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Does water stabilize protein structures?
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reentrant phase diagram of cytochrome C 4 ONCHEN
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P-T phase diagram of cytochrom C

1,6
1,4 ’
AS =0
1,2 _
ASp\<0 ASg, >0
1 r T T T T
05 | W WVDN <
0,6 4
native 3
04 - —
AV =0
0,2 \ +
0 - r/
| / 7 AV, >0
0.2 gnfolded |
'0,4 T T T
250 270 290 310 330 350 370

Folded (N) « Unfolded (D)

Entropy of unfolding: ASp,

Unfolding volume: AV

Phase boundary: CC equation
dP/dT = ASyy (T, P) / AV\(T, P)

ASpy, AV, depend on
temperature and pressure
due to hydration water

Doster and Friedrich in: Protein Folding
Handbook Part 1 (Wiley- VCH 2005)




Water destabilizes protein structures: m
cold denaturation
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Chemical potential: du=-S dT +V dP S>0,V>0
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Entropy of D-HW varies with T, P

Solvent is more ordered in D than in N
atlow T

e e T . WS S

T e Maximal stability

D - ASpn (Thax) =0

v

Doster and Friedrich in: Protein Folding
T Handbook Part 1 (Wiley VCH 2005)
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Structure of hydration water: D ,0 (myglobin)
UNIVERSITAT
coherent neutron scattering ISIS (SANDALS ) with D. Bowron D ENE HEN|
Hydration water
bulk cage of nearest neighbors
S(Q) _
D>0O myoglobin 0.7 g/g
02 ulk DO
o
02 1 M\ SANDALS ISIS
° ° o ° ? cage size: d = 21t/ Q,,, = 0.3 NM
Difference hycration-bulk . ..structl_Jre of simple qugids..is largely
Protei determined by geometric factors,
hr? €N associated with the packing of the
s ©X" molecular hard cores (Hansen,McDonald)
7 First order:
0021 HW structure close to bulk water
0041 | | | peak of S(Q) atQ =2 Al
0 5 10 15 20 Second order:

Q/A™ Distortions of tetrahedral stucture




dynamics of hydration water
Incoherent neutron scattering H

,0
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S(hw,Q)
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Two spectral components+elastic:
1) narrow (n): width, increases with Q
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Relaxation rates of hydration water TECHNISCHE
versus degree of hydration
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log rate [s ]
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2 time scales:

1) fastlocal in cage B; (b) 5-10 ps
independent of Q

2) Slow process a (n)  50-100 ps
varies with Q, diffusion

[, (Q) =Q?D, atlowQ
- [, high Q: cage effect



Hydration water dynamics: two processes,
slow (n), fast (b)
depends on degree of hydration

Log rate
’ "2 FT{S(Qw} =1(Q,t) = expl[-(t/ T(Q))F]
Stretching parameter
. - 1.0 B depends on Q
lrl 6 1
g L os @ onset peak of S(Q) at Q =2 Al
N
||_‘ 3 | |
T2 - 0,6 .g..
0 w 0,4
0 1 2 3 4
2 [p-2
Q° A7 Narrow line (n) slow
perdeuterated phycocyanin Low Q:
D-CPCH,0 h=0.3g/g Long range diffusion

High Q:
Doster et al. PRL (2010) cage effect: a-relaxation



Time-resolved mean square displacements Tu“

TECHMISCHE
Q) =1-1/6 Q%(r?(t)) + 1/120 Q* (r*(t) ) - ..... M
Moment Expansion of the Scattering Function: Placzek expansion
<r?(t)>/3
oo T 7 Time resolved displacements:
e bulk water, T=300K o= ~¢ Anomalous Diffusion
v k= | Doster, Settles
1L . 320 i Faraday Disc. 103(1996)
B Brockhouse .7 200 ' BBA (2005)
= ZE Hydration water myoglobin
v 0.1 et 220
i 180
0.01 . Ll il e
102 10! 10° 101 102
t [ps] log time

free flight cage effect free diffusion




protein-water displacements
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versus temperature
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<XA(t)> [AF
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0.0

ultrafast process

T

Hydration Water (-0.055 A2

Protein

300 K

270 K

250 K

220 K
180 K

10°

t [ps]

