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add lipids at neutral pH l

diagnostic agent therapeutic agent

cargo — marker cargo — drug
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Amino acids linked into polymer.
Backbone — periodic. Side chains — aperiodic.
Residues n and n + 1 coupled by peptide bond.

+— NH —CH — CO—NH — CH — CO — -- backbone
| |

Ry Rn+1 side chains

a-helix stabilized by internal H-bonds (~ 9kgT).

<— N terminus 4, H-bond C terminus —

|

H O H O H O H O H O
| | | | | | | | | |
. —N—-C'—C—-N-C’—C—-—N—-C’—C=N—-C'—C=N-=-C—C' — -

| | | | |
‘ R ‘ Rn+1 ‘ Rn+2 ‘ Rn+3 ‘ Rn+s ‘
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side chains backbone

Length per residue: ¢, ~ 4A (extended), ¢; ~ 1.5A (helical).




Conformation with lower free energy is realized.
AG = Gepit — Gretiz = AH — TAS.

AH: enthalpic contribution, TAS: entropic contribution.

non-polar environment: |AH| > |TAS)| polar environment: |AH| < |[TAS|
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Generalized Pauli principle  [Haldane 1991]

How is the number of states accessible to one particle of species m affected
if particles (of any species m') are added?

Adpy, = — ngm’ ANm/ = dm = Am — ngm’ (Nm’ — 5mm’)

Energy and multiplicity of many-body states

M Mo N
E{Nm}) = Epv + > _ Nmem,  W({Nn}) = ]]
m=1 m:1 m
T (dy + Now)
e E,,. energy of reference state I'(Nm + 1)I'(dm)

e N,,. number of particles from species m

e ¢,,. particle activation energies

g . Statistical interaction coefficients

e A,,. capacity constants

e d,,: number of open slots for a particle of species m
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System specifications Two tasks :

e particle energies ¢, e combinatorial problem: W ({Nn,})
e statistical interaction coefficients g,,,,,,/ e extremum problem: (U — TS — uN) =0
e capacity constants A,,

A
Partition function  [Wu 1994]: Z = Y W({Nm})e PEUNmH =TT (1 . wm)

{Non} m N\ Wm

M
em/FET = (14 wm) ] (1+w;}) Imim =1, M.

Average number of particles : wm (Nm) + > gmm/ (Ni/) = Am, m=1,...,M
Configurational entropy [Isakov 1994]:

M
SUNm}) =kp > [(Nm + Yon) In (N + Yim) — Ny In Ny, — Yy In Ym]

Ym = Am Z Imm/’ i VNm/

m’=1
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Specifications for combinatorics: dm = Am — > ..» Gmm/ (N — O’ )

motif cat. m | €m Am G/ 1 2 3 4 5 6
h1lh host 1 €1 N —2 1 2 2 2 1 1 1
121 hybrid 2 | 2e4 0 2 —1 0 0O 0 0 O
232 hybrid 3 2€4 0 3 -0 -1 O 0 0 O
11 tag 4 €4 0 4 -1 -1 O 0 0 O
22 tag 5! €4 0 5 o -1 -1 0 0 O
33 tag 6 €4 0 6 0 O -1 0 0 O

M
Specifications for energetics: E({Nm }) = Epv + Z Nméem,
m=1

e Nucleation parameter: T = e(c4a—€1)/kBT  (gauge of cooperativity).

e Growth parameter: ¢ = e“4/kBT (gauge of preferred conformation).




Polynomial equation for solution of v-state model with v = 2,3, .. .

(1+w, —t)Sp—1(wy) =t7Sy—2(wy)

Sv—1 (wu) )
TSy —2(wy)

_ Sv—p+1(wy)
Sv—p—1(wy)’

Wy = Wy+1 =+ = Wa(y—1)-

Chebyshev polynomials of the 24 kind:
o So(w)=1,
* Sut1(w) =wSy(w) = Sy—1(w),

2w+ 1)S,—1(w) — vwSy (w)

S1(w) = w,

= wy (L, 7).
2,...,v—1;
v=1,2,3,¢

Sl
. S)(w) —

05 10 15




Free energy: G(t,7) = —kgTIn (1 + wl_l(t, T)).

Population densities from

Wi (6, T) N (6, 7) 4+ D~ Gmm Ny (6,7) = 6my1, m=1,...,2(v —1).

m

r—1 2(V—1) — —
Helicity: Np(t,7)=1-N1—-2> Ny,— > Ny=1- (gTG) — ((‘?TG) .
1/ 7T v/, T

/1,:2 Hw=v

Entropy: S(t,7) = S({Nm}) = — (g—g> .

Enthalpy H(t,7) = > Nmem = G(t,7) + TS(t, 7).




Solution for 7 =0 and any v.
High-cooperativity limit.

(1+wy, —t)Sp—1(wy) =0, v=23,...

Physical solution w(") switches at ",
o t<t("): w(V) from S,,_l(w(()”)) —

o t>tM: t=1+uwl".

Transition point:
1 =1, 1 =2, 1Y =142,

£ = [1+\/_] s, ) =3
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Solutionfor 0 <7 <1 and v < oo.

