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e Tryptophan fluorescent spectroscopy
e Circular dichroism spectroscopy (CD, OCD)
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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 —
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side chains backbone

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




Conformation with lower free energy is realized.
AG = Geoil — Ghelix = 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
E({Nm}) = Bpv + Y Noem,  W({Nm}) = ( ot M )
m=1 m=1 Nm

7

['(dm —|— Nm)
['(Nem + DI'(dm)

e [I,,: energy of reference state

e N,,. number of particles from species m

e c.,. particle activation energies

9mm/ - 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 em e combinatorial problem: W ({Nn})

e statistical interaction coefficients g,/ e extremum problem: §(U —T'S — pN) =0

e capacity constants A,,
1+ wpm \ A
Partition function [Wu 1994]: Z = Z W({ N e PEANmY) — H ( Tw )

{Npm} m N
M g,
eem/k’BT:(l—l—wm) H (1—|—w;&}) ™ o om=1,..., M.
m’/=1

Average number of particles : wm (Nm) + > gmm/ (Np/) = Am, m=1,...,M

m/

Configurational entropy [Isakov 1994]:

M
SUNm}) =ks > [(Nm + Yn) In (Ny + Yin) = Ny In Ny, — Yo In Ym]

m=1

M
Ym = Am — Z gmm’Nm’
=1




Specifications for combinatorics and energetics (u = 3):

motif cat. m | €m Am
hlh host 1 en N —2
121 hybrid 2 | 2eg 0
232 hybrid 3 | 2 0
11 tag 4 | e 0
22 tag 5 €g 0
33 tag 6 € 0

Gorrm! 1 2 3 4 5 6
1 2 2 2 1 1 1
2 -1 0 0 0 0 O
3 0 -1 0 0 0 O
4 -1 -1 0 0 0 O
5 0 -1 -1 0 0 0
6 0 0 -1 0 0 O
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e Length of coil segment. N = 16
e Particle content: Ny =1, No =2, N3 =2, Ny =1, Ns =3, Ng =1

e Energy: E(1,2,2,1,3,1) — Epy = en + 13¢

s gt w2200 = (1) (3 ) (3 )(7)(5)(F) e




e Nucleation parameter: 7 = e(¢s—n)/kBT (0 < 7 < 1)

e Growth parameter: t = es/*BT (0 <t < o0)

e Range parameter: u=1,2,...,00

membrane




Polynomial equation for solution of order p+ 1 for w = w,+1(¢, 7):

(1 +wut1 — ) Spu(wut1) =751 (wpy1)

Sp—m
o Su(w) t B g +2(w) Tm=2,...,
w1 = g — 1 — t) Wm = u—m('w)
TSp-1(w) Tw w m=u+2,...,2u

Chebyshev polynomials of the 24 kind:

So(w)=1, Si(w)=w, Suy1(w)=wSu(w)—Su_1(w)

1
— |w+ V4 — wa]cot (,uarccosg) cw < 2,
2 2
1
Introduce r,(w) = Sulw) = 9 prs rw = 2,
Sp—1(w) H
1
= [ + Vw? — ] coth (,u Arcosh — ) w > 2
N2
Physical solution from (w + 1 —¢)r,(w) —tr =0




Free energy: G(t,7) = —kgT'In (1 + wl_l)

Entropy: S(t,7) = — (g—g)

€n,€g

Enthalpy H(t,7) =G+ TS

Helicity (order parameter): Ny(t,7) =1 — (ﬁ) — (§>
T e

Oen O€g Toen
. . . - oG
Density of (helix or coil) segments: Ngeg (¢, 7) = e
€n /T €g
: : _ B N
Average size of helix segments: Lygs(t,7) = —=
seg
1 — Ny

Average size of coil segments: Lqs(t,7) = —=

seg
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Crossover: 7 >0 and p < oo

T

@+ 1

ow0:2cos( ), Was =t+717—1

. w:% [t—1+\/(t—1)2—|—4t7] (w=1)