H,0/D,0 hydrated
myoglobin 0.4 g/g

neutron scattering IN6

same time scale and
temperature dependence

different amplitudes

Settles, Doster
Biochim. Biophys.Act.
2005



Protein-Water Dynamics Tu“
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from femtosecond fluoresence spectroscopy Htwcaen

1) Two water time scales: (Zhang et al. JACS (2009)131,10677

NS | .

Y

RS ruct T
- L ¢

.| Thermal l .| Slaving

u'(x "_‘
Tg: 5-10 ps Exchange with bulk Ty 0Ty 20-100 ps
fast local reorganisation Lateral structural
of water H-bond network, relaxation of hydration
reorientation, libration, shell coupled to protein
site specific fluctuations, same

time scale
2) Third time scale: Slow protein motions vary with surface viscosity: 1000 ps




The protein-solvent interface '“I“
SOlld-Iqu“d TECHNISCHE

UNIVERSITAT
MUNCHERN

CENTER FOR NONLINEAR STUDIES 0 LOS ALAMOS NATIONAL LABBRATORY. & Tb}lw AmUALINTEHNATIONAL CONFERENCE

@ Jﬁmﬁ‘

13417, 1996
m?/Alqmos New

<~

collective motion _
free volume, entropy barriers
Liquid:a- relaxation fluctuate

Glassy dynamics: barrier crossing:
B-relaxation , energy controlled
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Dynamic Neutron Scattering and Spectroscopy

) f

Radio Microwave “THz” Infrared Uliramulet X-Rays
«— > ——> > 4:—:- {—} «—>
10 1|]8 10° 1|]*"j m” w” 107 10" w” w"® 1"

Frequenz (Hz)

Collective Dynamics
Far Infrared: 1-100 cm -1
Terahertz



SHhw)/n(fiw) [a.u.]

Bulk- Hydration Water:
Terahertz vibrations

Dynamic Susceptibility Spectrum of Bulk and Hydrat ion Water
10

bulk water LS

bulk water NS
— hydration water NS
3 .
= TA1 TA, Lib
3 .
\"E/ Bulk and hydration water same
% spectral peaks
& only a-relaxation retarded
n

. TA1 T-independent
0.1 | | fast structural relaxation
0,1 1 10 100 of H-bonds
hw[meV]

1 meV =8cm?!



Short time diffusive dynamics is
dominated by hydrogen bond
fluctuations : 3;-process
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Water librational mode (H-bond braking) determines \\
fast diffusive dynamics of protein-water system

Doster BBA 2010 , Tarek,Tobias, PRL 2002
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Protein Low frequency vibrations: Boson peak
Doster et al. Nature (1989), Diehl et al. Biophys.J 73,(1997), Tobias, Tarek PRL 2002)
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TOF Scattering Function
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Does hydration water have a protein boson peak? uivesrar

Settles, Doster, Faraday Disc1996, BBA 2010

H,0O/D,0 hydrated myoglobin
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Paciaroni et al. PRL 2008

Phys. Rev E 1999
Maltose binding protein
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Does hydration water have a protein Boson peak?  TLTI
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Neutron Scattering spectra of hydration water gt
with perdeuterated proteins H20-D20 hydrated
Doster et al. 2012 Nickels et al. Bioph.J. 2012
D-phycocyanin H,0/D,0 ==y — | & h-GFP Dry 170K
_ . = h-GFP w/D,0 (H=0.4) 170K
_ H-D—CPC_sus 1200 i  d-GFP w/H,0 (H=0.4) 170K
R T o = - i
: 300K _ S 1000- ' .,
: — 280K - o -
1.5 10° [ —260K ' @, 800-
_ — [ 600
-5 i -
LAt S 400-
)
510 [ 200“_
' 0
0: : 0.1
0.01 0.1 1 A 10 00 E [meV]
meV