Thermal fluctuations soften 4
15t-order transition into crossover.

7=1,0.3,(
(1 ‘|’wu)51/—1(wu)

Sl/—l(wl/) + TSV—Q(wV) .

t(v,wy,T) =

Limit v — oo for special values of w,:

3v vooo 3
t(v,2,7) = > :
v+ (v—1)r7 1+71
4foy v—s 4
t(v,3,7) = /2 3 5
Jov + Tfor—2 1+ T
3+5

Fibonacci numbers:

fn:071717273,5,8,...




Solutionfor 0 < 7 <1 and v — oo.

Proliferation of states sharpens crossover
into 2"d-order transition.

(1 + wV)SV—]_(wV)
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t(v,w,,7) = lim

V=00 Su—l(wu) + TSV—2(w1/) .

Transition point for 7 > 0:

GO
c 1+7

Asymptotics for ¢ > 1:

w(()oo):t—i—T—l.
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Helicity: N;; =1 — .
Y h wl(l—i—wl) ot

_ _ 1 owq owq
Entropy: S/kg = In (1 ! tlnt— +7lnT——| .
py: S/kp Il( + w; )+w1(1+w1) nt——= +7lnT—
o Sl/—l(wl/)[l + wu] o Su—l(wu)
t— 9 wl - Y
SV—l(wl/) + TSV—Q(wI/) TSV—2('wV)
. ow1 B ow1 Owy ow1 B ow1 Owy _wy
ot  Ow, Ot or  Ow, Ot T

Parametric representations for Ny;(t,7) and S(t,7)/kp:

Nhl(y, wy,T), S,wy,7)/kp, tv,w,,T),

()

wy - < wy < 00.
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Helicity Entropy
1.0 1.0 r=1,0.25, 0.05, 0.00z
0.8 | 0.8 7=0
_0.6 ' 0.6
= r=1,0.25 l%

..0.05, 0.002 0.4
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Helicity Entropy

v=2,3, ..., ¢
v =10, 20, 3(

helical order parameter divergence for v — oo and t < t.

cusp singularity for ¢ — ¢t and v = o divergence for t — ¢t and v = oo
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profile of Ho O density across lipid bilayer

1.2 Xs/Xa =0, 0.1, 0.25, 0.
1.0- Xo/Xq = 2
0.8
206
0.4
0.2/
0.0
-3 -2 -1 0 1 2 3
X/Xa
Ts 1 _|_6(£Ca—£C)/£CS
=24 —= 11
Pw (ZU) + T — 20 n I e(-’ﬂb—x)/xs

1+ e(a:a—l—a:)/azs

+ Il e T

MacCallum et al. (2008)
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Activation energies: K, (z) = I:HT 1 — agpw(x)]
B

Growth parameter: t(z) = eXv(®),  Cooperativity: 7 = eKv(@)-FK1(@) (0 < 7+ < 1)

Energy parameter: ]:—H

BT

12

9. Enthalpy parameter: oy ~ 1.

Density of water Growth parameter

12
 Xa= 158, %, = 258, X 3A
TR : 100C

100

(X

10

20 40 0.1
X[A]
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Local helicity: Ny;(t,7) with ¢t = t(x).
Entropy density: S(t,7)/kp with ¢t = t(x).

€H

Parameter values used: =87, ag=1, 7 =0.5.
kT
Helicity Entropy
, 1.0
0.8
é _\\%’0.6:
i S
. v=3 770.4 v =3
L ov=4 f y=4
, v=5 0.2 v=>5
o= . ... T 00 . .1 i
40 -20 0 20 40 _40 -20 0 20 40
X[A]

X[A]




G(t, 1)

Free energy density:
BT

— _In (1 n wl—l(t,f)) with ¢ = ¢(z).

H(t,T) _ G(t,T) L S(t,T)

Enthalpy density:
by Y TheT  kgT kp

with t = t(x).

Enthal
Free energy il

v=3
y=4
v=5h
y=3
v=4
yv=5
0w 4
YAl 0 20 40

X[A]




TASy

~ 1.5.

ASH

Entropic cost of external H-bond:
kT
G
Amended free energy: H(@) _ (x)
kT k:BT
Free energy (raw)
v=3
v=4
V=25
~40 -200 0 20 40
X[A]

[1 — Nhl(%‘)]

Free energy (amended)
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Helicity of peptide: N}(fep) (z0) = > Nni(@o + nln)

nz—(NR_l)/2 NR
+(Nr—1)/2 =
_ _ G (o + nlp)
F f peptide: Gpe kpT = '
ree energy of peptide: Gpep(x)/kB Z NrkpgT

n=—(Np—1)/2

Assumption: z,11 — zn =l = 1.5A (independent of conformation)

1.0,

0.8

0.6

3 |
© 0.4 Zo04 Ng = 23

0.2 0.2 y=2

0.0. 0.0
—60 -40 —-20 0O 20 40 60 —60 -40 —20 0 20 40 60

Xol[A] Xo[A]
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