGAAFGKIVSSLVA 36

KesA 5 lividans 95 VMVAGITSFGLVTRALATWFVG 116 tetramer
T volcamivm g5 IMVSGIGLLE@TLTATISAYLFD 106
& coelicolor 213 LMLSGIALLGVVTANIAAWEFIS 234

Kim, S. et. al. Proc. Natl. Acad. Sci. 2005, 102, 14278.



A-3. Edman degradation

2S R
R -C
H Ph N )\(O
H N)\[rN?“f > BN + Mg
2 base )]/NH
(0]

S

Determination of
single amino acid

Edman, P. et. al. Acta Chem. Scand. 1950, 4, 283.



A-4. Definition of LIC,

LIC,,
Peptide concentration
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A-5. ANTS/DPX leakage
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Ellens, H. et. al. Biochemistry 1985, 24, 3099.



A-6. Measurement of LIC., for selected
peptides by Th3* leakage (section 2)
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A-7. Oriented Circular Dichroism
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Wu, Y. et. al. Biophys. J. 1990, 57, 797.

http://www.ibg.kit.edu/nmr/48.php (last visited 2016/2/2)

44



A-8. Helix-breaking effect of Gly and Pro
(relative helix propensities of amino acids)

Amino acid Helix propensity Amino acid Helix propensity
Ala 0.00 lle 0.41
Arg* 0.21 Leu 0.21
Asn 0.65 Lys* 0.26
Asp 0.43 Met 0.24
Asp 0.69 Phe 0.54
Cys 0.68 Pro 3.16
Gln 0.39 Ser 0.50
Glu 0.16 Thr 0.66
Glu 0.40 Trp 0.49
Gly 1.00 Tyr 0.53
His 0.56 Val 0.61
His™ 0.66

Nick Pace, C.; Martin Scholtz, J. Biophys. J. 1998, 75, 422.



A-9. Typical CD spectrum for a-helix and
random coll
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http://www.proteinchemist.com/cd/cdspec.html (last visited 2016/2/4)
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A-10. Anionic nature of bacterial membrane

Antimicrobial peptide

Hydrophobic interactions Electrostatic and

QOuter leaflet
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Acidic phospholipids
Zasloff, M. Nature 2002, 415, 389.

-4 Origin of negative charge

hydrophobic interactions
Aak Stron&
+

« Gram-positive bacteria:
wall associated teichoic acid
« Gram-negative bacteria:
acidic polymers

(e.qg. lipopolysaccharide)

Hancock, R. E. W.: Sahl, H.-G. Nat. Biotechnol. 2006, 24, 1551. 47