No evidence of Boson peak in hydration water spectrum
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Protein function: CO - binding to myoglobin, Wi
elementary steps, flash photolyis MGG o b
B (4) distal
Kentry = oc k3 C
Mb+03| S—— primary | =~ segcrmdar}?
k7 or Kpseape | state k4 state
S b WL k1 or kyond C 1,2,3
solvent proximal
A | mbos m]
bound [
SCHEME 1
HiSB4(ET) Leu22(B10)
e N R i
HE‘-}”/ /{!ﬂe y
(( -0 o i
Solvent d A’j'ah {?,U "(FBMEKE “ ?Eu?tgiwin Interiar
— Haill} :>
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Relaxation rates and viscosity of glass forming solvents ecuascus
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Hws

Log (k, On?) Method: Specific heat relaxation

Lk A Co(w,T) (75% glyerol/water)
0.8 1 I I I I
10 .:‘ ._\_'n—-—
i, g Viscosity :; 06 - 2 He
: &
=~ 6 - ks
= 0,4 £
= 4T specific heat ] i TN e
5’ o L Spectroscopy - :
& 0 "2
80% | | 1 |
0F SIW
170 180 190 200 210 220 230
2 b1 1 | N A T YA | R CGT T/K
2 3 4 5 6 7100 s
1000 /T (1/K) glass transition temperature,
_ _ step of specific heat
Arrhenius plot of solvent a-relaxation rates varies with frequency !!
kKit=1,=Gn Maxwell relation

Kleinert Biochem.1998, Doster BBA 2005




Kinetics of CO - binding to myoglobin m
Flash photolysis experiments
different solvents, hydration
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Log(CO unbound) (Kleinert et al. Biochem. 1998)

OF

o

T=240 K

60% E/W
75% G/W
90% G/W
80% S/W

Internal displacements

Independent of viscosity

log (t/ sec)

or degree of hydration

ligand escape S decreases
with viscosity
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Viscosity Effect on Rate Constants
(Kleinert et al, Biochem . 1998) MUNCHEN
log (ligand exit rate B->S) log(internal rates)
kBC internal transition rates
8r E’ 6 - % % E E i %
= % kBA

0 2 4 6 ) 8.
0g (niep]) 10Q (viscosity )

O OO Sucrose 80% S/W
0
Q QOO o | Preferential

0&890 Hydration

Timasheff

log (n/cP)

Log (viscosity)

ResSult.

Two classes of functional motions
Type I. internal,decoupled from

Type S:

solvent viscosity, hydration
coupled to protein surface
viscasity hydration

© oOo O Lower surface viscosity than bulk




Heme dynamics and functional motions

Solvent- dependence, function beltnansition?
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<AX?> heme displacements in myoglobin
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ligand escape fract‘ion
CO-Myoglobin
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4 80% S/W il
n T, Ty *

[ | T
1 L 1 -

1

1

T/K

160 180 200 220

240

temperature (K)

260
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300

Maossbauer effect:

heme iron displacements
75 % glycerol-water

80 % sucrose-water

flash photolysis:
ligand escape fraction N,

common solvent viscosity effect on
heme motions and ligand motions

Lichtenegger et al. Biophys.J. 76 (1999) 414
Kleinert et al. Biochem. (1998) 37:717,
Srajer et al. Biochem. (2001)
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HD Flash Photolysis at high pressure: Tlm
Myoglobin-CO
TECHMISCHE
UNIVERSITAT
. : MUNCHEN
r ngand escape fraction
Solvent primary interior sites Nout
S < B = Ci oaj Ligand Escape Fraction
‘U’ '% . B->S
A ligated g °°
Binding kinetics g oa-
-300 §; 0.2
Mb-CO, pH 7
0.0 T T T T
250 _:.h. C‘.’ D S+L 0 1 2 3 4 5
el o 3 0 Pressure / kbar
200 4 0,001 Overall ligand binding rate
S ™ kbar
é 150 177 Overall C-O binding rate
é N 1000 - . L]
-100 + 4,75 - 800 | S
%7 Partial . 5 .
.| denaturation’,
) 2 3 s 5 6 ’
log time / ns 0 . 2 3 4 5