First-order transition: limit 7 — 0 at u < oo

e Transition point: to = 1 + 2cos <L>
p+1

to—1 :t<tp
t—1 t >t

e Solution: w = {

e Conformation:

o pure coil at t < tg
o pure helixat t > tg
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Second-order transition:  limit 4 — oo at 7 >0 A
" : 3 j
e Transition point: t. =
1+7 [
. 3
e Asymptoticsfor t < 1: w=t+7—1 *
2 0 <t <t 2.
e Solution: w = tT = : - o
t—14+ — :t>tc f R RN
1 1 R
o A=3 =1+ /D) 3) + 47 | T
e Conformation: ol
- 0 1 2 3 4
o almost pure coil at ¢t < tc t

o mixed coil/helix at ¢ > t.




i

i ED

'.'-”-.".".'.I_',! R

Helicity Entropy

Nucleation parameter: = =1, 0.25, 0.05, 0.0025, 0
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Helicity Entropy

Range parameter: u =2, 3, 4, 9, co
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Average number

Average length

@
g U=2

Nucleation parameter: 7 =1, 0.25, 0.05, [0.0025, 0]
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Average number Average length

0.1C
0.08
20.0€
0.04
0.02
0.0C;

Range parameter: p = 2, [3], 4, [9], oo




i

FUREL R ARER

'-"”-"-"-i-ﬂq R

Heat capacity:

3.0 i
25 @ 0.2 ° O
' ;,u:2 5
[ 4+
C
O 3
2
L
%
t
7 = 0.05, 0.025, 0.01, 0.005 main plot: = = 1.0, 0.5, 0.25, 0.25

inset: 7 =0.2, 0.1, 0.05, 0.01

Latent heat:

e inthelimit 7 — 0: TAS = ¢




tlme limiting

4 mealg
AR step
WIND. 01 -1000s
i
0.1-1000s %RR 2 3

time limiting gw =
step =%

. - polar cargo

pHLIP variants with single permutations:

ADNNPWIYARYADLTTFPLLLLDLALLVDFDD
ADNNPFIYARYADLTH{WPLLLLDLALLVDFDD Tryptophar
ADNNPFIYARYADLTTFPLLLLDLALLVDWDD

ADNNPF@YARYADLTTWILLLLDLALLVDFDD Proline

ADNNPFIYAY@ADLTTFPLLLLDLALLVDWDD

J Arginine
ADNNPFIYATYADL@TFPLLLLDLALLVDWDD




position x[A]

0 20 40
position x[A]

-20

—40

zinm)

[MacCallum et al.

2008]
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helicity —
2
~
X
I
[G)
5
X[A]
2.0 Ng = 23 (a 2.0/ Ng = 35 (b) 2.0l Ng = 47 (©)
T “ ST _ TN ;7T
31 1.5 ‘\\ Il S.I 1.5 \\\ ///
[ O
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F;.: hydrophobic force

Fout: electrostatic force

/\

Possible scenario for initiation of insertion:

e at pH 8 the two forces are balanced (on average) with F},, + F,ut acting as restoring force,
e drop to pH 4 enhances probability of protonation of Asp residues,

e force imbalance causes peptide to move toward membrane interior (first time scale),

e movement slows down rates of protonation and deprotonation (second time scale),

e comparison of time scales suggest instability that initiates insertion.



Experiment

Apparent rates;
Activation energies
Fluorescence/CD kinetics with single-
Trp pHLIP variants at different temp.

Flow chart relating forthcoming experimental evidence to features of theoretical modeling

i ED

Theory

Rates of Asp
protonation/deprotonation

Structural intermediates:
Pro-kink

Fluorescence kinetics of insertion and

exit with single-Trp pHLIP variants

A

Balance of forces: Fi, and F,,;

4

Role of Arg on stability and exit
Fluorescence, CD, OCD steady-state
3 states, fluorescence titration with
pHLIP-W30-R11 and pHLIP-W30-

R135. Fluorescence kinetic exit

Insertion/folding; exit/unfolding

3

Landscapes of free energy '

Protonation of Asp; Role of H,O
Fluorescence kinetics with single-Trp
pHLIP variants at low and high
lipid:peptide ratios

3

Profiles of free energy, enthalpy,
entropy, helicity

Lipid bilayer properties
SAXS kinetics studies for low and
high lipid:peptide ratios and in the

absence and presence of cholesterol

3

Membrane: p,(x), {(x)

Fluorescence/CD kinetics

3

Coil-helix transition: #, 7, u

i
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