Pressure / kbar

All or none transition: D&>N




HD-

N(t)

1.04-

Flash photolysis at high pressure:
population evolution

Tt

A ligated
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.
1 kbar 2.5 kbar
B C S A B C S A
WW*"M'*W#
| N5(t) =N
N,(0) * N
No(t) AN
Ng(t) v N()
Ny (® = G
Npeaf) T < N0
10 103 _ 106 ns 10 10 . 106 nso
log time log time
Solvent primary interior sites
hv U Triangles: experiment



Ho-F® Flash Photolysis at high pressure: Tu“
Mb-CO TECHNISCHE
UNIVERSITAT
MUNCHEN
.
. Microscopic rates
internal transfer rates _ CA\/%
| kac '\m K(P) = k(0) exp(-AV* P/ RT)
- Solvent primary interior sites
s 6 S -« B =« C
g hv! U
gs- escape A ligated
3
entry
e 32_»m|/mo| O
Pressure /kbar 0 CO
1) internal rates independent of P
vacancies stay empty up to D&>N 9 ml/mol H,O
2) recombination rate depends on . T ‘ O

rate of internal water replacement



2 classes of functional motions | and S
2 classes of protein motions ??
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Doster, Settles BBA 2005

19A w/ a.wu.

Sqir (Q

myoglobin in various solvents

i [ meV

guasielastic broadening:

myoglobin
dry, glassy hydrated

PDT: protein dynamical transition

Proton Mean Square Displacements

0.20

translation /'

0.16

> > E B

vitrified

<

N —e - hydrated
3

\

0.04 4

IN13

vibration

0. 00 T T T T T T
0 50 100 150 200 250 300 350

Two types of structural transitions:

internal and solvent-coupledmotions

(AXZ)10p = CAXZ) i (AXZ), o+ (AXZ)y a0




ﬁ hydrated/solvated protein spectra
Gaspar et al. Eur.Biophys.J. (2008)

S

FRM 2 Munich

.Benshmark® proteins with different
structure and environment

Log(S(Qw))
104— Myoglobin
]— ConcanavalinAz
1— Lysozyme
a —casein
14 B - casein

K —casein

S25"< 9<14oo(E) (a.u)

Energy Transfer (meV)

marked differences
only in solution:

elastic scattering depends
on structural rigidity

largest differences due to
protein global diffusion
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protein dynamics and function:
UNIVERSITAT

2 major components |, S MUNCHEN

Doster, Settles BBA 2005
Doster in Dynamics of Soft Matter 2011 .
Smith, Sokolov PRL 2012

1) rotation , type I. independent of solvent
non-Gaussian, discontinuous,
torsional jumps of side chains, methyl groups
and main chain

L Fca’ &
little dependent on environment X Y
Internal ligand migration R 3
2) local translation, type S: coupled to viscosity
Gaussian, water-assisted, small scale H & type |
continuous translational displacements 4—H
coupled to a-(p )relaxation of hydration water Hj—' type S

and the entry and exit of protein ligands




Temperature Dependence

Dynamical Transitions: mobile = rigid (GT, PC, FST, PDT)
at nearly constant structure

D(T, P, ®..) -> 0 Diffusion vanishes

1) Percolation Transition
Trapping-detrapping, energy landscape
continuous

2) Liquid-glass transition
discontinuous, ergodic-nonergodic
specific heat, thermal expansion

3) protein dynamical transition:

GT at shorter time scales

Mobility
2 Cp cal GT
w T PDT
— flexibility | FST
Ds T limw-0Q-0| ~ SS(Q7a)) Y
Q PT

FST:.fraglle _st_rong transition due to structural change External parameters: T, P, @
Static transition!



Glass Transition of Protein Hydration Water

was defined originally by IR O -D spectroscopy

, W.D. Biophys.J. 50 (1986)

log ]lflz

o

a0s

8

2

Myoglobin
300 K
IR D,O-hydrated

&4 4
wavelength/pm

O-D stretching difference
spectra: 100 - 300 K

liquid-- > amorphous ice structure
Glass transition depends on

time scale of experiment:
T5(IR) < T5(MOss) < T (diel)

4.5

100s 140 ns

(Doster BJ 1986)

1ns

TUTI
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_ 1wy C Step .O.f
o ol Specific heat
© 08 waler in f h d .
o 05} Mb crystals OoT hyaration
-E nhi’/ water in
[= " )
9 ool myglobin crystals
180 700 220 240 260 280
T/K
) ir0-D *
i u . | - .
£ 25704040 _ S | 02
Ny ] ,, - dielectric relaxation *
o 3 @ — Méssbauer o
@ 20 2 -0.) e
2 2550 1 = £
= 10 °
253040 ** =" -0

200

|0

temperature/K



ideal liquid to glass transition: Tl'm

TECHNISCHE

cage becomes a trap at a critical density MUONCHEN
mode coupling theory of hard sphere liquid (Gotze et al.)

Density correlation function protein hydration water

Doster, J.Noncr. Sol. 201 TIK =

1.0F 180
r 220
250
=05 lass: © = 0.52 g
8 : g9 9 300
i 320
— simple viscous
- liquid liquid o relax.
- =046 ©=0.51
| )

1 I
1072 10°

1 ] L 1 1 - 1 < &
1(')2 164 10° 0.4 Protein hydration Wat(glr_li Q —818(68) T
Time(pS) I Lol I | L L

10—

. . aper - 102 101 10°
correlations persist, nonequilibrium
P(Q,t-0) =f- UI(Q,t- 1) = EISF(Q)

100000

Log T

10000

fo(Q) glass form factor

1000

fo=0 liquid state o o AUT
fc >0 glass, correlations persist: D, (Q->0)=0 .

water relaxation time NMR (T1)

T T T T T T T T T T
0.0032 0.0034 0.0036 0.0038 0.0040 0.0042 0.0044 0.0046 0.0048 0.0050
1UTK-1



Definition of dynamic transition temperature T
1(Q,T s, Tc(T) .B) = I(T) : Effect of distribution

Doster INCSol. 2011

d TUTI
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I(Q.t)

KWW function » elastic intensity (T,..,T.(T))
1.0 T 1.0 =——
T N —_— =1 ~
" ——— 05 \
e —_ 0.35
0,8 - p=10 0,8 -
+ resolution -
.‘5
=
2
06 1 06 1 £
o
@
K
w
04 1 04 -
0,2 1 0.2 -
at fixed temperature,
several [3 (distribution)
0,0 ] T 00 T T T T
0,01 0,1 1 10 100 150 200 250 300 350
TER T IFK

I(Q.1) = F(Q) exp[-(T,es/Tc(T))P ]

Tres / Tc(Td) =1

independent of 3




Effect of finite resolution
The elastic scattering intensity scaling relation
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IeI(Q) = Se.f' (Q o=0, A(’)) - I Re S(Q’ o, A(!)) ' S(Q: 0) )d(e)'

= exp(- <Ax?> Q?) Gaussian approximation in low Q limit

la = EISF(Q) + QEISF(Q)F (7,0 / 7(T))

F(x) scaling function

— AH*/ RT
TC i Toe
.
AH* = RT, In( f%]
Tb
d 1AH *
—I NLL T - =
dar © a) 2 RT?

Doster, J. Noncryst. Sol

|e|(Q’Tres’T)

1,0 -

0,8 -

0,6 -

0,4 1

0,2 —

water

150 200 250 300 350
T/°K

. (2011) and Doster et al. JCP 2013 submitted

CPC hydration
AH* = 17 kJ /mol
T,=101%s
B=0.5

different 3 values




s Lamb Md&ssbauer factor of pure glycerol UNNVERSITAT
-1
r.+7 r
| N (T T ) — C res  — res _ 3
| res?! ¢ —1\2 Q =7.3A
(TC + Tres) l+ Tres / TC (T)
elastic intensity: Lorentz-Lorentz model
Elastic intensity transition: GT at 140 NS s7 in 100 % glyercol T, =140 ns
= Lamb Méssbauer factor .
Q=73A" 1, =140ns a, (B relaxation data taken from:
0.6 1 ) Cappacioli et al. J.Phys. Chem B 2012
et Mossbauer:
L 04 t a-phocess Champeney, Woodham
N T\ " NShighQ J. Phys. B. 1968
0.5 | G " Tres =2 NS
' \ “ simulated . _
100% glycerol i L LMF transition due to a-relaxation not
0,0 beta in contrast to Cappacioli et al.

120

160
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Protein Dynamical Transition at room temperature UNIVERSITAT
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1(Q.T,o) = (T, ,Q) Intermediate scattering function

elastic intensity: change resolution instead of temperature!

Time of flight INS
104 myoglobin, 300° K, Q =
| 05 AL hydrated myoglobin
oo 0.4 g/g

13A1 :
20 A 25 mg protein!!
1.35 methyl

O» » 0o o

translation
water coupled
process

rotation
061 methyl

leN Q..

04 T, =10 (2) ps
T, = 350 (50) ps
1 16 160 1000
Tres [Ps]

Elastic Resolution Spectroscopy: Doster, Diehl, Petry Ferrand
Physica B (2001) 301, 65 and Chem. Phys. 292 (2003) 487
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Protein-Dynamical Transition:  a-relaxation of the UNIVERSITAT
. . MUNCHERN
protein + hydration water system S

water relaxation time  a-process protein displacements

0.10

o084  water-induced displacements

0.06 -

0.04

0.02 4

log[<t >/9]
v
collective displacements

0.00

0 50 100 150 200 250 300 350

temperature /°K

1000/ T K1

<AX?> = <AX?> .. + <AX3(T.. [T..)>
Thw = To eXp(' AHhW/(R(T-TO)) vib ( res hw) conf
super-Arrhenius T-dependence

Doster et al. PRL 2010 onset effect of resolution
Doster (2008) EBJ



Strong Protein-Solvent Coupling in Glycerol

the a / B controversy
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Capaccioli, Ngai, Ancherbak Paciaroni, JPCB 2012

lysozyme/glycerol
P MR —

A v T

“5  0.044 % lysozyme-glycerol 50-50
V | o glycerol

200
T (K)

0 50 100 150

250

300 350

« 1 1) Perfect agreement of
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Lysozyme in glycerol: Solvent Slaving of Protein Motions? uwesmir
The displacements depend on the Q-range: Cappacioli et al.; only high Q.
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Result: low Q displacements different from high Q, beta processes emerge
only at low Q, ignored by Cappacioli et al.
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,Biomolecules feel and respond only to those water
molecules that are in close contact and not to bulk water*
(N. Dencher et al. 1998 Les Houches)

1) Hydration water shows two relaxation processes:

fast local reorientation (beta) and slow long range diffusion

(alpha)

2) Two classes of protein functional motions exist:

- (S) Surface viscosity coupled protein displacements

- (I) truely internal (solvent decoupled) displacements
pressure cannot push water into protein voids

3) dynamical transition is induced by alpha-relaxation of

the solvent, role of beta-relaxation unclear

4) Protein-water vibrations: hydration water does not

exhibit a protein Boson peak, hindered rotation of water

couples to low frequency diffusive motion: bond splitting
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